readers to enter this growing field.

Introduction

Porphyrins are planar macrocyclic molecules containing four
pyrroles connected in ring fashion through four methine car-
bons at their a-positions (Figure 1). These ubiquitous mol-
ecules are widely present in almost all living organisms in one
form or another, the best known being chlorophyll and heme
(or hemoglobin).!? It is self-evident that porphyrins are
important participants in the energy supply system for both
earth and life via photosynthesis and oxygen transport.

Porphyrins are basically cyclic tetrapyrrole derivatives
with highly delocalized & electrons that form a planar con-
jugated framework. This is an 18-m electron system that
exhibits aromaticity (Figure la). The highly conjugated
n-system is the origin of the strong color of these com-
pounds as well as their characteristic electronic and redox
properties. Indeed, the word “porphyrin” is derived from
the Greek word for “purple.”

Porphyrins mostly exist in the form of derivatives of the
basic molecules due to their chemical properties. On one hand,
substitution can be performed at all of the peripheral eight
pyrrole B-carbon atoms and the four meso-carbon centers; this
would make porphyrin exist in varied forms with structural
variations. On the other hand, the porphyrin ring provides a
vacant site at its center, which is ideally suited for metallopor-
phyrin incorporation (Figure 1b). The NH protons inside the
ring of porphyrins possess acidic character and can become
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Porphyrin, as a planar macrocyclic molecule, extensively exists naturally in plants
and animals and plays an important role in life activities. Normally, porphyrin exists in
the form of nanostructures/aggregations through molecular self-assembly. Thus, it is
of great interest for tuning nanostructures, understanding mechanisms, and exploring
the diverse applications. In this issue, we present articles covering the synthesis and
formation mechanisms of porphyrin nanostructures by self-assembly methods and their
applications in solar-energy harvesting, water splitting, environmental pollutant reduction,
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deprotonated, forming dianion species. These dianion spe-
cies exhibit remarkable coordination characteristics toward
metal ions and mostly act as a tetradentate ligand with metal
ions. The common coordination number of the metal ion in a
metalloporphyrin is possibly four. The electronic delocalization
leads to substantial planarity of the macrocycle and a square
planar environment for the metal ion in four-coordinate
complexes. A coordination number (five or six) greater than
four is also possible through ligation of suitable moieties
either neutral or anionic.

Meanwhile, the extensive electronic delocalization that
occurs in the porphyrin ring leads to substantial planarity of
the macrocycle and an essentially square planar environment
for the metal ion in four-coordinate complexes. The bond-
ing between a central metal ion and the porphyrin occurs via
two types of primary interactions—o-coordination of nitro-
gen lone pairs directed toward the central metal atom, and
n-interaction of metal pm and dn orbitals with nitrogen pn
orbitals. This electron system results in visible light absorption
of metalloporphyrin, the normal spectrum for which shows an
intense B (Soret) band (strong transition from the base to the
second excited state (SO — S2)) at ~420 nm and two weaker
Q bands (transition to the first excited state (SO — S1)) at
~550-600 nm.?

In nature, porphyrin-based biological functional materials
are mostly constructed by metalloporphyrins with protein.**
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Figure 1. Three-dimensional molecular structure of (a) porphyrin
and (b) metalloporphyrin.

The best example is heme, which is an iron complex of por-
phyrin. Heme plays a key role in various proteins and enzymes
in life, such as for O, transport and storage (hemoglobin and
myoglobin), electron transfer (cytochrome), and O, activation
and utilization (cytochrome oxidase and cytochrome P450).°
The versatile characteristics of these porphyrin molecules can
be attributed to both the electronically sensitive and tunable
delocalized m-systems and the affinity of the center metal
atom to diatomic gases.

