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Real-time tracking of molecular cluster assembly
and precise hierarchical reassembly into pure POM
host—guest architecturef

Kai-Ling Zhu,+? Ke Li,¥? Liu-Bin Feng,? Le Yang® and Jia-Jia Chen (2 *?

In this work, we report an in operando spectroscopy strategy to track the molecular cluster assembly and
thereby realize a precise bottom-up hierarchical reassembly of building blocks into a pure POM host—guest
architecture. Through precise flow chemical synthesis combined with in operando Raman characterization,
we systematically tracked key building block intermediates emerging during the evolution from WO4%~
precursors to the {P,W,g} cluster and validated with ESI-MS and *'P NMR. Capitalizing on the dynamic
assembly behaviour, we further realized precise hierarchical re-assembly of building blocks PWgOz4°~
({PWo}): eight {PWy} were used as secondary building units (SBUs) to form tertiary building units (TBUs,
K42PgW7,, and {PWg}g), and then TBUs were further linked by alkali metals, resulting in a purely inorganic
host—guest architecture {[KegNai4H10(H20)150(PWoO34)gl- (PWoO34)2-43H,0} (compound 1, {PWg}@
{PWo}g) with interpenetrating three-dimensional channels containing discrete nano-sized SBUs. Unlike
the irreversible and limited electrochemical reaction behaviour of SBUs, compound 1 exhibited markedly
distinct electrochemical properties with multi-step multi-electron redox behaviours at 0.23 V, 0.01 V,
—0.49 V and —0.87 V vs. NHE, respectively. These findings refine the understanding of the assembly
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Introduction

POMs are a class of polynuclear nanoclusters formed through
a few to hundreds of transition metal atoms (e.g., W, Mo, and V)
linked by oxygen. They demonstrate profound fundamental
research significance and application potential in cutting-edge
fields including photoelectrocatalysis,’® energy storage and
conversion,” ™ acid catalysis'** and magnetic substances,**>**
attributable to their unique topological structures that govern
electronic configurations and spatial arrangements.'>*°
Taking the representative Wells-Dawson POMs as an
example, their structural characteristics involve polyhedral core
units formed by central metal ions coordinated with oxygen
atoms and these structural motifs further assemble into highly
ordered three-dimensional spatial configurations through
vertex-/edge-/plane-sharing. As an “electron sponge” with
a unique structure, it demonstrated great potential in various
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behaviours and pave the way for designing atomically defined and functional clusters.

fields. Specifically, LigP,W;30s, demonstrated exceptional
potential as high-capacity electroactive materials for redox flow
batteries and hydrogen storage mediators through their
reversible 18-electron/proton storage capability.” Heteroatom
modification,* counterion exchange strategies,® or site-specific
covalent functionalization® further modulate their physico-
chemical properties for specific applications, which exemplifies
the remarkable structural tunability and functional potential of
Dawson-type clusters. For instance, the selenite-containing
Dawson-type cluster [W;3056(Se0;),(H,0),]°~ exhibited a novel
heteroatom oxidation state and has been employed as a nano-
scale flash memory device, providing a strategy for integrating
configurable molecules into a metal-oxide-semiconductor
(MOS).** Streb et al. reported a ruthenium-complex photosen-
sitizer covalently modified Dawson polyoxometalate, which
further simultaneously possessed photosensitivity and electron-
storage sites and was used as a mediator to achieve the spatially
and temporally decoupled photocatalytic hydrogen evolution
process.® Nevertheless, mechanistic understanding of solution-
phase assembly of those clusters has lagged far behind the
rapid progress in application studies.

