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A robotic platform was employed to investigate the synthetic
conditions for the assembly of molybdenum blue (MB) polyoxome-
talates in a large chemical space that included concentrations of
reactants, the amount of reducing agent, solution pH etc. Four
different solid phases of {Mo;s54} MB clusters were identified and
crystallographically explored, demonstrating the robotic platform’s
strength in targeted exploration.

Molecular metal oxides, polyoxometalates (POMs), with diverse
structures and properties' play an important role in catalysis,”
electronic devices and materials,” POM metal-organic hybrids,*
and directed evolution on the subnanometer scale.> Within the
POM family, giant “nanosized” polyoxomolybdates with over a
hundred molybdenum atoms in a single molecule and size
dimensions close to proteins form a unique subgroup, a bridge
over the gap between traditional molecular entities and poly-
meric objects less precisely defined. Giant polyoxomolybdate
clusters have unique properties and can be further integrated
into larger assemblies and materials with high dimension
structures.® Due to their structural complexity and functional
diversity, giant molybdenum blue (MB) whorled nanoclusters
are of particular interest. In 1996, Miiller et al. determined the
crystal structure of the MB wheel {Mo,s,} for the first time.”
Since then, the literature has seen an explosion of research into
giant polyoxomolybdates.® Specifically, the work involved the
development of MBs with molecular growth,? lanthanide
substitution,* and organic ligand functionalisation.” While amino
acid- and peptide-functionalised MBs have been documented in the
literature,” ' the systematic exploration of expanded dimensional
structures within the MB domain remains limited. In order to
produce high-dimensional with improved
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properties and functions, the precise modulation of the composi-
tions and molecular structures with amino acids to explore the
potential derivatisations requires a search of the chemical space.
This is because it is a major challenge to explore the complex
multicomponent chemical reactions that lead to new-dimensional
products and their discovery requires molecular self-assembly and
crystallisation. The discovery of new MBs that are made up of
several building blocks and supporting units via self-assembly
processes or modified by organic ligands needs the multi-
parameter control of complicated procedures and requires a large
set of reactions. Additionally, many new chemical procedures are
not always reproducible, and many of the new compounds have low
yields. Recently, we have developed a robotic system known as the
modular wheel platform (MWP) for combinatorial exploration
within the inorganic chemical space."' This system has proven
highly effective in automating the screening of reaction conditions,
enabling the discovery of novel and extremely large POMs."" In this
work, we constructed a robotic system with the automatic MWP to
efficiently explore the formation chemical space of gigantic and
novel MB POMs. The robotic platform consists of an MWP (Fig. S1a,
ESIT) capable of performing parallel synthesis with up to 24 reactors
in an array,"* a heating mantle unit (Fig. S1b, ESIt) capable of
holding up to 48 reactions and a high-throughput filtration module
(Fig. Sic, ESIf) capable of performing 48 filtration operations
simultaneously. The MWP has the rotation of the Geneva wheel,
which is synchronised with both parallel/sequential liquid dispen-
sing and stirring of reagents to conduct the synthesis efficiently. In
addition, the high-precision syringe pumps in the MWP perform
liquid handling, mixing, cleaning, dynamic pH detection and
sample extraction/transfer. Furthermore, the stock solutions used
in the MWP are stored in a temperature-controlled box for the fine-
tuning of the reaction conditions to ensure reproducibility.

In this work, we focused on MB clusters modified by amino
acids in one-pot reaction; reaction parameters including con-
centrations of reactants, the pH of the solution and reaction
temperature were considered as the main factors for the
synthesis. The concentrations of the reactants were adjusted
by varying the added volume of stock solution. The pH of the
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Aim: determine which of the L-Cys, L-Ser, L-His,

Space1 L-Phe and L-Tyr to go forward

Reaction A1-240 Feedback: L-Phe selected. Comp.1 discovered

Aim: search best molybdate working
concentration

Feedback: 0.2 M molybdate is the best

Space2

Reaction B1-144

Aim: search working range of solution pH by
varying the amount of HCI

Feedback: pH 0.77-1.02

Space3

Reaction C1-48 Comp.3 discovered

Aim: explore suitable hydrazine concentration

Space4

Reaction D1-480 Feedback: 0.5 M Comp.4 discovered

Aim: test reactions at room temperature

Space5

Reaction 01-32 Comp.2 discovered

Fig.1 Summary of spaces in terms of aim, feedback and products
obtained.

