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ABSTRACT: In comparison to incorporating different functional groups into rigid
molecules to generate diverse interaction competitions, achieving lockable multiple
twisting conformations in the molecular backbone can provide a similar capability.
This approach also helps streamline the synthesis process and reduces the likelihood
of unintentional property impairments. However, this strategy remains largely
unexplored in small molecules. Here, we report the development of a donor−
acceptor (D−A) molecule with a D−D−A−D−D backbone structure and
sophisticated side-chain design that enables lockable multiple twisting conformations
in its molecular backbone. Through heteroseeded self-assembly, orange-emitting
two-dimensional (2D) platelets can be formed. These platelets consist of a unique D-D-A-D-D conformer with a benzothiadiazole
group and neighboring fluorene groups arranged in almost the same plane but with a significant twisting relative to the next attached
fluorene groups. The resulting 2D platelets exhibit a pronounced redshift in their optical properties compared to the monomer in
solution, along with a high fluorescence quantum yield of approximately 73%. Furthermore, this molecule can adopt two intertwined
conformations with large twisting angles to form one-dimensional (1D) microribbons, which emit green light. The packing of these
two conformations results in slightly red-shifted optical spectra compared to the monomer in solution and a high fluorescence
quantum yield of around 87%.

1. INTRODUCTION
The incorporation of various intermolecular interactions can
result in the emergence of different interaction competitions,
ultimately giving rise to aggregates with a range of energy well
depths. In specific solvent environments, some aggregates
determined by certain intermolecular interactions may adopt
one molecular packing and then evolve into a different packing
in a more stable energy state (or interactions).1−22 This
approach has been effectively utilized in a variety of molecular
systems with a rigid backbone, resulting in diverse
morphologies with distinct properties.1−15,17−20 Despite its
effectiveness, there are drawbacks associated with this method.
One downside is the complexity and tedium involved in
synthesizing building blocks with various functional groups for
multiple interactions. Additionally, the inclusion of certain
groups within a molecule that are intended for specific
interactions can be challenging to anticipate as beneficial for
preferred morphologies and favorable properties. One recent
example is donor−acceptor (D−A) fluorophores with
benzimidazole end groups, which enable the formation of
hydrogen bonds with alcohols.23,24 While crucial for creating
diverse two-dimensional (2D) shapes, the functional groups
significantly reduce photostability.
Instead of introducing different functional groups to achieve

various intermolecular interactions, an alternative method
could be utilizing molecules that have lockable twist in their

molecular backbone to generate diverse molecular organiza-
tions and consequently, emergent properties. By accessing
multiple molecular backbone conformations for different
intermolecular interactions, this strategy can result in the
creation of diverse morphologies and properties, while also
streamlining the synthesis process and reducing the likelihood
of unforeseen property impairments. Despite its potential, this
method remains largely unexplored in small molecules,
possibly due to the limited availability of flexible molecule
candidates and effective techniques for achieving the lockable
specific twisting conformations. Recently, heteroseeded self-
assembly has demonstrated the capability to guide poly-
mers25−27 or small molecules18,28−31 to grow epitaxially on the
heteroseeds, leading to the creation of distinct molecular
packing that differs from what would form on their own. These
findings motivated us to explore the potential of utilizing the
heteroseeding method to guide molecules with twisting
flexibility, producing specific structures alongside what would
naturally form.
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We recently observed that a D−A molecule (molecule 2,
Figure 1a) displayed multiple twisting conformations in its
molecular backbone, but with minimal variation across all
conformers.15 This restriction in variation led to the formation
of aggregates confined to 2D shapes. This observation
prompted us to explore lockable multiple conformations with
substantial twisting variation in the molecular backbone,
leading to the formation of aggregates with distinct
morphology and optical characteristics. To achieve this, we
synthesized the D−A molecule 1 in this study, which has a D−
D−A−D−D backbone structure and alkyl side chains of
varying lengths on the two fluorene units (Figure 1a). We
demonstrate that molecule 1 has the ability to form two
different types of single-crystalline structures, specifically 2D
platelets and 1D microribbons, as a result of the different
twisting conformations in the molecular backbone. Upon using
heteroseeded self-assembly, diamond-like 2D platelets can be
grown exclusively. Single-crystal analysis reveals that the
twisting angles between the benzothiadiazole group and its
neighboring fluorene groups are very small (around 2°), while
the twisting angles between the fluorene groups are significant
(around 30°). The former leads to a significant redshift in both
absorption and fluorescence spectra of the conformer
compared to the monomer in solution, while the latter hinders
a strong electron coupling between neighboring molecules.
Consequently, the resulting diamond-like 2D platelets display a
high emission efficiency of around 73% and a substantial red-
shifted emission. Moreover, molecule 1 has the capability to
form 1D microribbons. These microribbons consist of two
distinct conformers of molecule 1, each exhibiting significant
twisting between the A and D groups. The intertwining of
these conformers within the crystalline structure results in the
enhanced stability of the 1D microribbons. Additionally, the
presence of these large twisting conformers contributes to the
high emission efficiency of approximately 87% and slightly red-
shifted emission observed in the 1D microribbons compared to
the monomer in solution.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Molecules 1−4. 2.1.1. Synthesis of Molecule