Bottom-up synthesis has become an important methodology
for the preparation of POMs. However, the intricate hierarchical
assembly mechanisms remain poorly understood, akin to
a “black box”. Concurrently, advancements in characterization
techniques have enabled multidimensional analysis of
assembly mechanisms. Single-crystal X-ray diffraction (SCXRD)
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provides atomic-level structural resolution through precise
determination of crystallographic positions. Zheng et al. re-
ported polyoxoniobates with molecular tweezers for selective
transition metal capture. Ion exchange drove single-crystal-to-
single-crystal transformation, with SCXRD unambiguously
identifying the ion capture/release sites.”” Neutron diffraction
complements SCXRD in probing light elements and magnetic
structures.”® Electrospray ionization mass spectrometry (ESI-
MS) monitors solution-phase assembly by identifying interme-
diates and measuring molecular weights.>*?® Employing
a geometric polyhedron strategy, Sun et al. presented a Gold-
berg polyhedral silver cage Ag;gs,. ESI-MS elucidated the
assembly mechanisms of Agigo, revealing the processes of
“silver triangle” formation and “planar epitaxial growth”.**
Emerging characterization methodologies continue to expand
our analytical capabilities for uncovering the assembly behav-
iours of building units in the solution phase. Addressing the
synthetic challenges of the classical molybdenum-oxo cluster
{Mo;50}, Leroy Cronin et al. innovated a dynamic flow reaction
system that overcame the limitations of traditional static
synthesis.”” By precisely controlling the injection rate of
{Mose} building blocks and the reductant, they achieved accel-
erated formation of {Mo,so}, providing the experimental
evidence of {Moge} as critical templates in the molecular
assembly process.

Hierarchical assembly provides a rational strategy for the
structural design of POMs, enabling precise control over their
spatial arrangement, electronic interactions, and resultant
material properties. This approach further allows the
construction of well-defined, purely inorganic POM-based host-
guest architectures. Such systems serve as ideal platforms for
elucidating intrinsic architectures and for guiding the devel-
opment of advanced functional materials. However, the lack of
in situ or in operando characterization for study of continuous
and comprehensive assembly mechanisms has led to insuffi-
cient understanding of the precise reaction route in POM
science, which further hindered controllable synthesis and
rational design of atomically precise clusters.

Herein, we employed an integrated flow chemical synthesis-
in operando spectral characterization system to monitor the
solution-phase assembly process leading to the {P,W,¢} cluster,
aiming to track intermediate species and elucidate aspects of
the reaction pathway. Key intermediate species ({PWo}, {PW4},
and {Wy,}) in the solution assembly process were detected with
support from *'P nuclear magnetic resonance (NMR) and ESI-
MS. Based on these mechanistic insights, we further propose an
intermediate-directed reassembly strategy that successfully
achieved hierarchical assembly with the using of {PW,} as the
SBU through precise parameter control. The resulting
compound 1 had a host-guest architecture with three-dimen-
sional interpenetrating channels accommodating discrete
{PW,}, which exhibited intensified redox peaks with markedly
enhanced redox activity compared to single {PWy}. This work
advanced fundamental understanding of POM self-assembly
and further established a methodological guideline for the
rational design of functionally oriented materials.
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Results and discussion

Elucidating the evolutionary mechanisms from monomer pre-
cursors to complex hierarchical architectures holds dual
scientific significance: (1) providing critical insights into the
structure-property relationships at the nanoscale; (2) guiding
the customized assembly of functional materials for practical
applications. Tracking the reaction process in real time and
elucidating the relationships between critical reaction param-
eters (e.g.,, pH and temperature) and assembly pathways
precisely remains challenging via conventional synthesis of
polyoxometalates. Thus, we designed flow chemistry synthesis
and combined it with in operando spectral characterization to
visualize the assembly mechanism of Wells-Dawson {P,Wg}.
Distinct from conventional reactions involving instantaneous
mixing of raw materials, the visualization device enabled
precise regulation and real-time monitoring of reaction key
intermediates.

