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of Chemistry Hierarchical self-assembly of organic molecules or assemblies is of great importance for organic photonics
to move from fundamental research to integrated and practical applications. Magnetic fields with the
advantages of high controllability, non-contact manipulation, and instantaneous response have emerged
as an elegant way to prepare organic hierarchical nanostructures. In this perspective, we outline the
development history of organic photonic materials and highlight the importance of organic hierarchical
nanostructures for a wide range of applications, including microlasers, optical displays, information
encoding, sensing, and beyond. Then, we will discuss recent advances in magnetically controlled

assembly for creating organic hierarchical nanostructures, with a particular focus on their potential for
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Accepted 24th July 2023 enabling the development of integrated photonic devices with unprecedented functionality and
performance. Finally, we present several perspectives on the further development of magnetically
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1. Introduction

The use of photons instead of electrons as information carriers
presents a promising approach to overcome the speed limitations
and power consumption issues associated with traditional elec-
tronics, which has given rise to photonics.*® To achieve photonic
devices for all-optical signal processing, a viable approach is to
create photonic building blocks that function as analogues to
electronic circuits, including photonic analogues of power sour-
ces,” diodes,® and transistors.'®* Nevertheless, there are
significant differences between photonic analogies and their
corresponding electronic components.”” The intrinsic character-
istics of photons indicate that the flow of light follows time-
reversal symmetry, which in turn means that photon interaction
is weaker compared to electrons."** This poses a significant
challenge for the operation of photons, which is important in
achieving all-optical signal processing. Fortunately, opto-
functional materials can transmit, absorb, store, and convert
light, enabling the indirect operation of photons through light-
matter interactions.””® Therefore, exploring advanced opto-
functional materials has become a crucial factor in the develop-
ment of photonic integrated circuits. Among them, organic
semiconductors are of current interest in photonics due to their
adjustable optoelectronic properties,’* high optical gain**
excellent compatibility,*** and cost-effectiveness.>
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Remarkable advancements in organic photonics are facili-
tated by the controllable preparation of organic nanomaterials
with specific photonic properties, which are important prereq-
uisites for understanding light-matter interactions and fabri-
cating photonic building blocks at the micro/nanoscale. The
photonic properties of organic nanomaterials are not only
determined by the chemical structure of the constituent mole-
cules but also highly rely on their shape, size, and surface
structure.>*>® For example, one-dimensional (1D) structures
with field confinement in two dimensions can serve as a Fabry-
Perot (F-P) resonator,*»*° while two-dimensional (2D) structures
that confine photons in one dimension have been demon-
strated to serve as a whispering gallery mode (WGM) reso-
nator.** Thus, controlling the structure of organic
nanomaterials offers a potent instrument for obtaining desir-
able photonic functions. In fact, many attempts to design and
modulate the structure of organic nanomaterials have been
made by scientists worldwide,**"** especially after the successful
reporting of molecular self-assembly strategies driven by weak
intermolecular interactions (including van der Waals forces, t—
w interactions, hydrogen bonds, and CH- interactions). In the
early stages, our research group and other research groups
demonstrated abundant low-dimensional micro/
nanocrystals®*®® (e.g., 0D nanoparticles, 1D nanowires, nano-
tubes, and 2D nanosheets) prepared by reprecipitation,***
solution drop-casting,*>** solvent evaporation method,** etc.,
which provide novel device structures and resonator types for
organic photonic devices (Fig. 1a-c). The structurally well-
defined micro/nanocrystals exhibit specific optoelectronic
properties, high optical cross-section, low trap density, and
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Fig. 1 Schematic illustration of representative organic micro/nanostructures prepared by the molecular self-assembly strategy and the
template-confined self-assembly strategy. Organic micro/nanostructures like low-dimensional structures, complex composite structures, and
integrated structures have been widely applied in the photonic devices of logic gates, multiplexers, laser displays, and photonic routers. (a)
Reprinted with permission from ref. 106. (b) Reprinted with permission from ref. 108. (c) Reprinted with permission from ref. 105. (d) Reprinted
with permission from ref. 104. (e) Reprinted with permission from ref. 107. (f) Reprinted with permission from ref. 85. (g) Reprinted with
permission from ref. 100. (h) Reprinted with permission from ref. 101. (i) Reprinted with permission from ref. 102.

