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Regulating dynamic growth pathway for constructing organic
heterostructures of interchangeable microblocks and adjustable optical
output
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ABSTRACT Organic heterostructures (OHs) with multi-
segments exhibit unique optoelectronic properties due to the
directional energy transfer between adjacent segments com-
pared with single-component structures. Nevertheless, the
OHs with a spontaneously formed substructure might not
meet the practical application needs. Accordingly, construct-
ing the building blocks (crystals X and Y) into rational con-
figurations (such as XYX or reversed YXY patterns) at will
would greatly promote the development of OHs in optics.
Herein, we demonstrate sequential crystallization, combining
spontaneous self-assembly and seeded stepwise self-assembly
processes, to manipulate longitudinal epitaxial growth of red-
emissive fluorene-7,7,8,8-tetracyanoquinodimethane (R) or
near-infrared-emissive fluorene-2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (N) on each other, resulting in the
OHs with interchangeable block patterns: RNR and NRN. The
OHs with RNR pattern display gradient-color emission and
waveguide property as a result of gradually-doped hetero-
junction, while the NRN-pattern OHs exhibit pure dual-color
emission and waveguide property due to the well-defined
boundary. This work realizes the order-controllable growth of
blocks in OHs and affords an avenue to rationally construct
complex OHs for future optics development.

Keywords: organic heterostructure, charge transfer cocrystal,
crystallization, optical waveguide

INTRODUCTION
Low-dimensional organic crystalline heterostructures (OHs)
hold great potential in optoelectronics applications ranging from
display [1–3] and optical waveguide [4–8] to on-chip optical
computing [9,10], due to their typical spatially segmented
emission properties [11,12]. Benefiting from the advantages of
high chemical/structure compatibility and tunable optoelec-
tronic properties, organic cocrystals gradually become a com-
petitive candidate for constructing OHs with core/shell [8,13–
16], branch [17,18], and multi-block [19–21] structures. Up to
now, several technical methods have been developed for con-
structing OHs. Chandrasekar’s group [22,23] utilized the atomic
force microscopy (AFM) cantilever to micromechanically inte-

grate three different flexible crystals for multiple color optical
waveguide. Catalano et al. [24] also prepared a hybrid large-
bandwidth optical waveguide by a physical combination of
crystals. Hosseini’s group [7,25] reported the welding of crystals
by self-assembly processes for core/shell and multi-block het-
erostructures. Lan et al. [26] proposed a layer-by-layer charged
polymer assembly approach to combine different crystals into
hybrid organic photonic integrated circuits. Our group [27,28]
prepared OHs based on lattice-matching epitaxial growth of
organic charge transfer (CT) cocrystals, through which the
morphology evolution of OHs can be kinetically and thermo-
dynamically controlled [29].

In particular, the novel rectifying effect at the heterojunction
for one-dimensional (1D) OHs and the quantum confinement
effect have promoted it as a good candidate for optical com-
munication [29–31]. Even though tailoring the thermodynamic
and kinetic growth pathways in the self-assembly process con-
trols the heterostructure morphology [32], synthesis of OHs
with desired substructures remains challenging [33]. The donor-
acceptor (D-A) interactions between electron-D and electron-A
act as directing forces for assembly and dominate the growth
order of building blocks [12,33,34]. For example, the epitaxial
growth of one building block (crystal X) at the tips of another
building block (crystal Y) results in the OHs with a specific
triblock “XYX” configuration, rather than reversed “YXY” pat-
tern [35], while they show completely different optoelectronic
properties. Therefore, developing novel strategies for rationally
synthesizing OHs with a required configuration is vital for
enriching the OHs library and for extending its applications in
photonics.

