
ABSTRACT: Two-dimensional (2D) nanorod meshes 
made of benzoperylene-1,3-
dicyanotetrafluorobenzene (BP-1,3-DTFB) were 
formed via crystal transformation of the pre-existing 
BP microsheets. The transformation was driven by 
cooperative effect of intermolecular charge-transfer 
(CT) and arene-fluoroarene (AF) interactions. 
Epitaxial growth of cyan-emitting BP-1,3-DTFB 
nanorod meshes is directed by small lattice 
mismatch between BP and BP-1,3-DTFB, followed by 
the consumption of BP and the formation of BP-1,3-
DTFB. Such a crystal transformation strategy can 
also be used to guide the formation of BP-1,4-
dicyanotetrafluorobenzene (BP-1,4-DTFB) nano-
meshes. The present work reports a simple yet 
effective approach for the realization of aligned 
organic nanorod superstructures.

Ordered nanorod/nanowire arrays made of π-
conjugated molecules have received considerable 
attentions because of their superior performance 
applications in photonics and electronics, such as 
high-efficiency light-emitting transistors.1 In 
contrast to individual nanorods with random 
orientations, nanorod arrays possess large surface 
area, tailorable densities, and specific orientations, 
thus giving enhanced optoelectronic performances. 
Notably, aligned nanostructures commonly exhibit 
a vertical or horizontal orientation, which are 
formed by different synthetic methodologies. For 
instance, a prototype organic semiconductor, 9,10-
bis(phenylethynyl)anthracene (BPEA), was arranged 
into vertically nanowire arrays on a graphene 
substrate via van der Waals (vdWs) epitaxial 

strategy, which serve as optical waveguiding media 
or microcavity.1b Beyond that, BPEA also assembled 
into horizontal nanowire arrays via physical vapor 
transport (PVT) or a drop-casting method,3 which 
either present strong waveguiding ability with 
photon propagation distance up to 180 µm3a or act 
as high efficiency field-effect transistor devices.3b 
However, these successful demonstrations mainly 
focus on one-dimensional (1D) aligned rods/wires. 
To date, rational synthesis of two-dimensional (2D) 
organic nanorod superstructures still remains an 
unsolved problem due to the greater structural 
complexity. 

Fortunately, a few relevant works on 2D inorganic 
nanorod meshes have been realized in Bi-containing 
or fullerene (C60)-based systems.4 For example, 
crystalline β-Bi2O3  thin films undergo sequential 
crystal transformation to form 2D nested Bi2S3 
network superstructures.4a,b The network alignment 
is determined depending on epitaxial relationships 
among diverse Bi compounds. The key to achieve 
this involves the formation of 2D sacrificial template 
and subsequent epitaxial growth of aligned 
nanorods.4 Inspired by these successes, we aim to 
access similar 2D network superstructures from π-
conjugated molecules, where preformed organic 
microsheets evolve into ordered nanorod arrays.  

Herein, we report a simple crystal transformation 
strategy for epitaxial growth of nanorod meshes 
comprising benzoperylene-1,3-
dicyanotetrafluorobenzene (BP-1,3-DTFB) (Figure 1). 
Specifically, single-crystall`ine BP microsheet 
template was first achieved, followed by the 
spontaneous dissolution and the formation of 
oriented BP-1,3-DTFB nanorods. Such a 
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transformation process is triggered by cooperative 
intermolecular interactions between BP and 1,3-
DTFB. Desired epitaxial relationship between them 
directs oriented growth of BP-1,3-DTFB. The present 
crystal transformation strategy can also be used to 
achieve BP-1,4-DTFB nano-meshes, indicating its 
effectiveness. This work provides an ideal platform 
for in-depth understanding of the construction of 
ordered nanorod superstructures.  

Figure 1. (a) Molecular structures of electron D/A pairs. (b) Schematic 
representation of BP-based nanorod meshes formed via crystal 
transformation of BP microsheets.

