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Advances in organic micro/nanocrystals with tunable physicochemical
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ABSTRACT Organic micro/nanocrystals based on small or-
ganic molecules have drawn extensive attention due to their
potential application in organic field-effect transistors, elec-
trochemical sensors, solar cells, etc. Herein, the recent ad-
vances for organic micro/nanocrystals from the perspective of
molecule aggregation mode, morphology modulation, and
optical property modulation are reviewed. The stacking mode
and the intermolecular interaction depend on the molecular
structure, which eventually determines the morphology of
organic micro/nanocrystals. The morphologies of the organic
micro/nanocrystals make the aggregates exhibit photon con-
finement or light-guiding properties as organic miniaturized
optoelectronic devices. In this review, we conclude with a
summary and put forward our perspective on the current
challenges and the future development of morphology and
optical tunable direction for the organic micro/nanocrystals.

Keywords: organic micro/nanostructures, organic semi-
conductor, aggregation mode, morphology modulation, excited-
state process

INTRODUCTION

Organic micro/nanocrystals have been demonstrated as brilliant
building-blocks for the miniaturized devices [1-3], electro-
chemical sensors [4-7], organic light-emitting diodes (OLEDs)
[8,9], solar cells [10,11], and organic field-effect transistors
[12,13], and thus have drawn enormous attention from
researchers [14]. Compared with the inorganic materials, which
occupy strong market positions and accessibility to the manu-
facturing infrastructure, the organic counterparts play a unique
role due to the broad spectral tunability, high optical cross-
sections as well as low-cost solution processing [15-17]. What’s
more, the periodic molecular packing mode in the micro/
nanocrystals leads to a higher mobility and regular morphology,
which make them distinguish from the amorphous structures
and polymers [18-20]. The crystal’s morphology significantly
affects the final performance of solid products, such as the
bioavailability for pharmaceutical compounds, reactivity for
catalysts, filtering and drying times [21-23]. As for the optoe-
lectronics, the morphologies of the micro/nanocrystals seriously
affect the performance of devices, such as the propagation
modes in waveguide devices and the resonant modes in the

organic solid-state lasers (OSSLs) [24-27]. Many studies have
focused on the shape modulation of the organic micro/nano-
crystals, trying to improve the controllability and pre-design
ability [28,29]. Nevertheless, it remains a huge challenge due to
the inadequate understanding of the basic growth mechanisms,
limited preparation methods, and the elusive influence of var-
ious factors, such as additives, supersaturation, temperature, and
solvents. Besides that, different from inorganic materials, the
controllable growth process of organic micro/nanocrystals is
much more complicated due to the weak intermolecular forces,
such as hydrogen/halogen bonds, charge-transfer (CT) interac-
tion, m-m interaction, and van der Waals force, which lead to a
recondite self-assembly process [30-33].

The optical properties of the organic micro/nanocrystals, such
as the emission color, emission efficiency, and the fluorescent/
phosphorescent lifetime, fall in the core requirements during the
preparation of high-efficiency optoelectronic devices [34,35]. To
modulate the optical properties, the molecular structures are
usually redesigned or modified by extra functional groups,
which is demonstrated as a powerful pathway to adjust the
optical properties and other physicochemical properties [36,37].
But it is still challenging to modulate the properties of the
molecular crystals yet not changing the structure of molecules.

Herein, we review the advances in the progress of modulation
routes on the morphologies and optical properties of the organic
micro/nanocrystals, which were fabricated by small molecules.
The modulation methods of the molecular aggregation modes
were firstly introduced for the significant effect on the mor-
phology and optical properties of the final crystals. Then the
controlling approaches for the morphology and optical prop-
erties (mainly for the emission wavelength, efficiency, lifetime
and so on) were summarized for the core function in the
optoelectronic systems. Lastly, we put forward an outlook on the
future applications of the organic micro/nanocrystals with dif-
ferent shapes and tunable optical properties.

AGGREGATION MODES

In contrast to the inorganic materials composed of strong che-
mical bonding, the organic counterparts are supported by means
of weaker intermolecular forces, which means the molecular
packing modes can significantly influence the morphology and
optical properties of micro/nanocrystals, so as to be employed as
an important method in various fields, such as catalysts, solar
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cells, and the photo-responsive switch [38,39]. More than
50 years ago, Kasha [40-42] established a relationship between
the geometry of the stacking and the photophysical property. In
his model, H-aggregates and J-aggregates are formed from the
separated monomer molecular dimers stacked “side-by-side”
and “head-to-tail”, respectively; the former exhibits blue-shifted
absorption maximum suppressing radiation attenuation rate,
while the latter exhibits a red-shifted absorption maximum
enhancing radiation attenuation rate (Fig. la). In recent years, a
novel mechanism for molecular aggregates is presented based on
wave function overlap (WFO) coupling supplementing Cou-
lombic coupling in the traditional Kasha model. The Coulombic
coupling between any two chromophores is caused by the
interaction between their transition charge distributions usually
expressed by the point-dipole approximation [43,44]:

_ u*(1—3cos?0)
Jcoul ~ 4meR 3 ’ (1)

where y is the transition dipole moment (TDM), R represents
the intermolecular distance between mass centers, 6 is the slip

angle between g and R, and ¢ is the optical dielectric constant of
the medium (see Fig. 1b). 6 value is the key factor to distinguish
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Figure 1

H- and J-aggregates: if 1 — 3cos®0 > 0, Joou > 0, which indicates
the H-aggregate mode; while if 1 — 3c0s?0 < 0, Jeou > 0, which
indicates the J-aggregate mode. In tightly packed molecular
aggregates, an additional short-range CT-mediated exciton
coupling can be comparable to the long-range Coulombic cou-
pling, which results in WFO-coupled J-/H-aggregates (Fig. 1c).

What’s more, by several excellent examples, through the small
longitudinal or lateral displacements of the molecular dimers,
the significant effect of molecular aggregation mode on mole-
cular energy has also been found [45,46]. For example, as shown
in Fig. 1d, a quantum-chemistry-based protocol was proposed
by Engels and his colleagues [46] to obtain the potential energy
surfaces of perylene bisimide (PBI) dimers for ground and
excited states; therefore, the spectral properties can be well cal-
culated further. When only transitional offsets were considered,
two distinct minima were found corresponding to the red-
colored dyes and black-colored dyes of majority of the PBI
crystals with different substituents, which suggest the existence
of H-/]-type exciton coupling, respectively. By these brilliant
calculations, the transformation between the molecular aggre-
gate modes is proved to be possible by proper modulation.