solution was controlled by adding different volumes of HCI stock
solution. The reactions were heated to 65 °C by the heating
mantle unit (Tables S1-S4, Spaces 1-4, ESIt). The reactions in
Space 5 were carried out to test the reaction and crystallisation at
room temperature (RT). The reactions in all Spaces were filtered
by a high-throughput filtration module before the crystallisation
at RT to improve the yield and purity of the product. Subse-
quently we checked the purity and confirmed the structure of the
product by multiple unit cell checks along with structure deter-
mination by single crystal X-ray diffraction (Tables S6-510, ESIT).

The high-throughput reactions were carried out by the robotic
platform in 5 cycles (Spaces 1-5 in Tables S1-S5, ESIt), completing
a total of 960 reactions. Fig. 1 summarises the aims, reaction
contents and results of five reaction spaces. In each reaction space
from second to fifth, the variation in conditions was decided by
the operator’s feedback based on the results of the former reaction
space. In addition, the first 24 reactions from Space 1 (Table S1,
ESIt) were repeated once before carrying out new reactions of
each cycle in Spaces 2-5 to confirm the repeatability of the
synthesis on the robotic platform. In this way, efficient optimiza-
tion and repeatability of MB cluster synthesis could be achieved
with the help of the robotic platform.

Based on the knowledge of previously reported MB clusters of
amino acids,” '® we screened several amino acids (i-cysteine,
-serine, r-histidine, r-phenylalanine and r-tyrosine) as structure-
directing ligands in the first cycle of experiments (Table S1, Space 1,
ESIY). Single crystals of MB-type {Mo;5s,} wheels (compound 1) were
successfully obtained using r-phenylalanine (i-Phe) (Fig. 1). As
shown in Fig. 2, the resultant {Mo;s,} wheel-like structures demon-
strate distinct aromatic ring amino acid-lined cavities, which
indicate the significance of the 1-Phe for directing the self-
assembly of inorganic nanoclusters. Therefore, 1-Phe was selected
for further studies (Spaces 2-5) to explore expanded chemical
spaces for MB formation. The following Spaces 2-5 were designed
to develop {Mo;s,} wheels of different compositions as refined
reaction conditions by varying component concentrations and the
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Fig. 2 {Moss4} frameworks consisting of 14 pentagon based {Mog} building
blocks, 14 corner sharing {Mo,} dimers and 14 {Mo,} backbone supporting
units with variable numbers of L-Phe ligands in compounds 1-4.

reaction temperature. Space 2 (Fig. 1 and Table S2, ESIt) focused on
determining the optimal molybdate working concentration, with
0.2 M identified as the most effective condition for product crystal
growth. Space 3 in Table S3 (ESIt) was investigated by varying the
working pH range by changing the amount of HCI, revealing an
optimal range of pH 0.77-1.02 and resulting in the discovery of
compound 3. In addition, 3 under reaction condition C25 in Space
3 was repeated three times to see if it would give high crystal quality
(Fig. S3, ESIt) and to further confirm the reliability of the robotic
platform. Space 4 shown in Table S4 (ESIT) was explored varying the
hydrazine concentration, concluding that 0.5 M was the most
suitable, facilitating the identification of compound 4. Space 5
further tested reactions at room temperature, culminating in the
discovery of compound 2. Four different solid structures of {Moys,}
containing r-phenylalanine ligands with different composition and
packing models were obtained after all reactions.

All four structures (Fig. 3) were found to be MB type {Mo0;s,}
wheels with phenylalanine as ligands coordinating to {Mo,}
dimers on the edges of the {Mo;s,} clusters. Each structure has
nearly the same {Mo,s,} framework previously reported,’