We selected BP and fluorinated 1,3-DTFB as an 
electron donor/acceptor (D/A) pair based on the 
following considerations: (1) Similar to the case of 
perylene (Pe),5 BP has also a tendency to form 
sheet-like appearance, as verified by the 
morphology simulation result (Figure S1). (2) 
Cooperative intermolecular interactions, i.e. charge-
transfer (CT)6 and arene-fluoroarene (AF) 
interactions7, may co-exist in BP-1,3-DTFB cocrystal 
considering that 1,3-DTFB contains multiple 
electron withdrawing groups (fluorine atoms and 
cyano groups). To achieve nanorod meshes, 2D 
microsheets need to be first prepared and serve as a 
template. Specifically, BP microsheets were formed 
by slow evaporation of BP solution in toluene 
(CBP = 30 mM). As confirmed by the 
scanning/transmission electron microscopy 
(SEM/TEM, Figure 2a, b) results, BP assembles into 
smooth microsheets with an average width of 
around 150 μm, suggesting its high crystallinity. The 
selected-area electron diffraction (SAED) pattern of 
a typical square microsheet (inset in Figure 2b) 
clearly confirms its single-crystalline nature. 
Combined with the crystallographic data (Table S1), 
we infer that BP sheets grow along [110] and [1-10] 

directions. Under UV excitation, BP microsheets 
present strong green light at the edges (Figure 2c).

Moreover, BP-1,3-DTFB wires were also 
synthesized by a drop-casting method. Typically, a 
drop of BP/1,3-DTFB solution with equimolar ratio 
(CBP = CDTFB = 50 mM) was rapidly dried on a 
substrate. Instead of 2D microsheets, 1D microwires 
were obtained (Figure 2d, e), indicating the 
formation of BP-1,3-DTFB cocrystal. 

by slow evaporation of BP/1,3-DTFB solution in
Notably, X-ray crystallographic analysis reveals

 THF. 
 that 

the monoclinic binary cocrystal is composed of BP 

For comparison, 
rod-like BP-1,3-DTFB crystal suitable for single-
crystal X-ray diffraction (SCXRD) was also achieved 

and 1,3-DTFB with 1:1 stoichiometry. In such a 
cocrystal, BP and 1,3-DTFB molecules are stacked 
alternately in a parallel manner (Figures S2, S3). As 
simulated by Material Studio software (Figure S5), 
1D morphology of BP-1,3-DTFB is achieved as a 
result of intermolecular CT and AF interactions, 
which matches well with the above wire-like 
appearance. The SAED pattern of single BP-1,3-
DTFB microwire reveals that they were grown along 
[100] direction (inset in Figure 2f). Under UV
excitation, BP-1,3-DTFB microwires emit stronger
cyan light with a photoluminescence quantum yield
(PLQY) of 18.9% (Figure 2d), when compared to the
green-emitting BP microsheets with a PLQY of
10.0%.

Figure 2. (a, e) SEM, (c, d) Fluorescence microscopy (FM), and (b, f) TEM 
images of (a, b, c) BP microsheets and (d, e, f) BP-1,3-DTFB microwires. 
Insets shown in b and f present the corresponding SAED patterns, 
respectively.

Page 2 of 6

  2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



DTFB (CDTFB = 50 mM) or increasing the 
evaporation rate of IPA (Figure S7). Under UV 
excitation, the nanorod arrays present cyan light 
(Figure 3a). We also collected the PL spectra of 
three BP-based assemblies to obtain detailed optical 
properties (Figure 3c). Specifically, BP microsheets 
show a main PL band at around 528 nm, which 
match well with green emission. Besides, BP-1,3-
DTFB microwires present a PL band at 505 nm, 
which corresponds to cyan light. BP-1,3-DTFB wires 
displays a blue-shift PL band (23 nm) relative to that 
of BP sheets.

Figure 3. (a) FM and (b) SEM images of BP-1,3-DTFB nanorod meshes. (c) 
PL spectra and (d) PXRD patterns of three BP-based assemblies. 