To date, among the amounts of examples with different

2 3 4 5 6 7 8

(a) Ideal absorption spectra of J-/H-aggregates based on Kasha exciton energy bands. (b) The Coulombic coupling transition dipole geometry is

calculated under the point dipole approximation. Reproduced with permission from Ref. [43]. Copyright 2017, American Chemical Society. (c) Calculated
values of JWFO (in cm™) between two 8T’s in C; dimer as a function of longitudinal and lateral displacements. Reproduced with permission from Ref. [44].
Copyright 2012, American Chemical Society. (d) Calculated potential energy surface of the ground state. Reproduced with permission from Ref. [46].

Copyright 2008, American Chemical Society.
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molecular aggregates, the perylene derivatives are especially
interesting for that the H-aggregates and J-aggregates have both
been found among them [47-51]. The first case of the trans-
formation from the H-aggregates to J-aggregates was achieved
based on the perylene derivative, PBI, by Wiirthner and col-
leagues [48]. In their study, the transformation can be achieved
by two approaches: the complexation reaction and the tem-
perature-dependent effect. When PBI/dCA = 1:0.5, where dCA
represents the monosubstituted cyanurate (d denotes single
dodecyl group), the absorption of the free perylene chromo-
phore completely disappeared, indicating that an H-dimer was
formed quantitatively through the synergistic effect of hydrogen
bonding interaction and n-stacking. However, as they made the
mixture solution of PBI/dCA = 1:1, interestingly, red solution
turns to green color, and meanwhile, a new absorption band
appears at 620 nm and the H-dimer decreases. Compared with
the absorption of monomer PBI (515 nm), the new band is red-
shifted by >100 nm, which indicates the J-type aggregates
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formed in the solution (Fig. 2a). J-aggregates can also be con-
verted to H-aggregates verified by the temperature-dependent
ultraviolet-visible (UV-Vis) measurements (Fig. 2b). With the
progress of increasing the temperature, the spectral transition in
two nearly independent stages occurs with clear isosbestic points
at 554 and 523 nm (purple and blue arrows depicted in Fig. 2b,
with temperature of 20-55°C and 60-90°C respectively). Fig. 2¢
indicates that the temperature of 55°C is the inflection point,
and below 55°C, primarily the transformation from J- to H-
aggregates occurs, which can be confirmed by the decrease of ¢
value at 400 and 620 nm. When the temperature exceeds 55°C,
according to the change of & value at 544 nm, it can be con-
cluded that only the conversion of H-aggregate to monomer
takes place. The aggregation transformation in the PBI in the
liquid-crystalline state was then supplemented by Asha’s group
[30] who synthesized a sequence of strong fluorescent PBI
molecules with different terminal phenyl substituents. This work
proved the effect of the substitution on the aggregation
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Figure 2 (a) UV-Vis of PBI/dCA with different complexation reactions. Inset shows the changes of ¢ at several wavelengths. (b) Temperature-dependent
UV-Vis spectra of PBI/dCA. (c) Plots of & versus temperature at 400, 544 and 620 nm. Reproduced with permission from Ref. [48]. Copyright 2008, Wiley.
(d) Photos of the single crystal before annealing, under (i) room light, (ii) UV light, and after annealing, (iii) under room light, and (iv) UV light with the scale
bar of 0.2 mm. (e) DSC trace of the single crystal and annealed crystal. (f) Schematic diagram of slip-stacking modes in DBDCS sheets. Reproduced with

permission from Ref. [52]. Copyright 2010, American Chemical Society.
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geometry, which drives the formation of different packing
modes, thus leading to the significant modulation in the emis-
sion and absorbance bands. The aggregation-mode transfor-
mation of the organic crystals has also been demonstrated along
with the change of the morphology and optical properties.

As another excellent example, Yoon et al. [52] demonstrated
multi-stimuli two-color luminescence in a cyanostilbene-based
molecule, (2Z,2'Z)-2,2'-(1,4-phenylene)bis(3-(4-butoxyphenyl)
acrylonitrile) (DBDCS), attributed to the change in the mole-
cular aggregate modes. The prepared DBDCS crystal is yellow
under UV light and emits green light, which is called G-phase.
Nevertheless, if the sample is heated to 125°C for 1 h, the color
turns to pale green and the emission turns to blue, which is
called B-phase (Fig. 2d). Indeed, under 125°C annealing condi-
tions, this crystalline-state transition with characteristic fluor-
escence change is associated with the first-order endothermic
peak in the differential scanning calorimetry (DSC) thermogram
(Fig. 2e). Moreover, the parallel molecular staking of the two
phases has different slip angles of 26.6° and 62.8°, respectively;
according to the formula mentioned above, it can be concluded
that G-phase and B-phase are J-aggregates and H-aggregates,
respectively (Fig. 2f).

Likewise, Yang et al. [53] demonstrated that despite the same
chemical structure, the crystal properties are highly related to the
molecular configuration and packing mode. They reported three
crystalline polymorphs of 4-(4a,10a-dihydro-10H-phenothiazin-
10-yl)benzonitrile (CzS-CN), which display much different
properties of room-temperature phosphorescence (RTP) and
aggregation-induced emission (AIE). Due to their different
molecular packings, the RTP lifetimes change from 266 to 41 ms,
and then to 32 ms, accompanied by different photoluminescence
quantum yields (PLQYs) of crystals from 22.6% and 17.8% to
6.9%. In addition, Wang and his colleagues [54] achieved RTP
and mechanoluminescence (ML) in polymorphisms of a tri-
phenylamine derivative with ortho-substitution. This molecular
packing-dependent emission affords crucial information to
deeply understand the intrinsic mechanism of different emission
forms and the possible packing-function relationship.

Thus, the molecular aggregate mode is the underlying reason
for the physicochemical properties of the organic micro/nano-
crystals, which can significantly influence the optical properties
and the morphology [55]. Other modulation methods for the
morphology and optical properties of the organic crystals
without changing the molecular packing modes will be discussed
in the following sections.