1. Detailed synthesis and characterization are included in the
Supporting Information. 1H NMR (400 MHz, Chloroform-d, ppm)
δ 8.08 (d, J = 7.9 Hz, 2H), 8.00 (s, 2H), 7.92 (d, J = 6.8 Hz, 4H), 7.87
(s, 1H), 7.85 (s, 1H), 7.83 (s, 1H), 7.80 (d, J = 2.9 Hz, 2H), 7.78 (s,
1H), 7.73−7.67 (m, 6H), 7.65 (d, J = 3.4 Hz, 4H), 7.62 (s, 2H), 7.58
(s, 1H), 7.56 (s, 1H), 7.55 (s, 2H), 7.02 (d, J = 8.8 Hz, 4H), 3.89 (s,
6H), 2.16 (q, J = 6.9 Hz, 16H), 1.17 (p, J = 7.3 Hz, 8H), 0.86 (p, J =

7.9, 7.2 Hz, 8H), 0.76 (t, J = 7.3 Hz, 12H), 0.47 (t, J = 7.3 Hz, 12H)
(Figure S1). MALDI-TOF-MS: (m/z) = 1341.572 (Figure S2).
2.1.2. Synthesis of Molecule 2. Molecule 2 was synthesized by

following the previously reported method.29 1H NMR (400 MHz,
Chloroform-d, ppm) δ 8.06 (d, J = 7.8 Hz, 2H), 8.00 (s, 2H), 7.86
(m, 10H), 7.61 (m, 16H), 7.02 (d, J = 8.2 Hz, 4H), 3.89 (s, 6H), 2.16
(d, J = 10.1 Hz, 16H), 1.23−1.02 (m, 24H), 0.87 (d, J = 9.0 Hz, 8H),
0.78 (t, J = 6.6 Hz, 12H), 0.46 (t, J = 7.3 Hz, 12H) (Figure S3).
MALDI-TOF-MS: (m/z) = 1454.26 (Figure S4).
2.1.3. Synthesis of Molecule 3. Detailed synthesis and character-

ization are included in the Supporting Information. 1H NMR (400
MHz, Chloroform-d, ppm) δ 8.06 (d, J = 7.9 Hz), 8.01, 7.92 (d, J =
5.4 Hz), 7.87 (d, J = 7.8 Hz), 7.79 (d, J = 10.6, 7.8 Hz), 7.71−7.61
(m), 7.56 (d, J = 10.3 Hz), 7.03 (d, J = 8.8 Hz), 3.89, 2.11 (d, J =
18.9, 13.4, 6.5 Hz), 1.57, 1.13 (dd, J = 12.5, 4.3 Hz), 0.78 (q, J = 6.8
Hz) (Figure S5). MALDI-TOF-MS: (m/z) = 1678.196 (Figure S6).
2.1.4. Synthesis of Molecule 4. Detailed synthesis and character-

