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N
anomaterials based on functional
organic molecules have attracted
increasing attention in the past

few years.1,2 Organic nanostructures offer

some unique advantages such as relative

ease of chemical doping,3,4 high reactivity,5

and good processability,4 which make them

complementary to their inorganic counter-

parts.6 Applications of organic nanowires

have been demonstrated in light-emitting

diodes,7 field-effect transistors,8�10 chemi-

cal sensors,11,12 optical waveguides,13,14

and lasers.15,16 While significant progress

has been made in inorganic nanowire syn-

thesis, where many methods to control the

size, orientation, growth site and density of

the nanowire arrays have been developed,

much less has been done with organic

nanowires. For example, ordered vertical ar-

rays of inorganic nanowires have been fab-

ricated and shown to be beneficial for many

photonic and electronic devices.17�20 How-

ever, vertical growth of organic nanowires

has been rarely reported.21,22 Site-selective

growth of nanowires in predefined patterns

has been proved to be able to simplify the

device fabrication.23,24 Owing to the rela-

tively weak molecular interaction in organic

nanostructures, their vapor transport can

be done at relatively lower temperature.

Therefore, site-selective, orientation-

controlled synthesis of organic nanowire ar-

rays should be very attractive since it could

allow direct growth of these nanostructures

onto prefabricated patterns for device

integration.

Recently, we reported an example of

the controlled growth of vertically aligned

single crystal nanowire arrays from a small

organic functional compound 1,5-

diaminoanthraquinone (DAAQ, Scheme

1).25 With a facile physical vapor transport

method, we can prepare vertical nanowire

arrays from DAAQ with controllable dimen-

sions. Here we report patterned growth of

these vertical nanowire arrays on substrates

with predefined geometrical and chemical

features. The nanowires can also be directly

grown on sharp metal or AFM tips, and col-

loidal particles. Fluorescence microscopy

and localized excitation experiments

showed that the vertical DAAQ nanowires

can act as miniaturized optical waveguides,

which have much lower optical loss than

the horizontal ones. In addition, the nano-

wire arrays were directly grown onto an op-

tical fiber probe thus allowing real-time

fluorescence measurement of these nano-

wires on exposure to chemical vapors.

RESULTS AND DISCUSSION
Self-seeded growth. The vapor transport

growth of the DAAQ nanowires is consid-
ered to be controlled by vapor-solid (VS)
process6 as illustrated in Figure 1A. Figure
1B shows an SEM image of the early stage
product of a DAAQ nanowire array grown
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ABSTRACT Vertical nanowire arrays were prepared from an organic dye compound, 1,5-

diaminoanthraquinone (DAAQ), on various types of substrates by a facile physical vapor transport method. It was

found that the DAAQ grows much faster on the substrates with higher surface energies. Therefore, patterned

growth of the nanowire arrays was achieved by modifying the substrate surfaces both geometrically and

chemically to induce selective growth in areas of higher surface energies. The DAAQ nanowires can serve as

nanosized active optical waveguides that allow the locally excited photoluminescence to propagate along the

length of the wires. The low-loss waveguide propagation modes along the nanowire were observed

experimentally. The nanowire arrays can be integrated directly with a portable fiber optics spectrometer for

chemical vapor sensing.
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on a silicon wafer at 160 °C for 10 s. It can be seen that
a layer of vertically aligned, elongated nanoparticles
were already formed at the early stage of the vapor
transport (Figure 1B, inset), which then act as the seeds
for the epitaxial overgrowth of the wires. Figure 1C
shows a SEM image showing the typical tilted view of
the nanowire arrays grown at 160 °C for 5 min. The
length and diameter of the DAAQ nanowires were con-
trolled in large extension by altering the preparation
conditions.25 Longer wires can be prepared by increas-
ing the growth time. For example, if the evaporation
temperature is fixed at 160 °C, when 2, 5, 10, and 20 min
of growth time are adopted, the lengths of the finally
obtained nanowires are about 0.5, 1.5, 5, and more than
10 �m, respectively, without obvious variation in diam-
eter. Moreover, DAAQ nanowires with larger diameters
can be prepared by increasing the evaporation temper-
ature. For example, at a fixed growth time of 5 min,
evaporation temperatures of 160, 180, 200, and 220 °C
result in nanowires of around 80, 100, 200, and more
than 500 nm in diameter, respectively. Figure 1D is a
transmission electron microscope (TEM) image show-
ing the smooth surface and uniform width of a typical

nanowire product. In our previous work,25 the crystal
structure of the DAAQ nanowires was determined to be
a monoclinic lattice with a � 3.78 Å, b � 9.73 Å,
c � 15.01 Å, � � 82.4°. The diffraction pattern of a
single wire shown in the inset was indexed with this lat-
tice, which indicates that the nanowires grew along
the a axis of the DAAQ crystal.

