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Research progress on two-dimensional
phthalocyanine materials: from molecular design
to exploration of multifunctional applications

*a

Debing Long, €22 Xunyu Yang,? Zihao Cheng,® Cui Wang*® and Shan Peng

Two-dimensional (2D) phthalocyanine materials are periodic and ordered material systems formed by
extending phthalocyanine or metal phthalocyanine molecules as structural units within a 2D plane
through covalent or non-covalent interactions. As planar macrocyclic molecules with an 18tw-electron
conjugated system, phthalocyanine compounds provide an ideal molecular platform for constructing
functional 2D materials due to their high structural stability, excellent physicochemical properties, and
flexible molecular modifiability. This article systematically reviews the research progress of 2D
phthalocyanine materials from molecular design to functional applications. Firstly, the discovery process,
synthesis methods, and basic properties of phthalocyanine
compounds as building blocks are introduced. Then, the structural basis, classification system, and top-
down and bottom-up synthesis strategies of 2D phthalocyanine materials are elaborated. In terms of

molecular structural characteristics,

property research, the electronic structure and magnetic tuning mechanism of 2D phthalocyanine
materials are discussed in detail, revealing the regulatory effects of central metal type, axial ligand
modification, a-site substitution, and strain engineering on the material's band structure, magnetic
ground state, and topological properties. The characteristic optical absorption (B-band and Q-band) of
phthalocyanine compounds and their tuning strategies in the near-infrared region are systematically
analyzed, and the optical application progress of 2D phthalocyanine materials in optoelectronic devices,
photodynamic therapy, and other fields is summarized. In addition, the application exploration of these
materials in catalytic conversion, gas detection and separation, clean energy storage, and other fields is
reviewed, demonstrating their research value as multifunctional platforms. Finally, in response to the
current challenges such as limited elemental systems, single network configurations, and insufficient
optoelectronic performance, future research directions including expanding the main-group element
system, innovating 2D network configurations, and achieving synergistic chemical modification and
physical regulation are proposed. This review aims to provide a systematic theoretical reference for the
rational design and functional application of 2D phthalocyanine materials.

and high structural tunability is a core scientific issue in the
design of novel functional 2D materials. Phthalocyanine (Pc)

The macroscopic physical properties and application potential
of 2D materials fundamentally depend on the inherent char-
acteristics of their constituent units and the assembly methods
of these units within the 2D plane. Over the past two decades,
2D materials have emerged as a highly promising class of
nanomaterials, encompassing graphene, transition metal di-
chalcogenides, hexagonal boron nitride, MXenes, layered
double hydroxides, metal-organic frameworks, covalent
organic frameworks, and many others.'” Identifying molecular
building blocks that possess both excellent intrinsic properties
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compounds, as a class of classic organic functional molecules,
precisely meet this demand due to their unique molecular
structure. Since their accidental discovery in the early 20th
century, Pc compounds have undergone a century of develop-
ment, evolving from their initial role as dyes and pigments into
a star molecular system encompassing multifunctional appli-
cations in optics, electronics, magnetics, and catalysis."™* A deep
understanding of the structure and properties of Pc compounds
is a necessary prerequisite and theoretical foundation for the
rational design and construction of their 2D derivatives.

An individual Pc molecule possesses an 18w-electron
conjugated system with a HOMO-LUMO gap of typically 1.5-
2.0 eV, endowing it with intrinsic semiconducting properties.
According to the Gouterman four-orbital model, the character-
istic Q-band (600-700 nm) and B-band (300-400 nm)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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correspond to ™ — w* transitions. The frontier orbital levels
and bandgap can be effectively tuned by selecting different
central metals or peripheral substituents, providing a molecular
basis for assembling Pc units into 2D materials with tailored
macroscopic properties. The highly delocalized 18w-electron
conjugated system and approximate D,, planar tetragonal
symmetry provide structural guarantees for their ordered
stacking and efficient carrier transport within the 2D plane.>®
The central cavity of Pc can accommodate more than 70 metal
ions, forming metal phthalocyanine (MPc) complexes with
tunable magnetic, catalytic, and electronic properties.””
Furthermore, various substituents can be introduced into the
peripheral benzene rings (o- or B-positions) to achieve chemical
modification of the molecule's solubility, stacking mode, and
energy level structure,'®'* while axial sites can coordinate with
functional ligands to further expand the functional
dimensions.'>"?

Recent years have witnessed significant breakthroughs in
phthalocyanine-based 2D materials and their applications.
Theoretical studies have predicted a new class of 2D p-block
main group phthalocyanine monolayers with exceptional
carrier mobility exceeding 10° cm® V™' s™* and record power
conversion efficiencies up to 26.28% in heterojunctions.* These
findings open new avenues for flexible electronics and solar cell
applications. In parallel, experimental advances have demon-
strated precise control over stacking configurations in FePc
covalent organic frameworks, where the eclipsed AA-stacked
configuration exhibits a high-spin state of Fe that significantly
enhances oxygen reduction reaction activity, achieving a half-
wave potential of 0.856 V vs. RHE."” Metallophthalocyanine-
based 2D nanomaterials have demonstrated remarkable
performance in electrocatalytic energy conversion, including
hydrogen evolution, oxygen reduction, and CO, reduction
reactions.” Interfacial charge-transfer hybrids combining
transition metal dichalcogenides (TMDs) with phthalocyanines
have revealed strong ground-state and excited-state electronic
coupling, with charge-separated state lifetimes on the order of
hundreds of picoseconds, underscoring their potential in
optoelectronic devices."”

The unique optical properties of Pcs, particularly their strong
absorption in the Q-band region (600-700 nm) and tunable
HOMO-LUMO gaps (typically 1.5-2.0 eV), make them ideal
building blocks for optoelectronic devices and photo-
catalysts.’®* In the biomedical field, phthalocyanine-based
photosensitizers continue to advance photodynamic therapy
(PDT). Recent studies have demonstrated that metal-ion-
induced H-type and J-type aggregation can significantly
enhance singlet oxygen quantum yields, with ZnPc derivatives
showing promise as PDT photosensitizers.”® Nanoparticle-
mediated delivery strategies have further improved the solu-
bility, stability, and tumor-targeting capabilities of MPcs,
addressing key clinical translation barriers.”* Additionally, the
modulation of Pc assembly morphology, through water-soluble
non-aggregated forms, switchable aggregates, or stable aggre-
gates, has emerged as a powerful strategy to optimize PDT
outcomes.*
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In the field of energy conversion, phthalocyanine-based
metal-organic frameworks (MOFs) and covalent organic
frameworks (COFs) have emerged as promising materials for
photo- and electrochemical applications.”® These hybrid mate-
rials integrate the exceptional electronic and catalytic properties
of Pcs with the ordered frameworks of MOFs and COFs, offering
enhanced charge transport and redox activity. Charge transport
studies of silicon(iv) and zinc(un) phthalocyanines have revealed
that silicon-based systems exhibit superior conductance with
transmission peaks near the Fermi level, making them prom-
ising candidates for solar cell applications.** These recent
advances across multiple disciplines underscore the growing
importance of phthalocyanines as a versatile platform for
functional 2D materials.

Therefore, understanding the structural chemistry and
physical properties of Pc monomers and mastering their self-
assembly rules and synthesis methodologies are essential for
the development of functional 2D Pc materials. This review will
begin with the discovery history, molecular structural charac-
teristics, synthesis methods, and basic properties of Pc
compounds, laying a solid foundation for subsequent in-depth
exploration of the construction, performance tuning, and
multifunctional applications of their 2D derivatives.

2. Phthalocyanine compounds

Pc compounds are the basic structural units for constructing 2D
Pc materials. The discovery of these compounds can be traced
back to 1907,* when Braun and Tehemiac of the London Gas
Company accidently obtained a blue precipitate during the
heating of o-cyanobenzamide and hexanol. However, due to the
limitations of analytical techniques at that time, the two
researchers did not identify or name the chemical structure of
the blue substance; the compound was later confirmed to be Pc.
In 1927, DeDiesbach and Wein of the University of Freiburg in
Germany accidently obtained a blue compound with extremely
high stability to acids, bases, and heat when attempting to
prepare Pc by heating o-dibromobenzene and cuprous cyanide
in pyridine.*® In 1928, a dye factory in Scotland accidently
produced a blue precipitate (later confirmed as a Pc compound)
during the production of phthalimide (prepared from phthalic
anhydride) due to the rupture of a glass pipeline, which allowed
the reaction materials to come into contact with the steel shell.
Given the bright color of this by-product and its excellent
stability to air, acids, and bases, researchers subsequently iso-
lated and developed it into a new type of dye. It was not until
1934 that Linstead and others at Imperial College London
conducted a systematic study of this type of colored compounds
and named them “Pc”.” The following year, Robertson
successfully resolved the crystal structure of Pc molecules using
X-ray diffraction technology (Fig. 1a and b).*® In addition, in
2012, Kobayashi et al. first reported expanded Pc molecules with
bimetallic centers (Fig. 1c and d), which were synthesized by
heating a mixture of phthalic anhydride or phthalimide and
excess urea at 210—250 °C in the presence of molybdenum or
tungsten salts.” The discovery of expanded Pc molecules
further enriched the Pc family of materials.

