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ABSTRACT: The recent development of metallophthalocyanine (MPc)-based frameworks has opened the door to a new class
of promising multifunctional materials with emergent electrical, magnetic, optical, and electrochemical properties. This
perspective article outlines the process of molecular engineering—which uses the strategic selection and combination of
molecular components to guide the assembly of materials and achieve target function—to demonstrate how the choice of
MPc-based molecular components combined with the toolkit of reticular chemistry leads to the emergence of structure-
property relationships in this class of materials. The role of complexity and emergence as core principles of molecular
engineering of functional materials are discussed. Subsequent illustration of the molecular design criteria that stem from the
unique optical, electrical, magnetic, and electrochemical features of MPc monomers sets the stage for achieving emergent
function on the basis of the underlying properties of the constituent molecular building blocks. The review of strategies
available for the controlled assembly of MPc monomers employing the principles of self-assembly and reticular chemistry
serves as a guide for the attainment of enhanced control over relative position, orientation, and aggregation of MPcs building
blocks, while creating opportunities to discover new emergent properties. The central focus on the advances in MPc-based
framework materials shows how the electronic, photophysical, magnetic, and electrochemical properties in these materials
emerge from molecular design principles that build on the initial properties embedded in MPc-based building blocks.
Concluding remarks summarize accomplishments and pave the way for future directions.

INTRODUCTION

Complexity and Emergence as Core Features of
Molecular Engineering. Innovations in materials have
shaped the development of civilizations. Each historical
step towards mastery over stone, copper, bronze, iron,
silicon, and organic matter has introduced tools and
methods that have surmounted societal challenges and
increased the technological complexity of the society.m %3
Today, innovation in materials design for targeted

materials, where optimization of performance toward
functional systems can be rationally attained from
atomically precise molecular components, has the potential
to develop complex, emergent and multifaceted function.

<]
applications continues to be critically important for 5
ensuring .sustalnablllty of our glob.al resources and g emergent
safeguarding the health and longevity of the human ‘E function
population.* %
. . . . . . molecular
Historically, chemistry has aimed to predict and direct o assembl
the properties of molecules and materials for specific » molecular y
functions.> Many initial efforts in controlling properties of design
materials have largely relied on top-down approaches for chemical
sculpting and modifying existing bulk structures.® 7 8 principles
However, recent efforts based on molecular engineering— >
the process of constructing materials from atoms and complexity

molecules with targeted function—hold promise for
controlling the structure-function relationships in new
materials with atomic precision. Molecular engineering of
new materials requires understanding of factors that
influence the organization of structural components across
a number of length scales—from atomic to macroscopic—
coupled with the understanding of the structure-function
relationships that emerge from the increased complexity of
the materials architecture relative to its constituent
components (Figure 1). Thus, utilizing the principles of
molecular design and engineering for the advancement of

Figure 1. Molecular engineering requires mastery of
complexity and emergence with the goal of programming
and controlling structure-function relationships in
materials and devices.

Since increasing complexity is an established strategy
for achieving emergence of novel properties,” molecular
engineering requires mastery of complexity® and
emergence® with the goal of predicting and controlling
structure-function relationships in materials and devices. A
complex system is one in which the number of independent
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interacting components is sufficiently large to achieve
emergence of function, and one whose function is very
sensitive to small structural perturbations.® In functional
materials, complexity often scales with size; therefore,
emergent function of materials is expected to be size-
dependent (Figure 1).

Currently, the principles of molecular engineering for
achieving one desired structure-property relationship at a
time in certain classes of materials are relatively well-
established.1% 11 12,13, 14 For instance, the molecular design
criteria for band gap engineering in graphene!> and in
conductive polymers, 12 14 16 for improvement of energy
conversion technology,'” crystal engineering of stability in
explosives,'® semiconductor spintronics,’® design of
topology and porosity in network solids,?° enhancement of
electrocatalysis,?! and integration of conductivity in hybrid
systems?? have established principles for achieving and
optimizing structure-property correlation in a material.
However, molecular engineering of multifunctional
materials, where more than one property is designed to co-
exist for fine-tuning specific function, are significantly less
developed. Our overarching goal in this perspective is to
illustrate—through several examples—how molecular
engineering of multifunctional materials can be achieved by
starting with multifunctional molecular precursors.
Although extending such principles to further attain
rationally designed emergent function in devices becomes
more difficult to achieve as the role of material/device
interfaces, defects, impurities, and sensitivity to other
physical parameters may be more difficult to predict and
control, recent examples suggest that rigorous and
systematic studies in this area can lead to transformative
outcomes.

General Process of Molecular Engineering. The
process of molecular engineering is grounded in the
fundamental understanding of chemical principles at the
interfaces of organic, inorganic, and physical chemistry.
Beginning this process requires an understanding of
electronic structure and principles of chemical synthesis in
order to facilitate an emergent system. Armed with these
tools on the molecular level, the process proceeds to the
molecular design of desired structure-property
correlations through strategic perturbations to the
molecular structure. The path towards emergent function
follows through the tools available for molecular assembly
beyond the molecule, such as molecular self-assembly or
chemical synthesis with nanoscale control (Figure 1).
Emergent function of the resulting assembly is then tested
in reference to the initial molecular precursors in terms of
the structure-function correlations. In this perspective
article, we show examples of how attaining multifunctional
emergent function can be achieved by starting with
multifunctional molecular building blocks.

Molecular Design and Self-assembly as Critical
Steps Toward Emergent Properties. While designing and
selecting precursors to engineer a multifunctional material,
it is necessary to decide on the chemical and physical
properties one aims to introduce within the material, and
how both the chosen building blocks and their combination
can lead to the emergence of those properties. Once a target
material with chosen properties is designed, one can
harness fundamental chemical principles, such as self-
assembly, coordination chemistry or dynamic covalent
chemistry, to direct the assembly and embed desired
functionalities with synergistic and adjustable metrics
required for emergent function (Figure 2).
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Figure 2. Comparison of using the principles of rational design and molecular engineering to embed desired structure-

property relationships to design principles employed by nature.
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Molecular self-assembly is the organization of
components in which atoms or molecules arrange
themselves into ordered structures through relatively weak
and reversible intermolecular interactions.?? This complex
phenomenon plays a central role in many biological
processes such as cellular mitosis and the folding of
proteins (Figure 2).2% The use of self-assembly to generate
synthetic materials requires judicious choice of their
molecular building blocks and their functional
heteroatoms.?* 25 This technique for the fabrication of
functional nano-systems is beginning to be used more
frequently, as it offers relatively straightforward routes to
complex systems through design and synthetic execution.
The functionalization and rational substitution of organic
linkers enable the use of non-covalent interactions, such as
hydrogen-bonding, van der Waals, electrostatic, or
coordination bonding,.?> 2¢ Different types of hierarchical
self-assemblies, from nano- to microscopic scales, including
oligomers, D-A conjugates, wires, columns, and liquid-
crystalline blends, have also been demonstrated using these
techniques.?” 28 29,30

Scope and Aims of this Perspective. This
perspective highlights recent trends in molecular
engineering of multifunctional framework materials:
metal-organic frameworks (MOFs) and covalent organic
frameworks (COFs). Although crystal engineering
principles have provided a solid foundation to investigate
topological and morphological control over MOFs and COFs
by variation of the geometrical orientations of the building
blocks,3! the tailored design and emergence of
multifunctional performance characteristics within the
final structure is still in development. The use of reticular
synthesis, first defined by Yaghi et al. in 2003,?° has made it
possible to implement molecular design principles and
strategic selection of secondary building units to direct the
assembly of frameworks with ordered structures. In
contrast to initial reports of framework materials that have
largely focused on the engineering of their porosity, recent
discoveries of redox active and conductive framework
materials have enabled the synergistic integration of
reticular synthesis with bottom-up design of conductive
and ordered polymeric structures, where sensing,3% 33 34
catalytic function,3> 3¢ gas capture, and charge storage
capacity’” can be controlled electronically leading to
emergence of multifunctionality. The molecular design of
such multifunctional framework materials has largely
relied on molecular building blocks that have the
characteristics of being planar, highly conjugated, and redox
active. One of such molecular building blocks that has been
successfully embedded within frameworks to generate a
synergistic ~ combination of multifunctional and
electrochemically active materials is
metallophthalocyanine (MPc).

This class of molecular building blocks constitutes an
important category of multifunctional materials and has the

potential to draw on bioinspired design principles based on
structural similarity between MPcs (Figure 3) and
metalloporphyrins (MPys). As MPys are ubiquitous in
nature as multifunctional redox-active molecular
recognition systems, they have been adapted in synthetic
systems to mimic biological systems through functions in
light harvesting,3® chemical sensing,?® and catalysis.** This
perspective outlines the general progress of molecular
engineering with distinct components of molecular design,
molecular assembly, and assessment of emergent function
in the context of MPc-based functional materials. We select
MPc-based framework materials as a representative class of
multifunctional materials for demonstrating the principles
of molecular engineering because these materials can be
constructed from the bottom up using atomically precise,
yet extremely modular multifunctional building blocks
(Table 1).

We focus on the emergence of conductivity and
electrochemically active function in MPc-containing
framework materials with increasing complexity of the
system in the context of multifaceted applications. Towards
this goal, this perspective aims to: (1) summarize molecular
design  criteria for achieving structure-function
relationships using MPc building blocks and highlight
strategies for achieving complexity and emergence using
these structural units in the context of light-matter
interactions, charge transport, magnetism, electronically
transduced chemical sensing, and catalytic function within
electrochemically active systems; (2) discuss the unique
physical and chemical properties of MPc-based molecular
materials as a function of their molecular structure,
supramolecular assembly, and reticular organization as
well as illustrate how reticular chemistry can capitalize on
these intrinsic properties to amplify MPc’s utility as
functional materials through complexity and emergence;
(3) generalize these findings to illustrate how the principles
of molecular engineering can enable the design of
multifunctional frameworks materials. We conclude by
pointing out gaps in the fundamental understanding of MPc-
based materials and offering a perspective on the future
direction in the molecular engineering of MPc-containing
framework materials.

This perspective excludes ideas of molecular
engineering of framework materials focused primarily on
pore size control for optimizing gas storage or uptake.
Although extremely promising examples of MPc post-
synthetically modified frameworks and composite
materials*! exist, they are outside the scope of this
perspective. Readers who are interested in MPc-based
molecular materials are encouraged to refer to the
following reviews and books for authoritative views on
synthetic access to MPcs** 4% * MPc-based hybrid
composite materials with carbon nanostructures,?® and
their use in various applications.30 45 46 47
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Figure 3. Chemical structures of metalloporphyrin and metallophthalocyanine and possible substitution positions and

functional groups.

Unique Features of MPcs. MPcs are structurally
analogous to MPys and have a highly conjugated 18 m-
electron system with four isoindole units linked together
through nitrogen atoms (Figure 3). The combination of
aromaticity in an extended m-system endows MPcs with
exceptional electronic, optical, and redox properties, which
have been harnessed in a wide range of applications in
electronic devices,*® 4° photodynamic therapy,®° artificial
photosynthesis,>" 52 and catalysis.>® MPcs have important
electronic and photophysical properties that result from
m—m* (HOMO to LUMO) electronic transitions. As a result,
MPcs exhibit intense Q absorption bands centered at 600-
800 nm>* and moderate HOMO-LUMO gap of around 2 eV.5°
The use of metal ions with unpaired electrons can endow
MPcs with a magnetic moment,>¢ leading to fascinating
magnetic properties, such as long-range ferromagnetic
coupling.5” Remarkably, considerable optimization over the
optical, electronic, and physical properties at the molecular
level can be achieved by numerous chemical modifications
of MPcs (Figure 3), through the addition of peripheral
substitution with electron withdrawing/donating groups,
exchanging the metal center, and addition of sterically bulky
or long hydrocarbon chains.*¢ MPcs have D, symmetry,
which predetermines their commonly adopted square or
cubic type arrangements in the solid state.>® The strong -1
interactions resulting from the large aromatic system of
MPcs can lead to cofacial stacking (H-aggregate) or head-to-
tail arrangement (J-aggregates).2® 28 The unique molecular
symmetry, together with the planar aromatic skeleton of
MPc, allows predictable control of their spatial position and
orientation with atomic precision. The incorporation of
MPc-based building blocks into materials does not solely
add up the unique chemical and physical properties that
molecular MPcs possess; their arrangement by
supramolecular interactions, coordination bonds, and
covalent bonds in two- and three-dimensions can further
enhance those properties and generate emergent
multifunctionality.>®

Although MPcs have been utilized as the analogs of
MPys, MPcs possess several unique features and
advantages. First, MPcs are more synthetically accessible
than MPys and can be made in large quantities through the

cyclotetramerization of various phthalic acid derivatives
including  phthalonitrile, diiminoisoindole, phthalic
anhydride, and phthalimides.** Synthetic availability and
tunability of MPc is an important prerequisite for
fundamental  investigation = of  structure-property
relationships of molecular systems and strategic design of
more complex materials with emergent function. Second,
MPcs generally have higher thermal stability than MPys,
which may be related to their additional benzene ring
peripherally fused over each of the four pyrrole units, giving
a larger conjugated aromatic structure and more rigid
conjugated structure. This feature is also advantageous for
their use in devices that require high temperature
operation.3 ¢ Third, MPcs’ larger aromatic structure can
lead to relatively low HOMO-LUMO gaps and wider
absorption in the visible and near-infrared regions.*® 49 61,62
The aforementioned features in MPcs are particularly
advantageous for the fabrication of small band gap and
photovoltaic materials. Fourth, MPcs have stronger
propensity to adopt horizontal orientations on substrates
than MPys, leading to high charge-carrier mobility and
relatively longer exciton diffusion length in devices. This
phenomenon can be ascribed to the strong tendency for
MPcs to cofacially stack (H-aggregate);®® in contrast MPys
can exhibit head-to-tail molecular stacking (J-aggregate)
that leads to energy migration.% 65

Unique Features of MPc-based Framework
Materials. Framework systems have become one of the
most actively investigated materials that have found
potential in multiple disciplines including gas storage,
catalysis, and more recently, gas sensing.®® Self-assembled
MOF and COF systems built from the bottom up allow for
the insertion of these multifunctional properties through
the strategic choice of their constituent building blocks.
Many initial MOF systems were built using principles of
reticular chemistry using secondary building units (SBUs)
of a given geometry and connectivity that strongly
coordinated to benzene based carboxylates, imidazoles,
catechols and thiol functionalized linkers®” to direct the
structure, composition and topology. The original
application of these highly porous and rigid framework
structures were mainly gas storage and separation,® where
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much focus has been dedicated to pore volume engineering
and functionalization of internal surface chemistries®® to
improve separation and retention of specific gases.®®
Isolation of graphene in 2004 has catalyzed research
activity in multifunctional 2D materials, and has led to a
profound recognition that synthetic access to new
conjugated linkers that could lead to the self-assembly of
graphene analogs through coordination bonds. Soon after,
researchers were able to gain access and establish unique
multifunctional properties within 2D framework materials,
such as conductivity,®> ©° electrocatalytic activity,®®
photocatalysis,”® light harvesting capabilities 7! and
enhanced selectivity in gas sequestration.’? Already hailed
for their optical, electronic, and redox-active properties
coupled with great synthetic modularity and established
ability to undergo self-assembly and engage in coordination
bonds, triphenylene (TP)-based’®7+7> and benzene-based”®
linkers, have found their way into framework materials to
generate remarkable conductivity coupled with catalytic,
sensing, and energy storage function.?> 6% 76 77
Computational studies have calculated that the bulk
material of multi-layered TP-based MOFs possess metallic
conductivity, similar to graphene,’® where increasing
interlayer spacing can induce changes in band structure.®
Subtle changes in the composition of the ligand and metal
can also dramatically influence the physical and chemical
properties of the frameworks (i.e., stacking of layers and
presence of interfaces and defects within the bulk), which
can in turn affect their electronic properties.?% 677

As MPcs themselves possess several multifunctional
features as those described above, it seems reasonable to

MPc-COFs

assume that these building blocks will form frameworks
with exceptional and synergistic multifunctional properties.
Amongst tunable 2D MOFs and COFs, MPc-based
frameworks exhibit several competitive metrics and
features, with great potential for further refinement. These
features largely stem from the fact that the bulk, thin film,
and nanowire forms emerging from MPc-based molecular
architectures exhibit remarkable properties—unique light-
matter interactions,*s charge transport,®> magnetism,’” and
electrocatalytic function’—with established molecular
design principles for modulating these properties through
straightforward changes in molecular structure (Table
1).8% 81 The ability of MPc-frameworks to acquire, for
instance, unique light harvesting capacity is due to their
preference for stacked orientation and excellent m- m
overlap of the MPc units. In fact, many of the emergent
properties (low HOMO-LUMO gap, fine tunable optical
absorbance, and photoconductivity) arise from MPc’s
tendency to form aggregates and stacks through m-m
aromatic interactions in an eclipsed fashion to
accommodate extended m-systems and to enable out of
plane charge transfer.#>47-82 Capitalizing on the established
design principles by embedding MPc multifunctional
building blocks into novel architectures within framework
materials presents a unique opportunity for fundamental
studies of complexity and emergence.
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Table 1. Highlight of several MPc-COF and MPc-MOFs showcased in this perspective. References for structures reprinted
or adapted from the following: Structure 1. adapted with permission from references 8 Copyright 2010 Springer Nature. 2.
Reprinted with permission from reference 8 Copyright 2014 American Chemical Society. 3. Reprinted with permission from
reference 33 Copyright 2019 American Chemical Society. 4. Reproduced with permission from reference 8> Copyright 2017
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Royal Chemistry. 5. Reprinted with permission from reference 3* Copyright 2019 American Chemical Society. 6. Reprinted
with permission from reference 3¢. Copyright 2019 American Chemical Society.