DAAQ Nanowire Waveguides. The �*¡� type transition
in the DAAQ molecules has a predominant intramolec-
ular charge transfer character from amino groups to the
carbonyl ones, which leads to strong fluorescence emis-
sion in visible region. Upon excitation, the resulting
photoluminescence emission can be self-guided along
the single crystalline DAAQ nanowires. Figure 1 panels E
and F show the top and tilted view of the nanowire ar-
rays under a fluorescence microscope upon excitation,
respectively. Bright light was emitted from the tips of
each wire under excitation. In the top view, only small
emitting dots were observed, indicating good vertical
alignment of the nanowires. In the tilted view, stronger
fluorescence emission at the tips was revealed. The
waveguided fluorescence can be best observed when
the nanowires were transferred to lie horizontally on a
substrate as shown in Figure 1G. The luminescence of
DAAQ nanowires was much brighter at the tips and
weaker from the wire bodies, which is a typical charac-
teristic of optical waveguide. Nearly all of the observed
wires exhibited this waveguiding behavior.

The waveguiding properties of the DAAQ nanowire
were further studied with localized laser excitation at
single nanowire level. A 488 nm laser was focused down
to the diffraction limit to excite the nanowire locally.
Then emission spectra at one end of the nanowire were
measured as a function of the distance from the fo-
cused laser beam along the nanowire. Optical loss of

Scheme 1. Chemical Structure of 1,5-Diaminoanthraquinone
Molecule

Figure 1. (A) Schematic illustration for the growth process of the vertical DAAQ nanowire arrays via vapor transport. Ran-
domly arranged vertical nuclei serve as seeds to guide the further growth of the nanowires. (B) Tilted view (40°) SEM im-
ages of the DAAQ seeds grown at 160 °C for 10 s; scale bar is 2 �m. Inset: high magnification image; scale bar is 100 nm. (C)
Tilted view (40°) SEM images of the DAAQ nanowire arrays grown at 160 °C for 5 min; scale bar is 1 �m. (D) TEM image of a
single DAAQ nanowire showing a smooth surface of the nanowire; scale bar is 500 nm. Inset: SAED pattern reveals that the
nanowire is single crystalline, grown in (100) direction. (E) Plane view and (F) tilt view PL microscopy image of the vertical
DAAQ nanowire arrays, scale bars are 10 �m. (G) PL microscopy image of some isolated wires on glass, scale bar is 20 �m.
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both horizontally placed nanowires and vertical ones
was studied and compared. Figure 2 panels A and B are
the bright field optical microscope images of an iso-
lated DAAQ nanowire on glass, and a free-standing wire
grown at the edge of silicon wafer (see Supporting In-
formation, Figure S1), respectively. The diameters of
both wires were around 500 nm. Figure 2 panels C and
D are fluorescence images showing the two wires being
excited locally with laser focused into a 5 �m spot at
four different positions, respectively. The fluorescent
guided fluorescence light is scattered at the end of the
nanowire. A confocal microscopy setup was used to se-
lectively collect the emission from the end of the nano-
wire with a 2 �m pinhole. The light is subsequently
coupled to a grating spectrometer (Shamrock 303, An-
dor Technology) with matched TE-cooled EMCCD Cam-
era. The laser spot is carefully positioned at the dis-
tance larger than 15 �m from the end of the nanowire
to avoid direct photoluminescence emission at the
point of excitation. Self-guided fluorescence propa-
gated to the distal tips can be clearly observed in both
types of nanowires as marked in the white boxes in Fig-
ure 2C,D. However, the emission intensity at the distal
end of the horizontal nanowire decreased rapidly when
the excitation spot was moved further away, indicat-
ing a significant optical loss for the propagating fluores-
cence. In contrast, the tip emission of the vertical wire
exhibits much modest intensity variation, indicating
much lower loss of the waveguide modes. The tip emis-
sion spectra corresponding to Figure 2 panels C and D

