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Abstract
Artificial intelligence (AI) agents, leveraging capabilities in natural language understanding,
multimodal knowledge fusion, and tool invocation, are driving material science towards a
new stage of agent-driven. This article systematically reviews the progress of AI agents in
material  science.  It  highlights  their  core  innovation  in  material  knowledge  processing,
structure design, and property calculation, significantly accelerating the materials design
process.  Furthermore,  the  article  analyzes  the  impact  of  agents  on  experiments,  which
promote  the  automation  of  material  synthesis  and  characterization.  The  integration  of
these capabilities is driving the development of self-driving laboratories, moving the field
towards  end-to-end  autonomous  materials  creation.  By  providing  a  comprehensive
overview of this rapidly developing field, this review aims to clarify the deep integration of
AI agents with material science, thereby accelerating the realization of on-demand material
design.
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INTRODUCTION
Material science, as a pivotal discipline underpinning national strategic demands such as energy transition,

biomedicine, and advanced manufacturing, directly determines the progress of key technologies and

industrial competitiveness. Its central challenge lies in how to efficiently discover, design, and synthesize

novel materials with targeted functionalities. Traditional materials research and development primarily rely

on experimental trial-and-error and empirical knowledge. This process is not only time-consuming and

resource-intensive, but also often constrained by the limitations of human cognition, making it difficult to

meet the urgent demand for high-performance and functionally customized materials. In recent years, the

emergence of artificial intelligence (AI) for Material Science, particularly the breakthroughs in large language

models (LLMs) and AI fundamental models, has brought unprecedented opportunities to accelerate

materials discovery, reshaping the research paradigm of material science with unparalleled depth and

breadth
[1-4]

.

The integration of AI with material science has followed a clear evolutionary path. The earliest attempts

involved expert systems, which encapsulated human knowledge into strict rules for specific tasks such as

phase diagram prediction
[5]

 or identification of organic molecules
[6]

. While developing, their reliance on

manually organizing knowledge limited their scope and adaptability. The rise of machine learning (ML),

powered by increasing computational resources and materials data, marked a paradigm shift towards

data-driven discovery. ML models are good at discovering hidden patterns in high-dimensional spaces for

tasks such as property prediction and virtual screening. However, they are usually designed for specific tasks,

resulting in a lack of universality. Recently, breakthroughs in LLMs endowed them with transformative

capabilities in natural language understanding and generation, making it possible to interact with vast

scientific literature and knowledge bases and leverage the knowledge value they contain. On this basis, AI

agents represent a new research paradigm. Central to this transformation is the research paradigm shift from

AI for Material Science to Agentic Material Science
[7]

. In this new paradigm, LLM-based agents are no longer

limited to specialized models for performing a single task; instead, they evolve into “virtual researchers”

capable of autonomous reasoning, planning, decision-making, and executing complex scientific research

workflows
[8,9]

. AI agents are transforming material science from a data-driven to an agent-driven paradigm.

AI agents, with their powerful capabilities in natural language understanding and reasoning, multimodal

knowledge fusion, and professional integration with domain-specific tools, are becoming the critical

facilitators integrating the full workflow of materials research and development from concept and theory to

computation and experiment
[10,11]

. They are reshaping every stage of materials discovery. This agent-in-

the-loop paradigm ultimately aims to achieve fully autonomous self-driving laboratories (SDLs), enabling

end-to-end automation in literature mining, hypothesis generation, experimental design, materials synthesis,

and data interpretation. It signifies a rapid evolution of materials research and development toward complete

autonomy and intelligence
[12]

.

Currently, the application of AI agents in material science is evolving along two distinct yet interconnected

pathways: materials design and materials synthesis and characterization
[13]

. In materials design, agents have

demonstrated diverse applications including precisely extracting structured knowledge from large volumes of

scientific literature to facilitate knowledge discovery
[14]

, enabling accurate and in-depth material knowledge

question answering to promote scientific communication, generating innovative material hypotheses to

guide material design, creating and optimizing material structures to explore vast material spaces, and

performing complex theoretical calculations to predict material properties
[15,16]

. These applications form a

comprehensive system for materials design, significantly enhancing research efficiency and innovative

capacity. In materials synthesis and characterization, the role of agents extends into experimental workflows

by enabling the exploration of novel synthesis processes beyond conventional limits, automating material
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characterization to enhance research efficiency, and analyzing complex experimental data to uncover

fundamental relationships. These applications not only improve synthesis efficiency but also reduce

experimental costs, making materials research more precise and controllable. More importantly, agents have

driven the development of SDLs, which effectively integrate theoretical design in the computational domain

with experimental validation in the experimental domain, marking the advent of a new era of automated and

intelligent materials research
[17,18]

.

This review aims to systematically analyze the recent progress and development trends in the application of

agents in material science. Following the logical flow of materials research and development, the article is

structured around three core phases: materials design, materials synthesis and characterization, and

autonomous laboratories. The first section focuses on the role of agents in materials design, highlighting

their applications in literature data extraction, material knowledge question answering, scientific hypothesis

generation, material structure design, and theoretical property calculation. The second section discusses the

application of agents across the entire process of materials synthesis and characterization, including material

synthesis processes exploration, autonomous material characterization, experimental data analysis, and

science theory discovery. The third section presents specific examples of agent-driven SDLs and reviews their

developmental process. Through this systematic review, the article aims to provide a comprehensive

perspective on AI agent technologies for material science researchers, facilitate the integration of AI and

material science, and accelerate the innovation and application of new materials.

AGENTIC MATERIALS DESIGN
Materials design is a process of pursuing innovation and breakthroughs from vast information and complex

rules. Its key challenge lies in the efficient identification of materials with target properties from an expansive

materials space. In the traditional paradigm, researchers had to manually search literature, analyze data,

propose hypotheses, and perform computational verification. This process is not only inefficient but also

limited by human cognitive constraints. The introduction of AI agents is fundamentally transforming this

paradigm. By deeply integrating the cognitive capabilities of LLMs with the computational power of

professional tools, they form an autonomous design system spanning from data extraction to theoretical

design. This section will systematically analyze how AI agents empower key stages of materials design and

elaborate on the implementation pathways and technological breakthroughs across five critical tasks.

Data extraction

Scientific literature is the largest repository of materials knowledge, and the structured processing of

literature data forms the foundation of intelligent applications. However, its unstructured form renders

manual extraction inefficient and susceptible to omission of key information or errors. Agents based on

LLMs, through their powerful natural language understanding, multimodal processing, and multi-tool

coordination capabilities, effectively overcome the challenges of scattered, heterogeneous, and large-scale

literature data. They significantly improve the efficiency and accuracy of data extraction, enabling efficient

and precise knowledge extraction from scientific literature
[19-21]

.

These systems typically employ multi-agent systems (MAS), where role function definition and task

decomposition are used to enhance the comprehensiveness and accuracy of data extraction. For example,

ChemMiner incorporates three specialized agents for text analysis, multimodal analysis, and synthesis

analysis, to process complex coreference mapping relationships, non-textual information, such as figures and

tables, and final data generation, respectively. This enables end-to-end extraction of reaction information

from chemical literature, achieving performance close to that of human chemists while significantly reducing

processing time
[22]

 [Figure 1]. Similarly, nanoMINER uses a ReAct (Reasoning and Acting) agent to

coordinate multiple specialized agents, together with visual tools such as You-Only-Look-Once (YOLO) for
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Figure 1. Framework of ChemMiner[22]. Data extraction systems typically adopt multi-agent systems, where different functional agents are
responsible for specific forms of data extraction to ensure the comprehensiveness and accuracy of data extraction. Reproduced from
“ChemMiner: A Large Language Model Agent System For Chemical Literature Data Mining”, arXiv:2402.12993, with permission of the
authors[22]. LLM: Large language model; OCR: optical character recognition; JSON: JavaScript Object Notation.

multimodal analysis. This framework enables highly accurate end-to-end extraction of nanomaterial

structural properties (e.g., chemical formulas, crystal systems, and surface characteristics) as well as kinetic

parameters of nanozymes
[23]

. Multicrossmodal LLM-agent coordinates a team of specialized agents to extract

and integrate multimodal data from sources such as literature, simulation videos, and microscopy images

into a shared embedding space. Through cross-modal fusion and visual information interpretation, it

achieves unified reasoning of multimodal data, thereby improving extraction accuracy
[24]

. Eunomia

autonomously plans and executes the creation of structured material datasets in research fields such as

solid-state electrolytes (SSEs) and metal-organic frameworks (MOFs) from scientific literature, and extracts

design guidelines for materials with specific properties
[25]

. MechGPT employs a fine-tuned LLM to retrieve

and connect cross-scale knowledge from literature, constructs knowledge graphs, and extracts structured

insights to provide support for knowledge retrieval and hypothesis generation
[26]

.

To overcome the limitations of single-modal approaches, the Descriptive Interpretation of Visual Expression

(DIVE) multi-agent workflow focuses on extracting experimental data from figures and tables in scientific

literature. When parsing data related to solid-state hydrogen storage materials, its MAS significantly

improves both extraction accuracy and coverage compared to directly using multimodal models. Based on

4,000 research articles, DIVE successfully constructed a database containing over 30,000 data entries and

achieved reverse design of materials within two minutes
[27]

. In terms of enhancing the reliability and

generalization capability of agents, SLM-MATRIX introduces a multi-path collaborative reasoning and

verification framework based on small language models (SLMs). Through three pathways, multi-agent

collaboration, generator-discriminator mechanism, and cross-validation, it achieves high-precision

extraction in material names, numerical values, and physical units, providing an efficient solution for

resource-constrained scenarios
[28]

.

These studies collectively demonstrate that MAS, by emulating the role specialization of research teams,
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significantly enhances the comprehensiveness and accuracy of data extraction and enables a synergistic

mining of both the depth and breadth of literature information. By transforming unstructured text into

high-quality, structured databases, they provide interrelated foundational data that establishes a cornerstone

for materials informatics and lays a solid foundation for data-driven materials discovery.

However, fully transforming this potential into a mature paradigm still faces two key challenges. Firstly, on

the technical front, although agents can already process multimodal information such as text, charts, and

microscopic images in parallel, achieving unified semantic representation and cross-modal deep reasoning of

these heterogeneous data remains a core challenge. Semantic gaps and structural differences exist between

different modalities, and current cross-modal fusion mechanisms are still immature. These often lead to

information loss or erroneous associations during information alignment and joint reasoning, thereby

limiting the completeness and accuracy of overall knowledge extraction. Secondly, at the application

closed-loop level, systematic solutions are still lacking for seamlessly integrating the extracted massive

structured data into the complete workflow, from material design and performance prediction to

experimental validation. Therefore, in the future, it is necessary to further explore cross-modal pre-training,

knowledge-enhanced multimodal alignment, and intelligent decision-making systems embedded in the

material research and development workflow, so as to truly unlock the hidden knowledge value in scientific

literature and promote the transformation of material research from data-rich to knowledge-intelligent.

Knowledge question answering

Based on structured data, there is a growing need to efficiently and accurately integrate knowledge scattered

in multi-source databases to provide professional answers to questions in material science. The approach of

using general-purpose LLMs alone often encounters problems such as outdated knowledge, limited domain

expertise, and insufficient interpretability. AI agents offer a new approach to building powerful materials

knowledge question answering systems. By integrating techniques such as retrieval-augmented generation

(RAG), tool invocation, and dynamic knowledge base update, agents significantly enhance the ability to

acquire and reason with professional knowledge. They can retrieve, reason, and generate precise answers

from vast amounts of professional information, thereby ensuring responses that are both timely and

scientifically reliable.

Specifically, agents employ RAG to dynamically acquire the latest information from external knowledge

bases, effectively compensating for potential obsolescence or insufficiency in the LLM’s internal knowledge.

For instance, Mixture-of-Workflows for Self-Corrective Retrieval-Augmented Generation (CRAG-MoW)

achieved performance comparable to GPT-4o (“o” for “omni”) in question answering and retrieval of

multimodal materials data such as molecules, polymers, chemical reactions, and nuclear magnetic resonance

(NMR) spectra by adopting a multi-agent workflow and self-correcting RAG strategy, highlighting the

advantages of structured retrieval and MAS
[29]

. Similarly, the Collaborative framework of LLM Agents for

Drug Discovery (CLADD) generates high-quality responses without domain fine-tuning by collaborating

with multiple agents and dynamically retrieving biomedical knowledge bases to contextualize query

molecules
[30]

. MechGPT combines knowledge graphs with RAG to enhance the reasoning capability and

interpretability of agents in question answering in interdisciplinary domains
[31]

. These studies indicate that

multi-agent coordination coupled with RAG can effectively improve the quality of complex materials

knowledge question answering. Under this collaborative framework, the key to achieving efficient reasoning

and accurate answers across modal and cross-domain data lies in how to coordinate the division of tasks

among agents. In practice, hierarchical decision-making and role division mechanisms are often adopted.

For instance, the “coordinator agent” is responsible for task parsing and allocation, while “specialist agents”

handle information of different modalities, such as text, images, or structured data, independently. These

agents leverage RAG to achieve complementary knowledge and cross-validation. This division not only
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enhances the parallel efficiency of the system in processing complex queries but also improves the accuracy

and robustness of answers through the fusion of multi-source information. However, collaboration between

multiple agents is not inherently efficient. It needs to rely on well-defined communication protocols and

dynamic task scheduling strategies to avoid information redundancy or decision conflicts, thereby fully

leveraging the ability to integrate cross-modal and cross-domain data.

To enhance the professionalism of LLMs and extend their capability boundaries, domain tools have been

deeply integrated into AI agents, enabling them to invoke professional tools for precise calculation and

validation. For example, Chemistry Agent Connecting Tool Usage to Science (CACTUS), by integrating

tools such as RDKit, significantly improves accuracy on question answering benchmarks and enables more

reliable molecular property prediction and similarity search
[32]

. CheMatAgent incorporates 137 chemical

tools and the ChemToolBench dataset, and employs a hierarchical evolutionary Monte Carlo Tree Search

framework to optimize tool planning and execution, achieving an accuracy in materials question answering

that surpasses GPT-4o
[33]

 [Figure 2]. GVIM utilizes an LLM fine-tuned on chemical domain data and

integrates professional tools for molecular visualization and literature retrieval, combined with knowledge

accumulation and group collaboration mechanisms, to enhance the professionalism and interactivity quality

of question answering
[34]

. These works highlight the importance of tool invocation for tasks requiring precise

calculation. However, the use of tools may not consistently yield benefits. Its effectiveness highly depends on

the type of task. A comparative study by ChemToolAgent reveals that for highly specialized tasks such as

synthesis prediction, equipping agents with dedicated tools can achieve significant improvement. In contrast,

for general chemical knowledge questions (e.g., exam questions), the agent’s ability to correctly reason about

chemical knowledge is more important. In such cases, tools do not always provide assistance and may even

degrade performance due to superfluous integration
[35]

. Therefore, when invoking specialized tools, it is

necessary to carefully define their usage boundaries to prevent negative effects. A feasible principle is

on-demand invocation and moderate integration. The system should first identify and classify the intent of

the query. If it is a conceptual or fundamental theoretical question, the system should prioritize relying on

the enhanced knowledge base and reasoning modules. Specialized tools should only be triggered when

dealing with complex calculations, structural validation, or real-time data retrieval. Additionally, a

confidence assessment mechanism for tool outputs needs to be established. If significant discrepancies arise

between tool results and semantic reasoning, secondary verification or selective adoption should be applied.