RSC Adv, 2026, 16, 29556-29575 | 29557
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Fig. 1 Chemical structures of Pc and its derivatives. (a) Metal-free Pc
and (b) metal Pc. (c) Expanded Pc and (d) bimetallic expanded Pc.

2.1. Structural foundations of phthalocyanine compounds

From the molecular structure (Fig. 1a), Pc is formed by the
bridging of four isoindole units through imino (-N=) bonds,
creating a planar sixteen-membered ring that constitutes an
18m-electron conjugated system with alternating nitrogen and
carbon atoms (conforming to the Hiickel's 4n + 2 rule, n = 4).
The highly delocalized electron cloud distribution maintains
low distortion in the four benzene rings within the molecule,
and all C-N bond lengths tend to be equal. This highly
symmetric conjugated structure endows it with significant
aromaticity and chemical stability. MPcs is a class of functional
complexes formed by the coordination of Pc macrocyclic
ligands with metal ions. The choice of central metal signifi-
cantly affects its structure and physicochemical properties.
Transition metals usually form single-layer Pc complexes, while
metals with higher coordination numbers (such as rare earth
elements) tend to form sandwich-like structures. Currently, over
70 metals are known to coordinate within the Pc cavity, and
their ionic radii, charges, and coordination configurations
directly regulate the electronic properties of the complexes. Pc
molecules are highly modifiable: substituents can be intro-
duced at o/ positions (forming unsubstituted, mono-
substituted, or fully substituted derivatives),*® while axial sites
are functionalized through metal coordination.** The modifi-
cation of central metal and peripheral substituent groups
collectively alters the electron cloud distribution of the entire
conjugated system, thereby affecting its photophysical, photo-
chemical, and electrochemical behaviors (Fig. 2).

Pc compounds exhibit excellent optical, electrical, and
magnetic properties due to their 2D macrocyclic conjugated
structure and delocalized m-electron system. Initially used
primarily as dyes and pigments, they have now expanded into
high-tech fields such as optical limiting materials,***
nonlinear optical materials,**® gas sensing materials,*~*° liquid
crystal display materials,*®** catalysts,”** molecular semi-
conductor materials,***® molecular magnets,*”** molecular
electronic devices,*** and photodynamic cancer therapy.*>**
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Fig. 2 (a) Schematic diagram of property regulation and different
applications of Pc compounds based on chemical modification.
Reproduced with permission from ref. 31. Copyright [2021] [Royal
Society of Chemistry].

After more than a century of development, the Pc system has
expanded from hollow structures to over 70 metal complexes,
evolving from single-layer derivatives to sandwich structures,
dendritic derivatives, subphthalocyanines, polymeric Pcs, and
other variants. Additionally, water-soluble and asymmetric
novel derivatives have been developed. With a long research
history and sustained vitality, Pcs have become a research hot-
spot in modern materials science due to their multifunctional
properties, holding broad application prospects in fields such
as photoelectric catalytic synthesis, and
nanodevices.

conversion,

2.2. Synthesis methods of phthalocyanine compounds

The raw materials for the synthesis of Pc primarily include o-
aminobenzamide, phthalonitrile, and 1,3-diaminoisoindole.
When o-aminobenzamide is used as the raw material, it is
reacted at 230 °C in the presence of metals (such as Mg and Sb)
or their oxides, and then treated with concentrated sulfuric
acid, achieving a yield of up to 40%.> The phthalonitrile route
can directly yield Pc with a high yield (90%) by heating
ammonia gas in N,N-dimethylethanolamine,® or through
a sodium alkoxide/acid treatment pathway.”® 1,3-Di-
aminoisoindole (prepared by hydrogenation of phthalonitrile)
can be refluxed in N,N-dimethylethanolamine to obtain Pc with
a yield of 85%.%°

The synthesis of metal Pcs primarily employs a template
reaction method, with core raw materials including phthalic
anhydride-urea, phthalonitrile, and metal salts. The specific
pathways are as follows: (1) the phthalic anhydride-urea method
is commonly used for the industrial production of ZnPc, etc.;*"*
(2) the target complex is obtained by replacing LiPc with metal
halides; (3) synthesis of phthalonitrile and metal salts under
reflux conditions in N,N-dimethylethanolamine, high-boiling
alcohol (catalyzed by DBU), or 1-chlorobenzene, where the
alcohol solvent system yields fewer by-products and higher
yields;* (4) solid-phase synthesis using phthalic anhydride and
urea. Hydrothermal synthesis, as an emerging approach,
utilizes phthalonitrile, metal powder (such as copper), and
ammonium molybdate as raw materials to prepare nano-
structured Pcs under hydrothermal conditions at 150-180 °C for
5 days.® Its advantages include using water as a green solvent to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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reduce pollution, low cost, and precise control of crystal growth
by adjusting temperature, pressure, and pH parameters,
yielding high-purity products with good -crystallinity and
controllable morphology (such as nitro/iodo-substituted Pcs) in
a closed system, thus providing an efficient pathway for the
preparation of functional materials.®*~*

The synthesis system of Pc compounds has evolved into
a multi-path reaction mode using o-aminobenzamide, phtha-
lonitrile, and their derivatives as raw materials. By combining
strategies such as metal-template cyclization, solid-phase
condensation, and hydrothermal synthesis, efficient and
precise construction from free Pc to metal Pc has been achieved.
The metal-template reaction enables directional regulation of
the ligand assembly process, while hydrothermal synthesis
relies on high-temperature and high-pressure aqueous envi-
ronments to achieve functional design of crystal morphology
and substituents. Together, these methods provide a methodo-
logical foundation for molecular structure customization, metal
center selection, and nanostructure control of 2D Pc materials.
The breakthroughs in substituent modification, coordination
microenvironment optimization, and spatial dimensional
control achieved by these synthesis techniques strongly support
subsequent research on the controllable preparation and
performance optimization of 2D Pc materials.

3. 2D phthalocyanine materials

As an important branch of modern materials science, 2D
materials offer new insights into the design of optoelectronic
functional materials due to their unique quantum confinement
effects and anisotropic properties. In this context, Pc
compounds, as 18w-electron conjugated macrocyclic systems,
have emerged as highly promising members of the 2D material
family, thanks to their flexibility in central metal coordination,
peripheral group modification, and axial ligand design. 2D Pc
materials are periodic and ordered material systems formed by
extending Pc or metal Pc molecules as structural units within
a 2D plane through covalent or non-covalent interactions. Their
structural foundation stems from the 187m-electron conjugated
macrocyclic characteristics and fourfold axial symmetry (D,p
point group) of the Pc unit, achieving long-range ordered
assembly within the plane through connection modes such as
intermolecular benzene ring sharing (vertex connection or edge
sharing), metal coordination, or -7 stacking. These materials
follow mathematical tiling patterns (such as Archimedean
tiling) to form an extended network structure with regular
pores. The essential characteristic of 2D Pc materials lies in
breaking through the discrete nature of monomer molecules,
constructing layered materials with atomic-level thickness,
continuous m-conjugated backbones, and tunable electronic
structure. Their physicochemical properties are synergistically
determined by the valence state of the central metal ion,
peripheral substituents, and topological configuration (such as
square or Kagome lattices).

