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Based on the molecular-level assembly, hierarchical mesoporous nanostructures with architectural 
complexity, pore tunability, and special functionalities have gained widespread attention in materials 
science and engineering[1,2]. Over the past decades, mesoporous nanostructures of different sizes, structures, 
or properties have been reported, and these different nanostructured materials have demonstrated excellent 
properties in various fields, involving optics, electronics, and catalysis[3-5]. To date, as researchers continue to 
discover and explore, this “molecular-level” oligomer ultra-small structure is no longer sufficient for 
material needs. In order to expand the “family” members of the appealing porous materials, the 
construction of hierarchical mesoporous frameworks via the modular self-assembly of subnanoscale-level, 
even nanoscale-level building units has turned a hot topic[6]. Similar to the prominent porous materials of 
covalent-organic frameworks (COFs), metal-organic frameworks (MOFs), and hydrogen-bonded organic 
frameworks (HOFs), the multilevel mesoporous nanocluster frameworks are of great potential in multiple 
applications[7-9]. So far, precisely regulating the interactions between the pore-forming agents and the 
nanocluster units and further controlling the assembly behavior to form the porous frameworks remain a 
great challenge. It is difficult to form these porous frameworks when the binding force between the “glue-
like” linkers (e.g., amphiphilic micelles) and the cluster units is either too strong or weak[10]. If the binding 
force is too strong (such as ionic bonds or covalent bonds), it may lead to a collapse of porous architecture. 
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If it is too weak (e.g., van der Waals force or hydrophilic-hydrophobic interaction), the building units of
clusters typically cannot be assembled or anchored on the surface of the pore-forming agents of the
micelles.

In order to overcome the difficulty of regulating the mutual interactions between the pore-forming agent
and the nanocluster units, Zhang et al. introduced a micelle-directed nanocluster modular self-assembly
method. By this method, the hydrogen-bonded mesoporous frameworks (HMFs) based on nanocluster
building units have been synthesized for the first time by carefully manipulating the mutual interactions
between the pore-forming agents of copolymer micelles and the assembly units of nanoclusters[11]. Taking
the synthesis of the titanium-oxo clusters (TOCs)-based HMFs as an example, the TOCs were firstly
dissolved in dichloromethane to form a well-dispersed cluster solution. Then, the amphiphilic diblock
copolymer of poly(styrene-block-acrylic acid) (PS-b-PAA) was added to form a pale blue solution of PS-b-
PAA/TOCs composite micelles. Afterward, these composite micelles are co-assembled to generate a
uniform hexagonal transparent film with abundant hydrogen bonds during the solvent evaporation
processes. Finally, the TOCs-based HMFs can be obtained by removing the micelle templates through
solvent extraction [Figure 1]. Through a series of morphological and chemical characterizations of HMFs, it
was demonstrated that the hydrogen bonds between the PS-b-PAA micelles and TOC are a crucial factor in
controlling the formation of the HMFs.

Meanwhile, the size of the mesopores is able to be precisely changed by tuning the block lengths of PS-b-
PAA copolymers. Furthermore, by altering the amount of the PS-b-PAA block copolymers contained, the
mesoporous structure may be changed from spherical, short cylindrical, to long cylindrical morphologies.
In addition, the micelle-directed nanocluster modular self-assembly method is universal for the synthesis of
functional HMFs. Besides the TOC units, four other typical kinds of nanoclusters, including the hydrated
silicotungstic acid (H4SiW12O40·xH2O), phosphomolybdic acid hydrate (H3PMo12O40·xH2O), phosphotungstic
acid hydrate (H3PW12O40·xH2O), and cubane-like organometallic clusters {[Ni4(dpd-H)4(O2CMe)3

(H2O)](ClO4)·8.25H2O} can also perform as building units to construct the HMFs with the assistance of
amphiphilic PS-b-PAA copolymer micelles.

In order to further demonstrate that hydrogen bonds are a crucial factor for the formation of mesoporous
frameworks in the micelle-directed nanocluster modular self-assembly strategy, a comparative directing
copolymer micelle without surface −COOH groups, e.g., poly(styrene-block-poly(ethylene oxide)) (PS-b-
PEO), was introduced to perform as a pore-forming agent. As a result, under the same synthetic condition,
the obtained assemblies were poor in mesopores when directed by this PS-b-PEO micelle template. This
comparative experimental result combined with the molecular dynamics (MD) simulation indicates that the
porous skeleton of the nanoclusters-based HMFs is mainly stabilized through the hydrogen bonding.

For the application, taking the TOC units-based HMFs as an example, such novel HMFs were utilized as a
photocatalyst for H2 production under simulated sunlight irradiation. As a comparative sample, the
photocatalytic performance of the pure TOC building units was also tested. As a result, the HMF products
performed better, showing a H2 evolution rate of 3.6 mmol·g-1·h-1, which is roughly twice as high as the pure
TOC rate of 1.5 mmol·g-1·h-1. Simultaneously, the mesoporous framework architecture can maintain well
after five times cycles, suggesting excellent photostability.

In short, Zhang et al. have demonstrated how to synthesize a novel family of mesoporous materials called
HMFs using a micelle-directed nanocluster modular self-assembly approach[11]. The pore diameter can be
adjusted when controlling the molecular weight of PS-b-PAA. The configuration of the mesopores can be
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Figure 1. (A) The formation process of the HMFs with a regular structure, including self-assembly of TOCs with block copolymer, and 
the high-resolution structure model of the ordered HMFs; (B) molecular model of HMFs; (C) molecular model of TOC building units; 
(D) chemical structure of the PS-b-PAA copolymer; and (E) the ethylene glycol ligand used to form hydrogen bond in TOCs. The red 
dashed line represents hydrogen bonding. Adapted from Ref.[11] with permission, copyright 2024 American Chemical Society. HMFs: 
Hydrogen-bonded mesoporous frameworks; TOCs: titanium-oxo clusters; PS-b-PAA: poly(styrene-block-acrylic acid).

well manipulated, ranging from the spherical, the short cylindrical to long cylindrical mesopores by 
controlling the concentration of PS-b-PAA. Through the general method of this modular self-assembly 
using nanoclusters with tunable configurations and ingredients, several new HMFs were achieved. 
Moreover, the hydrogen evolution was efficiently catalyzed by TOC-based HMFs (3.6 mmol·g-1·h-1), 
resulting in a conversion rate about twice as high as the unassembled TOCs (1.5 mmol·g-1·h-1). These 
findings open a new avenue for constructing nanocluster-based HMFs for various potential applications, 
which can attract widespread attention in the future.
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