This journal is © The Royal Society of Chemistry 2025
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consisting of 14 pentagon based {Mog} building blocks, 14 corner
sharing {Mo,} dimers and 14 {Mo,} backbone supporting units
but with slightly different compositions in numbers of phenyl-
alanine ligands and counter sodium cations per cluster verified by
chemical analysis. 1 crystallises in the monoclinic system with C2
space group and formula NagHg[Mo;5,H140462(H20)s50-
(CoH11NO,)10)-180H,0. 1 displays isolated clusters which have
no Mo-O-Mo covalent bonding bridges between them. The pack-
ing diagram in Fig. 3 shows the layer arrangement of the {Mojs}
wheels in the solid state and the layers are displaced along the
crystallographic a axis in repeating ABAB patterns. 2 crystallises in
the orthorhombic system with P2,2,2 space group and formula
NayH;o[M0; 54H140465(H,0)55(CoH;NO,)5]- 230H,0. Two types of
isolated {Mo,s,} clusters were identified in the asymmetric unit.
No connection of Mo-O-Mo bridging bonds between clusters was
observed. Molecular packing shows herringbone patterns (Fig. 3).
3 crystallises in the triclinic system with P1 space group. Two half
{Mo,5,} wheel moieties were found in the asymmetric unit.
One half moiety extends to complete the isolated {Mo;s,} wheel
of formula [Mo,5,0,46,H;4(H,0)s56(CoH;1NO,),]** . The other half
moiety expands to complete an unusual {Mo,s,} wheel cluster
with formula [M0;5,046,H14(H,0)s1(CoH1,NO,),]**~, which forms
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a one-dimensional chain with fivefold Mo-O-Mo bridges®
between the {Mo;s,} clusters (Fig. 3). The empirical formula of 3
is determined as Na;H;6[M0;54046,H14(H20)s56(CoH11NO,), |-
[MO0;54046,H14(H,0)51(CoH11NO,),]-460H,0. 4 crystallises in the
orthorhombic system with Aea2 space group and composition
Nay;H3[Mo054H140465(H20)56(CoH11NO,)6]-200H,0. A half {Moys,}
cluster was found in the asymmetrical unit. Each completed
{Mos4} cluster links to four neighbouring {Mo,s,} clusters each
via a Mo-O-Mo single bridge, thus forming a two dimensional
layer structure of 4-connected topology.

All four structures consist of {Mo;s,} type clusters with
slightly different compositions in numbers of 1-Phe ligands
and counter sodium cations verified by chemical analysis. We
propose that the different compositions and extending struc-
tures primarily arise from the solution pH during the reaction
and crystallisation processes, which influences the degree of
protonation on the clusters and the ease of carboxylate coordi-
nation to the Mo centres. The degree of protonation determines
the number of sodium cations needed for charge balance, and
the varying number of sodium cations bridge the clusters
differently, directing the distinct molecular packing arrange-
ment. Additionally, a high proton concentration facilitates the

Fig. 3 Representative packing diagrams of {Mo;s4} wheels in solid states. {Mo;s4} wheels are symbolised by the ring of the 14 backbone {Mo,} centres. 1:
(above) layer arrangements; (below) view down layers of displaced ABAB patterns along the crystallographic a axis. 2: (above) herringbone pattern
arrangements. Yellow and blue colours indicate {Mo1s4} wheels from two different types of isolated {Moys4} clusters found in the asymmetric unit; (below)
view down along the crystallographic a axis. 3: (top) the fivefold Mo—O—-Mo bridges between {Mo;s4} wheels illustrated by enlarged O spheres; (middle) 1-D
chain with dual arrows indicating the places of the fivefold Mo—O-Mo bridges between {Mo;s4} wheels; (bottom) isolated (blue) and 1-D chain (green) of
{Mo1s4} Wheels. 4: (top) single bridges between {Mo;s4} Wheels illustrated by enlarged O spheres; (middle) 2D layer of wheels on the crystallographic ac
plane, the dual arrows indicate the places of single Mo—O—-Mo bridges between {Mo;s4} wheels; (bottom) view along the crystallographic a axis.
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condensation process, promoting the formation of Mo-O-Mo
bridges that link clusters within the crystals. As the main parts
in all four structures are {Mo;s,}, it is meaningful to compare
the volumes per {Mo;s,} cluster (VPC) in the crystals, which are
listed in Table S10 (ESIt). Smaller VPC indicates denser mole-
cular packing and closer inter-cluster interaction or more
covalent Mo-O-Mo bonding between clusters. 1 and 2 are
isolated clusters with only hydrogen bonding or sodium cation
connection between clusters. 1 has smaller VPC than 2 and it is
seen that 1 has more efficient packing in parallel ring layer
mode while 2 has a less efficient herringbone arrangement. 2
has the biggest VPC with the least number of Na* cations
among the four structures. 3 also has a herringbone arrange-
ment with half {Mo,5,} clusters as isolated and the other half
forming 1-D chain structures. 4 forms a covalently connected
2-D layer which has the smallest VPC among the four structures.