The classification of 2D Pc materials can be based on factors
such as central element and substituent type. A systematic
classification with representative examples is as follows: The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 2D (a) HyPc and (b) MPc monolayers, where (b) exhibits a-site
substitution and axial ligand coordination configurations.

central elements of 2D Pc materials can be divided into three
categories (Fig. 3): (1) metal-free Pc 2D materials (H,Pc): their
centers consist of two hydrogen atoms, possessing an 18-
electron aromatic structure and belonging to planar macrocy-
clic conjugated molecules. These materials do not introduce
metal ions, thus retaining the original electronic structural
characteristics of Pc.** (2) Main-group metal Pc materials: the
central hydrogen atoms are replaced by main-group metal ions
(such as Zn and Al) to form a metal-nitrogen coordination
structure. For example, ZnPc coordinates with the nitrogen
atoms of the Pc ring through the central Zn ion, significantly
affecting the molecular electron cloud distribution and photo-
physical properties.® (3) Transition metal Pc materials: the
central hydrogen atoms are replaced by transition metal ions
(such as Cu, Co, Ni, and Fe). The choice of central metal directly
affects the crystal structure, catalytic activity, and spectroscopic
properties of the material. For instance, CuPc is widely used in
optoelectronic materials,*® while CoPc exhibits high catalytic
activity in oxygen reduction reactions.®’

3.1. Synthesis strategies and microscopic morphological
characterization of 2D phthalocyanine materials

The synthesis of 2D Pc materials primarily follows two strate-
gies: bottom-up and top-down. The bottom-up strategy involves
the direct synthesis of 2D structures from molecular building
blocks. Surface synthesis is a significant representative of this
approach, typically conducted in ultra-high vacuum environ-
ments. Functional precursor molecules, such as tetra-
cyanobenzene and metal atoms, are deposited onto specific
single-crystal substrates (e.g., Au(111), Ag(111), insulating
modified substrates (e.g., NaCl/Ag(100)), or graphene). Through
stepwise regulation of substrate temperature and intermolec-
ular forces (such as metal coordination bonds, hydrogen bonds,
or high-temperature-induced covalent bonds), a gradual trans-
formation from metal-organic coordination networks to Pc
monomers is achieved in situ on the substrate surface, ulti-
mately forming a long-range ordered monolayer of 2D Pc
structures®® (as shown in Fig. 4, experimentally prepared 2D
FePc, CuPc,”” and MnPc monolayers™). Solvothermal
synthesis constructs 2D Pc frameworks through liquid-phase
reactions: MOF-based Pc systems are formed through metal
coordination in aqueous solutions (e.g., NiPc-NiO, prepared at

RSC Adv, 2026, 16, 29556-29575 | 29559
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Fig. 4 The synthesis route and structural schematic diagram of 2D (a) FePc, (b) CuPc, and (c) MnPc monolayers. Reproduced with permission
from ref. 69-71. Copyright [2011] [American Chemical Societyl], [2013] [Elsevier, Ltd], [2014] [Royal Society of Chemistry].

85 °C), while COF-based Pc systems are generated through
covalent condensation in organic solvents (e.g., CoPc-PI-COF
synthesized at 120 °C). This method allows precise control of
the crystal structure but requires optimization of solvents and
bonding mechanisms based on the type of material.”>”* Surface-
mediated synthesis is carried out in ambient organic solvents
(such as quinoline) through microwave radiation-driven self-
assembly of precursor molecules (metal salts and organic
ligands) to form Pc nanosheets. This method eliminates the
need for interfacial assistance and produces polycrystalline
structures, making it suitable for the large-scale preparation of
electrocatalytic materials.”

The top-down strategy involves mechanical exfoliation and
liquid-phase exfoliation to obtain 2D materials. The mechanical
exfoliation method, centered around ball milling technology,
utilizes interlayer agents and shear forces to disrupt interlayer
interactions, achieving the thinning of Pc crystals (with the
thinnest obtained being approximately 7 nm). This method is
simple to operate and retains the crystal structure, but the
product size is uneven, monolayers are difficult to obtain, and
the efficiency of large-scale production is limited (yield < 50%).7®
The liquid-phase exfoliation method, with solvent ultra-
sonication as the core technology, disperses Pc bulk materials
(such as Fe( 5C0y 5Pc-CP) in ethanol and, after ultrasonication
treatment (300 W, 8 h), yields nanosheets with a thickness of
approximately 1.05 nm (yield 51%). This method offers high

29560 | RSC Adv, 2026, 16, 29556-29575

yield and good dispersibility, but the product size distribution is
wide (100 nm to 2 pm), crystallinity is lost (transformed into an
amorphous phase), and no subsequent size separation is
performed.”

Overall, the bottom-up approach (especially the surface
synthesis method) exhibits significant advantages in preparing
2D Pc with precise atomic-level structure and long-range order,
making it suitable for fundamental physical property research
in ultra-high vacuum environments. Conversely, the top-down
approach (particularly the liquid-phase exfoliation method)
holds greater potential for large-scale production and solution
processing applications (such as the macroscale preparation of
electrocatalytic materials) due to its high production efficiency
(vield > 50%) and solution dispersibility. The choice of method
requires careful consideration of the target material's crystal
quality, structural homogeneity requirements, application
scenarios, and equipment cost constraints.

The morphological characterization of 2D phthalocyanine
materials via scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) has provided critical
insights into their nanostructures, layer stacking, and defect
distributions. These microscopic techniques are essential for
verifying the successful synthesis of ultrathin 2D morphologies
and understanding structure-property relationships.

Liquid-phase exfoliation of bulk Pc crystals typically yields
nanosheets with lateral dimensions ranging from hundreds of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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nanometers to several micrometers. Liu et al. employed TEM to
characterize Fe,;Co,5Pc-CP nanosheets exfoliated via ultra-
sonication in ethanol, revealing amorphous structures with
thicknesses of approximately 1.05 nm and lateral sizes of
100 nm to 2 pm.” Selected area electron diffraction (SAED)
patterns confirmed the loss of long-range crystallinity after
exfoliation, which is consistent with the amorphous nature of
the resulting nanosheets. Similarly, Wang et al. used TEM and
atomic force microscopy (AFM) to characterize mechanically
exfoliated Pc-based MOF nanosheets, showing that ball-milling-
assisted exfoliation produced crystalline nanosheets with
thicknesses around 7 nm, though monolayers remained diffi-
cult to obtain.” Bottom-up surface synthesis under ultra-high
vacuum enables the fabrication of atomically precise 2D Pc
monolayers with long-range order. Abel et al. used scanning
tunneling microscopy (STM) and low-energy electron diffraction
(LEED) to characterize a single-layer polymeric FePc sheet on
Au(111) and thin NaCl/Ag(100) insulating films, demonstrating
a well-ordered square lattice structure with lattice constants
consistent with DFT calculations.* Sedlovets et al. employed
TEM and AFM to study Cu polyphthalocyanine films synthe-
sized via CVD, revealing continuous monolayer films with
a thickness of approximately 0.7-1.0 nm and a polycrystalline
structure composed of nano-grains.” Koudia and Abel used
STM to monitor the stepwise on-surface synthesis of MnPc
polymers, directly visualizing the transition from monomeric
MnPc molecules to covalently linked 2D networks on Au(111)
substrates.” For MOF-based and COF-based 2D Pc materials,
TEM has been extensively used to confirm their layered
morphologies. Yi et al. synthesized conductive NiPc-NiO, MOF
nanosheets via a solvothermal method at 85 °C, and TEM
images revealed ultrathin sheet-like morphologies with lateral
dimensions of several hundred nanometers and thicknesses of
2-3 nm as determined by AFM.”> High-resolution TEM
(HRTEM) showed the presence of ordered micropores consis-
tent with the simulated crystal structure. Lu et al. reported
dioxin-linked CoPc-PI-COF nanosheets synthesized at 120 °C,
and TEM characterization confirmed a 2D layered morphology
with high crystallinity and a pore size of approximately 1.8 nm.”
The HRTEM images clearly resolved the hexagonal lattice
fringes, demonstrating the well-ordered porous network. Wang
et al. developed a microwave-assisted method for the rapid
synthesis of metallophthalocyanine nanosheets in ambient
organic solvents such as quinoline.” TEM and SEM character-
ization revealed polycrystalline nanosheets with lateral sizes of
1-5 um and thicknesses of 5-10 nm. The polycrystalline nature
was confirmed by the presence of grain boundaries in HRTEM
images and ring-like SAED patterns, which is advantageous for
electrocatalytic applications due to the abundance of edge
active sites.

Across these studies, several consistent observations emerge:
(1) top-down exfoliation methods (mechanical, liquid-phase)
yield nanosheets with preserved or partially preserved crystal-
line order, but often with limited control over lateral size and
thickness uniformity; (2) bottom-up surface synthesis produces
atomically precise 2D Pc monolayers with long-range order, but
typically requires ultra-high vacuum conditions and conductive

© 2026 The Author(s). Published by the Royal Society of Chemistry
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substrates, limiting scalability; (3) solution-based bottom-up
methods (solvothermal, microwave) offer scalable routes to 2D
Pc frameworks but often produce polycrystalline or amorphous
nanosheets; (4) TEM and AFM are indispensable for verifying
the 2D morphology, measuring layer thickness, and assessing
crystallinity, while STM provides atomic-scale resolution of
surface-adsorbed monolayers.

