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Tunable Emission from Binary Organic One-Dimensional
Nanomaterials: An Alternative Approach to White-Light

Emission**

By Yong Sheng Zhao, Hongbing Fu, Fengqin Hu, Aidong Peng, Wensheng Yang, and Jiannian Yao*

Their unique optical and optoelectronic properties as well
as prospective applications in nanometer-scale devices have
sparked a wide range of investigations on organic nanomateri-
als.l'"! Most work, however, has been focused on zero-dimen-
sional (0D) organic nanoparticles with amorphous struc-
tures.”?! Compared with their 0D counterparts, one-
dimensional (1D) nanomaterials are more suitable for the
construction of active nanodevices and interconnects,® which
is especially applicable to crystalline 1D nanomaterials be-
cause crystals reveal the intrinsic properties of materials more
exactly. In our recent work, ! we developed an adsorbent-
assisted physical vapor deposition (PVD) method for the fab-
rication of crystalline organic nanowires of a single compo-
nent, in which the introduction of adsorbents was proven to
be indispensable for improving the uniformity of the products.

In the work reported here, we extend the adsorbent-assisted
PVD method to doped binary organic systems. Doping is
widely used in electroluminescent (EL) devices to improve
the luminescence efficiency and to tune the emission colors.”!
For example, white-light emission, which is pivotal to full-
color displays and backlight of portable display devices, can
be obtained by doping blue fluorescent dyes with green and
red ones. From the CIE (Commission Internationale de
I’Eclairage) chromaticity diagram one can see that white lumi-
nescence can also be achieved by merely blending a blue dye
with an orange or a yellow one. Up to now, most organic dop-
ing systems are amorphous,[zb‘s] although the crystallinity of
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nanomaterials can improve their charge carrier transport and
enhance the performance of optical and optoelectronic de-
vices.*®! In this work, 1,3,5-triphenyl-2-pyrzoline (TPP, a
blue-light emitter and hole-transporting material for EL use),
and rubrene (Scheme 1), a good orange dye widely used as
the dopant in host/guest organic light-emitting devices
(OLEDs) with good transport properties,”) were chosen as
the model compounds, which were fabricated into uniformly
doped crystalline nanorods and nanowires using adsorbent-as-
sisted PVD. Figure 1A reveals that the absorption spectrum
of rubrene shows good overlap with the fluorescence spec-
trum of TPP in the 400-550 nm wavelength range, which may
result in efficient energy transfer in the doping systems. The
emission wavelengths of both TPP and rubrene nanostruc-
tures do not show obvious differences from those of the
monomers, so the emission color of the as-prepared binary 1D
nanostructures is mainly dependent on the doping ratio.

For PVD, the monodispersity of the products is hard to con-
trol when small organic molecules are selected as deposition
sources, and the degree of saturation is the predominant fac-
tor in controlling the morphology and monodispersity of the
products.**) We introduced neutral aluminum oxide used
widely in column chromatography as an adsorbent into our
PVD system to improve the uniformity of the nanomaterials.
Aluminum oxide was mixed uniformly with either TPP or ru-
brene at a w/w ratio of 100:1, and each mixture was subse-
quently placed in a quartz boat. The uniformity of the nano-
rods/wires improves with increasing w/w ratio when the ratio
is below 100:1; when the ratio is increased further it remains
approximately the same. The quartz boats loaded with the
mixtures were then put into a quartz tube, which was inserted
into a horizontal tube furnace. The thermogravimetric analy-
sis (TGA) plots of pure dyes and mixtures of the dyes with ad-

EOR
(D
G

Scheme 1. Molecular structures of TPP (A) and rubrene (B).
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Figure 1. A) Absorption (dashed) and fluorescence emission (solid)
spectra of TPP (blue) and rubrene (orange) monomers in ethanol.
B) TGA plots of pure dyes (solid) and the mixtures of adsorbent and dye
with w/w ratio of 100:1 (dashed). All plots were measured in nitrogen at-
mosphere at a heating rate of 10°Cmin™', and the weights of dyes were
normalized to 100 %.

sorbent (Fig. 1B) indicate that the introduction of adsorbent
decreases the sublimation temperatures and slows the weight-
loss processes of both TPP and rubrene markedly, through
which the degree of saturation can be readily controlled dur-
ing PVD experiments. The decrease of both the sublimation
temperature and rate of weight loss should result from the
strong adsorption of the organic vapors by the adsorbent. The
slopes of the plots indicate that the rate
of weight loss of TPP at 215°C
approximately equals that of rubrene at
320°C. Therefore the deposition
sources of TPP and rubrene were
placed in regions at ca.215°C and
320°C, respectively, to ensure doping
uniformity (see Supporting Informa-
tion, Fig. S1). The doping content can
be tuned by changing the molar ratio of
the two sources.