good mechanical flexibility. These unique characteristics
enable them to serve as fundamental building blocks for
various light-based functionalities, including light generation,
propagation, modulation, and detection.***

With the increasing understanding of molecular self-
assembly, research on the self-assembly of organic molecules
has gradually expanded to the preparation of more complex
composite nanomaterials for advanced practical functions of
organic photonic devices. For example, by properly designing
the intermolecular interactions between different organic
compounds and optimizing the preparation conditions
(temperature, concentration, solvent properties, etc.), the
cooperative assembly behaviours can be controlled, thereby
forming complex composite nanomaterials.**** However, the
weak intermolecular interactions cannot to coordinate multiple
building blocks across different length scales, resulting in the
assembly of multiple components preferring to generate
a homogeneously mixed structure or to undergo phase segre-
gation in most cases. To further enhance the control over the
molecular self-assembly process, several novel construction
strategies assisted by external driving forces have been devel-
oped, including localized epitaxial growth,**** template-guided
combination,*® and micromanipulation-assisted integration®”
(Fig. 1d and e). These strategies allow the assembly of a wide
range of simple low-dimensional nanomaterials into complex
heterostructures with high spatial and angular accuracy, such
as 1D axial heterostructures,”®*® dendritic heterostructures,*
embedded heterostructures,® core/sheath heterostructures,
and multi-bent junctions.®®® Rational coupling of low-
dimensional nanostructures into heterostructures not only
effectively preserves their respective features, but also generates
novel photonic properties due to charge and energy transfer at
the coupling interface.®®* Such complex heterostructures play
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a critical role in the development of photonic circuits, such as
photonic routers,”®”® photonic modulators,”*” logic gates,”””®
wavelength filters,” and multiplexers.**®*! Furthermore, signifi-
cant progress in the field of mechanophotonics,®* which
integrates flexible molecular crystals and atomic force micros-
copy tip-based mechanical micromanipulation, has propelled
the advancement of complex photonic structures and enabled
the realization of photonic integrated circuits with enhanced
functionality (Fig. 1f).

In addition to a high level of morphology control, precise
control of the orientation and position of organic low-
dimensional nanostructures on surfaces is important for the
predictable and controllable integration of photonic devices.
The fabrication of organic nanostructure arrays with specific
morphology can therefore enable the wide application of inte-
grated devices, including laser display, information coding, and
sensing.®”°* However, organic nanostructures obtained by
molecular self-assembly in solution often have a random
orientation and position and are not suitable for simultaneous
integrated processing. Thus, the integrated processing of
organic nanostructures places higher demands on the control
ability during the self-assembly process. The “template-
confined self-assembly strategies” allow confining the
precursor solution in micro-/nano-level restricted spaces to
control the morphology and deposition location of the nano-
structure, which has the advantages of high controllability and
structural stability.®»*®* This technique enables the simulta-
neous growth and patterning of organic molecules, resulting in
the production of diverse patterned organic micro/
nanostructures.”® L. Jiang et al. developed a versatile
“capillary-bridge lithography” technique to pattern 1D single
crystal arrays by manipulating the generation and dewetting of
microfluids (Fig. 1g)."°° WGM microring arrays have been

© 2023 The Author(s). Published by the Royal Society of Chemistry
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successfully prepared by soft lithography, and their laser
properties have also been intensively discussed by H. Fu et al.
(Fig. 1h).*** As shown in Fig. 1i, the multicolor microlaser arrays
have been prepared through inkjet printing, and their applica-
tion in full-color laser displays has been demonstrated by Y. S.
Zhao et al.**