3.2. Basic properties of 2D phthalocyanine materials

2D Pc materials constitute a functional system that combines
molecular conjugation characteristics with 2D nanostructure
features. Their unique electronic structures (such as tunable
bandgap characteristics) and optical properties (strong Q-band
absorption) exhibit research value in fields such as optoelec-
tronic devices and catalytic conversion. Based on these char-
acteristics, researchers both domestically and internationally
have conducted in-depth studies on these materials in recent
years, aiming to explore their properties and expand their
application scope. Meanwhile, this field also presents some new
development trends. The electronic and optical properties of 2D
Pc materials are crucial for their excellent performance. In
terms of electronic properties, they exhibit certain carrier
mobility and unique bandgap structures. For example, metal Pc
frameworks based on polyarylene ether exhibit p-type semi-
conductor characteristics with high intrinsic mobility (19.4 cm?
v~ s, and their conductivity is significantly improved after
iodine doping.”” In terms of optical properties, they exhibit
strong absorption in the ultraviolet-visible light region, and
their photophysical properties can be tuned by altering the
metal center or peripheral substituents. These properties make
2D Pc materials promising for the preparation of high-tech
products such as solar cells and optoelectronic devices. For
example, transition metal Pcs can be used to prepare solar
photovoltaic materials and spintronic devices.” In terms of
future development trends, with the continuous deepening of
research, researchers are focusing on optimizing their proper-
ties and expanding their functions, aiming to further broaden
their application fields. It should be noted that research devel-
opment in this field is uneven, with significant differences in
reports on different properties, performances, and application
directions. Among them, the magnetic and spintronic proper-
ties of 2D Pc materials are currently the most intensively
researched directions, while there are relatively few reports on
main-group Pcs, semiconductors, and their optoelectronic
properties. In terms of future development trends, deepening
research in existing advantageous directions and exploring
weak links will jointly promote the comprehensive development
of this field.

3.2.1. Electronic structure and magnetism of 2D phthalo-
cyanine materials. In recent years, the electronic structure and
magnetic properties tuning of 2D Pc materials have become
a research hotspot both domestically and internationally. The
focus is primarily on unveiling their unique magnetic coupling
mechanisms and tunable electronic characteristics, laying the
groundwork for novel spintronic devices. First, let us delve into
the intrinsic semiconductor properties and non-magnetic
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behavior of the 2D metal-free Pc (i.e., H,Pc) material system.
Density functional theory (DFT) calculations reveal that H,Pc
material exhibit a direct bandgap (approximately 0.21-0.29 eV)
in their equilibrium state.”®" The electronic states near the
Fermi level are primarily contributed by the ligand p-orbitals,
manifesting as a non-magnetic ground state (Fig. 5a and b).*
External strain can significantly modulate its electronic
behavior: biaxial tensile strain (such as 14.7%) flattens the
energy bands by weakening the m-electron hopping integral,
leading to an increased bandgap of 0.79 eV and an elevated
effective mass of carriers. This material possesses excellent

View Article Online
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mechanical deformability, endowed by its low Young's modulus
(73.41 ] m~?) and high Poisson’s ratio (0.43).”

The electronic structure and magnetic properties of 2D Pc
materials can be further precisely tuned through substituent
modification. Substituent modification can be divided into a-
position substitution and central metal axial substitution based
on their positions. These two types of substitutions achieve
performance tuning through ligand engineering and metal
coordination, respectively. o-Position substitution involves
functional group modification (such as halogen atoms) at non-
peripheral sites of the isoindole ring. Its core mechanism lies in

: )
M T4510 5 0 -5-10-15
DOS (eleV)

Energy (eV)

~
~
A
R
n
—
A =
o
3

0.02
i H \
10f\ | N\
M1 H
05} 0.00
s /| V'\
L 00t
> f f
o 05 I:WZ : ; -0.02
@ -r : : H
M, \! !
] ool /33 N
\ - | oo
. A45F 1 :
\ 3 : 5
L r MmXxX ry XxXmmy

Fig.5

(a) Geometric structure and (b) band structure and corresponding PDOS of 2D H,Pc monolayer. Reproduced with permission from ref. 81.

Copyright [2011] [American Chemical Society]. DFT-calculated band structures of the F-Pc COF (c) in the absence of strain and (e) under 4%
compressive strain. The related wave functions at the M point are represented in (d) and (f), respectively. Reproduced with permission from ref.

80. Copyright [2022] [American Chemical Society].
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regulating the local electronic structure of the ligand through
the electronegativity of the substituent. For example, a highly
electronegative substituent (—F) significantly reduces the local
potential at edge sites, narrowing the energy level difference
(AE) with the corner metal Pc unit, thereby decreasing the
bandgap of the material (e.g., H — F substitution in ZnPc-MOF
reduces the bandgap from 0.291 to 0.111 eV).** g-Position
halogen substitution can further expand the tuning dimension.
After substitution with F, Cl, or Br, the strong electronegativity
of the halogen induces a downward shift in the ligand energy
levels and orbital hybridization, significantly reducing the
bandgap of H-Pc to 0.027 eV (F-Pc), 0.077 eV (Cl-Pc), and
0.038 eV (Br-Pc) (at the PBE level), with F-Pc exhibiting the
smallest bandgap, approaching a half-metallic state. It is worth
noting that halogen substitution does not alter the non-
magnetic nature of the material, but F-Pc can trigger Au-Bg
band inversion under 4% biaxial compressive strain,
achieving a phase transition from an insulator to a topological
Dirac half-metal, as shown in Fig. 5c-f.* In summary, metal-
free Pc materials achieve continuous tuning of their electronic
structure from wide-bandgap semiconductors to topological
quantum states through the synergistic effect of intrinsic design
(halogen substitution) and external field tuning (strain engi-
neering), providing a multi-dimensional design strategy for
these materials.

Compared to the non-magnetic semiconductor characteris-
tics of 2D metal-free Pc materials, the introduction of transition
metal atoms significantly modulates their electronic structure
and magnetic properties. Recent literature reports have
primarily focused on transition metal systems within 2D Pc
materials, particularly emphasizing the regulation of their
magnetic behavior and potential applications in spintronics.
Theoretical studies on the electronic structure and magnetism
of 2D transition metal Pcs reveal that the valence state, orbital
hybridization strength, and ligand environment of the central
metal atom collectively determine the magnetic ground state
and electronic properties of the material. Specifically, among
the 3d series, only MnPc exhibits ferromagnetic half-metallic
behavior (with a metallic spin-down channel), and its ferro-
magnetic coupling originates from the hybridization of d.,/d,,
orbitals with ligand p orbitals. Monte Carlo simulations predict
a Curie temperature (T¢) of approximately 150 K for MnPc.
Meanwhile, CrPc, FePc, CoPc, and CuPc are antiferromagnetic,
while NiPc and ZnPc are non-magnetic.®* In the 4d/5d series,
RuPc and RePc have been confirmed as ferromagnetic half-
metals, with RuPc exhibiting a significantly higher magnetic
exchange energy (E.x = 153.5 meV per atom) compared to other
systems. Mo-TCNB demonstrates unique properties as a ferro-
magnetic insulator (E.x = 71.8 meV per atom).** Notably, the
ligand environment significantly affects electronic correlation
effects: linear response calculations indicate that the multi-site
Hubbard U value, including the isoindole nitrogen atom (Njs,),
is approximately 1 eV higher than that obtained from single-site
calculations. This correction is crucial for accurately describing
the electronic structure of chemisorption systems.** The afore-
mentioned studies not only establish a classification framework
for the magnetic order of MPc materials but also provide

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a theoretical basis for designing spintronic devices based on
ferromagnetic half-metallic states, such as MnPc and RuPc.

Furthermore, axial substitution (R) of transition metals can
directly reconstruct the metal center microenvironment
through vertical coordination with non-metal atoms (such as Cl
and F). For example, single-atom substitution increases the
oxidation state of the metal from +2 to +3 (such as Fe** — Fe*"),
and the crystal field weakens from planar tetragonal to tetrag-
onal pyramidal, leading to a significant enhancement of the
magnetic moment (such as the magnetic moment of FePc
increases from 2 to 5 wg). Dual-atom substitution further
induces p-type doping of the Pc skeleton and changes the
magnetic coupling properties, with the MnPc system exhibiting
unique reversible switching of magnetic order (unsubstituted
FM — single Cl-substituted AFM — double Cl-substituted
FM).** The strong binding energy (such as 4.01 eV for F-FePc)
and thermal stability (>400 K) of axial substitution lay the
foundation for the environmental adaptability of magnetic
devices.*

Chemical modification of 2D Pc materials can also signifi-
cantly regulate their electronic and magnetic properties. The
introduction of axial ligands (such as non-metal atoms or
chlorine) induces d-r orbital hybridization reconstruction by
altering the coordination geometry and oxidation state of the
central metal (such as the formation of high-spin Fe** state),
achieving quantitative adjustment of magnetic moment (the
adjustable range of magnetic moment in the FePc system is up
to 0-5 ug) and magnetic order transition (such as
antiferromagnetic/ferromagnetic transition in MnPc). Mean-
while, coordination bonding leads to band rearrangement,
manifested as bandgap changes or Dirac cone evolution.*>*® o-
Halogen substitution (such as benzene ring H — F/Cl) signifi-
cantly narrows the Dirac cone and bandgap (the bandgap of
ZnPc-MOF decreases from 0.291 to 0.111 eV) by reducing the
local potential energy at the edge-center sites. This effect, in
conjunction with physical strain, can further induce topological
non-trivial states (such as topological insulator phase transition
in a Lieb lattice).*”” The aforementioned chemical modification
strategies provide new avenues for material design of multi-
functional quantum devices by precisely regulating electron
filling, orbital coupling, and band topological properties.
Having established the tunability of electronic structure and
magnetism through chemical modification and external fields,
we next examine the optical properties of 2D Pc materials.