Using this automated platform, we identified 4 novel phases
formed by MB type {Mo,s4} clusters, and achieved reproducible
synthesis of {Mo;s,} with varying numbers of 1-Phe ligands.
These structures, which are challenging to obtain through
random synthesis, demonstrate the robotic platform’s strength
in targeted exploration. Each compound was isolated via
crystallization and, importantly, can be reliably reproduced
using our modular wheeled platform. Furthermore, the macro-
cycle structure of {Mo;54} MB enables the formation of diverse
architectures, including 0D units, 1D arrays, and 2D mesh
extensions, highlighting its structural versatility.

This work was supported by the EPSRC (no. EP/L023652/1;
EP/R009902/1; EP/R020914/1; EP/R01308X/1; EP/S017046/1; EP/
S019472/1; EP/V048341/1), the European Research Council
(Project 670467 SMART-POM) and the University of Glasgow.
We thank the Diamond Light Source for machine time on
Beamline 119, under the proposal CY30458.

Data availability

The data used in this manuscript is included in the ESL

Conflicts of interest

There are no conflicts of interest to declare.

Notes and references

1 (a) M. T. Pope and A. Miiller, Angew. Chem., Int. Ed. Engl., 1991, 30,
34-48; (b) C. L. Hill, Chem. Rev., 1998, 98, 1-2; (¢) E. Coronado,
C. Gimenez-Saiz and C. J. Gomez-Garcia, Coord. Chem. Rev., 2005,

7124 | Chem. Commun., 2025, 61, 7121-7124

w

5
6

o

10

11

View Article Online

ChemComm

249, 1776-1796; (d) D.-L. Long, R. Tsunashima and L. Cronin,
Angew. Chem., Int. Ed., 2010, 49, 1736-1758; (e) D.-L. Long and
L. Cronin, Dalton Trans., 2012, 41, 9815-9816.

(@) Y. Feng, F. Fu, L. Zeng, M. Zhao, X. Xin, ]J. Liang, M. Zhou,
X. Fang, H. Lv and G.-Y. Yang, Angew. Chem., Int. Ed., 2024,
63, €202317341; (b) C.-L. Liu, M. A. Moussawi, G. Kalandia,
D. E. Salazar Marcano, W. E. Shepard and T. N. Parac-Vogt, Angew.
Chem., Int. Ed., 2024, 63, €202401940.

(@) D. Pakulski, A. Gorczynski, W. Czepa, Z. Liu, L. Ortolani,
V. Morandi, V. Patroniak, A. Ciesielski and P. Samori, Energy Storage
Mater., 2019, 17, 186-193; (b) L. Feng, Z. Li, Y. Liu, L. Hua, Z. Wei,
Y. Cheng, Z. Zhang and B. Xu, ACS Nano, 2024, 18, 3276-3285.

D. He, Y. Jiang, M. Guillen-Soler, Z. Geary, L. Vizcaino-Anaya,
D. Salley, M. D. C. Gimenez-Lopez, D.-L. Long and L. Cronin,
J. Am. Chem. Soc., 2024, 146, 28952-28960.

D.-L. Long and L. Cronin, Adv. Inorg. Chem., 2021, 78, 227-267.

(@) T. B. Liu, E. Diemann, H. L. Li, A. W. M. Dress and A. Miiller,
Nature, 2003, 426, 59-62; (b) T. Liu, M. L. K. Langston, D. Li,
J. M. Pigga, C. Pichon, A. M. Todea and A. Miiller, Science, 2011,
331, 1590-1592; (¢) M. A. Moussawi, M. Haouas, S. Floquet,
W. E. Shepard, P. A. Abramov, M. N. Sokolov, V. P. Fedin,
S. Cordier, A. Ponchel, E. Monflier, J. Marrot and E. Cadot, J. Am.
Chem. Soc., 2017, 139, 14376-14379; (d) C. Falaise, S. Khlifi,
P. Bauduin, P. Schmid, W. Shepard, A. A. Ivanov, M. N. Sokolov,
M. A. Shestopalov, P. A. Abramov, S. Cordier, J. Marrot, M. Haouas
and E. Cadot, Angew. Chem., Int. Ed., 2021, 60, 14146-14153.