The development of assembly strategies assisted by external
driving forces has enabled controlled preparation from simple
low-dimensional structures to hierarchical structures, including
homo/heterostructures and micro/nanostructure arrays.'®"*
Based on the increased complexity and orderliness of organic
nanomaterials, a wealth of integrated photonic devices have also
been successfully developed. It follows that exploring an efficient
external driving force in the assembly process is critical for
organic photonics to move from basic research to practical
applications. Recently, our group and other research groups have
found that using a magnetic field could be an elegant way to
prepare organic hierarchical nanostructures, benefiting from the
controllable arrangement and precise positioning of organic low-
dimensional structures.'®™'* Despite being in its nascent stages,
magnetically controlled assembly methods in the preparation of
organic hierarchical nanostructures provide some distinct
features: (i) the high controllability of the magnetic field allows for
the on-demand integration of multiple components by accurately
manipulating their spatial position, direction, and order."*>'*
Such integration of diverse components can produce many novel
photonic functionalities. (ii) Magnetic field-induced driving forces
can enhance the interactions between components or compete
with them to produce a new equilibrium state for driving the
assembly process.”™* This equilibrium state can be dynamically
adjusted by active fine-tuning of the field-induced driving forces,
thus enabling the structural and temporal programming control
of hierarchical nanostructures.”>"® (iii) Various forms of
magnetic fields, such as uniform, nonuniform, rotating, and
alternating fields, can be used to perform different types of
operations on organic nanomaterials, such as mixing, capturing,
transporting, and rotating. At the same time, more precise and
flexible magnetic control systems have been developed, such as
micromagnets and microcoil arrays."” Overall, the magnetically
controlled assembly of organic nanomaterials is a promising
technology that offers us a new approach to achieving organic
integrated photonic devices with previously unthinkable struc-
tures and functions.

Although several excellent reviews/perspectives related to
magnetically controlled assembly/manipulation have been
reported,"”*™* most of them focused on magnetic nano-
materials or materials without photonic properties. Therefore,
a perspective that can provide the application of magnetically
controlled assembly strategies in the preparation of organic
hierarchical nanostructures, including homo/heterostructures
and microstructure arrays, is in high demand for the pursuit
of organic integrated photonics. From this perspective, we aim
to offer an overview of recent advances in magnetically
controlled assembly in organic photonics from the perspectives
of fundamentals, assembly methods, and applications. We
begin with an introduction to the principles and fundamentals
of the magnetically controlled assembly method. Next, we

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

provide an overview of the latest advances in magnetically
controlled assembly methods, such as magnetic interparticle
interaction control assembly, localized gradient magnetic field
control assembly, magnetic potential trap control assembly,
and dynamic magnetic potential trap control assembly. Moving
forward, three representative applications, microlasers, laser
displays, and information encryption, are analyzed in detail.
Finally, we present perspectives on the future opportunities and
challenges of magnetically controlled assembly strategies in the
field of organic integrated photonics.

2. Fundamentals and principles
2.1 Magnetically controlled assembly strategy

As early as the beginning of the 20th century, scientists began to
study the rules of magnetic objects' motion in a magnetic field
and found that magnetic objects move along the direction of
magnetic force lines, laying the foundation for the later devel-
opment of magnetic field-based manipulation technology.'*
Under an inhomogeneous magnetic field, the magnetic force Fy,
acting on a magnetic object can be expressed as follows:'**