3.2.2. Optical properties of 2D phthalocyanine materials.
Building on the preceding discussion of electronic structure
and magnetic properties, we now turn to the optical properties
of 2D Pc materials. Given that systematic optical studies on 2D
Pc materials remain relatively scarce compared to their
magnetic counterparts, it is instructive to first establish the
fundamental optical characteristics of Pc compounds at the
molecular level. Accordingly, this section begins with an over-
view of the basic photophysical properties of Pc molecules,
including their characteristic Q-band and B-band absorptions,
before extending the discussion to the emerging optical
behaviors and applications of their 2D derivatives. Pc molecules
are 18m-electron planar macrocyclic conjugated systems formed
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by four isoindole units connected via nitrogen bridges. Their
highly delocalized m-electron system endows them with unique
photophysical properties. Their UV-visible absorption spectra
exhibit two characteristic absorption bands: the B band (Soret
band) located in the near-UV region (300-400 nm) and the Q
band distributed in the visible to near-infrared region (600-700
nm). According to the Gouterman four-orbital model, the Q
band originates from the @ — w* transition from the highest
occupied molecular orbital (HOMO, a,,) to the lowest unoccu-
pied molecular orbital (LUMO, e,), while the B band is gener-
ated by the m — w* transition from the low-energy occupied
orbital (a,,) to the e, orbital.*”

As shown in Fig. 6a and b, for metal-free Pc (H,Pc), its lower
D,, symmetry leads to the lifting of e, orbital degeneracy
(splitting into e,y and eg), resulting in the splitting of the Q
band into two polarization components (around 660 and 700
nm), while the B band exhibits a single peak near 350 nm.* This
bimodal absorption feature, caused by the non-degeneracy of
molecular orbitals, can serve as a criterion for the formation of
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Pc ring cyclization. Additionally, the position of the substituent
(e or B position) significantly affects its electronic structure. For
example, electron-donating substituents can induce a red shift
of the Q band by reducing the HOMO-LUMO energy gap. In
metal Pcs, the coordination of central metal ions usually
enhances the molecular symmetry to D,,, maintaining the
degeneracy of e, orbitals, thus resulting in a single strong
absorption peak of the Q band (around 670 nm). Metal ions not
only enhance the rigidity of the ring through coordination but
may also induce metal-ligand charge transfer, leading to a red
shift of the B band to 320-400 nm. The participation of
d orbitals from specific metals (such as Pb and Ti) can further
induce charge transfer transitions, significantly broadening the
near-infrared absorption range. The electronic effect of central
metals can also modulate the position of the Q band; for
example, metal ions such as Pb*>" and Ti** can promote a red
shift of the Q band by reducing the HOMO-LUMO energy gap.
Such tunable spectral characteristics endow Pc compounds
with potential applications in fields such as optical limiting and
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Fig. 6 Goutermans four-orbital model showing electron transitions and the origin of Q and B bands for (a) H,Pc and (b) MPc. Reproduced with
permission from ref. 87. Copyright [2020] [Elsevier, Ltd]. Thermal ellipsoid (50%) diagrams of the molecular structure of [(PhS)gPcP(OMe),][PF¢l:
(c) top view, (d) side view (peripheral substituents omitted), (€) chemical structure formula. Reproduced with permission from ref. 90. Copyright
[2011] [American Chemical Society]. (f) Molecular design of NIR phthalocyanines. Reproduced with permission from ref. 91. Copyright [2014]
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photocatalysis. The spectral differences between metal-free Pc
and metal Pc profoundly reveal the intrinsic correlation
between molecular symmetry, orbital degeneracy, and elec-
tronic structure, providing important theoretical support for the
rational design of functionalized Pc.*

To precisely tune the optical properties of Pc to meet the
spectral characteristics required for specific applications,
researchers have developed a synergistic strategy involving
main-group elements, successfully designing a highly stable
system with a main absorption band exceeding 1000 nm.
Specifically, by introducing S or Se substituents at the a-position
and combining them with central P(v) ions to form complexes
(such as [PcP(OMe),|[PF¢], Fig. 6¢c-¢), the Q-band absorption can
be significantly red-shifted to 1018 and 1033 nm. This red-
shifting effect originates from the significant stabilization of
the LUMO energy level due to the strong electron-withdrawing
effect of P(v), as well as the enhancement of the HOMO
energy level by the electron-donating properties of the periph-
eral S/Se substituents, both of which collaboratively narrow the
HOMO-LUMO energy gap. X-ray crystallography confirms that
the introduction of P(v) leads to the wrinkling and deformation
of the Pc ring (Ar = 0.472 A), further promoting the absorption
red shift. Both electrochemical and theoretical computational
analyses support that the Q-band shift is primarily attributed to
the stabilization of the LUMO and the partial destabilization of
the HOMO, and such Pcs are stable in air for long periods.*
This strategy has been further systematically extended to the
synergistic regulation of elements in Group 15 (P, As, Sb) and
Group 16 (S, Se, Te), as shown in Fig. 6f. Substitution of chal-
cogens at the a-position can red-shift the Q-band of free Pc to
809-835 nm; after introducing central high-valent metal ions of
Group 15 (P(v), As(v), Sb(v)), the Q-band further extends to 1018-
1056 nm. Among them, As(v) and Sb(v) complexes not only
achieve a Q-band at 1018 and 1056 nm, respectively, but also
exhibit near-infrared fluorescence from 960-1400 nm. Electro-
chemical analysis indicates that the central element signifi-
cantly reduces the HOMO-LUMO energy gap (AE = 0.92-1.10
eV), and molecular orbital calculations reveal that the orbital
interaction between peripheral chalcogen atoms and the central
element is the key mechanism. Notably, the photostability of
P(v) Pc is superior to that of the commercial dye IR-1048.”* The
position of peripheral substituents significantly affects the
magnitude of the red shift, with a-position substitution typi-
cally producing a stronger red-shifting effect compared to B-
position substitution.”> In summary, through the synergistic
modification of central high-valence main-group metal ions
(especially P(v)) and peripheral a-position strong electron-
donating substituents (such as S and Se), the frontier orbital
energy levels of Pc can be precisely tuned, significantly nar-
rowing the HOMO-LUMO energy gap and achieving a direc-
tional red shift of the absorption spectrum towards the near-
infrared region (>1000 nm). Recent studies have also revealed
intriguing quantum phenomena in phthalocyanine-based
systems. Wang et al. demonstrated molecular electronic
chirality in CuPc molecules adsorbed on bilayer graphene,
induced via twisted -7 stacking, with reversible switching of

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

enantiomers achieved through STM tip manipulation at low
temperatures.”