are shown in Figure 2 panels E and F, respectively. The
inset shows that the peak intensity of out-coupled emis-
sions decays exponentially with the increase in propa-
gation distance. The intensities were normalized
against the emissions measured by the nearest excita-
tion. The intensity distributed along the nanowire
waveguide can be defined by I(z) � I0e�2�z, where � is
the attenuation constant.26 It can be calculated from
the decay curves that the attenuation constant of the
horizontal wire on glass is 4.01 � 103 cm�1, and that of
the free-standing one is 1.74 � 103 cm�1. The higher
optical loss of the horizontal wires on glass is due to the
energy leakage through the underlying substrates.
However, such loss is minimized in the vertical nano-
wires. DAAQ films prepared by solution casting or va-
por deposition are usually amorphous to polycrystal-
line, which are less favorable materials for waveguiding
applications due to high scattering loss. Vertically
aligned, single crystalline nanowires offer the best com-
bination of materials and geometry in supporting the
low loss waveguiding modes, which can potentially be
used as optical interconnects.27 The guided fluores-
cence emission of the wires was slightly red-shifted
along the propagating length, which can be attributed
to the reabsorption of the guided light during propaga-
tion.13

Site-Specific and Patterned Growth. During the vapor
transport experiments, we noticed that the DAAQ tends
to preferably nucleate and grow faster on high surface
energy sites such as dust particles and scratches on sub-

Figure 2. Bright field microscope image of (A) an isolated DAAQ nanowire on glass and (B) a single free-standing DAAQ
wire vertically grown at the edge of a silicon wafer. Scale bars are 10 �m. (C and D) Microarea excited PL images of the two
wires taken by exciting each wire at four different positions. (E and F) Spatially resolved PL spectra of the two samples ob-
tained by exciting the wires at four different positions and collecting the outcoupling light at the wire tips as marked in pan-
els C and D. Inset is the evanescent curves of the outcoupled emissions with the propagation lengths.
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strates. Vertical nanowire arrays can be grown on tung-
sten needles (Figure 3A) and on the ridges of a copper
TEM grid (Figure 3C). Sharper tips or edges have higher
surface energy due to smaller curvature, therefore tend
to be the preferred sites for DAAQ deposition. For wires
grown on AFM tips, oftentimes a much longer wire can
be seen grown from near the very end of the tips as
shown in Figure 3B. Another way to introduce high sur-
face energy sites to a surface is by adding “dust” par-
ticles. Figure 3D�F are the SEM images showing DAAQ
nanowires grown on silica beads deposited on a smooth
silicon wafer. It can be seen that the DAAQ grew mainly
on the spheres, which provided preferred nucleation cen-
ters for the DAAQ vapor. In comparison, no wires can be
seen grown on the surface of silicon. The size of the silica
particles affects the number of wires on each bead and
their orientation. For the smallest spheres (350 nm, Fig-
ure 3D), the nanowires grew from the contact area be-
tween the sphere and the substrate, which should be the
preferred condensation sites for DAAQ vapor. With larger
spheres (520 nm, Figure 3E), the nanowires started to
grow on the sphere surfaces. While only one or two wires
were grown on the surface of the 520 nm spheres, mul-
tiple wires were obtained on bigger ones with diameter
of 2.3 �m (Figure 3F). It is noteworthy that the length and
diameter of the final nanowires are influenced by the
temperature and the growth time, while not by the mor-
phology or size of the nucleation centers.

The preferred nucleation and growth of DAAQ
nanowires on high surface energy sites make it pos-
sible to grow ordered arrays on prepatterned sub-
strates. For example, geometrical patterns on Si wafer
can be made by scouring the surface to create alternat-
ing ridges and grooves as shown in Figure 4A,B. Here
the ridge edges are higher surface energy sites due to
much increased defects from scouring. Figure 4 panels
C and D show the tilted and cross-sectional view SEM
images of the DAAQ nanowire arrays grown on such

patterned silicon wafers. DAAQ nanowires indeed grew
selectively along the ridge edges. Although the surface

Figure 3. Optical microscopy images of DAAQ nanowires grown on (A) tungsten tip; (B) AFM tip; (C) the ridge of the TEM
grids. Scale bars are 50 �m. SEM images of the DAAQ nanowires grown on the silicon wafers coated with silica spheres with
diameters of (D) 350 nm, (E) 520 nm, and (F) 2.2 �m, respectively. Scale bars are 2 �m. Insets are the magnified images,
scale bars are 500 nm.