ization are included in the Supporting Information. 1H NMR (400
MHz, Chloroform- d, ppm) δ 8.07 (d, J = 8.1 Hz, 2H), 8.01 (s, 2H),
7.93 (d, J = 4.9 Hz, 4H), 7.87 (d, J = 7.6 Hz, 2H), 7.80 (t, J = 8.2 Hz,
4H), 7.76−7.60 (m, 12H), 7.59−7.52 (m, 4H), 7.02 (d, J = 8.3 Hz,
4H), 3.88 (s, 6H), 2.26−2.09 (m, 16H), 0.54 (t, J = 7.2 Hz, 12H),
0.46 (t, J = 7.3 Hz, 12H) (Figure S7). MALDI-TOF-MS: (m/z) =
1229.022 (Figure S8).

2.2. Fabrication of Different Aggregates. 2.2.1. Fabrication of
Aggregates from 1 via Conventional Self-Assembly. Two distinct
types of aggregates, as shown in Figure S9 below, were formed
simultaneously after injecting 0.1 mL of a chloroform solution of 1
(0.5 mg/mL) into 1 mL of acetonitrile in a 4 mL vial and aging the
mixture at 25 °C for 24 h.
2.2.2. Preparation of Orange-Emitting 2D Platelets Using the

Heteroseeding Method. The heteroseeds of 2 were made using the
method that had been previously described.29 Specifically, the
hexagonal platelets of 2 were first generated by injecting 1 mL of
acetonitrile into 0.2 mL of a chloroform solution of 2 (0.5 mg/mL) in
a 4 mL vial. The mixture was then allowed to age at 25 °C for 40 h.
Following the removal of the supernatant from the hexagonal platelets
suspension, 2 mL of acetonitrile was added. The resulting solution
containing the platelets was then subjected to sonication at −35 °C
for 5 min to obtain the seeds (0.05 mg/mL). By adding varying
volumes (0.1, 0.04, 0.02, and 0.01 mL) of an acetonitrile solution
containing the seeds of 2 (0.05 mg/mL) to 1.1 mL of the
supersaturated solution of 1 (0.01 mg/mL) in chloroform/acetonitrile
mixtures (v/v, 1/10) in a vial and aging at 25 °C for 30 min, orange-
emitting 2D platelets with controlled sizes were successfully
fabricated. The morphology of the orange-emitting 2D platelets of
1 was continuously monitored for several additional months.
2.2.3. Preparation of Green-Emitting 1D Microribbons Using the

Homoseeding Method. The green-emitting 1D microribbons of 1
were first generated by injecting 2 mL of acetonitrile into 0.2 mL of a
chloroform solution of 1 (0.5 mg/mL) in a 4 mL vial. The mixture
was then allowed to age at 25 °C for 9 days. Following the removal of

Figure 1. (a) Schematic diagram showing the twisting of the molecular backbone of molecules 1,2. (b) Molecular structures of molecules 3,4.
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the supernatant from the microribbon suspension, 2 mL of
acetonitrile was added. The resulting solution containing the
microribbons was then subjected to sonication at −35 °C for 5 min
to obtain the seeds of 1 (0.05 mg/mL). By adding varying volumes
(0.1, 0.04, 0.025, and 0.015 mL) of an acetonitrile solution containing
the seeds of 1 (0.05 mg/mL) to 1.1 mL of the supersaturated solution
of 1 (0.01 mg/mL) in chloroform/acetonitrile mixtures (v/v, 1/10) in
a vial and aging at 25 °C for 30 min, the green-emitting 1D
microribbons with controlled sizes were successfully fabricated. The
morphology of the green-emitting 1D microribbons of 1 was
continuously monitored for several additional months.
2.2.4. Growth of Bulk 2D Platelets and 1D Microribbon Crystals