Pc compounds typically exhibit high chemical purity,
tunable hydrophilic-lipophilic balance, good biocompatibility,
and specific photophysical properties, such as strong near-
infrared absorption, high molar extinction coefficient, and
photostability, making them highly valuable for application in
photodynamic therapy (PDT). For photodynamic therapy
applications, Kocaaga et al. recently synthesized Schiff base-
decorated In(u) and Zn(u) phthalocyanines that exhibit high
singlet oxygen quantum yields (®A = 0.85 for InPc) and excel-
lent in vitro PDT efficacy against PC3 prostate cancer cells, with
pronounced ROS generation and apoptotic effects upon light
irradiation.® The effectiveness of PDT is highly dependent on
the targeting and accumulation ability of photosensitizers at the
tumor site. The PDT process mediated by Pc follows a clear
molecular photophysical pathway: under laser irradiation, Pc
molecules transition from the ground state S, to the singlet
excited state S;, and then undergo intersystem crossing (ISC) to
convert to the long-lived triplet excited state (T;). The T;-state Pc
transfers energy to ground-state oxygen (O,), generating highly
reactive singlet oxygen ('O,). Singlet oxygen causes oxidative
damage to biological macromolecules (such as proteins, lipids,
and nucleic acids), ultimately leading to tumor cell apoptosis or
necrosis. To enhance the PDT efficacy of Pc, researchers have
addressed issues such as aggregation quenching, insufficient
targeting, and tumor microenvironment adaptation through
molecular design and nanoengineering strategies. In terms of
molecular modification, the conjugate of histone deacetylase
inhibitor (HDACi) and Zn/InPc can precisely regulate subcel-
lular localization (such as mitochondria or nucleus) through
substitution sites (peripheral/non-peripheral), achieving a half-
maximal inhibitory concentration (ICs,) of 16.8 uM for MCF-7
breast cancer cells, and confirming that the HDAC6 inhibition
pathway can synergistically enhance the oxidative damage
effect.® The tert-butylsulfonyl-substituted Zn/PtPc derivative
(ZnSO,tBu/PtSO,tBu)  exhibits significant photochemical
differentiation: PtPc exhibits ultra-high singlet oxygen quantum
yield (PA = 0.87-0.99) due to the heavy atom effect, while ZnPc
can simultaneously generate singlet oxygen (®A = 0.45-0.48)
and hydroxyl radicals and other reactive oxygen species (ROS),
making it more suitable for hypoxic microenvironments.*® In
terms of delivery system optimization, the loading of ZnPc onto
cationic hafnium-based metal organic layer (Hf;,-Ir MOL)
effectively inhibits molecular aggregation, resulting in a 12-fold
increase in singlet oxygen yield. Leveraging the protonation
characteristics of the carrier, mitochondrial targeting is ach-
ieved, achieving a tumor inhibition rate of > 99% and a cure rate
of 40-60% in colon cancer models.”” After encapsulating
sulfonyl Pc in Pluronic P123 polymer micelles, cell uptake effi-
ciency is significantly enhanced, achieving complete tumor
clearance without recurrence in organoid and mouse tumor
transplantation models (observation period = 5 months).
Furthermore, temperature-sensitive poly(dopamine) nano-
particles (APZ NPs) co-loaded with ZnPc and hydrogen sulfide
(H,S) donors trigger H,S release through photothermal effects,

simultaneously alleviating tumor hypoxia (inhibiting
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mitochondrial complex IV and enhancing the PDT efficiency of
ZnPc) and downregulating the expression of heat shock protein
(HSP90) (reducing the resistance of tumor cells to photothermal
therapy (PTT)), thus realizing a synergistic PDT-PTT mechanism
and exhibiting significant antitumor activity in solid tumor
treatment (Fig. 7).°® Based on the excellent and tunable optical
properties of Pc compounds, precise chemical modification and
multifunctional nanocarrier design have effectively overcome
their limitations in traditional PDT applications (such as
aggregation quenching, insufficient targeting, and poor adapt-
ability to hypoxic environments), significantly enhancing the
therapeutic efficacy of PDT and expanding its application from
tumor treatment to antibacterial and environmental remedia-
tion fields. Future research will continue to focus on strategies
such as targeting ligand functionalization and immune micro-
environment regulation to further optimize the performance of
Pc-based PDT formulations and accelerate their clinical trans-
lation process.

Research on 2D Pc material systems is relatively scarce, yet
they also exhibit excellent optical properties. Specific research
progress is as follows: CuPc thin films prepared on glass
substrates via thermal evaporation exhibit characteristic
absorption in the B band (near-ultraviolet region, 300-400 nm)
and Q band (visible region, 600-700 nm). The Q band includes
dual peaks at 620 and 696 nm, corresponding to the ® — =*
transitions of the dimer and monomer, respectively. When the
substrate temperature is increased to 200 °C, the main peak of
the Q band red shifts to 630 nm, indicating that the increase in
grain size affects the electronic oscillation of the Cu center
(Fig. 8a). The energy gap (Eg) of the thin film ranges from 1.525
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to 1.609 eV, consistent with the a-phase structural characteris-
tics.”” In 2D ZnPc materials, visible light absorption over a wide
range of 569-1100 nm can be achieved through molecular
structure regulation. The position of the Q band absorption
peak can be red-shifted by 46-210 nm through naphthalene/
anthracene group substitution or nitrogen doping strategies.
Among them, the low-symmetry 2D ZnPc-4 material exhibits
split Q-band characteristics, as shown in Fig. 8b and c. These
materials have significant potential for applications in organic
photovoltaics. For example, by stacking heterostructures (such
as a 2D ZnPc-1/ZnPc-4 bilayer structure), the energy conversion
efficiency of solar cells can be increased to 14.04%, providing
a new organic material platform for breaking through the effi-
ciency limits of silicon-based batteries.’® 2D indium chlorine
phthalocyanine (InPcCl) thin films with different thicknesses
prepared using thermal evaporation technology exhibit amor-
phous structural characteristics and unique optical properties.
They show high transmittance in the visible light range (around
491 and 951 nm) and dual optical energy gaps (1.37 and 2.84
eV), which do not change with film thickness, indicating that
oxidation contamination was effectively avoided during mate-
rial growth. Their refractive index exhibits anomalous disper-
sion characteristics related to T-7* electronic transitions in the
visible light region, while in the normal dispersion region
(wavelength > 1200 nm), it decays regularly with increasing
wavelength. The nonlinear optical parameters of the thin film
(such as the third-order nonlinear susceptibility on the order of
10~ "% esu) and the optical limiting response increase with film
thickness. The 95 nm thick film exhibits optimal optical
limiting performance under laser excitation at 632.8 and
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Fig.7 The application of ZnPc in photodynamic therapy (PDT). Schematic diagram of (a) emulsion droplet template formation based on salting-
out effect and (b) APZ NPs fabrication. (c) Schematic mechanism of APZ NPs in cancer treatment. Reproduced with permission from ref. 98.

Copyright [2021] [American Chemical Society].
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533 nm, demonstrating potential applications in photodetec-
tors and optical limiting devices. Its performance can be further
improved through film thickness tuning and synthesis process
optimization.'

Furthermore, the study on constructing heterojunctions of
the 2D material ReS, and zinc phthalocyanine fluoride (FsZnPc)
indirectly reveals the crucial role of Pc materials in the photo-
electronic process. FgZnPc exhibits ultrafast hole transfer
characteristics (transfer time < 1 ns) with ReS,, which,
combined with the type II band alignment mechanism pre-
dicted by DFT calculations, verifies the potential application
value of this system in polarization-sensitive photodetectors
and long-lived photovoltaic devices, providing a new strategy for
the performance optimization of organic/inorganic hybrid
optoelectronic devices.'** Additionally, the optical properties of
2D double transition metal extended phthalocyanine (TM,EPc)
materials can be significantly tuned through strain. For
example, the light absorption intensity of Ni,EPc increases by
79.4% under —8% compressive strain. Some systems (such as

© 2026 The Author(s). Published by the Royal Society of Chemistry

Ni,EPc/2H-WSe, heterojunction) exhibit excellent photovoltaic
properties, with energy conversion efficiency reaching 25.19%,
which is superior to most excitonic solar cell materials (Fig. 8d
and e). Strain can also induce an expansion of the light response
range, such as the red shift of the absorption edge in V,EPc
under tensile strain, broadening the response in the visible
light region. These changes in optical properties are closely
related to the band structure and the hybridization strength of
d-p orbitals, where the synergistic effect of N-2p and metal 3d
orbitals dominates the photogenerated carrier separation effi-
ciency, providing an important tuning dimension for the
performance design of optoelectronic devices.'*

3.2.3. Gap between theoretical predictions and experi-
mental validation: challenges and perspectives. Despite the
remarkable theoretical progress in predicting the electronic,
magnetic, and optical properties of 2D phthalocyanine mate-
rials using density functional theory (DFT) and other compu-
tational methods, significant gaps remain between these
predictions and experimental realizations. Addressing these
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discrepancies is crucial for translating theoretical insights into
practical applications.

3.2.3.1. Substrate effects on electronic structure. Most theo-
retical calculations assume freestanding 2D Pc monolayers in
vacuum, neglecting the substantial influence of supporting
substrates. Experimentally, 2D Pc materials are invariably
synthesized or transferred onto substrates such as Au(111),
Ag(111), SiO,/Si, graphene, or h-BN, which can dramatically
alter their electronic properties. For instance, theoretical
predictions of the half-metallic ferromagnetic ground state in
MnPc monolayers have been difficult to verify experimentally
due to strong hybridization with metal substrates.** Abel et al.
demonstrated that the electronic structure of FePc monolayers
on Au(111) differs significantly from freestanding calculations,
with substrate-induced charge transfer and orbital rehybrid-
ization altering the magnetic moment.” Similarly, the topo-
logical Dirac half-metal phase predicted in F-Pc COFs under 4%
compressive strain has yet to be experimentally realized,* partly
because achieving uniform strain in 2D Pc networks on rigid
substrates remains challenging.