The instrumental architecture (Fig. 1a) features two syner-
gistic modules: a multichannel flow reaction module with
controllable experimental operation parameters and a real-time
analytical spectroscopy detection module. The reaction process
comprised stage I, continuous infusion of H;PO, (6.85 mL, flow
rate 7.2 uL s~ ') for acidification and the provision of anion
templates (PO4>~) in the assembly process. This was followed by
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Fig. 1 (a) Schematic diagram of a visualization device for Wells—
Dawson {P,Wig}; (b) three-dimensional Raman waterfall mapping of
the assembly process from WO~ to {P,W;sg}.
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stage II, sequential introduction of HCI (8.33 mL, flow rate
7.2 uL s~ ') to provide the acidity required for the subsequent
reaction. In stage III, the heating and reflux procedure was
performed according to the established method.?® The analyt-
ical module incorporated in operando Raman spectroscopy was
used for tracking building block evolution from monomer
WO,>~ to polynuclear {P,W;g}.

Meanwhile, the whole reaction solution was circulated
through a quartz flow cell at 100 rpm (16.15 mL min "), and the
duration of stage I, stage II and stage III was over 15000
seconds. The exposure time for each spectrum was 10 seconds.
Thus, three-dimensional Raman mapping (Fig. 1b) was plotted
based on more than 1300 Raman spectra. The signal intensity
and spectral shifts with continuous variations were also
accompanied by dynamic interconversion among intermediate
species throughout the process. To realize precise establish-
ment of reaction networks, the in operando Raman result was
presented in the form of two-dimensional Raman mapping,
wherein the identification of key intermediates was achieved
through comparing with literature data and measuring the
Raman shift and full width at half maximum (FWHM) of stan-
dard reference samples, followed by systematic validation of
these assignments through *'P NMR and ESI-MS.

Significantly, there were obvious Raman shifts during H;PO,
titration in stage I, as confirmed by the time-resolved two-
dimensional Raman mapping spectra (Fig. 2 and S1). The
dissociation of H3;PO, would provide anion templates (PO,*")
and protons, which functioned as structural templates for di-
recting the building block assembly and protonation sources
for inducing the aggregation of building blocks. The acidifica-
tion by H;PO, first induced the WO,>~ (vs(W=0y4) at 931 cm ™},
Fig. S2) to aggregate into the iso-polyoxometalate building block
{W,}, as evidenced by the emergence of an intense new Raman
band at 947 cm™ ' and the m/z peaks of ESI-MS at 480.89 and
502.87 which were assigned to [HW,0,]” and [Naw,O0,],
respectively (Fig. $3).>**° Meanwhile, part of the phosphoric acid
existed as HPO,> (Fig. 2 and S4). Subsequently, continuous
H3;PO, addition until n(H3PO4)/n(W) ratio = 0.5 would
progressively lower solution pH from 9.16 to 8.05 (Fig. S5), and
there was a new Raman shift appeared at 966 cm ™. Based on
the tungstate species reported in the literature that were stable
within this pH range, and further supported by *'P NMR anal-
ysis of reaction solution,* this species was identified as {PWy}.
Thus, the continuous addition of H;PO, would drive the
sequential transformations from WO,>~ monomers and {W,}
into {PW,} (Fig. 2, S3, S6 and S7). More interestingly, there was
the appearance of a new distinct Raman band at 926 cm™*
corresponding to {P,Ws} (Fig. 2 and S8) when the ratio of
n(H;PO,)/n(W) ratio exceeded 0.5. This was further confirmed
by the appearance of a peak at m/z values of 720.80
([P.W50,5Na,]*") and 709.81 ([P,W50,3HNa;>") in ESI-MS
spectra (Fig. 2 and S9), as well as a new >'P NMR signal peak at
—1.75 ppm (Fig. 2 and S6). Actually, the further addition of
H;PO, decreased the pH of the solution down to 5.4 at
n(H3;PO,)/n(W) = 1.1. An almost complete conversion of {PWo}
and {W,} into {P,Ws} was detected by the terminal phase of
stage 1, along with the emergence of {PW,;} (Raman shift

© 2025 The Author(s). Published by the Royal Society of Chemistry
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located at 964 cm ™" and 979 em ™"
Fig. 2 and S6).