Through such conditional tool invocation strategies, the system not only can leverage the advantages of

specialized tools in precision tasks, but also effectively avoids performance degradation and resource waste

caused by over-reliance or improper invocation.

Building upon this progress, the integration of MAS with dynamic knowledge bases and self-evolving

knowledge graphs enables the development of more adaptive and continuously learning question answering

systems, offering deeper interpretability and long-term sustainability. For instance, ChemAgent constructs a

dynamic and self-updating memory library by decomposing chemical tasks into subtasks and storing them as

structured memories. This enables the agent to retrieve and refine relevant information when addressing new

problems, thereby significantly enhancing its performance in complex chemical reasoning tasks, achieving a

performance improvement of up to 46% on the SciBench chemical reasoning dataset
[36]

. TopoMAS

(Topological materials Multi-Agent System) integrates the entire materials discovery workflow, from query

and data retrieval to first-principles validation, into a dynamic knowledge graph, achieving continuous

knowledge refinement and iteration. This provides support for answering complex questions involving

material design and verification
[37]

. Such approaches transform AI agents from static question answering

systems into dynamic systems capable of accumulating and evolving knowledge.
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Figure 2. Overview of CheMatAgent for knowledge question answering[33]. Agents can obtain more professional knowledge and generate
more accurate answers by using professional tools for information retrieval and prediction. Reproduced from “CheMatAgent: Enhancing
LLMs for Chemistry and Materials Science through Tree-Search Based Tool Learning”, arXiv:2506.07551, under CC BY 4.0 license[33].
LLMs: Large language models; CAS: Chemical Abstracts Service; TPSA: topological polar surface area; QED: quantitative estimate of
drug-likeness; LoRA: low-rank adaptation; RRM: reasoning reward model; ORM: outcome reward model.

By integrating RAG, tool utilization, and dynamic knowledge graphs, agent-based question answering

systems have evolved from simple information retrieval tools into expert systems capable of performing

professional computations, providing in-depth explanations, and continuously self-evolving. This marks a

crucial shift in the cognitive capabilities of AI agents in the field of materials from knowing to understanding

and applying, thereby laying a solid foundation for the intelligence of material design.

Despite these promising advancements, there are still some challenges in developing powerful and reliable AI

agents for material knowledge question answering. First of all, the current agent heavily relies on the quality

of retrieval. Irrelevant or inaccurate information retrieved from knowledge base may seriously damage the

performance of agent, thereby leading to incorrect final answers. Furthermore, the invocation of specialized

tools remains an important issue. Because these tools are highly dependent on the type of task, inappropriate

or unnecessary use can reduce performance and waste computing resources. Therefore, complex intent

recognition and on-demand invocation mechanisms are required. Finally, ensuring the accuracy,

consistency, and scalable management of dynamically evolving knowledge graphs remains a major obstacle

to creating a truly self-improving system. Automatic updates may lead to errors. Managing a complex and

constantly growing knowledge structure is also challenging. Addressing these challenges is crucial for

building a reliable expert system in material science.
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Hypothesis generation

The core of materials design lies in proposing novel and reasonable hypotheses. The reasoning capabilities

demonstrated by AI agents in knowledge question answering can evolve into creative thinking, enabling

them to transform fragmented knowledge into verifiable material hypotheses and shifting materials design

from “trial-and-error” to “targeted creation”
[38,39]

. Research strategies for hypothesis generation by agents can

be broadly divided into two categories. One focuses on augmenting the agent’s abilities by integrating

external tools and knowledge sources, while the other emphasizes optimizing the internal collaboration

mechanisms and reasoning strategies to enhance the quality and innovativeness of generated hypotheses.

These approaches jointly advance the automation and rationalization of the materials design process.

In terms of knowledge integration and tool utilization, agents make up for inherent limitations by using

external tools and structured knowledge, thereby overcoming the constraints of a single model. For instance,

dZiner combines first-principles calculations with physics-inspired models to iteratively optimize material

designs, achieving the rational design of MOFs from target properties to structures
[40]

 [Figure 3A]. SciAgents

integrates large-scale knowledge graphs with data retrieval tools to explore interdisciplinary connections in

the field of biomimetic materials, autonomously generating and optimizing material design hypotheses
[41]

.

ResearchAgent employs a reviewer agent to iteratively define new problems, propose methodologies, and

design experiments
[42]

. SciAgent enhances the LLM with tools specifically built for scientific reasoning tasks,

enabling it to retrieve, understand, and apply tools to solve scientific problems
[43]

. Dolphin establishes a

closed-loop research framework in which agents generate new ideas based on experimental feedback and

relevant literature, then autonomously implement experiments, debug code, and analyze results, enabling

continuous optimization of the research process
[44]

. The plant-inspired materials design framework integrates

BioinspiredLLM, a large language model for the mechanics of biological and bio-inspired materials, together

with RAG tools and hierarchical sampling strategies. This approach enables effective extraction of

structure-property relationships from plant science literature and guides the experimental preparation of

novel pollen-based adhesives
[45]

. These approaches essentially augment agents with toolchains and knowledge

bases, equipping them to function as super-experts.

In addition to empowering agents through the integration of external resources, another research focuses on

enhancing the intrinsic reasoning and discovery capabilities of agent systems by innovating in multi-agent

collaboration frameworks or reasoning-iteration optimization strategies, thereby further improving the

quality of generated hypotheses. This type of work emphasizes either interaction among multiple agents or

the self-improvement of individual agents to achieve more rigorous and creative scientific reasoning. For

example, ReConcile adopts a round-table discussion framework, where multi-round debates and

confidence-weighted voting mechanism help reach a consensus, significantly improving reasoning quality
[46]

.

MOOSE-Chem employs a mathematical decomposition framework to break down hypothesis generation

into three subtasks: inspiration retrieval, hypothesis combination, and ranking, successfully reproducing

high-level chemical and materials hypotheses recently proposed by human scientists
[47]

 [Figure 3B].

MOOSE-Chem2 further formalizes fine-grained hypothesis discovery as a combinatorial optimization

problem. Through a hierarchical search method, it gradually refines details from general concepts to specific

experimental configurations, and discovers the optimal detailed hypothesis that can be immediately put into

experiment by smoothing the internal reward landscape
[48]

. To more reasonably evaluate hypotheses,

MOOSE-Chem3 develops an experimental simulation feedback tool. By introducing a hypothesis ranking

task guided by simulated outcomes, candidate schemes were prioritized through clustering and simulation

results
[49]

. AgentRxiv establishes a shared platform for agents that simulates the real-world scientific

community, enabling agents to iteratively advance their research based on each other’s research

achievements
[50]

. PiFlow models scientific discovery from an information-theoretic perspective as a

structured uncertainty reduction process under the constraints of scientific principles, achieving hypothesis
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Figure 3. Research strategies for hypothesis generation by agents. (A) dZiner workflow overview[40]; (B) The MOOSE-Chem framework[47].
Figure 3A is reproduced from “dZiner: Rational Inverse Design of Materials with AI Agents”, arXiv:2410.03963, under CC BY-SA 4.0
license[40]. Figure 3B is reproduced from “MOOSE-Chem: Large Language Models for Rediscovering Unseen Chemistry Scientific
Hypotheses”, arXiv:2410.07076, under CC BY 4.0 license[47]. SMILES: Simplified Molecular Input Line Entry System; ACS: American
Chemical Society; AI: artificial intelligence.

generation with controllable uncertainty in fields such as nanomaterials and superconductors
[51]

. PriM (a

principles-guided materials discovery system powered by a language-inferential MAS) constructs a

round-table-style MAS to guide the materials design process in accordance with scientific principles. This

approach ensures systematic exploration and transparent reasoning, enabling highly interpretable hypothesis

generation in nanomaterials design
[52]

. Self-Refine demonstrates that even without changing model

parameters, self-feedback and iteration of a single agent can significantly improve output quality, enhancing

the completeness and accuracy of materials design hypotheses
[53]

. Virtual Scientists (VIRSCI) simulates

research team collaboration through multi-agent division of labor to generate highly novel materials research

concepts
[54]

. Sparks employs paired design and reflection agents for self-correction, discovering new design

principles in protein science
[55]

. DrugAgent automates ML programming in drug material development

through collaboration between Planner and Instructor agents
[56]

.
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The development of AI agents in materials hypothesis generation and design reflects functional

enhancement from expanding external capabilities to optimizing intrinsic reasoning mechanisms. This

progress indicates that agents are no longer merely engaged in simple data association, but begin to

systematically integrate multi-source knowledge, simulate human scientific inspiration and reasoning

processes, and thereby generate more reasonable and verifiable material hypotheses. By efficiently integrating

and associating originally fragmented knowledge units, agents not only improve the accuracy of hypothesis

generation but also significantly enhance the potential for successful application. However, it should also be

recognized that at present, the success rate, innovativeness and feasibility of generated hypotheses still

require extensive experimentation and algorithmic optimization for validation and consolidation. Therefore,

it is necessary to establish more refined evaluation frameworks for hypothesis quality and develop algorithms

capable of quantifying the success rate of hypotheses. Such advancements will not only enhance the creativity

of agents but also ensure that the scientific hypotheses have high verifiability and transformation value,

thereby driving materials design into an efficient and reliable intelligent era.

Structure design

Transforming qualitative material hypotheses into quantitative material structures is a critical leap in the

material design process. By integrating proprietary generative models and data-driven computational tools

into LLM-based workflows, AI agents enable automated and intelligent closed-loop exploration of material

structure generation. According to the technical approaches adopted for the generation module, existing

agent-driven material structure generation methods can be broadly categorized into two types.

The first category involves agents that employ specialized generative models for structure design, while LLMs

oversee regulation and control. The core of this approach lies in leveraging models such as diffusion models,

generative adversarial networks (GANs), or reinforcement learning (RL) to efficiently explore vast chemical

and structural spaces, with LLMs coordinating workflows, evaluating generated outputs, suggesting

optimization directions, and orchestrating multi-step processes. For instance, in MOF design, the MOFGen

employs an LLM agent to propose new compositions, a diffusion model to generate crystal structures, and

combines quantum mechanics tools with a synthesis feasibility assessment agent for screening and

optimization. This approach has generated hundreds of thousands of novel MOF structures and successfully

synthesized five MOF materials, validating the effectiveness of the agent
[57]

. CrossMatAgent integrates

generative models such as DALL-E 3 and Stable Diffusion XL to create metamaterial structural patterns, with

a GPT-4o-driven multimodal agent responsible for performance analysis and supervisory feedback, thereby

automating the generation of metamaterial structures
[58]

. LIDDIA (Language-based Intelligent Drug

Discovery Agent) employs molecular generation models guided by LLM reasoning to steer the molecular

generation process. By balancing chemical space exploration with optimal molecular utilization, it

successfully generates molecules that meet key metrics
[59]

. Specialized generative models based on RL have

been applied in the ACEGEN framework, a comprehensive and streamlined toolkit for generative drug

design
[60]

, and in CSstep, a drug molecule generation and optimization framework based on Markov decision

processes and reinforcement learning
[61]

. By applying modular design and multi-agent decision-making

strategies, the molecular generation process can be progressively optimized and rendered more interpretable.

In the design of two-dimensional (2D) material structures, an RL agent can efficiently generate the MoS₂
structures with enhanced tensile strength after being trained with a small amount of data

[62]
. ChatMOF

utilizes LLM to process natural language inputs and combines databases and ML tools to achieve MOF

prediction and generation
[63]

. MatAgent is a generative framework for inorganic materials discovery that

leverages the reasoning capabilities of large language models. In inorganic materials design, it improves the

effectiveness, uniqueness, and novelty of candidate materials through iterative feedback between generation

and property prediction models
[64]

 [Figure 4A]. The ProtAgents platform deploys multiple function-specific

agents responsible for knowledge retrieval, structural analysis, physical simulation, and result analysis to

design proteins with target performance
[65]

.
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Figure 4. The method of generating material structures by agents. (A) The overview of the MatAgent framework[64]; (B) Pipeline for
training and generation using the MolGPT model[66]. Figure 4A is reproduced from “Accelerated Inorganic Materials Design with
Generative AI Agents”, arXiv:2504.00741, under CC BY 4.0 license[64]. Figure 4B is reproduced from “MolGPT: Molecular Generation
Using a Transformer-Decoder Model”, J. Chem. Inf. Model. 2022, 62, 9, 2064-2076, with permission from American Chemical Society[66].
LLM: Large language model; GNN: graph neural network; RDKiT: RDKit toolkit; LogP: the logarithm of the partition coefficient; TPSA:
topological polar surface area; SAS: synthetic accessibility score; QED: quantitative estimate of drug-likeness; MolGPT: molecule
generative pre-trained transformer.

As the generative capabilities of LLMs have improved, new approaches have emerged that position LLMs as

the core engine for material structure generation, supplemented by specialized tools for verification and

optimization. These methods directly leverage the generative capabilities of LLMs by treating material

structures, such as SMILES (Simplified Molecular Input Line Entry System) strings or text representations of

Crystallographic Information File (CIF), as a specialized language. For example, MolGPT (Molecular

Generation Using a Transformer-Decoder Model), inspired by text-generation models, uses a

Transformer-decoder architecture to train on and generate molecular SMILES sequences
[66]

 [Figure 4B].

Further research indicates that pretrained LLMs without fine-tuning on materials data inherently possess the

ability to generate stable crystal structures. For instance, MatLLMSearch combines a pretrained LLM with

evolutionary search to achieve high success rates in crystal structure generation and performance

optimization
[67]

.

More advanced systems have developed complex MAS centered around LLMs. MT-Mol introduces a
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multi-agent framework where an LLM-driven scientist agent generates molecules, while multiple analyzer

agents invoke RDKit tools for evaluation and feedback, achieving advanced levels in multiple molecular

optimization tasks
[68]

. Organic Structure Directing Agent (OSDA) employs an LLM to generate candidate

structures, which are then evaluated by computational tools. Subsequently, the self-reflector summarizes and

provides feedback to guide the LLM in optimizing subsequent outputs
[69]

. The MAPPS (Materials Agent

unifying Planning, Physics, and Scientists) framework further conducts workflow planning through LLM,

achieving enhanced stability and novelty in material design through integrating generation, physical force

field models, and scientist feedback
[70]

.

In summary, AI agents for material structure design are rapidly evolving, demonstrating diverse technical

pathways. These systems have achieved notable results, generating hundreds of thousands of novel structures

ranging from MOFs and molecules to metamaterials, some of which have been successfully synthesized and

validated. The implementation of these systems mainly relies on the collaboration among different

components: specialized generative models (diffusion, GANs, RL, and LLMs) provide efficient exploration of

the vast material space; physics-based simulation tools ensure credibility and guide the search toward

reasonable structures; and LLMs act as the cognitive core, coordinating the entire workflow, facilitating

complex  reasoning  and  mult i-agent  col laborat ion.  This  process  fol lows  the  f low  of

“generation-evaluation-optimization”, forming a closed loop and improving the design based on feedback.

The progress marks a paradigm shift from traditional targeted high-throughput screening toward intelligent

creation in materials design.

However, this field still faces numerous challenges at present. Firstly, the alignment between generation

intention and physical feasibility is insufficient, with some generated structures potentially violating

thermodynamic stability, synthetic feasibility, or chemical constraints of specific systems. Secondly, the

scarcity and bias of the training data limit the generalization and transferability of generation models among

different material systems. Existing systems fall short in modeling complex material systems with multi-scale

and multi-physical field coupling. Looking ahead, agent-driven material structure generation should place

greater emphasis on the deep integration of physical prior knowledge. By embedding physical knowledge

within the models, the generation of physical knowledge enhancement is achieved to improve the rationality

and innovation of the generated structure.

