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One-dimensional (1D) nanostructures such as nanowires and
nanotubes have inspired much research interest because of
their unique electronic and optical properties.[1] In this area,
there is a considerable interest in assembling semiconducting
nanowires from small organic or organometallic molecules,
which not only serve as low-cost and high-performance
building blocks for device fabrication, but also possess
structural tailorability and multifunctionality.[2, 3] Recent
advances in molecular electronics have revealed that lumi-
nescent organic and organometallic complexes can be used to
fabricate organic light-emitting field-effect transistors (OLE-
FETs).[4]

Luminescent platinum(II) complexes with chelating p-
conjugated ligands have engendered widespread interest[5]

because of their intriguing structural and spectroscopic
properties.[6] We and others have demonstrated that 1) inter-
molecular PtII···PtII or ligand–ligand interactions can facilitate
anisotropic growth of 1D nanomaterials with luminescent
properties[7] or current-modulating functionality;[8] and 2) var-
ious neutral platinum(II) complexes can be used as electro-
phosphorescent dopants for high-performance organic light-
emitting diodes (OLEDs).[9] We thus envisage that it may be
feasible to develop OLEFETs by incorporating switching and
photoluminescent properties of platinum(II) nanostructures
into a single compact device. Herein we report self-assembled

organoplatinum(II) nanowires and their electroluminescent
and ambipolar semiconducting properties.

In this work, we chose cationic cyclometalated/terpyridyl
platinum(II) complexes (1–9) bearing arylisocyanide/arylace-
tylide ligands by taking into consideration the following

criteria: 1) they have highly emissive triplet metal-to-ligand
charge-transfer (MLCT) or metal-metal-to-ligand charge-
transfer (MMLCT) excited states in solution and in the solid
state;[10] 2) molecular aggregation through PtII···PtII or ligand–
ligand interactions is significant for these two classes of planar
platinum(II) complexes;[11] and 3) the negatively charged
counterions are anticipated to be transported towards the
anode upon a biased electrical field and may aid charge
injection during the operation of a light-emitting transistor.[12]

Furthermore, complexes 6–8 are robust towards moisture, air,
and light irradiation, and exhibit high emission quantum
yields.[13]

Complexes 1–8 were prepared by a simple ligand sub-
stitution reaction of the corresponding cyclometalated plat-
inum(II) chloride precursor with arylisocyanide.[10a] Complex
9 was prepared according to reported procedures.[10b] Crystal
structures of 1 a·CH3CN[11a] and 9·CH3CN[10b] have previously
been reported. We were able to determine the crystal
structure of a needle-like crystal of 1a·H2O, which was
obtained by slow evaporation in 1:1 CH3CN/H2O (v/v). The
salient feature of the crystal structure of 1a·H2O is the infinite
PtII···PtII chains along the c axis with alternate intermetal
separations of 3.382(2) and 3.344(2) � (Figure 1), similar to
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that of 9·CH3CN.[11a] These PtII···PtII distances are shorter than
the sum of van der Waals radii (3.44 �), indicating extended
d8···d8 interactions in the solid state. The uniform Pt-Pt-Pt
angles of 178.71(2)8 reveal the linear nature of the PtII···PtII

backbone. The chelated platinum(II) moiety and the aryliso-
cyanide ligand are coplanar, and this cationic plane is roughly
perpendicular to the c axis. There are two alternate C(isocy-
anide)-Pt-Pt-C(isocyanide) torsion angles (111.88 and 180.08)
between two neighboring cations along the PtII···PtII back-
bone. We note that the crystal structure of 1a·H2O is different
from that of 1a·CH3CN.[10b] In the latter case, no infinite
PtII···PtII chains but rather head-to-tail pairs with an inter-
metal separation of 3.384 � were found for the cations of 1a.

The precipitation method was adopted to prepare the
nanowires. We use 1a, 6, and 9 as representative examples in
the following description. The complex was first dissolved in
acetonitrile to give a bright yellow solution (ca. 1.0 mm,
100 mL). Nanowires were obtained as a virtually transparent
purple, orange, or green dispersion for 1, 6, and 9, respec-
tively, by injecting the acetonitrile solution into deionized
water (1000 mL). Nanowires were collected by centrifugation
and redispersed in deionized water three times. Removal of
organic solvent from the aqueous dispersion was found to be
crucial to prevent further aggregation and growth of the
nanowires. The as-prepared aqueous dispersions of nanowires
were macroscopically homogeneous and stable for a few
weeks under ambient conditions.

