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ABSTRACT: Metal halide semiconductors (MHS) are a versatile class of
materials with fully customizable mechanical and optoelectronic properties
that have proven to be prominent candidates in numerous impactful
applications. Finding a way to generate porosity in MHS would bestow upon
them an additional node in property engineering, thus allowing them to be
utilized in uncharted technologies. Motivated by this promise, we developed
a general strategy to render the MHS porous. We employed molecular cages
as structure-directing agents and countercations, which fostered a new family
of materials: porous metal halide semiconductors (PMHS). The presence of
molecular cages gave rise to ultramicroporous structures imposed by the
organic part cavities and a record water stability performance of 27 months so
far. In this Perspective, we discuss the principles and promises of PMHS,
which combine the merits of porous and electronic compounds.
KEYWORDS: semiconductors, metal halides, porosity, water stability, optical properties, molecular cages

■ INTRODUCTION
Porous materials (PMs) can be uniquely equipped with
properties that allow them to be utilized in various industrial
applications, spanning from water purification and desalina-
tion1 to heterogeneous catalysis,2 gas storage,3 and environ-
mental remediation.4 Their porous nature allows them to
interact with atoms, ions, and molecules not only at their
surfaces but also throughout the bulk of the material.5,6

Although critical improvements in the material design of
porous compounds were achieved over the last few decades,
their advantageous traits were realized millennia ago. The
adsorbent properties of native materials, such as clay, sand, and
wood charcoal (synthesized unintentionally when making fire),
were harnessed by the ancient Egyptians, Greeks, and Romans
for the filtration of water, the clarification of fat and oil, and the
treatment of indigestion (Figure 1).5,7,8

Activated charcoal was the first PM to reach the market.20 It
was incorporated in gas masks during World War I, while
naturally occurring zeolite materials and their synthetic analogs
were commercialized shortly after.21,22 The need to remove
lead from gasoline provided an economic incentive for the
mass production of ZSM-5 (Zeolite Socony Mobil-5) zeolite,
which was later employed for the MSTD (mobil selective
toluene disproportionation) process. Currently, synthetic FAU

(Faujasite-type) and MFI (Mobil Five) zeolites dominate
several industrial applications, such as fluid catalytic cracking
(FCC) processes in oil refining, converting methanol to
gasoline (MTG), and para-xylene production.23 The key to
their success is a combination of attributes, such as water and
thermal stability (up to 900 °C), tailorable acid−base
character, nontoxic composition, and customizable porosity
(pore size, pore dimensionality, and connectivity).24

Despite being quite competent PMs, due to their fully
inorganic framework composition, zeolites offer limited
structural flexibility in terms of acquired pore size distribution,
total pore volume, and specific surface area (SSA). This
deficiency in PM design was addressed by incorporating
organic components in the structural composition, giving rise
to hybrid (organic−inorganic) architectures.25 Considering the
plethora of reported hybrid PMs, we briefly mention the largest
and most explored family of relevant compounds, known as
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metal−organic frameworks (MOFs) or porous coordination
polymers (PCPs). Since the demonstration of tangible porosity
in MOFs in the 1990s,14,26 the field has advanced significantly
by addressing long-term structural stability concerns and
demonstrating their potential in unexpected applications, such
as water harvesting27,28 and triboelectric nanogenerators
(TENGs). The fully customizable pore dimensions and
framework composition constitute the corresponding fourth
generation MOFs capable of capturing and releasing H2O
reversibly and promoting charge generation and transfer for
energy harvesting.29

Porosity generation is considered an important trait for
tuning material properties; hence, it has sparked interest across
fields. In 1955, Uhlir and his wife Ingeborg (who performed
the experiments) applied electrolytic etching to Si and Ge as a
means of smooth mechanical shaping of metals and semi-
conductors.30 Not until three decades later did scientists
realize that the same technique could create controlled
porosity in inorganic semiconductors. This set the foundation
for a new family of multifunctional materials, making them
suitable for uncharted applications, such as photocatalysis,
energy storage, integrated waveguides, and photonic crys-
tals.31−33