Seeded living polymerization with seed preparation and
chain-growth polymerization in the same system is developed
for the fabrication of triblock polymer architectures with two
kinds of reversed configurations [36,37]. However, precise
kinetic control of the polymerization process remains necessary
in the formation of such out-of-equilibrium block copolymers.
Seed-induced living growth of block-reversed heterostructure
was reported by directly altering the growth sequence of each
block [19]. Significantly, this block-reversed heterostructure
relies on the physical vapor transport method based on a specific
alloy, which limits the diversity of materials. As mentioned
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above, organic CT cocrystals show high chemical/structure
compatibility and tunable optoelectronic properties via altering
D or A [38], which overcomes the main drawback in seeded
stepwise self-assembly. Impelled by these research results, we
aim to construct an organic heterostructure with a reversed ABA
block pattern rather than a spontaneous BAB pattern via seeded
stepwise self-assembly based on high compatibility between CT
cocrystals.

Herein, we demonstrated sequential crystallization, combining
spontaneous self-assembly and seeded stepwise self-assembly
processes, for controlling the crystalization sequence and for
constructing two OHs with interchangeable block patterns from
Flu-TNCQ (R) and Flu-F4TCNQ (N) cocrystals (Fig. 1). The
typical planar aromatic π-conjugated fluorene (Flu) with strong
electron-donating capacity was selected for constructing
cocrystals [39]. 7,7,8,8,-Tetracyanoquinodimethane (TCNQ) and
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ)
were chosen as an electron-A to tune the charge transfer inter-
action as well as the emission property [40]. The cocrystal
structures verify the high structural compatibility between R and
N, benefiting the epitaxial growth. Type 1 OHs (RNR) were
easily synthesized by spontaneous self-assembly of Flu-TNCQ
and Flu-F4TCNQ. By artificially controlling the longitudinal
epitaxial growth in the order in which the precursors were
added, the Type 2 OHs (NRN) were also successfully synthesized

with a reversed configuration compared with Type 1. Further-
more, the unique configurations of these two OHs with inter-
changeable block patterns display gradient- and dual-color
emission or waveguide properties, giving rise to manipulating
the photon behavior as well as the output signal, which expands
the application of OHs in future fundamental organic optics.

EXPERIMENTAL SECTION

Materials
Flu, TCNQ and F4TCNQ were all purchased from commercial
sources and used directly without further treatment. Dichlor-
omethane (DCM, HPLC grade) and ethanol (EtOH, HPLC
grade) were purchased from Beijing Chemical Agent Ltd.

Preparations
As illustrated in Fig. S1a, the solution (100 μL) of Flu (5 mM)
and electron-A (TCNQ or F4TCNQ, 5 mM) in DCM was
injected into EtOH (200 μL). Then the mixed solution was
directly dropped onto the quartz substrate at room temperature
in the air, and the 1D single-crystal microrods were obtained
after the solvent evaporated totally.

As illustrated in Fig. S1b, the solution (100 μL) of Flu-TCNQ-
F4TCNQ (2:1:1 n/n/n, 5 mM for Flu) in DCM was injected into
EtOH (200 μL). Then the mixed solution was directly dropped

Figure 1 Growth concept of the fabrication of block-reversed OHs. (a) Schematic diagram of Flu-based cocrystals. (b) Growth strategy for three types of
OHs.
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onto the quartz substrate at room temperature in the air, and the
Type 1 RNR OHs were obtained after the solvent evaporated
totally.

Firstly, Flu-TCNQ (1:1 n/n) or Flu-F4TCNQ (1:1 n/n) were
dissolved in DCM and the solution (100 μL) was injected into
EtOH (200 μL), respectively. Then, the solution (100 μL) of Flu-
TCNQ in mixed DCM and EtOH was directly dropped onto the
quartz substrate at room temperature in the air for preparing R
seeds. After 30 s evaporation of Flu-TCNQ solution, the solution
(100 μL) of F4Flu-TCNQ in mixed DCM and EtOH was dropped
onto the quartz substrate, and the Type 2 NRN OHs were
obtained after the solvent evaporated totally.