3.2.3.2. Material defects and disorder. Theoretical models
typically assume perfect crystallinity with no defects, vacancies,
or grain boundaries. However, experimentally synthesized 2D
Pc materials invariably contain various defects. For example,
liquid-phase exfoliated Fe, 5C0 sPc-CP nanosheets were found
to be amorphous with complete loss of long-range crystal-
linity,”® whereas theoretical predictions of high carrier mobility
(19.4 cm® V™' s71) were derived from perfectly crystalline poly-
arylene ether-based MPc frameworks.”” The presence of sulfur
vacancies in MoS,-supported Pc hybrids has been shown to
introduce mid-gap states that alter charge transfer dynamics.?*
Recent work by Li et al. demonstrated that the oxidation state
and coordination environment of transition metal centers in Pc-
based MOFs are highly sensitive to synthesis conditions,
leading to significant variations in electrocatalytic activity that
are not captured by idealized DFT models of perfect single-
crystal structures.

3.2.3.3. Thermal stability and environmental degradation.
The thermal stability and long-term environmental stability of
2D Pc materials represent another critical gap between theo-
retical predictions and experimental realities. While DFT
calculations predict robust thermal stability for many 2D Pc
networks, experimental studies have revealed that certain
systems degrade under ambient conditions. For metal-free H,Pc
and many MPc systems, prolonged exposure to air, moisture, or
light can lead to oxidation and decomposition. Theoretical
predictions of strong binding energies for axial ligands (e.g.,
4.01 eV for F-FePc) and high thermal stability (>400 K) have not
been systematically validated across the full range of 2D Pc
materials.®*® Furthermore, the Curie temperature of MnPc pre-
dicted by Monte Carlo simulations (approximately 150 K) has
not been experimentally confirmed,®" as intrinsic ferromagne-
tism in 2D Pc monolayers remains challenging to isolate from
substrate and defect contributions. In the context of catalytic
applications, long-term operational stability (>100 hours) of 2D
Pc electrocatalysts has rarely been demonstrated, despite
theoretical predictions of high stability.*****
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3.2.3.4. Scaling laws and synthetic reproducibility. Another
significant challenge is the scalability and reproducibility of 2D
Pc materials. While surface synthesis under ultra-high vacuum
produces atomically precise monolayers with exceptional
quality,”*”* the sample sizes are typically limited to tens to
hundreds of nanometers, and the throughput is extremely low.
Conversely, solution-based methods (solvothermal, microwave)
offer scalability but produce nanosheets with wide distributions
in thickness, lateral size, and crystallinity.”>”*7® The mechanical
exfoliation of Pc crystals yields larger flakes (several microme-
ters) but with low yield (<50%) and poor thickness control.”
This scalability gap means that many theoretically predicted
properties, such as high carrier mobility, topological states, and
quantum anomalous Hall effects, have been verified only in
a handful of ideal systems, and their translation to practical
devices remains elusive.

3.2.3.5. Strategies to bridge the gap. To bridge the gap
between theory and experiment, several strategies are being
pursued. First, more sophisticated theoretical models that
explicitly include substrate effects, defects, and finite-
temperature dynamics are increasingly employed. For
example, DFT + U calculations with Hubbard U parameters
fitted to experimental X-ray absorption spectroscopy (XAS) data
have improved the accuracy of electronic structure predictions
for transition metal Pcs.®* Second, in situ characterization
techniques, such as operando XAS and Raman spectroscopy, are
being developed to monitor structural and electronic changes
under reaction conditions, enabling direct comparison with
theoretical models. Third, machine learning approaches are
being used to accelerate the exploration of the vast chemical
space of 2D Pc materials and to predict properties that are more
robust to defects and disorder. Finally, the development of
scalable synthesis methods that yield high-quality, single-
crystalline 2D Pc films on insulating substrates remains a crit-
ical priority for the field.

In summary, while theoretical calculations have provided
invaluable guidance for the design of 2D Pc materials, the
translation of these predictions into experimental realizations
is often hindered by substrate effects, defects, thermal insta-
bility, and scalability challenges. Recognizing these gaps is
essential for the rational design of next-generation 2D Pc
materials with practical utility.

3.3. Applications of 2D phthalocyanine materials

After systematically elucidating the photophysical properties of
2D Pc materials (such as photoinduced electron transfer
mechanisms and intramolecular charge transfer behavior),
further attention is paid to their expanded applications as
functionalized 2D platforms in the field of catalysis, gas detec-
tion and separation, and clean energy storage.

3.3.1. Catalytic applications. Empirical analysis based on
DFT indicates that 2D Pc materials can efficiently drive key
environmental catalytic reactions by regulating the coordina-
tion environment of metal active sites (such as single-atom Cr
sites or Mn, dimer configurations). Among them, CrPc porous
sheets achieve a low reaction energy barrier of 0.55 eV in low-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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temperature CO oxidation and exhibit anti-poisoning charac-
teristics, thanks to the selective orbital hybridization between
Cr atomic d-orbitals and 0,/CO molecules;*** while Mn,Pc
sheets utilize the synergistic bridge adsorption effect of bime-
tallic sites to significantly optimize the CO, electroreduction
pathway (CO, — CH30H), reducing the overpotential of the
rate-determining step (*COOH formation) to 0.84 eV, breaking
through the linear constraint of adsorption energy of traditional
catalysts.'® Further research shows that these materials also
exhibit significant advantages in the electrocatalytic nitrogen
reduction reaction (NRR): their stable Pc frameworks can
anchor single/bimetallic active centers, achieving efficient
adsorption and activation through the orbital interaction
between metal d-orbitals and N, molecules (such as Ti,-, V,-,
TiV-, VCr-, and VTa-Pc, as shown in Fig. 9a);'* the introduction
of boron doping to form non-metal-metal hybrid sites (such as
B-modified expanded Pc) can construct a “push-pull” electron
synergistic mechanism, significantly enhancing N=N bond
polarization (bond length extending to 1.54 A) through the
synergistic effect of B-sp* hybrid orbitals and metal d-orbitals,
reducing the reaction limit potential to —0.24 V (such as
FeNDb-BPc), while the boron sites selectively capture H* to
inhibit the hydrogen evolution side reaction, raising the
Faraday efficiency to nearly 100%.'” These achievements
collectively reveal the universal strategy of 2D Pc materials in
atomic-level active site design, reaction pathway optimization,
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and side reaction inhibition, providing a theoretical framework
and material platform for the development of efficient hetero-
geneous catalytic systems. The molecular engineering of
phthalocyanines for CO, electroreduction has been systemati-
cally reviewed by Santra et al., who summarized recent advances
in homogeneous and heterogeneous catalytic systems,
including strategies such as hydrogen bonding, proton relay,
bimetallic cooperative action, and flow-cell integration with gas
diffusion electrodes.’® Han and co-workers recently demon-
strated molecularly engineered Co-phthalocyanine COFs with
integrated boron and fluorine substituents for efficient nitric
oxide-to-ammonia electroreduction, achieving an ammonia
yield of 1166.67 pg cm™>h ™" and a faradaic efficiency of 82.27%,
the first experimental example of COFs for NORR.'” Further-
more, Akiyama et al. developed an innovative strategy for
enhancing ORR activity by supporting FePc on K'-DB18C6-
encapsulated single-walled carbon nanotubes. The electron
doping of SWCNTs via molecular encapsulation modulates the
electronic state of FePc, achieving an onset potential of 0.624 V
vs. RHE and a nearly complete four-electron ORR pathway (n =
3.97).11

3.3.2. Gas detection and separation. In addition to the
aforementioned catalytic performance, 2D Pc materials also
exhibit multidimensional application value in the fields of gas
detection, separation, and storage. Systematic studies based on
DFT reveal that transition metal (such as Pd, Ru, Fe, Cr, Mn)
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(a) Limiting potential (U,) versus AG(H*)-AG(N,H*) on 31 M,-Pc catalysts. Reproduced with permission from ref. 106. Copyright [2024]

[Springer Nature, Ltd]. (b) Schematic diagram of bimetallic phthalocyanine monolayer for detecting toxic gases HS, SO,, and SOF,. Reproduced
with permission from ref. 112. Copyright [2024] [Springer Nature, Ltd]. (c) CO, excess adsorption isotherms for different TMPc (TM = Sc, Ti, Fe)
sheets at T = 298 K. Reproduced with permission from ref. 115. Copyright [2024] [Springer Nature, Ltd]. (d) H, excess adsorption isotherms for
TMPc (TM = Fe, Sc, Ti) at T = 298 K. Reproduced with permission from ref. 119. Copyright [2024] [Springer Nature, Ltd].
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embedded 2D Pc monolayer materials achieve high-selectivity
chemisorption (adsorption energy generally below —0.8 eV)
through strong hybridization between the metal center's
d orbitals and the p orbitals of target gas molecules (including
formaldehyde, NH;, NO,, SO,, CO, NO, and decomposition
components of SFe, as shown in Fig. 9b), while effectively sup-
pressing background gas interference.”**> Such adsorption
can significantly modulate the electronic properties of the
material: inducing a semiconducting transition (bandgap
increase of 0.4-1.2 eV), altering magnetic moment (such as
a 72% decrease in magnetic moment after CrPc adsorbs NO),'**
and enhancing conductivity sensitivity (such as RuPc's sensi-
tivity to formaldehyde reaching 1.65 x 107)."* Their tunable
desorption performance (such as MnPc's recovery time to SO, at
room temperature is 0.91 ms) further supports the design of
highly sensitive and reusable sensors.