of 1 for Single-Crystal Analysis. The bulk orange-emitting 2D
platelets with the sizes of over 50 μm in each dimension were
prepared by adding 1 μL of an acetonitrile solution of seeds of 2
(0.0005 mg/mL) into 3.6 mL of a solution containing 0.01 mg/mL of
1 in a chloroform/acetonitrile mixture (v/v: 1/5) and then aging at
25 °C for 3 days. The bulk green-emitting 1D microribbons, with
sizes of over 50 μm in each dimension, were prepared by combining 1
μL of an acetonitrile solution of seeds of 1 (0.0005 mg/mL) with 3.6
mL of a solution containing 0.01 mg/mL of 1 in a chloroform/
acetonitrile mixture (v/v: 1/5) and then allowing it to age at 25 °C for
3 days.
2.2.5. Preparation of Aggregates from 3 and 4. Using a

conventional self-assembly approach, aggregates of 3 were generated
by injecting 0.1 mL of a chloroform solution containing 3 (0.5 mg/
mL) into 1 mL of acetonitrile in a 4 mL vial. The solution was then
aged at 25 °C for 24 h. To fabricate aggregates of 3 using a
heteroseeding method, 0.1 mL of heteroseeds of 2 (0.05 mg/mL) in
acetonitrile were added to a supersaturated solution of 3 (0.01 mg/
mL) in a mixture of chloroform and acetonitrile (1.1 mL, v/v, 1/10)
in a 4 mL vial, followed by aging at 25 °C for 24 h. The morphology
of the aggregates of 3, formed using both methods, was monitored
over the course of several additional months. Using a conventional
self-assembly approach, aggregates of 4 were generated by injecting
0.1 mL of a chloroform solution containing 4 (0.5 mg/mL) into 1 mL
of acetonitrile in a 4 mL vial. The solution was then aged at 25 °C for
24 h. To fabricate aggregates of 4 using a heteroseeding method, 0.1

mL of heteroseeds of 2 (0.05 mg/mL) in acetonitrile were added to a
supersaturated solution of 4 (0.01 mg/mL) in a mixture of
chloroform and acetonitrile (1.1 mL, v/v, 1/10) in a 4 mL vial,
followed by aging at 25 °C for 24 h. The morphology of the
aggregates of 4, formed using both methods, was monitored for
several additional months.

2.3. Property Characterizations. Fluorescence-mode optical
microscopic images were captured using an inverted fluorescence
microscope equipped with a standard CCD detector (Olympus
IX71), in which the samples were excited by a 365 nm ultraviolet LED
light. The solution containing suspending assemblies was drop-cast
onto glass substrates to prepare samples for fluorescence images.
Scanning electron microscopy (SEM) images were acquired with a
Hitachi S-8010 and TESCAN MI-RA LMS field-emission microscope.
Atomic force microscopy (AFM) images were obtained using a
Bruker Dimension Icon atomic force microscope. AFM samples were
prepared by drop-casting suspending aggregates onto thin glass slides
from the solution. Powder X-ray diffraction (XRD) measurements
were performed on a PANalytical X’Pert PRO instrument (40 kV, 200
mA). Absorption spectra were obtained on a Hitachi U-3900
spectrometer. Fluorescence spectra were obtained on a Hitachi F-
7000 fluorometer. Fluorescence quantum yields (FQYs) of molecule
1−4 in toluene (6 μM) and their aggregates were determined by
using a Hamamatsu Absolute PL Quantum Yield spectrometer
C11247 coupled with an integrating sphere. Excitation wavelengths
ranging from 330 to 450 nm with an interval of 10 nm were utilized.
The fluorescence lifetime of molecules 1−4 in toluene (6 μM) and
their aggregates were determined using a time-resolved photo-
luminescence setup (LifeSpec II, Edinburgh Instruments), with a
365 nm pulsed laser serving as the excitation source. Selected area
electron diffraction (SAED) patterns of the 2D platelets and 1D
microribbons were acquired using JEOL 2100 with an electron beam
energy of 120 kV. Single-crystal X-ray diffraction (SCXRD)
measurements were conducted with a Rigaku XtaLAB PRO 007HF
diffractometer, utilizing graphite monochromatized Mo Kα (λ =
0.71073 Å) radiation in the ω scan mode. Single-crystal structures
were determined using an intrinsic phasing with SHELXT and refined
by full-matrix least-squares on F2 using SHELXL-2014. Density