A new Raman shift appeared at 968 cm ~, which was
consistently present during the titration of HCI in stage II. This
was due to the existence of [W;,030H,Na,]*~ (m/z = 1438.65)
and [W,,030HNa; >~ (m/z = 1449.64) as confirmed by ESI-MS
(Fig. 2 and S11). From the end of stage I to the ratio of n(HCI)/
n(W) approaching 0.6 in stage II (Fig. S12), the signal of the key
intermediate building block {P,Ws} continuously weakened
until it disappeared. Meanwhile, an enhancement of the {PW,;}
signal at 979 cm™ ' and 964 cm ™' was observed, indicating that
intermediate building blocks {P,Ws} restructured into inter-
mediate units with high-nuclearity characteristics (Fig. 2, S6,
S13 and S14). ESI-MS spectra also confirmed the existence of
{PW,,} based on m/z values of 1395.59 ([PW;,030Nas]*") (Fig. 2
and S15). However, continued acidification protonated {PW,,},
inducing its partial conversion to {P,W,;}, a process docu-
mented in previous studies.** The emergence of a new peak at
994 cm ™" was observed at the end of stage II, and the presence
of {P,W,,} was further confirmed by *'P NMR (—13.2 ppm, Fig. 2
and $13).*'

Additionally, heating is also playing an important role in
accelerating the building blocks transformation. As shown in
the two-dimensional Raman mapping spectra during stage III of
heating (Fig. 3a and S16), there was a gradual disappearance of
peaks at 964 cm ™%, 979 cm ™, 968 cm ™' and 994 cm ™, accom-
panied by the emergence of new peaks at 992 cm™* and 967
ecm ™' when heated from room temperature to 60 °C. This
indicated that the main intermediates protonated {PW,,}, iso-
polyoxometalate {W;,} and {P,W,,} interact with each other,
involving the dynamic disassembly and reassembly of inter-
mediate building blocks, ultimately converted into the ther-
modynamically stable product (Fig. 3a—c and $17). According to
the Raman spectra of the standard sample {P,W, g} (Fig. S18 and
S19), those Raman peaks exhibiting progressive intensity
enhancement with prolonged thermal treatment were assigned
to P-O stretching (992 cm ™) and symmetrical stretching mode
of W=04 of {P,W;g} (967 cm™'). Meanwhile, the solution
changed from colourless to pale yellow. ESI-MS confirmed the
existence of {P,W;g} with m/z = 872.69 [P,W;30,H]’~ (Fig. 3d
and $20). *'P NMR also found the generation of {P,W;3}, which
existed in two isomers, with o-{P,W,s} (—12.4 ppm) as the main
product (Fig. S21).*

Actually, the structure evolution in stage III occurred spon-
taneously under ambient conditions, but typically required
extended durations, as confirmed by the *'P NMR investigation
of the solution after 15 weeks of aging at the end of stage II
(Fig. S22). Heating primarily enhanced the reaction kinetics in
stage III by providing additional energy to facilitate the disas-
sembly and reassembly of intermediate building blocks. Under
heating, this interaction between {PW;;} and iso-poly-
oxometalate {W,,}, together with the subsequent trans-
formation into the {P,W;g} cluster, was expected to proceed
rapidly. In our present studies, only the differences in inter-
mediate species before and after heating were detectable.

As a result, through the application of precise reaction
modules combined with in operando flow Raman techniques,

, Fig. 2 and $10; *'P NMR,

1
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Fig. 2 Stage I-Il of the acid titration process: the time-dependent 2D Raman mapping (900 cm~* to 1010 cm™), along with corresponding
Raman spectra, >'P NMR spectra and ESI-MS spectra in the negative ion mode (the red and black lines represented simulated and experimental
values, respectively) at different n(HzPO4)/n(W) ratios or n(HCLl)/n(W) ratios. Stage | and stage |l were separated by a cycling flow, which showed

that the Raman signal remained unchanged during this interval.