In the field of gas separation, functionalized 2D Pc materials
exhibit breakthrough performance. Transition metal-
embedded Pc monolayers (such as ScPc) significantly enhance
the adsorption capacity (2949 mg g~ * at 298 K and 50 bar) and
selectivity for CO, through electrostatic interactions and elec-
tron transfer effects, providing a theoretical basis for high-
sensitivity gas capture (Fig. 9¢);'** halogen-modified metal-free
Pcs (such as F-H,PPc) achieve efficient screening of mixed
gases such as H,/CO and CO,/N, through precise control of sub-
nanometer pore size, with permeability (10> molm ?s " Pa™")
and selectivity (up to 10"°) improved by several orders of
magnitude compared to traditional membrane materials.'*®
Metal-modified systems (such as RuPc) respond rapidly to
highly toxic phosgene (COCl,) through chemical adsorption
(—0.50 eV) and electron transfer (0.165 e), with bandgap
changes (0 — 0.605 eV) that can be converted into electrical
signals, and possess millisecond-level desorption capability
(0.284 ms at 298 K).""”

3.3.3. Clean energy storage. In the field of clean energy
storage, 2D Pc materials also exhibit outstanding performance.
Li-doped Pc covalent organic framework (Li-Pc-PBBA COF)
utilizes stable bonding between Li ions and framework oxygen
(binding energy of 1.08 eV) to adsorb hydrogen molecules
through a charge polarization mechanism (average adsorption
energy of 0.11 eV/H,), achieving a theoretical hydrogen storage
capacity of 5.3 wt%. The B substitution strategy further
addresses the issue of Li agglomeration, increasing the binding
energy to 2.06 eV and enhancing H, adsorption to 0.17 eV.**®
The ScPc monolayer utilizes Kubas interactions (H, — Sc
charge donation and back-donation) at out-of-plane exposed Sc
sites (protrusion height of 0.67 A) to achieve an ideal adsorption
energy (0.23 eV), achieving a hydrogen storage capacity of
4.6 wt% under near-operating conditions (298 K, 100 bar). The
isolated metal site design effectively circumvents the agglom-
eration bottleneck (Fig. 9d)."*®

The aforementioned studies collectively unveil the syner-
gistic application potential of 2D Pc materials in areas such as
precise detection of toxic gases, efficient separation of mixed
gases, and clean energy storage, achieved through strategies
like metal active site design, halogen modification, and
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framework engineering. This provides a theoretical foundation
for their multifunctional and integrated development.

4. Current challenges and future
prospects

4.1. Current challenges

2D Pc materials, as a class of organic 2D materials with
molecular designability and highly tunable electronic struc-
tures, exhibit unique potential in fields such as optoelectronic
devices, energy conversion, and storage. However, their theo-
retical exploration and potential application development still
face a series of key issues. The main challenges currently can be
summarized as follows: (1) existing research is highly focused
on transition metal Pcs (such as FePe, CoPc, CuPc, etc.), while
research on Pc materials based on main-group elements (such
as Al, Si, Sn, etc.) is relatively scarce. This to some extent limits
the chemical diversity and structural designability of 2D Pc
material systems, hindering the theoretical exploration and
design of material systems with novel properties (such as
superior optical bandgap and specific catalytic activity). (2) As
revealed by the preliminary discussion on optical properties
mentioned earlier, 2D Pc materials have potential optical
application value. However, current research in the field is
largely focused on the magnetic and spintronic properties of 2D
Pcs and their regulation. There is a lack of systematic theoret-
ical research on their core performance parameters in opto-
electronics, such as  photoresponse characteristics,
photoelectric conversion mechanisms, and photovoltaic
performance for solar energy conversion (such as energy
conversion efficiency). (3) The vast majority of successfully
constructed 2D Pc networks are limited to a single configuration
(usually a tetragonal lattice formed by transition metal-nitrogen
coordination, ie., MPc type). For other potential network
structures (such as those based on different symmetries or
connection sites), there is little research on their synthesis
strategies, structural stability, and derivation of novel proper-
ties. The uniformity of configuration selection greatly limits the
in-depth exploration of universal structure-property relation-
ships in 2D Pc materials and also restricts the exploration and
prediction of their potential functional diversity. (4) For opto-
electronic device (especially photovoltaic device) applications,
the E, of 2D Pc semiconductors deviates from the optimal
working range (1.1-1.7 eV). How to effectively optimize their
bandgap and light absorption properties through reasonable
chemical modification (such as central metal regulation, axial
ligand modification) or physical means (strain engineering),
and thereby optimize the theoretical prediction of their energy
conversion efficiency to meet the basic requirements of future
optoelectronic device applications, is one of the core challenges
in current theoretical research.

4.2. Future prospects

To address the aforementioned issues and challenges in 2D Pc
materials, this study intends to adopt the following core
research strategies: (1) expanding the main-group element

© 2026 The Author(s). Published by the Royal Society of Chemistry
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system and discovering novel properties: in response to the
issue of predominantly transition metal-based compositions,
a series of 2D Pc materials based on main-group elements (such
as Al, Si, Sn, etc.) will be designed. Through systematic research
on their electronic structure, carrier mobility, and optical
properties, the aim is to enrich the material system and discover
unique physicochemical properties (such as unique Dirac
electron states, more optimal bandgaps, or specific function-
alities) that differ from those of transition metal Pcs. (2) Inno-
vating 2D Pc network configurations and exploring structure-
property relationships: Addressing the issue of a single network
configuration, it needs to break through the limitations of the
traditional tetragonal lattice (MPc type) to construct novel 2D Pc
networks with diagonal connections and design dual-center
metal-expanded Pcs. The goal is to explore, through computa-
tional simulations, the impact of different network structures
on their electronic band structures, optical absorption charac-
teristics, and carrier transport behavior, deepening the under-
standing of the “structure-property” relationship and providing
new ideas for material functional design. (3) Utilizing chemical
modification and physical regulation methods to achieve
synergistic performance control: to address the core challenges
of bandgap deviation from the optimal range and insufficient
light absorption performance, it is necessary to systematically
employ central metal substitution, axial ligand modification,
and strain engineering to investigate their effects on the E,,
light absorption coefficient, and energy conversion efficiency of
the materials. This will provide a basis for the theoretical design
of efficient optoelectronic conversion materials.

5. Conclusion

2D Pc materials are constructed using structurally tunable and
property-excellent Pc molecules as basic building blocks.
Through precise synthesis strategies and diverse assembly
methods, a novel functional material system that combines
intrinsic molecular characteristics with 2D confinement effects
has been developed. This article systematically reviews the
molecular structural basis and synthesis methods of Pc
compounds and deeply expounds on the construction strate-
gies, electronic structure tuning, optical property evolution, and
research progress in fields such as catalysis, gas sensing, and
energy storage of 2D Pc materials. Research indicates that
effective control over the material's band structure, magnetic
ground state, light absorption range, and catalytic activity can
be achieved through central metal substitution, peripheral
substituent modification, axial coordination tuning, and strain
engineering. Simultaneously, these materials exhibit promising
potential in applications such as gas adsorption and separation,
hydrogen storage, and electrocatalysis. Current research still
faces challenges such as insufficient expansion of main-group
element systems, limited network configurations, and weak
research on optoelectronic properties. In the future, efforts
should focus on enriching the material system, innovating
network structures, and coordinating multi-dimensional tuning
strategies to drive the development of 2D Pc materials towards
high performance and multifunctionality. This review aims to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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provide a systematic theoretical reference for the rational
design and application exploration of 2D Pc materials.
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