Property calculation

Materials property calculation is the cornerstone for validating the feasibility of materials design and deeply

understanding its performance. Although traditional computational methods, from ab initio calculations to

molecular dynamics and finite element analysis, have long been the foundation of theoretical insights, they

typically have high barriers to entry, require significant computational resources, and involve manual,

time-consuming workflows. AI agents demonstrate broad application potential in the field by addressing

these limitations. They can use material computational tools and trained ML models to achieve precise and

rapid calculations of material properties. This establishes a new paradigm that systematically enhances the

efficiency, accessibility, and scale of computational materials science.

A primary advancement of AI agents lies in democratizing complex computational tools. By natural

language interaction and modular collaboration, AI agents have been applied to material computational tool

empowerment and workflow automation. They can construct and automatically execute theoretical materials

property calculation workflows, significantly lowering the barrier to using professional material

computational tools. This allows researchers to rapidly invoke complex simulation processes via natural

language instructions, achieving efficient operation from setup to execution in materials property

calculations. These tasks traditionally require deep expertise in software-specific syntax and theoretical
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models. For instance, MatSciAgent establishes a multi-agent framework where a primary agent parses

natural language user queries and distributes tasks, such as materials data retrieval, crystal structure

generation, continuum simulations, and molecular dynamics calculations, to specialized agents. These agents

leverage databases such as the Materials Project and customized code to complete the computations
[71]

.

Similarly, platforms such as Aitomia (an AI-powered platform for atomistic and quantum chemical

simulations)
[72]

, ChemGraph (an agentic framework for computational chemistry workflows)
[73]

, El Agente

(an autonomous agent for quantum chemistry)
[74]

, MatAgent (an intelligent agent specifically designed for

predicting material properties)
[75]

, and AutoSolvateWeb (a chatbot-assisted computational platform for

quantum chemistry studies)
[76]

 use chatbot interfaces and AI agents to decompose complex tasks into

subtasks. This approach simplifies the setup of complex simulations, including excited-state calculations,

thermochemical analysis, and quantum mechanics [Figure 5A]. These platforms also proactively guide users

through the setup, execution, and analysis of atomic-scale simulations, effectively integrating diverse

methods such as first-principles calculations, molecular dynamics, and ML-based potential functions,

thereby facilitating the broader adoption of atomic simulation technologies. To address the need for complex

input files and execution codes in computational tools, MechAgents
[77]

 enable autonomous coding,

correction, and execution of finite element analysis scripts through the collaboration of planning, coding,

and execution agents, solving elastic mechanics problems under different boundary conditions. The

language-to-simulation (Lang2Sim) framework
[78]

 achieves accurate conversion from text descriptions to

executable code for computational tools by decomposing simulation engines into tool functions and

input-output pairs. Molecular Dynamics Agent (MDAgent)
[79]

 automatically generates and optimizes

LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) molecular dynamics simulation code

by fine-tuning LLMs, reducing the average task time by approximately 42.22%. This stands in sharp contrast

to the traditional manual preparation of input files and script writing. Such research, by building “natural

language-computational tools” interfaces and decomposing tasks, makes core computational tools such as

density functional theory (DFT) and molecular dynamics more accessible and executable for materials

property calculation. These efforts advance the development of “language-driven simulation” and

significantly improve computational efficiency and accessibility.

Beyond automating traditional tools, by using ML models to calculate material properties, AI agents can

rapidly conduct high-throughput screening and multi-objective optimization in the materials space, breaking

through the efficiency limitations of traditional screening based on computational tools and achieving

intelligent search and design in the material space. For instance, agents adopting an exploration-utilization

strategy combined with ML models autonomously conduct stability screening in binary/ternary compound

spaces, successfully discovering hundreds of novel stable materials
[80,81]

. This is impractical through sequential

DFT calculations. QMLMaterial (a quantum machine learning software for material design and discovery)

efficiently identifies globally optimal structures of atomic clusters, surface adsorption systems, and related

materials using active learning algorithms and performance-evaluation ML models
[82]

. For specific material

systems, MAS demonstrates highly efficient screening capabilities. In the field of alloys, LLM-driven MAS

collaborates with graph neural networks (GNN) to autonomously explore the design space of NbMoTa alloys

and predict macroscopic mechanical strength, accelerating the discovery of advanced alloys
[83]

 [Figure 5B]. In

zeolite, after the LLM agent proposes a candidate structure, atomic simulation evaluations provide iterative

feedback, efficiently generating novel molecules that exhibit higher binding affinity
[84]

. In metamaterials,

agents automatically generate performance prediction models based on datasets and model architectures,

and combine developed generative models to achieve automated inverse design of metamaterials
[85]

.

Moreover, ChemReasoner combines LLM-generated catalyst hypotheses with atomic structure evaluation of

GNNs, using metrics such as adsorption energy to guide the search direction, thereby improving the

efficiency of catalyst design
[86]

. SciToolAgent drives hundreds of scientific tools through knowledge graphs

and demonstrates powerful automation capabilities in MOF screening scenarios
[87,88]

. MDLab enables
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Figure 5. Agents use material computational tools and ML models to calculate the properties of materials. (A) Computational methods
that Aitomia can use and the computing tasks it can perform[72]; (B) GNN model for predicting Peierls barrier and potential energy
change[83]. Figure 5A is reproduced from “Aitomia: Your Intelligent Assistant for AI-Driven Atomistic and Quantum Chemical Simulations”,
arXiv:2505.08195, under CC BY 4.0 license[72]. Figure 5B is reproduced from “Rapid and Automated Alloy Design with Graph Neural
Network-Powered LLM-Driven Multi-Agent Systems”, by Alireza Ghafarollahi and Markus J. Buehler, arXiv:2410.13768, under CC
BY-NC-ND 4.0 license and the image has not been modified[83]. ML: Machine learning; GNN: graph neural networks; AI: artificial
intelligence; LLM: large language model; QM: quantum mechanics; DFT: density functional theory; ANI-1ccx-gelu: a universal interatomic
potential for calculating IR anharmonic frequencies; OMNI-P2x: a universal neural network potential for excited-state simulations;
MACE-OFF: a series of short-range transferable force fields for organic molecules; AIMent-2: the 2nd generation of atoms-in-molecules
neural network potential; AIQM: AI-enhanced quantum mechanics methods; DENS24: density functional ensembles.

efficient screening for carbon capture and battery materials using ML
[89]

. The Digital Catalysis Platform

(DigCat) establishes a cloud-based global closed-loop feedback system, automating the entire workflow from

catalyst design to micro-dynamics simulation and achieving highly efficient catalyst screening
[90]

. This

“prediction-evaluation-feedback” closed-loop paradigm surpasses the traditional slow screening method

based on theoretical computation, making AI agents the core driving force for high-throughput material

screening and design.

With the in-depth application of AI agents in material property calculation, computational simulations have

been used to address the hallucination and credibility issues of LLMs in the materials domain. Here,
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computational simulations serve as a rigorous, physics-based validator, a function absent in traditional

workflows. By incorporating computational verification and feedback, the reliability and scientific rationality

of LLMs are enhanced. For example, LLaMP employs RAG and a hierarchical ReAct agent to dynamically

query databases such as Materials Project and first-principles calculation tools, correcting LLM prediction

deviations for properties such as bulk modulus and bandgap, thereby significantly reducing hallucinations in

material property predictions
[91]

. PolySea, a specialized large model for polymers, needs to undergo triple

verification through the polymer genome database, GNN model, and DFT calculation after generating new

structures to ensure the credibility of the design results
[92]

. AtomAgents integrates multimodal data and

physical simulations through dynamic multi-agent collaboration, embedding physical principles of alloys

into the design process, which improves both the accuracy of performance predictions and the

interpretability of alloy design
[93]

. ChemHAS (Chemical Hierarchical Agent Stacking) enhances the

robustness of chemical property prediction by using the agent-stacked structure to compensate for the

prediction errors of chemical tools with data
[94]

. HoneyComb combines a high-quality materials science

knowledge base with an adaptive tool selection module, significantly improving accuracy in domain tasks by

matching and using the most relevant knowledge and computational tools
[95]

. xChemAgents employs a

dual-agent collaboration mechanism with Selector and Validator. The former adaptively screens chemical

descriptors relevant to target properties and provides natural language explanations, while the latter

iteratively introduces physical constraints into the descriptors, reducing the mean absolute error of

multimodal property predictions by 22%
[96]

. This integration enables AI-generated hypotheses to be validated

against physical laws, creating a self-correcting and trustworthy design loop, laying an important foundation

for establishing scientifically rigorous, domain-specific LLMs.

The application of AI agents in materials property calculation plays a dual role of empowerment and

feedback. It simplifies and automates complex computational simulations, thereby enhancing research

efficiency; meanwhile, the results from these simulations serve as verification feedback, improving the

scientific rigor and credibility of the agents’ outputs. This establishes a solid and reliable theoretical

foundation for the eventual verification, accelerating the entire journey from conceptual design to

experimental realization. There are also some challenges in the widespread adoption and further

development of AI agents for materials property calculation. A major issue is the accuracy and generalization

of data-driven ML models, which highly depend on the quality, quantity, and diversity of training data.

Furthermore, the multiscale characteristic of materials brings significant modeling challenges, as seamlessly

integrating simulations from the quantum scale to the macroscopic scale within an agent framework remains

an issue. The high computational cost of high-precision simulations, such as DFT, also limits the scale and

speed of agent-driven closed-loop exploration.

In summary, AI agents have demonstrated powerful comprehensive capabilities in the materials design stage

from literature data mining, knowledge question answering, and hypothesis generation, to specific materials

structure design and property calculation. They have achieved a closed-loop, autonomous materials design

from knowledge input to theoretical validation.

AGENTIC MATERIALS SYNTHESIS AND CHARACTERIZATION

Materials synthesis and characterization are the key steps in transforming theoretical designs into physical

substances. By integrating robot control and experimental equipment, AI agents are being deeply integrated

into material synthesis and characterization, enabling the automation and intellectualization of autonomous

material synthesis and characterization workflows, thereby significantly enhancing experimental efficiency

and exploratory capabilities. For instance, in the development of high-entropy alloy catalysts, agents utilizing

Joule heating technology achieve high-throughput synthesis and performance screening. This demonstrates

the powerful ability of agents to accelerate material discovery using experimental equipment
[97]

. In additive
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manufacturing, AutoMEX (a framework integrating LLMs as AI agents to automate the material extrusion

process) autonomously completes the entire workflow, including CAD model generation, slice code creation,

and 3D printing operations. This demonstrates its advantage in end-to-end automation of material

manufacturing processes
[98]

. In the field of carbon nanotube synthesis, Carbon Copilot (CARCO) employed

chemical vapor deposition (CVD) experimental equipment to discover a Ti-Pt bimetallic catalyst within 43

days, achieving a synthesis precision of 56.25% for horizontally aligned carbon nanotube arrays
[99]

. Materials

synthesis and characterization is a complex process full of uncertainties, involving intricate step planning,

process exploration, and data analysis. This section will explore how AI agents can be applied to various

aspects of process exploration, material characterization, and data analysis, analyzing their roles in key tasks

in material synthesis and characterization.

Synthesis process exploration

The first step in the automated material synthesis is to explore the material synthesis process. In this domain,

AI agents demonstrate multi-dimensional and adaptive optimization capabilities. By integrating prior

knowledge from knowledge graphs, autonomous exploration via RL, and multi-objective optimization

algorithms, they can efficiently balance multiple constraints such as performance, cost, and safety, to achieve

full autonomy in reaction route exploration, process parameter search, and multi-objective trade-offs. This

significantly enhances the efficiency of synthesis process design and parameter optimization for various

materials, effectively breaking through the bottlenecks of traditional process exploration that relies on

empirical trial-and-error, struggles with coupled parameters, and faces challenges in traversing complex

pathways.

Specifically, by integrating LLMs, knowledge graphs, and RL, agents achieve fully autonomous exploration

from reaction route recommendation and process parameter search to multi-objective trade-offs. For

example, the agent system based on LLM and knowledge graph automatically extracts reaction data from

literature, constructs retrosynthetic pathway trees, and combines multi-branch reaction path search

algorithms to recommend new synthesis processes for materials such as polyimides, overcoming the

limitations of traditional methods in designing reaction routes for complex macromolecules
[ 1 0 0 ]

.

Furthermore, for quantum material synthesis, an offline RL agent, trained through tens of thousands of

simulations, successfully predicts process parameters for synthesizing MoS
2
 single crystals via CVD,

demonstrating the predictive capability of agents in complex processes such as high-temperature and

multi-phase systems
[101]

.

Material processes often require balancing multiple conflicting objectives such as performance, cost, and

safety, while satisfying engineering constraints. AI agents can address this challenge through advanced

algorithms to enable efficient decision-making. In the exploration space of process parameters, RL agent can

achieve the optimization of process parameters guided by target properties through interaction with the

environment
[102,103]

. To address the challenge of multi-objective cooperative optimization, a Bayesian

optimization algorithm agent efficiently explores the Pareto frontier among multiple objectives, such as

optical properties and reaction rates, in silver nanoparticle synthesis, significantly enhancing the feasibility of

synthesis processes under highly constrained conditions
[104]

.

A key advancement lies in the integration of embodied intelligence, where AI agents bridge computational

decision-making and physical execution. By integrating real-time detection and perceptual feedback into the

experimental process, agents achieve closed-loop optimization. For example, the CLAIRify (LLM-based

natural language processing module) system employs constraint-aware motion planning to translate user

experimental descriptions into safely executable robot experimental actions. Through real-time sensor

detection and feedback, it successfully performs high degrees of freedom operations such as solubility
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measurement and recrystallization in material synthesis
[105]

. Similarly, K-Agents uses LLM-based planning to

model multi-step experimental operations as robot actions, and calibrates them in real-time using knowledge

of laboratory operations and sensor detection feedback
[106]

. The integration of digital twin technology further

enhances this paradigm by providing virtual models of physical systems. These simulate robot trajectories,

predict collisions, and optimize task sequences before physical execution. Digital twins also support real-time

monitoring and adaptive reconfiguration, improving efficiency and resilience. For instance, as a fundamental

support platform, LabUtopia provides a high-fidelity simulation environment for deploying AI agents in

physics laboratory settings. It integrates the Simulation Lab (LabSim) simulator, which models

high-precision physicochemical interactions, LabScene for generating diverse scientific scenarios, and the

LabBench benchmark, covering tasks ranging from atomic actions to long-term operations. By offering a

simulation environment that supports multiple physicochemical interactions, including over 200 scenarios

and instrumental assets, LabUtopia enables large-scale training and evaluation for 30 categories of complex

experimental tasks. It thus serves as a standardized platform for training and comprehensively assessing the

perception, planning, and control capabilities of scientific embodied agents in complex laboratory settings,

laying a solid foundation for developing embodied AI agents capable of long-term planning and

sophisticated operations in real laboratories
[107]

. In dangerous or fully autonomous environments, safety

protocols, including safety barriers, collision detection sensors, and fail-safe mechanisms, are indispensable.

By combining motion planning, digital twin simulations, and robust safety systems, robot platforms enhance

laboratory efficiency while ensuring safe and effective operations
[108]

.