The powder X-ray diffraction (XRD) pattern of a dried
film of nanowire 1a was compared with those simulated from
the crystal data of 1a·H2O and 1 a·CH3CN (Figure 2). The
packing of molecules in the nanowires resembled that in the
crystal form 1a·H2O but not that in 1a·CH3CN. The
diffraction peaks at 2q = 6.98, 7.19, 12.08, and 12.268 (d =

12.65, 12.28, 7.32, and 7.21 �, respectively) are prominent in
the XRD pattern of the nanowires and could be indexed as
the Miller planes [110], [200], [020], and [310] of the X-ray
crystal structure of 1a·H2O. Since the XRD pattern of the
nanowires did not show diffraction peaks associated to the
Miller planes [00l] of the crystal structure, the cations of 1a
might preferentially aggregate together along the long axis of
the nanowires through intermolecular PtII···PtII interactions.

Transmission electron microscopy (TEM, Figure 3a) and
scanning electron microscopy (SEM, Figure 3c) images con-

firmed the 1D nature of nanowires of 1a. The elements
present in the nanowires were confirmed by energy-dispersive
X-ray (EDX) spectroscopy (for details see Figure S2 in the
Supporting Information). The average diameter of the nano-
wires was 25� 3 nm with a monodispersity of 12.4%. The

Figure 1. Crystal packing diagram of 1a·H2O. The PF6
� counterions

and disordered water molecules are omitted for clarity.

Figure 2. Powder XRD patterns of 1a : as-prepared nanowires (top),
powder sample (middle), and simulated patterns from crystallographic
data of 1a·H2O and 1a·CH3CN (bottom).

Figure 3. Microscopic studies: a) TEM image; b) SAED pattern (inset
shows the TEM image of the corresponding single nanowire that has
been rotated 928 to compensate the image-diffraction pattern rota-
tional angles so that the diffraction pattern coincides in orientation
with the shown nanowire); c) SEM image; and d) fluorescence micro-
graph (upon excitation at 550 nm) of the nanowires prepared with 1a.
e) CLSM micrograph and f) spatially resolved 3D emission intensity
(in arbitrary units) of a single submicrometer wire prepared with 6.
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length of the nanowires spanned from 2.0 to 3.5 mm with an
average value of 2.2 mm. No significant changes in morphol-
ogy were observed upon changing the counterion from PF6

�

to CF3SO3
� or ClO4

� . Submicrometer wires of 6 prepared
with the same procedure as 1a were found to have much
larger diameters of 253� 54 nm and a longer average length
of 3.8 mm. Presumably this difference is due to the lower
solubility of 6 in CH3CN, so that large molecular aggregates of
6 could be formed upon addition of H2O. Nanowires 9 have an
average diameter 27� 4 nm and length of 1.0–1.5 mm.

Sharp and ordered spots were observed in the selected
area electron diffraction (SAED) pattern of a single nanowire
of 1 a (Figure 3b). The d spacings of 12.3 and 3.40 �
correspond to the respective [200] and [004] Miller planes
found in the crystal structure of 1a·H2O. On the basis of the
X-ray and electron diffraction data, the growth direction of
the nanowires coincides with the c axis, that is, along the long
axis of PtII···PtII chains. We suggest that PtII···PtII interaction
directs the anisotropic growth of these nanowires.

