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Abstract One-dimensional (1D) 8-hydroxyquinoline
metal complex nanomaterials exhibit distinctive charac-
teristics that differ from those of their bulk counterparts.
Owing to their small size, shape anisotropy, unique struc-
tures, and novel properties, these organometallic 1D
nanostructures are promising candidates for various devi-
ces. This review highlights current progress in the synthesis
of 1D 8-hydroxyquinoline metal complex nanomaterials
and summarizes their optoelectronic properties and appli-
cations. The mainly synthetic strategies are divided into
three categories, which include vapor phase growth, solu-
tion phase growth, and self-assembly. Special attention is
paid to the formation mechanisms and the control measures
for 1D nanostructured 8-hydroxyquinoline metal com-
plexes. Other new methods such as template-based syn-
thesis and electrospinning are briefly described. Merits and
shortcomings of each synthetic strategy are simply dis-
cussed. Then, a variety of optoelectronic properties
including luminescence, field emission, charge transport,
photoconductivity, and photo-switching properties are
reviewed, and their applications in optoelectronic devices,
field emission, and templates are also surveyed. In the end,
concise conclusions are provided, and personal perspec-
tives on future investigations of 1D 8-hydroxyquinoline
metal complex nanomaterials are proposed.
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Introduction

Since the strong electroluminescence (EL) of low-voltage
organic light-emitting diodes (OLEDs) based on tris(8-
hydroxyquinoline) aluminum (AlQs3) first discovered by
Tang and VanSlyke [1] in 1987, 8-hydroxyqunioline metal
complexes (MQ,,, M = metal, HQ = 8-hydroxyquinoline,
Q = deprotonated 8-hydroxyquinoline, n = ligand num-
ber), have attracted considerable attention because of their
wide applications in OLED devices as excellent electron-
transporting and emitting materials. Among the MQ,, family,
AlQj; is most well known and frequently used due to its high
stability, good charge transport ability, and strong lumines-
cence emission [2—4]. Compared to AlQs, GaQ5 could pro-
vide an approximately 50% higher power efficiency in light-
emitting devices [5], while ZnQ, showed a characteristic of
lower opening voltage [6]. CdQ, also displayed luminescent
property and was expected to be applied in optoelectronic
devices [7, 8]. In addition, other MQ,, complexes or HQ deriv-
ative metal complexes such as BeQ,, MgQ,, ZnMQ,, and
BeMQ, (where M = methyl) as well as AIPrQ; (where Pr =
propyl) were served as efficiently emitting and electron-
transporting materials for the fabrication of OLED devices, all
of which had a luminance of more than 3000 c¢d/m? [9].

In order to improve the efficiency and performance of
these MQ,, complexes, their hybrid materials were pro-
posed by Khaorapapong et al. and other groups [10-16]. By
incorporating various metal complexes including LiQ,
ZnQ,, MnQ),, and AlQ; into the interlayer of smectites via
solid—solid reactions, the resultant hybrid materials could
display enhanced luminescence as compared with the
corresponding pure complexes owing to the host—guest
interactions [10-13].

On the other hand, size reduction of MQ, complexes
into nanostructures may lead to novel characteristics,
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improved performances and new applications [17-25],
resulting from the size effect [26-28], surface effect [29, 30],
macroscopic quantum tunneling effect [31, 32], and others
[33-35]. Especially, one-dimensional (1D) MQ,, complexes,
such as nanorods, nanowires, nanobelts, and nano-arrays,
have gained much attention during past 8 years. There were
several unique optoelectronic properties of them reported
including luminescence, field emission, charge transport,
photoconductivity, and photo-switching, which encouraged
intensive application researches related to OLED devices,
sensors, field emission, low-threshold mirrorless lasing, and
circularly polarized emission, as well as promising materials
for waveguide [36—44]. It can be seen that 1D MQ,, complex
nanomaterials provide a good system to investigate the
functional organometallic complexes and their nanostruc-
tures. Consequently, it is expected that these anisotropic
MQ, complex nanomaterials could open a new area in
optoelectronics and serve as test beds to address general
fundamental optoelectronic issues.

This review focuses on recent developments of the
synthetic strategies, optoelectronic properties, and appli-
cations of 1D nanostructured MQ,, complexes and their
derivatives. In first section, a brief description for the
background of MQ, complexes is presented. In second
section, the synthetic strategies for various 1D MQ,, com-
plex nanomaterials are systematically highlighted. In third
and fourth sections, the unique optoelectronic properties
and applications of 1D nanostructured MQ,, complexes are
summarized, respectively. At the end of this review, simple
conclusions and outlook on these 1D nanoscale complexes
are proposed.

Synthetic strategies for achieving 1D MQ,, complex
nanomaterials

In this section, we present a comprehensive overview of
synthetic strategies for 1D MQ,, complex nanomaterials.
The strategies are broadly categorized into three groups:
(1) vapor phase growth, (2) solution phase growth, and (3)
self-assembly. Other methods such as template-based
synthesis and electrospinning have also been briefly
reviewed. The possible formation mechanisms and control
measures of these organometallic 1D nanostructures are
specially discussed.

