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Single-crystal 9,10-diphenylanthracene (DPA) nanoribbons and nanorods with uniform sizes and shapes
were synthesized via a simple surfactant-assisted self-assembly process. The shape of the as-prepared
nanostructures can be readily controlled by varying the solubility of DPA in the preparation solution. A
growth mechanism was proposed for the formation of different morphological structures. Crystal structure
analysis demonstrated that the overlap between the two phenyl groups at the opposite positions of the
anthracene backbone forms effective intermolecular linking for crystal growth, in good agreement with
prediction from quantum mechanical calculations. Electronic and optical properties of the as-prepared
nanostructures are investigated.

Introduction

Recently, small molecular organic semiconductor nano-
structures have attracted intense attention as they can offer
tunable electronic and optical properties via molecular design,
greater variety, and physical flexibility.1-19 Morphology
control of organic nanostructures is the current focus due to

the need and interest for tuning optical and electronic
properties.20-23 For example, our group has fabricated
uniformly shaped nanoribbons, nanotubes, and nanowires
from the same organic compound and observed concurrent
changes in shapes and optical properties.24 Yao et al. reported
tunable emission from organic nanostructures via size control
of nanostructures.25,26 Nakanishi et al. reported that emission
of organic nanocrystals was strongly affected by surface
characteristics.27 Clearly, it is of practical interest to obtain
organic nanostructures with controlled morphology, including
shape, size, and surface. In this work, we study the
nanostructures of 9,10-diphenylanthracene (DPA), which has
two phenyl groups attached at the opposite (9,10)-positions
of the anthracene backbone as shown in Scheme 1. DPA is
an important functional molecule with high fluorescence
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efficiency and is widely used in organic optoelectronics.28-31

We report the synthesis of single-crystalline DPA semi-one-
dimensional nanoribbons (semi-1-D) and one-dimensional
(1-D) nanorods with highly uniform sizes and shapes by
tuning the solubility of DPA in the preparation solution with
the assistance of surfactant. A possible growth mechanism
is proposed. Theoretical calculation and X-ray diffraction
(XRD) analysis were performed, and showed that the overlap
between the two phenyl groups attached at the opposite
positions of the anthracene backbone forms effective inter-
molecular π-π linking in the crystals. Field-effect transistors
were fabricated to explore the electronic properties, and
optical study showed nanoribbons and nanorods have similar
photoluminescence spectra.

Experimental Section

Materials. 9,10-Diphenylanthracene and cetyltrimethyl am-
monium bromide (CTAB) were purchased from Aldrich Chemical
Co. High-purity water (resistivity ) 18.2 MΩ cm) was produced
with a Milli-Q apparatus (Millipore) and filtered using an inorganic
membrane with a pore size of 0.02 µm (Whatman International,
Ltd.) just before use. Tetrahydrofuran (THF) was obtained from
Beijing Chemical Agent and used without further purification.

Preparation. In a typical synthesis, 0.1-1 mL of 2 × 10-3 M
DPA/THF solution was injected respectively into 5 mL of surfac-
tant/water (CTAB/water, 0.5 mM) solution at room temperature
under vigorous stirring. After stirring for 3 min, the sample was
left standing for about 2 h for stabilization.

Characterization. For scanning electron microscopic (SEM)
studies, a few drops of the sample were placed onto silicon
substrates, and the solvent was left to evaporate. The samples were
then examined with a field emission SEM (Philips XL 30 FEG)
operated at an accelerating voltage of 5 kV. To minimize sample
charging, an ultrathin layer of Au was deposited onto the samples
before SEM examination. Samples for transmission electron
microscopy (TEM) were prepared by placing a drop of suspension
on a copper grid coated with carbon film and then dried in air for
a few hours before observation. The TEM study was performed in
a Philips CM20 TEM operated at an accelerating voltage of 200
kV. XRD spectra were recorded with a Japan Mac Science
M18AHF X-ray diffractometer using Cu KR radiation (λ ) 1.54050

Å). For device fabrication, patterned Ti (100 nm) and Au (25 nm)
electrodes were fabricated on a SiO2 (300 nm thick)/Si wafer using
UV photolithography technique. Current-voltage (I-V) charac-
teristics of FET were performed by using a two-probe configuration
under ambient conditions.

Computational Method. The quantum mechanical calculation
was conducted by using the self-consistent-charge density-functional
tight-binding (SCC-DFTB) method 32,33 from an energetic stand-
point. The DFTB method is derived from density functional theory
(DFT) as a second-order expansion of the DFT total energy
functional with respect to the charge-density fluctuations around a
given reference density. The configuration of DPA in Scheme 1
was optimized from the corresponding minimum energy process
using the B3LYP/6-31G* method in Gaussian 98.