Porous Si-based structures featured photoluminescence
across the range from the near-infrared (∼1.5 mm) through
the visible region and into the near UV. This is truly
remarkable, considering that bulk Si is inefficient at emitting
light, even at cryogenic temperatures.34,35 The presence of
cavities in mesoporous Ge reduced its thermal conductivity
substantially, which was found to be 2 orders of magnitude

lower (0.6 W/(m K)) than that of bulk Ge substrates (58 W/
(m K)).36,37 Anodic etching of n-type GaP induced porosity,
which increased the quantum yield for light-to-current
conversion from extremely low values to unity for light
absorbed in the indirect optical transition.38 Porous InP(100)
was reported to feature a significantly enhanced radiated
terahertz field (20 times) and second-harmonic radiation (30
times) emission relative to the bulk, nonporous InP(100)
material.39 Introducing 30 nm pores into GaN can
substantially tune its refractive index and birefringence,
showcasing a decrease in the refractive index when the
porosity is increased.40 Photoelectrochemical etching of CdSe
improved the output characteristics of a CdSe−polysulfide
photoelectrochemical cell by increasing both the short-circuit
current and fill factor.41

■ METAL HALIDE SEMICONDUCTORS
Hybrid metal halide semiconductors (MHS), including halide
perovskites, are a family of materials with fine-tunable
optical,42 electrical,43 electronic,44 and mechanical properties45

that hold great promise for terrestrial and space applications.46

It is pointed out that due to their hybrid nature it is possible by
means of molecular and crystal engineering to design
compounds with a combination of properties that cannot be
found in any other fully organic or fully inorganic semi-
conductor. These attributes include their low-cost solution
processability,47 long carrier lifetimes,48 diffusion lengths,49,50

high radiation damage tolerance,51−53 high light absorption
coefficients, and self-healing capabilities.54,55

Figure 1. Evolution of PMs through the ages. The figure showcases a roadmap for PMs’ structural evolution and diversity, starting with clay and
charcoal,9 silica aerogels,10,11,12 zeolites, mobile composition of matter (MCM) mesoporous silica,13 metal−organic frameworks (MOFs),14

covalent−organic frameworks (COFs)15 to porous organic cages (POCs),16 linked metal−organic polyhedra (MOP), permanently porous
hydrogen-bonded organic frameworks (HOFs),1718 and the recently reported by us family of porous metal halide semiconductors (PMHS).19
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Considering these characteristics, it is safe to hypothesize
that rendering MHS porous could introduce an additional fine-
tunable node in their properties’ arsenal, unlocking new
applications or enhancing the efficiency of those already
established. In particular, the presence of cavities could
enhance their catalytic performance by increasing the SSA,
while size-selective pore architecture can promote substrate/
product selectivity.56−58 Considering their significantly lower
synthesis and composition cost, MHS poses a promising
alternative to current state-of-the-art catalysts based on
expensive platinum group metals (PGMs).

On a different aspect, halide perovskites feature both
electronic and ionic conductivity, the latter originating from
halide ion migration enabled by point defects.59,60 Therefore,
corresponding materials could be deployed to assemble mixed
ion/electron-conducting (MIEC) scaffolds or interlayers for
next-generation solid-state batteries (SSBs).61,62 This stems
from the fact that cavities with tunable dimensions can allow
the incorporation of specific alkali metal ions (e.g., Li+, Na+,
and K+) in the structure. In return, porous MHS loaded with
alkali metal cations would offer advantages in SSB design, such
as reduced local current density, uniform and better ion flux
promotion, dendrite growth suppression, reduced mechanical
stress (during charge and discharge), and improved charge
density.

