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Cyclic assemblies represent an important class of
functional structures due to their inherent porous
architectures and diverse properties. However, the
controlled synthesis of cyclic aggregates with pre-
cise size, achieved by modulating the oligomeriza-
tion of fundamental building blocks (BBs), remains a
formidable challenge. Here we report the synthesis of
the previously elusive octameric member of molyb-
denum blue (MB) wheels, {Mogs} (1), and its dimer
analogue {Mo,75} (2), under the direction of novel
BBs of {Mo,}, {Mo,}, and bent {Mog} pentagon. The
combination of these with existing BBs facilitates
wheel contraction and distortion, resulting in the
formation of an ellipitical and half-closed {Mogs}
octamer, the smallest cyclic cluster in the MB family.
The {Mo,;5} dimer exhibits cross-shaped architec-
ture, composed of two {Mogg} clusters structurally
analogous to {Mogs}. Moreover, the structural integ-
rity of 1 and 2 was confirmed by mass spectrometry

Introduction

Polyoxometalates (POMs) are an intriguing class of inor-
ganic clusters constructed from metal-oxygen building
blocks (BBs), showing remarkable diversity in structures
and properties.™ Modulation of the way BBs self-assem-
ble dictates not only the molecular structures of POMs but

and other analytic techniques, enabling their explo-
ration in photothermal conversion in both solution
and the solid state.

Octamer molybdenum blue clusters

Keywords: polyoxometalates, gigantic molybdenum
blue cluster, octamer, building blocks, self-assembly

also their physicochemical properties, facilitating applica-
tions in catalysis, medicine, electronic devices, and mag-
netism."? Gigantic POMs, composed of hundreds of
metal centers with size comparable to biomolecules, ex-
emplify the cutting edge of controlled assembly. They
showcase how rational combination of fundamental BBs
can create complex and high-nuclearity clusters.?**

Citation: CCS Chem. 2025, Just Published. DOI: 10.31635/ccschem.025.202405353

Link to VoR: https://doi.org/10.31635/ccschem.025.202405353



mailto:weiminxuan@dhu.edu.cn
mailto:lee.cronin@glasgow.ac.uk
https://doi.org/10.31635/ccschem.025.202405353
https://doi.org/10.31635/ccschem.025.202405353

@CCS

COMMUNICATION

Chemlstry

Nevertheless, synthesizing gigantic POMs remains a
significant challenge. The inherent difficulty lies in intro-
ducing new BBs and integrating them into the desired
structures under controlled way.

Molybdenum blue (MB) is an archetypical class of
gigantic wheel-shaped POM clusters that can be viewed
as oligomeric assemblies of fundamental {Mog}, c-{Mo,}
(corner-shared {Mo,}) and {Mo;} BBs.*°*° The central
{Mog} pentagons within {Mog} BBs are crucial for the
formation of wheel-shaped structures, while c-{Mo,} BBs
act as linkers between {Mog} BBs.® The well-defined BBs
allow for the generation of a diverse MB family ranging
from decameric enclosed {Moy35} ({E-M0135}) to hexade-
cameric {Mo476}, all built by varying the number of {Mog}
BBs (Scheme 1).4142:50-54

However, despite significant efforts, the synthesis of
octamer remains elusive. Detailed analysis of represen-
tative MB clusters reveals a key factor: replacing c-{Mo,}
linkers with smaller e-{Mo,} (edge-shared {Mo,}) or
lanthanide (Ln) ions induces the structural transforma-
tion from tetradecamer to dodecamer and decamer
(Scheme 1).414250-54 Compared with c-{Mo,}, these smaller
linkers pull the adjacent {Mog} BBs closer together,
resulting in increased strain.®**® To relieve this strain,
the MB wheels tend to contract and adopt a lower oligo-
meric skeleton, as evidenced by the formation of dode-
cameric {Mo20Ceg}* and {Mo124Ce,}** and decameric
{MogpCei0}*° and {E-Mo;3,}.”" Considering this, it is rea-
sonable to expect that introducing linkers even smaller
than Ln ions might further induce wheel contraction and
allow for the formation of an octamer.