Figure 2. (a) Fluorescence-mode optical image and statistical histogram of the area dispersity of the orange-emitting 2D platelets of 1 at a
molecule-to-seed mass ratio of 5:1, Aw = 26.2 μm2, An = 26.0 μm2, Aw/An = 1.01. (b) SEM images of the orange-emitting 2D platelets of 1. (c)
AFM height image and corresponding height profiles of an orange-emitting 2D platelet of 1. (d) Single-crystal structure of the orange-emitting 2D
platelet showing the specific conformation of molecule 1. (e) UV−vis absorption (dashed) and fluorescence spectra (solid) of molecule 1 (6 μM)
in toluene (black) and the orange-emitting 2D platelets of 1 drop-cast on a glass slide (orange).
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functional theory (DFT) calculations were performed at the B3LYP/
6-31g(d,p) level using the Gaussian 09 package. The seeds were
prepared by sonication with a commercial Scientz-IID ultrasonic
homogenizer operating at a power of 100 W.

3. RESULTS AND DISCUSSION
3.1. Molecular Design. By appropriately sizing the side

chains, it is anticipated that the hindrance caused will allow for
the locking of specific twisting conformations of the molecular
backbone, resulting in unique various molecular packing. In
order to support this, we synthesized molecules 1−4 (Figure
1) and examined how their twisting conformations in the
molecular backbone affected the structures they formed.
Molecules 1 and 2 both have longer side chains on the inner
fluorene unit and shorter ones on the outer fluorene unit. In
contrast, molecule 3 has longer side chains on both fluorene
units, whereas molecule 4 has shorter side chains on both
fluorene units. The detailed synthesis procedures and
characterizations of molecule 1−4 are provided in the
Supporting Information.

3.2. Formation of 2D Platelets through Heteroseeded
Self-Assembly. After the addition of 1 mL of acetonitrile to a
chloroform solution containing 1 (0.5 mg/mL, 0.1 mL), and
subsequent aging for 24 h, two distinct types of aggregates
were formed simultaneously (Figure S9). This is likely
attributed to the different backbone twisting of molecule 1,
leading to the distinct morphologies observed. To achieve the
specific twisting conformation of molecule 1, we employed the
heteroseeded self-assembly method to guide the epitaxial
growth of 1 on seeds, ultimately leading to a singular crystalline
structure (Figure S10). Following the addition of different
quantities (0.1, 0.04, 0.02, and 0.01 mL) of heteroseeds created
from molecule 2 (0.05 mg/mL) in acetonitrile to 1 mL of the