■ STRATEGIES TO GENERATE POROSITY
The next step in material design is identifying a proper
synthetic method to generate porosity in MHS. Some of the
most common strategies to acquire porous, fully inorganic
materials involve the templating method or the electrochemical
dissolution (etching) method.63,64 Two types of templating
approaches can be distinguished, i.e., the soft templating
process in which the templates are usually amphiphilic
molecules like surfactants or block copolymers and the hard
templating approach using preformed mesoporous silica/
carbon as the template matrix.65,66 By removing the template,
a porous structure can be formed. In the case of pore
formation through dissolution, three methods can be
distinguished: chemical, electroless, and anodic dissolution.
Part of the material is dissolved in each of these types of
materials to generate cavities. Regarding porous fully inorganic
semiconductors, targeted partial structure dissolution served as
a facile tool to customize pore architectures irrespective of
material composition. However, in the case of MHS, the
dissolution method cannot be employed, as it will lead to
structural degradation. Similarly, the use of templates may give
rise to elaborate functional motifs, but if the templates are part
of the structure (serving, e.g., as counterions), then they
cannot be removed without structural collapse. This is the case
in the family of so-called “open-framework metal halide
materials”67 where the use of organic cations as structure-
directing agents such as tetrakis(N-imidazolemethylene)-
methane (TIMM),68 2,2-bipyridine,69,70 DABCO (1,4-diaza-
bicyclo[2.2.2]-octane),71 TPT (N-methylated 2,4,6-tri(4-pyr-
idyl)-1,3,5-triazine,72 and DMBTz (dimethylbenzotriazo-
lium)70 gives rise to 3D framework architectures with
cavities and channels. However, these organic molecules
occupy the formed pores as countercations. They are part of
the structure and cannot be removed without affecting the
material’s structural integrity, ergo rendering them nonporous.
The lack of porosity, here termed the accessible internal
surface area, is further supported by the absence of gas

sorption studies to validate the porous nature. If the pores are
filled with organic compounds, then they are inaccessible by
molecules in the gas or liquid phase, thus hindering the
implementation of these materials in applications where
porosity is essential. Recently, a strategy for creating porous
2D halide perovskites has been proposed. Kataoka et al. used
polyhedral oligomeric silsesquioxane (POSS) as a templating
agent among the 2D perovskite layers of various metal
halides.73,74 Although gas sorption studies using N2 at 77 K
are reported, there is limited structural evidence to confirm
that the measured gas uptake correlates to a porous 2D
perovskite structure. The reported single crystal structure is
not a proper perovskite (lack of corner-sharing MX6
octahedra). At the same time, there is no association between
the experimental and calculated total pore volumes and pore
size distribution. These studies are essential to validate that the
sorption data are directly derived from the porous crystal
structure. We point out that consistency criteria must also be
applied to demonstrate the robustness of the sorption
studies.75,76

It is essential to acknowledge that various fully organic and
hybrid porous semiconductor materials have been reported
before.77 Li et al. synthesized an organic semiconductor, 2,6-
di(2-naphthyl)anthracene (dNaAnt), where single-crystal field-
effect transistors show mobility up to 12.3 cm2·V−1·s−1 and a
photoluminescence quantum yield (PLQY) of 29.2%.78 Liu et
al. reported a semiconducting metal−organic framework
(MOF), namely, Cu2 (TCPP) (TCPP = meso-tetra(4-
carboxyphenyl)porphine),79 with a band gap of 2.19 eV
adopted for the assembly of field-effect transistors (FETs).
Byun et al. assembled semiconducting porous organic
polymers (POPs), e.g., p-POP,80 with a band gap of 0.65 eV
and a conductivity of 5 × 10−8 S cm−1, while Bi et al.
synthesized semiconducting covalent organic frameworks
(COFs), where one member, g-C40N3−COF featured an
optical band gap of 2.36 eV, coupled by a 0.7% PLQY.81

Despite their promising semiconducting performance, they
lack multiple features of hybrid perovskite and metal halide
materials, such as superior light absorption, solution
processability, mixed ionic−electronic conductivity, and fine-
tunable optical properties.