Chlorophyll, a magnesium complex of porphyrin, is anoth-
er attractive porphyrin-base nature compound. Chlorophyll
plays a key role as a reaction center to absorb and transfer light
energy to other parts of the photosystem. Chlorophyll donates
a high-energy electron to a series of molecular intermediates
through aggregates of magnesium-porphyrin.

increasing research interest both for materials synthesis as
well as for device integration.'®!” As typical representatives
of functional molecular materials with highly conjugated
structures, porphyrins hold advantages of chemical stability
and easy structure manipulation, making them attractive for
organization into nano- and microscale structures using self-
assembly techniques especially for highly functional optoelec-
tronic applications. Upon aggregation, the molecular properties
of the building blocks are significantly altered.

More sophisticated studies of the electronic properties of
J-aggregates, a red-shift in absorption, reveal that excited states
are formed by extended domains of coherently coupled molecular-
transition dipoles. This suggests that J-aggregation can be the
archetypical phenomenon for emergent systems with properties
imparted on the supramolecular or nanoscale level.'® Arrangeing
porphyrin molecules in certain ways can improve the degree of
conjugation and widen the intensity of absorption range of visible
light. The ordered arrangement can form an internal electric field,
which promotes the generation and separation of photogenerated
carriers, inhibits recombination of photogenerated carriers, and
thus improves photocatalytic performance.

Porphyrins and their derivatives can be self-assembled
into one-dimensional—three-dimensional (1D-3D) nanostruc-
tured materials through noncovalent molecular interactions
using different methods, depending on their solubility in
water and their electrostatic properties (Figure 2). The formed
nanostructures influence their optical properties and thereby
functional applications.!”?* Synthesis and assembly of these
materials are conducted at two length scales—the nanoscale

The charged reaction center of the chlorophyll
(P680+, a chlorophyll-protein complex in the
photosynthesis process) is then reduced back
to its ground state by accepting an electron
stripped from water. The electron that reduc-
es P680+ ultimately comes from oxidation of
water into O, and H" through several interme-
diates. This reaction process demonstrates how
photosynthetic organisms (e.g., plants), which
is the source for practically all of the oxygen in
Earth’s atmosphere currently, produce oxygen.’

Along with the continuous exploration of
functional natural porphyrin compounds, as
well as the combination of porphyrins and
nanotechnology, various artificial porphyrin
compounds and porphyrin-based nanomaterials
have been synthesized for numerous application
fields, including solar-energy harvesting,®’
chemical sensors,'®!" photodynamic therapy
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Self-assembly of functional molecular materials
into well-defined nanostructures depending on
various noncovalent interactions has attracted

Figure 2. Self-assembly of porphyrins and their applications. The formation process of
porphyrin nanostructures prepared from porphyrin molecules assisted with a surfactant and/or
ionic interaction. These porphyrin nanostructures can be applied in water purification, water
splitting, and photodynamic therapy. Note: 'O,, singlet oxygen; —OH, hydroxyl radical.
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and the macroscale. At the nanoscale, porphyrins and their
derivatives with well-defined size and chemistry possess
unique optical, electrical, and photocatalytic properties, pro-
viding both structure and function. Essential understanding of
porphyrin chemistry and associated noncovalent interactions
such as hydrogen bonding and aromatic n—n stacking that
drives them to self-assemble into 1D-3D nanostructures will
be discussed in this issue.

The articles in this issue address controlled assembly and
formation of 1D—3D nanostructures with precisely defined
size, shape, and spatial arrangement of individual porphyrins
and their derivatives. The articles survey how self-assembly
enables molecular coupling and facilitates intermolecular
charge separation, and energy transfer or delocalization. The
corresponding collective optical properties induced by controlled
self-assembly such as absorption and photoluminescence are
also covered. On the macroscale, the resulting self-assembled
nanostructures with well-defined hierarchical structures and
functions provide an ideal model material system for the funda-
mental understanding of structure—property relationships for
complex advanced materials. We discuss major applications,
including photodegradation of organic pollutants, photocata-
lytic water splitting and hydrogen production, photosynthe-
sis of fuel-cell catalysts, and PDT. The articles in this issue
provide an overview of the field for future opportunities,
in particular, those associated with photoactive pigment
materials and their applications in the phototransduction
process for energy applications.

