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ABSTRACT: The automation of chemical synthesis presents
opportunities to enhance experimental reproducibility and
accelerate discovery. Traditional closed-loop approaches, while
effective in specific domains, are often constrained by rigid
workflows and the requirement for specialized expertise. Here,
we introduce a chemical robotic explorer integrated with an
artificial intelligence (AI) copilot to enable a more flexible and
adaptive synthesis, simplifying the process from inspiration to
experimentation. This modular platform uses a large language
model (LLM) to map natural language synthetic descriptions to
executable unit operations, including temperature control, stirring,
liquid and solid handling, filtration, etc. By integrating Al-driven
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literature searches, real-time experimental design, conversational human—AI interaction, and feedback-based optimization, we
demonstrate the capabilities of Al in successfully synthesizing 13 compounds across four distinct classes of inorganic materials:
coordination complexes, metal—organic frameworks, nanoparticles, and polyoxometalates. Notably, this approach enabled the
discovery of a previously unreported family of Mn—W polyoxometalate clusters, showing the potential of Al-enhanced robotics as a

generalizable and adaptable platform for material innovation.

1. INTRODUCTION

Advancements in chemical synthesis are dependent on precise
and repeatable experimental operations. However, traditional
manual approaches introduce variability and inefliciency,
limiting reproducibility and slowing the pace of discovery.
Automation offers an increasing opportunity to enhance both
the reproducibility and efficiency. Recent advances in artificial
intelligence, especially in-line decision-making approaches,' ™
have introduced a closed-loop methodology for the efficient
exploration of chemical spaces, discovering new photo-
catalysts,"™” electrocatalysts,'’ optical nanomaterials,"' ™"’
chemical reactivity,""* and others."*>° While effective in
optimizing known reaction spaces, these systems remain
constrained by rigid, task-specific workflows that limit their
adaptability across diverse synthetic procedures,”’ narrowing
the potential for innovation.

To address these challenges, modular and reconfigurable
robotic systems have been explored as a promising
approach.”'**7** ‘While some robotic platforms have
demonstrated flexibility across diverse procedures,”” ™"
proprietary hardware and programming expertise are still
required for most of the systems. A cost-effective and scalable
solution is needed to shift the focus of researchers from low-
level automation control to high-level inspiration, scientific
understanding, and decision-making.

© 2025 American Chemical Society

7 ACS Publications 23014

One straightforward strategy is to use natural language
interfaces to control robotic systems. Early implementations,
such as Chemputers and the chemical description language
(XDL),**° provided a foundation for translating experimental
descriptions into machine-executable instructions. However,
traditional natural language processing (NLP) techniques
struggled with semantic accuracy,”” limiting their effectiveness
in generating reliable experimental protocols. Recent advances

28-32 .
) overcome this

in large language models (LLMs
limitation, demonstrating highly accurate natural-language-to-
code translation across systems such as Opentrons,” cloud
laboratories,>* Chernputers,g’s and humanoid robots.*® Unlike
template-based NLP approaches, LLMs can generalize across
diverse synthetic environments, translating natural language
into operating application programming interfaces (APIs), and
are well-suited for dynamic and adaptable chemical automation

on various hardware.
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Figure 1. Schematic representation of the exploration of the chemical space with the assistance of AI copilot with flexible and automated synthesis
from natural language to products enhanced by LLMs. (A) Exploring the chemical space through a human—AI copilot interaction mode. In this
mode, hypotheses are generated through the interactions between human experts and the AI copilot. Several tools, including writing and running
normal Python codes, converting language to robotic-executable codes, searching literature from the knowledge base, and analyzing papers, were
offered to the AI copilot. Proposed experimental procedures were described in natural language, translated into robotic operations, and executed on
the robotic platform. Experimental validation and feedback were used to refine and expand the exploration. (B) Translating experimental
procedures from natural language into robotic-executable codes, enabling automated synthesis on the robotic platform, and further refinement of
the procedures. This strategy was demonstrated from two aspects: (1) the synthesis of four categories of inorganic materials, including coordination
complexes, metal—organic frameworks, nanoparticles, and polyoxometalates. (2) The exploration of Mn—W-oxo clusters based on the previous
literature report of Mn.,W,,. The original synthesis procedure was extracted, discussed, and modified to form several exploration templates with
changeable experimental parameters. New crystals of Mn,W,g, Mn,Wg, MngW,, Mng,W,,, and a new morphology of Mn.,W,; were discovered in

the exploration. Red octahedra: Mn-oxo core. Blue octahedra: W-oxo core.