Results and Discussion

Figure 1 shows typical scanning electron microscopy
(SEM) images of the resulting nanostructures with different
morphologies obtained by tuning the solubility of DPA in
the preparation solution via varying the added volumes of
DPA/THF solutions. When 0.1 mL of DPA/THF solution
was injected into 5 mL of CTAB/H2O solution, ribbon-like
structures with smooth surfaces were obtained (Figure 1a).
The ribbons had a width of about 500 nm, a thickness of
20-30 nm, and a length up to 20 µm. When the volume of
DPA/THF was increased to 0.3 mL, the dimensions of the
nanoribbons (Figure 1b) were substantially increased. The
resulting nanoribbons had an average width of 5 µm and a
thickness of 70-80 nm. As the volume of DPA/THF was
increased to 0.4 mL, some small 1-D nanostructures (Figure
1c) emerged among the nanoribbons. When the volume of
DPA/THF was further increased to 0.5 and 1 mL, the
dimension of the nanostructures continued to increase (Figure
1d,e). They gradually grew into nanorods with a width of
about 450 nm and a length of 4-5 µm as shown in Figure
1e (see Supporting Information Part S1). It can be seen that
with more DPA/THF added in the preparation solution, the
solubility of DPA in the solution increases and the shape of
the products changed from nanoribbons to nanorods accord-
ingly. Figure 2a,b shows typical transmission electron
microscopy (TEM) images of a single nanoribbon and the
nanorods, respectively. The TEM results basically confirm
the morphology observed with SEM. The insets in Figure 2
depict the select-area electron diffraction (SAED) patterns
of the corresponding nanostructures. Identical SAED patterns
were obtained along the entire length of the nanoribbon/rods,
showing the uniform single-crystal nature of the nanostruc-
tures. Structures of the nanoribbons and nanorods were also
investigated by XRD analysis (Figure 3). The sharp peaks
in the XRD spectra further confirm the nanostructures to be
highly crystalline. It can be seen that the XRD spectra of
nanoribbons and nanorods are essentially the same and
similar to that of the starting powder materials. Analysis
shows that the crystal structure is monoclinic with lattice
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Scheme 1. Chemical Structure (a) and Energy-Optimized
Configuration (b) of a Single 9,10-Diphenylanthracene (DPA)

Molecule
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parameters of a ) 10.70 Å, b ) 13.57 Å, c ) 12.29 Å, R )
90°, � ) 90.65°, γ ) 90°, and space group C2/c 31,34,35 (see
Supporting Information Part S2). It should be noted that the
relative intensity of the characteristic (022) and (202) peaks
of nanoribbons and nanorods remarkably increased as
compared to those of the DPA powder materials. With the
lattice parameters determined from the XRD results, discrete

diffraction spots in Figure 2 were indexed accordingly. It is
shown that the length direction of the nanoribbon is along
the [011] direction while the longitudinal axis of the nanorod
is parallel to the [101] direction. Figure 3b shows the
structural projection of the crystallographic (ac)- and (bc)-
planes of DPA, illustrating the molecular packing mode of
DPA molecules in the crystal as determined from X-ray
structure analysis. It shows that the contact between the two
phenyl groups at the side of adjacent molecules forms
effective intermolecular π-π linking in the crystals, which
is in good agreement with the prediction from quantum

(34) Dong, C. J. Appl. Crystallogr. 1999, 32, 838.
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Figure 1. SEM images of DPA nanostructures prepared by injecting (a) 0.1; (b) 0.3; (c) 0.4; (d) 0.5; and (e) 1 mL of 2 × 10-3 M DAP/THF solution into
5 mL of 1 mM CTAB aqueous solution.

Figure 2. TEM images of DPA nanostructures: (a) nanoribbon, (b) nanorods. Inset in each image is the corresponding selected area electron diffraction
(SAED) pattern.
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mechanical calculation predictions (Figure 4). Structural
optimizations and binding energies were calculated using the
SCC-DFTB method. As shown in Figure 4a, a DPA molec-
ule contains five benzene rings, which can be classified into
three types, labeled A, B, and C. In the optimized structures,
type A and C rings are in one plane, while type B rings are
nearly perpendicular to this plane. Here, we consider three
different π-π stacking models of DPA chains with quantum
mechanical calculations: AA overlap, BB overlap, and AB
overlap are shown respectively in parts b, c, and d of Figure
4. In the case of AB stacking, the two benzene rings are not
parallel, and the dihedral angel between them is about 20°;
therefore, the distance between them is substantially in-
creased resulting in a much weaker interaction. Figure 5a
shows the optimized packing of eight molecules in AA, BB,
and AB stacking. To evaluate the energy stability of these
chains, we calculated their binding energies (BEs) per
numbers of DPA molecules as shown in Figure 5b, which
is defined as the energy necessary to dissociate the nano-
structures into isolated DPA molecules, EBE ) {E[(PDA)n]
- nE(PDA)}/n, where n is the number of DPA units, up to
16 in our models. It is clear that the chain with BB stacking
is energetically more favorable than those with AA and AB
stacking, with the sequence being BB < AA < AB. The
highest stability of the chain with BB stacking is most likely
associated with the smallest steric hindrance of the BB
stacking.