STRUCTURE-FUNCTION RELATIONSHIPS OF MPc-
BASED MOLECULAR MATERIALS

As a result of their 18 m-electron planar aromatic
structure, MPcs possess intriguing optical, electronic, and
magnetic properties that can be harnessed in various
applications, such as electronics devices,* magnetics,>”
chemical sensing8 and catalysis.*”» 53 The versatile
functionalization of MPcs allows further refinement or
adjustment of these properties.?® 42 For a functional solid-
state material, these basic properties are related to both the
fundamental chemical structures of the MPc units and their
supramolecular arrangement into an assembled state.
Controlling the structure of MPcs across different length
scales is the key to harnessing their full potential as
multifunctional building units.
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Figure 4. (a) A typical absorption spectrum of MPc and
the corresponding electronic transition. (b) -m* transitions
in the HOMO and LUMO gap of MPcs (c) Schematic stacking
of the herringbone a- and -phases. 8 is the angle between
the z axis of the molecule and the b axis of the crystal
structure. (a and b) Adapted with permission from ref #°
Copyright 2008 Wiley InterScience. (c) Adapted with
permission from ref 8 Copyright 2014 Springer-Verlag
Berlin Heidelberg

Optical Properties in MPc-based molecular
units. MPcs exhibit beautiful and intense blue and green
colors that have been historically applied and been very
successful as industrial dyes and pigments.*® These optical
properties result from MPcs absorbing in the visible and
near- IR region and are capitalized in various fields, such as
organic solar cells,?® photodynamic therapy of cancer,?
nonlinear optical devices,’® heat absorbers,’! and near-IR
imaging.#! A typical electronic absorption spectrum of MPc
is shown in Figure 4a. The strongest and most well-
resolved absorption band in a vast number of MPcs is the Q-
band, lying in the visible region at wavelengths between

620 to 720 nm, which is ascribed to the 1a;,—~1e,* transition
(Figure 4b).

Many optical applications utilize this Q-band
absorption, the fine-tuning of the Q-band is, thus, of great
importance.  There are generally three approaches for
tailoring the absorbance of MPcs in the near-IR region at the
molecular level. The first method is incorporation of a
suitable metal cavity. The choice of different metal cavities
leads to changes of the electronic structure and causes the
Q-band shift within a range of ca. 100 nm (620-720 nm) as
a function of the metal size, coordination environment, and
oxidation state.** MPcs with closed-shell metal ions (e.g,
LiPc, MgPc, ZnPc) show Q-band absorptions around 670
nm;®? while those with open-shell metal ions can interact
strongly with the phthalocyanine ring (e.g., FePc, CoPc,
RuPc) and have Q-bands around 630 to 650 nm.’® MnPc has
been reported with strongly red shifted Q band around 808
and 828 nm.** The second method relies on extending the
electronic m-conjugation by expanding the macrocycle or
oligomerizing MPcs, which results in a decrease in the
separation between the HOMO and LUMO energies and
leads to a red shift of the Q-band.*® Naphthalocyanine, in
which naphthalene moieties are used instead of benzene
groups, have Q-band peaks red-shifted by 80 to 100 nm
compared to those of similar phthalocyanine compounds,
exhibiting peaks at 750 and 840 nm.?® The third approach
relies on the introduction of substituents with different
electron-donating or -withdrawing characteristics. In
general, electron-withdrawing groups cause a red shift of
the Q-band, while electron-donating substituents have a
minimal effect on the Q-band absorption maxima.*®
However, these effects still depend on particular

substituent, as well as substituting number and position.*®
96

The optical properties of MPcs in the solid state are
more complicated and difficult to control compared to the
solution phase. Weak intermolecular m-electron and van der
Waals interactions between MPcs give rise to various
crystalline phases. MPc molecular units exhibit different
type of stacking modes with the central metal atoms
forming one-dimensional columns giving rise to different
polymorphs, the most abundant being a and B-phases
(Figure 4c).*>*° Distinct phases absorb in different regions
of the electromagnetic spectrum, which is likely due to
different intermolecular interactions coupling with the
HOMO-LUMO transitions of single MPc molecule. For
example, in the  phase of ZnPc, the Q-band peak is found
at 700 nm, which red-shifts to 750 nm in a phase.®’

The behavior and self-organization of MPcs reflects
their optical and electronic properties, and can cause
complications in some applications, such as in pigments and
in organic solar cells, where undesirable aggregation on
surfaces must be controlled.*” 4° However, the current
methods toward the control of the selective generation of
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specific phases, including temperature control, post
treatments by solvent or inorganic salts, integration into
nanoparticles, are still empirical.’®

Charge transport in MPc-based molecular units.
Charge transport properties in MPc-based molecular
materials are governed by the identity of specific MPc and
their supramolecular arrangement. Thus, these properties
are influenced by a wide range of chemical and physical
parameters, such as the identity of metal cavity,”
substituent groups, structural packing,* m-m overlap, and
presence of dopants or impurities.'?° Most MPcs are found
to be p-type semiconductors*® %! and have been studied for
use in organic field effect transistors (OFETs),1%? solar
cells, 103 light emitting diodes,'** and optical switching.*> 105

Solid-state  molecular MPcs exhibit intrinsic
conductivities at low to moderate levels, and depending on
the different metal cavities, these values range from 10 to
107 S cm .46 The intrinsically low conductivities in MPcs
can be ascribed to their solid-state arrangement, which do
not allow an appropriate overlap of m-orbitals to form a
conduction band. In MPc materials, charge carriers undergo
hopping mechanisms, as they “hop” from one localized
energy level into another, which requires large activation
energies.!® However, some MPcs have been known to
exhibit higher conductivities when in the form of a single
crystal, such as the case for LiPc, which has been reported
to have conductivities as high as 2 x 10-3 S cm~1.107. 108 This
was found to be related to the presence of the structural
disorders and defects in LiPc crystals. MPcs can also reach
high conductivities through the addition of chemical
dopants, such as oxidants (Figure 5a).1%¢ 1%° Doping with
iodine or other oxidants can promote the emergence of
metallic conductivity in MPc crystals'!? and polycrystalline
films!% by increasing the concentration of holes as charge
carriers'! or creating extra charge transfer pathways.%°

Charge transport behavior can also be modified
through the introduction of substituent groups to MPcs. For

(a

—

partially oxidized

extrinsically doped MPc

instance, a fully fluorinated CuPc (F;,CuPc) presents n-type
characteristics with an electron mobility comparable to the
hole mobility of its unsubstituted counterpart, CuPc.1!2
Introducing electron-withdrawing or -donating
functionalities can also lead to their integration into
multicomponent systems as electron- (D-A) complexes for
energy related systems.*® For example, MPcs covalently
linked to fullerenes,*® 88 113 are excellent electron-acceptor

systems for photo-induced charge transfer and separation
46

Lastly, supramolecular self-assembly of MPcs into one
dimensional (1D) columnar structures by m- 7 interaction,
which is sometimes aided by the introduction of
functionalities at B-positions (e.g., crown ethers!!* or long
hydrocarbon chains)!'® to provide additional peripheral
intermolecular interactions,*> ¢ can give rise to electron
delocalization along the c-axis.!’® Measurements of
electrical conductivity on such morphologically distinct
materials (i.e., crystals, nanoribbons, polycrystalline films,
and nanowires)!!” can greatly vary, indicating the influence
of morphology and grain boundaries on electrical behavior.

In summary, the electronic properties of MPc-based
materials are not only dependent on their chemical
composition, such as identity of the metal cavity, oxidation
state, m-conjugated system, and presence of substituent
groups on their periphery, but also on their self-
organization into solid state structures. The tools of
chemical synthesis and structural engineering can impart
great tunability over MPc charge dynamics through high-
level of control of MPc self-assembly to generate materials
with remarkable and controllable electronic properties.
Initial investigations using the principles of supramolecular
chemistry have demonstrated precedent on achieving this
level of control on the nanoscale, however extending this
level of control into 3D self-organized structures using
strong linkages can afford stable and functional solid-state
materials.
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Figure 5. (a) Conductivities*® 4% 199 118 and (b) charge mobilities*s 11 120 of MPcs that are influenced by a wide range of
chemical and physical parameters ([p] hole mobilities, [n] electron mobilities). (b) Reprinted with permission from ref 18,

Copyright 2015 Elsevier.

Magnetic properties of MPc-based molecular units.
The design and fabrication of materials that exhibit
semiconducting and magnetic properties for spintronics
and quantum computing is an attractive but long-standing
challenge.’?! MPc materials, in sharp contrast with common
organic compounds, which are typically diamagnetic, are
notable exceptions and have served as prototypical systems
to study the magnetic properties of transition metals
embedded in a tunable ligand sphere.?”- 122 Firstly, magnetic
properties of MPcs depends on the electronic ground state
of the metal used in the center of the phthalocyanine (Pc)
ring, which, in turn, is largely determined by the
surrounding ligand sphere.?” The total spin value of MPc
units is determined by the electronic configuration in the d
orbitals of the metal (Figure 6a), which usually can be
identified as a square-planar ligand-field due to the Dy,
symmetry of MPc unit. 8 MPcs with transition metal
centers, including Ti, V, Cr, Mn, Fe, Co, Ni and Cu, have been
intensely investigated in molecular magnetism studies,
compared to other MPcs.8” The magnetic moments of MPcs
follow the order of MnPc (4.8 ug) >CrPc (4 pg)> VPc (3 us)
>TiPc (2 pg) =FePc (2 pg) > CuPc (1 pp) =CoPc (1 pg) = ScPc
(0.99 pp) =AgPc (0.95 pg) >CaPc (0 pp) =ZnPc (0 pg),'??
indicating that magnetic strength can be controlled at a
molecular level through the choice of the metal.
{a) _
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Figure 6. (a) d orbitals of metal in MPc molecules
(notation as irreducible representations in Dy, symmetry
and blue and red identify the different wave function
phases) and representation of electron configuration in the
d orbitals of MnPc, FePc, CoPc, NiPc, and CuPc.?’ (b) Top and
side views of the differential charge density induced by MPc
bonding to the substrate.'?? (a) Reprinted with permission
from ref 8 Copyright 2014 Springer-Verlag Berlin
Heidelberg. (b) Reprinted with permission from ref 123,
Copyright 2015 American Physical Society.

In the solid state of some MPcs, strong intrachain and
weak interchain coupling between metal atoms result in
anisotropic magnetic properties. 8 However, most of the

bulk solid-state MPcs remain paramagnetic down to the
lowest achievable temperatures in experimental testing
because the intermolecular magnetic exchange interactions
are not strong enough to sustain long range order.'?4 125 126
Only B-MnPc!?7 128 and a-FePc!? 130 polymorphs exhibit
long range ferromagnetism below an ordering temperature
(T.=8.3 K for f-MnPc and T,=10 K for a-FePc) ascribed to
relatively stronger interchain interactions.

When MPc molecules are deposited on a metallic
substrate, the hybridization of the 3d,? states of the metal
center in the MPc and the electronic states of the substrate
can influence the position of the metal center on the
substrate, while the orientation of MPc is mostly influenced
by the interaction of the N atoms and the surface.'®! This
interaction between the orbitals of MPc and conducting
substrates, also called the Kondo effect, can modify the
value of total spin of the molecule.'3%133 Thus, the substrate
on which MPc is adsorbed can influence its magnetic state
depending on specific interaction between the substrate
and the MPc molecules. When MPc molecules assemble into
clusters, the intermolecular interactions may compete with
the Kondo effect and the molecules may change their
magnetic state. &7

The molecular spin state of MPcs can also be
manipulated by the adsorption of the small molecules on
MPcs, such as organic ligands and gaseous molecules, that
can change the electronic configuration upon their
interaction with MPcs.!34 135 136, 137, 138 For example, the
magnetic state of MnPc molecules on a Bi(110) surface can
be modified when the Mn?* center coordinates to CO
molecules adsorbed, and reduces the spin of the adsorbed
MnPc from S = 1 to S = 1/2.137 Usually the modification of
the spin state is reversible, thus this property is appealing
for molecular spintronic devices.

In summary, the magnetic properties of MPc molecules
are strongly related with the electronic ground state of the
central metal atom hybridized with the ligand states.®” For
solid-state MPc-based materials, intermolecular exchange
interactions between magnetic metal cavities and the
electronic coupling to the supporting substrate regulates
their magnetic properties. These initial studies are inspiring
and provide the platform to understand the structure-
property relationships that influence magnetic moments in
MPc compounds and further the development of controlling
the alignment of MPc molecules on substrates to maximize
intermolecular exchanges. These developments can lead to
advances in single molecule magnetic switching, toward
information storage and processing, and magnetic-based
sensors. 7

Chemical sensing. Inspired by the central role of MPys
in biological systems for regulating various physiological
processes, significant effort has been devoted to the use of
MPcs as functional units in selective chemical sensors.'3 140
The coordination of a ligand along the axial site can modify
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the electronic properties of MPcs and cause changes that
may be detectable through various methods of signal
transduction, such as alteration of conductivity, mass, and
optical propeties.8® 116 139 Consequently, there has been
strong interest in integrating MPcs into multiple sensing
architectures that span field-effect transistors (Figure
7a),'*! chemiresistors,'#? electrochemical sensors'#3, quartz
crystal microbalance,'#* 45 surface acoustic-wave,'* and
colorimetric sensors.'*7 148,149 Well documented examples
have illustrated the utility of MPc sensors towards gaseous
analytes such as NO,'5° NO,,'51 NH3,152 Cl,,'53 H,,'>* and 0,.15%
156 MPc-based sensors have also been utilized for the
determination of volatiles!®? 158 159 and
biOmOleCules.161' 162,163, 164, 165

ions,160
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Figure 7. (a) SEM image of a FETs based on CuPc
nanowire'®® and (b) the transfer characteristics of the FET
to various SO, concentration (0-20 ppm) at room
temperature. (c) Schematic representation of the N-
G/NiTsPc/GC electrode toward DA oxidation.!®” (a and b)
Reprinted with permission from ref 1% Copyright 2013
Wiley-VCH Verlag.
(https://creativecommons.org/licenses/by/4.0/) (9]
Reprinted with permission from ref %7 Copyright 2016
Elsevier.