■ POROUS METAL HALIDE SEMICONDUCTORS
(PMHS)

Inspired by MHS’s plethora of beneficent properties and the
immense potential of creating a new family of materials upon
porosity generation, we undertook the synthetic challenge.
The Challenge

The hybrid nature bestows upon the corresponding materials
unique versatility in material design. This stems from the fact
that by employing molecular engineering custom-made organic
molecules of various geometries and sizes can serve as
counterions and/or structure-directing agents based on the
type of functional groups they bear. In the case of hybrid MHS,
the organic part of the material cannot be removed from the
structure, for example, by heating, as in the case of porous, fully
inorganic semiconductors,82 because the organic linker acts as
a countercation charge balancing the structure.83 Therefore,
any attempt to remove it will lead to structural collapse. This
structural feature hinders the use of elaborate activation
protocols (such as supercritical CO2) currently implemented
in other PMs such as MOFs (Figure 2). Similarly, one could
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propose the exchange of the bulkier organic ligands with much
smaller cations (e.g., NH4

+, CH3NH3
+) that could ensure that

the charge balance of the framework is preserved. A
corresponding size mismatch between the former and latter
countercations is expected to create accessible space in the
pore network, as it is regularly showcased in ionic MOFs.84

However, in the absence of a proper pore network in MHS
that would allow the complete replacement of bulky counter-
cations with smaller ones, this strategy might prove impossible
for generating accessible surface area. Furthermore, even if
complete ligand replacement is feasible, it is unclear whether
the cation-exchanged material could maintain its structural
integrity. That remains to be tested.
The Solution

Considering the above, we took a different approach to tackle
the problem. For hybrid materials, the presence of the organic

part is essential for the structural integrity. Therefore, is it
possible to acquire a porous material by taking advantage of
the nature of the organic ligand? This can be achieved by
adopting a suitable porous organic molecule acting as both a
structure-directing agent and a countercation. At the same
time, the presence of pores in the ligand could give rise to a
hybrid PM. Of course, in this case, for the material to be
considered porous, the whole pore network must be fully
accessible by the incoming gas or liquid probe molecules.

To test our hypothesis, we utilized molecular cages targeting
the synthesis of hybrid MHS materials. We started with the
[2.2.2] cryptand (DHS) molecule, which bears two tertiary
amine groups that can be protonated, thus serving as
countercations for the anionic inorganic framework. Indeed,
the reaction of DHS with Pb2+ in HBr gave colorless hexagonal
crystals. Single crystal X-ray diffraction (XRD) studies revealed
a unique structural motif of a 2D metal halide material with

Figure 2. a) Various activation protocols can remove the solvent molecules from MOF cavities, giving rise to accessible internal surface area. b)
Removal of countercations from open framework metal halides71 is not possible as it will lead to structural collapse.

Figure 3. Part of the crystal structures of a) (DHS)2Pb5Br14 across the [110] direction (in-plane) and b) (DHS)Bi2I8. Hydrogen atoms and
disordered lead, bromide, and carbon atoms are omitted for clarity.
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formula (DHS)2Pb5Br14 (Figure 3a) that crystallizes in the
hexagonal space group P63/m.19 The inorganic layer is formed
by face-sharing [Pb5Br23]13− clusters, each one consisting of
two face-sharing PbBr7-capped trigonal prisms that share faces
with three PbBr8 hendecahedra. This cluster connectivity gives
rise to a hexagonal cavity of 7.6 Å in diameter within the
inorganic layer, while adjacent inorganic layers are staggered,
lying at a distance of 4.0 Å. We point out that this is not a
Lindqvist-type cluster (typically composed of MO6 (M = V,
Mo, W, Nb, Ta) octahedra with the formula [M6O19]2−/8−,
where six M atoms are joined together through a μ6-O bridging
atom to generate a [μ6-OM6] octahedron),85,86 and to the best
of our knowledge, is unprecedented for lead halide materials.67

The 2D inorganic layers are separated and charge-balanced by
a single layer of DHS organic countercations, which are
staggered along the a axis at a distance of 2.1 Å, exhibiting a
brick-work-type arrangement. Along the c axis, a hexagonal
arrangement motif is revealed, templated by the protruding
PbBr7-capped trigonal prisms at the center of the hexagonal
cavity.