To elucidate the formation processes of the different
nanostructures, we performed additional experiments. First,
to verify the role of solubility change in nanoribbons
preparation, we kept all other parameters constant but used
either one-half the volume of water (poor solvent of DPA
in the experiment) or twice the volume of THF (good solvent
of DPA). The obtained products all changed from semi-1-D

nanoribbons to 1-D nanorods (see Supporting Information
Part S3). The same results were observed in the preparation
of nanorods. Semi-1-D nanoribbons were obtained if we
increased/decreased the volume of poor/good solvent, re-
spectively, with all other parameters unchanged. It suggests
that solubility of DPA plays an important role in the
formation process of different morphologies. Second, by
keeping all other parameters unchanged, we prepared the
sample without surfactant and obtained, besides some
irregular products, ribbon-like nanostructures as shown in
Supporting Information Part S4. It suggests that DPA
molecules tend to form ribbon-like structures due to its
inherent anisotropic growth nature, even without the as-
sistance of surfactant. However, without surfactant, no 1-D
nanorods were formed in the products regardless of the
solubility change. It demonstrated that surfactant is essential
for the formation of 1-D nanorods and not only is the
morphology control achieved by solubility change of DPA
itself but also it is important to be assisted by surfactant.
Finally, besides the cationic surfactant CTAB, we also
studied the growth of DPA nanostructures using other
surfactants, such as sodium dodecyl sulfate (SDS, an anionic
surfactant) and Pluronic (a neutral surfactant), and obtained
similar results with morphology changes.

These observations provide insights into the mechanisms
of morphological changes from nanoribbons to nanorods.
When a small volume of DPA/THF was added to the system,
the solubility of DPA in the mixed solution was low. The
crystals tend to take up a ribbon-like shape due to its
inherently anisotropic growth nature.37 Surfactants would
attach to the seeds through hydrophobic interactions between
the alkyl chains and the DPA molecules, forming a protective
layer to block further aggregation. With increasing vol-
ume of DPA/THF and other parameters kept constant, the
solubility of DPA in the mixed solution increases. Change
of solvent composition (solubility) may have the following
possible effects in the crystal growth process. First, the
change of solubility of DPA in the preparation system would
have a great impact on the supersaturation profile during the
nucleation process and then subsequent growth kinetics in
different directions, which may possibly change the shape
of the crystals. Second, change of solvent composition may
also modify the relative order of surface energy by prefer-
ential adsorption/desorption of surfactant on specific crystal
surfaces. It is known that the crystal growth rate is
exponentially related to surface energy, when surfactants
preferentially stabilize a certain surface by “selective adsorp-
tion”, the growth rate difference between different crystal-
lographic directions would be accentuated,38-40 resulting in
the final morphology change. In this case, surfactant not only
may serve as the protecting agent but also as “crystal-habit
modifier” during crystal growth, inducing elongation along

(37) Cross, M. C.; Hohenberg, P. C. ReV. Mod. Phys. 1993, 65, 851.
(38) Boer, R. W. I. de.; Gershenson, M. E.; Morpurgo, A. F.; Podzorov,
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4, 537.

Figure 3. (a) XRD patterns of DPA powders (blank), nanoribbons (red),
and nanorods (blue); parts b and c show structural projection of the
crystallographic (ac)- and (bc)-planes of DPA as determined from powder
X-ray diffraction.
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specific axes.41 Another possible reason for 1-D nanorod
formation is that surfactants would readily self-assemble into
rod-like or wire-like micelles in water depending on the
concentration and the presence of other additives.42,43 Such
structures would serve as the template for molecular ag-
gregations. However, the role of surfactants is still not totally
clear, despite the large amount of work conducted on the
soft templates in inorganic systems.44-47 The current prevail-
ing understanding supports that these surfactants might not

behave as a physical template but rather as growth directing
adsorbates on surfaces.48,49

We also investigated the electronic properties of the
nanostructures by fabricating and characterizing the field
effect transistor (FET) device from a single DPA nanoribbon
on a Si/SiO2 (300 nm) substrate. Typical output and transfer
characteristics of the FET are shown in Figure 6. The inset
in Figure 6a shows a representative SEM image of a Ti/Au
top-contact device constructed from a single DPA nanorib-
bon. The FET exhibits p-type characteristics, and the hole
mobility of the DPA nanoribbon can be estimated from IDS

) [WC/(2L)]µ(Vg - Vth)2, where W and L are the width and
effective contact length of the DPA nanoribbon and C is the
capacitance, respectively. The capacitance is given by C )

(41) Jun, Y. W.; Choi, J. S.; Cheon, J. Angew. Chem., Int. Ed. 2006, 45,
3414.