The natural language interface also facilitates the seamless
incorporation of LLMs in the experimental design and
optimization. Traditional machine learning methods, in
particular, Bayesian optimization’’ and heuristic searching
algorithms,”®*” are widely applied in chemical exploration, but
these methods only incorporate very limited chemical
knowledge in parameterization or Bayesian priors,” limiting
their flexibility and efficiency. In contrast, artificial intelligence
(AI) agents, which are LLMs equipped with advanced tool-
calling capabilities, utilize domain knowledge to enhance
decision-making in various fields, including computer

: 41 k5] o 3443 : ;
science,” math,”” chemistry,””"” and computer-assisted design

23015

(CAD).** These agents, commonly termed AI copilots,
actively engage in Al-human collaborative research, enabling
human interaction at multiple stages for problem-solving. The
natural language interface to chemical synthesis hardware
extends the capability of Al copilots to tap into the real-world
laboratory, allowing decision-making and execution in a robust
automated feedback loop. This significantly enhances copilot-
guided chemical synthesis beyond relatively simple oper-
ations,”” predefined procedural templates,*® or the require-
ment of manual intervention in complex tasks.”” Such
dynamic, real-time adaptation to experimental feedback and
human interpretation is particularly valuable for inorganic

https://doi.org/10.1021/jacs.5c05916
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Figure 2. Hardware and software setup of the robotic explorer. (A) The modular design of the robotic explorer comprises three workstations: solid,
liquid, and filtration stations. The solid station enables parallel solid dispensing using an automated balance and dispensing heads. The liquid
station facilitates liquid handling, pH and temperature control, and capping/uncapping of reactors. The filtration station performs solid/liquid
separation using a gripper and funnels. (B) Supported unit operations of the robotic system. The integration of multiple stations enables reagent
handling, precise control of reaction conditions, and efficient product separation. These unit operations form the building blocks of the complete
synthesis workflow. (C) Workflow for automated synthesis using large language models and the robotic system. Starting from natural language
descriptions, the Al agent generates experimental instructions iteratively, incorporating feedback for refinement. Validated instructions are executed

on the robotic system to produce the target products.

material synthesis, where synthesis procedures exhibit
significant variability and various inspirations are generated
and should be tested conveniently.

Herein, we introduce a chemical robotic explorer with a
natural language interface to simplify the process from
inspiration to experimentation (Figure 1A). The natural
language synthesis descriptions are translated into sequential
executable unit operations, such as temperature control,
stirring, solid and liquid handling, pH adjustment, filtration,
and their combinations, allowing for highly flexible exper-
imental workflows. The rigidity of the method was

demonstrated by the automated synthesis of coordination
complexes,*>* metal—organic frameworks (MOFs),* nano-
particles (NPs),*”™*' and polyoxometalates (POMs)**>>
(Figure 1B). Moreover, we utilized the chemical robotic
explorer interface with an Al copilot to explore the synthesis of
a new family of Mn—W-based polyoxometalates. The AI
copilot discusses the experiment plan with human researchers,
retrieves literature information for the investigation, controls
synthesis hardware through a natural language interface, and
refines the exploration strategy iteratively, leading to the
discovery of four structurally related new Mn—W-oxo clusters