supersaturated solution of 1 (0.01 mg/mL) in a blend of
chloroform/acetonitrile (v/v, 1/10) in a 4 mL vial, the
resulting mixtures were allowed to age at 25 °C for 30 min.
Fluorescence optical microscopy revealed that uniform orange-
emissive diamond-shaped 2D platelets were formed, with their
sizes depending on the molecule-to-seed mass ratios (Figure 2a
and Figure S11). SEM confirmed the smooth surface of the 2D
platelets (Figure 2b), which was further validated by AFM
(Figure 2c). Moreover, the resulting orange-emitting 2D
platelets have a narrow area dispersity (Aw/An ≤ 1.02; see
Figure 2a and Figure S11). Further analysis revealed a linear
relationship between the sizes of the 2D platelets formed and
the molecule-to-seed mass ratios (Figure S11e), the character-
istic of living seeded self-assembly. SAED analysis confirmed
that the orange-emitting 2D platelets are single-crystal
structures (Figure S12). To gain deeper insight into the
molecular configuration and organization of 1 in the 2D
platelets, we carried out SCXRD analysis. As summarized in
Table S1, the 2D platelets obtained are classified under the I2/
c monoclinic space group. As shown in Figure 2d, the
benzothiadiazole unit and its neighboring fluorene units are
nearly coplanar and show minimal twisting. However, this
plane is significantly twisted relative to the fluorene units
attached on both ends (Figure 2d). Due to the local molecular
twisting, the intermolecular distances were measured to be 4.2
and 4.8 Å along the a-axis and b-axis, respectively (Figure S13).
The distances exceed the threshold for π-coupling, indicating
that the intermolecular interactions would have minimal
impact on the optical properties of the 2D platelets formed,
akin to other twisting D−A molecules.23,32−34 Despite this, the
optical characterizations revealed that the absorption and
fluorescence spectra of the diamond-shaped 2D platelets were
notably red-shifted by 41 and 61 nm (Figure 2e), respectively,

Figure 3. (a) Fluorescence-mode optical image and statistical histogram of the area dispersities of the green-emitting 1D microribbons of 1 at a
mass ratio of the molecule-to-seed of 5:1, Aw = 37.4 μm2, An = 37.6 μm2, Aw/An = 1.01. (b) SEM images of the 1D microribbons of 1. (c) AFM
height image and corresponding height profiles of a 1D microribbon of 1. (d) Single-crystal structure of the green-emitting 1D microribbons
showing molecule 1 adopted the two different twisting conformations adopted by molecule 1. (e) UV−vis absorption (dashed) and fluorescence
spectra (solid) of molecule 1 (6 μM) in toluene (black) and the green-emitting 1D microribbons drop-cast on a glass slide (green).
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suggesting considerably improved electron coupling. Further-
more, the FQY stayed remarkably high at around 73% (Figure
2a and Table S2). This is in stark contrast to typical
supramolecular aggregates, which tend to exhibit reduced
emission efficiency alongside a red-shifted fluorescence.35−38

The local planar structure of molecule 1, with its
benzothiadiazole unit and neighboring fluorene units almost
in the same plane, is responsible for increased molecular
conjugation, leading to a notable redshift in the optical spectra
compared to molecule 1 in toluene solution. Theoretical
calculations confirmed a reduced energetic gap of the
conformation of molecule 1 (Figure S14), which is consistent
with the optical spectra shown in Figure 2e. It is worth noting
that the orange-emitting 2D platelets exhibited a longer
fluorescence lifetime (τ = 7.92 ns), compared to molecule 1 in
toluene solution (τ = 3.02 ns) (see Figure S15 and Table S2).
The extended lifetime can be credited to the local molecular
planarization of 1 within 2D platelets, which led to excited-
state delocalization and ultimately contributed to the increase
in lifetime.39,40 Meanwhile, the twisting between the local
plane and the next fluorene attached contributes to the high
FQY by minimizing the intermolecular interactions. Put
another way, the rates of radiative and nonradiative decay
can be altered by the local molecular planarization of 1 within
2D platelets compared to monomer 1 (Table S2). The
decreased radiative decay rate (kr) leads to an increased
fluorescence lifetime of 2D platelets compared to monomer 1,
while the slightly increased nonradiative decay rate (knr)
contributes to the decreased fluorescence quantum yield of the
2D platelets.
Notably, the local molecular planarization of 1, with its

benzothiadiazole unit and neighboring fluorene units almost in
the same plane formed within 2D platelets, is in stark contrast
to all conformers of 2 with large twisting angles between its
benzothiadiazole unit and neighboring fluorene units.15 The
increasing steric hindrance from the bulky side chains in
molecule 2 likely hinders the generation of the conformer with
its benzothiadiazole unit and neighboring fluorene units in a
small twisting angle. Similar steric hindrance was also noticed

with molecule 3, as discussed below. Overall, the findings
above offer a promising strategy for creating single crystals with
significantly red-shifted emission while maintaining high
emission efficiency, a desirable quality for optoelectronic
applications.

