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One-dimensional (1D) rods and 2D hexagonal plates of
octachloroperylene diimide (Clg-PTCDI) have been selectively
prepared by controlling the growth kinetic processes. Both
ensemble and single-particle spectroscopy clarifies that 1D
rods and 2D plates show shape dependent optical
waveguiding properties.

Self-assembly of organic m-conjugated molecules into micro- and
nanostructures has drawn much attention in recent years because
of their wide applications in optoelectronic nano-devices.' Many
efforts have been focused on the shape control, because the
properties and performance of organic nanostructures depend not
only on supramolecular organization (“packing”) of the
molecules, but also on the macroscopic dimensions. Accordingly,
directional growth induced by “supramolecular synthons™ direct
the orientation in the microcrystals, resulting in anisotropy of the
function such as crystal-plane-dependent photoluminescence® and
anisotropic charge transport in field effect transistor®. Ensuring
that molecules assemble in a specific motif and form organic
crystals with desired morphology, size and function, yet, remains
challenging, in contrast to that of their inorganic counterparts.’

As one of the archetype organic semiconductor materials,
perylene - 3,4:9,10 - tetracarboxylic diimide derivatives
(PTCDIs)® have attracted great interest due to their exceptional
stability, excellent optical properties and promising wide-ranging
applications in optoelectronic devices such as field effect
transistors,’ waveguides,8 and solar cells.” Moreover, PTCDIs
exhibit strong n-n stacking interactions between the PTCDI cores,
which make them ideal candidates for the investigating of solid-
state molecular packing effects. Different shapes of PTCDIs
could already be prepared, such as 0D particles,'® 1D belts /rods"’
and 2D plates.12 However, to the best of our knowledge, self-
assembly of a single PTCDI compound into different
nanostructures has not yet been explored, in spite of its great
importance in understanding of the relationship between
molecular packing and optoelectronic properties.

Herein, we report a facile solution-growth method to generate
well defined 1D rods and 2D plates of a PTCDI derivative by
controlling the growth kinetics. For our studies we chose a
special PTCDI derivative, i.e. Clg-PTCDI whose solid state
packing is governed not only by m—m-stacking interactions but
additionally by hydrogen-bonds between the imide functionalities,
leading to a unique 2D brickstone-type packing arrangement.'

By subtle choice of the crystal growth conditions distinct crystal
so shapes became available, driven by modulation of the growth

kinetic along m-m stacking and hydrogen bonding interaction

directions. Moreover, single-particle spectroscopy demonstrated

that 1D rods and 2D plates show shape-dependent optical

waveguide properties, suggesting potential applications in
ss optoelectronic devices.
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Fig. 1 a) The self-assembly of dimensionally-confined Clg-PTCDI
structures 1D rods and 2D plates. b) and ¢) SEM images of Clg-PTCDI
1D rods and 2D plates. The scale bars are labelled in the images.

0 The molecule Clg-PTCDI was synthesized and purified as
previously described.'* Two distinct nanostructures of Clg-PTCDI,
i.e., well-defined 1D rods and 2D plates, were prepared via a
facile self-assembly protocol using the biphasic solvent methods
(dimethyl formamide and methanol). In a typical preparation, 200

os uL of 2.2 mM Clg-PTCDI solution in DMF was injected into
varying volumes of methanol (Vyon). The turbulent mixing of
DMF and methanol changes the solubility of the molecules and
solvent polarity, thus inducing the nucleation and growth of Clg-
PTCDI nanostructures. The shape of Clg-PTCDI nanostructures

70 significantly altered by adjusting the value of Vy.on, for example,
1D rods at Vyeop= 1 mL in one hour and 2D plates at Vyeon= 3
mL over ten hours (Fig. 1a). The as-prepared 1D rods have a
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rectangular cross-section with a width of 0.5-2 um and a length of
20-50 um determined by SEM images (Fig. 1b and Sla), and a
thickness of 300 + 80 nm as revealed by images of atom force
microscopy (AFM, Fig. S2a). And most of 2D plates generally
s have a hexagonal shape with an edge length of 3-10 um (Fig. 1c

and Fig. S2b) and a thickness range from 0.6 to 1.5 um (Fig. S2b).

b) and d) Schematic model for the 1D rod and 2D plate. e) Molecular
10 structure of Clg-PTCDI in crystal, packing arrangement by viewing onto
the a,c plane f) Front view of molecular arrangement onto the a,b plane.