At the system level, by introducing multi-robot scheduling, hierarchical control, and modular planning,

agents can achieve system-level resource optimization in experimental design, significantly improving

experimental efficiency. A multi-robot and multi-task scheduling system employing constraint programming

methods optimizes task allocation among 3 robots and 18 experimental stations while supporting dynamic

task insertion. This reduces the total execution time of complex experiments by nearly 40%, enhancing the

parallelism of high-throughput experimentation
[109]

.

These advances indicate that AI agents are transforming synthesis process exploration from trial-and-error

into a data-driven science. They establish a new paradigm for process exploration that encompasses path

design, parameter search, and multi-objective optimization, providing the core support for the

transformation of materials synthesis processes from experience to precise design. In addition, this direction

also faces several challenges. Firstly, due to the difficulty in accurately simulating the physicochemical effects

under highly complex or extreme conditions, the gap between simulations and real physicochemical

processes is still significant. This may influence the generalization ability of the agent trained in a simulation

environment when applied to real-world laboratory settings. Furthermore, the stability, safety, and

interpretability of system during long-term autonomous operation in laboratories require further

enhancement to build more reliable, transparent, and continuously upgradable material agents. These

challenges highlight the direction for research on the next generation of AI agents for material synthesis.

Materials characterization

The properties of synthesized materials need to be confirmed through characterization. Experimental

characterization is the core means to determine whether the synthesized product meets expectations.

Through techniques such as X-ray diffraction (XRD), scanning electron microscopy (SEM), and

transmission electron microscopy (TEM), information on the material’s crystal structure, microstructure,

and composition distribution is obtained, thereby validating the rationality of process parameters. By

integrating ML models, experimental equipment control logic, and multimodal data parsing capabilities, AI

agents have significantly addressed bottlenecks in traditional characterization, such as labor-intensive

manual operations, time-consuming data analysis, and difficulties in identifying complex systems. Their
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applications have covered multiple characterization technologies, including optical microscopy, scanning

tunneling microscopy (STM), atomic force microscopy (AFM), XRD, SEM, and TEM, and have achieved

efficient characterization in diverse systems such as 2D materials, zeolites, alloys, and organic crystals. By

rapidly identifying phases and analyzing microstructures, they provide key support for materials discovery.

For instance, in image recognition and analysis, the 2D-TLK model is a lightweight framework for layer

identification in 2D materials, integrating a FastViT encoder with a composite decoder combining Lite

Reduced Atrous Spatial Pyramid Pooling and Kernels net. Combined with a MAS, it enables high-precision

identification and natural language interpretation of thickness and size in 2D materials such as MoS
2
, WS

2
,

and graphene using optical microscopy. The model achieves an accuracy of 95.48% and demonstrates strong

generalization capability and real-time reasoning performance, effectively solving the problem of traditional

optical contrast methods that are susceptible to substrate and illumination interference
[110]

. In the field of

STM, a deep learning-based agent system can autonomously perform image quality assessment, surface

recognition, and probe adjustment in STM. It enables large-area continuous measurement and molecular

statistics under low-temperature conditions (78 K), breaking through the limitations of conventional STM

that rely on manual probe adjustment and struggle with long-term stable characterization, thereby

significantly enhancing data throughput and reliability
[111]

. Similarly, in AFM applications, the LLM-driven

Artificially Intelligent Lab Assistant (AILA) MAS can coordinate tasks such as calibration, feature detection,

mechanical property measurement, and layer identification
[112]

. These advancements collectively demonstrate

how agents transform processes that are heavily dependent on humans, subjective, and low-throughput into

automated, intelligent, and repeatable workflows. By overcoming traditional limitations such as operator bias

and environmental interference, agents not only enhance measurement accuracy but also enable large-scale,

statistically meaningful microstructural analysis.

In the field of crystal structure analysis, AI agents offer new pathways for the automated interpretation of

XRD data. For instance, the Crystallography Companion Agent integrates a CNN model trained on

physically accurate synthetic datasets, overcoming the overconfidence issue of traditional neural networks by

outputting probabilistic phase classifications. This significantly enhances the accuracy and efficiency of phase

identification in both organic and inorganic materials, reducing the analysis time from several weeks to just a

few hours
[113]

. CrystalShift combines symmetry-constrained optimization and best-first tree search to enable

probabilistic phase labeling and structural parameter extraction from high-throughput XRD data. Without

additional phase space information, it can output phase combination probabilities, outperforming existing

methods and demonstrating strong robustness in experimental data. Moreover, it can be seamlessly

integrated into synchrotron radiation high-throughput workflows
[114]

 [Figure 6]. In addition, in the fields of

electron diffraction and scanning transmission electron microscopy (STEM) characterization, SerialRED

technology automates data acquisition and hierarchical clustering analysis, enabling high-throughput phase

analysis of complex polycrystalline mixtures with only a small amount of samples. It can even detect

ultra-low content phases that are undetectable by XRD
[115]

. Meanwhile, an ensemble learning iterative

training (ELIT) workflow focuses on ML automation for STEM characterization. By developing a universal

language to adapt to various STEM devices, it dynamically adapts to changing imaging conditions, increasing

the detection accuracy of atomic positions to over 90%. It also supports in-loop validation with theoretical

simulations for structure-property correlation analysis
[116]

. These agents address one of the most persistent

challenges in materials science: reliably and rapidly decoding complex multiphase systems without relying

heavily on expert intuition or pre-existing phase databases. By reasoning and handling experimental noise

robustly, these systems elevate the objectivity and scalability of structural analysis to a new level. This not

only shortens analysis time, but also enables researchers to explore more complex components and discover

previously overlooked materials.
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Figure 6. Workflow of CrystalShift using the multiphase probabilistic labeling algorithm[114]. Agents can quickly identify phases and analyze
microstructures by using characterization devices. Reproduced from npj Comput Mater 11, 148 (2025), under CC BY-NC-ND 4.0
license[114]. XRD: X-ray diffraction.

Beyond structural analysis, AI agents also have an impact in the field of material performance testing. In this

field, agents automate experimental workflows, manage high-throughput test arrays, and extract meaningful

functional properties of materials from complex datasets. For example, in the field of energy materials, the

Clio AI agent has achieved autonomous preparation and testing of the ionic conductivity of non-aqueous

Li-ion battery electrolytes. The system conducted 42 experiments in just two days and identified the best

electrolyte formula with outstanding fast-charging capability
[117]

. In semiconductor characterization, an agent

system autonomously controls a four-degree-of-freedom probe to test the photoconductivity of composite

perovskite films. By performing over 3,000 measurements within 24 h, it not only revealed the

composition-property trends but also discovered local inhomogeneity and potential defects
[118]

. Similarly, in

mechanical testing, the metal additive manufacturing agent can test the performance of 60 samples per hour,

quickly generating the large datasets to establish analysis models associated with process parameters and final

tensile strength and elongation
[119]

.

In terms of assisting user operations and tool invocation, the Context-Aware Language Model for Science

(CALMS) agent utilizes RAG and tool invocation to enable natural language interaction for operation

question answering and hardware control of XRD instruments by retrieving facility documentation, thereby

enhancing the usability of advanced characterization facilities for users
[120]

. Additionally, the advanced

instrument operation scheme of human-machine collaboration proposed by Vriza et al. enables agents to

coordinate with X-ray nanoprobes and autonomous robotic stations designed for materials synthesis and

characterization, optimizing the multi-task workflow through human-machine interaction and iterative

learning. This enables the agent to help users better control advanced automated equipment
[121]

.

These advancements highlight the core role of AI agents in material characterization. They can not only

process multimodal data, but also rapidly and accurately interpret the microstructure and functional

properties of materials, providing a key basis for evaluating synthesis outcomes. Furthermore, through

multi-agent collaboration, they can dynamically allocate tasks and offer natural language interaction and

explanations, thereby further enhancing the operability and analytical efficiency of experimental

characterization. However, there are still several challenges to be addressed in order to realize this vision.

Firstly, under extreme experimental conditions or low signal-to-noise ratios scenarios, agents still face

limitations in robustly analyzing complex signals, and the reasoning stability under real physical noise

requires improvement. In addition, the resource scheduling of the existing system between real-time control
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and high-throughput tasks needs to be optimized, which affects the overall efficiency in high-throughput

experimental scenarios. Finally, given increasingly complex material systems and multidimensional

performance indicators, the interpretability and decision transparency of agents remain crucial for achieving

end-to-end trusted automation.

Data analysis and conclusion summary

The vast amounts of data generated from materials synthesis experiments and characterization need to be

analyzed and summarized into scientific conclusions. In the analysis of materials experimental data, AI

agents integrate ML, multimodal data, and cross-scale knowledge reasoning, demonstrating

multidimensional capabilities in data integration, key factor identification, and process optimization

decision-making. They enable automated parsing of complex experimental data, summarization of

conclusions, and optimization of experimental strategies, significantly enhancing the depth and efficiency of

data interpretation.

In multimodal data analysis and conclusion summary, agents can integrate experimental and simulation data

across sources and scales, revealing underlying mechanisms and universal laws that are difficult to discover

by traditional methods. For example, in SSE research, agents revealed a universal principle that hydrides

containing neutral molecules (e.g., NH
3
) have higher ionic conductivity by integrating experimental and

computational data from 158 metal hydrides. Through meta-dynamics simulations, a novel “two-step

migration” mechanism was discovered, providing theoretical guidance for the design of divalent

electrolytes
[122]

. SciLink automatically transforms experimental data into verifiable scientific claims, quantifies

data novelty through literature comparison, and independently proposes subsequent experimental plans,

thereby enabling the systematic capture of “serendipitous discoveries” in materials data
[123]

. Additionally, the

PROTeomics Exploration and Understanding System (PROTEUS) agent automatically analyzed 12

proteomics datasets and generated 191 scientific hypotheses
[124]

. The CellVoyager agent is an AI system that

autonomously explores single-cell RNA sequencing datasets guided by prior user analyses. It parses historical

data, identifies new mechanisms, and translates expert intuition into verifiable analytical pathways, offering

valuable guidance for integrated multi-omics analysis in materials science
[125]

. Overall, these studies

demonstrate how agents not only integrate multimodal and cross-scale data but also reveal potential

mechanisms and generate novel hypotheses, effectively transforming raw experimental data into

interpretable and actionable scientific knowledge.

In experimental design and optimization, agents achieve dynamic regulation and multi-objective

optimization of synthetic pathways and material formulations through RL, generation models, and real-time

data fusion. Taking the development of ultra-high-performance concrete materials as an example, an agent

based on RL analyzes historical experimental data to construct a Markov decision process model, enabling

dynamic adjustment of material ratios and process parameters. Through six rounds of experimental

iterations, it increased the compressive strength from 55 to 221 MPa while reducing costs by over 25%. It also

identified the key strategy of balancing strength and cost through the regulation of cement and silica fume

content
[126]

. In the synthesis of MOFs, MOFsyn is a framework leveraging LLMs to guide the efficient

synthesis and performance optimization of MOFs. It integrates literature knowledge with real-time

experimental data to analyze relationships among synthesis conditions, characterization results, and catalytic

performance. It identified Ni
0

 content and H
2
 adsorption strength as the core factors influencing catalytic

activity and proposed a stepwise reduction strategy to guide the optimization of MOF synthesis. This enabled

Ni@UiO-66(Ce)-R2T1 to achieve 100% conversion and selectivity in olefin hydrogenation reactions
[127]

. For

the design of transition metal complexes, LLM-EO, which integrates LLMs into evolutionary optimization,

combines generative models with multi-objective optimization, revealing the regulatory effects of strong

electron-withdrawing ligands on performance using only 20 experimental samples. In a chemical space of
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1.37 million candidates, it identified eight top-20 high-performance materials using only 200 evaluations,

highlighting the advantage of agents in analyzing structure-property relationships from experimental data
[128]

.

It can be seen from these that in the experimental optimization, agents not only achieved a leapfrog

improvement in performance, but also revealed the key factors and regulatory mechanisms that affect

material performance in a data-driven way.

In summary, AI agents transform data analysis from an isolated, post-hoc step into a real-time feedback loop

in the experimental process. They efficiently parse high-dimensional materials data, dynamically integrate

knowledge, and perform cross-scale reasoning. This enables the discovery of hidden patterns and novel

mechanisms from complex datasets, the proposal of verifiable new hypotheses, and the optimization of

experimental pathways. Consequently, they provide direct, data-driven decision support for materials science

research, significantly improving experimental efficiency and scientific discovery.

This section demonstrates the deep integration of AI agents throughout the entire process of materials

synthesis and characterization. From the exploration of material synthesis processes, automated

characterization to data analysis and conclusion summary, agents are shifting the paradigm of materials

synthesis from “experience-driven” to “intelligence-driven”. They not only significantly enhance

experimental efficiency but also make it possible to “synthesize on demand” materials with targeted

properties.

AGENTIC MATERIALS CREATION
As the capabilities of AI agents in materials design and synthesis continue to mature, the trend of their

development is to form SDLs. The SDL is the ultimate embodiment of materials AI agents, integrating the

entire workflow for materials creation from design and synthesis to validation. Through a trinity architecture

of “hardware-software-agent”, it deeply integrates LLMs, MAS, and robotics technologies. This enables a

fully autonomous closed loop from experimental design, execution, to analysis and optimization, thereby

transforming the paradigm of materials creation in unprecedented ways.

The development of agent-driven SDLs is a progressive evolution, clearly reflecting the synergistic

advancement of AI and robotics technologies. Early groundbreaking work, such as the mobile robotic

chemist, broke the constraints of traditional fixed workstations. By operating freely in a standard laboratory

and utilizing batched Bayesian search algorithms, it autonomously conducted 688 photocatalyst experiments

in eight days and screened out a hydrogen evolution photocatalyst with sixfold higher activity,

demonstrating the feasibility of deploying automated researchers rather than mere automated

instruments
[129]

. A-Lab, an autonomous laboratory for the solid-state synthesis of inorganic powders, further

achieves autonomous synthesis of inorganic powders by leveraging computational predictions, literature

data, and ML. Within 17 days, it successfully synthesized 41 novel compounds, highlighting the potential of

the integration of AI and robotics to accelerate materials discovery
[130]

 [Figure 7A]. Subsequently, the flow

chemistry automation platforms combined liquid processors, syringe pumps, adjustable continuous-flow

photoreactors, and in-situ NMR spectroscopy, and achieved automated optimization and scale-up of

photocatalytic reactions through closed-loop Bayesian optimization strategies
[131]

.

With the development of LLMs, the deep empowerment of LLMs has driven the evolution of AI agents from

performing single functions to handling multifaceted tasks, significantly enhancing the cognitive and

decision-making capabilities of SDLs. For instance, systems such as Coscientist (a multi-LLMs-based

intelligent agent)
[132]

 and ChemCrow (an LLM-based chemistry agent for tasks in organic synthesis, drug

discovery, and materials design)
[133]

 used LLMs as core planners. These agents autonomously perform
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Figure 7. (A) Autonomous materials discovery with the A-Lab[130]; (B) LLM-based multiagent system, ChemAgents[138]. Multi-agent
collaborative architecture enables AI agents to complete complex research tasks. Figure 7A is reproduced from Nature 624, 86-91 (2023),
under CC BY 4.0 license[130]. Figure 7B is reproduced from J. Am. Chem. Soc. 2025, 147, 15, 12534-12545, with permission from American
Chemical Society[138]. LLM: Large language model; AI: artificial intelligence.

complex tasks, including organic molecule synthesis and reaction optimization, by invoking various

chemical tools and automated experimental equipment. Chemist-X further employs RAG to integrate

domain knowledge, enabling precise recommendations of reaction conditions. Through real-time interaction

                                                                                                



Li et al. J. Mater. Inf. 2026, 6, 10 Page 23 of 31

with automated robotic systems, it achieves end-to-end experiment validation without human intervention.