A This work
{Mo172} {E Monz}
(Moas) (MogoCem} {Mo120Ces} (M154} {Mo176}
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MB fam|Iy based on dlfferent number of {Mos} '¥‘

Scheme 1| Top: Schematic showing the structure evolu-
tion from hexadecameric {Mo;>s} to octameric {Mogs}
and {Mo;5} (this work). Bottom: The linkers and pentag-
onal {Mog} BBs associated with the different oligomeric
MB clusters.

Recent study also indicates that classical convex pen-
tagonal {Mog} in {Mog} can be replaced by concave
{Mog} BB.%® This leads to lantern type {Mo;3,},°® with the
belt containing 10 sets of {Mog} arranged similarly to
those in {MogoCeio} and {E-Mo0;z5}.°%"" Moreover, a
bent-type {Mog} BB has been observed in wheel-shaped
{MosVo}* that consists of six sets of {Mog} BBs. This
implies that variation of {Mog} BBs can also manipulate
the degree of oligomerization. In this context, we pro-
pose that introducing new BBs with novel connection
modes is a viable strategy for constructing MB octamer.
These new BBs should also be compatible with the con-
traction and distortion required for the formation of
smaller wheel-shaped structures.

Herein we report the synthesis of octameric missing
link in MB family, {Mogs} and its dimer analogue {Mo;75}
(1 and 2). Both clusters are constructed by introducing
novel {Mo}*, {Mo;}*/{Mo,}* and bent pentagonal {Mog}*
(within {Mog}*) along with e-{Mo,} and {Mo;} BBs (Fig-
ure 1). The combination of the smallest {Mo;}* with e-
{Mo,} BBs effectively addresses the strain requirement
for an octameric wheel, while the coupling of distorted
{Mog}*/{Mog}* with {Mo;}*/{Mo,}* facilitates the assem-
bly of elliptical skeletons with reduced wheel strain; these

$,‘)*
\V/
“ {Mos}< {Moa}*Q

\ &-{Moz} {Mo1} {Mo1}*
{Mo}* | VTfﬁ {Moz)*
\I’l Self-assembly

\ o\
1/{Moss} 2/{Mo172}

Figure 1| Assembly of T and 2 via combination of {Mo;}*,
{Mo}/{Mo,}*, and bent {Mog}* (within {Mog}*) with
e-{Mo,} and {Mo;} BBs. {Mo;}, yellow polyhedron,
{Mo;}* orange polyhedron; {Mo,}, red polyhedron;
{Mo}*/{Mo}*, red polyhedron bordered in yellow wires,
and one of the disorder position of {Mo;}* is highlighted in
50% transparency, {Mog}, blue polyhedron with central
Mo in cyan; {Mog}* same as {Mog} but bordered in yellow
wires; C, grey; O, red; and P, purple.
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together enable the formation of {Mogs} and {Mo;75}.
{Mogs} features an elliptical and half-closed wheel struc-
ture, whereas {Mo;7,} adopts cross-shaped architecture
dimerized from two {Mogg} moieties (Figure 1). Given the
intense absorption in the anear-infrared region, they

Na(NH_);oHg{(M0" 26M0"'59(OH);5(H20);50238(PO3CisHn)g } - ca.95 - H,O -
KizHn{Mo" 26M0"'60(OH);o(H20);,0242(PO3C7Hg OCH3), }, - €a.230 - H,0 - = - KizHp{2a} - ca.230 - H,0

Results and Discussion

Hydrothermal reaction of molybdate under a highly re-
duction degree in the presence of organophosphonates
afforded 1and 2. The high reducing ratio is crucial for the
formation of e-{Mo,"} and {Mo,"}*, which are responsible
for ring contraction. Similar to the role of acetate during
the assembly of Keplerate {Mo3,} and {E-Mo0;z5},°""8
organophosphonates might behave like structure-direct-
ing agents, triggering the formation of e-{Mo,"} through
coordination. Moreover, the trigonal pyramidal distribu-
tion of three O atoms on organophosphonates enables
more diverse binding modes and thus facilitates the
growth of an additional {Mo;} BB on the side of e-{Mo,"}
via the pz-PO3z?*” coordination manner. If organophospho-
nates are absent from the synthesis, only unidentified
precipitates are obtained.