3.3. Formation of the Green-Emitting 1D Micro-
ribbons. Interestingly, the orange-emitting 2D platelets
formed using heteroseeds are not stable to maintain their
form in solution, gradually transitioning into green-emitting
1D microribbons emerge after 8 days (Figure S16). Of note,
employing seeded self-assembly allowed for the quick
formation of the green-emitting 1D microribbons with
controlled sizes (Figure 3a and Figures S10 and S17). SEM
and AFM demonstrated the morphology of the 1D micro-
ribbons (Figure 3b,c). SAED analysis verified that the green-
emitting 1D microribbons are of a single-crystal nature (Figure
S18). The morphological shift from 2D platelets to 1D
microribbons might be ascribed to molecule 1 adopting more
stable packing of twisting conformations. To verify this, we
performed SCXRD analysis of the green-emitting crystal. As
shown in Table S3, the 1D microribbons obtained are classified
under the P-1 triclinic space group. Figure 3d shows that
molecule 1 in the green-emitting crystal displays two different
molecular conformations, each with noticeable twisting
between the D and A units. Furthermore, the two twisted
conformers were intertwined with each other through
electrostatic attraction and hydrophobic interactions, filling
up vacant spaces to form a dense structure (Figure 3d). The
powder XRD analysis confirmed the high crystallinity of the
green-emitting microribbons, as evidenced by multiple well-
defined diffraction peaks (Figure S19a). This is in stark
contrast to the orange-emitting 2D platelets mentioned earlier,
which showed weak diffraction patterns (Figure S19b). Due to
the strong molecular packing, the 1D microribbons were able
to maintain their structure without alteration for several
months (Figure S20).
Apart from the creation of the stable green-emitting 1D

microribbons of 1, the twisted conformations were able to
minimize both the intramolecular conjugations and the π-

Figure 4. (a) Fluorescence-mode optical image of the aggregates of 3 using the heteroseeding method. (b) SEM image of the aggregates of 3. (c)
UV−vis absorption (dashed) and fluorescence spectra (solid) of molecule 3 (6 μM) in toluene (black) and the aggregates of 3 drop-cast on a glass
slide (green). (d) Fluorescence-mode optical images of the aggregates of 4 using the heteroseeding method. (e) SEM image of the aggregates of 4.
(f) UV−vis absorption (dashed) and fluorescence spectra (solid) of molecule 4 (6 μM) in toluene (black) and the aggregates of 4 drop-cast on a
glass slide (dark green).
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interactions between adjacent molecules. As a result, the
optical spectra of the green-emitting microribbons show only a
slight shift compared to isolated molecules in solution (Figure
3e). Consequently, the green-emitting microribbons exhibit a
high emission efficiency of approximately 87% (Table S2) and
a fluorescence lifetime (τ = 3.36 ns) close to that of molecule 1
in toluene (τ = 3.02 ns) (Figure S15 and Table S2). These
results clearly demonstrate that a single D−A molecule with a
D−D−A−D−D backbone structure and proper side chains can
adopt lockable multiple twisting backbone conformations,
leading to the formation of diverse crystalline structures with
exceptional optical properties.