This demonstrates the capacity of LLM-driven agents to autonomously design, plan, and execute complex

experiments
[134]

.

Furthermore, the introduction of multimodal perception and knowledge fusion strategies can overcome the

limitations of single-data-dimension approaches, equipping agents with advanced cognitive capabilities that

surpass those of traditional single-data-stream methods. For instance, Copilot for Real-world Experimental

Scientists (CRESt) introduces a multimodal model to integrate composition, text, and microscopy image

data. By leveraging multimodal models, knowledge-assisted Bayesian optimization, and robots, it screened

900 catalyst chemical compositions within three months, ultimately discovering a catalyst in eight-element

compositional space with a 9.3-fold performance improvement
[135]

. Meanwhile, Rainbow used parallel

multi-robot operations and a real-time spectral feedback loop to autonomously optimize the luminescence

properties of metal halide perovskite nanocrystals, achieving closed-loop exploration of high-dimensional

synthesis parameter spaces
[136]

.

Multi-agent collaborative architectures can further enhance system complexity and adaptability, enabling AI

agent systems to handle complex research tasks. For instance, Tippy deploys five specialized agents working

collaboratively to achieve full automation of the design-synthesize-test-analyze cycle in drug discovery,

significantly improving workflow efficiency and decision-making speed
[137]

. ChemAgents employs a

hierarchical multi-agent structure to manage overall laboratory resources. Through a task manager, it

coordinates literature readers, experimental designers, computational executors, and robotic operators,

demonstrating powerful capabilities from simple syntheses to multi-step complex experiments
[138]

 [Figure

7B]. An LLM-based reaction development framework (LLM-RDF) utilizes six specialized agents working in

concert to accomplish end-to-end synthesis development tasks from literature mining, experimental design,

robotic execution, and product purification
[139]

. MatPilot (an LLM-enabled AI materials scientist)
[140]

 and

MatAgent
[141]

 integrate human scientific intuition with AI’s high-dimensional information processing

through human-machine collaboration based on natural language to jointly drive materials discovery. The

Andrew I. Cooper team has enabled agents to share existing laboratory equipment with human researchers

through modular mobile robots, automated synthesis platforms, and characterization devices without the

need to redesign the experimental equipment, which greatly accelerates the development of agents using a

wide variety of experimental equipment for the synthesis of multiple types of materials
[142]

. It is worth noting

that these systems have moved from laboratories to applications in specialized environments. For instance, a

robotic AI chemist can automatically process Martian meteorites, independently synthesize and optimize

oxygen-evolution catalysts, and quickly screen out efficient formulas from 3 million combinations, validating

the feasibility of autonomous laboratories in extreme environments
[143]

.

Although significant progress has been made, there are still some key challenges in the deployment and

expansion of agent-driven SDLs. Firstly, data quality and standardization pose significant obstacles. The

diversity of experimental conditions, instrument calibrations, and laboratory data formats hinders the

training of robust and generalizable AI agents. Secondly, the integration with existing equipment and

heterogeneous hardware platforms brings technical and compatibility challenges. Not all laboratory

equipment is designed with robots or software control in mind, which makes full automation complex.

Finally, ethical considerations and safety assurances in autonomous experiments, such as handling hazardous

chemicals or ensuring repeatable results, require the establishment of protocols and continuous monitoring

mechanisms.

The evolution path of agent-driven SDLs progresses from modular automation equipment to cognitive

agents empowered by LLMs, then further enhanced through multimodal perception and multi-agent
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collaboration, ultimately moving toward an advanced scientific research infrastructure capable of adapting to

complex real-world scenarios. These advancements in automated materials discovery jointly drive the rapid

development of agent-driven SDLs toward greater generality, intelligence, and environmental adaptability,

bringing revolutionary acceleration to materials creation.

CONCLUSIONS AND OUTLOOK
AI agents are reshaping the research paradigm of materials development with unprecedented depth and

breadth. From traditional trial-and-error approaches based on experience, to data-driven high-throughput

screening, and now to “Agentic Material Science” based on LLMs with autonomous reasoning and

decision-making capabilities, materials research is advancing towards a new era of high intelligence and

automation. By deeply integrating natural language understanding, multimodal knowledge integration, and

tool usage capabilities, agents have successfully connected the entire innovation chain from material design

to synthesis and characterization. This not only significantly enhances the efficiency and breadth of material

exploration, but also promotes a fundamental shift from experience-driven research to agent-driven

autonomy.

Looking ahead, Agentic Material Science will further develop around three key directions to unlock greater

innovation potential. In materials design, the integration of multimodal, cross-scale collaborative approaches

will enable AI agents to process and fuse data from different modalities and scales, thereby generating new

material designs that transcend traditional disciplinary boundaries. In synthesis and characterization, the

integration of embodied intelligence equipped with real-time perception and adaptive control will enable AI

agents to perceive, reason, and act within physical laboratory environments, allowing them to dynamically

adjust synthesis schemes based on real-time feedback from characterization instruments and environmental

conditions. At the infrastructure level, SDLs will develop toward cloud-native, networked intelligent research

ecosystems. By coordinating distributed robot resources, AI agents can enable decentralized laboratories to

share knowledge and experience, thereby promoting unprecedented collaboration and innovation in material

science.

Although the prospects are broad, transforming this vision into reality still requires overcoming multiple

challenges. First, at the data foundation level, ensuring the quality, standardization, and interoperability of

material data from different laboratories, across scales, and multiple modalities is an important prerequisite

for collaborative innovation. Second, in terms of model capabilities, for material research and development

tasks involving critical decision making, there is an urgent need to enhance the explainability, reliability, and

robustness of AI foundation models to support high-confidence scientific judgments. Particularly critical are

challenges in ethics and governance. These include effectively avoiding algorithmic bias and ensuring new

materials meet ethical standards for safety and environmental impact, establishing clear frameworks for

ownership and responsibilities of independent research outcomes, and building robust data security and

intellectual property management mechanisms in the research ecosystems. Only by systematically addressing

these challenges can the field advance steadily in a responsible and sustainable direction.

With the development and integration of multimodal design, embodied intelligence, and cloud laboratories,

the establishment of next-generation research infrastructure centered on AI agents promises to accelerate

material science into an intelligent epoch. With continued evolution and deeper application in materials

discovery, we are expected to realize the vision of “on-demand material design”, providing solid support for

the innovation of high-performance materials in key fields such as energy, healthcare, and manufacturing,

and opening a new chapter in intelligent materials innovation.

DECLARATIONS
Authors’ contributions

Conception and design of the review: Ran, N.; Liu, J.



Li et al. J. Mater. Inf. 2026, 6, 10 Page 25 of 31

Manuscript drafting: Li, C.; Ran, N.

Manuscript editing: Ran, N.; Liu, J.

Review and approval of the final manuscript: Li, C.; Ran, N.; Liu, J.

Availability of data and materials

Not applicable.

Financial support and sponsorship

This work was supported by the Advanced Materials-National Science and Technology Major Project

(2025ZD0619500, 2025ZD0613500), the National Natural Science Foundation of China (22133005,

22403103), the China Academy of Engineering Science Technology Strategic Consultation Project

(2025-XZ-3), the AI for Science Program, the Shanghai Municipal Commission of Economy and

Informatization (2025-GZL-RGZN-BTBX-01005), the Shanghai Sailing Program (23YF1454900), and the

Science and Technology Commission of Shanghai Municipality (25CL2902100).

Conflicts of interest

All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Copyright

© The Author(s) 2026.

REFERENCES
1. Zheng, Z.; Rampal, N.; Inizan, T. J.; Borgs, C.; Chayes, J. T.; Yaghi, O. M. Large language models for reticular chemistry. Nat. Rev.

Mater. 2025, 10, 369-81. DOI

2. Yuan, W.; Chen, G.; Wang, Z.; You, F. Empowering generalist material intelligence with large language models. Adv. Mater. 2025, 37,

e2502771. DOI PubMed

3. Chen, C. AI in materials science: charting the course to Nobel-worthy breakthroughs. Matter 2024, 7, 4123-5. DOI

4. Van, M. H.; Verma, P.; Zhao, C.; Wu, X. A survey of AI for materials science: foundation models, LLM agents, datasets, and tools.

arXiv 2025, arXiv:2506.20743. Available online: h​t​t​p​s​:​/ ​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​5​0​6​.​2​0​7​4​3​ (accessed 22 January 2026).

5. Zhou, B.; Jin, S.; Shao, J.; Chen, N.; Shanghai Institute of Metallurgy, Academia Sinica, Shanghai, China. IMEC - an expert system for

retrieval and prediction of binary intermetallic compounds. Acta. Metall. Sin. 1989, 2, 428-33. Available online: h ​t ​t ​p ​s ​: ​/ ​/ ​w ​w ​w ​. ​a ​m ​s ​e ​. ​o ​r ​g ​. ​c
n​/​E​N​/​Y​1​9​8​9​/​V​2​/​I​1​2​/​4​2​8​ (accessed 22 January 2026).

6. Lindsay, R. K.; Buchanan, B. G.; Feigenbaum, E. A.; Lederberg, J. DENDRAL: a case study of the first expert system for scientific

hypothesis formation. Artif. Intell. 1993, 61, 209-61. DOI

7. Wei, J.; Yang, Y.; Zhang, X.; et al. From AI for science to agentic science: a survey on autonomous scientific discovery. arXiv 2025,

arXiv:2508.14111. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1 ​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​5​0​8​.​1​4​1​1​1​ (accessed 22 January 2026).

8. Oliveira, O. N. Jr.; Christino, L.; Oliveira, M. C. F.; Paulovich, F. V. Artificial intelligence agents for materials sciences. J. Chem. Inf.

Model. 2023, 63, 7605-9. DOI PubMed

9. Gridach, M.; Nanavati, J.; Abidine, K. Z. E.; Mendes, L.; Mack, C. Agentic AI for scientific discovery: a survey of progress, challenges,

and future directions. arXiv 2025, arXiv:2503.08979. Available online: h ​t ​t ​p ​s ​: ​/ ​/ ​d ​o ​i ​. ​o ​r ​g ​/ ​1 ​0 ​. ​4 ​8 ​5 ​5 ​0 ​/ ​a ​r ​X ​i ​v ​. ​2 ​5 ​0 ​3 ​. ​0 ​8 ​9 ​7 ​9 ​ (accessed 22 January

2026).

10. Feng, R.; Liang, Y.; Yin, T.; Gao, P.; Wang, W. Agentic assistant for materials scientists. Electrochem. Soc. Interface. 2025, 34, 45. DOI

11. Duan, C.; Nandy, A.; Pal, S. C.; et al. The rise of generative AI for metal-organic framework design and synthesis. arXiv 2025,

arXiv:2508.13197. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1 ​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​5​0​8​.​1​3​1​9​7​ (accessed 22 January 2026).

12. Bayley, O.; Savino, E.; Slattery, A.; Noël, T. Autonomous chemistry: navigating self-driving labs in chemical and material sciences.

Matter 2024, 7, 2382-98. DOI

https://dx.doi.org/10.1038/s41578-025-00772-8
https://dx.doi.org/10.1002/adma.202502771
https://www.ncbi.nlm.nih.gov/pubmed/40351042
https://dx.doi.org/10.1016/j.matt.2024.11.012
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://doi.org/10.48550/arXiv.2506.20743
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://www.amse.org.cn/EN/Y1989/V2/I12/428
https://dx.doi.org/10.1016/0004-3702(93)90068-m
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://doi.org/10.48550/arXiv.2508.14111
https://dx.doi.org/10.1021/acs.jcim.3c01778
https://www.ncbi.nlm.nih.gov/pubmed/38084508
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://doi.org/10.48550/arXiv.2503.08979
https://dx.doi.org/10.1149/2.f09252if
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://doi.org/10.48550/arXiv.2508.13197
https://dx.doi.org/10.1016/j.matt.2024.06.003


Page 26 of 31 Li et al. J. Mater. Inf. 2026, 6, 10

13. Shir, O. Towards AI research agents in the chemical sciences. ChemRxiv 2024. Available online: h ​t ​t ​p ​s ​: ​/ ​/ ​d ​o ​i ​. ​o ​r ​g ​/ ​1 ​0 ​. ​2 ​6 ​4 ​3 ​4 ​/ ​c ​h ​e ​m ​r ​x ​i ​v ​- ​2 ​0 ​2
4​-​l​f​2​x​x​ (accessed 22 January 2026).

14. Bae, S.; Jeon, M.; Moon, H. R. Text mining in MOF research: from manual curation to large language model-based automation. Chem.

Commun. 2025, 61, 11083-94. DOI PubMed

15. Abramson, J.; Adler, J.; Dunger, J.; et al. Accurate structure prediction of biomolecular interactions with AlphaFold 3. Nature 2024, 630,

493-500. DOI PubMed PMC

16. Huang, L.; Koutra, D.; Kulkarni, A.; et al. Towards agentic AI for science: hypothesis generation, comprehension, quantification, and

validation. In Proceedings of the Companion Proceedings of the ACM on Web Conference 2025, Sydney, Australia, April 28-May 2,

2025; Association for Computing Machinery: New York, NY, USA; pp 1639-42. DOI

17. Abolhasani, M.; Kumacheva, E. The rise of self-driving labs in chemical and materials sciences. Nat. Synth. 2023, 2, 483-92. DOI

18. López, C. Artificial intelligence and advanced materials. Adv. Mater. 2023, 35, e2208683. DOI PubMed

19. Agarwal, S.; Sahu, G.; Puri, A.; et al. LitLLM: a toolkit for scientific literature review. arXiv 2024, arXiv:2402.01788. Available online:

h​t​t ​p​s​:​/​/​d​o​i​.​o​r​g​/ ​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​4​0​2​.​0​1​7​8​8​ (accessed 22 January 2026).

20. D’Arcy, M.; Hope, T.; Birnbaum, L.; Downey, D. MARG: multi-agent review generation for scientific papers. arXiv 2024,

arXiv:2401.04259. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1 ​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​4​0​1​.​0​4​2​5​9​ (accessed 22 January 2026).

21. Zhang, Q.; Hu, Y.; Yan, J.; et al. Large-language-model-based AI agent for organic semiconductor device research. Adv. Mater. 2024,

36, e2405163. DOI PubMed

22. Chen, K.; Du, Y.; Li, J.; Cao, H.; Guo, M.; Dang, X.; Li, L.; Qiu, J.; Heng, P.A.; Chen, G. ChemMiner: a large language model agent

system for chemical literature data mining. arXiv 2024, arXiv:2402.12993. Available online: h ​t ​t ​p ​s ​: ​/ ​/ ​d ​o ​i ​. ​o ​r ​g ​/ ​1 ​0 ​. ​4 ​8 ​5 ​5 ​0 ​/ ​a ​r ​X ​i ​v ​. ​2 ​4 ​0 ​2 ​. ​1 ​2 ​9 ​9 ​3 ​
(accessed 22 January 2026).

23. Odobesku, R.; Romanova, K.; Mirzaeva, S.; et al. Agent-based multimodal information extraction for nanomaterials. npj. Comput.