The second member of this family of materials is the lead-
free analog (DHS)Bi2I8, which was synthesized by the reaction
of Bi(III) oxide and the DHS linker in a hot HI solution.87

Single crystal X-ray diffraction (XRD) studies revealed a 0D
structure that crystallizes in the monoclinic space group P21/c
(Figure 3b). It consists of tetramers of edge-sharing [BiI6]3−

octahedra that are separated and charge-balanced by the DHS
ligands. The overall connectivity of the centrosymmetric
tetranuclear anion can be described as a pair of edge-sharing
bioctahedra, which mutually share two and three cis edges,
respectively. The organic countercations are eclipsed along the
a axis, laying at a distance of 2.7 Å, revealing a hexagonal
arrangement motif, templated by the protruding axial iodide
atoms of the tetramer.

The acquisition of two different materials using the same
organic ligand shows that DHS can serve as a countercation,
templating higher- and lower-dimensional structures. The
question arises whether the corresponding materials are
actually porous and whether gas probe molecules have access
to the whole pore network. Corresponding compounds

constitute a new family of materials, namely, porous metal
halide semiconductors (PMHS). In the next sections, the
properties of these compounds are compared and discussed in
detail.

■ PMHS PROPERTIES

Water Stability

A very surprising outcome of this strategy was the fact that
both aforementioned compounds have been water-stable for
20 and 27 months so far, a record stability performance among
hybrid halide semiconductors, including MOFs.88 A compar-
ison of the PXRD patterns from the fresh and water-aged
powder samples (Figure 4) reveals that the materials retain
their highly crystalline nature and phase purity after water
immersion. Calculated full width at half-maximum (fwhm)
values for the strongest diffraction peaks ((002) for
(DHS)2Pb5Br14 and (100) for (DHS)Bi2I8) are 0.04 before
and after the water treatment for both analogs. Meanwhile,
there is no appearance of additional diffraction peaks,
indicative of structure degradation. Considering the composi-
tional differences and structure dimensionality, 2D versus 0D
for (DHS)2Pb5Br14 and (DHS)Bi2I8, respectively, we believe
that water stability derives from the organic part of the
structure and not from structure dimensionality. According to
current studies, only one H2O molecule can fit into the DHS
cage (supported by DFT and sorption analysis); therefore, we
hypothesize that once the pores are filled with H2O additional
incoming water molecules do not have access to the inorganic
part of the structure. The filled pores form a type of barrier,
thus protecting the inorganic part of the structure from
degradation. Nonetheless, further studies and new PMHS
materials are required to elucidate this performance.
Porosity

The critical question that arises is whether the corresponding
materials are actually porous. This can be demonstrated in a
solid manner by performing gas and vapor sorption studies.
Interestingly, N2 sorption studies at 77 K and CO2 studies at
195 K revealed no gas uptake. Performing a sorption
measurement at the boiling point of the probe molecules is

Figure 4. Comparison of PXRD patterns for the as-made materials and the water-treated ones, to the calculated patterns derived from the solved
single crystal structures (including preferred orientation) for a) (DHS)2Pb5Br14 and b) (DHS)Bi2I8. We note that these materials are porous, and
the presence of molecules within their cavities (e.g., H2O from incomplete drying) can influence the electron density distribution among planes
(e.g., (100)). This, in turn, affects the relative diffraction intensities observed in corresponding PXRD studies, where differences can arise when
calculated diffraction patterns (assuming no H2O molecules) are compared with experimental results, where H2O molecules may fully or partially
occupy the cavities.
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essential to determine total pore volume, pore size distribution,
and SSA determination. Benefitted by the water stability of
PMHS materials, we performed H2O and D2O sorption studies
at RT. Notably, the compounds revealed a fully reversible and
a closed-loop sorption isotherm indicative of the physisorption
of H2O and D2O molecules into the framework (Figure 5a,b).
We point out that H2O has a much smaller kinetic diameter
(2.65 Å) than N2 (3.64 Å) and CO2 (3.30 Å).89 Therefore,
corresponding materials are considered to be ultramicroporous
(≤3 Å pore size), serving as molecular sieves, permeable only
by water molecules.90,91 It was recorded that the total vapor
uptake in both cases corresponded to one water molecule per
cage cavity, which was fully consistent with density functional
theory (DFT) studies, revealing that only one water molecule
can fit into the cage. Moreover, 2D 1H−1H exchange
spectroscopy solid-state NMR studies confirmed the proximity
of H2O protons to the DHS linker’s −NH and −CH2−
protons, validating that H2O molecules reside in the formed
cage cavities and not just on the surface of the crystallites.