Single-crystal X-ray structural analysis reveals that the
octameric framework of 1a is assembled from 6 {Mog}, 2
{Mog}*, 4 e-{Mo,}, 9 {Mo;}, and 2 {Mo}* BBs plus an
interior {Mo}* template which is disordered over two
positions with each having half occupancy (Figure 1and
Supporting Information Figure S2). The 4 e-{Mo,} BBs
act as linkers to bridge six {Mog} BBs and can be classi-
fied into two types. The first type connects with two
neighboring {Mog} BBs in a shoulder-to-shoulder mode
on the open side of {Mogs} (Figure 2a), while the other
type links two {Mog} BBs in a head-to-head manner on
the closed side (Figure 2b). As such, {Mogs} adopts a
half-closed architecture with the aperture sizes of
~9.0 x 3.3 A (Supporting Information Figure S3). Half-
closed gigantic POMs are quite rare, with only {Mo;g0}*°
and {CenMogg}®' reported so far. Moreover, an extra
{Mo;} BB is attached to e-{Mo,} with aid of two diphenyl
methylphosphonate ligands (Figure 2a). On the other
hand, two {Mo;}* BBs can also connect with two {Mog}
BBs in a shoulder-to-shoulder manner (Figure 2a), remi-
niscent of the {Mo;} in ball-like {M0;02}.°° Notably, bond
valence sum calculations further confirm {Mo;}* also
adopts as +5 oxidation state (Supporting Information
Tables S2-S4).%" In contrast to the {Mo,""} BBs located
below pentagonal {Mog} or attached on the surface of 1a,

are investigated for photothermal conversion under
808 nm laser irradiation. Both compounds are compre-
hensively characterized and formulated as follow (see
Supporting Information Tables S1, S5 and Figures S1,
S9-517).

. Na(NH4)1OH9{1a} -ca.95.-H,O 1/{M035}
2/{MO172}

{Mo;}* BB behaves as an essential linker that is responsi-
ble for the ring distortion and contraction. Overall, the
self-assembly involving 6 {Mog} guided by 4 e-{Mo,} and
2 {Mo;}* linkers yields the core structure of {Mogs}, which
is functionalized by six organophosphonate on the sur-
face and exhibits an elliptical architecture (Figure 2a,
dotted box).

The {Mog}* unit in {Mog}* adopts bent configuration,
with one vertex Mo atom significantly deviated from the
plane defined by other five Mo atoms (Figure 2c and
Supporting Information Figure S4). The unique configu-
ration of {Mog}* is similar to that in {Mos;Vo},* providing
a novel pentagonal BB complementary to convex* and
concave {Mog}.*® As a result, {Mog}* assumes a hook-like
arrangement, allowing it to bind to the core structure in a
more bent orientation (Figure 2d and Supporting Infor-
mation Figure S5). Consequently, two {Mog}* BBs form
the most elliptical parts at the two ends of {Mogs}

cot>e9
{Moe}*

Figure 2 | View of the simplified framework of 1a showing
both (a) the open and (b) the closed sides. The core
structure and hook-like {Mog}* are highlighted in dotted
boxes, respectively. (c) View of bent {Mog}* (d) hook-like
{Mog}* and (e) square pyramidal {Mo;}* template below
{Mog}*. (f) Different arrangement of equators for 1a and
{Mo;54}. Color scheme is the same as Figure 1.
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(a) 1
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Figure 3 | (a) Side view of {Mo;,5}. (b, ¢) Top view of the
{Mogg} monomer in {Mo;,5} from two sides. The square
pyramidal Mo atoms in {Mog} BBs are highlighted in
transparent polyhedron.