Mater. 2025, 11, 1674. DOI

24. Bazgir, A.; Praneeth Madugula, R.c.; Zhang, Y. Multicrossmodal automated agent for integrating diverse materials science data. arXiv

2025, arXiv:2505.15132. Available online: h​t​t​p​s​:​/​/​d​o ​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​5​0​5​.​1​5​1​3​2​ (accessed 22 January 2026).

25. Ansari, M.; Moosavi, S. M. Agent-based learning of materials datasets from the scientific literature. Digital. Discov. 2024, 3, 2607-17.

DOI

26. Buehler, M. J. MechGPT, a language-based strategy for mechanics and materials modeling that connects knowledge across scales,

disciplines, and modalities. Appl. Mech. Rev. 2024, 76, 021001. DOI

27. Zhang, D.; Jia, X.; Hung, T. B.; et al. “DIVE” into hydrogen storage materials discovery with AI agents. arXiv 2025, arXiv:2508.13251.

Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​5​0​8 ​.​1​3​2​5​1​ (accessed 22 January 2026).

28. Li, X.; Huang, Z.; Quan, S.; Peng, C.; Ma, X. SLM-MATRIX: a multi-agent trajectory reasoning and verification framework for

enhancing language models in materials data extraction. npj. Comput. Mater. 2025, 11, 1719. DOI

29. Callahan, T. J.; Park, N. H.; Capponi, S. Agentic mixture-of-workflows for multi-modal chemical search. arXiv 2025, arXiv:2502.19629.

Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​5​0​2 ​.​1​9​6​2​9​ (accessed 22 January 2026).

30. Lee, N.; De Brouwer, E.; Hajiramezanali, E.; Park, C.; Scalia, G. RAG-enhanced collaborative LLM agents for drug discovery. arXiv

2025, arXiv:2502.17506. Available online: h​t​t​p​s​:​/​/​d​o ​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​5​0​2​.​1​7​5​0​6​ (accessed 22 January 2026).

31. Buehler, M. J. Generative retrieval-augmented ontologic graph and multiagent strategies for interpretive large language model-based

materials design. ACS. Eng. Au. 2024, 4, 241-77. DOI PubMed PMC

32. McNaughton, A. D.; Sankar, Ramalaxmi. G. K.; Kruel, A.; Knutson, C. R.; Varikoti, R. A.; Kumar, N. CACTUS: chemistry agent

connecting tool usage to science. ACS. Omega. 2024, 9, 46563-73. DOI PubMed PMC

33. Wu, M.; Wang, Y.; Ming, Y.; et al. CheMatAgent: enhancing LLMs for chemistry and materials science through tree-search based tool

learning. arXiv 2025, arXiv:2506.07551. Available online: h​t ​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​5​0​6​.​0​7​5​5​1​ (accessed 22 January 2026).

34. Ma, K. AI agents in chemical research: GVIM - an intelligent research assistant system. Digital. Discov. 2025, 4, 355-75. DOI

35. Yu, B.; Baker, F. N.; Chen, Z.; et al. Tooling or not tooling? The impact of tools on language agents for chemistry problem solving. In

Proceedings of the Findings of the Association for Computational Linguistics: NAACL 2025, Albuquerque, NM, USA, April 29-May 4,

2025; Chiruzzo, L., Ritter, A., Wang, L. Eds.; Association for Computational Linguistics: New York, NY, USA, 2025; pp. 7620-40. DOI

36. Tang, X.; Hu, T.; Ye, M.; et al. ChemAgent: self-updating memories in large language models improves chemical reasoning. arXiv 2025,

arXiv:2501.06590. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1 ​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​5​0​1​.​0​6​5​9​0​ (accessed 22 January 2026).

37. Zhang, B.; Li, X.; Xu, H.; Jin, Z.; Wu, Q.; Li, C. TopoMAS: large language model driven topological materials multiagent system. arXiv

2025, arXiv:2507.04053. Available online: h​t​t​p​s​:​/​/​d​o ​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​5​0​7​.​0​4​0​5​3​ (accessed 22 January 2026).

38. Kumbhar, S.; Mishra, V.; Coutinho, K.; Handa, D.; Iquebal, A.; Baral, C. Hypothesis generation for materials discovery and design using

goal-driven and constraint-guided LLM agents. arXiv 2025, arXiv:2501.13299. Available online: h ​t ​t ​p ​s ​: ​/ ​/ ​d ​o ​i ​. ​o ​r ​g ​/ ​1 ​0 ​. ​4 ​8 ​5 ​5 ​0 ​/ ​a ​r ​X ​i ​v ​. ​2 ​5 ​0 ​1 ​. ​1 ​3
2​9​9​ (accessed 22 January 2026).

https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://doi.org/10.26434/chemrxiv-2024-lf2xx
https://dx.doi.org/10.1039/d5cc02511g
https://www.ncbi.nlm.nih.gov/pubmed/40613389
https://dx.doi.org/10.1038/s41586-024-07487-w
https://www.ncbi.nlm.nih.gov/pubmed/38718835
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11168924
https://dx.doi.org/10.1145/3701716.3717754
https://dx.doi.org/10.1038/s44160-022-00231-0
https://dx.doi.org/10.1002/adma.202208683
https://www.ncbi.nlm.nih.gov/pubmed/36560859
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2402.01788
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://doi.org/10.48550/arXiv.2401.04259
https://dx.doi.org/10.1002/adma.202405163
https://www.ncbi.nlm.nih.gov/pubmed/38816034
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://doi.org/10.48550/arXiv.2402.12993
https://dx.doi.org/10.1038/s41524-025-01674-7
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://doi.org/10.48550/arXiv.2505.15132
https://dx.doi.org/10.1039/d4dd00252k
https://dx.doi.org/10.1115/1.4063843
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://doi.org/10.48550/arXiv.2508.13251
https://dx.doi.org/10.1038/s41524-025-01719-x
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.19629
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://doi.org/10.48550/arXiv.2502.17506
https://dx.doi.org/10.1021/acsengineeringau.3c00058
https://www.ncbi.nlm.nih.gov/pubmed/38646516
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11027160
https://dx.doi.org/10.1021/acsomega.4c08408
https://www.ncbi.nlm.nih.gov/pubmed/39583666
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11579734
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://doi.org/10.48550/arXiv.2506.07551
https://dx.doi.org/10.1039/d4dd00398e
https://dx.doi.org/10.18653/v1/2025.findings-naacl.424
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2501.06590
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2507.04053
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299
https://doi.org/10.48550/arXiv.2501.13299


Li et al. J. Mater. Inf. 2026, 6, 10 Page 27 of 31

39. Robson, M. J.; Xu, S.; Wang, Z.; Chen, Q.; Ciucci, F. Multi-agent-network-based idea generator for zinc-ion battery electrolyte

discovery: a case study on zinc tetrafluoroborate hydrate-based deep eutectic electrolytes. Adv. Mater. 2025, 37, e2502649. DOI PubMed

PMC

40. Ansari, M.; Watchorn, J.; Brown, C. E.; Brown, J. S. dZiner: rational inverse design of materials with AI agents. arXiv 2024,

arXiv:2410.03963. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1 ​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​4​1​0​.​0​3​9​6​3​ (accessed 22 January 2026).

41. Ghafarollahi, A.; Buehler, M. J. SciAgents: automating scientific discovery through bioinspired multi-agent intelligent graph reasoning.

Adv. Mater. 2025, 37, e2413523. DOI PubMed PMC

42. Baek, J.; Jauhar, S. K.; Cucerzan, S.; Hwang, S. J. ResearchAgent: iterative research idea generation over scientific literature with large

language models. arXiv 2024, arXiv:2404.07738. Available online: h ​t ​t ​p ​s ​: ​/ ​/ ​d ​o ​i ​. ​o ​r ​g ​/ ​1 ​0 ​. ​4 ​8 ​5 ​5 ​0 ​/ ​a ​r ​X ​i ​v ​. ​2 ​4 ​0 ​4 ​. ​0 ​7 ​7 ​3 ​8 ​ (accessed 22 January

2026).

43. Ma, Y.; Gou, Z.; Hao, J.; et al. SciAgent: tool-augmented language models for scientific reasoning. arXiv 2024, arXiv:2402.11451.

Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​4​0​2 ​.​1​1​4​5​1​ (accessed 22 January 2026).

44. Yuan, J.; Yan, X.; Feng, S.; et al. Dolphin: moving towards closed-loop auto-research through thinking, practice, and feedback. arXiv

2025, arXiv:2501.03916. Available online: h​t​t​p​s​:​/​/​d​o ​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​5​0​1​.​0​3​9​1​6​ (accessed 22 January 2026).

45. Luu, R. K.; Deng, J.; Ibrahim, M. S.; et al. Generative artificial intelligence extracts structure-function relationships from plants for new

materials. arXiv 2025, arXiv:2508.06591. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​5​0​8​.​0​6​5​9​1​ (accessed 22 January 2026).

46. Chen, J.; Saha, S.; Bansal, M. ReConcile: round-table conference improves reasoning via consensus among diverse LLMs. arXiv 2023,

arXiv:2309.13007. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1 ​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​3​0​9​.​1​3​0​0​7​ (accessed 22 January 2026).

47. Yang, Z.; Liu, W.; Gao, B.; et al. MOOSE-Chem: large language models for rediscovering unseen chemistry scientific hypotheses. arXiv

2024, arXiv:2410.07076. Available online: h​t​t​p​s​:​/​/​d​o ​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​4​1​0​.​0​7​0​7​6​ (accessed 22 January 2026).

48. Yang, Z.; Liu, W.; Gao, B.; et al. MOOSE-Chem2: exploring LLM limits in fine-grained scientific hypothesis discovery via hierarchical

search. arXiv 2025, arXiv:2505.19209. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​5​0​5​.​1​9​2​0​9​ (accessed 22 January 2026).

49. Liu, W.; Yang, Z.; Wang, J.; et al. MOOSE-Chem3: toward experiment-guided hypothesis ranking via simulated experimental feedback.

arXiv 2025, arXiv:2505.17873. Available online: h​t​t​p​s​:​/ ​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​5​0​5​.​1​7​8​7​3​ (accessed 22 January 2026).

50. Schmidgall, S.; Moor, M. AgentRxiv: towards collaborative autonomous research. arXiv 2025, arXiv:2503.18102. Available online: h ​t ​t ​p
s​:​/ ​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​5​0​3​.​1​8​1​0​2​ (accessed 22 January 2026).

51. Pu, Y.; Lin, T.; Chen, H. PiFlow: principle-aware scientific discovery with multi-agent collaboration. arXiv 2025, arXiv:2505.15047.

Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​5​0​5 ​.​1​5​0​4​7​ (accessed 22 January 2026).

52. Lai, Z.; Pu, Y. PriM: principle-inspired material discovery through multi-agent collaboration. arXiv 2025, arXiv:2504.08810. Available

online: h​t​t​p​s​:​/ ​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​5​0​4​.​0​8​8​1​0​ (accessed 22 January 2026).

53. Madaan, A.; Tandon, N.; Gupta, P.; et al. Self-refine: iterative refinement with self-feedback. In Advances in Neural Information

Processing Systems 36 (NeurIPS 2023), New Orleans, LA, USA, December 10-16, 2023; Oh, A., Naumann, T., Globerson, A., Saenko,

K., Hardt, M., Levine, S., Eds.; Neural Information Processing Systems Foundation, Inc.: Vancouver, Canada; pp 46534-94. Available

online: h ​t ​t ​p ​s ​: ​/ ​/ ​p ​r ​o ​c ​e ​e ​d ​i ​n ​g ​s ​. ​n ​e ​u ​r ​i ​p ​s ​. ​c ​c ​/ ​p ​a ​p ​e ​r ​_ ​f ​i ​l ​e ​s ​/ ​p ​a ​p ​e ​r ​/ ​2 ​0 ​2 ​3 ​/ ​h ​a ​s ​h ​/ ​9 ​1 ​e ​d ​f ​f ​0 ​7 ​2 ​3 ​2 ​f ​b ​1 ​b ​5 ​5 ​a ​5 ​0 ​5 ​a ​9 ​e ​9 ​f ​6 ​c ​0 ​f ​f ​3 ​- ​A ​b ​s ​t ​r ​a ​c ​t ​- ​C ​o ​n ​f ​e ​r ​e ​n ​c ​e ​. ​h ​t ​m ​l
(accessed 22 January 2026).

54. Su, H.; Chen, R.; Tang, S.; et al. Many heads are better than one: improved scientific idea generation by a LLM-based multi-agent

system. arXiv 2024, arXiv:2410.09403. Available online: h​t​t​p​s​: ​/​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​4​1​0​.​0​9​4​0​3​ (accessed 22 January 2026).

55. Ghafarollahi, A.; Buehler, M. J. Sparks: multi-agent artificial intelligence model discovers protein design principles. arXiv 2025,

arXiv:2504.19017. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1 ​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​5​0​4​.​1​9​0​1​7​ (accessed 22 January 2026).

56. Liu, S.; Lu, Y.; Chen, S.; et al. DrugAgent: automating AI-aided drug discovery programming through LLM multi-agent collaboration.

arXiv 2024, arXiv:2411.15692. Available online: h​t​t​p​s​:​/ ​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​4​1​1​.​1​5​6​9​2​ (accessed 22 January 2026).

57. Inizan, T. J.; Yang, S.; Kaplan, A.; et al. System of agentic AI for the discovery of metal-organic frameworks. arXiv 2025,

arXiv:2504.14110. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1 ​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​5​0​4​.​1​4​1​1​0​ (accessed 22 January 2026).

58. Tian, J.; Sobczak, M. T.; Patil, D.; et al. A multi-agent framework integrating large language models and generative AI for accelerated

metamaterial design. arXiv 2025, arXiv:2503.19889. Available online: h ​t ​t ​p ​s ​: ​/ ​/ ​d ​o ​i ​. ​o ​r ​g ​/ ​1 ​0 ​. ​4 ​8 ​5 ​5 ​0 ​/ ​a ​r ​X ​i ​v ​. ​2 ​5 ​0 ​3 ​. ​1 ​9 ​8 ​8 ​9 ​ (accessed 22 January

2026).

59. Averly, R.; Baker, F. N.; Watson, I. A.; Ning, X. LIDDIA: language-based intelligent drug discovery agent. arXiv 2025,

arXiv:2502.13959. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1 ​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​5​0​2​.​1​3​9​5​9​ (accessed 22 January 2026).

60. Bou, A.; Thomas, M.; Dittert, S.; et al. ACEGEN: reinforcement learning of generative chemical agents for drug discovery. J. Chem. Inf.

Model. 2024, 64, 5900-11. DOI PubMed PMC

61. Che, X.; Zhao, Y.; Liu, Q.; Yu, F.; Gao, H.; Zhang, L. CSstep: step-by-step exploration of the chemical space of drug molecules via

multi-agent and multi-stage reinforcement learning. Chem. Eng. Sci. 2025, 317, 122048. DOI

https://dx.doi.org/10.1002/adma.202502649
https://www.ncbi.nlm.nih.gov/pubmed/40401481
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12355564
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://doi.org/10.48550/arXiv.2410.03963
https://dx.doi.org/10.1002/adma.202413523
https://www.ncbi.nlm.nih.gov/pubmed/39696898
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12138853
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2404.07738
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2402.11451
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2501.03916
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2508.06591
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2309.13007
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2410.07076
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.19209
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2505.17873
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2503.18102
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2505.15047
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://doi.org/10.48550/arXiv.2504.08810
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://proceedings.neurips.cc/paper_files/paper/2023/hash/91edff07232fb1b55a505a9e9f6c0ff3-Abstract-Conference.html
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2410.09403
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2504.19017
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2411.15692
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2504.14110
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2503.19889
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://doi.org/10.48550/arXiv.2502.13959
https://dx.doi.org/10.1021/acs.jcim.4c00895
https://www.ncbi.nlm.nih.gov/pubmed/39092857
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11581341
https://dx.doi.org/10.1016/j.ces.2025.122048


Page 28 of 31 Li et al. J. Mater. Inf. 2026, 6, 10

62. Rajak, P.; Wang, B.; Nomura, K.; et al. Autonomous reinforcement learning agent for stretchable kirigami design of 2D materials. npj.