Solar-energy harvesting

Inspired by natural photosynthesis, researchers have made
extensive efforts to utilize artificial chlorophylls based on por-
phyrins and their derivatives for converting solar energy to
chemical energy with the production of hydrogen from water
splitting as a clean and renewable energy source alternative
to fossil fuels and their consequent environmental issues.
The key is to develop efficient and robust catalysts as reac-
tion centers. Metalloporphyrins, which are highly effective
in stabilizing high-valent metal centers, are able to offer the
highly dispersed metal ion that act on the catalytic active
site.?! These features are crucial in the oxygen reduction
reaction (ORR), hydrogen evolution reaction (HER), and
oxygen evolution reaction (OER) catalysis.

Another significant feature of porphyrins is that the abun-
dant substituents on the macrocycle greatly enrich the redox
chemistry of their metal complexes. In addition, electron-
withdrawing substituents on porphyrins can decrease the elec-
tron density on the macrocycle and thus increase its stability
during catalysis. These substituents can cause the reduction
potentials to shift in the positive direction, which decreases the
over potential for ORR and HER catalysts and increases the
oxidizing power of OER catalysts.® Porphyrins have also been
shown to be good photosensitizers with high absorbance coef-
ficient under visible light due to their delocalized n-systems.
Mathew and co-workers reengineered the prototypical structure

https://doi.org/10.1557/mrs.2019.44 Published online by Cambridge University Press

of donor—n-bridge—acceptor and demonstrated panchromatic
light harvesting without the use of co-sensitization, result-
ing in a power-conversion efficiency of 13% at full sun illumi-
nation by functionalizing the porphyrin core with the bulky
bis(2', 4’-bis(hexyloxy)-[1,1'-biphenyl]-4-yl)amine donor and
proquinoidal benzothiadiazole.”

The planar and aromatic porphyrin rings not only result
in good light absorption capacity, but also enable strong
aggregation of these molecules to form self-assembled arrays
through noncovalent n—n interactions, which can further
increase their catalytic activity and stability.?” The absorption
spectra of self-assembled porphyrin arrays display complicat-
ed signals compared to those of individual molecules due to
the coupling of the conjugated n—n structure from individual
porphyrins within the ordered assemblies. For example,
assembled zinc-porphyrins produce much broader UV—visible
absorption bands that are red-shifted and enhanced from the
corresponding bands of the monomeric porphyrins. This red-
shifted assembly (J-aggregates) suggests molecular coupling
of the porphyrins.!” These materials exhibit enhanced pho-
tocatalytic activity for both photodegradation of organic dyes
and the production of hydrogen. Additionally, the formation
of a J-aggregate activates the porphyrin core by increasing
the electronic density to a large extent, which helps stabilize
the photoexcited electron holes for enhanced hydrogen pro-
duction. Such self-assembly is similar to the role of a light-
harvesting complex in natural photosynthesis systems that
contain chlorophyll aggregates, in which chromophores form
J-aggregates along the head-to-tail arrangement via a stronger
transition-dipole moment for harvesting solar energy.*

Benefiting from their relatively strong absorption in the
visible light spectrum and efficient electron-transport through
a well-ordered crystal, self-assembled porphyrin nanomaterials
show great potential in solar-energy harvesting. The articles
in this issue summarize recent research breakthroughs in the
interdependent relationship of well-defined porphyrin self-
assembled nanostructures and their visible-light catalytic pro-
cesses in water splitting and organic pollutants degradation.