ESI-MS and *'P NMR, we systematically investigated the
“bottom-up” assembly pathway from the monomers through
several distinct main intermediates ({PW,}, {P,Ws}, and {PW,,})
to the final target product {P,W,g}, as shown in Fig. 4. And
developing more sensitive and advanced time-resolved charac-
terization methods in the future will allow systematic

Chem. Sci.

investigation into the rapid disassembly and reassembly among
the interactions of those building block intermediates.

Such in operando characterization will further facilitate the
rational design of functional clusters via a direct “bottom-up”
strategy based on those building blocks to realize different
clusters with diversified applications. To validate the feasibility
of the strategy, we chose key intermediate {PWo} as the primary

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Stage Il of heating: 2D Raman mapping (925 cm™ to 1010
cm™Y); (b) the corresponding Raman spectra at different temperatures;
(c) 3'P NMR spectrum of the reaction solution at 60 °C and on boiling;
(d) ESI-MS spectrum in negative ion mode of the solution after 24-
hour reflux (the red and black lines represented simulated and
experimental values, respectively).
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Fig. 4 Bottom-up assembly route from WO,2~ to {P,W,g}.
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building unit to conduct the precise hierarchical reassembly.
Specifically, based on the Raman results of stage I, the main
intermediate {z-A-PW,} was observed when the ratio of
n(H3zPO,)/n(W) was 0.5 (Fig. S6), exhibiting a structure charac-
terized by a tri-lacunary structure and C;,-symmetry. By intro-
ducing K/Na-O polyhedra with Lewis acidity and flexible
coordination numbers as structural linkers, highly negatively
charged PW,0,4°~ structural units acting as the Lewis base
served as SBUs for further oriented step-by-step reassembly.

Thus, {PWy} enabled the solution-phase hierarchical reas-
sembly into architectures with interpenetrating three-dimen-
sional channels of size 1.19 nm X 1.19 nm. The assembly of
{PWy} units was directed by strong electrostatic interactions
between Lewis acidic alkali metal cations (K" and Na') and the
Lewis basic terminal and bridging oxo ligands of {PW,}, with
coordination interactions further stabilizing the architecture.
As depicted in Fig. 5a, eight {PW,} SBUs acted as vertices to form
a TBU with the octahedral K1-H,O cage serving as the core of
the structure (Fig. S23) while K2 and K3 stabilized the archi-
tecture by acting as a rigid shell (Fig. S24) and “structural rivet”
(Fig. S25 and $26), respectively. Head-to-head linkage of {PW,}
vertices through the Na/K-O polyhedron guided TBUs into
a body-centered cubic arrangement, affording the extended
framework as shown in Fig. 5a (more details are shown in
Fig. S27, S28 and Tables S2-54).

The intermediate building units played dual roles while
constructing this framework structure. Beyond participating in
hieratical assembly, {PW,} units acted as guest molecule
templates in the void of the host framework. Instead of forming
the densely packed structures typical of alkali metal systems
because of the non-directional and long-range Coulomb forces
characteristic of ionic bonds, this template-guided process
yielded a 3D framework with nanopores. This empirically vali-
dated the template function of the negatively charged, nano-
scale intermediate units in directing the hierarchical assembly.
Ultimately, a novel host-guest architecture
{[KesNa14H19(H20)150(PWoO34)s]- (PW5034)> - 43H,0}
(compound 1, {PWy},@{PWs}g) with three-dimensional inter-
penetrating channels accommodating discrete {PW,} was con-
structed. Its structure was determined by SCXRD, while
elemental analysis by ICP-OES and thermogravimetric analysis
(Fig. S29) confirmed the composition and consistency with the
SCXRD-derived formula. Notably, the introduction of alkali
metal ions enhanced the electronic shielding of the phosphorus
atoms, resulting in an up-field shift in the *'P NMR chemical
shifts (—9.4 ppm, Fig. 5b).