Characterization
Fluorescence images were recorded using a fluorescence optical
microscope (Leica, DM4000M, Germany) with a spot-enhanced
charge couple device (Diagnostic Instrument, Inc.). X-ray dif-
fraction experiments were carried out on a D/max 2400 X-ray
diffractometer with copper (Kα) radiation (λ1.5406 Å). Trans-
mission electron microscope (TEM) measurement was per-
formed at room temperature with an accelerating voltage of
100 kV. Microscopic photoluminescence measurements were
carried out using a homemade confocal microscopy system
(Fig. S12). A 532-nm CW laser was passed through an x50
objective lens set on an optical microscope and focused onto a
specimen. The PL emitted from the specimen was collected with
the identical objective lens and detected with a spectrometer
(Princeton Instrument, ARCSP-2356) through an optical fiber.
All calculations were performed with the periodic density
functional theory method using Dmol3 module in Material
Studio software package.

RESULTS AND DISCUSSION
The optical microscopy (OM) and fluorescence microscopy
(FM) images demonstrate that 1D microwire cocrystals R and N
are successfully synthesized using a previously reported proce-
dure [41] (Figs S1a and S2). Combined with the photo-
luminescence (PL) spectrum (Fig. S2c), it can be concluded that
R and N display red emission and near infrared (NIR) emissions
with the PL peaks at 704 and 805 nm, respectively. The emission
shift from the red region to the NIR region means an enhanced
CT degree for Flu-F4TCNQ D-A pairs [42]. The XRD patterns
(Fig. S3) and single crystal analysis (Figs S4, S5, and Table S1)
indicate Flu and the corresponding A aggregate along [100]
direction to form 1D cocrystal with high crystallinity. Fig. 1
shows the growth concept of the fabrication of block-reversed
OHs. Red-emissive cocrystals Flu-TCNQ (R) and NIR-emissive
cocrystals Flu-F4TCNQ (N) were prepared firstly based on effi-
cient CT interaction. Then, due to the structurally similar
molecular arrangement between these cocrystals, the OHs (Type
1: RNR and Type 2: NRN) with reversed block order are fab-
ricated through two strategies (Fig. 1b). When mixed thor-
oughly, N and R tend to form gradually-doped block Type 1
OHs as a result of their spontaneous epitaxial growth during
solvent evaporation. Reversed well-defined block OHs Type 2
were fabricated via the self-assembly of N block following the
crystallization of R seed.

Type 1 RNR OHs
Gradually doped block heterostructure was constructed through
a spontaneous self-assembly method by directly evaporating the

solution of Flu-TCNQ-F4TCNQ with a molar ratio of 2:1:1.
(Fig. 2a and Fig. S1b). The self-assembly process of the gradu-
ally-changed block heterostructure is dynamic and undergoes a
successive crystallization of N to R blocks during solvent eva-
poration. The binding energy induced by CT interaction is
calculated using Dmol3 module to be −37.88 and
−31.58 kJ mol−1 for N and R, respectively, which dominates the
crystallization sequence when forming block heterostructure. At
the first stage of solvent evaporation, Flu-F4TCNQ self-assem-
bles into 1D micro-block N as a result of relatively strong CT
interaction. After a period of self-assembly of N, the relative
concentration of the F4TCNQ decreases and the interaction
between Flu and F4TCNQ becomes weaker due to decreased
concentration [43]. Due to the lack of F4TCNQ during the
formation of N, Flu-TCNQ starts to participate in the self-
assembly process forming a gradually-doped structure with
gradient composition of N and R. Further evaporation results in
the formation of micro-block R at the tips of N micro-blocks
and finally gradually-doped Type 1 block OHs. The OM and FM
images (Fig. 2b and Fig. S6) indicate the Type 1 block OHs with
a gradient composition between the middle N microcrystal and
the end R microcrystal are fabricated successfully [44].