To investigate the packing arrangement of Clg-PTCDI
molecules within 1D rods and 2D plates, selected-area electron
diffraction (SAED) and X-ray diffraction (XRD) measurements
1s were carried out. On the basis of the orthorhombic single-crystal
data of Clg-PTCDIL"® both 1D rods and 2D plates belong to the
cell parameters of a = 14.455(2) A, b = 7.3585(13) A, ¢ =
20.033(3) A, & = =y = 90°. The circled and triangled sets of
SAED spots, shown in the inset of Fig. 2a for 1D rods, are due to
Bragg reflections from {002} and {010} crystal planes with d-
spacing values of 10 and 7.4 A, respectively. The SAED spots
indicated that the rods were single-crystalline, growing along the
crystal [010] direction (Fig. 2a). It can be seen from Figure. 3 that
the XRD spectrum of 1D rods (blue curve), while indicates the
relative abundance of (100) facets on the surfaces of 1D rods.
Based on SAED and XRD results together, we draw a schematic
model for 1D rods in Fig. 2b. The flat top- and bottom-faces of
1D rods are bounded by (200) crystal planes, while the side-faces
are bounded by (002) crystal planes. Therefore, Clg-PTCDI
30 molecules in 1D rods stand perpendicular to the substrate
exposed imide groups toward the top- and bottom-faces.

In contrast to 1D rods, hexagonal plates of Clg-PTCDI exhibit
a 2D growth. In the inset of Fig. 2c, the circled and squared sets
of SAED spots are ascribed to reflections from (110)s and (1-10)s
crystal planes with a d-spacing value of 6.6 A, while the triangled
set of spots is due to (200) crystal planes with a d-spacing value
of 7.2 A. Additional XRD pattern (red curve in Fig. 3) has
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validated the single-crystalline nature of 2D plates. The
diffraction peaks ascribed to (002), (004), (006) and (008)

40 explicitly suggests that 2D plates adopt a lamellar structure along
crystal c-axis (Fig. 2e). Fig. 2d draws a schematic model for
hexagonal plates, of which Clg-PTCDI molecules in hexagonal
plates lie parallel to the substrate, rather than perpendicular to the
substrate in 1D rods (Fig. 2b). Fig. 2f depicts the molecular

45 arrangement of Clg-PTCDI within the (002) crystal plane. As one
can see, this brickstone packing mode of twisted Clg-PTCDI
molecules exhibits n-n stacking interactions with a separation of
34 A along [110]s directions (white arrows), as well as
hydrogen-bonding intermolecular contacts (yellow dashed lines)

so along the crystal [200] direction. Therefore, the 2D-growth of
Clg-PTCDI plate demonstrates a synergistic effect between
hydrogen bonding and n-wt stacking interactions. This is different
from 1D rods, which show growth along the [010] direction (i.e.,
a sum of [110] and [-110]) driven by m—n interactions.
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Fig. 3 X-ray diffraction patterns of Clg-PTCDI 1D rods (blue), 2D plates
(red) and simulated powder pattern using Mercury software (black)

Fig. 4 a) The predicted growth morphology of Clg-PTCDI based on the
60 attachment energies. b) The equilibrium shape for minimum total surface
energy, calculated by the software of Materials Studio package.

Further insights into the microcrystal self-assembly have been
given by our calculation results using Material Studio package
(Fig 4 and Table 1). The growth morphology predicted based on

os the attachment energies'® is an analogy of hexagonal plate (Fig.
4a), while the equilibrium shape for minimum total surface
energy'® exhibits as an octagonal plate (Fig. 4b). In any event,
both growth and equilibrium shapes are mainly bounded by the
lowest-energy (002)s crystal faces (Tablel). This suggests that
70 hexagonal plates of of Clg-PTCDI obtained at Vyoy = 3mL in
our experiments is the thermodynamically stable one, while 1D
rods obtained at Vyoy = 1 mL represents a metastable but
kinetically favored high-energy state. This is further verified by
the Ostwald ripening experiment, in which as-formed 1D-rods
75 were found to transform into 2D plate-like structures after kept in
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the pristine DMF/MeOH for five days (Fig S3). In this process

the high surface energy of 1D-rods bounded by both (200) and

(020) crystal facets promotes their re-dissolution, whereas

material is re-deposited on low surface energy of plates bounded
s mainly by (002) crystal plane.