MORPHOLOGY MODULATION

The uniform shape and tunable optical properties of the organic
micro/nanocrystals, and their capability to be integrated on a
large scale to a flexible substrate are extremely important for
their application in OSSLs [25], LEDs [56,57], field-effect tran-
sistors [58], solar cells [59], and so on. The desirable optoelec-
tronic performances mainly lie on the structure of the molecules
and the intermolecular interactions such as the molecular
arrangement mode or packing in the condensed states. The
molecular packing mode can be modulated by the weak inter-
molecular interactions such as CT interaction, n-m stacking, van
der Waals force, and hydrogen bonding, which induce photon
confinement or light-guiding performances and finally influence
the optical/electrical properties of the organic micro/nanocrys-
tals [30]. For example, a high-degree order of molecule stacking
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mode is conducive to the anisotropic charge transfer in organic
field-effect transistors [60]. In addition, the regular morphology
of the organic micro/nanocrystals is conducive to the favorable
medium and optical resonators for organic lasers [61].

Previously, researchers reported a solvent evaporation method
that the weak noncovalent interactions induce organic molecules
bound together to form microcrystals with good morphology
when the solvent evaporates [62]. This method can achieve low-
cost large-area fabrication for organic-molecule semiconductors,
but faces the challenge of solvent corroding and dissolvation of
the organic crystals. Consequently, in order to improve the
solvent-resistant capacity, Lan et al. [63] put forward a solvent-
resistant coating method. The coatings involved layer-by-layer
assembly of poly(diallyldimethylammonium) (PDDA) and poly
(styrene-sulfonate) (PSS) onto the crystals, followed by immer-
sing the coated crystals into polyvinyl alcohol (PVA) aqueous
solutions for 2 min. The covering can prevent the crystals from
being corroded over 24 h in ordinary organic solvents and even
stay stable in dichloromethane (DCM) for 120 h.

Organic semiconductor crystals with better properties can be
obtained by the solvent evaporation method combined with
solvent-resistant coating. In addition, Ye et al. [64] put forward a
microspacing in-air sublimation method, in which the device
consists of a thermal-stage and two silicon wafers as the bottom
and top substrate. The materials are located on the bottom
substrate, and the target substrate is covered with the starting
material by a small space 150 um away from the bottom sub-
strate, separated by two small glass sleepers. After heating the
bottom substrate for a period of time, the microcrystals with
good morphology can be obtained.

Side-chain effect

Morphology modulation can be realized by designing the
molecular structure or the side-chain groups, which can adjust
the intermolecular interactions and affect the stacking mode
during self-assembly. The performance of the optoelectronic
devices significantly depend on the morphology of the organic
micro/nanocrystals [37,65,66]. Wang et al. [67] designed dif-
ferent side chains to modulate the intermolecular interaction for
obtaining different organic microcrystals applied to the high-
efficiency laser optical microresonators [68]. For example, the
microstructures based on two m-conjugated organic molecules
were fabricated (Fig. 3a, ¢) [67]. The 1,4-bis(4-methylstyryl)
benzene (p-MSB) crystals have a growth morphology of hex-
agonal microplates, while 1,4-bis(2-methylstyryl)benzene (o-
MSB) crystals are rectangular microplates (Fig. 3b, d). In order
to investigate the influence of the substitutes on the packing
mode of the molecule and the photonic property, Yao et al. [69]
designed naphthalene derivatives with different intermolecular
recognitions as model compounds. The different amino groups
for 2-acetyl-6-dimethylaminonaphthalene (AND) and 2-acetyl-
6-methylaminonaphthalene (AMN) resulted in distinct inter-
molecular interactions (see insets of Fig. 3e, f). The two-
dimensional (2D) rhombic nanosheets were caused by the
hydrogen-bonding site of amide in AMN, which restrained the
packing along asingle direction (Fig. 3f, h). Due to the H-
bonding and n-nt stacking interaction, AMN produced a ther-
modynamically stable sheet-like structure along the [100] and
[010] directions. For ADN molecules, a 1D wire-like structure
were obtained along the [100] direction because of the m-m
stacking interaction (Fig. 3e, g). From the above investigations,
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Figure 3 (a, b, e, f) The fluorescence microscopy (FM) images of micro-
crystals. Insets: the molecular formulas of the model compounds. (¢, d, g, h)
The predicted growth morphologies of (a, b, e, f). (a—d) Reproduced with
permission from Ref. [67]. Copyright 2014, American Chemical Society.
(e-h) Reproduced with permission from Ref. [69]. Copyright 2013, Wiley.

we can find that different side chains on the molecules result in
different intermolecular interactions, which are finally respon-
sible for the formation of distinct nanostructures.

Supersaturation degree

Generally, the change of solubility of organic molecules has a big
influence on the supersaturation during nucleation and the
subsequent growth kinetics in different planes, which ultimately
affect the morphology and crystalline of the organic micro/
nanostructures [70]. Gu et al. [71] obtained 1D rubrene triclinic
microwires polymorph at low supersaturation, while 2D rubrene
hexagonal plates were obtained at high supersaturation (Fig. 4a,
b). Zhang et al. [72] achieved the controlled synthesis of various
high-symmetry morphologies based on 2,5,8,11-tetra-tert-
butylperylene (TBPe) crystalline, ranging from cubes to trun-
cated cubes, truncated rhombic dodecahedra, and ultimately to
rhombic dodecahedra by the variation of the supersaturation
degree of TBPe with the aid of surfactants (Fig. 4c-g). All the
morphologies belong to the body-centered cubic structure, in
which the particles grow primarily along the [100] or [110]
directions (Fig. 4h). The change of supersaturation influences
the growth rate of the [100] direction relative to that of the [110]
direction. The final nanocrystal morphology depends on the
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growth rate ratio between the [100] and [110] directions to a
large extent (Fig. 4i). The cubes are only covered with the [100]
planes, and the rhombic dodecahedra is covered with the [110]
planes, of which [110] is the most stable plane in the body-
centered cubic structure.