As described earlier, CT interaction in organic 
cocrystals commonly results in red-shifted PL, while 
AF interaction leads to blue-shifted PL.8 Hence, 
cooperative CT and AF interactions should be 
responsible for blue-shifted PL of BP-1,3-DTFB wires. 

To further determine the composition of the 
nanorod meshes, we examined powder XRD 
patterns of the above three BP-based assemblies 
(Figure 3d). Typically, the characteristic peaks of BP 

plane of BP, further revealing the existence of a 
small portion of unconverted BP sheets. Compared 
to that of BP-1,3-DTFB wires, the peak intensity ratio 
of the nanorod meshes (I040/I022) increases 
dramatically, suggesting that the exposed (020) 
top/bottom facets of BP-1,3-DTFB nanorods.

Next, we aim to collect more structural 
information on crystal transformation by capturing 
the detailed evolution processes of 2D nanorod 
meshes at different growth stages. At t = 10 min, we 
can see that the BP microsheets with smooth 
appearance become rough, indicating the 
occurrence of etching (Figure 4a). At t = 60 min, 
partial regions of the BP sheets still keep intact and 
most of 1D nanorods are connected with each other 
to form discontinuous 2D nanorod meshes (Figure 
4b). At t = 120 min, the BP microsheets were almost 
completely consumed and highly ordered nanorod 
meshes were clearly recognized (Figure 4c).

On the basis of the above results, two key issues 
may be proposed and clarified to reveal the 
formation mechanism of the nano-meshes: (i) What 
is the driving force for crystal transformation? (ii) 
How do 1D nanorods arrange themselves into 
ordered arrays? First, it seems reasonable to suppose 
that stronger CT and AF interactions between BP 
and 1,3-DTFB relative to π-π interaction between 
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Unexpectedly, BP microsheets would transform 
into nanorod meshes upon immersing them into 1,3-
DTFB solution in isopropyl alcohol (IPA, CDTFB = 100 
mM) and then slow evaporation of the suspension. 
Notably, two sets of vertically oriented nanorod 
arrays are connected together, giving 2D nanorod 
meshes with a width of around 150 μm and a 
diameter of a few hundred nanometers (Figure 3a, 
b). Moreover, small-sized BP sheets with a width of 
around 50 μm can also generate 2D nanorod meshes 
(Figure S6). Instead, partial transformation is 
achieved upon decreasing the concentration of 1,3-

microsheets and BP-1,3-DTFB microwires match 
well with their respective SCXRD patterns. The 
peaks of the nanorod meshes correspond to (040) 
and (022) planes of BP-1,3-DTFB as well as weak (001) 

BP-BP drive crystal transformation. In particular, BP 
is nearly insoluble in IPA, while 1,3-DTFB dissolves 
well. Upon immersion of BP microsheets into 1,3-
DTFB solution in IPA, BP molecules would gradually 
dissociate and diffuse into the solution due to the 
emerging intermolecular interactions for BP and 1,3-
DTFB in high concentrations. As IPA evaporates, 
free BP molecules would undergo co-crystallization 
with the neighboring 1,3-DTFB molecules, forming 
BP-1,3-DTFB rods/wires. Under this process, 
partially consumed BP sheets still remain intact and 
act as a sacrificial template to afford ordered growth 
of BP-1,3-DTFB nanorods. Moreover, we infer that 
BP molecules follow short-distance diffusion due to 
the lower solubility and migration rate in IPA, thus 
giving horizontal nanorods rather than vertical 
nanorods. Besides a majority of single-layer nanorod 
meshes, a small amount of multilayer nanorod 
meshes were also obtained (Figure S8), possibly due 
to local excessive concentration of 1,3-DTFB 
solution.4c

The BP-1,3-DTFB nanorod meshes exhibits a wide 
PL spectrum, which may be regarded as a sum of 
those of BP sheets and BP-1,3-DTFB wires. We 
hereby infer that a small amount of BP microsheets 
have not been completely transformed into nanorod 
arrays.