Fn = i(m-V)B (1)
Ho

Wo represents the vacuum permeability, m represents the
magnetic moment, and B represents the total magnetic induc-
tion. According to eqn (1), it is necessary to provide a magnetic
field gradient to create a magnetic force applied to a magnetic
object. One of the most direct ways to establish a field gradient
is to use different types of magnets, including permanent
magnets, electromagnets, and other novel magnetic field
control systems, which can directly produce and regulate
a gradient magnetic field. When a magnetic field gradient is
applied to the magnetic object, a dipole-field force (i.e., packing
force) can be induced to drive the object to move in the direc-
tion of the field gradient toward strong field regions, termed
positive magnetophoresis (Fig. 2a). Further analysis of the
magnetostatic potential energy E of the magnetic object under
an inhomogeneous magnetic field allows a better under-
standing of this magnetic response, which can be mathemati-
cally described as:
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Fig. 2 (a) Schematic illustration of positive magnetophoresis and
negative magnetophoresis. A magnetic object (white sphere) levitated
in the liquid medium (x. > x|) experiences a magnetic force, moving
towards an area of the field maximum; a diamagnetic object (black
sphere, x4 < x1) experiences a diamagnetic force, moving towards an
area of the field minimum. (b) Schematic illustration of the assembly
behaviour of a magnetic object and a diamagnetic object under
a gradient magnetic field.
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Eqn (2) shows that the potential energy is negative for
magnetic objects with magnetic dipole moments (super-
paramagnetic or ferromagnetic objects). Hence, the magnetic
objects move towards regions of maximum field strength to
achieve greater stability by minimizing their potential energy.
Based on this principle, a magnetically controlled assembly
strategy suitable for magnetic nanostructures was exploited.
Under the action of an external magnetic field, the magnetic
moments of the magnetic nanostructures tend to be aligned in
the same direction as the magnetic field, so that a local
magnetic field is formed around them. Due to the nonuniform
distribution of the magnetic moment on the surface of the
nanostructures, the field direction and strength acting on
different positions of the magnetic moment are different. As
a result, the magnetic nanostructures also generate a gradient
magnetic field on their surface. This gradient magnetic field can
be used to manipulate the motion and positioning of adjacent
magnetic nanostructures via positive magnetophoresis.

The self-assembly process is a competition between the various
interactions acting on the nanostructures and the process of
minimizing the energy of the system. For magnetic nano-
structures, there are usually several possible interactions: van der
Waals attraction, magnetic dipole attraction, and electrostatic
repulsion. Magnetic field-induced packing forces do not directly
interfere with the interactions between the magnetic nano-
structures, but they can enhance or compete with them to produce
a new equilibrium state for driving the assembly process. If the
magnetic nanostructures are sufficiently separated from each
other, the magnetic dipole-dipole interactions between them are
negligible. Therefore, the packing forces generated by the
coupling of the induced dipole and the applied field dominate
their magnetic response behaviour.” The effect of the packing
force on the assembly behaviour of nanostructures depends on
the type of applied field and the magnetic anisotropy of the
nanostructures. In a uniform applied field, the magnetic field-
induced packing force causes magnetic nanostructures with
anisotropic magnetic properties to generate a magnetic torque;
while in an inhomogeneous magnetic field, the packing force can
drive the magnetic nanostructures to move along the magnetic
field gradient and form aggregates. When two magnetic nano-
structures become closer, the magnetic dipole-dipole interaction
becomes critical in controlling their motion and assembly
behaviour (as illustrated in Fig. 2b). At this point, the magnetic
dipole-dipole interaction determines the bonding configuration
and spatial order of the nanostructures and therefore affects the
physical and chemical properties of the final assemblies. It should
be noted that the magnetic dipole-dipole interaction is one type of
magnetic gradient force.

In the 2004s, B. Hou et al. used a weak magnetic field to
achieve the self-assembly of single-crystalline Fe;O, nano-
wires."”® Subsequent research findings have provided further
evidence that a magnetic field can effectively promote the
formation of magnetic nanomaterials with unique

8726 | Chem. Sci, 2023, 14, 8723-8742

View Article Online

Perspective

structures.'***>” To date, magnetic fields have successfully
guided a variety of magnetic nanoparticles to form ordered
structures, such as nanochains, nanobelts, nanosheets, and
bulk structures.’*®*** It is worth noting that magnetically
controlled assembly is often a non-contact and template-free
method that does not cause damage to the resulting nano-
materials, and therefore results in superior photonic and
electronic properties. More interestingly, the equilibrium
state between particles can be dynamically adjusted by active
fine-tuning of the field-induced packing force, thus enabling
the structural and temporal programming control of assem-
bled nanomaterials.**>*** The magnetic field has undoubtedly
been recognized as an essential controllable external force
due to its numerous advantages in the controllable fabrica-
tion of structural nanomaterials, including precise assembly
and dynamic assembly.