Chemiresistive sensing. The impact from both
intrinsic (identity of the metal -cavity, peripheral
substituent, etc.) and extrinsic parameters (material
morphology and substrate/electrode contacts) can
profoundly affect the sensing performances across different
sensing architectures. Speaking first to intrinsic
parameters, Bohrer et al investigated sensing responses
across CoPc and H,Pc thin films and found that the central
metal cavity, presence of surface bound 0, and Lewis
basicity of the analyte strongly influenced responses across
sensing films.1%® Indeed other experiments have shown the
electron donor/acceptor abilities of analyte and different
binding affinities of the metal in MPcs significantly influence
the sensing response.!3% 168 169 Consistently, theoretical

studies have demonstrated the effects of metal variants (M
= Mg, Mn, Co, Ni, and Zn) on MPcs sensitivity towards
volatile organic compounds, which showed strong
correlations between Mullikan electronegativity values of
the analytes and sensitivity of the MPcs.!”° The influence of
peripheral substituents on the sensing response has also
been investigated.!> 170 For example, a ZnPc thin film
showed negligible response to reducing gas NHs; however,
the addition of strong electron-withdrawing peripheral
substituents (-F), which significantly increased ZnPcs
sensitivity toward NH;.17!

As analyte binding interactions occur primarily at the
surface of the sensing material (Figure 7b), different
methods of thin film deposition (thermal evaporation,
solvent-casting, self-assembled monolayers or Langmuir-
Blodgett) are known to affect sensitivity of MPcs towards
various gases.8! Other extrinsic parameters such as
crystal morphology, degree of crystallinity, crystallite size,
presence of grain boundaries,'’? film thickness, and
structural order®! of MPc-based materials on the surfaces of
substrates also play a vital role, as the availability of active
sites for chemical sensing also influence the sensitivity of
the gas sensors.'®® Nevertheless, MPc-based sensors have
shown high sensitivity for a wide range of gaseous and
volatile analytes with sub-ppm to ppb level limit of
detections (LODs), such as for NO, (LOD: 40-100 ppb)17%173
NO (LOD<20 ppm, Figure 7c),'”* NH; (LOD: 0.7-1 ppm),*”>
176 H,S (LOD: 100 ppb),'** and SO, (0.5 ppm).1%6 Although
cross sensitivity among different analytes still remain,8¢ 168
they may be potentially overcome using linear discriminant
analysis (LDA). Trogler and co-workers demonstrated that
single sensor normalization of analyte concentration leads
to excellent discrimination and identification of analytes
with 95.1% classification accuracy using MPcs (M=Co, Nij,
Cu, Zn, and H,). 177

In most cases, sensing devices made using thermally
evaporated MPc films display low conductivities and
require high driving voltages (e.g., 8-100 Volts).177- 178,179
Methods to overcome these limitations are made through
combining MPcs with conductive materials like graphene
and carbon nanotubes (Figure 7d).180 181, 162, 183, 184, 185 [p
addition, high operating temperatures (100-200 °C) are
often required to optimize sensitivity and reduce response
and/or recovery times.!3 Although these limitations are
mainly due to MPcs physiochemical properties, extensive
worKk in this field has demonstrated the utility of MPcs as
sensitive and selective sensors to specific gases.

Electrochemical sensing. MPcs (M= Fe, Co, Cu, Zn and
Ni), have also been extensively used as liquid phase
electrochemical sensors, where their rigid, planar and
extended m-systems allow them the ability to undergo fast
redox processes with minimal reorganizational energies.!8®
187 188 In this medium, MPcs usually serve as redox
mediators that bring the overpotential to moderate or low
values so that possible interferences are minimized,
increasing the electrode activity. In this regard, CoPc and
CuPc are the two most frequently used MPcs for
electrochemical sensing, likely due to their high
electrochemical activity under general test conditions.8¢
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MPcs have also been used as dopants in electrochemical
systems to amplify sensitivity and enhance selectivity
towards specific analytes.!50. 189,190

MPcs have been utilized for electrochemical sensing of
various Dbiologically important analytes such as
dopamine,'¢2 11 catecholamines,'°? amino acids,'*? ascorbic
acid, and uric acid,!¢* 195, where they are usually combined
with a conductive matrix, such as graphene'®> % and
carbon nanotubes,'** 1% to form a composite material that
provides the optimized microenvironment for the
electroactive species, as well as enhances electron transfer
rates between electroactive species and the electrode. MPcs
can also be directly deposited onto glassy carbon
electrodes, as shown by Schoenfisch and coworkers for the
detection of nitric oxide (NO).15° This work highlights the
use of Fe(II)Pc, Co(II)Pc, Ni(II)Pc, and Zn(II)Pc as probes for
NO sensing under both differential pulse voltammetry
(DPV) and constant potential amperometry (CPA), where
MPcs provided signal sensitivity amplification (~1.5x).
Intriguingly, FePc exerted the most specific catalytic activity
toward NO over NO?%, while CO exhibited no measurable
activity for bare or MPc-modified electrodes.

Currently, optical and chromatographic sensors are
the state-of-the-art instruments for detection of analytes
with high accuracy,'°%1%7 but these instruments are difficult
to miniaturize and provide real-time analysis of the
chemical environment. Material-based gas sensors (CO, CO,
humidity, etc.) can enable fast response times and low
LODs,*?8 however, some limitations that remain are cross-
sensitivity, stability and selectivity.!%8 For
commercialization of material-based sensors, certain
considerations must be taken into account, such as
accuracy, response times, power consumption, scalability
and costs. In this regard, MPcs possess useful properties,
modularity, and synthetic accessibility can help address
some of these challenges.

Catalysis Arguably the most investigated application
of MPcs thus far has been in catalysis where, as in sensing,
researchers draw inspiration from the extensive catalytic
applications of porphyrin complexes to propose reasonable
reactions for which MPcs can catalyze. MPy complexes are
often active sites of biological enzymes responsible for the
oxidation and reduction of various compounds. For
instance, the heme group, an iron containing porphyrin, is
an imperative cofactor for cytochrome P-450 that reduces
dioxygen in different metabolic pathways.>® This catalytic
pathway is mirrored in the use of MPcs in oxygen reduction
reactions (ORRs). 53

MPcs have been used as both homogeneous and
heterogeneous catalysts for a wide range of organic
reactions like the oxidation of alkanes, olefins, aromatic
compounds, alcohols, and sulfur-containing compounds,
the preparation of nitrogen-containing compounds, and C-C
bond formation.>® Sulfonated CoPcs are used in industrial
processes, such as the Merox process, which involves the
oxidation of mercaptans for the desulfurization of
petroleum.'®® MPcs also serve as electrochemical catalysts
for the oxidation of thiols, NO, nitrite, hydrazine,
hydroxylamine, catecholamines, glucose and other sugars
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as well as the reduction of molecular oxygen.'8 Neither
photocatalytic applications of MPcs, nor detailed
description of all the above reactions will be discussed in
this perspective, but there are extensive reviews on these
topics available in literature.>3 188,199,200 The efficiency of the
catalysts depends on the supporting media for the MPc,
metal center identity, Pc substitution which influences
electron density, along with multiple other factors, such as
pH and phase of the reaction that are beyond the scope of
this review.53

With organic reactions, heterogeneous MPc-based
catalysts have the advantage of recyclability and increased
adsorption of substrates when compared to homogeneous
MPc-based catalysts.>> There are multiple methods for
incorporating MPcs into a heterogeneous catalyst namely
covalent anchoring, physical adsorption, grafting,
electrostatic interaction and encapsulation into a support
system.5® Parton et. al. encapsulated FePc in zeolite Y
(FePcY) and supported the complex on a
polydimethylsiloxane (PDMS) membrane to form a catalyst
for oxidation of cyclohexane with ‘BuOOH.2°! The catalyst
was 18.5 wt% FePcY with a turnover rate of 3.3 min! and
saw a 300-fold catalytic increase compared to other zeolite
complexes. The zeolite support enabled the FePc active site
to assume the optimal transition state due to the steric
strain induced. Another study by Parton et. al. using zeolite
encapsulated nitro-substituted FePc had a turn over
number (TON) of 6000 for the oxidation of cyclohexane
whereas the homogeneous catalyst was rendered
ineffective by oxidative self-destruction.>® These studies
show how the tuning of solid support varies the catalytic
efficacy by providing the optimal orientation of the binding
site and the optimized concentration of adsorbent.

Water oxidation, or oxygen evolution reaction (OER),
has important applications in energy storage and
conversion such as fuel cells and batteries.2%2 In 1981, a
series of different sulfonated MPcs (M=Cr, Mn, Ni, Al, Cu, Zn,
Fe and Co) were investigated as homogeneous catalysts for
the oxidation of water by a ruthenium (III) trisbipyridyl
compound.?®? Solution concentrations varied from 1 x 10-
M to 2 x 10> M of MPc catalysts with Ru(bpy); (Cl0,)s. At
room temperature, the sulfur substituted CoPc catalyst
performed the best with a 62% yield of O, while sulfur
substituted FePc had a 47% and NiPc had a 18% yield. Years
later, FePc’s and NiPc’s performance for OER was improved
by integration onto multi-walled carbon nanotubes
(MWCNTs) to form  heterogeneous catalysts.20*
Comparisons between MPcloading on the MWCNTSs and the
current densities (j), in which a higher j is indicative of a
more reactive catalyst, revealed that the FePc/MWCNT
catalyst was best in both acidic and basic conditions with a
loading of 7:1 of MWCNT:FePc. At this loading, j was about
0.2 mA/cm? for acidic conditions and about 5.5 mA/cm? for
basic conditions. The NiPc/MWCNT catalyst was most
effective ata 2:1 ratio MWCNT:NiPc. The MWCNTs aided in
catalytic function due to their non-covalent n-n interactions
with the MPcs that aided in stability and charge transfer.2%4
At this loading, j was about 0.1 mA/cm? for acidic conditions
and about 5.5 mA/cm? for basic conditions. Comparative
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studies were done by contrasting ratios of j of modified
electrodes to j of the bare electrode (j,/j,). In acidic
conditions, the j,,/j,s for the electrodes modified with NiPc,
FePc, MWCNT, NiPc/MWCNT, and FePc/MWCNT were,
respectively, 5.39, 12.30, 7.99, 60.90, and 143.53. It was
seen that the OER activity increased synergistically with the
incorporation of MPcs on MWCNTs to form a heterogeneous
catalyst.

For ORRs it is important, especially in fuel cell
applications, to develop a catalyst that promotes a 4-
electron transfer transition instead of a 2-electron
transition state, which results in less released energy.?%°
The pathway is dependent on the metal center and Pc
substituent identities. MPc (M=Co, Ni, Cu) electrodes result
in a two electron transfer mechanism to produce hydrogen
peroxide, while Fe and Mn electrodes result in a four
electron transfer to produce water.'88 Catalytic activity of
the MPc electrode is directly correlated to the M(III)/M(II)
redox potential since there is a direct linear relationship
between log of the current and the M(II)/M(II) redox
potential.'® As corroborated with calculation studies by Shi
and Zhang, the best catalyst is FePc followed by CoPc at
room temperature.?’® Better catalytic activity is associated
with higher ionization potential (IP) and oxygen binging
energy (Epo,). The sum of IP and E}g, for CoPc and FePc was
6.82 eV and 7.00 eV, respectively. In addition to metal
center type, Pc substituent character can influence electron
density on the metal center and therefore influence binding
and catalysis. For instance, perfluorinated CoPc adsorbed
on ordinary pyrolytic graphite had the most positive redox
potential, which helps rationalize why it was the best O,
reduction catalyst.'® Many theoretical calculations and
experiments aid in understanding the influence of the MPc
metal centers and substituents’ identity on mechanism
pathway and efficacy.

Experimental studies verified the theoretical findings
that the metal center and substituents on the
phthalocyanine ring altered the catalytic ability of MPcs for
ORR. In acid, catalytic efficiency of MPc-based catalysts
followed the following trend: Fe > Co > Ni > Cu.?%” This can
be explained by the Pauling model where d,2 orbitals of the
central metal interact with the sp? orbitals on the dioxygen.
The electron density on Fe was optimal for this interaction.
In the same study, the catalytic activity for the cobalt series
was as follows: CoPc(NH,), > CoPc > CoPcCl,.27 The series
shows that an increase in substituent electron donor
capacity increased catalytic activity by donating more
electron density to the bond between the Pc central metal
and oxygen analyte. Hebié et. al. performed ORRs with
different MPc on carbon supports in alkaline solution. FePc
was found to be the best catalyst supported by the following
data of half wave potential, number of electrons involved in
the reaction, and limiting current density: FePc/C (0.96 V,
4.0, -79.4 mA/cm?).2%®8 The MPc-based catalysts can be
tuned by varying properties like metal center and
substituent identities to develop the most effective catalyst.

Historically, reports indicate that the CoPc performed
best catalytically compared to other MPcs for the
electrochemical reduction of C0,.2%° While we will be
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focusing on the electrochemical reduction, there is
extensive research on the photoreduction of CO, using
MPcs.210 211 An  electrochemical homogeneous CO,
reduction catalyst used by Hiratsuka et al was
tetrasulfonated MPc (MTSPc) dissolved in Clark-Lubs
buffer.?2 During exposure to CO,, CoTSPc and NiTSPc were
seen to be active with first reduction waves around —-0.8 V
vs SCE and the second around —-1.2 V vs SCE. MTSPc
lowered the overpotential for CO, reduction by about 0.2-
04 V at 1 mA/cm? For heterogeneous catalysts,
Christensen et. al studied CoPc-coated edge graphite
electrodes in the presence of KH,P0O, and a NaOH buffer.2!3
The second reduction of the MPc resulted in the
electroreduction of CO,. More recently, Shibata et. al
simultaneously reduced CO, and NO; using gas-diffusion
electrodes in which CoPc and NiPc performed the best.?*
The electrode consisted of MPc and carbon black and
polytetrafluoroethylene. In this instance, NiPc saw selective
reduction of only CO,, not NO3, and CO formation reached a
maximum of 95% at —1.5 V. There are some MPc catalysts
that can selectively reduce CO, and electronic properties of
the monomers can help elucidate mechanistic information.

MPc-based catalysts are an extensively researched
field especially more recently in ORR and CO; reduction for
fuel cells and renewable energy solutions. The tunability of
the MPc’s heterogeneous support, metal center, and ligand
substituents allows for optimization of catalytic yield
whether in the organic or electrochemical applications. The
catalytic dependence on the MPc’s electronic properties
bodes well for future applications of MPc-based
frameworks for catalysis.

Energy storage and conversion. To achieve energy
storage from renewable sources and to meet the high
demands for batteries for use in telecommunication,
electric-vehicles, portable electronics and computing,
energy storage solutions, such as batteries and
supercapacitors, have seen significant optimization in
recent years.?!> 216 Energy storage devices require the use
of materials that can convert stored chemical energy to
electrical energy with high efficiency, thus many different
anode and cathode materials have been explored as
possible constituents.?!> 217. 218 Many attempts have been
made to push the relevant energy storage and conversion
properties of materials to achieve high efficiency.?!5 In this
context, MPc-based electrode materials have been
investigated as possible alternatives to energy storage or
conversion systems such as Li*-intercalated graphite
materials, usually paired with Li,(Co0),?!” or (ORR)
catalysts for polymer electrolyte membrane fuel cells
(PEMFCs).?'° MPcs exhibit several excellent characteristics
that would prove useful when used as active materials for
batteries, such as wide range of operational temperatures,
high capacity, long term stability, and propensity to stack in
layers for high intercalation capacity.?'” Li et al took
advantage of substituted FePcs stability in harsh oxygen
reducing environments to create nonprecious metal
catalytic sites for fuel cells that were stable up to 1000
cycles (Figure 8b).21° Other studies have demonstrated the
promising performances of MPcs as non-precious metal
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cathode materials, where improvements in capacity,
cycling, and coulombic efficiency have been observed.?'’
Much of this precedent combines MPc units with carbon-
based materials, likely to increase the electronic
conductivity.?2°
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Figure 8. Space filling model of ferrous 2,9,16,23-tetra-
(2',6'-diphenylphenthioether) phthalocyanine and (b)
initial activity along with activity observed after 10 and 100
potential sweeps in oxygen saturated electrolyte. Curves
were obtained at a sweep rate of 10 mV/s and an electrode
rotation speed of 400 rpm. Reprinted with permission from
reference 2!° Copyright 2010 American Chemical Society.