https://doi.org/10.1021/jacs.5c05916
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Figure 3. Automated synthesis of inorganic materials using a modular robotic system, from language to products. (A) Synthesis of the coordination
complex of [DF-CBA],CuCl, (top) and aspirin copper (bottom). The procedure for aspirin copper was written in Chinese, which includes mixing
the reagents, temperature control, filtration, and washing (see SI Section 2 for translation). (B) Synthesis of Hf-BTB-based metal—organic
frameworks (top) and metal—organic monolayers (bottom). For the monolayers, the salt source was replaced through the notes. (C) Synthesis of
metallic nanoparticles using the one-pot Turkevich method for Au nanospheres (top) and the seed-mediated method for Au nanorods (bottom).
(D) Synthesis of polyoxometalates of Mo, s, (top) and (H,en)[Cu(en)(H,0)Cu(en)(H,0);][P,Mo0;0,;] (bottom). (E) Powder X-ray diffraction
(PXRD) characterization of [DF-CBA],CuCl,, confirming the reproduced crystal structure. (F) PXRD patterns of the as-synthesized aspirin
copper and simulation from its crystal structure. (G) PXRD patterns for metal—organic frameworks (top) and metal—organic monolayers
(bottom), showing agreement between synthesized products and simulations. (H) UV—vis spectra of Au nanospheres from the Turkevich method
(red) and nanorods from the seed-mediated synthesis (blue), with additional TEM characterization for nanorods. (I) Normalized UV—vis
spectrum of as-synthesized Mo, s, dissolved in 1 M HCI aqueous solution (red) compared to the literature report (blue). (J) Crystal structure of
(H,en)[Cu(en)(H,0)Cu(en)(H,0);][P,Mo0s0,;] from the literature report, with single-crystal X-ray diffraction (SXRD) characterization
confirming that the lattice constants of the synthesized blue crystals are consistent with it. Note that the full contents of the syntheses are available

in SI Section 2.

(namely, Mn,W,5, Mn,Wg, MngW,, and Mng;W,,) and an

unreported morphology of Mn,,W,, (Figure

results highlight the system’s capability to accelerate discovery

through a seamless integration of Al-driven

iterative experimentation, and human—AI collaboration.

1B). These

2. RESULTS AND DISCUSSION

2.1. Modular Robotic Explorer Augmented by Large
Language Models. The hardware of the chemical robotic
explorer comprises three workstations: a solid station, a liquid

station, and a filtration station. The solid station employs an

automation,

automated balance for accurate powder dispensing into the

reactors. A four-axis robotic arm equipped with a gripper loads

23017

and changes dispensing heads and weighing bottles, stream-

https://doi.org/10.1021/jacs.5c05916
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lining solid handling tasks. The liquid station features an XYZ
moving module with two Z axes: one connected to a rotary
gripper for vial handling, capping, and uncapping and the other
to a syringe for precise liquid transfer using pipet tips. This
station is further enhanced with a pH control module,
incorporating inline feedback and base and acid addition.
Temperature and stirring control are achieved through an
integrated heating mantle. The filtration station is similarly
based on an XYZ moving module with a rotary gripper. This
gripper loads filtration funnels, grasps reactors for solid
dispersion, and pours mixtures for filtration. After filtration,
the gripper retrieves a liquid dispensing unit to add solvent to
wash the solids in the funnel, if necessary. The filtered liquid is
then collected into bottles for further processing. Seamless
movement of materials between workstations is facilitated by
the robotic arm and XYZ modules with grippers, intercon-
nected via a traveling rail. This integrated system efficiently
performs tasks such as solid and liquid addition, liquid transfer,
precipitation, filtration, pH adjustment, and temperature
control, providing flexible and reliable automation of chemical
workflows (Figure 2A,B).

The chemical robotic explorer is enhanced by large language
models (GPT-40 and GPT-4),”*’° which map natural
language synthesis procedures into predefined, formatted
operations. The LLM-based agentic workflow (Figure 2C)
first interprets the synthetic descriptions into a series of
predefined executable unit operations and then checks if the
required operations are compatible with the current work-
station hardware in use. Subsequently, the agent generates the
corresponding operation codes, specifying the hardware (e.g.,
bottles, reagents, and dispensing heads), reagents (including
information, such as concentrations and volumes), and
reaction conditions. The generated codes then undergo syntax
validation against the control systems of the robotic explorer.
During this process, units of physical quantities are recognized,
standardized, and validated. Any errors detected during the
validation are iteratively corrected by the LLM, achieving a
syntax validation success rate of ~97% within three iterations
in a benchmark data set of 66 examples for inorganic synthesis.
Considering full semantic fidelity to the original synthesis
description, the overall success rate was ~86% (SI Section 2).
Once validated, the system performs additional safety and
operational checks before execution. Any ambiguities in the
generated code are automatically identified and then clarified
through conversational interactions before experiment execu-
tion. The system also compares required reagents and bottles
with the current robotic configuration, automatically identify-
ing missing reagents and, if possible, preparing them by
dissolution or dilution. Reactions are scaled according to the
reactor volume to prevent overflow. After successful synthesis,
experimental descriptions and codes are stored for future
reference. The generated codes were integrated into the
XDL*>*® framework, improving interoperability, standardiza-
tion of experiments, and data exchange. The predefined
operations using the APIs from the platform covered 80% of
the procedures in the inorganic synthesis data set,”* capturing a
significant portion of the linguistic meaning inherent in
chemical synthesis descriptions while not supporting certain
operations such as irradiate, burn, grind, etc. (SI Section 2).