Figure 4. (a-c) The evolution processes of BP-1,3-DTFB nanorod meshes at 
different growth stages. (d) Top: schematic showing epitaxial growth of BP-
1,3-DTFB nanorods on a BP microsheet at the junction region. Bottom: the 
molecular packing motifs of (left) BP and (right) BP-1,3-DTFB at this region.

Second, crystallographic epitaxial relationship 
between BP and BP-1,3-DTFB was evaluated to 
reveal the cause of oriented nanorod arrays. We 
construct a schematic diagram of nanorod meshes 
at the junction region (Figure 4d), where the ab-
plane of BP and the ac-plane of BP-1,3-DTFB are 
joined together. At this region, the molecular 
arrangement of BP microsheet and BP-1,3-DTFB 
nanorod is revealed. In BP crystal, BP molecules are 
stacked along [110] and [1-10] directions with 
equivalent lattice distances (d110 = d1-10 = 8.296 Å). BP 
and 1,3-DTFB in BP-1,3-DTFB cocrystal are stacked 
alternately along CT direction with exposed (011) 
side facets (d022 = 7.807 Å). Notably, dBP-1,3-DTFB, 011 is 
nearly twice as much as dBP, 110 or dBP, 1-10. Close 
lattice spacing between BP and BP-1,3-DTFB enables 
desired lattice matching (f = 5.9%), thus leading to 
epitaxial growth of 100-oriented BP-1,3-DTFB 
nanorods on BP microsheet. Considering that the 
side facets of BP microsheet are enclosed by 
equivalent (110)/(1-10) planes, the emerging BP-1,3-
DTFB nanorods would arrange themselves into 
orthogonal nanorod arrays with a horizontal 
orientation.  

Figure 5. (a, b) FM images of BP-1,4-DTFB nanorod meshes at (a) low and 
(b) high magnification.

Such a crystal transformation strategy was also 
extended to the fabrication of nanorod meshes 
comprising BP-1,4-DTFB with 1:1 stoichiometry 
(Figure 5). Specifically, BP microsheets still act as a 
template and undergo crystal transformation to 
form BP-1,4-DTFB nanorod superstructures. In 
contrast to cyan-emitting BP-1,3-DTFB nano-meshes, 
BP-1,4-DTFB nano-meshes present yellow light 
under UV excitation. We infer that stronger CT and 
AF interactions between BP and 1,4-DTFB than 
those between BP and 1,3-DTFB lead to longer-
wavelength emission of BP-1,4-DTFB, as verified by 
its PL spectrum (Figure S6a). Similarly, small lattice 
mismatch between BP and BP-1,4-DTFB (f = 4.1%) 
enables epitaxial growth of BP-1,4-DTFB nanorods. 
Moreover, partially or fully converted 2D nanorod 
meshes comprising BP-octafluoronaphthalene (BP-
OFN, Figure S10) or BP-1,2,4,5-tetracyanobenzene 
and (BP-TCNB, Figure S11) were also achieved by 
transformation of BP microsheets. Thus, crystal 
transformation has been demonstrated to be a 
general strategy to achieve aligned nanorod 
superstructures.

In summary, we develop a crystal transformation 
strategy for rational synthesis of organic nanorod 
meshes, where the pre-existing 2D microsheets 
serve as a sacrificial template to allow epitaxial 
growth of nanorods. The transformation was driven 
by cooperative intermolecular interactions between 
an electron D/A pair. Desired lattice matching 
between 2D microsheet and 1D cocrystal nanorod 
enables the formation of nanorod arrays. By 
elaborate selection of electron acceptors, 2D 
nanorod meshes with different luminescence were 
achieved readily. As exemplified in CsPbBr3 
nanowire networks, PL can propagate from one 
branch to another and a strong cavity coupling 
exists at the wire junctions.9 Considering high 
structural similarity, such a phenomenon may also 
exist in luminescent BP-based nanorod meshes, 
what makes them promising candidates for 
optoelectronic devices such as optical waveguiding 
and photodetectors.   
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Detailed experimental procedures and 
characterization. This material is available free of 
charge via the Internet at http://pubs.acs.org.
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