Solvent- and ultrasound-assisted shape shifting strategy

Precise control of the morphology with a defined shape and
dimension for organic micro/nanostructures is of critical
importance due to their potential application in miniature
photonic devices such as photonic detectors [73,74], optical
waveguides [75] as well as optical sensors [76]. The popular
strategy is designing a molecular architecture that includes
functional groups, so their anisotropic interactions can generate
the desired microphase separation and local packing [77-79].
However, it is still a challenge to prepare shape-shifting micro/
nanostructures in organic-based nanoscience [80]. A few studies
on reversible shape-shifting induced by external conditions have
been reported. For example, Ajayaghosh et al. [81] have realized
a spherical to helical transition for tripodal squaraines by a
cation-induced process. Chandrasekar and his colleagues [82]
reported a novel bottom-up method to fabricate 1D nanorings,
1D nanotubes, and 2D nanosheets by controlling the factors of
solvents, ultrasound, and time to fabricate organic optical
waveguides with reversible shape-shifting. Impressively, the
change in shape between 2D nanosheets and 1D nanotubes is
reversible. In this experiment, the 1,4-bis(1,2":6',1"-bis(3-butyl-
1H-3,4,5-triazolyl)pyridin-4'-yl)benzene (1, Fig. 5a) was self-
assembled to form rhombus-shaped nanosheets in CH;CN
(Fig. 5b). In the presence of water, the nanosheets were trans-
formed to nanotubes by a rolling mechanism (Fig. 5c). After the
ultrasonic treatment, the nanotubes were transformed back to
nanosheets. Interestingly, nanorings were formed through the
bending and coiling mechanism from the nanotubes after being
immersed in the solution for one week (Fig. 5d). Thus, both
solvent and ultrasonic can induce the mechanical deformation of
organic solids at appropriate time intervals to obtain organic
solids with three different dimensions such as 2D, 1D, and 0D.
The detailed studies on the mechanism of shape-shifting show
that the fundamental driving force of the plastic deformation of
the solids is the hydrophobic surface energy.

Solvent etching

The preparation of morphology-shifting micro/nanocrystals is
becoming one of the most cutting-edge research areas in organic
nanoscience, because the functions of the organic micro/nano-
crystals rely on their sizes and dimensions [83]. The solvent
etching approach, firstly proposed by Chandrasekar’s group
[82], is a very convenient and commonly used method for the
fabrication of organic crystals, and plays an important role in the
shape-shifting of organic micro/nanostructures. This approach
depends on the huge difference in the solubility of molecules in
good and poor solvents. The micro-environment has been
changed when the stock solution is exposed to a poor solvent,
which influences the nucleation and growth process of the
micro/nanocrystals. Several groups have obtained organic
micro/nanostructures with regular morphologies by the solvent
etching method. For example, Wang and his colleagues [84]
have demonstrated a synergistic bottom-up and top-down
approach to obtain organic single crystalline nanowires
(OSCNWs) by this method. As shown in Fig. 6a, the (E)-3-(4-
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Figure 4 Scanning electron microscopy (SEM) images of (a) 1D microwires polymorph and (b) 2D hexagonal plates. Reproduced with permission from
Ref. [71]. Copyright 2017, American Chemical Society. SEM images of the as-prepared particles: (c) cubes; (d) truncated cubes; (e) intermediate shape;
(f) truncated rhombic dodecahedra; (g) rhombic dodecahedron. (h) Unit cell of the cubic lattice. (i) Geometrical particle shapes in the [100] and [110]

directions. Reproduced with permission from Ref. [72]. Copyright 2009, Wiley.
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Figure 5 (a) The chemical formula of molecular 1 and the schematic il-
lumination of the shape-shifts under different self-assembly conditions. The
SEM images of the (b) nanosheets, (c) nanotubes, and (d) nanorings. Re-
produced with permission from Ref. [82]. Copyright 2012, Wiley.

(dimethylamino)-2-methoxyphenyl)-1-(1-hydroxynaphthalen-
2-yl)prop-2-en-1-one (DMHP) solution in DCM was poured
into a poor solvent of ethanol. Taking advantage of the solvent
etching process motivated by ethanol, organic microrods syn-
thesized by the bottom-up method transform into organic
microrods with small holes. Subsequently, the microrods with
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Figure 6 (a) Schematic illumination of the morphological evolution of
DMHP. Reproduced with permission from Ref. [84]. Copyright 2018, Royal
Society of Chemistry. (b) Schematic illumination of the fabrication of the
DPEpe-F,DIB microcrystals. (c, d) SEM images for the obtained micro-
crystals. Reproduced with permission from Ref. [85]. Copyright 2018, Royal
Society of Chemistry.
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small holes can be further transformed to organic microtubes
with the sufficient etching process, which affords a top-down
method for the preparation of the final nanowires. This solvent
etching approach can apply to the preparation of not only sin-
gle-component organic micro/nanostructures, but also binary
organic single-crystal microrods and microtubes. In our another
study, 4,40-((1E,10E)-(2,5-dimethoxy-1,4-phenylene)bis(ethene-
2,1-diyl))dipyridine (DPEpe) and 1,4-diiodotetrafluorobenzene
(F4DIB) single-crystals were obtained via modulating the solvent
system, which exhibited microrods and microtubes morphology
(Fig. 6b) [85]. When DPEpe and F,DIB were mixed in DCM,
microrods were generated after all the solvent evaporated
(Fig. 6¢). By comparison, the microtubes were obtained when a
mixture solvent of DCM and ethanol was used to dissolve
DPEpe and F,DIB under the same conditions (Fig. 6d). This
simple solvent etching approach is conducive to the controlled
manufacture of OSCNWs, which may be the building-blocks for
the next-generation miniaturized optoelectronic devices on the
micro/nano scale.

Vapor deposition

Vapor deposition (VD) is widely applied to the preparation of
inorganic nanomaterials and great success has been achieved in
fabrication of 1D inorganic nanostructures [86,87]. However, in
the preparation of organic nanocrystals, the monodispersity of
the target product is hard to regulate by the VD method [88-91].
Jiang and his colleagues [92] guided the small molecules to
nucleate and grow by utilizing Si pillar substrates, and obtained
the organic micro/nanocrystals (Fig. 7a). Different from the
traditional VD technology, this allows organic semiconductors

a  Line pillar-structured template

to be orderly dispersed on the substrate, solving the problem of
disordered dispersion. The molecules prefer to nucleate at the
edges of the substrate because of the energy differece of the top
and side substrate surfaces (Fig. 7b). Consequently, the desired
morphologies can be achieved by joining these nanowires
together at different angles through changing the geometries of
the substrates. As shown in Fig. 7c, 9,10-bis (phenylethynyl)
anthracene (BPEA) molecules nucleated and grew along the
pentagonal pillar edges. As a result, the organic wires were
bonded at the corner of the micropillar substrates, and ulti-
mately formed the organic semiconductor microcrystals. When
focusing the laser beam on this structure, the PL arrange
structure was largely guided by rules. Except the linear patterns,
connected BPEA lines can produce pentagons, hexagons
(Fig. 7d), or even circles (Fig. 7e), by joining nanowires together
at different angles via the PVD strategy, which possess good
photoelectric properties and stability.