Table 1 Surface free and attachment energies of various crystal facets
(hkl) calculated by using the material studio package

Miller da ( A) Y{hkn(kcal/mol) Egztach
Index {hkl} T}
(kcal/mol)
{002}s 10.0 16.9 -67.6
{020}s 37 58.5 -200.9
{200}s 7.2 63.7 -213.9
{110}s 6.5 78.6 -155.2

In our experiments, the value of Vyoy Were changed to adjust
the Clg-PTCDI concentration of C, consequently, the
10 supersaturation (o= C/Cequiibrium) 140 Generally, the driving force
for crystallization can be expressed as Ay = kgTln(o), where Au
is the difference in chemical potential between Clg-PTCDI
molecules in the crystal and the liquid phase, kg is the
Boltzmann’s constant, 7 is the absolute temperaturem. Note that
15 both attachment and surface energy theories do not consider the
driving force of Au/kgT. This might be responsible for the
inconsistency of the predicted growth morphology (Fig. 4a) with
the observed 1D-rods at high supersaturation. In consideration of
the driving force for crystallization, the most widely-accepted
20 crystal growth mechanisms are two-dimensional (2D) nucleation
and spiral growth'®'®. According to these two mechanisms, the
relative growth rate R of the crystal faces {hkl} was given by

R ¢ Cx exp(—Ath,d} 1 k,T) (D

where C is the concentration of Clg-PTCDI, and AG?,, is the

(ki
25 activation free energy of the crystal face {hk/}. Generally, the
kinetic barrier is inversely proportional to the surface energy.'”
According to the calculated surface energies order:
Y (002}s<Y 02015<Y (2003s<Y{1103s (Table 1), as a consequence, the value
of AGy, might follow the order: AG} 10, < AGp SAGiy, “AGiy, -

s0 It is well known that the relative growth rates of g depends

{hkl}
on the kinetic barriers AG;k”~ At low supersaturation (Vyeon = 3

mL), the hexagonal plates are obtained, it is most likely because

the chemical potential (Az) of this system is high enough to

overcome the barrier of AGy, » 8VINg AGH . > AGT,, >Au
3 ZAG

1002}
-~ >AG;10>S . Therefore, the rapid growth of {110}s, {1-10}s,

{-110}s,{-1-10}s faces and {200}s, {-200}s result in the
crystallization toward hexagonal shape bounded mainly by low
surface energy{002}s facets, yielding a thermodynamically
favorable shape. On the other hand, at high supersaturation
40 (Vmeon = 1 mL), the chemical potential of the system (Au) is
increased high enough to overcome the growth barrier of AG)y,»

making AG, Ap > . As a result, the products obtained

AG;ZO}
from high supersaturation prefer 1D growth along [020] direction
with the exposed on (002)s and (200)s faces, giving a kinetic

45 favored product with high energy.

The optical waveguide properties of 1D rods and 2D plates
were investigated by near-field scanning optical microscopy
(NSOM, Fig S4). The spatially resolved PL spectra in Fig. 5
demonstrate the out-coupled emission and confirm the self-

so guiding properties. As shown in Fig. 5a and b, the emission
collected from the edge (black dash line) is slightly red-shifted by
about 10 nm compared to that of laser spot (red solid line) due to
re-absorption of waveguided light during propagation resulting
from the overlap between the absorption and PL emission (Fig
55 S5). It was anticipated that the direction of waveguiding
propagation should be confined by the boundary of crystal
morphology. When the laser beam excited only the central part of
the 1D rod, propagation of the light to both tips was observed
(inset of Fig. 5a). Moreover, when the laser was focused at the
e center of a 2D plate, propagation of waveguided light was
allowed to spread in all the horizontal direction (Fig S6). Upon
moving the excited spot to one of the corners of a 2D plate
propagation of the light to the diagonal edges was observed (inset
of Fig. 5b). Therefore, the confinement of 1D or 2D morphology
os leads to the confinement of the propagated light, demonstrating
shape-dependent optical waveguiding behaviour.
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Fig. 5 Normalized emission spectra of micro-area: a) 1D rod and b) 2D

plate, collected by NSOM from the laser spot (red) and the edge of
70 particles (black) separately. The excitation wavelength is 471 nm. Insert:

Dark-field PL images of microcrystals, with the scale bar of 10 um.

In summary, 1D rods and 2D plates of Clg-PTCDI were
obtained by controlling the growth process. Structural analyses
have revealed the favored growth directions which are along the

75 m—m-stacking direction in 1D rods and along both m—n-stacking
and hydrogen-bonding directions in 2D plates. Surface energy
calculations reveal that 1D rods represent an only metastable but
kinetically favored high-energy state, while 2D plates are a result
of the thermodynamically most stable shape with lowest surface

so energy. Furthermore, the 1D rods show waveguiding along the
1D direction and 2D plates give rise to the waveguide within the
2D plane. The present results of controllable morphology of Clg-
PTCDI microcrystals might further pave the way for potential
application of organic small molecules in optoelectronic devices.
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