A. Miiller, J. Meyer, E. Krickemeyer and E. Diemann, Angew. Chem.,
Int. Ed. Engl., 1996, 35, 1206-1208.

(a) A. Miller, E. Krickemeyer, H. Bogge, M. Schmidtmann, F. Peters,
C. Menke and J. Meyer, Angew. Chem., Int. Ed. Engl., 1997, 36, 484-486;
(b) C. C. Jiang, Y. G. Wei, Q. Liu, S. W. Zhang, M. C. Shao and Y. Q. Tang,
Chem. Commun., 1998, 1937-1938; (c) A. Miiller, M. Koop, H. Bogge,
M. Schmidtmann and C. Beugholt, Chem. Commun., 1998, 1501-1502;
(d) A. miiller, E. Krickemeyer, H. Bogge, M. Schmidtmann, C. Beugholt,
P. Kogerler and C. Z. Lu, Angew. Chem., Int. Ed., 1998, 37, 1220-1223;
(e) A. Miiller, E. Krickemeyer, H. Bogge, M. Schmidtmann and F. Peters,
Angew. Chem., Int. Ed., 1998, 37, 3360-3363; (f) A. Miiller, S. Q. N. Shah,
H. Bogge and M. Schmidtmann, Nature, 1999, 397, 48-50; (g) A. Miiller,
S. Q. N. Shah, H. Bogge, M. Schmidtmann, P. Kogerler, B. Hauptfleisch,
S. Leiding and K. Wittler, Angew. Chem., Int. Ed., 2000, 39, 1614-1616;
(h) A. Miiller, R. Maiti, M. Schmidtmann, H. Bogge, S. K. Das and
W. J. Zhang, Chem. Commun., 2001, 2126-2127; () L. Cronin,
C. Beugholt, E. Krickemeyer, M. Schmidtmann, H. Bogge, P. Kogerler,
T. K. K. Luong and A. Miiller, Angew. Chem., Int. Ed., 2002, 41,
2805-2808; () A. Miiller, E. Beckmann, H. Bogge, M. Schmidtmann
and A. Dress, Angew. Chem., Int. Ed., 2002, 41, 1162-1167; (k) M. T-K. Ng,
N. L. Bell, D.-L. Long and L. Cronin, J. Am. Chem. Soc., 2021, 143,
20059-20063; (/) W. Xuan, R. Pow, D.-L. Long and L. Cronin, Angew.
Chem., Int. Ed., 2017, 56, 9727-9731.

(a) A. Miiller, S. K. Das, C. Kuhlmann, H. Bogge, M. Schmidtmann,
E. Diemann, E. Krickemeyer, J. Hormes, H. Modrow and M. Schindler,
Chem. Commun., 2001, 655-656; (b) W. Xuan, R. Pow, Q. Zheng, N. Watfa,
D.-L. Long and L. Cronin, Angew. Chem., Int. Ed., 2019, 58, 10867-10872.
(@) L. Zhang, Y. Li and Y. Zhou, J. Mol. Struct., 2010, 969, 69-74; (b) W. Xuan,
R. Pow, N. Watfa, Q. Zheng, A. J. Surman, D.-L. Long and L. Cronin, J. Am.
Chem. Soc., 2019, 141, 1242-1250; (¢) H. N. Miras, C. Mathis, W. Xuan,
D.-L. Long, R. Pow and L. Cronin, Proc. Natl. Acad. Sci. U. S. A., 2020, 117,
10699-10705; (d) S. She, W. Xuan, N. L. Bell, R. Pow, E. G. Ribo, Z. Sinclair,
D.-L. Long and L. Cronin, Chem. Sci., 2021, 12, 2427-2432.

D. S. Salley, G. A. Keenan, D.-L. Long, N. L. Bell and L. Cronin, ACS
Cent. Sci., 2020, 6, 1587-1593.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc00703h