Template-assisted route

The template-assisted approach is also used as a regular method
to synthesize 1D inorganic nanostructures. Possin [93] was the
first to utilize an insulating matrix to produce metal wires of
very small diameters. Martin et al. [94,95] first defined this
method as “template synthesis” and extended it for the fabri-
cation of conductive polymer nanostructures. Nowadays, the
most frequently used templates include ordered porous mem-
branes prepared from anodized alumina (AAO) [96], nano-
channel glass [97], and silica [98] in the template-assisted
method. In recent years, the template-assisted method has
aroused wide concern in the preparation of organic structures
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Figure 7 (a) The schematic diagram for surface-induced growth of 1D organic crystals. (b) Schematic illustration of the crystal nucleation and growth of
BPEA wires. (c) The schematic diagram of joined BPEA crystal. Dark-field FM image of hexagonal (d) and circular (e) wires. Reproduced with permission

from Ref. [92]. Copyright 2015, Macmillan Publishers Limited.
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based on organic small molecules. For example, Yao and co-
workers [99] realized the large-area synthesis of an organic
nanonet structure with the help of an AAO template. The
organic nanonet composed of uniform 5,10,15,20-tetrakis(p-
chlorophenyl)porphyrin (TCIPP) nanoparticles was fabricated
floating on the AAO template (Fig. 8a). When the AAO template
was removed, the weblike nanonet structure of TCIPP was
remained well and the pore size mimicked that of the AAO
template (Fig. 8b). Obviously, the ordered holes of AAO tem-
plate contributed to forming the periodic structure of the nan-
onet on the reverse of the template. The AAO templates with
hole sizes of 50, 100 and 200 nm were used in the synthesis of
TCIPP nanonets as shown in Fig. 8c-e. Although stable nan-
onets of TCIPP can be reproduced by this method, the extension
of this strategy to other molecules still needs to be explored.

Adsorbate/surfactant-assisted route

The adsorbate/surfactant-assisted route is also called the soft
template method, including surfactant micelles [100], small
adsorbates [101], copolymers [102], biomolecules [103], and
complexes [104]. This method induces the target molecules to
assemble according to the pattern of the template. It is well
known that as the concentration of surfactant solution reaches
the critical micelle concentration, micelles with different
morphologies will appear. Kang et al. [105] prepared perylene
nanoparticles (PeNPs) using cetyltrimethylammonium bromide
(CTA'Br™) as the surfactant by a colloid chemical reaction
method, where the sizes of PeNPs can be adjusted by the var-
iation of the monomer concentration and the injection methods.
Through altering the molar ratio (N) of reductant CTA*Br~ and
Pe*ClO*, the size of PeNPs can be modulated easily, due to

Figure 8 SEM images of TCIPP nanonets. (a) A floating nanonet. (b) A
freestanding TCIPP nanonet after the AAO template is removed.
(c—e) TCIPP films in line with the pore sizes of the AAO templates. Scale
bars: 500 nm. Reproduced with permission from Ref. [99]. Copyright 2008,
Wiley.

different amounts of perylene molecules generated. Fig. 9a
shows that when N < 0.2, particles cannot be formed. Nano-
particles can be formed when the value of N is between 0.2 and
0.3. When the value of N is between 0.3 and 1.0, the size of the
formed particles will further increase. As shown in Fig. 9b-d,

a
2Pe + 2Ag'CIO; + |, — 2Pe*CIO; + 2Ag'l- (1)
2Pe*CIO, + 2CTA'Br — 2Pe + Br, + 2CTA*CIO, (2)
N<0.2 N=0.2~0.3 N=0.3~1.0
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Figure 9 (a) The reaction equation for the formation of Pe and the schematic illustration of the formation of quasi-spherical PeNPs. (b—d) SEM images of
PeNPs with sizes of (b) ~25 nm at N = 0.3, (c) ~60 nm at N = 0.6 prepared by the droplet injection, and (d) ~90 nm at N = 1.0 prepared by the singlet injection.
(e) N = 1.2. (f) N = 1.0-1.2; intermediate states. (g) N = 1.4; nanobelts. (h) N = 2.0; square nanorods. Reproduced with permission from Ref. [105]. Copyright

2007, American Chemical Society.
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large-scale nearly monodisperse nanoparticles with the size
ranging from 25 to 90 nm can be prepared along with increasing
N. In addition, they also found that the injection method such as
singlet or droplet method can affect the sizes of the PeNPs even
at the same N value. Under the droplet injection method and N
> 1.0, the obtained PeNPs possess almost the same size to that
obtained at N = 1.0. In contrast, by using the singlet injection
method at N > 1.0, belt-like structures arranged row by row can
be obtained which are composed of PeNPs of 25 nm (Fig. 9e),
while at 1.0 < N < 1.2, the nanowires can be observed in Fig. 9f
out of a large amount of PeNPs and nanosheets formed with
tight attachment of nanowires. As the value of N increases to 1.4,
thick nanobelts are produced (Fig. 9g). Further increasing the
value of N > 2.0, nanorods with a square shape are obtained,
which are assembled under a layer-by-layer self-assembly
mechanism (Fig. 9h). High resolution SEM (HRSEM) images
exhibit that the nanorods are composed of 25 nm PeNPs (inset
of Fig. 9h). The above experimental results indicate that the
25nm PeNPs are the basis of nanowires, nanosheets, and
nanorods. With the assistance of surfactants, nanoparticles with
different sizes and highly ordered organic nanomaterials can be
obtained by this colloidal chemical reaction method.

OPTICAL PROPERTY MODULATION

Besides the morphology modulation, much attention is focusing
on modulating the optical performance and the investigation of
the photo-physical process for the organic micro/nanocrystals.
Different from the Wannier excitons in inorganic semi-
conductors [106], the optoelectronic properties for the organic
materials depend on the CT excitons and Frenkel excitons with
smaller radii [107,108]. Tao et al. [109] prepared organic
microcrystals with switchable fluorescence and phosphorescence
by forming halogen bond between the host and guest molecules
in the crystal matrix of host material. Beyond that, Wang and his
colleagues [110] explored the shape-dependent microresonator
properties based on 3-[4-(dimethylamino)phenyl]-1-(2-hy-
droxyphenyl)prop-2-en-1-one (HDMAC). They successfully
prepared microcrystals with shape-dependent microresonator
characteristics, in which the 1D microwires function as a Fabry-
Pérot-mode optical resonator and 2D microdisks act as a WGM
optical resonator. Thus, the photoelectric properties of organic
materials and inorganic materials are substantially different. In
this section, the modulation approach of the optical properties
for organic micro/nanocrystals has been discussed.