2.2. Automated Synthesis from Language Descrip-
tion to Products. The robotic explorer was evaluated for its
general applicability in inorganic synthesis through tests across

four major categories, including coordination complexes,
MOFs, NPs, and POMs (Figure 3).

2.2.1. Coordination Complexes. Coordination complexes
represent a fundamental category of inorganic materials. The
robotic explorer demonstrated precise reagent handling and
solid/liquid manipulation in the synthesis (Figure 3A). One
example is the lead-free 2D hybrid organic—inorganic perov-
skite [3,3-difluorocyclobutylammonium],CuCl,,>> a multiaxial
ferroelectric, which was synthesized via automated solution
preparation followed by controlled evaporation to yield
crystals. Powder X-ray diffraction (PXRD) characterization
confirmed structural consistency with the literature report
(Figure 3E). To assess the system’s language flexibility, aspirin
copper was synthesized from a procedure described in
Chinese.”® This synthesis involved a multistep process,
including mixing, crystallization, filtration, and washing. The
resulting PXRD patterns were consistent with both the
literature report®® (SI Section 3) and simulations based on
its crystal structure®’ (Figure 3F).

2.2.2. Metal-Organic Frameworks (MOFs) and Metal—
Organic Layers (MOLs). MOFs and their two-dimensional
analogs, MOLs, are another widely studied category of
materials for their structural tunability and functionality.
Their synthesis, typically performed via one-pot hydro-
thermal/solvothermal methods, was seamlessly executed by
the robotic platform thanks to the precise liquid/solid handling
and temperature control (Figure 3B). As a demonstration, Hf-
based MOF and MOL materials were synthesized using 1,3,5-
tris(4-carboxyphenyl)benzene (H;BTB) as the ligand. ® The
system showed the capability of modifying synthesis
descriptions and tests. The original procedure used HfCl, as
a metal source, but only HfOCL,-8H,O was available on the
platform. The LLM correctly recognized this discrepancy and
adapted the generated protocol by substituting HfCl, with
HfOCI,-8H,0 in the desired amount. PXRD analysis
confirmed that the synthesized MOFs and MOLs matched
the literature structures (Figure 3G).

2.2.3. Nanoparticles (NPs). Nanoparticles constitute anoth-
er important category of inorganic materials with extensive
applications. Their synthesis often requires precise reaction
control, particularly in recipe composition and temperature
regulation. The system successfully implemented two well-
established Au nanoparticle syntheses: the one-pot Turkevich
method™™®" for gold nanospheres and the multistep seed-
mediated synthesis”*~®* for gold nanorods (Figure 3C,H). In
the Turkevich method, sodium citrate reduced Au®* salts, a
reaction requiring controlled heating and precise reagent
addition at high temperatures, which can be easily handled by
the automation platform via liquid transfer after uncapping a
heated reactor. The resulting red solution exhibited an
ultraviolet—visible (UV—vis) absorption peak at around 530
nm, which was characteristic of isotropic Au nanoparticles.

For gold nanorods, the system followed a multistep seed-
mediated process. First, a seed solution containing ~2 nm
nanoparticles was prepared via the rapid reduction of Au** salts
with NaBH,. This was followed by the preparation of a
separate growth solution, to which the addition of the seed
solution triggered the nanorod growth. Adjustments in the
recipe composition altered the aspect ratio of the nanorods,
reflected by shifts in the longitudinal UV—vis absorption peaks.
The synthesized Au nanorods showed a peak at 874 nm, close
to the reported peak at 857 nm,** demonstrating successful
replication. Transmission electron microscopy (TEM) further

https://doi.org/10.1021/jacs.5c05916
J. Am. Chem. Soc. 2025, 147, 23014—23025
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adding Mn(OAc), solution was selected. A code template was generated, with variables representing the volumes of Na,WO, and Mn(OAc),