UV/Vis reflectance spectra were recorded for films
prepared by drop-casting aqueous dispersions of nanowires
onto a silicon substrate. Nanowires 1a–1 c, 6, and 9 showed
low-energy reflectance bands at lmax = 584 (1a), 534 (1 b),
592 (1c), 528 (6), and 652 (9) nm (for representative spectra,
see Figure 4, left), and intense red to near-infrared (NIR)

emission at lmax 668 (1 a), 614 (1b), 679 (1 c), 607 (6), and 742
(9) nm (for representative spectra, see Figure 4, right).
Saturated red emission from the segregated nanowires of 1a
was observed directly under a fluorescence microscope with
an excitation wavelength of 550 nm (Figure 3d). Upon laser
excitation at 488 nm and viewed under a confocal laser
scanning microscope (CLSM), submicrometer wire of 6
exhibited an orange emission with bright spots at both ends
of the wire and a weaker emission observed from the wire
body (Figure 3e). The spatially resolved three-dimensional
image of the edge emission from a single submicrometer wire
of 6 (Figure 3 f) showed two distinct peaks at both ends of the
wire. This result is typical for an optical waveguide,[14]

revealing that the wires of 6 are able to absorb excitation
light and propagate the light emission towards the tips.

We take 1a, 6, and 9 as representative examples to discuss
the spectroscopic properties (see Table S5 in the Supporting
Information for absorption and emission data). Upon excita-
tion at l> 350 nm, 1 and 9 show a structureless emission band
at lmax = 527 and 630 nm (lifetimes in microsecond regi-
me),[10b] respectively, in acetonitrile at 298 K (Figure S3 in the
Supporting Information); these bands are blue-shifted from
those for nanowires 1a (lmax = 668 nm) and 9 (lmax = 742 nm).
By reference to previous works,[10, 11] the low-energy emissions
from nanowires 1a and 9 can be assigned to MMLCT excited
states. This assignment is supported by the presence of
PtII···PtII interactions in the nanowires. A 4 � 10�5

m solution of
6 in acetonitrile shows a vibronically structured emission band
with peak maxima at lmax = 512, 553, and 611 nm and a
lifetime of around 10 ms, whereas structureless emission at
lmax = 632 nm was observed at a higher complex concentra-
tion of 4 � 10�4

m (Figure S11 in the Supporting Information).
We ascribe the high-energy emission at 510–611 nm to a
triplet excited state with mixed 3IL/3MLCT [(5d)Pt!p*(che-
lated ligand)] character. The emissions at lmax> 600 nm found
with 6 at high concentrations and with nanowires of 6 are
assigned to excimeric 3(p–p*) excited states.

Studies on the semiconducting and electroluminescent
properties of these self-assembled nanowires were conducted
by using a bottom-contact FET configuration. Aqueous
dispersions of nanowires 1, 6, and 9 were drop-cast on the
top of patterned SiO2 substrates. Figure 5 (top) shows the
output characteristics (IDS versus VGS at different VDS values)
as well as the electroluminescence intensity from the bottom-
contact OLEFET device with nanowires of 1a as an active
layer after annealing at 350 K. The drain-source current IDS

increased with increasing both positive and negative gate
voltage, indicating ambipolar behavior of the field-effect
transistor. The field effect was found to be dependent on the
annealing temperature. An increase in current intensity and
up to three orders of magnitude enhancement of field-effect
mobility were identified for annealed film when compared
with the non-annealed sample. The highest mobility was
achieved at an annealing temperature of 350 K (Table 1);
thus, all following results were obtained by using such
annealed nanowires. This remarkable enhancement in mobi-
lity was consistent with the formation of larger crystal
domains observed upon annealing (see Figure S24 in the
Supporting Information for SEM micrographs of the film
before and after annealing), which was anticipated to
decrease the crystal grain boundary.[15] The complex anion
did not significantly affect the device performance, as the
devices prepared from nanowires 1a–c exhibited comparable
electron and hole mobilities. We found that nanowires and
submicromater wires of 1, 6, and 9 behave as ambipolar
semiconductors with both hole and electron mobility around
0.1 cm2 V�1 s�1 (Table 1), which are comparable to those of
ambipolar semiconductors derived from acenes and thio-
phenes.[16]

Single-point energy calculations on the monomeric and
dimeric structures of both 1a and 9 with the geometries taken
from their respective crystal structures were performed with

Figure 4. UV/Vis reflectance (left) and emission (right) spectra of
nanowires 1a, 6, and 9.