Photodynamic therapy

Photodynamic therapy (PDT) was discovered more than
100 years ago.>* While new methods are still emerging, PDT is
already a successful and clinically approved therapy for cancer
and nonmalignant diseases, including infections.” PDT consists
of three essential components—photosensitizer (PS), light, and
oxygen. During PDT, PSs are activated by absorption of visible
light to form the excited singlet state, followed by transition to the
long-lived excited triplet state. This triplet state can undergo pho-
tochemical reactions in the presence of oxygen to form reactive
oxygen species (singlet oxygen, '0,). The 'O, can rapidly cause
significant toxicity leading to cell death via apoptosis or necrosis.
10, has a short lifetime in biologic systems (<0.04 ps) and a short
radius of action (<0.02 mm) for precision therapy. PDT can be
used either before or after chemotherapy, radiotherapy, or surgery
without compromising these therapeutic modalities.
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Most of the PSs used in cancer therapy are based on
porphyrin, such as hematoporphyrin derivative (HPD)."
The most widely used photosensitizer in clinical PDT today
is Photofrin, which is made by partially purifying HPD to
remove less-active porphyrin monomers.?® An ideal PS agent
should be a single pure compound to achieve highly efficient
PDT with low manufacturing cost and good stability during
storage. It should have a high absorption peak between
600-800 nm (red to deep red), because absorption of pho-
tons with wavelengths longer than 800 nm does not provide
enough energy to excite oxygen to its singlet state and to form
a substantial yield of reactive oxygen species.”’

To improve the effectiveness of PDT, two issues must
be addressed: accumulation of the PS in diseased tissues
and localized light delivery. These demands require materials
scientists to prepare red absorption PS with a proper size,
which should be between 50-100 nm for long residence time in
tissue.”® Nanotechnology has made a significant contributions,
providing approaches such as nanoparticle delivery, fullerene-
based PS, and the use of upconverting nanoparticles to increase
light penetration into tissues. Wang and co-workers recently
discovered that core—shell structured porphyrin—silica nano-
composites with 80-nm diameter show high-yield generation of
10, for PDT, paving a new way for the preparation of efficient
PS.” The Yang and Zhang article® in this issue discusses the
development of porphyrin photosensitizers, characterization
methods of singlet oxygen, strategies of porphyrin delivery,
as well as the challenges and outlook in porphyrin-based
nanocomposites-mediated PDT.

In this issue

The articles in this issue focus on the recent developments of
porphyrin nanomaterials and their applications in both energy
harvesting and biomedicine. In their article in this issue, Li
et al.’! discuss the interdependent relationship of well-defined
porphyrin self-assembled nanostructures and their visible
light catalytic processes. The porphyrin self-assembly, which
assembles the modular units into specific spatial arrangements
and facilitates their working cooperatively, exhibits more
complicated absorption and emission spectra than those of the
monomers. Rapid photo-induced charge separation and rel-
atively slow charge recombination act as a novel structure and
improve the photocatalytic activity.

Yang and Zhang,* in their article, provide a comprehensive
review introducing the development of porphyrin photosensi-
tizers and characterization methods for singlet oxygen ('0,),
followed by strategies for porphyrin delivery, including encap-
sulation, covalent conjugation, and self-assembly for PDT.
The challenges and outlook in porphyrin-based nanocomposite-
mediated PDTs are also discussed.

Zhong et al.** cover the concept of binary ionic self-assembly
and ionized forms of porphyrins, including tuning of composi-
tions, control of hierarchical structures, and related electronic
and light-harvesting properties in preparing porphyrin func-
tional nanomaterials.
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Wei et al.** provide general perspectives on porphyrin and
derivative chemistry and discussions on surfactant-assisted
cooperative self-assembly using amphiphilic surfactants and
functional porphyrins and derivatives. Through kinetic control,
this method readily allows fine tuning of the nanostructure and
function on multiple length scales and multiple locations. These
structure-controlled porphyrin nanomaterials provide a control-
lable model system to correlate synthesis—structure—property
relationships and amplify the intrinsic advantages of individual
porphyrins for their application in light harvesting and energy
storage.

Summary

In summary, porphyrin, as a planar macrocyclic molecule
widely present in nature, has many potential applications
ranging from the energy conversion, catalysis, and sensors to
nanomedicine. This issue highlights the synthesis of porphy-
rin nanostructures by self-assembly, the formation mecha-
nisms for these nanostructures, and their applications in the
water splitting, dye degradation, and photodynamic therapy.
These research areas point to the potential new near future
directions.
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