» «

represented by “_ variablel and

__ variable2__”. These variables (labeled blue in the code block) were replaced by actual values

through LHS to explore their influences. (D) Inspiration for introducing nonmetallic heteroatoms to influence crystallization. Initially, P, Si, B, and
S were recommended, but Si and B with their corresponding reagents were proposed and explored by the copilot. LHS was used to change the
quantities of heteroatoms and Na,WO,. (E) Inspiration for utilizing metallic heteroatoms to influence crystallization. Gd(ClO,); was introduced to
the system, but exploration with LHS to vary quantities of Gd(ClO,); and Na,WO, did not yield new crystals. Thus, procedures were modified for
the delayed and staged addition of Na,WO, to enhance the interaction between Mn and Gd. Note that only bullet points from the AI copilots are
shown in this figure. The raw context for the interaction is available in SI Section 4.

validated their morphology and size distribution (SI Section
3).
2.2.4. Polyoxometalates (POMs). POMs represent a diverse
class of molecular metal-oxo clusters with tunable properties
(Figure 3D). {Nals[M0126VIM028VO462H14(H20)70]0.5
[Mo,5,"" Moy 0,45:H,4(H,0) 6] s (Moys,),” @ species  that
displayed the characteristic absorption band of molybdenum
blue,®® was synthesized with a peak at 750 nm that matched
the literature report (Figure 3I). While POMs can be readily
prepared via liquid/solid handling and temperature/stirring
control, there are more complex examples requiring precise pH
control, product purification, and separation. pH is a critical

23019

parameter in the synthesis of clusters due to its role in fine-
tuning the formation of small fragments and their assembly.
The robotic system can dynamically adjust the pH to optimize
cluster formation and utilize filtration to isolate precipitates,
facilitating controlled crystallization from the mother liquor.
This was demonstrated in the synthesis of (H,en)[Cu(en)-
(H,0)Cu(en)(H,0);][P,MosO,;] (en = ethylenediamine).®”
The procedure involved in-line pH control, hot filtration, and
subsequent crystallization. The resulting blue crystals were
analyzed via single-crystal X-ray diffraction (SXRD), confirm-
ing their structural consistency with reported lattice parameters
(Figure 3J).

https://doi.org/10.1021/jacs.5c05916
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Figure S. Discovery of structurally related Mn—W-oxo clusters in the exploration. (A) Three clusters, namely, Mn,W,;, Mn,W;, MngW,,
Mng,W,,, and a new morphology of Mn,,W, were discovered, all showing planar Mn-oxo subunits. (B) The exploration began by introducing
Mn(AcO), as the secondary Mn source. Black needle-shaped crystals of Mn,W,5 were discovered after LHS. The orange crystals were characterized
as Nag[Mn"YW;0,,]-xH,0 (MnWj). (C) The exploration involves introducing H;BO; to tune the hydrolysis intermediates and possibly
heteroatom doping. Red-orange rod-shaped crystals of Mn,W; were discovered after LHS. (D) The exploration by introducing Gd(ClO,);, where a
new morphology of Mn,,W,, was observed, and the control experiment without Gd(ClO,); showed orange flask-shaped crystals of MngW,4 (left
bottom). Several variants of the experimental procedures were tried to enhance the role of Gd**, leading to strong precipitates (right top). Partition
of the addition of WO,*~ successfully avoided precipitation (right middle), leading to the synthesis of small orange crystals identified as Mng,W,,.

Red octahedra: Mn-oxo core. Blue octahedra: W-oxo core.

2.3. Inspiration to Experimentation: Collaborative
Exploration of Mn—W-Based Polyoxometalates with Al
Copilot. The integration of the robotic platform with natural
language processing capabilities enabled highly flexible and
adaptive experimentation. To fully harness its potential,
hardware control functions are delegated to an Al copilot,
unifying idea generation with a streamlined transition from
inspiration to experimentation. The Al copilot was equipped
with the relevant literature and capable of code interpretation,
paper analysis, and retrieval-augmented generation (RAG)
using OpenAlI’s GPT store feature. When new ideas emerge,
the copilot seamlessly translates natural language inputs into
robot-executable code, integrating them into adaptive work-
flows for automated execution.