Compared to single {PWy} existing randomly in solution, the
high symmetry of compound 1 led to significant changes in the
topological structure, as well as the electrochemical redox
behaviours. As shown in Fig. 5c, giant cluster compound 1
under identical conditions manifested significantly enhanced
redox activity, as evidenced by multiple distinct redox peaks at
0.23 V, 0.01 V, —0.49 V and —0.87 V vs. NHE, respectively. In
particular, compound 1 exhibited a much higher peak current,
reaching a peak current as high as 115 pA at —0.87 V whereas
single {PW,} exhibited only a negligible reduction current of 9.5
pA at the same concentration. This suggests that the topological
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Fig. 5 Schematic overview of precise hierarchical reassembly, together with 31p NMR and electrochemical property testing: (a) bottom-up
hierarchical assembly from a single {PWo} SBU into a {PWq}s TBU and giant host—guest frameworks compound 1; (b) 3'P NMR spectra: the gray
line corresponded to the reaction solution when the ratio of n(HzPO4)/n(W) was 0.5, while the blue line represented the agueous solution of

compound 1; (c) cyclic voltammograms of 2.5 mM compound 1 and 2.5 mM {PW} at a scan rate of 20 mV s~

voltammograms of compound 1 at a scan rate of 20 mV s™%.

alteration may facilitate electron delocalization, manifesting in
a more pronounced reduction process, as previously observed
in earlier POM studies.**** Consequently, conventional pairwise
redox peaks were absent in the cyclic voltammogram of
compound 1. Instead, a reduction peak with a markedly high
current appeared, consistent with the behaviour reported for
giant polyoxometalates.* The stability of compound 1 (in both
solution and solid states) was verified (Fig. S30 and S31), and
multi-cycle cyclic voltammetry confirmed the electrochemical
stability of the structure, as indicated by the near-complete
overlap of the voltammograms from the 300th and first cycles at
a scan rate of 20 mV s~ ' (Fig. 5d). Furthermore, cyclic voltam-
metry at different scan rates (2 mV s~ ' to 100 mV s~ '; Fig. S32)
showed that potential of two oxidation peaks at positive
potentials (nearly 0.01 V and 0.23 V) remained almost
unchanged, indicating a relatively high degree of reversibility
for these redox processes in compound 1. The greater number
of redox electrons, more negative potential, and relatively more
reversible redox behaviour indicate its wider application pros-
pects in electrochemistry. Specifically, its pronounced multi-
electron redox behaviour serves as a key enabler for function-
ality in complex electrochemical systems that involve multiple

Chem. Sci.

! and (d) different numbers of cyclic

electron transfers. The excellent topological structure of
compound 1 underscored the key role of controllable flow
synthesis in understanding the bottom-up assembly behaviour

of POMs and precise hierarchical reassembly.

Conclusions

In summary, we established a flow chemistry synthesis platform
integrated with in operando Raman spectroscopy for real-time
monitoring of the dynamic evolution from monomer WO,>" to
{P,W,3} in solution. This approach enabled the explicit identi-
fication of key building blocks ({PW,}, {P,Ws}, and {PW,,}) and
final products {P,W,g} throughout the assembly process.
Furthermore, leveraging the precision-guided bottom-up
strategy, precision reassembly of solution-phase building
blocks was achieved using intermediate {PW,} as the SBU,
yielding a giant cubic TBU (~1.9 nm) and further assembling
a host-guest architecture of compound 1 with three-dimen-
sional interpenetrating channels accommodating discrete
{PWs}. Unlike individual building units {PW,} that exhibited
only a minimal reduction peak, giant clusters of compound 1
formed through bottom-up reassembly and demonstrated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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multiple redox peaks accompanied by a pronounced enhance-
ment in peak current. This observation highlighted how preci-
sion reassembly strategies optimized structural unit
functionality (e.g:, electrochemical redox behaviour), and the
developed methodology—combining dynamic monitoring,
quantitative profiling, and precision manipulation—not only
deciphered the hierarchical assembly mechanism of the clus-
ters but also established a new paradigm for the controllable
synthesis of polyoxometalates and functional cluster materials.
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