Comput. Mater. 2021, 7, 572. DOI

63. Kang, Y.; Kim, J. ChatMOF: an artificial intelligence system for predicting and generating metal-organic frameworks using large

language models. Nat. Commun. 2024, 15, 4705. DOI PubMed PMC

64. Takahara, I.; Mizoguchi, T.; Liu, B. Accelerated inorganic materials design with generative AI agents. arXiv 2025, arXiv:2504.00741.

Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​5​0​4 ​.​0​0​7​4​1​ (accessed 22 January 2026).

65. Ghafarollahi, A.; Buehler, M. J. ProtAgents: protein discovery via large language model multi-agent collaborations combining physics

and machine learning. Digit. Discov. 2024, 3, 1389-409. DOI PubMed PMC

66. Bagal, V.; Aggarwal, R.; Vinod, P. K.; Priyakumar, U. D. MolGPT: molecular generation using a transformer-decoder model. J. Chem.

Inf. Model. 2022, 62, 2064-76. DOI PubMed

67. Gan, J.; Zhong, P.; Du, Y.; et al. MatLLMSearch: crystal structure discovery with evolution-guided large language models. arXiv 2025,

arXiv:2502.20933. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1 ​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​5​0​2​.​2​0​9​3​3​ (accessed 22 January 2026).

68. Kim, H.; Jang, Y.; Ahn, S. MT-Mol: multi agent system with tool-based reasoning for molecular optimization. arXiv 2025,

arXiv:2505.20820. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1 ​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​5​0​5​.​2​0​8​2​0​ (accessed 22 January 2026).

69. Hu, Z.; Zhou, Y.; Wang, Z.; et al. Osda agent: leveraging large language models for de novo design of organic structure directing agents.

In Proceedings of the The Thirteenth International Conference on Learning Representations, Singapore, Singapore, April 24-28, 2025;

OpenReview.net: Amherst, MA, USA, 2025. Available online: h ​t ​t ​p ​s ​: ​/ ​/ ​o ​p ​e ​n ​r ​e ​v ​i ​e ​w ​. ​n ​e ​t ​/ ​f ​o ​r ​u ​m ​? ​i ​d ​= ​9 ​Y ​N ​y ​i ​C ​J ​E ​3 ​k ​ (accessed 22 January

2026).

70. Zhou, L.; Ling, H.; Yan, K.; et al. Toward greater autonomy in materials discovery agents: unifying planning, physics, and scientists.

arXiv 2025, arXiv:2506.05616. Available online: h​t​t​p​s​:​/ ​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​5​0​6​.​0​5​6​1​6​ (accessed 22 January 2026).

71. Chaudhari, A.; Ock, J.; Farimani, A. B. Modular large language model agents for multi-task computational materials science. ChemRxiv

2025. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​2​6​4​3​4​/​c​h​e​m​r​x​i​v​-​2​0​2​5​-​z​k​n​8​1​-​v​2​ (accessed 22 January 2026).

72. Hu, J.; Nawaz, H.; Rui, Y.; Chi, L.; Ullah, A.; Dral, P. O. Aitomia: your intelligent assistant for AI-driven atomistic and quantum

chemical simulations. arXiv 2025, arXiv:2505.08195. Available online: h ​t ​t ​p ​s ​: ​/ ​/ ​d ​o ​i ​. ​o ​r ​g ​/ ​1 ​0 ​. ​4 ​8 ​5 ​5 ​0 ​/ ​a ​r ​X ​i ​v ​. ​2 ​5 ​0 ​5 ​. ​0 ​8 ​1 ​9 ​5 ​ (accessed 22 January

2026).

73. Pham, T. D.; Tanikanti, A.; Keçeli, M. ChemGraph: an agentic framework for computational chemistry workflows. arXiv 2025,

arXiv:2506.06363. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1 ​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​5​0​6​.​0​6​3​6​3​ (accessed 22 January 2026).

74. Zou, Y.; Cheng, A. H.; Aldossary, A.; et al. El Agente: an autonomous agent for quantum chemistry. Matter 2025, 8, 102263. DOI

75. Lv, S.; Peng, L.; Wu, W.; Yao, Y.; Jiao, S.; Hu, W. Bridging language models and computational materials science: a prompt-driven

framework for material property prediction. MGE. Advances. 2025, 3, e70013. DOI

76. Gadde, R. S. K.; Devaguptam, S.; Ren, F.; et al. Chatbot-assisted quantum chemistry for explicitly solvated molecules. Chem. Sci. 2025,

16, 3852-64. DOI PubMed PMC

77. Ni, B.; Buehler, M. J. MechAgents: large language model multi-agent collaborations can solve mechanics problems, generate new data,

and integrate knowledge. Extreme. Mech. Lett. 2024, 67, 102131. DOI

78. Liu, H.; Li, L. On languaging a simulation engine: rapid modeling of nanoporous media sorption by hierarchical language model. Mater.

Today. Commun. 2024, 40, 109809. DOI

79. Shi, Z.; Xin, C.; Huo, T.; et al. A fine-tuned large language model based molecular dynamics agent for code generation to obtain material

thermodynamic parameters. Sci. Rep. 2025, 15, 10295. DOI PubMed PMC

80. Montoya, J. H.; Winther, K. T.; Flores, R. A.; Bligaard, T.; Hummelshøj, J. S.; Aykol, M. Autonomous intelligent agents for accelerated

materials discovery. Chem. Sci. 2020, 11, 8517-32. DOI PubMed PMC

81. Jia, S.; Zhang, C.; Fung, V. LLMatDesign: autonomous materials discovery with large language models. arXiv 2024, arXiv:2406.13163.

Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​4​0​6 ​.​1​3​1​6​3​ (accessed 22 January 2026).

82. Lourenço, M. P.; Herrera, L. B.; Hostaš, J.; et al. QMLMaterial - a quantum machine learning software for material design and

discovery. J. Chem. Theory. Comput. 2023, 19, 5999-6010. DOI PubMed

83. Ghafarollahi, A.; Buehler, M. J. Rapid and automated alloy design with graph neural network-powered LLM-driven multi-agent systems.

arXiv 2024, arXiv:2410.13768. Available online: h​t​t​p​s​:​/ ​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​4​1​0​.​1​3​7​6​8​ (accessed 22 January 2026).

84. Ito, S.; Muraoka, K.; Nakayama, A. Knowledge-informed molecular design for zeolite synthesis using general-purpose pretrained large

language models toward human-machine collaboration. Chem. Mater. 2025, 37, 2447-56. DOI

85. Lu, D.; Malof, J. M.; Padilla, W. J. An agentic framework for autonomous metamaterial modeling and inverse design. arXiv 2025,

arXiv:2506.06935. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1 ​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​5​0​6​.​0​6​9​3​5​ (accessed 22 January 2026).

86. Sprueill, H. W.; Edwards, C.; Agarwal, K.; et al. ChemReasoner: heuristic search over a large language model’s knowledge space using

quantum-chemical feedback. arXiv 2024, arXiv:2402.10980. Available online: h ​t ​t ​p ​s ​: ​/ ​/ ​d ​o ​i ​. ​o ​r ​g ​/ ​1 ​0 ​. ​4 ​8 ​5 ​5 ​0 ​/ ​a ​r ​X ​i ​v ​. ​2 ​4 ​0 ​2 ​. ​1 ​0 ​9 ​8 ​0 ​ (accessed 22

January 2026).

https://dx.doi.org/10.1038/s41524-021-00572-y
https://dx.doi.org/10.1038/s41467-024-48998-4
https://www.ncbi.nlm.nih.gov/pubmed/38830856
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11148193
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://doi.org/10.48550/arXiv.2504.00741
https://dx.doi.org/10.1039/d4dd00013g
https://www.ncbi.nlm.nih.gov/pubmed/38993729
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11235180
https://dx.doi.org/10.1021/acs.jcim.1c00600
https://www.ncbi.nlm.nih.gov/pubmed/34694798
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2502.20933
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://doi.org/10.48550/arXiv.2505.20820
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://openreview.net/forum?id=9YNyiCJE3k
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.48550/arXiv.2506.05616
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.26434/chemrxiv-2025-zkn81-v2
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2505.08195
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://doi.org/10.48550/arXiv.2506.06363
https://dx.doi.org/10.1016/j.matt.2025.102263
https://dx.doi.org/10.1002/mgea.70013
https://dx.doi.org/10.1039/d4sc08677e
https://www.ncbi.nlm.nih.gov/pubmed/39886429
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11775654
https://dx.doi.org/10.1016/j.eml.2024.102131
https://dx.doi.org/10.1016/j.mtcomm.2024.109809
https://dx.doi.org/10.1038/s41598-025-92337-6
https://www.ncbi.nlm.nih.gov/pubmed/40133325
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11937566
https://dx.doi.org/10.1039/d0sc01101k
https://www.ncbi.nlm.nih.gov/pubmed/34123112
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8163357
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://doi.org/10.48550/arXiv.2406.13163
https://dx.doi.org/10.1021/acs.jctc.3c00566
https://www.ncbi.nlm.nih.gov/pubmed/37581570
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://doi.org/10.48550/arXiv.2410.13768
https://dx.doi.org/10.1021/acs.chemmater.4c02726
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2506.06935
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980
https://doi.org/10.48550/arXiv.2402.10980


Li et al. J. Mater. Inf. 2026, 6, 10 Page 29 of 31

87. Ding, K.; Yu, J.; Huang, J.; Yang, Y.; Zhang, Q.; Chen, H. SciToolAgent: a knowledge-graph-driven scientific agent for multitool

integration. Nat. Comput. Sci. 2025, 5, 962-72. DOI

88. Bai, X.; Wang, H.; Xie, L.; et al. An integrated AI system for multi-objective screening of MOF materials. Sep. Purif. Technol. 2025,

376, 133939. DOI

89. Elmegreen, B.; Hamann, H. F.; Wunsch, B.; et al. MDLab: AI frameworks for carbon capture and battery materials. Front. Environ. Sci.

2023, 11, 1204690. DOI

90. Zhang, D.; Jia, X.; Liu, H.; et al. Cloud synthesis: a global close-loop feedback powered by autonomous AI-driven catalyst design agent.

AI Agent 2025, 1, 2. DOI

91. Chiang, Y.; Hsieh, E.; Chou, C. H.; Riebesell, J. LLaMP: large language model made powerful for high-fidelity materials knowledge

retrieval and distillation. arXiv 2024, arXiv:2401.17244. Available online: h ​t ​t ​p ​s ​: ​/ ​/ ​d ​o ​i ​. ​o ​r ​g ​/ ​1 ​0 ​. ​4 ​8 ​5 ​5 ​0 ​/ ​a ​r ​X ​i ​v ​. ​2 ​4 ​0 ​1 ​. ​1 ​7 ​2 ​4 ​4 ​ (accessed 22

January 2026).

92. Qiu, H.; Zhao, J.; Jing, E.; et al. Introducing PolySea: an LLM-based polymer smart evolution agent. ChemRxiv 2025. Available online:

h​t​t ​p​s​:​/​/​d​o​i​.​o​r​g​/ ​1​0​.​2​6​4​3​4​/​c​h​e​m​r​x​i​v​-​2​0​2​5​-​z​w​6​5​g​ (accessed 22 January 2026).

93. Ghafarollahi, A.; Buehler, M. J. Automating alloy design and discovery with physics-aware multimodal multiagent AI. PNAS 2025, 122,

e2414074122. DOI PubMed PMC

94. Li, Z.; Zhang, B.; Xiao, J.; et al. ChemHAS: hierarchical agent stacking for enhancing chemistry tools. arXiv 2025, arXiv:2505.21569.

Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​5​0​5 ​.​2​1​5​6​9​ (accessed 22 January 2026).

95. Zhang, H.; Song, Y.; Hou, Z.; Miret, S.; Liu, B. HoneyComb: a flexible LLM-based agent system for materials science. arXiv 2024,

arXiv:2409.00135. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1 ​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​4​0​9​.​0​0​1​3​5​ (accessed 22 January 2026).

96. Polat, C.; Tuncel, M.; Kurban, M.; Serpedin, E.; Kurban, H. xChemAgents: agentic AI for explainable quantum chemistry. arXiv 2025,

arXiv:2505.20574. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1 ​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​5​0​5​.​2​0​5​7​4​ (accessed 22 January 2026).

97. Fu, Z.; Huang, P.; Wang, X.; et al. Artificial intelligence-assisted ultrafast high-throughput screening of high-entropy hydrogen evolution

reaction catalysts. Adv. Energy. Mater. 2025, 15, 2500744. DOI

98. Fan, H.; Huang, J.; Xu, J.; et al. AutoMEX: streamlining material extrusion with AI agents powered by large language models and

knowledge graphs. Mater. Design. 2025, 251, 113644. DOI

99. Li, Y.; Wang, S.; Lv, Z.; et al. Transforming the synthesis of carbon nanotubes with machine learning models and automation. Matter

2025, 8, 101913. DOI

100. Ma, Q.; Zhou, Y.; Li, J. Automated retrosynthesis planning of macromolecules using large language models and knowledge graphs.

Macromol. Rapid. Commun. 2025, e2500065. DOI PubMed

101. Rajak, P.; Krishnamoorthy, A.; Mishra, A.; Kalia, R.; Nakano, A.; Vashishta, P. Autonomous reinforcement learning agent for chemical

vapor deposition synthesis of quantum materials. npj. Comput. Mater. 2021, 7, 535. DOI

102. Singh, N.; Lane, S.; Yu, T.; et al. A generalized platform for artificial intelligence-powered autonomous enzyme engineering. Nat.

Commun. 2025, 16, 5648. DOI PubMed PMC

103. Lew, A. J. Accelerating materials recipe acquisition via LLM-mediated reinforcement learning. MRS. Adv. 2025, 10, 1493-500. DOI

104. Low, A. K. Y.; Mekki-Berrada, F.; Gupta, A.; et al. Evolution-guided Bayesian optimization for constrained multi-objective optimization

in self-driving labs. npj. Comput. Mater. 2024, 10, 1274. DOI

105. Yoshikawa, N.; Skreta, M.; Darvish, K.; et al. Large language models for chemistry robotics. Auton. Robot. 2023, 47, 1057-86. DOI

106. Cao, S.; Zhang, Z.; Alghadeer, M.; et al. Agents for self-driving laboratories applied to quantum computing. arXiv 2024,

arXiv:2412.07978. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1 ​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​4​1​2​.​0​7​9​7​8​ (accessed 22 January 2026).

107. Li, R.; Hu, Z.; Qu, W.; et al. LabUtopia: high-fidelity simulation and hierarchical benchmark for scientific embodied agents. arXiv 2025,

arXiv:2505.22634. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1 ​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​5​0​5​.​2​2​6​3​4​ (accessed 22 January 2026).