23020

This system was applied to explore the synthesis of Mn—W-
based polyoxometalate (Mn—W—oxo) clusters. In a previously
reported Mn,,W,; cluster,’®®” two connected tetrahedral cages
were observed, each formed by four planar MngVWj-oxo as
faces linked at the edges by an -oxo clusters. The distinctive
planar multi-Mn™-oxo plate’*~"* serves as an effective building
block for constructing robust cages. Thus, the goal was set to
thoroughly explore the structural diversity of Mn—W-oxo
clusters in the chemical space and identify missing crystalline
structures with the assistance of the copilot.

We started from the synthetic condition of Mn;,W,,, which
began with the preparation of 2 mixture of Mn(AcO),,
KMnO,, and 60% v/v acetic acid” (referred to as sol. Mn), a
solution that can crystallize the well-known
Mn,,0,,(0,CMe) ((H,0), cluster with a Mn,VO, cubic

https://doi.org/10.1021/jacs.5c05916
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core. The sol. Mn was then mixed with Na,WO, and heated at
90 °C before being filtered to crystallize Mn,,W,s. Rich Mn'"-
oxo subunits may exist in the solution to be captured by W-
based s(pecies. Very little knowledge, except two literature
reports,”>*” is available to guide the search. Trials, serendip-
itous findings, and systematic refinements were recorded
throughout the exploration. Inspirations drawn from brain-
storming with the Al copilot were automatically converted to
experimental implementations, iteratively refining the synthesis
in 65 rounds of human—AlI interactions, and eventually led to
the discovery of a series of Mn—W-oxo clusters (Figures 4
andSA).

2.3.1. Controlled Hydrolysis. To go beyond the Mn,,W,q
cluster, a logical strategy is to change the condition for sol. Mn
hydrolysis tunes the distribution of different Mn-oxo fragments
or different species are added to capture the decomposed
intermediates, as proposed by the copilot. After 14 rounds of
iterative interactions (Figure 4B), the human researcher and
the copilot decided to focus on a hydrolyzing sol. Mn by
diluting it into a large amount of water (~9-fold) for a
precisely controlled period (2—30 min), before the addition of
Na,WO, for varied intermediate capturing. The automated
synthesis allowed the accurate control of the hydrolysis time as
compared to manual operation. However, this endeavor did
not lead to much success in producing new crystals. Still, the
hydrolysis period was shown to be very critical, as the
hydrolysis periods above 2 min lead to strong precipitation of
the Mn species, decreasing the amount of soluble Mn-oxo
fragments that can be captured and utilized by polytungstates
for crystal formation later.

2.3.2. Increased Mn in the Growth Solution. Observing the
hydrolysis of Mn species to generate amorphous solids that
were removed in the synthesis, the copilot and the human
researcher realized that the low concentration of the remaining
Mn in solution may be limiting for cluster formation. To
address this issue, setting a higher concentration of Mn species
for the reaction solution was discussed and explored within 7
rounds of discussions (Figure 4C). As the sol. Mn contains
60% v/v of HOAc, adding Mn(OAc), as the secondary Mn
source was suggested by the copilot, increasing Mn
concentration without interrupting the pH of the reaction at
the same time. For more efficient exploration, the Al copilot
created a procedural template to use Latin hypercube sampling
(LHS)™® for the systematic screening of experimental
conditions, including the quantities of Mn(OAc), and
Na,WO,. The quick generation of executable code from
inspirations streamlined the exploration process. A black
needle-shaped crystal was obtained in the LHS. Single-crystal
X-ray diffraction (SXRD) analysis revealed a new structure
with the formula of NagH,[Mn,"O,(OH),(H;W,03;),]-
xH,0 (Mn,W) (Figure SB), a planar Mn,™M-oxo core
sandwiched between two [W,0;;] fragments. Mn™ instead
of Mn' units were obtained, possibly due to the additional
Mn" in Mn(OAc), reacting with Mn'" in sol. Mn to form
Mn'". Additionally, orange bulk crystals coformed under the
same conditions as byproducts, which were identified as the
previously reported Nag[MnVW,0,,]-*H,0 (MnWj).”’