The incorporation of MPcs into lithium-thionyl chloride
(Li/SOCI;) batteries with high discharge voltages and
energy densities are abundant in precedent. 22! 222 This type
of battery consists of a lithium anode, a carbon cathode and
thionyl chloride, which acts as a catalytic reducing agent.???
It has been well documented that doping the cathode with
MPc complexes improves the relative energy density,??? cell
voltage, rate of discharge and the lifetime of Li/SOCI,
batteries. 22® Xu et. al. investigated the influence of the
electronic configuration of the metal in MPc on the catalytic
activity of Li/SOCl, batteries. 2?2 The group observed
increases in the energy of Li/SOCIl, batteries increases by
63-106% when the electrolyte contains MPcs-tetrasulfonic
acid (MpCTs) (M-Mn?*, Ni**), where the central metals with
an electronic configuration of d° were inactive, while those
with d° and d® exhibited high catalytic activity due to their
strong tendency to form square planar complexes during
the reduction process. In 2016, Yang et al also
demonstrated that a series of metal 2,9,16,23-
tetraaminpthalocyanines (TAPcM , M = Cu(II), Ni(II), Zn(1I),
Fe(Il), Mn(II)) combined with multi-walled carbon
nanotubes (MWCNTs) can dramatically improve the
capacity of Li/SOCIl, batteries by improvement of their
electrocatalytic performances, a process that depends on
both competitive and cooperative process of forming metal-
ligand-SOCI;, adducts. ?2* 22 This study found that all of the
TAPcM compounds improved the ceiling voltage of the
batteries above 3.1 V and the overall capacity by 82.6% and
59.5% from 2,9,16,23-TAPcMn(II)and 2,9,16,23-
TAPcNi(II), respectively. The order of the electrocatalytic
activities of the F-MWCNTSs modified with MPcs is Mn(II) >
Ni(Il) > Zn(II) > Fe(II) > Cu(II), which further corroborates
the influence of electronic configuration of the metal ions in
MPc. Compton and coworkers also demonstrated the
potential advantages of using MWCNTs combined with
MPcs as electrode materials for the development of
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supercapacitors. 2?5 This group observed the superior
performance of MWCNT-NiTAPc (maximum power density
of 700 + 1 Wkg™1!, a maximum specific energy of 134 + 8 Wh
kg~ and excellent stability of over 1500 charge-discharge
continuous cycling) compared to MWCNTs modified with
unsubstituted NiPc or nickel(II) tetra-tert-
butylphthalocyanine, possibly due to the participation of
the additional nitrogen-containing groups on the NiPcin the
electrochemistry.

Lithium-air batteries are also desirable alternatives to
Li-ion batteries due to their theoretical high energy density
(3500 Wh kg 1)?8 and low cost.??¢ The structure of Li-O,
batteries are similar to that of Li-ion, except that the
cathodes are exposed to atmospheric oxygen, which is used
to store and convert energy through the oxidation of lithium
metal to Li*, which then migrates to the cathode.?® At the
cathode, Li* combines with O, and 2 electrons to form Li,0,.
Some of the disadvantages of this cycle has been poor rate
capability due to the slow rate of oxygen reduction and
evolution reaction mechanism and slow mass transport to
the cathode, a challenge that has been attempted to be
solved with new cathode materials to facilitate kinetic
processes.?'®  Abraham and coworkers prepared CoPc-
containing carbon black electrodes at 600 °C to facilitate the
oxygen reduction reactivity at the porous carbon
electrode.??® This study determined that the rate-
determining step in the ORR of CoPc catalyzed Li-air cell
was the formation of the superoxide 0%, which is stabilized
by the CoPc catalyst through lowering the activation energy
barrier for O, reduction and increasing the voltage of the
cell.

The potential use of MPcs in energy storage devices
can improve stability, charge/discharge cycles, energy
densities, and increase capacities. 217 The influence of the
electronic configuration and the metal cavities have also
been investigated, where electronic state of the metal
cavities can render that MPc catalytically active or inactive
toward Li/LOCI, batteries. 222 Although preliminary studies
have explored the mechanisms of electron transfer of MPc-
based energy storage devices, the synergistic effects of
including these materials into cathode devices can increase
the energy of batteries up to 80%.2%’

As akind of multifunctional building block, MPcs show
their unique and modular optical, electronic, and magnetic
properties and their capability in chemical sensing and
catalysis. Utilizing these properties must rely not only on
structure engineering of MPcs at molecular level, such as
modification of the metal cavities, substitution, and -
system expansion. However, to fully capitalize on their full
potential, we must also rely on our capability in arranging
those functional building blocks in a controllable and
rational way into three dimensional space, because the
property of the condensed matter is a combination of the
assembly of molecular building blocks. Self-assembly of
MPcs driven by supramolecular interactions have already
shown the potential for the improvement of charge
transport and magnetic properties by control the stacking
of the MPcs. Reticular synthesis by using MPcs as key
functional building blocks, with the involvement of other
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building units, are expected to provide a new level of control
of their spatial arrangement and greater tunability of the
chemical properties in the resulting solid-state materials.

STRATEGIES FOR CONTROLLED ASSEMBLY OF MPc
BUILDING BLOCKS The control over spatial orientation
and long range order of MPcs into highly-ordered structures
can enhance certain functional properties and enable
effective interfacing of MPcs within semiconductor
devices.®? As previously discussed, MPcs have already
demonstrated great technological potential as field effect
transistors, solar cells, and sensors, but the ability to
develop and manipulate well-defined structures— either on
surfaces or as bulk materials— are needed to achieve
optimized electrical and optical performances. Thus, much
research has focused on organizing MPcs using the bottom-
up approaches to control the assembly of monomers in a
precise fashion.®?

The -1t stacking ability of MPc monomers allows for
their self-organization into supramolecular structures on
surfaces. Moreover, symmetrical or asymmetrical
structural modifications to the periphery sites can facilitate
and direct this self-assembly®? through noncovalent
interactions such as hydrogen bonding, van der Waals
interactions, and m-m stacking.®? In many cases, high-
resolution scanning tunneling microscopy (HR-STM) has
allowed direct visualization of the distinct phases in the
aggregated state and the relative orientations of MPcs at
interfaces.82228 229 Applying the principles of reticular
chemistry to MPc molecular systems can precisely control
the relative orientations and positions while providing the
foundations to investigate emergent properties.

Self-assembly of MPcs on surfaces. The self-assembly
of MPcs on various types of surfaces (e.g., Au, HOPG, Ir ) to
control their bidimensional organization is of paramount
importance in MPc-based devices utilized for gas-sensing,
photocurrent generation, and light emission because these
performances depend on the organization of the molecules

at the nanoscale— with each other and interacting with the
surface. MPcs can be deposited onto substrates using a
variety of methods including chemical vapor deposition,?3°
thermal evaporation,??® and Langmuir-Blodgett (L-B)
deposition.??! Numerous intrinsic and extrinsic factors,
such as substrate composition, deposition mode and
conditions (e.g., solvent, temperature, concentration),?31232
233 and intermolecular interactions,?3* can influence the
formation of different crystallographic phases. These
distinct phases can affect certain properties of MPcs, such
as electronic and optical properties. For example, on six-
fold symmetric Au(111), planar CuPc with Dy, symmetry
assembled into a square lattice structure (Figure 9a, 9¢).22°
The CuPc’s strong interaction with the Au(111) surface lead
to a slight deviation of the HOMO (-1.5 eV) of CuPc. When
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adsorbed on a Dirac material such as graphene, CuPc
molecules self-assembled into parallel perpendicular chain-
like structure (Figure 9b, 9f), and shifted the HOMO level of
CuPc to -1.3 V.22%.235 A slight reduction of the HOMO-LUMO
gap of CuPc can be observed as compared to that on
Au(111) substrate. The MPc-substrate interaction also
seems to be related to the identity of the metal center. Dou
et al. observed that on the surfaces of graphene on Ni(111),
Ni, Cu and Zn MPc exhibited weak interactions while FePc
and CoPc had much stronger coupling interactions
attributed to the nature of the d-band.?3¢

Influencing the kinetics and thermodynamics of the self-
assembly process can lead to different structural
architectures in MPcs. For example, three distinct ordered
phases have been reported by using titanyl phthalocyanine
(TiOPc) monolayer on the surface of Au (111) through the
control of the deposition flux. The kinetically accessible
hexagonal phase is shown in Figure 8c, 8g. 23* The
intermolecular interactions can also be used to construct
highly organized two- and three-dimensional structures on
surfaces with the participation of the other building
blocks.?3” For example, multiple intermolecular hydrogen
bonds between the H atom of neighboring chloroaluminium
phthalocyanine molecule and the peripheral F atom on
perfluoropentacene can be used form a stable ordered
square network in molecular ratio of 2 : 1 (Figure 9d,
9h).238

These precedents suggest that it is important to
understand the many parameters involved in self-assembly
of MPc structures on the surfaces of substrates in order to
control their orientation and alignment, where both the

adsorbate—substrate, adsorbate—adsorbates interaction, as
well as the self-assembly dynamics can affect the
aggregation state of MPcs on surfaces.?® It is important to
note that these interactions will also influence the electrical
properties of MPcs on surfaces.

Supramolecular Self-Assembly and Covalent
Linkage of Substituted MPcs. Considerable effort has been
devoted to the functionalization of MPcs to influence their
supramolecular  nanoarchitectures  into  organized
structures and investigate their emergent properties.?® 82
Some of these complexes include “shish-kebab” type 1D
polymers (Figure 10a) and sandwich-like
bis(phthalocyaninato)lanthanide(lll) complexes (Figure
10b). The biaxially coordinated MPc structures were
initially developed to influence cofacial stacking
arrangements and influence small interplanar distances to
allow m-mt overlap and enhance conductivities (0.1 S/cm).?3°
The strategy of controlled orientation of MPc polymers can
attain good conductivities without oxidative doping, and
can be
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Figure 9. STM images of (a) CuPc with a tetrameric unit cell on Au(111)2%° (b) the second layer of CuPc films consisting of
parallel standing-up CuPc chains?3 (c) a full monolayer of TiOPc with honeycomb phase on Ag (111), 23* and (d) a ordered
square binary molecular network formed by chloroaluminium phthalocyanine molecule and perfluoropentacene in a
molecular ratio of 2:1 on HOPG.2%8 (e)-(h) are the corresponding structural model for (a)-(d), respectively. Figures (a and b)
reproduced with permission from reference 235. Copyright 2017 MDPI. (http://creativecommons.org/licenses/by/4.0/).
Figures (e and f) were reprinted from reference #?° Copyright 2008 American Chemical Society. Figures (c, d and h) were
reproduced with permission from reference 234 Copyright 2019 The Royal Society of Chemistry. Figure (g) reprinted with
permission from 238, Copyright 2014 American Chemical Society.
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Figure 10. (a) Structure of phthalocyaninato(p-pyrazine)iron(I1).23° (b) phthalocyanine double-decker complexes, (M=

helical coiled-coil aggregates when dissolved in chloroform
(Figure 10c).'™* The group observed a self-organization of
MPcs into right-handed helical columns that further
assemble into left-handed twisted bundles (Figure 10c)*”
Such control over chirality may be valuable for
optoelectronic applications, where optically active chiral
fibers are desirable candidates for use as nonlinear optical
materials and as components in sensor devices for the
detection of alkali metal ions through complexation
between crown ether moieties.

Alternatively, greater levels of control over
supramolecular assembly may be achieved through
covalent linkage of D-A systems. Considerable effort has
been devoted to creating new active materials for organic
photovoltaic devices that convert solar to electrical energy
with high efficiency.?*? These materials, generally made by
combining one electronically rich and one electronically
deficient material, so called D-A systems, must use photons
to create free charge carriers that are efficiently separated
and collected at separate electrodes. One method to
fabricate D-A systems using MPcs is through covalently

1
2
3 a
: "0 Gl W)
5
6 . ﬁ e 4 e Neen N/
Ny TN N NN e NN
é 7 g
9
10
y ; m
Rz

: A
14 b 3 o ‘
: o ) Y-
16 0\.__/° o\/;o
17 A l
18 N HN
19 N N
20 //NH /N-—/
21 o,——\o . o/“‘\o
22 i
23 C, °j (\ ;)
24 o \/’o o\_‘/o
25 Ry R,
26 R, Ry
27
28 Ri= P
29
30 = oY
31
32 Tb, Dy)?* (c) Crown ether phthalocyanine!'* (a) Adapted with permission from reference ?3° Copyright 1988 Elsevier (b)
33 Adapted with permission from reference 2*° Copyright 2003 American Chemical Society and (c) Reprinted with permission
34 from reference * Copyright 1999 AAAS.
35
36 prepared by means of connecting the central metal
37 cavities through bivalent bridges with compounds such as
38 bipyridine (bpy) or 1,4-diisocyanobenzene (dib), (Figure
39 10a).2%° The combinations of different metal cavities and m-
40 electron containing bridging ligands can also change the 114, 241
41 electrical, magnetic and optical properties observed in
42 these polymers.?3® The sandwich-like MPc complexes
43 (Figure 10b) can demonstrate interesting magnetic
44 properties when integrated with lanthanide elements.
45 Kaizu and coworkers observed slow magnetization
46 relaxation as single molecular property in Tb3* or Dy3*

substituted MPcs, where the origin of the magnetism is from
47 both orbital and spin angular momentums of a single
48 lanthanide ion.?4°
49 The structural modification to the periphery of MPcs
50 can be used to improve this intrinsic self-organization into
51 columnar structures. A seminal example of this influence
52 has been observed through functionalization of metal-free
53 phthalocyanines with crown ethers, where Nolte, Rowan
54 and coworkers attached micrometer-long chiral tails to the
55 periphery of MPcs, which then self-assembled to form
- 15
57
58
59
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linking them to electron acceptors, such as carbon
nanotubes, porphyrins, perylenediimides (PDIs), and
fullerenes.?*3

Covalently linked systems can offer several advantages
over supramolecular assembled ones, such as closer
proximities and modulation of electronic properties in the
ground and excited states.?** The relative distances of the D-
A moieties, orientation, aggregation and electronic coupling
of covalently linked D-A complexes have also been known
to crucially affect the yields and kinetics of charge transfer
in D-A systems.?45 246

CMe; CMey

(a)

Figure 11 (a) Examples of covalently attached D-A systems
(@) ZnPc- anthraquinone -ZnPc triad®*® (b) Zinc
phthalocyanine (ZnPc) and Cy, dyad?*” (a) Reprinted with
permission from reference 24> Copyright 2006 American
Chemical Society. (b) Reprinted with permission from 247,
Copyright 2005 American Chemical Society.

PDIs have had central roles as electron acceptors in
artificial 11photosynthesis and D-A systems due to their
interesting properties,?*® stability, and ability to extend
charge separation lifetimes.?** Guldi and coworkers
observed that modifications of two ZnPcs to the positions of
a central anthraquinone (Figure 11a) changed the
aggregation status of the triads which altered the kinetics of
these electron transfer reactions.?*> Additionally, fullerenes
have been extensively used as electron acceptors covalently
linked to MPcs because they can potentially act as electron
accumulators, have favorable reduction potentials, and can

16

absorb in different regions of the spectrum (ZnPcat A ~550
to 750 nm and Cgp at A ~420 to 470 nm).?*° 4°As such, Guldi
et al. descried the self-organization of ZnPc and Cs( (Figure
11b) into nanostructured 1-D nanotubules and presented
ultrafast charge separation (i.e., ~10'? s') and ultraslow
charge recombination (i.e, ~103 s1).247 The observed
ZnPc'*-Cqp> lifetime of 1.4 ms, relative to that of the
monomeric ZnPc-Cg (~3 ns) was found to be an impressive
stabilization of 6 orders of magnitude.