108. Zhang, X.; Chen, Z.; Chen, F.; et al. Material intelligence by the convergence of artificial intelligence and robotic platforms. Nexus 2025,

2, 100083. DOI

109. Zhou, J.; Luo, M.; Chen, L.; et al. A multi-robot–multi-task scheduling system for autonomous chemistry laboratories. Digital. Discov.

2025, 4, 636-52. DOI

110. Zhou, R.; Liu, H.; Babichuk, I. S.; et al. A lightweight model and multi-agent system for layer identification in two-dimensional

materials. Comput. Mater. Sci. 2025, 259, 114106. DOI

111. Zhu, Z.; Yuan, S.; Yang, Q.; et al. Autonomous scanning tunneling microscopy imaging via deep learning. J. Am. Chem. Soc. 2024, 146,

29199-206. DOI PubMed

112. Mandal, I.; Soni, J.; Zaki, M.; et al. Autonomous microscopy experiments through large language model agents. arXiv 2024,

arXiv:2501.10385. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1 ​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​5​0​1​.​1​0​3​8​5​ (accessed 22 January 2026).

113. Maffettone, P. M.; Banko, L.; Cui, P.; et al. Crystallography companion agent for high-throughput materials discovery. Nat. Comput. Sci.

2021, 1, 290-7. DOI PubMed

https://dx.doi.org/10.1038/s43588-025-00849-y
https://dx.doi.org/10.1016/j.seppur.2025.133939
https://dx.doi.org/10.3389/fenvs.2023.1204690
https://dx.doi.org/10.20517/aiagent.2025.02
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.48550/arXiv.2401.17244
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://doi.org/10.26434/chemrxiv-2025-zw65g
https://dx.doi.org/10.1073/pnas.2414074122
https://www.ncbi.nlm.nih.gov/pubmed/39854228
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11789045
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2505.21569
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2409.00135
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://doi.org/10.48550/arXiv.2505.20574
https://dx.doi.org/10.1002/aenm.202500744
https://dx.doi.org/10.1016/j.matdes.2025.113644
https://dx.doi.org/10.1016/j.matt.2024.11.007
https://dx.doi.org/10.1002/marc.202500065
https://www.ncbi.nlm.nih.gov/pubmed/40014695
https://dx.doi.org/10.1038/s41524-021-00535-3
https://dx.doi.org/10.1038/s41467-025-61209-y
https://www.ncbi.nlm.nih.gov/pubmed/40595587
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12215622
https://dx.doi.org/10.1557/s43580-025-01143-9
https://dx.doi.org/10.1038/s41524-024-01274-x
https://dx.doi.org/10.1007/s10514-023-10136-2
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2412.07978
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://doi.org/10.48550/arXiv.2505.22634
https://dx.doi.org/10.1016/j.ynexs.2025.100083
https://dx.doi.org/10.1039/d4dd00313f
https://dx.doi.org/10.1016/j.commatsci.2025.114106
https://dx.doi.org/10.1021/jacs.4c11674
https://www.ncbi.nlm.nih.gov/pubmed/39382312
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://doi.org/10.48550/arXiv.2501.10385
https://dx.doi.org/10.1038/s43588-021-00059-2
https://www.ncbi.nlm.nih.gov/pubmed/38217168


Page 30 of 31 Li et al. J. Mater. Inf. 2026, 6, 10

114. Chang, M.; Ament, S.; Amsler, M.; et al. Probabilistic phase labeling and lattice refinement for autonomous materials research. npj.

Comput. Mater. 2025, 11, 1627. DOI

115. Luo, Y.; Wang, B.; Smeets, S.; Sun, J.; Yang, W.; Zou, X. High-throughput phase elucidation of polycrystalline materials using serial

rotation electron diffraction. Nat. Chem. 2023, 15, 483-90. DOI PubMed PMC

116. Kalinin, S. V.; Mukherjee, D.; Roccapriore, K.; et al. Machine learning for automated experimentation in scanning transmission electron

microscopy. npj. Comput. Mater. 2023, 9, 1142. DOI

117. Dave, A.; Mitchell, J.; Burke, S.; Lin, H.; Whitacre, J.; Viswanathan, V. Autonomous optimization of non-aqueous Li-ion battery

electrolytes via robotic experimentation and machine learning coupling. Nat. Commun. 2022, 13, 5454. DOI PubMed PMC

118. Siemenn, A. E.; Das, B.; Ji, K.; Sheng, F.; Buonassisi, T. A self-supervised robotic system for autonomous contact-based spatial

mapping of semiconductor properties. Sci. Adv. 2025, 11, eadw7071. DOI PubMed PMC

119. Huang, K.; Kain, C.; Diaz-vallejo, N.; Sohn, Y.; Zhou, L. High throughput mechanical testing platform and application in metal additive

manufacturing and process optimization. J. Manuf. Process. 2021, 66, 494-505. DOI

120. Prince, M. H.; Chan, H.; Vriza, A.; et al. Opportunities for retrieval and tool augmented large language models in scientific facilities. npj.

Comput. Mater. 2024, 10, 251. DOI

121. Vriza, A.; Prince, M. H.; Zhou, T.; Chan, H.; Cherukara, M. J. Operating advanced scientific instruments with AI agents that learn on the

job. arXiv 2025, arXiv:2509.00098. Available online: h​t​t​p​s​: ​/​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​5​0​9​.​0​0​0​9​8​ (accessed 22 January 2026).

122. Wang, Q.; Yang, F.; Wang, Y.; et al. Unraveling the complexity of divalent hydride electrolytes in solid-state batteries via a data-driven

framework with large language model. Angew. Chem. Int. Ed. Engl. 2025, 64, e202506573. DOI PubMed PMC

123. Yao, L.; Samantray, S.; Ghosh, A.; et al. Operationalizing serendipity: multi-agent AI workflows for enhanced materials characterization

with theory-in-the-loop. arXiv 2025, arXiv:2508.06569. Available online: h ​t ​t ​p ​s ​: ​/ ​/ ​d ​o ​i ​. ​o ​r ​g ​/ ​1 ​0 ​. ​4 ​8 ​5 ​5 ​0 ​/ ​a ​r ​X ​i ​v ​. ​2 ​5 ​0 ​8 ​. ​0 ​6 ​5 ​6 ​9 ​ (accessed 22

January 2026).

124. Ding, N.; Qu, S.; Xie, L.; et al. Automating exploratory proteomics research via language models. arXiv 2024, arXiv:2411.03743.

Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​4​1​1 ​.​0​3​7​4​3​ (accessed 22 January 2026).

125. Alber, S.; Chen, B.; Sun, E.; Isakova, A.A.; Wilk, A.J.; Zou, J. CellVoyager: AI CompBio agent generates new insights by autonomously

analyzing biological data. bioRxiv 2025. Available online: h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​0​1​/​2​0​2​5​.​0​6​.​0​3​.​6​5​7​5​1​7​ (accessed 22 January 2026).

126. Altayeb, M.; Wang, X.; Mahmoud, M. R.; Ali, Y. M.; Al-shami, H. A.; Jiang, K. AI agents for UHPC experimental design: high strength

and low cost with fewer experimental trials. Constr. Build. Mater. 2024, 416, 135206. DOI

127. Lin, J.; Zhao, D.; Lu, S.; et al. Conversational large-language-model artificial intelligence agent for accelerated synthesis of

metal-organic frameworks catalysts in olefin hydrogenation. ACS. Nano. 2025, 19, 23840-58. DOI PubMed

128. Lu, J.; Song, Z.; Zhao, Q.; et al. Generative design of functional metal complexes utilizing the internal knowledge and reasoning

capability of large language models. J. Am. Chem. Soc. 2025, 147, 32377-88. DOI PubMed

129. Burger, B.; Maffettone, P. M.; Gusev, V. V.; et al. A mobile robotic chemist. Nature 2020, 583, 237-41. DOI PubMed

130. Szymanski, N. J.; Rendy, B.; Fei, Y.; et al. An autonomous laboratory for the accelerated synthesis of novel materials. Nature 2023, 624,

86-91. DOI PubMed PMC

131. Slattery, A.; Wen, Z.; Tenblad, P.; et al. Automated self-optimization, intensification, and scale-up of photocatalysis in flow. Science

2024, 383, eadj1817. DOI PubMed

132. Boiko, D. A.; MacKnight, R.; Kline, B.; Gomes, G. Autonomous chemical research with large language models. Nature 2023, 624,

570-8. DOI PubMed PMC

133. M Bran, A.; Cox, S.; Schilter, O.; Baldassari, C.; White, A. D.; Schwaller, P. Augmenting large language models with chemistry tools.

Nat. Mach. Intell. 2024, 6, 525-35. DOI PubMed PMC

134. Chen, K.; Lu, J.; Li, J.; et al. Chemist-X: large language model-empowered agent for reaction condition recommendation in chemical

synthesis. arXiv 2023, arXiv:2311.10776. Available online: h​t​t​p​s​: ​/​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i ​v​.​2​3​1​1​.​1​0​7​7​6​ (accessed 22 January 2026).

135. Zhang, Z.; Ren, Z.; Hsu, C. W.; et al. A multimodal robotic platform for multi-element electrocatalyst discovery. Nature 2025, 647,

390-6. DOI PubMed

136. Xu, J.; Moran, C. H. J.; Ghorai, A.; et al. Autonomous multi-robot synthesis and optimization of metal halide perovskite nanocrystals.

Nat. Commun. 2025, 16, 7841. DOI PubMed PMC

137. Fehlis, Y.; Crain, C.; Jensen, A.; et al. Accelerating drug discovery through agentic AI: a multi-agent approach to laboratory automation

in the DMTA cycle. arXiv 2025, arXiv:2507.09023. Available online: h ​t ​t ​p ​s ​: ​/ ​/ ​d ​o ​i ​. ​o ​r ​g ​/ ​1 ​0 ​. ​4 ​8 ​5 ​5 ​0 ​/ ​a ​r ​X ​i ​v ​. ​2 ​5 ​0 ​7 ​. ​0 ​9 ​0 ​2 ​3 ​ (accessed 22 January

2026).

138. Song, T.; Luo, M.; Zhang, X.; et al. A multiagent-driven robotic AI chemist enabling autonomous chemical research on demand. J. Am.

Chem. Soc. 2025, 147, 12534-45. DOI PubMed

139. Ruan, Y.; Lu, C.; Xu, N.; et al. An automatic end-to-end chemical synthesis development platform powered by large language models.

Nat. Commun. 2024, 15, 10160. DOI PubMed PMC

https://dx.doi.org/10.1038/s41524-025-01627-0
https://dx.doi.org/10.1038/s41557-022-01131-8
https://www.ncbi.nlm.nih.gov/pubmed/36717616
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10070184
https://dx.doi.org/10.1038/s41524-023-01142-0
https://dx.doi.org/10.1038/s41467-022-32938-1
https://www.ncbi.nlm.nih.gov/pubmed/36167832
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9515088
https://dx.doi.org/10.1126/sciadv.adw7071
https://www.ncbi.nlm.nih.gov/pubmed/40614181
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12227050
https://dx.doi.org/10.1016/j.jmapro.2021.04.027
https://dx.doi.org/10.1038/s41524-024-01423-2
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://doi.org/10.48550/arXiv.2509.00098
https://dx.doi.org/10.1002/anie.202506573
https://www.ncbi.nlm.nih.gov/pubmed/40245341
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12171339
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2508.06569
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.48550/arXiv.2411.03743
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://doi.org/10.1101/2025.06.03.657517
https://dx.doi.org/10.1016/j.conbuildmat.2024.135206
https://dx.doi.org/10.1021/acsnano.5c04880
https://www.ncbi.nlm.nih.gov/pubmed/40551463
https://dx.doi.org/10.1021/jacs.5c02097
https://www.ncbi.nlm.nih.gov/pubmed/40607990
https://dx.doi.org/10.1038/s41586-020-2442-2
https://www.ncbi.nlm.nih.gov/pubmed/32641813
https://dx.doi.org/10.1038/s41586-023-06734-w
https://www.ncbi.nlm.nih.gov/pubmed/38030721
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10700133
https://dx.doi.org/10.1126/science.adj1817
https://www.ncbi.nlm.nih.gov/pubmed/38271529
https://dx.doi.org/10.1038/s41586-023-06792-0
https://www.ncbi.nlm.nih.gov/pubmed/38123806
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10733136
https://dx.doi.org/10.1038/s42256-024-00832-8
https://www.ncbi.nlm.nih.gov/pubmed/38799228
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11116106
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://doi.org/10.48550/arXiv.2311.10776
https://dx.doi.org/10.1038/s41586-025-09640-5
https://www.ncbi.nlm.nih.gov/pubmed/40987343
https://dx.doi.org/10.1038/s41467-025-63209-4
https://www.ncbi.nlm.nih.gov/pubmed/40846706
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12373857
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://doi.org/10.48550/arXiv.2507.09023
https://dx.doi.org/10.1021/jacs.4c17738
https://www.ncbi.nlm.nih.gov/pubmed/40056128
https://dx.doi.org/10.1038/s41467-024-54457-x
https://www.ncbi.nlm.nih.gov/pubmed/39580482
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11585555


Li et al. J. Mater. Inf. 2026, 6, 10 Page 31 of 31

140. Ni, Z.; Li, Y.; Hu, K.; et al. MatPilot: an LLM-enabled AI materials scientist under the framework of human-machine collaboration.

arXiv 2024, arXiv:2411.08063. Available online: h​t​t​p​s​:​/ ​/​d​o​i​.​o​r​g​/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​4​1​1​.​0​8​0​6​3​ (accessed 22 January 2026).

141. Bazgir, A.; Zhang, Y. MatAgent: a human-in-the-loop multi-agent LLM framework for accelerating the material science discovery cycle.

In Proceedings of the AI for Accelerated Materials Design-ICLR 2025, Singapore, Singapore, April 24-28; OpenReview.net: Amherst,

MA, USA, 2025. Available online: h​t​t​p​s​:​/​/​o​p​e​n​r​e​v​i​e​w​.​n​e​t​/​f​o​r​u​m​?​i​d​= ​2​N​m ​6​E​f​4​t​Z​D​ (accessed 22 January 2026).

142. Dai, T.; Vijayakrishnan, S.; Szczypiński, F. T.; et al. Autonomous mobile robots for exploratory synthetic chemistry. Nature 2024, 635,

890-7. DOI PubMed PMC

143. Zhu, Q.; Huang, Y.; Zhou, D.; et al. Automated synthesis of oxygen-producing catalysts from Martian meteorites by a robotic AI

chemist. Nat. Synth. 2024, 3, 319-28. DOI

Disclaimer/Publisher’s Note: All statements, opinions, and data contained in this publication are solely those of the individual author(s) and
contributor(s) and do not necessarily reflect those of OAE and/or the editor(s). OAE and/or the editor(s) disclaim any responsibility for harm to
persons or property resulting from the use of any ideas, methods, instructions, or products mentioned in the content.

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, adaptation, distribution and

reproduction in any medium or format, for any purpose, even commercially, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons license, and indicate if changes were made.

https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://doi.org/10.48550/arXiv.2411.08063
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://openreview.net/forum?id=2Nm6Ef4tZD
https://dx.doi.org/10.1038/s41586-024-08173-7
https://www.ncbi.nlm.nih.gov/pubmed/39506122
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11602721
https://dx.doi.org/10.1038/s44160-023-00424-1
https://creativecommons.org/licenses/by/4.0/