The TEM image (Fig. 2c) indicates that the Type 1 block OHs
feature a smooth surface. The selected area electron diffraction
(SAED) patterns of the blue line marked part (middle position)
and the red line marked part (end position) indicate cocrystal N
and R microblocks sequentially grow along the same direction of
[200], forming Type 1 block OHs with high crystallinity. In
particular, R and N display similar face-to-face aggregation with
interplanar spacings d(100) of 6.52 and 6.35 Å for R and N
(Fig. 2d), respectively, which results in a low lattice mismatch
ratio of 2.68% and induces the continuous epitaxial growth
process for constructing 1D block OHs [45]. The relative higher
lattice mismatch ratio along [010] of 2.68% and along [001]
results in the formation of 1D block OHs instead of core-shell
structure or any other heterotructure. Moreover, the XRD pat-
terns collected from the prepared Type 1 block OHs (Fig. S3)
present a widen representative pattern as those of the individual
R and N microwires, which indicates gradually-doping R in N
cocrystal and the formation of gradient composition.

The line scan PL spectrum profile of a single Type 1 microwire
was tested to further confirm the specific gradient composition
in the block OHs (Fig. 2e–f). The detailed spectra recorded at 5
typical points from the end to the middle block are shown in
Fig. 2g. Fig. 2f–g illustrates the middle (line 5) and end blocks
(line 1) of Type 1 OHs respectively corresponding to N and R
cocrystals. Significantly, the emission peaks continuously shift
among the red and NIR regions as moving the detect point
across the heterojunction approximately within 6 μm (Fig. 2f).
The emission peak at the NIR region gradually shifts from 805 to
760 nm (Fig. 2g), indicating a gradient CT degree as a result of
gradually doping R in N cocrystals during self-assembly [46].

Type 2 NRN OHs
The seeded stepwise growth method was utilized for artificially
constructing Type 2 OHs with the block order opposite from the
spontaneous self-assembly sequence. As illustrated in Fig. 3a and
Fig. S1c, Type 2 OHs were fabricated through the 1st-step growth
of R block seeds immediately followed by the 2nd-step growth of
N blocks. In detail, after 30 s evaporation of Flu-TCNQ solution,
additional Flu-F4TCNQ solution was added to the system to
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achieve continuous growth of heterostructure building blocks.
The pre-existing R microblocks acted as seeds for the further
epitaxial growth of N, forming the Type 2 OHs with clear
boundaries. The OM and FM images marked with dashed lines
indicate the middle and end blocks correspond to the N and R
crystals. The line scan PL spectra profile of a single Type 2
microwire was also recorded (Fig. 3d, e and Fig. S7). Type 2
shows a dramatic emission shift from the red to NIR region
within a short length of less than 1 μm at the heterojunction
between R and N blocks. The spectra recorded at the hetero-
junction include the characteristic peaks as those of middle and

end block parts, indicating direct epitaxial growth of Flu-
F4TCNQ at the end tips of Flu-TCNQ microwires without
doping. Different from the gradient emission property at the
heterojunction of gradually-doped Type 1 OHs, well-defined
Type 2 OHs display pure dual-color emission. The well-defined
Type 3 OHs with N microwires as middle and R microwires as
end tips were also fabricated successfully through the 2-steps
seeded growth method (Fig. 1b and Fig. S8), which means the
stepwise growth method is key in the formation of a keen
interface.