Figure 2 shows typical scanning and
transmission electron microscopy (SEM
and TEM) images of the binary nano-
structures with a TPP/rubrene molar ra-
tio of 100:1. The images indicate that
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the products obtained here are 1D nanorods and nanowires
with high monodispersity, and each individual rod/wire has
uniform diameter throughout the entire length. It has been
proved that!* single-crystalline 1D nanostructures are pro-
duced using adsorbent-assisted PVD when only one source is
used for deposition. The selected area electron diffraction
(SAED) pattern in Figure 2 indicates that the addition of a
very small amount of dopant decreases the crystallinity of
TPP to polycrystalline.

To investigate further the crystal structure of the binary
nanomaterials, we characterized the X-ray diffraction (XRD)
spectra of the doped nanowires with different dopant con-
tents; the results are shown in Figure 3. When the rubrene
doping ratio is very low, the XRD mainly shows the peaks of
TPP, and the diffraction peaks of (001) and (002) lattice
planes are strengthened significantly. This means that, at this
doping ratio, the TPP single-crystal structures have not been
destroyed notably, and the nanowires grow along the c-axis of
the TPP crystal. When the doping ratio is increased to 5:1, the
diffraction peaks of rubrene emerge. It is important to note
that the addition of rubrene does not change the crystal struc-
ture of TPP, and the diffraction pattern of the binary nano-
wires is just the superposition of the patterns of the two com-
pounds without any peak shifts or the appearance of new
diffraction peaks. This indicates that the rubrene is also crys-
talline in the doped nanomaterials, but there is no formation
of a co-crystal or superlattice-type composite crystal,”) which
may be determined by the fact that the crystal structures of
the two compounds do not match each other!'” and there is
no recognition factor such as hydrogen bonds!"! between the
two kinds of molecules. To further prove this, we also depos-
ited TPP and rubrene sequentially, whereby the two com-
pounds grew into 1D nanostructures separately (see Support-
ing Information, Fig. S2).

The conservation of the TPP crystal structures indicates
that there is phase separation rather than co-crystal formation
in the doped nanowires. This can also be proved by the fact
that increasing the rubrene content influences the preferential
growth of TPP along the c-axis, which is reflected by the rela-
tive diffraction intensities in Figure 3. The phase separation

Figure 2. FE-SEM (A,B) and TEM (C) images of the binary nanostructures with a TPP/rubrene mo-
lar ratio of 100:1 prepared under different conditions. Inset: SAED pattern of the nanowires.
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Figure 3. XRD patterns of the 1D nanomaterials with TPP/rubrene molar
ratios of 100:1 and 5:1. The stars indicate the diffraction peaks of ru-
brene. For comparison, the patterns of TPP and rubrene powders are also
displayed.

cannot be observed with TEM because the two compounds
are both small molecules with light atoms and there is no con-
trast between them. Although the rubrene phase is also crys-
talline, its diffraction is still much weaker than that of the TPP
even when the ratio is as high as 20 %. This indicates that ru-
brene is the dispersed phase in each wire and the size of the
rubrene crystal grains is very small compared with that of the
TPP matrix. The emission color of each single wire is very uni-
form, as illustrated below, so the rubrene crystal grains are
dispersed very uniformly in the TPP matrix. The crystallini-
tyl'?! of rubrene in our work will significantly increase the col-
or stability of the doped materials!">!® since amorphous
rubrene is apt to be oxidized when exposed to air directly,
which will be discussed later.

The rubrene content shows no evident influence on the
shape and size of the as-prepared nanostructures, but the
length and diameter can be readily controlled to a large extent
by altering the deposition time and substrate temperature, re-
spectively (see Supporting Information, Table S1). In compar-
ison, the length can be tuned to a much larger extent, which
means that the deposition time is the predominant factor for
determining the aspect ratio of the nanostructures. In the ad-
sorbent-assisted PVD method used in the work reported here,
no catalyst was employed and no droplets were found on the
tops of the wires, so the growth of the nanowires should be
controlled by a vapor-solid (VS) process.“‘” The doped nano-
materials present good thermal stability and can withstand
temperatures as high as 220°C for several hours under the
protection of nitrogen.