2.2 Magneto-Archimedes effect

Most organic photonic materials, including organic small
molecules and polymers, are diamagnetic, and their magnetic
susceptibilities are extremely low, typically ranging from 10~ 3-
10~%.%%¢ Thus, the magnetically controlled assembly of organic
photonic materials is hindered by the fact that diamagnetic
objects exhibit an almost negligible net magnetic force F,,, when
exposed to a gradient magnetic field. The history of manipu-
lating the motion and assembly of diamagnetic objects using
magnetic fields can be traced back to the late 20th century when
diamagnetic objects such as graphite and bismuth were first
suspended in the air via a non-uniform magnetic field."*”*** In
the early 21st century, a more efficient and stable diamagnetic
levitation was developed using the perfect diamagnetic effect of
superconductors in strong magnetic fields."**'** Subsequently,
a manipulation technology based on the “magnetic Archimedes
effect” was developed, providing a new idea and technical
support for manipulating the motion and assembly of
diamagnetic objects using magnetic fields.*>**

Under an inhomogeneous magnetic field, the magnetic force
F,, acting on a diamagnetic object placed in a liquid medium
can be expressed as follows:**>*4¢

(xa — x1)
Ko (

F,=V B-V)B (3)
xa and x; represent the magnetic susceptibility of the diamag-
netic object and the liquid medium, respectively. V represents
the object's volume. Note that to simplify the calculation, the
object is approximated as spherical particles whose dipole
moment can be considered equivalent to a point dipole. The
“magnetic Archimedes effect” differs from positive magneto-
phoresis because it takes advantage of the purposely increased
contrast in magnetic susceptibility (x4 — xi) among the target
object and its surrounding environment. When a diamagnetic
object (xq < 0) is placed in a paramagnetic fluid (x; > 0), the
object will move towards the regions of minimum field strength
due to the negative difference in their magnetic susceptibility
(xa — x1), this magnetic response is also known as negative
magnetophoresis (Fig. 2a). It is worth noting that the magneto-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Archimedes effect allows for the manipulation of objects with
lower magnetism than the surrounding medium, not just
limited to diamagnetic materials. Such an effect effectively
lowers the demand for extremely high magnetic fields. It
increases the feasibility of magnetic field manipulation of
organic materials, leading to a breakthrough in applying
magnetic fields in the manipulation and assembly of organic
materials from theory to practical application.

Avariety of manipulation and levitation strategies based on the
magneto-Archimedes effect have been developed for adaptation to
organic objects and have broad application prospects in charac-
terizing materials,"” assembling objects,*® bioanalyses,"*® and
many others. Magnetic manipulation/levitation tools commonly
comprise two permanent magnets in which the same poles are
aligned with each other to produce a larger magnetic field
gradient (Fig. 3a and b)."® A container filled with a paramagnetic
medium (e.g., ferrofluid, an aqueous solution of MnCl,, CuSOy,,
FeCl,, or GdCl;) is placed between the magnets to produce
a negative difference (xq — xi) in the magnetic susceptibility
between the object and surrounding liquid. For an object
submerged in the liquid, both gravitational forces and buoyancy
forces are constant, but they do not balance each other most of the
time. Therefore, an additional force is required to assist the object
in achieving stable suspension in the fluid. As illustrated in
Fig. 3b, a diamagnetic object at different locations is subjected to
diamagnetic forces (Fy,) of different directions and strengths,
provided by the magnetic levitation apparatus. The diamagnetic
object needs to adjust its levitation height until the diamagnetic
forces equilibrate with the resultant force (F,) of gravitational
forces and buoyancy forces. Thus, the diamagnetic object is
eventually able to levitate stably in a paramagnetic medium and
the suspension height is determined by their densities (Fig. 3c).

G. M. Whitesides et al. applied magnetic levitation in density
tests of matter. Fig. 3d shows distinct kinds of matter (such as
oil, milk and foods) levitated in an aqueous GdCl;/CaCl,,
illustrating that variations in levitation height among these
matters were proportionate to differences in their densities."*
Based on the differences in suspension heights of matters with
different densities, the simultaneous separation and isolation
of the mixture of drugs can also be easily achieved using this
method (Fig. 3e)."* F. Ilievski et al. demonstrated the applica-
tion of magnetic levitation for templated 3D self-assembly.'>*
Adjusting the magnetic and gravitational forces acting on the
building blocks allowed adjustment of their suspension height
and spatial order. When the magnetic and gravitational forces
of each building block are balanced, multiple building blocks in
the paramagnetic medium can be arranged in an orderly
manner into a layered structure. The suspended building blocks
are stacked once the paramagnetic liquid is removed, enabling
3D self-assembly (Fig. 3f).