2.3.3. Nonmetallic Modulator: Silicon (Na,SiO;) and
Boron (H;BOs). Besides adding more Mn, stabilizing the Mn
intermediates to prevent early precipitation may also retain a
higher Mn concentration for the synthesis. To further diversify
the Mn—W framework, the copilot suggested including
reagents containing heteroatoms or modulators in the growth

solution to add variation and capture new species. For
nonmetallic reagents, species of phosphorus (P), silicon (Si),
boron (B), and sulfur (S) were all proposed. However, to avoid
forming insoluble manganese compounds, the exploration was
refined to focus on Si and B after a short query of existing
knowledge of the copilot, with experiments executed within 14
rounds of interactions (see Figure 4D and SI Section 4).

For Si, sodium silicate (Na,SiO;) was introduced. However,
high solution viscosity was observed, complicating filtration,
possibly due to the formation of polymeric Mn—W=—Si species.
Switching to B with boric acid (H3BO;), the copilot
highlighted the controlled solubility, gentle coordination
tendency, and mild acidity of H;BO;. An LHS exploration of
the experimental space led to the formation of red-orange rod-
shaped crystals (Figure SC). SXRD analysis revealed their
structure as NagH,[Mn,"V0,(W,043),]-yH,0 (Mn,Wj), con-
taining a parallelogram Mn,"Y-oxo core with two sets of
[W,O14] units attached to its acute edges to form a planar
Mn,YWg-oxo cluster. The structure does not contain boron
but did not form without the addition of H;BO; addition. B-
related species may serve as a pH buffer or participate in the
early coordination of species but be replaced later by the W-
species. This addition of modulators in intermediate steps
broadens the possible exploration space of Mn—W clusters.

2.3.4. Metallic Modulator: Gadolinium (Gd(CIO,);). As
suggested earlier by the copilot, the addition of different metals
can diversify the structure, proposing the idea of adding species
from alkaline earth metals (Ca, Sr), late transition metals (Cu,
Zn), and lanthanides (Eu, Gd) to main group metals (Al) in
the synthesis. However, we would like to focus on the Mn as
the transition metal and seek information about lanthanides as
additives. Within 10 rounds of interactions, the next step was
determined to introduce Gd*" as an additive (Figure 4E), as
the copilot reasoned that it can potentially introduce magnetic
properties and serve as a network stabilizer to bind and
terminate Mn intermediates. Similar to B-additives, Gd*" may
also affect the intermediate formation but be replaced in the
final product, acting as a catalyst. Gd(ClO,); was used in the
investigation due to its high solubility. LHS-guided experi-
ments yielded two samples, producing Mn,,W,, with a deep-
reddish flask shape, which represents a different morphology
compared to the previously reported black crystals (Figure SD,
left top, and SI Section 4). Interestingly, a control experiment
without adding the Gd(ClO,); solution but adding water
serendipitously produced bright orange flask-shaped crystals,
which were later identified as Na,,[Mn,"YO,(W,0,,),(H,-
Mn,""W,0;,),]-zH,0 (MngW,) through SXRD (Figure 5D,
left bottom), containing a planar Mn,"VWj-oxo unit. The ease
of translating incentives into experimental actions encourages
researchers to explore a wider range of possibilities, thereby
increasing the likelihood of discovering unexpected results.

In the absence of an observable impact of Gd*" in the Mn—
W-oxo cluster formation, the copilot suggested adjusting the
experimental conditions to ensure a longer reaction time for
incorporating Gd (Figure 4E). With further interactions, a plan
of the sol. Mn prehydrolysis with Gd is proposed by the copilot
and refined later. In this procedure (Figure SD, right top), Gd
and sol. Mn were mixed, heated, and then WO,*” was
introduced, but severe Mn precipitation occurred during the
heating due to the lack of a stabilizer like WO,*". Follow-up
ideas, such as reducing hydrolysis time and adding acetic acid
to stabilize the solution, also led to strong precipitation.

https://doi.org/10.1021/jacs.5c05916
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Eventually, a revised procedure (Figure SD, right middle)
was proposed by the copilot. It split WO,*" into two portions
and was refined to be as follows: (1) Mn, Gd, and part of
WO,*” were mixed and heated and then (2) the remaining
WO,*” was added, and the mixture was heated again. This
strategy mitigated severe precipitation issues, demonstrating
the copilot’s capability to refine experimental protocols
through 18 rounds of interactions overall. As shown in Figure
SD at the bottom right, small orange crystals were produced
from the trials. SXRD revealed its structure as NagH,,{[Mn"-
(H20)2]3[MHZIII(H20)4]9[(Mnélvo7)4(Mn4IVO4)3] [W)-
010)12[W3014]6}wH,O (Mng;W,,), containing planar
Mn,YW¢-oxo and Mng'VW-oxo subunits, both featuring W—
MnV-W hinges that were interconnected via Mn, ™ oxo0
subunits. The overall structure is a large cage composed of
seven Mn, "YWy faces or Mng' YWy faces.