The difference in epitaxial growth for Type 1 and Type 2 OHs

Figure 2 (a) The spontaneous longitudinal epitaxial-growth mode for the Type 1 block OHs. (b) The FM images of Type 1 block OHs. (c) The TEM image
of a typical Type 1 block OH. Inset: SAED patterns of Type 1 block OH recorded at the middle (Flu-F4TCNQ, marked with blue) and end tip (Flu-TCNQ,
marked with red). (d) Molecular arrangement and orientation of heterostructure building blocks. (e) The OM image of one typical organic triple-block
microwire. (f) The line scan spectrum profile of the single Type 1 block OH marked in (e). (g) The spatially resolved PL spectra corresponding to different
locations of Type 1 block OH marked in the inserted FM images.
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was analyzed by dynamically recording the block growth during
precursor evaporation and calculating the length ratio (ηL= L2:
L1) (Fig. 4a, b and Fig. S9). It can be seen in Fig. S9, direct
evaporation of Flu-TCNQ-F4TCNQ precursor induces the suc-
cessive crystallization of N and R, resulting in Type 1 hetero-
structure. On the contrary, after pouring the precursor of R on
the pre-generated N blocks, the R blocks grow and lengthen
gradually at the end tips of N microwires, eventually forming the
Type 2 heterostructure (Fig. 4a). The ηL increased from 0.34 to
1.27 within a short period of 4 s (Fig. 4b). Moreover, the molar
ratio (ηm = nN:nR) of Flu-TCNQ and Flu-F4TCNQ in precursors
for self-assembly is adjusted for finely controlling the length
ratio in OHs (Fig. 4c–f, and Figs S10, S11). An obvious elon-
gation of N blocks appears after increasing ηm from 0.5:1 to 3:1
for Type 2 heterostructure (Fig. 4c–f). Notably, the R microwires
become thin and short due to the low concentration for the ηm of
3:1, resulting in a thin and unregular triblock heterostructure.
Likewise, the length ratio between N part and R part of Type 1
OHs illustrates considerable enhancement with the increased ηm
from 0.5:1 to 3:1 (Fig. 4h and Fig. S10). It is concluded from
these results that the length ratio for OHs mentioned above can
be artificially modulated by simply tuning their concentration
ratio in the precursor.

Optical logic operation
Organic OHs have been widely explored for fundamental pho-

tonic applications due to the unique charge and energy transfer
at the heterojunction [31]. Therefore, photon propagation
behaviors in block-reversed Type 1 OHs of gradient-color
emission and Type 2 OHs of dual-color emission were further
investigated by recording the PL spectra at one tip while moving
the excitation position along the longitudinal axis (Fig. 5 and
Fig. S11). When the input laser focuses on the top R block of
Type 1 (Fig. 5b), the emitted red light propagates along the
heterostructure and undergoes energy transfer at the graded
heterojunction [47], resulting in the broad emission PL output
(Fig. 5d, lines 1–3). With moving the excitation position, the PL
spectra recorded at the bottom end show a gradual shift profile
from the red region (lines 1 and 2) to the NIR region (lines 3–8)
and finally back to the red region (lines 9 and 10) due to the
symmetrical gradient composition, which contributes to the
gradient-color waveguide of Type 1. This unique gradient-color
waveguide, PL profile at the end tip gradually shifting along with
moving excitation point, can be regarded as an optical “slide
rheostat” for precisely modulating the output signal in organic
photonics. Nevertheless, Type 2 shows a dual-color waveguide
from the characteristic PL emission of N and R blocks (Fig. 5h).
When the input laser focuses on the N block, the emitted NIR
light propagates through the heterostructure and shows mono-
chromatic emission output with a PL peak of 805 nm at the end
tip (lines 11 and 20). The energy transfer still exists between the
middle R block and the right N blocks for emitted red light from

Figure 3 (a) The stepwise seeded longitudinal epitaxial-growth mode for the organic multiblock heterostructure Type 2. (b, c) The FM and OM images of
Type 2 block OHs. (d) FM image of one typical organic triple-block microwire. (e) The spatially resolved PL spectra corresponding to different locations
marked in (d).
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the R block, contributing to the dual-color emission output at
the end tip (Fig. 5d, lines 12–19). Therefore, these Type 1 and

Type 2 OHs exhibit distinctive gradient-color waveguides and
dual-color waveguides, respectively, demonstrating a great

Figure 4 (a) Time-resolved growth process images of Type 2 OHs. (b) The diagram of length ratio versus growth time corresponds to Type 2 OHs in (a).
(c–f) FM images of Type 2 OHs prepared with varied concentration ratios (ηc2). (g–j) FM images of Type 1 OHs prepared with varied concentration ratios
(ηc1).