(Figure 2b, dotted box). Additionally, a {Mo;}* template is
situated at the back of the {Mog}* and disordered over
two positions with half occupancy (Figure 2e). To differ-
entiate from well-established {Mo,} BBs in MB clusters,
one of the disordered Mo positions in {Mo;}* is highlight-
ed in transparence (Figure 1). While {Mogs} exhibits the
largest aspect ratio (1.50) among all reported MB,%? its
equator adopts a tensioned boat-like configuration to
further alleviate the strain, unlike the almost coplanar
arrangement observed in other MB clusters like {M0oi543}*
(Figure 2f and Supporting Information Figure S6). On the
whole, the successful construction of 1 validates our

hypothesis that introducing smaller linkers and new BBs
compatible with wheel contraction and distortion
is a promising approach for achieving octameric MB
cluster.

2a features a dimeric structure built from two {Mogg}
clusters linked via two sets of e-{Mo,} on separate wheels
(Figure 3a). Owing to the twisting of one {Mogg} relative
to the other around the C, axis by an angle of 90°, 2a
adopts cross-shaped architecture with approximate
dimensions of 4.0 x 2.9 x 2.9 nm (Figure 3a). {Mogg}
also possesses an octameric skeleton but is composed of
six{Mog}, two {Mog}*, four e-{Mo,}, two{Mo,}¥ eight
{Mo;}, and two {Mo }* BBs (Figure 3b). Therefore, {Mogg}
can be viewed as a structural analogue of {Mogs} with
some key differences: (1) In contrast to traditional octa-
hedral configuration, the vertex Mo atoms in two {Mog}
BBs adopt square pyramidal coordination environment
(Figure 3b,c). Also, {Mo;} BB is eliminated from the side
of e-{Mo5} to minimize the steric hindrance between two
{Mogg}; (2) The Mo atoms in {Mo,}* units exhibit trian-
gular bipyramid configuration rather than square pyra-
midal {Mo;}* in {Mogs} (Supporting Information Figure
S7). The spontaneous generation of dimeric {Moj75}
clearly manifests that the gigantic MB clusters are avail-
able in the solution for high-order assembly into even
more complex and diverse aggregates; this has already
led to the discovery of dimeric {MossgEug}, {M0s00Cers},
and {Mo,40Cer,}.5%

Electrospray ionization-traveling wave ion mobility
mass spectrometry (ESI-TWIM-MS) is useful for investi-
gating the structures in solution, and spectra were ac-
quired for compounds 1and 2. As shown in Figure 4a, the
molecular species for compound 1 could be detected at
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Figure 4 | ES/-TWIM-MS plots (m/z vs drift time) of aqueous solution of Tand 2. Relative intensity (cf. highest peak) is

shown on a linear scale (using the colored scale, inset).
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Table 1| Assignment of Peaks of T and 2

Identification of 1 Z M/Zcas M/Zops

Identification of 2 Z M/Zcat M/Zops

{M0g50238(PO3CizH11)6(OH)6H1 13}
{M0g50235(PO3Ci3H1)6(OH)1gH 14}
{M0g50238(PO3CizH1)6(OH)6H 5}

-7 1960.7 1960.0 {M01720454(POzC;HsOCHz)s(OH)20H14} —10 2620.6 2620.0
—6 2287.6 2287.5 {M01720454(POzC;HsOCHz)s(OH)20His} —9 2911.2 2912.5
-5 2745.4 2745.7 {M01720484(POzC;HsOCHz)s(OH)20His} —8 3275.3 3275.3

negative charges from -5 to -7 by losing different num-
bers of cations. Despite the broad peak envelopes ob-
served in the spectra, it is a common phenomenon in
ESI-MS of giant POMs, caused by the association of
counterions and solvent molecules.®*® The major peaks
in the spectrum of 1 can be assigned to the formula
[Mogs50535(POzCi3H11)6(OH)6] (Table 1). Similarly, all
the major peaks of compound 2 in the spectrum can
be assigned to the formula [M07750484(POzC5Hg
OCH3)g(OH)50], with charges from -8 to -10
(Figure 4b and Table 1). This represents weak evidence
of intact rings. However, the 2D ion mobility data sepa-
rated by the TWIM (Figure 4) demonstrates that one
main rigid size/shape dominates. The stability of 1 and
2 was further confirmed by UV-vis-NIR and Fourier trans-
form infrared (FT-IR) study of their tetrabutylammonium
(TBA) salts, TBA-1 and TBA-2 (Supporting Information