Angewandte
Chemie

9897Angew. Chem. Int. Ed. 2008, 47, 9895 –9899 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


density functional theory (DFT) (see the Supporting Infor-
mation for details). The calculated LUMO energies for
monomers 1a (�3.91 eV) and 9 (�4.06 eV) are similar. The
calculated HOMO energy is significantly more negative for
monomer 1a (�7.54 eV) than for monomer 9 (�6.52 eV).
With Au as the source/drain electrode, the electron injection
barriers (0.9–1.1 eV) are smaller than the hole injection
barriers (1.5–2.5 eV) for both 1 a and 9, which is in good

correlation with the electron mobility being an order of
magnitude larger than the hole mobility for both 1a and 9
before annealing (Table 1). The calculated HOMO–LUMO
energy gaps of dimeric 9 (2.59–2.67 eV) are smaller than those
of dimeric 1a (3.44–3.69 eV). This result is consistent with the
finding that nanowire 9 has a lower emission energy than
nanowire 1a. There are two stacking arrangements for both
dimeric 1a and 9, namely, head-to-tail and skewed. The
splitting calculations revealed that the hole-transfer integral is
significantly larger than the electron-transfer integral for both
head-to-tail and skewed forms of dimeric 1a, and is more than
an order of magnitude larger than the hole transfer integrals
for both forms of dimeric 9. On the basis of the splitting
calculations for the dimeric structures, holes should be the
major charge carrier for 1a. For 9, depending on the stacking
arrangement, the charge carriers could either be ambipolar in
the head-to-tail form or mainly electron-based in the skewed
form. As our calculation has not included the reorganization
energy, which is also important in determining the charge
mobility, the apparently similar hole and electron mobilities
for nanowires of 1a and 9 after annealing could be due to
morphological changes of the complexes at high temper-
atures, which could affect the size of the charge-transfer
integrals. The explicit role of anions in the charge-injection
process has not yet been evaluated from these theoretical
calculations. There is a delicate interplay between the charge-
transfer characteristics and the charge injection barriers in the
evaluation of the performance of such systems, and further
studies are necessary for better understanding of the semi-
conducting properties of these nanostructured platinum(II)
complexes.

Electroluminescence was observed in both the positive
and negative gate bias. The intensity of the light emission
from these devices increased with increasing gate voltages
(Figure 5, top). Electroluminescent spectra for OLEFET
devices with nanowires of 1a, 6, and 9 as active materials
are depicted in Figure 5 (bottom). The electroluminescence
peak maximum is at 669, 603, and 755 nm for devices
fabricated with nanowires of 1a, 6, and 9, respectively.
These peak maxima are similar in energy to the respective
photoluminescence (lem = 668 nm for nanowire 1a, 607 nm
for nanowire 6, and 742 nm for nanowire 9). In addition,
shoulders at approximately 540 and 590 nm were observed for
nanowires 1a and 6, respectively, in the electroluminescence
spectra. The most possible origin for these high-energy
emission shoulders is monomeric MLCT excited states of
complexes 1a and 6.

In conclusion, we have demonstrated that crystalline,
waveguiding, semiconducting, and electroluminescent nano-
wires can be self-assembled from molecular organoplat-
inum(II) complexes through extended intermolecular
PtII···PtII or ligand–ligand interactions. Ambipolar OLEFET
devices emitting in the red or NIR region have been
fabricated with a solution-processible protocol.
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Figure 5. Top: Output characteristics (IDS vs. VDS) and electrolumines-
cence intensity (I) of an OLEFET device made up of nanowires 1a after
annealing at 350 K. Bottom: Normalized electroluminescence spectra
of OLEFET device with nanowires of 1a, 6, and 9 as active materials.
Inset shows images of a real device and the observed electrolumines-
cence from wires of 6 during the device operation.

Table 1: Field-effect mobilities of nanowires 1, 6, and 9 before and after
annealing at 350 K under vacuum (10�4 Torr). Charge mobilities (mh and
me) were calculated at the linear regime (VDS ! VG).

Nanowire mh [cm2 V�1 s�1] me [cm2 V�1 s�1]
Before
annealing

After
annealing

Before
annealing

After
annealing

1a 10�4 0.15 10�3 0.20
1b 10�4 0.08 10�4 0.10
1c 10�4 0.10 10�5 0.20
6 10�4 0.09 10�3 0.16
9 10�4 0.10 10�3 0.18
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