Figure 5 (a) Schematic diagram of spatially controlled optical logic operation on organic Type 1 OHs. (b) The OM image of a typical Type 1 OH. (c) The FM
images of a typical Type 1 OH in (b) upon excitation from top tip to bot tip. (d) Spatially resolved PL spectra collected from bot tips marked in FM images for
Type 1 OHs in (c). (e) Schematic diagram of spatially controlled optical logic operation on organic Type 2 OHs. (f) The OM image of a typical Type 2 OH.
(g) The FM images of a typical Type 2 OH in (f) upon excitation from top tip to bot tip. (h) Spatially resolved PL spectra collected from bot tips marked in FM
images for Type 1 OHs in (g).
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advantage in modulating the generation and propagation of light
among the visible red region and NIR region.

CONCLUSIONS
In summary, Type 1 and Type 2 OHs with totally-reversed block
order were successfully fabricated via sequential crystallization
of each block modulating the epitaxial-growth approach. Firstly,
spontaneous epitaxial growth was used to construct hetero-
structure Type 1 with gradually-doped heterojunction based on
a similar lattice structure and binding energy. Then the block
order was artificially regulated through seeded stepwise self-
assembly strategies for constructing well-defined heterostructure
Type 2. By tuning the concentration of the species in precursor,
the length ratio of organic OHs was precisely controlled. Fur-
thermore, owing to their unique structure, these as-prepared
OHs Type 1 and Type 2 display particular gradient-color
waveguides and dual-color waveguides respectively, serving as
efficient manipulation of optical output. This work opens up a
new insight into the rational design and the synthesis of OHs
with desired spatial configuration for precisely controlling the
photon behavior in future photonics devices.
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调控动态生长过程以构筑嵌段可换和光谱可调的有
机异质结构
赵帅1, 许超飞1, 余悦1, 夏星宇1, 王磊1, 王雪东1*, 廖良生1,2*

摘要 与单一结构相比, 有机嵌段异质结构具有特殊的光电性能. 然而,
有机分子间的相互作用主导了异质结构构建单元的生长顺序, 如有机
单元A、B会自发形成BAB型结构而不是相反的ABA型结构, 不能可控
生长. 在此, 我们提出了次序结晶工程, 结合晶种逐步自组装, 控制共
晶R与共晶N在彼此的两端纵向外延生长, 从而精确合成具有可逆嵌段
构型的有机嵌段异质结构: RNR和NRN. RNR有机嵌段异质结构, 由于
其逐渐掺杂的异质结而表现出渐变色的发射和波导特性, 而NRN有机
嵌段异质结构由于其明显的构筑异质结界限而表现出纯双色发射和波
导特性. 本工作实现了有机嵌段异质结构中嵌段块的有序可控生长, 为
未来光子学发展提供了制备合理复杂有机嵌段异质结构的途径.

ARTICLES SCIENCE CHINA Materials

2160 July 2024 | Vol. 67 No.7© Science China Press 2024

https://doi.org/10.1016/j.matt.2022.02.017
https://doi.org/10.1021/acs.cgd.0c00419
https://doi.org/10.1002/adma.201403846
https://doi.org/10.1002/adfm.202204255
https://doi.org/10.1002/anie.201907433
https://doi.org/10.1002/adma.202105405
https://doi.org/10.1021/acs.chemrev.1c00735

	Regulating dynamic growth pathway for constructing organic heterostructures of interchangeable microblocks and adjustable optical output 
	INTRODUCTION
	EXPERIMENTAL SECTION
	Materials
	Preparations
	Characterization

	RESULTS AND DISCUSSION
	Type 1  RNR OHs
	Type 2  NRN OHs
	Optical logic operation

	CONCLUSIONS