Figure 4. Selective growth of the DAAQ nanowires on the
patterned substrates: (A) 40° tilt view and (B) cross sectional
view SEM images of the silicon wafers prepatterned with pe-
riodic ridge-groove patterns by scouring using a dicing ma-
chine. Scale bars are 25 �m. (C) The 40° tilt view and (D) cross
sectional view SEM images of the patterned growth of DAAQ
nanowire arrays on silicon wafers prepatterned with peri-
odic ridge-groove patterns by scouring using a dicing ma-
chine. Scale bars are 25 �m. (E) Schematic illustration for the
PDMS patterned growth of the DAAQ nanowire arrays.
Briefly, a PDMS stamp is molded to the relief pattern of a
photoresist master. The stamp is then removed from the
master and inked with FOTES. The stamp pattern is trans-
ferred to the silicon substrate, which is subsequently used
for the growth of DAAQ. The nanowires tend to grow within
the hydrophilic areas, resulting in a patterned vertical nano-
wire arrays. (F) The 40° tilt view and (G) cross sectional view
SEM images of PDMS patterned growth of DAAQ nanowires.
Scale bars are 50 �m.
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of the grooves were also very rough, very little wires
were found there likely due to depletion of DAAQ va-
por molecules. The fluorescence microscopy images
(Supporting Information, Figure S2) also show very
bright, waveguided tip emissions.

Microcontact printing can pattern the surface with
self-assembled monolayers corresponding to different
surface energy, which can also direct the growth of
nanowires. The SiO2-coated silicon substrates were first
treated with 1:1:5 volume ratio of ammonium, hydro-
gen peroxide, and deionized water to be hydrophilic.
Then a polydimethylsiloxane (PDMS) stamp with pat-
terns of lines and separations was inked with
(tridecafluoro-1,1,2,2-tetrahydrooctyl)triethoxysilane
(FOTES), and pressed onto the wafers for 5 min (Figure
4E). This creates alternative hydrophilic/hydrophobic
domains on the substrates. Since the unstamped, hy-
drophilic areas have higher free energy, the preferred
condensation would deplete the DAAQ vapor mol-
ecules available to the hydrophobic domains. The re-
sulting patterned nanowire arrays are shown in the SEM
images of Figure 4F,G. The preferred growth of DAAQ
on hydrophilic surface was confirmed in a control experi-
ment, where the amounts of deposited DAAQ on a hydro-
philic and a hydrophobic glass slides were compared by
UV�vis spectra (Supporting Information, Figure S3).

As was reported in our previous work,25 DAAQ
nanowires have much improved sensing performance
over bulk materials on exposure to acidic and basic
chemical vapors. As shown in Figure 3, DAAQ nano-
wires can grow on a great variety of solid surfaces. This
makes it possible to directly integrate DAAQ nano-
wires onto a sensing device such as a portable fiber op-

tics spectrometer (Figure 5A) for real-time chemical de-
tection. The fluorescence of the coated nanowires can
be monitored on exposure to acidic and basic vapors.
Figure 5B shows the changes in the fluorescence inten-
sities of DAAQ nanowires measured when exposed to
HCl vapors of 5, 50, and 500 ppm, respectively. The
nanowires were able to detect HCl vapor at all these
concentrations while DAAQ powders composed of
micrometer-sized particles would not be sensitive
enough to show measurable changes. The fluores-
cence of the quenched nanowires can be recovered in
air to around 95% of their original intensity in about 2 h.
Moreover, they can also be rapidly reset by basic va-
pors (e.g., NH3) within a few seconds, which also pro-
vides a mechanism for detecting basic vapors. The ba-
sic vapor can deprotonate the amine groups and help
to restore the intramolecular charge transfer, leading to
the recovery of color and fluorescence.28

CONCLUSION
Vertical organic nanowire arrays of DAAQ dye mol-

ecules were prepared by a facile physical vapor trans-
port method. The DAAQ nanowires can serve as nano-
sized optical waveguides, and the optical loss of the
vertical wires is much lower compared to that of the
horizontally placed wires on glass substrates. DAAQ
grows much faster on the substrates with higher sur-
face energies. Based on this, patterned growth of the
nanowire arrays was achieved by both microcontact
printing and a physical scouring method. The as-
prepared nanowire arrays were also integrated to sens-
ing devices for the detection of trace amounts of acidic
vapors with very high sensitivity.