Forster resonance energy transfer (FRET) routes

The FRET process has been widely investigated for the con-
struction of optical devices such as OLED and tuning the
emission color [111-113]. In an FRET process, when stimulated
by light, excitons occupying on the S, level formed instantly by
the donor organic molecules. The exciton energy of donor
molecules then efficiently transfers to S; energy level of the
acceptor molecule via the FRET process, which ultimately emits
the corresponding light from the acceptor molecules. One
approach to realize FRET is the doping technique, which will
efficiently enhance the luminous efficiency and the luminous
color for organic materials. Efficient energy transfer via FRET is
identified to be responsible for the enhanced emission from the
acceptor. Li et al. [114] demonstrated the fabrication of multi-
color organic microcrystals taking advantage of FRET, in which
0-MSB was chosen as the host molecules and tetracene or DBP
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were chosen as the guest molecules (Fig. 10a). As shown in Fig.
10a, the absorbed energy of the 0o-MSB can be transferred to
tetracene or DBP, and then released via light emission, greatly
preventing the reabsorption by the organic molecules. The FM
image of the 0-MSB microplates exhibits intensive sky blue light
emission (Fig. 10b). Meanwhile, the tetracene-doped o-MSB
shows strong green light emission and the DBP-doped o-MSB
microcrystal exhibits the orange light emission, which is ascribed
to the FRET process from o-MSB to tetracene/DBP molecules
(Fig. 10c, d). In addition, the doping of the acceptor organic
molecules has no effect on the shape of the as-prepared organic
micro/nanostructure. From the fluorescence spectra, it can be
seen that the maxima at 450, 500 and 550 nm for the o-MSB,
tetracene-doped 0-MSB, and DBP-doped 0-MSB microcrystals,
respectively (Fig. 10e). The emission band of 450 nm for 0-MSB
microcrystals was still observed in the doped microcrystals,
which indicates an incomplete FRET process. The calculated
energy transfer efficiency of the tetracene-doped o-MSB
microcrystal is 44.3%, while that of the DBP-doped o-MSB
microcrystal is 67.4%. In addition, the emission light color can
be modulated from blue to yellow through controlling the
doping ratio (Fig. 10f1-f6). As the doping ratio of DBP is
1.5:100, the organic microcrystals exhibit bright white light
emission (Fig. 10f4). As we all know, the white emissive organic
microcrystals have widespread applications in integrated
optoelectronic devices.

Chemical reactions

Chemical reaction has been widely utilized to synthesize organic
micro/nanostructures in the solution phase where the reactant
precursors possess good solubility and the target product can be

Tetracene

b

——o-MSB
Tetracene-doped 0-MSB
— DBP-doped 0-MSB

Normalized Intensity (a.u.)

600 650
Wavelength (nm)

Figure 10 (a) The molecular structures and the schematic diagram of the
FRET process from a donor to an acceptor. (b—d) FM images of the obtained
microcrystals. (e) PL spectra of doped 0-MSB microcrystals. (f1-f6) The FM
images of microcrystals with different doping ratios. Reproduced with per-
mission from Ref. [114]. Copyright 2008, Wiley.
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photographs of the as-prepared products dispersed in ethanol. Reproduced with permission from Ref. [120]. Copyright 2017, Royal Society of Chemistry.

formed as a precipitate. The homogeneous solution phase can
continuously adjust the supersaturation of the target product
during precipitation, which renders it possible to precisely
modulate the complex nucleation process initially and the sub-
sequent fast growth [115,116]. Compared with the reprecipita-
tion method, this method can obtain organic nanoparticles with
regular morphology and narrow size distribution, which avoid
becoming the building-blocks for further self-assembly
[117,118]. On the other hand, the chemical reaction method
makes the large-scale synthesis of organic nanoparticles possible.
Consequently, the chemical reaction route can be used to
modulate the morphology of the organic micro/nanostructure,
finally tuning the optical properties [119].

Recently, Wang and his colleagues [120] also realized the
luminescence-/morphology-tunable organic microcrystals using
the protonation reaction (Fig. 11a). As shown in Fig. 11b, the
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pure 2D plate-like structure 1,4-bis((E)-2-(3-methylpyridin-4-yl)
vinyl)benzene (MSP) microcrystals exhibit bright blue emission
light at the four edges of the rectangular structure but a faint
emission from the bodies, exhibiting 2D optical confinement.
The central emission for pure MSP is located at 480 nm
(Fig. 11c). The molar ratio of MSP to HCI was controlled to be
1:2 when adding HCI to the MSP solution, and MSP-2HCI
microwires were obtained, which exhibit yellow-emission light
corresponding to a maximal emission wavelength at 570 nm
(Fig. 11d, e). From the above results, it can be seen that the
protonation has taken place and the fluorescence and mor-
phology have also been modulated. The MSP-nHCl micro-
crystals were obtained with a microwire morphology and red
light emission, while excess amount of HCl was added to the
MSP solution (Fig. 11f). The fluorescence spectrum maximum is
located at 610 nm (Fig. 11g), exhibiting obvious red-shift com-
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(a) CLSM images of BICs. (b) The PL and absorption spectra of Bpe, IFB, and Bpe-IFB crystals. Time-resolved PL measurements of (c) Bpe and

(d) BICs. (e) The absorption spectra calculated based on TD-DFT (black curve) and experimental result (blue curve) of BICs. (f) The Jablonski diagram of
BICs. Reproduced with permission from Ref. [122]. Copyright 2015, American Chemical Society.

pared with that of the pure MSB microcrystals. However, for
MSP-nHCI (n > 2) microcrystals, the n value could not be exactly
determined, due to the formation of ionized crystals when HCl is
added. Similar phenomenon has also been observed in pyridine-
hydrogen fluoride system and pyridine-formic system reported
by Mootz’s group [121]. In our reported work, MSP also pro-
tonates with other acids such as sulfuric acid.