Figures 4A—-C show the fluorescence microscopy images of
the binary nanostructures with various doping contents (see
Supporting Information, Fig. S3, for more colors). The homo-
geneous emission color from all of the nanorods/wires in each
sample testified that rubrene crystal grains were dispersed
uniformly in the TPP matrix, which is also evidenced by the

Adv. Mater. 2008, 20, 79-83

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

MATERIALS

spatially resolved fluorescence spectra (see Supporting Infor-
mation, Fig. S4), which reveal that the emission colors from
different areas of each single wire were still homogeneous
even when the doping ratio was as high as about 20 % (the
highest doping ratio in this work). It is interesting to note that
there is a bright luminescent point (known as the outcoupling
light)'> at the top of every rod. Characterization by micro-
area fluorescence microscopy of a single nanorod (insets in
Fig. 4C) suggests that the bright points are induced by the
optical waveguiding property of the 1D nanostructures. Gen-
erally, light emission can only be observed within the immedi-
ate vicinity of the excitation position in micro-area fluores-
cence images. However, for the present binary nanorod
sample, the excitation light can be propagated to the top along
the length direction, irrespective of the excitation position.
The nanoscale optical waveguides can act as building blocks
for miniaturized optoelectronics in the future. To the best of
our knowledge, nanostructured organic optical waveguides
have attracted much less attention than those based on inor-
ganic materials.™® The optical waveguiding property should
result from the high degree of molecular orientation in the
crystalline 1D nanostructures.'!

It is revealed by fluorescence microscopy images that the
color of the emitted light evolves from blue to orange with in-
creasing rubrene content and, more interestingly, white-light
emission can be achieved when the proper TPP/rubrene molar
ratio is used. For example, the CIE coordinates of the
emission from the sample with TPP/rubrene molar ratio of
100:1 is (0.340, 0.345), which is very close to the coordinates
for pure white light, (0.333, 0.333). The tunable emission can
also be observed from the evolution of fluorescence spectra of
the nanostructures as a function of rubrene content (Fig. 4D).
For the measurements of the emission spectra, the excitation
wavelength of pure rubrene was 485 nm, and that of the other
samples was 365 nm. When the pure rubrene nanorods were
excited with 365 nm the emission intensity was too weak.
However, when the doped nanorods were excited with
365 nm, where the absorption of TPP is very strong and that
of rubrene is very weak, both the blue-light emission from
TPP and the orange-light emission from rubrene can be ob-
tained, and with increasing rubrene content the emission from
rubrene increased gradually at the expense of that of TPP.
More importantly, with excitation at 365 nm the emission
from rubrene in the range 520-700 nm is obviously enhanced
compared with that obtained with an excitation wavelength of
485 nm (20 times for nanorods with TPP/rubrene molar ratio
of 5:1, see Supporting Information, Fig. S5). These results in-
dicate that efficient energy transfer from TPP to rubrene must
occur in the present binary nanostructures, through which the
emission of TPP was partially quenched and the emission
from rubrene was significantly enhanced. The energy transfer
can also be evidenced by the fact that the excitation spectrum
of the doped nanorods monitored at 600 nm (the emission
from rubrene) agrees well with the absorption spectrum of
TPP, but not with that of rubrene (see Supporting Informa-
tion, Fig. S6).
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Figure 4. A—C) Fluorescence microscopy images of the nanostructures with different rubrene contents. A) Pure TPP, excited with UV (330-385 nm),
B) 100:1 or molar TPP/rubrene, excited with UV, C) pure rubrene, excited with blue light (460-490 nm); all scale bars are 5 pm. D) Emission spectra
of the nanowires deposited onto quartz wafers with different rubrene contents. Insets: Bright-field image (left), and micro-area fluorescence images of
a single nanorod obtained by exciting the middle part (middle) and top area (right) using a focused laser. The blue crosses indicate the excitation posi-

tion.

In contrast, neither quenching of the emission from TPP
nor enhanced emission from rubrene can be observed from
mixed solutions with the same molar ratios, which indicates
that uniform dispersion and the compact contact of TPP and
rubrene are indispensable for the occurrence of efficient ener-
gy transfer. Since molecular diffusion is restricted by the solid
state of the doped systems, the mechanism of energy transfer
must be of long-range character.'®! The decay of the emission
from TPP becomes faster with increasing rubrene content
(see Supporting Information, Fig. S7), so nonradiative inter-
molecular fluorescence resonance energy transfer (IFRET)
should be the dominant energy transfer mechanism in the
doped 1D nanomaterials. The rise stages of the fluorescence
decay profiles of rubrene lag behind those of TPP by about
3 ns in all the doped materials (see Supporting Information,
Fig. S7), which further proves the energy transfer between the
two components.