It is pointed out that if the materials were not water-stable
then vapor sorption studies (H2O, D2O) could not have been
performed. Since there was no N2 and CO2 uptake, we could
not call PMHS porous, thus hindering the discovery of this
new family of compounds.
Semiconducting Nature
In addition to the water stability and porosity, the materials
maintained their semiconducting nature. Based on DFT
studies, both compounds are direct band gap semiconductors.
Of course, due to their distinct composition, corresponding
optical properties varied significantly.

Examining first the 2D (DHS)2Pb5Br14, broad light emission
at RT was recorded centered at 617 nm with a very large fwhm
of 284 nm (0.96 eV) coupled by an average PL decay lifetime

of 3.5 ns, typical for broad light emitting materials with similar
composition (Figure 5c). Variable power PL studies elucidated
that PL intensity saturates at high power flux, suggesting that
the emission stems from the presence of permanent defects.
On the other hand, (DHS)Bi2I8 features broad, band-edge light
emission centered at 600 nm (2.06 eV) with a full width at
half-maximum (fwhm) of 99 nm (0.33 eV), which is
accompanied by an average PL decay lifetime of 3 ns (Figure
5d). Notably, after several months in water, the PLE and UV−
vis spectra of the water-treated crystals match those derived
from the fresh crystals, demonstrating the robustness of the
optical properties.
Antibacterial Activity

Motivated by recent studies demonstrating the antibacterial
performance of Bi(III) halides,92,93 we tested (DHS)Bi2I8
against Escherichia coli (E. coli), methicillin-resistant Staph-
ylococcus aureus MRSA, methicillin-resistant Staphylococcus
epidermidis (MRSE), vancomycin-resistant Enterococcus faecium
(VREF), K. pneumonia, and P. aeruginosa. Evidently, (DHS)-
Bi2I8 features broad-spectrum bactericidal activity against most
targeted bacteria. Fluorescence microscopy and TEM studies
shed light on the underlying mechanism, revealing that the
bacteria cell membrane ruptures in the presence of (DHS)-
Bi2I8. We hypothesize that the generation of reactive oxygen
species (ROS) is responsible for this performance, similar to
the antibacterial behavior of TiO2 and SnO2 semiconduc-
tors.94,95

Considering the combination of multiple diverse properties,
into a single material (record water stability, tunable optical
and electronic properties, and tunable porosity), PMHS
provide encouraging prospects for a plethora of applications.

Figure 5. Vapor-sorption isotherms for H2O and D2O at 298 K for a) (DHS)2Pb5Br14 and b) (DHS)Bi2I8. The recorded absorption and emission
spectra of c) (DHS)2Pb5Br14 and d) (DHS)Bi2I8 at RT. Reproduced with permission from ref 87. Copyright 2023, American Chemical Society.
Adapted with permission from ref 19. Copyright 2023, Wiley-VCH GmbH.
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■ PMHS PROMISES
Based on the reported PMHS compounds, generating porosity
in MHS is now possible. In addition, our strategy solved a
major deficiency of MHS compounds, moisture/water
instability, probably in a permanent manner. Considering the
structural versatility of hybrid materials, we are currently
working on expanding the family of PMHS, targeting both fine-
tunable porosity and optoelectronic properties. It would also
be interesting to identify whether the presence of cavities can
slow down Sn2+ or Ge2+ oxidation, thus allowing correspond-
ing compounds to be employed toward the replacement of
toxic Pb2+ for optoelectronic applications.