Excited state modulation

Furthermore, Zhu et al. [122] selected 1,2-di(4-pyridyl)ethylene
(trans-Bpe) and 1,3,5-trifluoro-2,4,6-triiodobenzene (IFB) as
donor/acceptor (D/A) molecules to obtain Bpe-IFB co-crystals
(BICs) via a crystal engineering strategy. Fig. 12a exhibits the
confocal laser scanning microscope (CLSM) images of BICs,
which shows strong blue luminescence at the tip or edge, and the
PLQY (¢@p1) is measured to be 26.14%. What’s more, the PL and
absorption spectra of BICs are collected (Fig. 12b). At 425 nm,
there is a red shift PL and a full width at half maximum
(FWHM) about 74 nm, which implies it maybe rise in CT
transitions. Time-resolved PL measurements further clarify the
nature of this amusing phenomenon and render a deeper
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understanding on the excited states of co-crystals. The PL of
cocrystals reaches its peak at 425 nm and the lifetime (7) is about
1.66 ns, which is quite different from the PL of Bpe crystals
(Fig. 12¢, d), indicating a new PL excited species was generated
in the co-crystals. The radiation rate (kf) of BICs (0.16 ns™?) is
smaller than that of the single-component crystals calculated by
the formula of k¢ = @pi/7, implying its CT transition nature. As
shown in Fig. 12e, through time-dependent density functional
theory (TD-DFT) calculated results, the absorption spectra of
BICs and electronic transitions are marked.

According to the experimental and theoretical evidences,
researchers draw the Jablonski diagrams of BICs (Fig. 12f).
Within BICs, when the photons are absorbed, the electron will
transition from CT, ground state to CT, excited state, then
relaxes to the lowest CT; state and fluoresces through large
molecular configuration changes.

Shape-dependent optical properties

The shape and dimensions of the organic micro/nanostructures
have great impact on the guidance of optical waves and the light
confinement, and thus the construction of diverse structures is
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Rh, Re and He. (b) Lifetime distributions of phosphorescence emission bands at 550 nm and (c) the phosphorescence efficiencies of Rh, Re and He,
respectively. (d) The calculated SOC constants, energy diagrams and the selected SOC (x) models of Rh, Re and He, respectively. Reproduced with permission

from Ref. [126]. Copyright 2021, Royal Society of Chemistry.

essential for controlling the photonic flow [123]. For example,
the optical waveguide can only be observed in high-quality low-
dimensional organic materials with the field confinement in two
dimensions [124]. Otherwise, the 2D sheet-like structure con-
fining photons to one dimension can be integrated into a chip-
scale planar photonic system [125].

Recently, Huang and his colleagues [126] explored the shape-
dependent optical properties based on one ultralong organic
phosphorescence compound 9,9'-(2,5-dibromo-1,4-phenylene)
bis(9H-carbazole) (PDBCz). In their experiment, three types of
2D microstructures (rectangular (Rh), rectangular (Re) and
hexagonal (He)) were obtained by controlling the concentration
of solution via a self-assembly strategy. Rh crystals were suc-
cessfully induced at low molecular concentration (1 mmol L™);
when the molecular concentration reached 5 and 8 mmol L™}, Re
and He crystals were obtained, respectively (see the inset of
Fig. 13a). On account of the variation of molecular stacking
patterns, the photophysical properties of the crystals depend
sensitively on their morphology. The relationship between the
photophysical properties and the structure of crystals was fur-
ther studied. The authors measured the steady-state PL and
phosphorescence spectra of these microstructures under ambi-
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ent conditions. The PL spectra of the three crystals are dominant
at 550 nm with bright-yellow emission (Fig. 13a), and the
ultralong luminescence lifetimes of the Rh, Re and He crystals
are 263.31, 209.4 and 269.14 ms, respectively (Fig. 13b). What’s
more, the phosphorescence efficiency of Rh crystals (19.12%) is
lower than 31.68% and 32.95% for Re and He crystals respec-
tively, (Fig. 13c). The authors used theoretical calculations to
reveal why these crystals possess different phosphorescence
efficiencies. They believe that disparate molecular conformations
lead to different intramolecular/intermolecular heavy atomic
effects, resulting in different spin-orbit coupling (SOC) con-
stants (x) between S; and T, but this effect has little influence on
the rate constant of the intersystem crossing (ISC) process of Rh
(Fig. 13d). Consequently, the phosphorescence efficiency of Rh
is lower than those of Re and He. It is rational to speculate that
the molecular conformations of different crystal types can
effectively affect the phosphorescence properties.

Another study focusing on the shape-dependent optical
modulation is based on binary organic 4,40-((1E,10E)-(2,5-
dimethoxy-1,4-phenylene)bis(ethene-2,1-diyl))dipyridine
(DPEpe) and 1,4-diiodotetrafluorobenzene (F,DIB) single-crys-
tal microrods and microtubes prepared via the solution eva-
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poration method (Fig. 14a-c) [85]. The FM images for DPEpe-
F,DIB microrods and microtubes exhibit that the photons are
restricted in 2D and then travel in two opposite directions along
the axes of the microstructure (Fig. 14d, e). Active optical
waveguide phenomenon is observed by recording the PL
intensity at the excitation position (Ipoay) and emitting position
(Isp) of the microstructure; the Iyy/Ioqy ratio against the propa-
gation distance shows an exponential decay (Fig. 14f, g). The
optical loss coefficient (R) of the microtube is 0.0145 dB pm™!
and that of the microrod is 0.0341 dB um™ (Fig. 14h). The lower
optical loss coefficient of the microtube is attributed to the 2D
constraint of photons in the thin tube wall. Shape-dependent
optical properties for organic micro/nanocrystals provide useful
guidance for the designing and preparation of micro/nanoscale
miniaturized functional optoelectronic devices.
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Polymorphsim approach

The controlled manufacture of organic polymorphism with
regular size and tunable luminescence properties provides an
attractive approach for the development of organic optoelec-
tronic devices, coherent light source, sensors and so on [71,127].
Fu and his colleagues [128] fabricated blue-emission or green-
emission microribbons based on difluoroboron avobenzone
(BF,AVB) through modulating cluster-mediated nucleation and
subsequent growth processes. In the experiment, the aging time ¢
determines the molecule stacking models and the emission color
of the microribbons in the first step as shown in Fig. 15a. In the
first step, the BF,AVB clusters were generated when tetra-
hydrofuran (THF) solution was poured into the mixed poor
solvents of cyclohexane and isopropanol, which served as
nucleus for the subsequent self-assemble process. Within 3 min,
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the BF,AVB molecule can form loose monoclinic J-type clusters,
showing a 13 nm red-shifted PL maximum at 437 nm compared
with the solution PL peak (Fig. 15b, d). However, when the aging
time exceeds 30 min, closed packed orthorhombic H-type clus-
ters of BF,AVB microribbons are formed, which exhibit green-
emission (Fig. 15c, e).