Figure S12), as evidenced by similar profiles of TBA-1and
TBA-2 to 1 and 2 as well as negligible degradation for
24 h in related spectra (Supporting Information Figures
S13-S16).

MB clusters are well known for their intense absorp-
tion spanning from visible to near-infrared regions due
to the intervalence MoV—Mo"' charge transfer.6%® This
unique property renders them ideal candidates for
photothermal conversion.®®”" Hence, we investigated
the photothermal performance of 1 and 2 by measuring
their temperature response with various concentrations
under 808 nm laser irradiation (Supporting Information
Figures S18-S21). Control experiments using blank
CH3zCN solution showed negligible temperature rise
(<1 °C) (Figure 5a and Supporting information Figures
S18-5S19). In contrast, the plateau temperatures reached
the optimal values of 75.6 °C and 77 °C for 1 and 2,
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Figure 5 | (a) Photothermal conversion curves of 1 (25 uM), 2 (25 uM), and blank CHzCN under 808 nm laser irradiation
@2 Wem™). (b) NIR thermal images of 1and 2 (25 uM, 808 nm, 2 W cm™). Photothermal conversion curves of 1 (c) and 2
(d) in the solid state under 808 nm laser irradiation (1, 2, and 3 W ecm™). Insets: the thermal images of 1and 2 at highest

temperature with different laser power densities.
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respectively (Figure 5a,b). Notably, the maximum tem-
peratures remained almost unchanged for six heating
and cooling cycles, demonstrating the excellent photo-
thermal stabilities of both clusters (Supporting Informa-
tion Figure S20). Calculations revealed a photothermal
conversion efficiency of 50.1% for 1 and 41.3% for 2
(Supporting Information Figures S22 and S23). As
depicted in Figure 5c¢,d, the plateau temperature of 1
reached 86.3 °C in 158 s (1 W cm™), a much higher
heating rate compared to 2 (82.9 °C in 40.5 s). A similar
trend was observed at 3 W cm™, and the maximum
temperature of 243 °C was obtained for 1 within a
shorter radiation time (Figure 5c¢,d). This probably arises
from the stronger absorption at 808 nm for 1 than that
of 2 (Supporting Information Figure S24).

Conclusion

In summary, we have successfully synthesized two un-
precedented wheel-shaped clusters, {Mogs} and {Mo75},
which feature octameric architectures and fill a critical
gap in the gigantic MB family. The controlled assembly of
these cyclic structures was achieved through novel con-
nection modes enabled by {Mo;}*, {Mo}*/{Mo,}*, and
pentagonal {Mog}* BBs, facilitating the necessary wheel
contraction and distortion to form the smallest octamer.
ESI-TWIM-MS study of 1 and 2, along with UV-vis-NIR
and FT-IR analysis of TBA-1 and TBA-2, validated the
stability and availability of {Mogs} and {Moy75} in solution.
Furthermore, both compounds displayed photothermal
effect in solution and the solid state. This work not only
expands the structural diversity of gigantic MB clusters,
but also paves the way to synthesize high-nuclearity
clusters by introducing novel BBs with new connection
modes.

Supporting Information

Supporting Information is available and includes detailed
experimental procedures, characterizations, additional
Figures S1-S24 and Tables S1-S5. Crystallographic data
for the structures in this article has been deposited at the
Cambridge Crystallographic Data Centre under deposi-
tion nos. CCDC 2373786-2373787.
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