PMHS can also be used as capping layers in solid-state solar
cell devices, improving device operational stability, as was
recently demonstrated by the incorporation of molecular cages
to improve device stability in air.96 The challenge in this
application is whether PMHS can hinder carrier transport.
Based on the organic part composition and polar functional
groups’ presence, the cages’ dielectric properties can be
adjusted to hinder or promote dielectric confinement, thus
facilitating carrier transport. Furthermore, the combination of
water stability, porosity, semiconduction, and tunable opto-
electronic properties paves the way for evaluating PMHS for
energy- and environment-related applications (Figure 6). They

pose as promising catalysts for the generation of clean fuels and
valuable commodities via photo- or electrocatalysis (hydrogen
evolution reaction (HER), oxygen evolution reaction (OER),
CO2 reduction, N2 fixation, H2S oxidation) and the assembly
of next-generation SSBs (see the “Metal Halide Semi-
conductors” section above). Moreover, due to the fact that
these compounds are permeable only by water molecules and
exhibit antipathogen performance, they can be leveraged for
water desalination, water purification, and disinfection
applications. Furthermore, designing PMHS that can be
activated using visible light, e.g., (DHS)Bi2I8, can offer

potentially continuous antibacterial performance, rendering
them ideal for antibacterial coatings on everyday touched
surfaces (e.g., door handles), personal protective equipment
(e.g., gloves, masks), and medical devices (e.g., catheters,
respirators). The challenge is whether corresponding films/
coatings exhibit the same antipathogen performance and water
stability as the bulk, single crystalline materials. Meanwhile, it
would be interesting to identify if biocompatible, Bi(III)-based
PMHS can be effective against other pathogens and select
agents, solidifying their candidacy for applications relevant to
national security.

Molecular engineering is expected to play a major role in the
design of PMHS compounds with tunable porosity, while a
question that arises is whether probe molecules could have
access to the whole porous network regardless of structure
dimensionality and pore architecture. A critical target in
materials design is permanent water stability, a big deficiency
of MHS. It would be interesting to render this issue obsolete,
irrespective of the structure composition. These features
present significant synthetic challenges. However, we remain
confident that the combined power of scientific intuition,
creative thinking, and interdisciplinary collaboration will
overcome these hurdles.

■ CONCLUSIONS
By means of molecular and crystal engineering, porosity
generation is now feasible in MHS, giving rise to a new family
of materials, PMHS. Compared to other proposed methods,
our ubiquitous strategy can give rise to porous and water-stable
MHS irrespective of structure dimensionality (2D, 1D, and
0D). This Perspective discusses the emergence of PMHS, their
synthesis, properties, and potential applications. This new node
in material properties is expected to be fine-tunable, giving rise
to an MHS with tailor-made cavities through molecular
engineering. One very important characteristic is that the
presence of pores had no impact on their semiconducting
nature, which is of paramount importance for optoelectronic
applications. Notably, all reported PMHS are direct band gap
semiconductors. An impressive feature of our strategy is that
corresponding materials have been water-stable for 27 months
so far, a record stability performance for MHS compounds.
While it is too early to claim that environmental instability has
been entirely overcome, this achievement represents a
significant step toward MHS commercialization. This unique
combination of properties amassed by PMHS compounds
paves the way for their utilization in numerous impactful
applications spanning energy storage and clean fuel generation
to environmental remediation and water disinfection. We
believe the multifaceted nature of PMHS will attract interest
across fields, as understanding how porosity influences
optoelectronic and ionic properties, environmental stability,
and antipathogen activity may lead to new material discoveries
and uncover unexpected properties.
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Figure 6. Potential applications of PMHS span energy storage and
environmental remediation, to antipathogen coatings and water
purification.
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