In addition, when the aging time is 10 min, both blue-emis-
sion and green-emission microribbons are observed, which
indicates that the J-type aggregation changes to H-type aggre-
gation with the extension of aging time. Fig. 15f shows that when
the pump intensity of 400 nm laser exceeds 535 pJ cm™2, a group
of peaks appear at the position of 0-1 peak and the half-peak
width of 0-1 peak decreases sharply from 53 nm below the
threshold to 5nm above the threshold. From the intensity
dependence characterization, it can be seen that the lasing
threshold is located at Ey, = 530 pJ cm™ as shown in Fig. 15h. As
for the green-emission microribbons, the laser action is similar
to that of the blue-emission microribbons (Fig. 15g). However,
the lasing threshold is located at 1126 pJ cm™ (Fig. 15i), which is
attributed to the photo inhibition of 0-0 fluorescent transition of
the green-emission H-type aggregation microribbons. Through
this simple polymorphsim approach, J- and H-type micro-
ribbons are obtained, which exhibit different emission proper-
ties, good optical microresonator effects, and laser performance.
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Additionally, all the molecular structures and the chemical for-
mulas of the corresponding organic crystals mentioned above
are summarized in Table 1.

CONCLUTION AND OUTLOOK

In this review, we firstly discussed the aggregation modes of
organic crystals, mainly including the Kasha’s model and the
recently developed WFO coupling model. Subsequently, the
morphology modulation strategies for the organic micro/nano-
crystals have been summarized combined with the recent
research progress, including side-chain construction, controlling
supersaturation degree, solvent etching, and VD. Although
many studies have focused on the shape modulation of organic
micro/nanocrystals, trying to improve their controllability and
pre-design ability, it is still a challenge to understand the basic
growth mechanism. Finally, we have demonstrated the strategies
for tuning the optical properties of organic micro/nanocrystals,
including FRET routes, chemical reaction method, and excited
state modulation, which influenced by the weak intermolecular
interactions.

Up to now, many achievements about the fabrication of
organic micro/nanocrystals have been made. However, the
controllability of crystallization of organic molecules is quite
challenging in terms of crystal phase, dimensions, geometrical
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Table 1 Molecular structures of the corresponding crystals

Molecular structure Chemical formula Abbreviation Ref.
0. CN
7 {/—F (2Z,2'Z)-2,2'-(1,4-phenylene)bis(3-(4-butoxyphenyl)acrylonitrile) DBDCS [52]
%‘—O—W 4-(4a,10a-dihydro-10H-phenothiazin-10-yl)benzonitrile CzS-CN [126]
1,4-Bis((E)-4-methylstyryl)benzene p-MSB [66]
1,4-Bis((E)-2-methylstyryl)benzene 0-MSB [66]
1-(6-(Dimethylamino)naphthalen-2-yl)ethan-1-one ADN [67]
1-(6-(Methylamino)naphthalen-2-yl)ethan-1-one AMN [67]
2,5,8,11-Tetra-tert-butylperylene TBPe [70]
1,4-Bis(1,2":6',1"-bis(3-butyl-1H-3,4,5-triazolyl)pyridin- _ (80]
4'-yl)benzene
(E)-3-(4-(dimethylamino)-2-methoxyphenyl)-1-
(1-hydroxynaphthalen-2-yl)prop-2-en-1-one DMHP (82]
/
o —
VW) 4,40-((1E,10E)-(2,5-dimethoxy-1,4-phenylene)bis
NS S (ethene-2,1-diyl))dipyridine DPEpe (83]
&
1,4-Diiodotetrafluorobenzene E,DIB [83]
9,10-Bis(phenylethynyl)anthracene BPEA [90]
5,10,15,20-Tetrakis(p-chlorophenyl)porphyrin TCIPP [97]
e Rl ]
7\
Q { Perylene nanoparticles PeNP [103]
|
N
I h 3-[4-(Dimethylamino)phenyl]-1-(2-hydroxyphenyl)prop-
® 3 e o HDMAC [128]
OH
g
el P 1,4-Bis((E)-2-(3-methylpyridin-4-yl)vinyl)benzene MSP [117]
| N
A Wi 1,2-Di(4-pyridyl)ethylene trans-Bpe [119]
E
'AQF 1,3,5-Trifluoro-2,4,6-triiodobenzene 1FB [119]
Fo
Br
I “‘Q*N _ 9,9'-(2,5-Dibromo-1,4-phenylene)bis(9H-carbazole) PDBCz [123]
\ ) B &
e
0 - O Difluoroboron avobenzone BF,AVB [125]
~o
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shape, and combination of components. To solve these pro-
blems, scientists can choose two or more organic materials that
possess compatible molecular structures, sizes, and physico-
chemical properties, which enable the random mixing in their
crystalline mixtures. Besides, another challenge for organic
micro/nanocrystals is that the relationship between the mole-
cular structure-aggregation behavior and micro/nanostructure-
optical properties is still non-quantitative, which needs to be
further established precisely. In future studies, the relationship
between them can be investigated by changing the molecular
staking modes, such as the substituent groups’ effect and the
cocrystals approach, which finally lead to the disparity in the
performance of the miniature organic devices. Especially,
organic micro/nanostructures are widely used in the photo-
electric field, so it is necessary to investigate the controlled
synthesis of the organic micro/nanocrystals with adjustable
morphology and optical properties.

Organic microcrystals are fragile and unstable in the air or
under other external environments, which is a significant
drawback compared with inorganic or metal micro/nanos-
tructures. Nevertheless, the solvent-resistant coating method
which improves the solvent resistance of organic micro/nano-
crystals would solve this problem to a large extent. Many efforts
are needed to further investigate the photostability mechanism
of organic microcrystals and improve their stability through the
possible strategies. As we all know, there is indeed a long way to
go for practical applications of the organic crystals. Due to the
increasing interests in the organic micro/nanocrystals from the
researchers around the world, we believe that organic crystals
with tunable morphologies and optical properties will provide
the platform for the realization of practical optoelectronic
devices.
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