For comparison, we also prepared doped amorphous thin
films using a co-evaporation technique.'”! The colors of the
doped films are not stable because of the oxidation of rubrene
(see Supporting Information, Fig. S8). In contrast, the results
of time-dependent changes of the white emission spectra (see
Supporting Information, Fig. S9) indicate that the emission
colors of the binary nanowires are very stable. It has been
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mentioned above that this can be ascribed to the crystallinity
of rubrene.'">"¥ In the amorphous films, the emission of TPP
can be quenched almost completely at 4 % rubrene doping
content, which is caused by the higher energy transfer effi-
ciency. In contrast, the emission of TPP could not be
quenched completely even when the dopant content was as
high as 20 % in the doped nanowires (Fig. 4D). This is be-
cause of the separation of the two phases, in which some of
the TPP exitons cannot diffuse to the rubrene phase and can-
not be quenched through energy transfer. Both the color sta-
bility and the incomplete quenching are essential to the reali-
zation of white-light emission.

In our previous work,*! the adsorbent-assisted PVD method
adopted in this work has been proven to be a general method
for the preparation of crystalline 1D nanostructures of a single
component. In the work reported here, to demonstrate the ex-
tensive applicability of this strategy in the fabrication of binary
organic nanomaterials, 1D nanostructures of TPP doped with
another energy acceptor compound, namely 4-(dicyanomethyl-
ene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran ~ (DCM),
were also successfully obtained with the same method (see
Supporting Information, Fig. S10). Actually, when other prep-
aration methods were used, these two compounds tended to
form doped 0D nanoparticles with amorphous structures.®! It

Adv. Mater. 2008, 20, 79-83



should also be noted that there is no coupling emission at the
tops of the TPP-DCM nanorods, which indicates that the
waveguiding property of the binary 1D nanomaterials is
provided mainly by the rubrene, which can also be proved by
Figure S2.

In summary, crystalline 1D nanostructures of TPP doped
with rubrene were prepared using adsorbent-assisted PVD.
The 1D binary nanomaterials show a unique optical wave-
guiding property. IFRET was observed in the doping system,
based on which the emission color of the binary nanomateri-
als can be readily tuned by modulating the molar ratio of the
two compounds. White-light emission was obtained when the
proper TPP/rubrene molar ratio was adopted. The crystal
structure can significantly improve the color stability of the
doped nanomaterials. The adsorbent-assisted PVD method
was proven to be a general method for the preparation of bi-
nary 1D nanomaterials with crystalline structures. The strat-
egy described here should serve as guidance for the design
and fabrication of novel optoelectronic nanodevices.

Experimental

The TPP used in this work was synthesized according to the litera-
ture [18]. Rubrene and other chemicals were purchased from Acros
and were used without further treatment. The doped binary nanorods
and nanowires were fabricated by adsorbent-assisted PVD. In a typi-
cal preparation, neutral aluminum oxide was mixed uniformly with
TPP and rubrene, separately, at a w/w ratio of 100:1, and each mixture
was subsequently put into a quartz boat. The quartz boats loaded with
the mixtures were then placed in a quartz tube, which was inserted
into a horizontal tube furnace. Cooling water flowed inside the cover
caps to achieve a reasonable temperature gradient in the tube. A flow-
ing nitrogen atmosphere was employed during the process of vapor
deposition to prevent the dyes from being oxidized. The flow rate of
nitrogen was kept at 100 sccm (standard cubic centimeters per min-
ute). Various substrates were placed downstream to collect the prod-
ucts. The kind of substrate did not influence the growth of the nano-
materials. The instrument is illustrated schematically in the
Supporting Information (Fig. S1). The deposition sources of TPP and
rubrene were placed in regions at temperatures of ca.215°C and
320 °C, respectively, to ensure doping uniformity.

The as-prepared nanorods and nanowires were characterized by field
emission SEM (FE-SEM, Hitachi S-4300), TEM (JEOL JEM-2010),
XRD (Rigaku D/max-2500), fluorescence microscopy (Olympus
IX71), micro-area fluorescence spectra and images (AlphaSNOM
scanning near-field optical microscope), UV-visible absorbance spec-
tra (PE Lambda 35), fluorescence emission spectra (Hitachi F-4500),
time-resolved fluorescence spectra (Horiba NAES-1100 PC), and
fluorescence anisotropy (Horiba NAES-1100 PC). The rate of weight
loss of the dyes and the dye/Al,O; mixtures were measured using
TGA (PE TGA-7) in nitrogen atmosphere with a heating rate of
10°Cmin™.
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