The synthetic substitution, covalent linkage and
assembly of substituted MPcs make promising, highly
ordered architectures and materials by applying the
fundamental principles of supramolecular assembly. The
insertion of functional groups on the peripheral or axial
sites of MPcs will influence their kinetic or thermodynamic
states during hierarchical assembly and can shift their final
chemical and physical properties to new territories. The
covalent linkage of D-A constituents provides new
developments of photophysical systems along with
foundational studies to build on our understanding of the
kinetics of charge transfer and the parameters that affect
photo-induced charge separation lifetimes. Although only a
few examples were mentioned here, there are many
examples of covalently linking MPcs to electron acceptors,
and the effects of structural modification on their
supramolecular assembly and charge dynamics.?¢

DESIGN, SYNTHESIS AND ASSEMBLY OF MPc-
FRAMEWORKS

Reticular chemistry in manipulating framework
architectures. Reticular chemistry utilizes the relatively
strong coordination and covalent bonds to make crystalline
open frameworks and significantly expanded the scope of
chemical compounds and useful materials.'87 250. 251 This
bottom-up approach for the construction of framework
materials involves the assembly of molecular components
with well-defined structure, geometry, and pre-embedded
functionalities, usually driven under thermodynamic
conditions, to afford structures that exceed the simple sum
of different molecular components.?? 253 Compared with
top-down fabrication, bottom-up approaches are more
versatile, more precise, and can provide extensive
structural diversity. The trademark advantage of MOF/COF
frameworks is their modular design, structural diversity,
and synthetic access to custom ligands that allow for
rationally designed structures with functionalized pores
and surfaces.?>*

Yaghi and coworkers demonstrated how self-assembly
principles may be used to direct the synthesis of MOFs using
metal-carboxylate type bonds to enable rigid structures
with permanent porosity and large surface areas.?>> This
revolution in crystalline material design and synthesis has
provided a diverse toolkit for coordination-driven self-
assembly.?%¢ The geometry and symmetry of the precursors
are used, in addition to topology, to direct the final topology
of the frameworks and can lead to control over useful
functional properties such as topology, porosity,
dimensionality and surface chemistry. The reported novel
frameworks propelled the field of reticular chemistry and
led to the development of thousands of new framework
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structures for applications such as gas storage and
separation, catalysis, optoelectronics, chemical sensing,
etc.256

The synthesis of both MOFs and COFs require
thoughtful reflection on the appropriate functionalities
upon the molecular components that would enable the final
desired topology and properties. As much of this precedent
has been carried out for existing frameworks structures
using available synthetic chemistry, functional group
incorporation on MPc building blocks has naturally built on
this existing precedent that broadly incorporates
coordination or dynamic covalent chemistry.

Synthetic development of MPc Frameworks.
Historically, the advancement of multifunctional COFs is
largely associated with the development of suitable
dynamic covalent linkages, which entail reversible bond
formation, regulation of thermodynamic equilibria,?*” and
specific time-length scales for self-correction.?’® The first
successful demonstration of crystalline COF materials
utilized solvothermal self-condensation of boronic acid
linkers, which can similarly combine with catechols to form
boronate ester linkages.?>® Since this discovery, much focus
became devoted to expanding the structural and chemical
diversity using existing synthetic techniques, such as using
borosilicate,?>” imine,?®° triazine and hydrazone linkages.?%!
Not to be trivialized, Schiff base chemistry has constituted
the largest number of COFs to be fabricated using a variety
of complex and functional precursors, and have allowed the
incorporation of useful physio-chemical properties, such as
enhanced chemical stability.26?

The first synthesized COFs[/— linked with catechol
linkers and 1,4-benzenediboronic acid (BDBA)[— were
two dimensional and have provided the foundations on
which to build multifunctional COFs.?¢3 Following this
strategy, the first MPc-based COFs were built using the
same boronic acid condensation chemistry in 2010, when
Dichtel and coworkers synthesized a NiPc and 1,4-
phenylenebis(boronic acid) linked COF using acetonide-
protected catechol linkers to avoid autooxidation of
precursors.3 This precedent was the first report of the
organization of MPc monomers within frameworks— as
eclipsed AA stacking— which was attributed to the
tendency of Pcs to aggregate in a cofacial stacking
arrangement. Because of this eclipsed aggregation
arrangement, it became evident that embedding MPcs
within frameworks can either enhance or shift their optical
absorption capability in the visible and near-infrared
regions,?** and improve their photocurrent generation
capabilities.8* 264265266 [n fact, from 2010 to 2014, progress
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on MPc-COFs made using boronate ester linkages has led to
the discovery of interesting new electrical, optical and
photoconductive properties (Table 3).83 267.268,269,270

While boronate ester linkages have provided the
foundations for deeper insight of structure-property
relationships in MPc frameworks, the materials made using
much of this chemistry exhibited limited chemical stability
and were prone to hydrolysis.?’! Extending COFs to new
linkages in order to enhance chemical stability proved
difficult, as stronger covalent bonds constrain reversibility
and self-correcting behavior during crystallization. 272
Although attempts of using tetrasubstituted MPcs linked
through imino-linkages were explored,?’* 274 many of the
efforts yielded porous polymers with limited crystallinity.
An inspiration for stable linkages in COFs came in 2013
when Jiang and co-workers revealed a chemically stable and
electronically conjugated organic framework can be
attained using phenazine linkages.?®® This report has
inspired us to pursue a similar synthetic strategy with MPc-
(NH;)s monomers by condensing them with pyrene
tetraone building blocks. We reported this strategy in 2019,
when our group synthesized pyrazine linked conjugated 2D
MPc COF with the condensation of tetraketone and
octaamino-MPc precursors and reported the presence of
high intrinsic conductivity in COF-DC-8 (vida infra)
attributed to the aggregation and co-facial alignment of the
aromatic m-conjugated macrocycles. A few months later, a
2D pyrazine-linked COF was reported by Wang et al. in the
same year, where the condensation of 2,3,9,10,16,17,23,24-
octaamino-phthalocyaninato metal [II] (OAPcZn or
OAPcCu) with tert-butylpyrene-tetraone yielded a serrated
AA stacking structure for Zn and Cu-phthalocyanine.?”?

The extension of catechol-based precursors to 2D MOFs
began in 2012, where Yaghi and co-workers reported the
first demonstrations of electrical properties due to
favorable d-m orbital overlap in metal-catecholate systems
using 2,3,6,7,10,11-hexahydroxytriphenylene with Co(II)
and Ni(II).”” This precedent catalyzed the development of a
number of conductive 2D MOFs, extending the use of
catecholate precursors to metal bis(diimine)’® and
bis(dithiolene)?”> bonding. The use of catechol based MPc
precursors also led to the first reports of 2D MPc-MOFs (M=
Ni and Cu) in 2018 using octaamino- and octahydroxy-
substituted MPc linkers with Ni and Cu metal nodes,
respectively (Figure 12). Both 2D MOFs exhibited a wide
range of conductivities that scaled from 10-¢to 0.2 S cm™.
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Figure 12. Four types of linkages found in recent MPc-MOFs and COFs (left to right) d-m linkage, iron cluster trimers,
boronate ester and pyrazine. Reprinted with permission from reference 3* Copyright 2019 American Chemical Society.
Reprinted with permission from reference 3¢ Copyright 2019 American Chemical Society. Adapted with permission from
reference 8 Copyright 2010 Springer Nature. Adapted with permission from reference 33 Copyright 2019 American Chemical

Society.

In 2019, the use of octahydroxy-phthalocyanine linker
became more widespread and utilized in the fabrication of
2D and 3D MPc-MOFs and their application towards sensing
and catalysis were subsequently explored (Table 3). The
report of the first 3D MPc-MOF was carried out by Yaghi and
coworkers using Fe3(-C,0,-)s(OH;), trimers and cobalt
phthalocyanine-2,3,9,10,16,17,23,24-octaol  linkers to
generate an extended framework of roc topology.3¢ The use
of the iron trimer allowed access to electron transport due
to favorable orbital overlap between the metal ion and the
catecholate, while providing a 3D MOF that gains access to
high surface areas with catalytically accessible active sites.

Using new synthetic combinations of MPc-COFs and
MOFs to place MPc building blocks with atomic precision

18

has deepened our understanding of structure-function
properties that emerge as a result of governable self-
assembly.  Approaching the synthesis of new MPc
frameworks with this fundamental chemical
understanding, in combination with principles of molecular
engineering, can enable improvement of MPc-materials and
applications toward existing methods strategically and
efficiently. For instance, understanding the structure-
property relationship that lead to increased electrical
properties in  MPc-based materials can allow
implementation of these relationships in new materials,
positioning them as state-of-the-art materials for

optoelectronic or solar energy conversion technology.8* 8>
152, 264, 265, 266, 276, 277

ACSParagonPlusEnvironment



Page190f48 ChemistryofMaterials

B
1 oo
2 —

N=y~=N

2 faim—ﬂ—qﬁja—‘—a
5 N i N
6 o 0
7 \Bt
8 Boronate ester
9 linked MPc-COFs
10
11

oﬁ‘o

12
13 2
“N

RS S s e o s
i

N \N N

16 o
0,
17 3 o G haYadat
18 -4 O W @0 o ¥a 0—( r
19
20 Table 2. MPc-COFs made from boronate ester linkages.
;; name linker  BET (m?g?) properties/application year ref.
2 - -
3 Pc-PEBA A 506¢ absorption: 4.50 600 nm to near IR 2010 83
24 organic photovoltaic
25
2% NiPc-PBBA A n/a optoelectronic devices 2011 267
27 dYpu=3.9x10*cm?Vis! 2011
28 NiPc- COF A 624 Idark current = 20 nA' Iphotocurrent =3 IJA (under A> 264
29 400nm)
30
31 dYu=58x10*cm? Vst 2011
32 NiPc-BTDA B 877 Ljark current = 250 nA, Iih(;t(())cmem =15 pA (under A > 265
nm

33 )
34 ZnPc-Py C 420 2011
35 ZnPc-NDI D 485 . . 278
36 7nPc-DPB E 490 ordered heterojunctions
37 ZnPc-PPE F 440
gg Pc-PBBA A 506 theoretical hydrogen storage capacity: 45.2 g/L 2012 279
4 . -COF-
4(1) CoPc-COF 517 photocurrent (under )\;:OOnm). CuPc-COF:110 2012

- 277
42 gl A Py CoPc-COF: 0.14 nA
43 ZnPc-COF: 0.6 nA
44

i Tes=10 ps 2013 276
22 Dznpe-Axor E 1410 optoelectronics and photoenergy conversion
47 § H, storage capacity: 0.8 wt% 2013 270
48 CoPc-PorDBA G 1315 CH, storage capacity: 0.6 wt%
49

: H, storage capacity: 1.2 wt% (77 K, 1.0 bar) 2013 269

?1) CoPc-BPDA H 1087 CH, storage capacity: 0.59 wt% (273 K, 1.0 bar)
52 10% N3-ZnPc 1051 charge separation lifetime () 2014
53 25% N3-ZnPc I 1000 T,s=2.37 ms for [Cgp]o3-ZnPc-COF o4
54 50% N3-ZnPc 886 Tes=2.66 ms for [Cgolo3-ZnPc-COF
55 [Cs0lo3-ZnPc 393 T,s=2.49 ms for for [Cgp]os-ZnPc-COF
56 19
57
58
59
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[Cs0lo.4-ZnPc 129 photoenergy conversion
[C50]0_5'ZHPC 51
7nPc-PBBA A n/a absorbance: center at 710 nm, shoulder at 610 2015 268
to 620 nm
DCuPc'APyrDI ] 357
Deupc-Anpi E 1726
DCuPC'APDI K 414 TCS=33 us for DCuPc-ADI 2015 266
Duipe-Apyri | 1172 photoenergy conversion
Dnipc-Anpi E 1432
Dznpc-App K 519

9Langmuir surface area. |1, the sum of carrier mobility. @, the charge carrier generation efficiency. t., charge separation
lifetimes.

MPc- pyrazine linked ﬂ MPc- MOFs
XX XX
Ni _244 NQN
X N X X N
ST @« L) T @w ]
X v XX v N
5\ E 5\ E
9 9
NR NRN

Table 3. (Top) Pyrazine linked MPc-COFs and (bottom)MPc-MOFs
name linker BET (m?g1) properties/application year ref

0=2.51x10">S/cm (pellet):
chemiresistive sensing LODs:
COF-DC-8 A 360 2019 34
70 ppb for NH3, 204 ppb for H,S,

5 ppb for NO, and 16 ppb for NO,

ZnPc-pz 487.4 o~ 107S/cm (pellet
p B /cm (pellet) 2019 27
CuPc-pz 458.9 Up=~5 cm?/Vs
name M, BET (m?g1) properties/application year ref.
(M= CI\;IZP:CMn2+ first principle calculations:
Fez_* C02’+ Nz*i’ Ni n/a MnPc-based MOFs exhibites half-metallicity 2017 280
St (T.<170 K)

Cu?* and Zn%)
0 = 0.2 S/cm (thin film)
NiPc-MOF Ni 593 OER: Vst <1.48 V, over potential<0.25, mass 2018 85
activity=883.3 A g! TOF=2.5s1

20
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0=9.4x10%t0 1.6 x 10 ° S cm(pellet)

Cu-CuPc Cu 358 LIB cathode 2018 281
charge/discharge capacities:151 - 128 mAh g
NiPc-Ni 101 0=10*-102S/cm (pellet)
NiPc-Cu . 284 chemiresistive sensing LODs (1.5 min 34
NiNPc-Ni Niand Cu 174 exposure):1.0 - 1.1 ppb for NO, 20-33 ppb for 2019
NiNPc-Cu 267 H,S, 0.31 - 0.33 ppm for NH;
PcCu-Og-Fe ORR with PcCu-Og-Co/CNTs:
PcCu-0g-Co Fe, Co, Ni, 412 E{,,=0.83 V (vs RHE), j,=5.3 mA cm?, 2019 282
PcCu-0g-Ni Cu (PcCu-0g-Co) discharge current=120 mA cm2 (0.8 V),
PcCu-0g-Cu maximum power density=94 mW cm?
_ _ CO;, reduction to CO with MOFs/carbon black:
h‘fg;llggzz_[[&e]]g Fe3goilzc))2 ) ﬂ;i j=-16.5mA cm™2 (at —0.63 V vs RHE), TOF=0.2 2019 36
& oLz s°1, faradaic efficiency=80+5%
206 0=2x103S/cm (pellet), u=15 + 2 cm?V-1s71,
Fe,[PcFe-0g] Fe superparamagnetic features, magnetic 2019 283
hysteresis up to 350 K
0 =6.9-9.7x103 S/cm (I, loaded MOFs, pellet)
Fe,~0g-PcCu Fe. 7n n/a rechargeable Na-I, batteries: 282
Zn,-0g-PcCu ’ specific capacity: 204-208 mAh g1, up to 2019
3200 cycles
Electroreduction of CO, to CO
i — -2 -
PcCu-Og-Zn 7n 378 j=8mA cm™ (at-0.7 V vs RHE) 2020 284

faradaic efficiencyco (PcCu-0g-Zn/CNT) = 88%

TOF =0.39 57!

*o, electrical conductivity. uy, hole mobility. u charge carrier mobility. E;,, half-wave potential. j, limited current density. j,

current density.

Controlled growth of MPc-COFs. The emergent
functional properties in MPc frameworks lend themselves
to several unique applications. In order to develop these
multifunctional properties to their full potential, it is first
critical to understand the fundamental intrinsic and
physical parameters of material behavior. The examination
of these properties in their pristine form can be difficult to
achieve as framework materials generally precipitate in an
insoluble microcrystalline bulk powder, too small to fully
characterize using single crystal diffraction techniques and
difficult to process within devices. Using other existing
procedures, such as electron microdiffraction and grazing
incidence x-ray diffraction (GIXRD), can enable us a closer
look at the relative orientations, crystallinity, and defects
within a material that form as a result of dynamic equilibria.
For COFs, polymerization can undergo either kinetic control
or thermodynamic control, in which structural organization
and bond formation can occur subsequently or
simultaneously, respectively.?¢3 Depending on the type of
equilibrium, these dynamics can influence many of the
structural characteristics seen in the final morphology of
the material, such as crystallinity, presence of defects,
composition of edge sites, etc., which can then influence
other fundamental properties.