147

3. Magnetic controlled assembly for
organic hierarchical structures

Organic hierarchical structures are formed by integrating
multiple low-dimensional structures into a homo/

© 2023 The Author(s). Published by the Royal Society of Chemistry
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heterostructure or an array structure and are emerging as an
important class of functional microscopic architectures.**
Great demands have been placed on the innovation of synthetic
strategies for efficient preparation with precisely controlled
structures, sizes, and compositions of hierarchical
structures.'*>"*” Very recently, our research group, together with
other groups worldwide, has accomplished a series of studies
on this subject. It has been shown that a magnetic field, as
a non-contact and damage-free means, has been used to
transport and assemble particles by introducing a new driving
force on microscopic components, exhibiting unique capabil-
ities in creating complex static structures as well as field-
manipulated active structures.®®*** The unique advantages of
magnetically controlled assembly methods enable scientists to
design structures and functions on integrated photonic devices
that were previously unattainable. In this section, we introduce
several typical types of magnetically controlled assembly
strategies.

3.1 Magnetic interparticle interaction control assembly

In magnetic fields, chain-like coupled structures induced by
magnetic dipole-dipole interactions have been extensively studied
in theoretical and experimental research.**'* In the previous
section, we investigated the formation mechanism of such chain-
like structures by analyzing the interaction forces/energies of
magnetic particles. Like magnetic particles, diamagnetic particles
tend to assemble into chain-like structures along the magnetic
field direction. This tendency has become a reality by adjusting
the magnetization difference between diamagnetic particles and
the medium, which can be easily understood using eqn (3). In this
field, several studies have successfully predicted the assembly
behaviour of diamagnetic particles in the presence of a uniform
magnetic field.***** The magnetic force between two diamagnetic
particles in a magnetic fluid can either attract or repel, depending
on the angle between the applied field direction and the line
connecting the particles' centres. The critical angle for spherical
diamagnetic particles is approximately 54.7°, so the assembly
structure can be adjusted in situ by dynamically adjusting the
magnetic field direction.'® This feature also makes the dynamic
assembly of complex structures possible. Although we have
studied and understood the critical role played by magnetic
dipole-dipole interactions in diamagnetic particle coupling, the
characteristics of the final assemblies are determined by a variety
of factors, such as magnetic field strength, medium properties,
and particle parameters.'®” Therefore, further understanding of
the efficient utilization of magnetic dipole-dipole interactions
between diamagnetic particles and the rational optimization of
the above factors leads to better control over the assembly struc-
ture of organic hierarchical nanostructures.

B. B. Yellen et al. have made remarkable contributions to
exploring how to construct more complex colloidal coupled
structures by exploiting magnetic interactions.'*®*"”* Typically,
magnetically controlled assembly is performed in a para-
magnetic liquid medium to ensure the effective generation of
the magneto-Archimedes effect and sufficient mobility of the
particles to assemble (Fig. 4a).””> The assembly process is
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Fig. 3

(a) The magnetic levitation system with two permanent magnets and a sample in paramagnetic medium. (b) Magnetic field produced by

two identical magnets with the same poles aligned with each other. The dashed line indicates the central axis of the magnetic field used to
levitate the object. (c) When the magnetic force, gravitational force and buoyancy force of an object are balanced, it reaches a stable suspension
height. (d) Density characterization of various substances suspended in paramagnetic medium. (e) Identification and separation of mixed drugs
suspended in paramagnetic medium. (f) A solid circular base and four plastic rings self-assembled into a co-planar structure after removing the
suspension medium. (a—c) Reprinted with permission from ref. 150. (d) Reprinted with permission from ref. 151. (e) Reprinted with permission

from ref. 152. (f) Reprinted with permission from ref. 153.

initiated and controlled by a magnetic field, such as permanent
magnets, electromagnets, micromagnet arrays, and micro-coils
arrays, which are then monitored and recorded in 