3.4. Effect of Side Chains on the Presence of
Lockable Multiple Backbone Conformations. To delve
deeper into how side chains impact the existence of lockable
multiple backbone conformations, we compared the self-
assembly behaviors of molecules 3 under identical conditions.
Utilizing either the heteroseeding approach or the conven-
tional self-assembly method, we obtained the same type of
aggregate structure, i.e., the green-emitting aggregates, as
illustrated in Figure 4a and Figure S21. SEM imaging revealed
a microribbon-like morphology (Figure 4b). These micro-
ribbons remained unchanged in shape for an extended period
of several months. The absorption and fluorescence spectra of
the microribbons of 3 were found to be similar to those of
individual 3 in toluene (Figure 4c), suggesting minimal
electronic interaction between neighboring 3 molecules. The
high FQY of approximately 90% further supports the lack of
significant electronic coupling. Upon closer examination, it was
found that the absorption and fluorescence spectra of the
microribbons composed of 3 were slightly blue-shifted in
comparison to those of individual 3 in toluene. This indicates a
significant reduction in conjugation, likely because molecule 3
in the microribbons underwent more twisting as a result of the
increasing steric hindrance from the bulky side chains. The
conjugation reduction of 3 in microribbons is further
evidenced by the fact that the microribbons of 3 exhibited a
shorter fluorescence lifetime (τ = 2.43 ns) compared to that of
molecule 3 in toluene (τ = 3.03 ns) (Figure S22a and Table
S2).
Similarly, molecule 4 also formed green-emitting aggregates

when utilizing either the heteroseeding approach or the
conventional self-assembly method (Figure 4d and Figure
S23), despite having very short side chains on the fluorene
units. These green-emitting aggregates also took on the form of
microribbons (Figure 4e) and remained unchanged for several
months. However, they were much wider than those formed
from 3. Interestingly, the absorption and fluorescence spectra
and fluorescence lifetime of the microribbons of 4 were found
to be comparable to those of individual 4 in solution (Figure
4f, Figure S22b, and Table S2). These results, along with the
high FQY of approximately 86%, indicate that there is minimal
electronic interaction between neighboring molecules of 4.
This also suggests that molecule 4 adopts a twisting backbone
conformation within the microribbons comparable to that in
solution.
Based on the above observations, the absence of lockable

multiple twisting backbone conformations in molecules 3 is
probably due to the presence of long side chains with
significant steric hindrance, restricting the twisting flexibility.
On the other hand, molecule 4 has minimal steric hindrance,
allowing for the formation of the most stable conformation
without locking other twisting possibilities. The significant

differences in the molecular packing in the aggregates of 3 or 4
and in the seeds of 2, as evidenced by XRD and SAED analysis
in Figure S24, make the aggregation of 3 or 4 unable to be
guided by the heteroseeds of 2. These findings underscore the
significance of suitable side-chain lengths in providing the
steric hindrance essential for locking multiple twisting
conformations of the D−D−A−D−D molecular backbone,
ultimately resulting in the emergence of distinct structures and
properties.

4. CONCLUSIONS
In summary, we have successfully created the D−A molecule 1
with a D−D−A−D−D backbone structure and appropriate
side-chain lengths, enabling the locking of various twisting
conformations in the molecular backbone. The application of
heteroseeded self-assembly results in the production of orange-
emitting 2D platelets. Crystallographic analysis shows that
molecule 1 adopts a conformation in which the benzothiadia-
zole group and its neighboring fluorene groups are almost
coplanar but have a considerable twisting angle (around 30°)
relative to the next attached fluorene groups. The unique
molecular conformation results in 2D platelets exhibiting a
noticeable redshift in optical properties compared to molecule
1 in toluene and a high FQY of approximately 73%. Moreover,
molecule 1 can form more stable green-emitting 1D micro-
ribbons by adopting two intertwined conformations, each with
significant twisting angles between the D and A units. These
conformations lead to slightly red-shifted optical spectra and a
high FQY of around 87%. The findings of this study show that
utilizing multiple molecular backbone conformations is an
effective strategy for creating distinct crystalline structures with
unique properties, while also simplifying the synthesis process
by eliminating the need for complex functional groups to
control crystalline structures.
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