Although it is important to mention here that there
exists extensive precedent concerning the advancement of

21

controlled MOF growth using techniques such as anchoring
to surfaces with functionalized self-assembled monolayers,
electrospray  ionization, seeding methods,?> or
electrochemical approaches,?®® these can be difficult to
implement for controlled COF growth. Much of the research
concerning the templated growth of MPc-based COFs to
date represent template growth on single layered graphene
(SLG) (vida infra). As of now, other reported methods of
MPc-framework  synthesis rely on  solvothermal
approaches, which have yielded the report of a single
crystal structure of an MPc-based MOF.3¢ In general, MOF
growth is controlled by judiciously selecting the solvents
and modulators to allow for dynamic bond formation and to
prevent the precipitation of non-crystalline material, such
as with the synthesis of Zr-MOF, Ui0-67.2%7 In addition,
electrochemical, mechanochemical, and sonochemical
means of control are available along with layer-by-layer
deposition, liquid phase epitaxial growth and seeded
growth to form thin films.?8”7 An interesting approach by
Ameloot et al. demonstrated that electrochemical control
allowed for spatial control of MOFs on a substrate.?8® Yet
control over MPc-based COFs is difficult due to their nature
to precipitate from solution before a large single crystal can
grow. In order to improve MPc-based MOF and COF growth,
solvothermal methods need to be tuned to optimize the
specific molecular building blocks in each specific case or
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external methods of control like those used for general MOF
and COFs need to be implemented.

As COFs generally precipitate in the form of an
insoluble powder, they are difficult to process and interface
with substrates, which limit their applications. Fabricating
uniform thin films of COFs templated on the surface of
substrates as nanosheets can limit the presence of grain
boundaries, improve electrical properties, and alleviate
some of such limitations.?®® In this context, the physical
properties of COF films (grain boundaries, edge sites,
thickness etc) may profoundly influence device
performance, so achieving new levels of control over
framework growth is key to optimize framework materials
for effective interfacing. Thus, understanding the kinetics of
COF growth is crucial because it can enable morphological
control, improve structural fidelity, and harness desired
properties. Towards this end, studies of templating 2D
framework films on various substrate surfaces have been
reported using techniques to achieve monolayer and
multilayer growth such as solvothermal,?®” interfacial
synthesis,?8% 2% and drop casting.?63 291

The controlled orientation and layer-by-layer growth
of 2D materials through the solvothermal bottom-up
approach was pioneered by Dichtel and co-workers in
2011.267 This work utilized single layered graphene (SLG) to
template NiPc-PBBA COF films to enhance their crystallinity
and control the alignment of thin films. The authors took
advantage of GIXRD technique, which measures the
periodicity and orientation of COF films relative the
surfaces and found ordered parallel stacking with respect to
the surface of the substrate (Figure 13b). Using this
characterization method established new routes for direct
observation of the thin film organization onto the surface of
graphene to enable long range ordered m-systems for
enhanced interfacial alignment with optoelectronic devices.

Towards the rational design and manipulation of
ordered framework materials with tunable physical
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properties, Dichtel’s group also systematically expanded
the lattice of ZnPc COFs using four linear diboronic acid
linkers to accommodate specific domains on the surface of
semiconductors.?’®  Using a technique previously
demonstrated using NiPc-PBBA, the ZnPc COF films were
grown on single layer graphene/silica substrates to
improve the interface with electrodes or incorporate into
devices. Superior crystallinity and alignment were
observed in ZnPc-DPB (diphenylbutadiene) COF (Figure
13b), which was credited to its diphenylbutadiene linker,
due to its ease of attaining a coplanar conformation needed
during COF formation. This work demonstrated the
opportunity to position extended m-systems in a predicable
fashion while exhibiting precise control over pore sizes that
may accommodate other functional groups, such as
fullerenes.

The ability to organize functional m-electron systems
on substrates provides reliable and optimized interfacing
with electrodes while permitting the capability to both
quantify and optimize COF properties. Due to their
insoluble, polycrystalline nature, there exists challenges
related to characterization of COF structures and the ability
to control their morphology. Understanding their
nucleation and growth dynamics using innovative
techniques such as in-situ electron microscopy?°? is the first
step in gaining new levels of control over crystallinity and
framework morphology. In terms of characterization,
applying existing techniques such as microcrystal electron
diffraction (MicroED),?? can provide new insight to edge
site functionality, domain size and defects. Additionally,
work by Dichtel and co-workers are pioneering new ways
to understand and control COF growth mechanisms using
colloidal COF nanoparticles and observing their structure
formation using in situ X-Ray diffraction.?’* Building on
these fundamental insights allows for research to apply
principles of molecule engineering to access new levels of
control over COF properties.83 263,267, 268,278,295
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Figure 13. MPc-based COFs based on Ni and Zn phthalocyanines joined by (top to bottom) benzene, pyrene,
diphenylbutadiyne, naphthalenediimide, and phenylbis(phenylethynyl) units. (b) characterization using grazing incidence
diffraction (top) and (c) SEM image (bottom) of ZnPc- DPB (diphenylbutadiyne) analog. Reprinted with permission from
reference 278 Copyright 2012 Wiley-VCH Verlag. (https://creativecommons.org/licenses/by/3.0/)

MULTI-FUNCTIONAL PROPERTIES IN MPc-BASED
FRAMEWORKS

Engineering metal- and covalent organic frameworks
to serve target function requires the consideration of at
least three features: desired properties, chemical building
blocks, and how their structural self-organization can
achieve those properties.?> 25 253 Implementing these
features through the lens of reticular chemistry has yielded
frameworks with commercially available carboxylate based
organic linkers and inorganic secondary building units,?>3
resulting in rigid structures with new topologies, high
surface areas, and functional internal surface chemistries,
largely been applied towards gas storage and separation.
Using reticular chemistry in combination with the strategic
synthesis of novel precursors (rather than commercially
available starting materials) has enabled the discovery of
new properties in frameworks and led to a deeper
understanding of their structure-function relationships.
Utilizing MPc building blocks in the context of reticular
principles enables access to unique multifunctional
properties because of their diverse array of functional
chemical and physical properties that can be harnessed,
enhanced, and manipulated when integrated into
frameworks. Thus, through the introduction of peripheral
substituents, generally synthesized through
tetramerization of substituted phthalonitriles to generate
planar 2,3,9,10,16,17,23,24-octa-substituted
phthalocyanines, the incorporation of MPcs into
frameworks can be realized.

Electronic properties. The design and tailoring of
intrinsic electronic properties in MOFs and COFs are
essential for unlocking their full potential as functional
semiconductors in areas such as fuel cells, supercapacitors,
and chemiresistive sensing %2, where surfaces and interfaces
are central in operation and device performance.2%®
Conductivity(o) is proportional to the product of mobility
(n) and the concentration of electrons (n) and the
concentration of holes (p):

o=elnp + pun) (1)
where [.is electron mobility and uis hole mobility,
defined in units of S/cm. Charge mobility depends on the
efficiency of charge transport, and is dictated by the
effective mass (m*) of charge carries and the frequency of
scattering events (), where e is elemental charge:
et
b= (2)
and is almost always defined in units of cm? V-is1. A
semiconducting material can follow two mechanisms, band
or hopping transport. #2-2% In both systems, to achieve high
mobility, a material needs good spatial and orbital overlap
and symmetry. 22 In MOF and COF materials, two strategies
to achieve conductivity based on these principles involve -
conjugation in COFs and d-m conjugation in MOFs.??

23

The extensive precedent concerning the electrical
behavior of MPc monomers has established an excellent
foundation for utilizing this information in frameworks for
significantly improved charge transport properties. MPc
monomers in the pristine form usually exhibit insulating
electrical behavior (1012 S/cm).*¢2°7 Embedding MPcs into
frameworks systems has been shown to provide collectively
improved bulk conductivities by nine orders of magnitude
(up to 2.51 x 10->S/cm ).3* In MPc-COFs, this improvement
has largely been attributed to the optimized orbital overlap
of m-orbitals to generate conduction bands through the
crystallographic axis. Interpretation of this charge
transport dynamics, with the insight of density functional
theory in MPc-COFs3% 272 298 has led to their initial
demonstrations toward donor-acceptor type structures for
photoelectronics and chemiresistive sensing.

Photoelectronic properties in MPc-frameworks.
Photo-induced electron transfer and separation are
important concepts in developing artificial photosynthesis
and systems for photoenergy conversion and storage.?’¢
Phthalocyanines are natural electron donor candidates for
these systems because they absorb a wide range of
wavelengths in the visible and near-IR spectrum and have
tunable redox potentials.?*® Accordingly, there is extensive
precedent of covalently or noncovalently linking
phthalocyanines to electron acceptor moieties in reported
D-A complexes.??® Within these systems, it has been
demonstrated that molecular orientation of both
constituents is crucial for optimized conversion
efficiency.?*¢ A limitation of current D-A systems using MPcs
is the lack of control over their organization and assembly
to create long-lived charge-separated states for optimizing
energy conversion technology. To create photoinduced
electron transfer to investigate the charge dynamics and
lifetimes of the donor-acceptor COFs, time-resolved
electron spin resonance (TR-ESR) is usually employed and
constitutes an exponential function defined by:

® = aexp[— t/zcs] 3)

where q, t, and T are the proportional factor, time, and
lifetime, respectively.8* 266,276

Conductive frameworks are valuable materials in this
regard because they allow control over position of
donor/acceptor moieties and consequently, tuning of
charge carrier dynamics.?%% 3% An electron donor-acceptor
type framework can be realized through either direct
incorporation of electron rich/deficient monomers into the
skeleton of the framework or post-synthetic
functionalization of the open channels. Careful
consideration of placement and orientation of D-A moieties
can provide several advantages over monomer based
systems, including increased charge separation lifetimes.8*
To this effect, Jiang and coworkers expanded their design of
electron donor-acceptor COFs and surveyed the structure-
property relationship of various electron donating
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phthalocyanines and electron accepting pyrommellitic,
naphthalene and perylene diimide (PyrDI, NDI. and PD],
respectively) derivatives (Figure 14).26¢ In this strategy,
MPcs act as electron donors while diimides, including
pyromellitic diimide, naphthalene diimide, and perylene
diimide, act as electron acceptors. The study found that the
heterojunctions in the COFs enable fast charge separation,
and the aligned donor-acceptor m-columns enable long-
distance charge delocalization and long-lived charge
separation, up to 7, = 33 ps for Dcypec-Api-COF.26 276 This
charge separation lifetime was several orders of magnitude
higher than those reported for similar systems using
donor-acceptor-donor triads featuring ZnPc as and
perylenediimide (PDI).?** The investigation of optimum
structures using density-functional tight-binding (DFTB)
methods of each Dyp.-~Ap-COFs were carried out to reveal
the significant influences of the central metal and diimde
accepter on total crystal stacking energy. The charge
separation lifetimes were observed to be relatively longer
in the D¢ype-Api-COF, which may be influenced by stacking
behavior among the different metal MPcs, which affect
charge hopping. The ordered one-dimensional square

channels in MPc-COFs can also be used for immobilizing
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electron accepters to realize effective charge separation. In
2014, Jiang and coworkers used click chemistry to
immobilize fullerene-based electron accepters into the
channels of ZnPc-BDBA (with X% N3-ZnPc) for
photoinduced charge generation of ZnPce+ and Cg*~ radical
species that were delocalized in the m-system.?* Indeed
radical cation species in porphyrins and phthalocyanines
have been shown to be stable compounds due to their
electronic flexibility.3* The authors use TR-ESR to examine
the charge dynamics, where they observed a narrow
spectral width indicating weak dipolar interactions
between the two spatially separated species.?*

Pioneered by the work of Jiang and coworkers, using
MPc-COFs in D-A systems has shown exceptional potential
for charge separation and solar energy conversion. Control
over the structural order and orientation in D-A systems
provides the advantage to create long-lived charge
separation lifetimes and allows investigation of structure-
property relationships, including compositional effects of
the acceptor, stacking mode, lattice expansion, and metal
cavity in MPc.

(b)

Charge Delocalizations
along Columns

Figure 14. (a) Donor-acceptor COFs (Dyp.~Ap;-COFs) with covalently Linked phthalocyanine-diimide (MPc-DI) structures (b)
motion of charges in the m-columns leads to two different lifetimes. Reprinted with permission from reference 2¢¢ Copyright

2015 American Chemical Society.

Electrical conductivity in MPc-frameworks. In 2011,
Ding et al. showed that high carrier mobility can be achieved
through preorganized conduction paths along vertically
aligned NiPc m-systems within NiPc-BDBA (1,4-
benzenediboronic acid) COF. The same group used
principles of molecular design to manipulate the nature of
charge carriers in MPc-COFs through the incorporation of
an electron-deficient benzothiadiazole (BTDA) group to
manipulate the charge mobilities of reported NiPc-COF.265
The n-channel conducting COF was reported to have high
mobility (0.6 cm? V-1 s'1) and absorb over a wide range of the

24

visible spectrum (up to 1000 nm) with high sensitivity in
the near-infrared region. These properties were attributed
to the AA stacking arrangement of the 2D MPc-polymer
sheets.

The transition from linking MPc-COFs using boronate
ester linkages to the implementation of pyrazine linkages
was first demonstrated by our group in 2019.3* Using
previously developed condensation chemistry between
diamines and dikentones,?°?2 and after significant
optimization, we reported the annulation of
2,3,9,10,16,17,23,24-octa- aminophthalocyanine Ni(Il) and
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pyrene-4,5,9,10-tetraone (Figure 15a), to generate a fully
conjugated framework with square pores. This new
framework material, termed COF-DC-8, displayed the
highest intrinsic conductivity reported of COFs at the time
(251 x 1075 S/cm), credited to favorable spatial and
energetic orbital overlap. During the same year, Feng and
coworkers investigated the electrical, electrochemical and
optical properties in two isorecticular pyrazine-based MPc-
pz COF (M= Zn and Cu) with tetra-butylpyrene-tetraone
linkers.?”2 The group reported conductivity (~5x107S/cm),
charge density (~10'? cm3), charge carrier scattering rate
(~3x1013 s1), and effective mass (~2.3 m,) values of the
majority carriers (holes) with mobilities up to ~5 cm? V-1S-
1272 DFT was used to reveal anisotropic charge transport,
where in-plane transport was null due to an extremely large
effective mass for charge carriers and localization of

(a)

(c)

ChemistryofMaterials

election density causing flat bands, with negligible influence
from different metal species.?”?