METHODS
The model compound used in this work, DAAQ, was pur-

chased from TCI (D 076). The hydrochloric acid (GR) and ammo-
nia (GR) were purchased from EMD Chemicals, Inc. The silica mi-
crospheres were purchased from Bangs Laboratories, Inc. The
FOTES was purchased from Gelest. All chemicals were used with-
out further treatment.

The DAAQ nanowire arrays were prepared with a physical va-
por transport method. In a typical preparation, 10 mg DAAQ
powder was dissolved with ethanol in a 100 mL 2-necked flask.
The flask was then put into a silicon oil bath and the tempera-
ture was increased to 60 °C to evaporate the ethanol. The flask
was rotated to ensure that a uniform layer of DAAQ film was ob-
tained. Then a solid substrate (silicon wafer with native oxide

Figure 5. Demonstration of an acid vapor chemical sensor utilizing the fluorescence quenching of the DAAQ nanowire ar-
rays. (A) Schematic illustration of the setup for the sensing measurement. The nanowires coated on a tip were excited with
365 nm light and the resulting fluorescence signal was detected with a spectrometer. (B) The PL intensities of the nano-
wires monitored at 685 nm when exposed to HCl vapors of 5, 50, and 500 ppm, respectively. A minute amount of HCl va-
por can be detected within few seconds of exposure.
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layer, glass, glass fiber, Au foil, Fe foil, Al foil, Cu wire, or W
needle) was perpendicularly mounted to suspend on top of the
solid sample (see Supporting Information, Figure S4 for the
setup). The oil bath was subsequently heated to the desired
evaporation temperature as monitored by a thermometer in-
serted into the flask from one neck. After deposition, the sub-
strate was removed from the flask and a layer of vertically
aligned nanowire arrays were observed under microscopes. The
vaporization can be carried out in flowing air, nitrogen, or under
vacuum. The morphology and chemical composition of the fi-
nal nanowire products appeared to be insensitive to the atmo-
sphere used.

The patterned growth of the DAAQ nanowire arrays was
achieved by both physically and chemically patterning the sili-
con substrates with alternate areas of higher and lower surface
energies before the vapor transport. The physical patterning was
carried out by scouring the silicon wafers with alternate ridges
and grooves. Then the scoured wafers were washed with DI wa-
ter and isopropyl alcohol to remove the silicon dusts. The
washed wafers were subsequently treated with 1:1:5 volume ra-
tio of ammonium, hydrogen peroxide, and DI water before used
for the growth of DAAQ nanowires.

The chemical patterning was performed through microcon-
tact printing29 with PDMS stamps with patterns of lines and
separations. First, a piece of stamp was washed with acetone,
ethanol, and DI water sequentially. Then the stamp was treated
hydrophilic with 1:1:5 volume ratio of ammonium, hydrogen per-
oxide, and DI water. After 1 h, the stamp was taken out and
dried with nitrogen, and subsequently exposed to the satu-
rated vapor of FOTES for 30 min. Then the stamp was pressed
onto a piece of hydrophilically treated silicon wafer for 5 min to
generate alternating hydrophobic and hydrophilic stripes for the
patterned growth of nanowire arrays.

The as-prepared nanowire arrays were characterized by scan-
ning electron microscope (SEM, FEI Nova Nano 600), transmis-
sion electron microscope (TEM, Hitachi HF-8100), UV�vis spec-
trometer (Beckman, DU 520), fluorescence spectrophotometer
(Hitachi F-4500), and fluorescence microscope (Nikon TE2000 U).
To measure the PL spectra of single nanowires, the nanowires
were excited with a focused laser with 488 nm wavelength (Ar-
gon Laser, Spectra Physics). The PL spectra were collected with
an objective dispersed onto grating spectrograph with matched
TE-cooled CCD camera (Shamrock 303, Andor Technology).

The fluorescence of the DAAQ nanowire arrays was moni-
tored in situ and in real time by integrating them with an opti-
cal fiber coupled into a spectrometer. In the chemical sensing ex-
periments, the nanowire arrays were exposed to the vapor of
HCl aqueous solutions of various concentrations. The concentra-
tion of HCl vapor was calculated based on ref 30. For example,
the HCl vapor concentration above 2.4 M HCl solution is about
5 ppm.30 Then the fluorescence of the nanowires were recovered
by exposing them in air about 2 h or in the vapor of a 5% ammo-
nia solution for a few seconds.
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