(42) Shikata, T.; Hirata, H.; Kotaka, T. Langmuir 1988, 4, 354.
(43) Lianos, P.; Lang, J.; Strazielle, C.; Zana, R. J. Phys. Chem. 1982, 86,

1019.
(44) Jana, N. R.; Murphy, C. J. Chem. Commun. 2001, 617.
(45) Murphy, C. J.; Jana, N. R. AdV. Mater. 2002, 14, 80.
(46) Ghezelbash, A.; Korgel, B. A. Langmuir 2005, 21, 9451.
(47) Sundar, V. C.; Zaumsei, J.; Podzorov, V.; Menard, E.; Willett, R. L.;

Someya, T.; Gershenson, M. E.; Rogers, J. A. Science 2004, 303, 1644.
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2002, 124, 11244.

(49) Tao, A. R.; Habas, S.; Yang, P. Small 2008, 4, 310.

Figure 4. Molecular structure of DPA (a) showing three different types of rings; schematics showing the three stacking modes of DPA with (b) AA overlap;
(c) BB overlap; and (d) AB overlap.

Figure 5. (a) Models of DPA nanowires induced by three different modes of directional π-π stacking with AA, BB, or AB overlap; (b) binding energies
per DPA unit as a function of the chain size for the three stacking modes.

Figure 6. Output (a) and transfer characteristics (b) of a DPA nanoribbon FET.
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εSiO2ε0/h, where εSiO2 is the dielectric constant of the gate
SiO2 and h is its thickness. The average channel width-to-
length (W/L) ratio of the nanoribbon in the FET device is
about 0.29. The analysis led to C ) 10-8 F/cm2. The slope
of the IDS

1/2-Vg curve in Figure 6b should be (WCµ/2L)1/2,
and on the basis of this the hole mobility (µ) was derived to
be about 0.16 cm2 V-1 s-1 at VDS ) 30 V from the linear
part of the saturation region as shown in Figure 6b. The
threshold voltage (Vth) was about -25 V with an on/off ratio
of 5 × 104. The relatively high hole mobility may result
from the effective overlap between the intermolecular phenyl
groups, which would enhance carrier transport.50,51 To
compare the electronic property of single nanoribbon with
that of single nanorod, we also conducted the FET measure-
ment on a single nanorod. The results are not as good as
that of a single nanoribbon, since the contact problem plays
a prohibiting role in FET construction. The particular
polygonal shape of the nanorod makes it difficult to form
smooth and tight contact with the electrodes, resulting in
degradation of device performance. The contact to nanor-
ibbons is much better due to the flat and smooth surface of
nanoribbon, giving a large contact area with the electrodes.

In addition, we investigated the photoluminescence (PL)
properties of the as-prepared nanoribbons and nanorods.
Figure 7 shows the nanoribbons and nanorods exhibit strong
luminescence with three peaks centered at 420, 440, and 456
nm, respectively. Curve fitting reveals that the PL peaks of
nanoribbons and nanorods have the same positions but
slightly different intensity, which may be attributed to the
fact that nanoribbons and nanorods have the same crystal
structure but different growth directions.24

Conclusion

DPA single-crystal nanorods and nanoribbons were con-
trollably synthesized via a simple surfactant-assisted process.
By tuning the solubility of DPA via varying the volume ratio
of solvents, the shape of nanostructures gradually changed
from nanoribbons to nanorods. A growth mechanism has
been proposed. Crystal structure analysis and quantum
mechanical calculations both support that the contact between
the two phenyl groups attached at the opposite positions of
the anthracene backbone forms effective intermolecular
linking for 1-D crystal growth. A single-nanoribbon FET was
fabricated to study the electronic properties of the nanorib-
bon, which showed a hole mobility of 0.16 cm2 V-1 s-1.
The nanoribbons and nanorods have similar photolumines-
cent properties.
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Figure 7. Photoluminescence spectra of nanoribbons (a) and nanorods (b).

6950 Chem. Mater., Vol. 20, No. 22, 2008 Zhang et al.