The reports of conductive MPc-based MOFs have
largely relied on octahydroxy- and octaamino-MPcs linked
with redox active transition metals to increase
concentrations and mobilities of charge carriers.?> ¢° In
plane 2D m-conjugation through m-d orbitals (Figure 12)
has been a widely applied strategy to create long-range -
electron delocalization in MPc-based MOFs.3% 76,85,281,303 A]]
reported MPc-based MOFs exhibit conductivity values that
range from 0.2 S/cm (2,3,9,10,16,17,23,24-octa-amino-
phthalocyaninato nickel(II) ligand connected with Ni MOF
measured on thin film on quartz) to a range of 9.4x10-6
S/cm - 1.6x107° S/cm (CuPc(OH)g linked with Cu(II) ions
and measured on powder pellet).?8! The former attributes
the low conductivity values to the presence of a negatively
charged framework skeleton, suggested by the presence of
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Figure 15. (a) Chemical structure of COF-DC-8 and (b) electronic band structure of COF-DC-8 (c) Chemical structure of MPc-
pz COF and (d) serrated AA stacked multilayers of ZnPc-pz. Reprinted with permission from reference 33 Copyright 2019
American Chemical Society. Reprinted with permission from reference 272. Copyright 2019 American Chemical Society.

ammonium cations,?8! which may be optimized using compositional variety of materials with strategically
improved dm-pm interactions and control over redox state. selected multifunctional properties. Providing initial insight
In catechol type linkers, changing the metal node can have a toward achieving this goal, Li et al. used first principle
dramatic effect on the neutrality or residual charge on a calculations to predict high temperature ferromagnetism in
MOF skeleton, as the nature of redox state (catechol, a series of charge neutral metal octaiminophtalocyanine
quinone or semiquinone) can vary from metal to metal.3* (MOIPc) MOFs with M= Cr?* Mn?*, Fe?*, Co?*, Ni?*, Cu?*, Zn*
Other than perturbations arising from the frameworks interconnected with Ni?* linkers.?8° All materials examined
itself, much of the physical factors, including the exhibited low band gaps (0.28 - 0.35 eV) and a trend in
measurement technique, can affect the quantitative value of magnetic moment that was strongly influenced by the
conductivity. For instance, parameters such as temperature, nature of the metal center Cr(4.11pg) >Mn (3ug)> Fe (2pg) >
light,3%* work function, grain boundaries, or lattice strain Co and Cu(lug) > Ni and Zn(Opg). Intriguingly, the Mn
can perturb electrical measurements. containing analog exhibited strong ferromagnetic ordering
Integrating electrical properties into MPc frameworks with high T. at 170 K. Remarkable, this property persisted
opens the door to a whole new chapter of multifunctional for several heteroatomic crosslinker analogs with 230K for
properties for applications that range from chemical NiO4 linkers and 150K for NS, linkers. The authors attribute
sensing to energy conversion.32 © Despite the excellent this ferromagnetic property to string hybridization
progress in understanding the structure-property between the d orbitals of Mn constituent and m-orbitals of
relationships of MPc-frameworks with electrical properties, the Pc ligand within the monomer unit, which was absent in
some limitations remain. Once the understanding of how other structural MPc analogs. This study critically
these properties are influenced through the illustrates how the favorable properties of d-mt conjugation
implementation of morphological control (nanorods vs. in MPc monomer can be further amplified within a
sheets), single crystal studies of transport, and pure semiconductive framework to cause strong ferromagnetic
ordered monolayer is improved, the finding can be coupling through strong interlayer coupling.
implemented into optimized materials for use in state-of the In 2019, Yang et al. synthesized and reported the first
art devices. FePc-based 2D MOF with both semiconductive and
Magnetic Properties in Frameworks. Embedding magnetic properties (Figure 16 a and b), with charge
magnetic properties within conductive frameworks is mobilities that reached 5 + 2 cm? VIs™.2% The group
attractive feature for use in spintronics, where conductive observed the presence of long range magnetic coupling
and magnetic properties must exist simultaneously. between the iron centers in K;Fe,[PcFe-0Og] where the spin
Designing functional materials that display both density is localized on the Fe atoms in phthalocyanine,
semiconducting and magnetic behavior is challenging but while the square planar Fe-0, nodes are slightly polarized
can be realized effectively through MPc-based frameworks, by the delocalized m-orbitals among Fe(d), C(p), O(p) and
where a richly conjugated framework skeleton and the N(p), as demonstrated previously.

presence of two metal centers can lead to a larger
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Figure 16. (a) K;Fe,[PcFe-0g] MOF (b) Magnetic hysteresis loops obtained at different temperatures for K;Fe,[PcFe-Og]
with AA-serrated stacking mode (c) Magnetic field dependence of the magnetoresistance by measuring the changes of the
electrical resistance in an applied field (-6-6 T) at different temperatures. Reprinted with permission from ref 283 Copyright
2019 Springer Nature. (http://creativecommons.org/licenses/by/4.0/)

As also shown with MPc molecular units, the magnetic ferromagnetic behavior of the bimetallic MOFs.283 Although
properties of MPc frameworks are strongly correlated with in its infancy, this field as can provide new materials for
the electronic ground state of the central metal atom information storage technology and data processing, yet
hybridized with the ligand states.?®? Not to be trivialized, challenges with miniaturization of such materials still
parameters such as crystallinity can also affect the remain.?’
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Electrochemically active frameworks. MPc-
containing framework materials that contain redox active
organic and inorganic components can permit a synergistic
combination of functional properties and electroactive
sites, which can be capitalized as stimuli-responsive
sensors, porous conductors, energy storage systems, and
electrocatalysts.3%53% The unique structural features of MPc
monomers have enabled their practical use as electroactive
components, such as well-defined redox active sites for
selective sensors,’?” redox capacitance for energy
systems,3°® and high density of active sites for catalysis.>?
Some of the limiting aspects of their potential in such fields
remain low conductivities, high operating temperatures,
high driving voltages in devices, and post synthetic
requirements for enhanced performances. Embedding
MPcs within frameworks offer a new platform to harness
the full potential of their electroactive abilities. In this
context, MPc-frameworks can offer extended conjugation,
high porosity, large surface to volume ratios, redox active
surface chemistry, and improved accessibility to active
sites. These properties can be designed and anticipated
using computational approaches, where chemical
principles can be exploited to select organic and inorganic
building blocks that can access low band energies, influence
charge state and promote redox activity. 3°5 In addition to
these advantages, MPc-frameworks can help reveal the
underlying mechanisms of host-guest interactions, such as
ligand binding and charge-transfer, which are needed for
rational design principles and has already demonstrated
using MPc-based MOFs.3¢282

Sensing. As demonstrated above, MPc-based
monomers act as excellent sensing components in a
collection of device architectures, yet there are several
fundamental limitations of their physicochemical
properties in the context of chemical sensing that may be
overcome through their integration into frameworks. First,
the low-intrinsic conductivity of MPc’s may be vastly
improved when integrated into a framework as a result of
cofacial alignment, facilitating their interface with devices.
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Second, the fabrication of MPc thin films with long range
order, high crystallinity and control over alignment on
various substrates may be enabled, increasing the number
of active sites for analyte docking and improving the
sensitivity of chemiresistive sensors. Third, embedding
MPcs into frameworks enables further understanding the
fundamental mechanisms of sensing may be investigated
through the variation in framework chemical composition
and probing interactions with oxidative or reducing gases.
Fourth, MPc’s modular and tunable scaffolds can enable the
design of interactive framework systems with high binding
affinities toward specific gas probes, augmenting sensitivity
and selectivity in sensing systems.

The recent development of conductive MOFs has
enabled their utility as chemiresistive sensors.?? Despite the
relative novelty of this feature in both MPc-based MOFs and
COFs, several demonstrations using other framework
materials have already showcased the advantages of using
hybrid framework materials for gas sensing compared to
other polymer or inorganic based sensors, including
tunable surface chemistry for modular binding sites.3?-3%° In
2019, our group demonstrated the exceptional
performance of bimetallic MPc-MOFs and pyrazine linked
MPc-COFs towards low-power chemiresistive sensing. Our
group capitalized on molecular engineering principles to
access synergistic properties in MPc-based frameworks
regarding chemical sensing. As anticipated, the bimetallic
NiPc-Cu and Ni linked MOFs demonstrated higher
conductivity values by 5-7 orders of magnitude compared
to NiPc analogs. The NiPc and pyrene-4,5,9,10-tetraone
linked COF demonstrated conductivity (2.51 x 1075 S/cm)
which, at the time, was the highest bulk conductivity
achieved within an intrinsically conductive COF. The
devices made from bimetallic MOFs achieved exceptional
sensitivity at sub-part-per-million (ppm) to part-per-billion
(ppb) detection limits toward NHj (0.31-0.33 ppm), H,S
(19-32 ppb), and NO (1.0-1.1 ppb) at low driving voltages
(0.01-1.0 V) within 1.5 min of exposure (Figure 17).
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Scanning electron microcopy (d)
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Figure 17. (a-c) Scanning electron images of NiPc-Ni, NiP-Cu and COF-DC-8, respectively. (d) Chemiresistive responses
(-AG/Go) to H,S of (from top to bottom) NiPc-Ni, NiP-Cu and COF-DC-8, respectively. (e) Chemiresistive responses to NO of
(from top to bottom) NiPc-Ni, NiP-Cu and COF-DC-8, respectively. Adapted with permission from reference (34) Copyright

2019 American Chemical Society.

To gain insight into the sensing mechanism of MPc-
frameworks, X-ray photoelectron spectroscopy (XPS) and
electron paramagnetic resonance (EPR) analysis studies
(Figure 18) were performed to provide information
regarding changes in chemical composition and associated
redox events. EPR studies demonstrated that exposing
NiPc-M MOFs to H,S, a typical electron donor, decreased the
content of C=0 bonds, indicating potential reduction of the
organic portion of the MPc ligands (Figure 18 c and e).
Conversely, exposure to NO, a potential electron acceptor,
the NiPc in NiPc-Ni was oxidized, as evident from the
increased content of C=0 bonds. XPS also confirmed the
oxidization of the metal centers from Cu* to Cu?* in NiPc-Cu
after exposure to NO, while the intensity of the EPR signal
(g =2.021) from the Cu-centered radical increased (Figure
18f). These spectral techniques are a valuable tool in
understanding the sites of surface interactions and
mechanisms of sensing, which are crucial for optimization
of the parameters of sensing in MPc-frameworks.3%°

Assimilating MPc units within frameworks for
chemiresistive sensing have provided access to low
dimensional materials with excellent conductivities to
facilitate the fabrication of low-power devices and
exceptional sensitivities to gas probes. However, several
challenges remain in order to optimize these materials to
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their full potential and improve device performance. While
the materials have shown exceptional sensitivity, selectivity
remains unoptimized and ability to detect and differentiate
complex mixtures of gases has not yet been developed.
There are also related technical challenges, such as device
stability, cross-reactivity, and material scale-up strategies,
that must be addressed. Thus far, the reported MPc-MOFs
and COFs have provided an excellent platform for the future
design and development of chemical sensors and other
electronically associated device applications. Interesting
future directions to optimize device performance and signal
transduction mechanisms can capitalize on templated
growth of framework thin films to improve device
interfaces and examine structure-function properties of
thin films on sensing performance.
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26 Figure 18. (a-b) EPR spectra (77 K) of COF-DC-8 (grey) and
57 COF-DC-8 after H,S exposure (orange) and NO exposure
(pink). (c-d) EPR spectra (77 K) of NiPc-Ni (grey) and after
28 H,S exposure (orange) and NO exposure (pink). (e-f) EPR
29 spectra (77 K) of NiPc-Cu (grey) and after H,S exposure
30 (orange) and NO exposure (pink). Reprinted with
31 permission from reference (%) Copyright 2019 American
32 Chemical Society.
33 Catalysis. Catalysis is implicated in the processing of
34 over 80% of all manufactured products,?!? and the design of
35 new catalysts is immensely important in helping to address
36 some of the vital challenges facing our society today.
37 Phthalocyanines have had extensive use as the active
38 species in both heterogeneous and homogenous catalytic
39 reactions, where their accessibility, stability, and tunability
40 have provided advantageous over other materials.>3
41 However, for heterogeneous catalysis, MPcs are generally
42 immobilized on the surfaces of substrates using covalent
and non-covalent interactions which usually entails
43 . e . . .
synthetic modifications, can obscure active sties and in
44 some cases, can be involved in the catalytic process, which
45 obscure mechanistic insights.>® Assimilating MPc
46 monomers into frameworks for catalysis provides several
47 advantages over substrate deposition, including higher
48 availability of accessible sites for higher turnover numbers.
49 As previously mentioned, MPc monomers have been
50 used in a variety of catalytic oxidations, such as OERs, either
51 in combination with inorganic complexes?°® or supported
52 by CNTs.2* Early work by Parmon and coworkers
53 demonstrated that adding MPc catalysts to trisbipyridyl
54 complexes of ruthenium (III) is necessary to catalyze the
55 water oxidation reaction, which requires a four-electron
56
57
58
59
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oxidation of H,0 to 0,29 Much focus has also been devoted
to combining MPcs with conductive carbon supports to
prevent their aggregation and improve their interface to
carbon electrodes, leading to enhanced OER performances.
203, 204, 311, 312 Water oxidation catalysis has also been
performed with MOFs, where Zheng et al. used an optimized
FeNi-DOBDC-3 to report exceptional current densities of 50
and 100 mA/cm? at overpotentials of only 270 and 287 mV,
respectively.313

Integrating MPcs into frameworks for heterogeneous
catalysis provides the exceptional advantages of high
surface area, large pores for product/reactant transport,
stabilization effects of intermediates, and high density of
catalytic active sites. Du and co-workers demonstrated this
using octa-amino-phthalocyaninato Ni(ll)-based MOF
coordinated with nickel(Il) salt®> The NiPc moiety was
examined as an electrocatalytically active site towards
water oxidation catalysis and shown to have outstanding
performance with high mass activity (883.3 A g1), TOF (2.5
s'1) at a low onset potential (1.48 V). The authors attributed
this performance towards its 2D structure and good
conductivity.

There is extensive precedent concerning the use of
MPc monomers for the reduction of oxygen, where
remarkably, activity can be modulated through alteration of
the metal center.!®® For example, Fe and Mn MPcs promote
the four-electron reduction with rupture of the O-0 bond at
low overpotentials,3'4 25 without the formation of hydrogen
peroxide, while Co, Ni and Cu MPcs promote the reduction
of 0, only via two-electron to give hydrogen peroxide.!88 205
Additionally, ORR dynamics on nanostructured iron(II)
phthalocyanine/multi-walled carbon nanotubes
composites have shown enhanced ORR activity (low onset
potential, 5 mV, and catalytic current response of 2 mA cm?)
due to the large surface area leading to higher density of
active sites for the adsorption of molecular oxygen.3!?
Oxygen reduction catalysis was first carried out with by a
well-defined and intrinsically conductive MOF (Ni3(HITP),)
by Dincd and coworkers in 2016, where the material
performed (j = -50 mA cm?) with an onset potential of 0.82
V in a 0.10 M aqueous solution of KOH (pH=13.0)
comparable to values obtained by most active non-platinum
group metal electrocatalysts to date.3'> In 2019, Feng and
co-workers also capitalized on the well-defined and readily
accessible active sites of PcCu-Og-Co MOF to improve
electron transfer capacity for oxygen reduction catalysis.?8?
The well-defined structure and active sites provided an
ideal platform for mechanistic investigations, which is
critical for optimizing performance. The PcCu-Og-Co MOFs
were combined with carbon nanotubes (CNTs) to improve
effective electron transfer between the PcCu-0g-Co and the
ORR electrode. PcCu-Og-Co/CNT material exhibited a
record value among the reported intrinsic MOF
electrocatalysts for ORR activity (E%= 0.83 V vs. RHE,
n=3.93, and j,=5.3 mA cm?) in alkaline media. To compare,
CuPc  monomers have previously shown low
electrocatalytic activity for O, reduction®'® or must be
heated to very high temperatures3” to achieve such
performances.
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The catalytic reduction of CO, has been carried out
using MPcs since 1974, when Meshitsuka et al first
observed Co or Ni MPcs deposited graphite electrodes
exhibited catalytic activity in the presence of C0,.3!® Since
then, extensive research has been carried out using CoPc
monomers either independently,3'® 7° blended with CNTs’*
320,321 or polymers.3?2 Han et al. recently demonstrated that
in situ polymerization of cobalt phthalocyanine on CNTs
yields a thin uniform coating that suppresses aggregation
and enlarges their electrochemically active surface area
while also enhancing stability. 320 Their hybrid
electrocatalyst selectively reduced CO, to CO with a large
faradic efficiency of ~90%, a turnover frequency (TOF) of
4,900 hrtatn=0.5V.In 2015, Lin et al. demonstrated a 26-
fold improvement over molecular cobalt complexes when
using a cobalt based porphyrin COF for the conversion of
CO; to CO (90% faradaic efficiency and turnover numbers
up to 290,000 with initial turnover frequency of 9400 hour-
1323 Yaghi and coworkers used a structurally similar cobalt
phthalocyanine-2,3,9,10,16,17,23,24-octaol to construct
the first three-dimensional MPc-based MOF-1992 with
accessible one-dimensional channels to use as cathodes in
CO, reduction (Figure19a).’® Embedding accessible
electroactive sites within three dimensional conductive
MOFs enables high catalyst loading (electrode coverage 270
nmol/cm?), and current densities (-16.5 mA cm at a
potential of -0.63 V). MOF-1992 is conductive and
measurements indicate that the charge transport pathways
pass both the iron trimers and CoPc linkers. In 2020 Zhong
etal. used CuPc and zinc-bis(dihydroxy) complex (ZnO,) for
CO; reduction and found high CO selectivity (88%),
turnover frequency 0.39 s !and long-term durability (>10
h).284 This group found that the molar ratio of catalytically
generated CO/H; can be tuned from 1:7 to 4:1 by increasing
the applied potential from-0.4 to-1.2 V vs. RHE.
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Figure 19. (a) Single crystal X-ray structure of MOF-
1992 (b) Cyclic voltammetry (CV) for MOF-1992/CB (CB,
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carbon black). The vertical line shows the potential of the
CoPc-semiquinolate (CoPc-SQ),—/CoPc-catecholate (CoPc-
cat)® redox couple. (c) CV for MOF-1992/CB in a CO,-
saturated (black, pH 6.8) and N, saturated (green, pH 7.2)
KHCOs solution. Reprinted with permission from reference
(3¢) Copyright 2019 American Chemical Society.