Through the exploration of various synthesis protocols, the
structural landscape of Mn—W-oxo clusters has been studied
(Figure SA). A series of Mn-oxo subunits are identified as the
building blocks for the clusters. In particular, the Mn,"-oxo
and MngV-ox0 subunits tend to coordinate with W-oxo
subunits to form planar structures. Mn™,-oxo subunits often
serve as connectors, linking to these planar units through W—
Mn"—W hinges and residing on a separate plane. These
behaviors are commonly observed in clusters, such as
Mn,"W,, MngW,,, Mn,,W,; and MngW,,. In contrast,
Mn'"-ox0 subunits are observed to bind to vacant metatung-
states to form substituted polyanions. One example is
Mn, "W ,, where the planar Mn,™-oxo subunit captures two
trivacant metatungstates to form a stable cluster. The tendency
of Mn"™-oxo subunits linking to metatungstates is also
observed in MngW,,, where the Mn,"™-oxo subunit not only
connects to a W—Mn"'—W hinge of a Mn,Wj subunit but also
binds to a bivacant metatungstate. These insights into subunit
behavior and assembly patterns were enabled by AI copilot,
which played a critical role in exploring the chemical space for
cluster formation.

3. CONCLUSIONS

In conclusion, the integration of Al-driven robotic systems and
natural language processing presents a transformative oppor-
tunity in chemical synthesis. By combining modular robotic
platforms with advanced large language models and Al
copilots, this approach not only enhances the flexibility and
efficiency of experimental workflows but also opens new
avenues for the exploration of complex chemical systems. The
successful synthesis of diverse inorganic materials, such as
coordination complexes, MOFs, NPs, and POMs, underscores
the potential of this technology to streamline the synthesis and
expand chemical discovery. Moreover, the dynamic collabo-
ration between Al and human chemists, facilitated by the Al
copilot, enables more comprehensive and adaptive exper-
imental design and simplifies the inspiration-to-experimenta-
tion process, expanding the scope of traditional closed-loop
optimization. As demonstrated in the exploration of Mn—W-
oxo clusters, this system offers the ability to navigate large
chemical spaces, refine experimental conditions in real time,
and discover new materials with greater efficiency by avoiding
being trapped in a fixed procedure. Moving forward, the
continued advancement of Al-powered chemical exploration
tools holds promise for accelerating the pace of material
discovery and unlocking new frontiers in chemical research.

4. MATERIALS AND METHODS

4.1. Robotic Platform. The robotic platform, comprising multiple
in-house-constructed workstations and modules, was designed for
automated synthesis and experimentation. Details of its architecture
and operation are provided in SI Section 1. The source code for
controlling the platform is available on GitHub. The hardware design
used in this work is available on figshare.

4.2. Agentic Workflow from Language to Code. The
workflow, including translation processes and benchmark evaluations,
is described in SI Section 2.

4.3. Chemical Reagents. All aqueous solutions were prepared by
using type I water. A complete list of reagents used for synthesizing
the reproduced compounds from the literature and for exploring Mn—
W-oxo clusters can be found in SI Sections 3 and 4, respectively.

4.4. From Natural Language to Products. The full details of
executing codes from natural language to synthesizing the target
compounds with their corresponding characterization and data
analysis are available in SI Section 3.

4.5. Al-Assisted Exploration. The Al copilot was developed
using features from the GPT store with an external API to convert
natural language into executable code. The exploration process was
guided by the AI copilot and the human expert, which involved
refining experimental conditions based on the iterative feedback. The
full discussion of experimental planning and optimization is provided
in SI Section 4 and GitHub. The details of the structural
characterization of Mn,"W; (CCDC 2434279), Mn,W,; (CCDC
2434280), MngW,, (CCDC 2434281), and MngW, (CCDC
2440048) are also available in SI Section 4.
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