Energy Storage using MPc-Frameworks. Society and the
global economy highly depend on technology that enables
the capture and storage of chemical energy.?!s 218
Electrochemical energy storage is of particular importance,
where the prolific use of Li-ion batteries in portable
electronics and smart technology has increased demand for
more efficient, environmentally friendly, and cost-effective
energy storage systems. Although in its infancy, the
investigation of MPc-based frameworks for energy storage
has yielded extremely promising preliminary data.?8? The
advantages of using such materials in the context of
batteries and supercapacitors include high porosity,
tendency to stack in layers like graphene, well dispersed
active sites, and high conductivity.?®2 Thus, several research
groups have begun to explore the electron transfer abilities
of MPc-frameworks as potential replacements for porous
materials traditionally used in Liion or Na-I;, batteries, such
as graphene.

Feng, Dong and coworkers recently investigated the
catalytic ability of CuPc linked with square planar cobalt-
bisdihydroxy complexes (Co-0,) (CuPc-Og-Co) and
combined with CNTs as an ORR electrocatalyst for zinc-air
batteries.?? Combining the MPc-MOFs with CNTs to
improve the conductivity of the ORR electrode.?8? This
material exhibited excellent catalytic activity with a half
potential of 0.83 V vs. RH and a limiting current density of
5.3 mAcm?, which exceeds other MOF electrocatalysts.
After mechanistic studies, the authors concluded that the
reduction occurred at the Co-O, sites in which the M-OH
bond or 0,2/0H- exchange was promoted via the single
occupied e, orbital. CuPc-Og-Co was implemented as an
electrocatalysts in zinc-air batteries and exhibited a circuit
voltage of 1.37 V, a discharge current density of 120 mAcm-
2@ 0.8V, and a maximum power density of 94 mWcm?,
which surpasses the current state-of-the-art Pt/C
electrocatalyst.?82 The exceptional ORR capabilities
indicated that the electrocatalysts could additionally
perform well in fuel cells and metal-air batteries.

In the same year, Feng, Zhang, and coworkers investigated
the ability of CuPc-MOFs in Na-I, batteries.?®2 The current
use of Li batteries is unsustainable and a switch to the more
economical and greener Nal batteries would be beneficial
since both Na and I can be extracted relatively cheaply from
large supplies in the ocean. One major problem with current
Nal batteries is their poor cycle stability due to the
dissolution of polyiodide into the electrolyte. The MOF in
question (Fe,-0g-CuPc) exhibited a specific capacity of 150
mAhg?! after 3200 cycles with a coulombic efficiency of
99.3% which surpasses the best literature precedent
(stable for <2000 cycles).?®? The improved battery was
enabled by the dense population of metal centers, which are
more polar than carbon, the n—system that enables electron
transfer and the porous nature of the MOF that allows for
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retention of I,. The ability to prevent polyiodide dissolution
enables longer energy storage capability. Both catalysts
outperformed or performed well compared to the current

ChemistryofMaterials

state-of-the-art electrocatalysts, proving their capacity to
open a new and more efficient means of energy storage.
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Figure 20. (a) Structure of CuPc-0g-M with discharge curve and (b) power density of zinc-air battery with CuPc-Og-Co/CNT
as the electrocatalysts and the specific capacity of the zinc-air battery (c) schematic modeling of Fe-Og-CuPc with (d) a plot of
long time cycles of Fe-Og-CuPc/I, electrodes at 1.5 Ag™. (a) Adapted and (b) reproduced with permission from reference 252
Copyright 2019 Wiley-VCH Verlag. (https://creativecommons.org/licenses/by/4.0/) (c) Adapted and (d) reproduced with
permission from reference 28 Copyright 2019 Wiley-VCH Verlag. (https://creativecommons.org/licenses/by/4.0/)

Given the novelty of MPc-based framework materials in
the energy storage field, the fact that batteries using these
materials as electrocatalysts achieve such exceptional
metrics bodes well for future research. With the
optimization of these devices to incorporate the most
efficient frameworks with the optimal linkers and metals,
performance is bound to improve. The next steps for
research may lead from metal-air and Nal batteries to other
electrochemical energy storage systems like capacitors,
supercapacitors, and fuel cells.

CONCLUSIONS AND OUTLOOK

From the intentional fracture across the crystalline
plane of flint to directing the electrical properties of silicon
to develop the first commercially produced integrated
circuit,3?* the properties of materials have helped address
vital challenges to our survival and propelled the
technology of our society. Understanding and harnessing
the functional structure-property relationships has laid the
groundwork for generating materials with new and
valuable properties. However, addressing unprecedented

31

challenges in growing technological complexity using the
principles of molecular engineering, where performance
toward functional materials can be rationally designed and
constructed from molecular building blocks, has the
potential to address new challenges with complex,
emergent, and multifaceted function in materials. MPc-
based frameworks are one example of multifunctional
materials where emergent function can be rationally
derived from their molecular building blocks.

Complex and emergent systems are inherently difficult
to predict and are sensitive to parameters to which a
designer may be unaware. The first step towards
systematizing the control over complex chemical systems
and the generation of emergent properties is to establish
the fundamental chemical principles that determine the
properties and the interactions of chosen components. A
few general concepts to consider utilizing in material design
to target functional properties include principles of
reticular chemistry, computational strategies, controlled or
templated growth, and comprehensive characterization
strategies such as GIXRD.
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Ongoing computational and experimental investigation
of the fundamental properties of matter can assist in the
understanding of molecular systems.3?5 Prior to synthesis,
computational assessment of a library of promising
materials can provide a great opportunity to identify the
best candidate for a target property and to gain basic
molecular-level insights into the structure-property
relationships.32® Some of these computational strategies
include various DFT methods,?? Monte Carlo and
microkinetic modeling3!® Framework systems are an
excellent platform to use these computational strategies to
compare the electronic structure of the frameworks to that
of the constituent building blocks, which can lead us to
understand the nature of the emergent property. These
strategies have been developed for treating both organic
and organic-inorganic hybrid systems to assist in
understanding their intrinsic conductivity,?®* charge
transport properties,?’? the origin of magnetism,28% 283
identification of the catalytic and molecular binding sites,33
description of the host-guest interactions,??? the analysis of
structural defects,?27 and others.31* For instance, electronic
structure calculations using a finite portion of the infinite
crystal can give insight into the energetic state, electronic
band edges (frontier orbitals) and spatial location of the
valence and conduction bands in organometallic polymers,
which can aide in the prediction of their electronic
properties.?®* Li and co-workers used these first principle
calculations to locate the source of the emergent strong
ferromagnetic coupling in MnPc-based 2D MOFs, which
they concluded likely results from the hybridization of n
symmetry orbitals between the metal and phthalocyanine
scaffold.?80 Furthermore, simulation strategies can be used
to observe the influences of electronic structure or optical
properties using strategies such as metal substitution,
ligand engineering, host-guest inclusion and lattice
strain.??1

Once these fundamental principles are established, an
assembly process that steers the system towards higher
complexity—typically through a controlled growth in size
in at least one dimension—can lead to the acquisition of
specific emergent properties. Frameworks constitute an
ideal platform for investigating the principles of complexity
and emergence because they involve governable systems
where modular building blocks permit the investigation of
specific modifications to the overall properties. This
controlled growth requires the development of robust and
reliable synthetic strategies for achieving bottom-up
assembly. Reticular chemistry is one such tool towards
achieving a high level of structural and morphological
control beyond the molecule.

It is essential to first build a systematic platform for
understanding the underlying parameters affecting certain
properties in MPc-frameworks. For example, a common and
variable emergent property among morphologically
distinct conductive materials is charge transport, which
appears to be critically influenced by both fundamental
material properties and through contact measurement
techniques. For instance, grain boundaries in pressed
pellets introduce large bulk resistances3** when compared
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to their thin film equivalents grown on quartz substrates, 8
which can lead to very different conductivity values of
isoreticular materials. Comparing these quantitative
metrics across various MPc-framework materials in the
context of structure-property relationships, measurement
techniques must be standardized. It is also important to
address other fundamental factors influencing electrical
properties in MPc-frameworks that arise from the
molecular constituents, such as oxidation states and the
presence of counterions within a charged framework.28!
Recognition of how redox states influence the electrical
properties in framework materials is the first step towards
control over the interactions that produce them.

As we build the platform through which we compare
across existing and novel MPc-frameworks, normalization
of characterization through existing techniques such as X-
ray photoelectron spectroscopy (XPS) and electrochemical
characterization will permit a broader understanding of
charge states and its influence on conductivity. It is
important to emphasize that these measurements should be
performed after activation of the framework pores through
various solvent extracting procedures, which should be
kept consistent and clearly described in reports of
framework materials. Furthermore, systematically
examining batch-to-batch-reproducibility of obtained
conductivity, charge mobility, or photocurrent values
should be included in future work.

Much of the recent progress towards functional MOFs
and COFs has followed general synthetic procedures of
well-known chemistry. Some challenges associated with the
use of MPc as linkers in frameworks is that commercial
access to functionalized MPcs is relatively limited or
nonexistent. Additionally, when compared to other
symmetric and conjugated linkers, the synthesis,
purification and solubility of functionalized MPcs is
challenging and  substantially longer, requiring
considerable synthetic expertise for each individual MPc
monomer. Although, recent progress in this area has per-
mitted access to a broader range of several new MPcs that
will likely continue to allow access to novel MPc-
frameworks. This progress has laid the foundation on which
to build optimized nanomaterials in fields such as
optoelectronics, photovoltaics, catalysis, energy storage
and sensing, still the expansion of synthetic reticular linking
strategies for connecting the monomer building blocks is
poised to enable access to novel structures with novel
properties in the future. Efforts in computational molecular
design, guided by quantum mechanical and molecular
dynamics simulations, are particularly important in
identifying how novel linker chemistry may influence the
emergent structure-property relationships in framework
materials. While the synthetic toolkit of reticular chemistry
has significantly expanded, the synthetic access to
functionalized MPc-based building blocks with peripheral
functionalization amenable to being assembled into
frameworks remains extremely limited. Limited access to
modular and reliable synthetic strategies for monomer
synthesis, lack of commerecial access to building blocks, and
limited understanding of chemical properties and stability

ACSParagonPlusEnvironment

Page320f48



Page330f48

oNOYTULT D WN =

of these molecular entities are existing hurdles that need to
be overcome to enable more rapid and diverse access to
MPc-based framework structures.

Current synthetic efforts have established initial access
to MPc-based framework materials as microcrystalline
powders. While the porosity and hierarchical features of
several members of this class of materials have been
characterized, much remains unknown about the
mechanistic aspects of polymerization strategies that lead
to the assembly of these materials. Fundamental
investigation of in-situ growth using methods of colloidal
chemistry, and capitalizing on recent advances in in-situ
electron microscopy?®® 2°2 and atomic force microscopy?°*
328 may provide unique insight into the nucleation and
growth of this class of framework materials, which will
enhance the ability to tailor their function. Such
morphological control can also offer a new platform for
identifying the intrinsic and multifunctional structure-
property relationships, such as charge transport, which are
sensitive to factors such as defects and device architecture.

It is also important to point out that no knowledge
currently exists about crystalline domain sizes, the
termination of edge sites, and the distribution of defects
within this class of materials. These structural
considerations, while relatively well-studied for other
framework systems,32° will greatly influence the function of
the material and should be carefully considered and
reported. While improved understanding of growth
mechanisms mentioned above may ultimately enable
access to single crystal entities that can be rigorously
characterized by electron diffraction and scanning
tunneling microscopy, development of new tools for the
high throughput analysis of micro and nano crystals with
atomic resolution are needed. Micro electron diffraction??*
330 offers one such tool for microcrystal analysis. Atomic
force microscopy, microindentation studies, and strategic
surface modification may provide additional insight into the
termination of the surface of these materials. These
techniques can provide detailed observations and direct
visualizations of framework lattice/structure mismatching,
crystal orientations, nucleation and growth sites,
mechanical properties and film thicknesses. 33!

We anticipate that recent developments in operando
techniques that permit in-situ analysis of specific structure-
property relationships will enable unprecedented insight
into understanding and characterizing host-guest
interactions, electrochemically active sites, and reaction
intermediates. Given that reticular synthesis enables
bottom-up and top-down (e.g., metal or ligand exchange)
control over the chemical composition of framework
materials, these techniques will be extremely useful in
understanding how distinct structural features of
framework materials govern their function.

This perspective has documented the integration and
performance of MPcs across multiple fields, which has very
recently resulted in their natural assimilation into
framework materials. We have highlighted the disciplines
where MPc-based frameworks have initially demonstrated
great potential, although building on these studies through

33
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development of novel synthetic techniques and
compositional progression will allow expansion of the field
towards state-of-the-art MPc-based materials in areas such
as sensing, energy conversion and  storage,
magnetoelectronics, optoelectronics and catalysis. It is
equally as important to elucidate and assign the source of
the emergent functional properties across each discipline,
which can permit their optimization with emphasis on
tunability and control.

Utilizing the principles of molecular engineering along
with the diverse structural and functional properties
inherent to MPcs to achieve desired structure-property
relationships has the potential to propel technological fields
within materials chemistry to the forefront of state-of-the-
art designs and applications. Harnessing these principles is
expected to generate new opportunities to discover
emergent properties that result from rigidly defining the
chemistry and function of MPcs within materials towards
applications. The dramatic advancement of MPc-based
framework materials that has been achieved over the past
decade, along with recent resurgence over the past two
years, indicates rapid growth that is poised for
transformative applications enabled by the molecular
design, synthetic access, and multifunctional properties of
MPc-based framework materials.
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ABBREVIATIONS

BDBA benzene diboronic acid

bpy bipyridine

BTDA benzothiadiazole

CNT Carbon nanotube

COF Covalent organic framework

CPA Constant potential amperometry
D-A Donor-acceptor

DFTB Density-functional tight-binding
dib diisocyanobenzene

Dwmpc-Ap;-  Donor-acceptor-COF

DPB diphenylbutadiyne

DPV Differential pulse voltammetry
Epo, Oxygen binding energy

EPS Electron paramagnetic resonance
GIXRD Grazing incidence x-ray diffraction
h holes

HR-STM High-resolution scanning tunneling microscopy
IP Ionization potential

j Current densities

L-B Langmuir-Blodgett

LDA Linear discriminant analysis

LIB Lithium ion battery

LOD Limit of detection

m* Effective mass

MicroED Microcrystal electron diffraction
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MOF Metal-organic framework
MPc Metallophthalocyanine
MPc-DI  Phthalocyanine-diimide

MPy Metalloporphyrin

MWCNT Multi-walled carbon nanotube
n density

OER Oxygen evolution reaction
OFET Organic field effect transistor
ORR Oxygen reduction reaction
Pc Phthalocyanine

PDI perylenediimide

PDMS polydimethylsiloxane

ppb Part-per-billion

ppm Part-per-million

RHE Reversible hydrogen electrode

SLG Single layered graphene
Te Critical temperature
TiOPc Titanyl phthalocyanine
TOF Turnover frequency

TON Turnover number

TR-ESR  Time-resolved electron spin resonance

XPS X-ray photoelectron spectroscopy

O Mobility

o conductivity

o Sum of carrier mobilities

T Scattering events

O Charge carrier generation efficiency
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