Vapor phase growth

Vapor phase growth is one of most effective strategies for
the synthesis of 1D MQ, complex nanomaterials. In this
method, various 1D nanostructures are prepared by simple
evaporation and deposition processes under an appropriate
gas atmosphere, the structure and size of which can be

@ Springer

controlled by regulating working temperature, working
pressure, working gas, and gas flow rate. The formation of
1D nanostructures mainly depends on the control of
nucleation and growth in the crystallization. So far, there
have been many approaches to synthesize MQ, complex
nanorods, nanowires, nanobelts, and ordered 1D nanoar-
rays, such as vapor condensation [45-49], simple physical
vapor deposition (PVD) [50-52], glancing angle deposition
(GLAD) [53, 54], and other vapor phase techniques [55,
56], which have achieved a series of significant successes.

Among them, the most remarkable work was pioneered
by Wang and Perng’s group in 2003 [45, 46]. They were
the first to use vapor condensation system (Fig. la) with
liquid nitrogen as the cooling source and indium tin oxide
(ITO)-coated glass electrode as the growth substrate, suc-
cessfully synthesized amorphous AlQ; nanowires with
30-50 nm in diameter and AlQ; nanobelts with 40-60 nm
in width (Fig. 1b). In the schematic formation diagram of
these 1D AlQjz nanostructures as shown in Fig. 1c, the
corresponding growth mechanism was different from the
vapor-liquid—solid (VLS) model [57]. It was proposed that
the evaporated AlQ; molecules collided with Ar atoms and
were then rapidly cooled to form nanobelts. The released
heat of sublimation might induce a narrow temperature
inversion region in the vapor—solid (VS) interface to build
the trunks of nanowires. This growth mechanism was
similarly employed in the trunk surface, thus secondary and
tertiary branches were further formed, finally resulting in
numerous dendritic AlQ3 nanowires. Such a vapor growth
method has opened an available way to synthesize 1D MQ,,
complex nanomaterials. The potential application will be
of great interest to future study. On this basis, the GaQ;
nanowires were likewise prepared by this method [49].
And it has been realized that a lower working pressure and
a lower working temperature would contribute to produce
smaller diameter of AlQ; and GaQs; nanowires; on the
contrary, larger nanoparticles were formed [48, 58].

As above mentioned, the vapor condensation method is
greatly influenced by different working parameters, which
provide a lot of effective measures for the control synthesis
of 1D MQ, complex nanomaterials. However, it should be
noted that this method needs some harsh conditions such as
high temperature and liquid nitrogen cooling, and also it
has some difficulties in preparing ordered 1D nanoarrays
and well-crystallized products. These defects will prevent
its further utilization. Therefore, it remains a desirable
target to develop convenient, mild, and practical vapor
phase growth techniques and to optimize the synthetic
process, which has gradually become the focus of attention.
According to the vapor condensation method combined
with a one-step heat treatment, for the first time, Perng’s
group [55, 56] found that amorphous AlQj; nanoparticles or
thin film directly grew into o-phase crystalline AlQ;
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Fig. 1 a Experimental setup of the vapor condensation system.
b Transmission electron microscopy (TEM) images of the 1D AlQ3
nanostructures: (@) TEM image of the AlQz; nanowires; (b) high-
resolution TEM (HRTEM) image of a typical AlQ; nanowire (no
lattice image is observed, which refers to an amorphous structure);
(c) TEM image of the AlQ; nanobelts, and (d) an AlQz nanobelt
rolled up along the axial direction after irradiated by the electron
beam in TEM. ¢ Schematic formation diagram of the 1D AlQ;
nanostructures [45, 46]

nanowires under appropriate Ar pressure, heating temper-
ature, and heating time. The growth of these nanowires was
controlled by the anisotropic crystallographic nature of
o-AlQ3 [59]. The formation mechanism could be illustrated
by the concept of nucleation and molecular migration
within the film or nanoparticles. Using an adsorbent-
assisted physical vapor deposition (AA-PVD) method,
single-crystalline AlQz; nanowires were successfully pre-
pared from functional AlQ; molecules by Zhao et al. [50].
The introduction of the adsorbents such as neutral alumi-
num oxide or silica decreased the sublimation temperature
and slowed down the weight loss of AlQj, through which
the degree of saturation and the uniformity of the nano-
wires could be controlled. No catalyst was used and no
droplet was found at the top, so the growth of the AlQ;

nanowires prepared with this method should be abided by
the VS process [60].

Recently, GLAD method has also been proven to be an
efficient and versatile technique to construct AlQs thin film
composed of ordered 1D AlQ; nanoarrays with controlla-
ble morphologies and dimensions. Figure 2 shows the
typical helical AlQ; nanorod arrays which were prepared
with different deposition angles and turn numbers [37].
Despite that the exact growth mechanism of these uniform
porous AlQj nanorod arrays remains under investigation,
we think it may be similar to the formation of highly
ordered AlQjz chiral luminescent thin films via the GLAD
process reported by Brett et al. [53]. Obviously, GLAD
method offers an advanced level of engineering control
over MQ,, complex 1D nanoarrays, and some complicated,
porous, film-based photonic heterostructures. This vapor
phase method is believed to largely facilitate the fabrica-
tion and application of devices in the fields of optics,
electronics, and sensors.

In a word, the above vapor phase routes to 1D MQ,
complex nanomaterials have the dominant advantages of
both “access to highly regular 1D nanostructure” and
“controlled synthesis.” But the harsh experimental condi-
tions and low productivity will hinder their follow-up
applications to some extent.

Solution phase growth

Solution phase growth technique has drawn considerable
attention because of its virtues such as simple synthesis
procedure, easy operation, and high efficiency in com-
parison with the vapor phase growth. For this approach,
solution-liquid—solid (SLS) mechanism [61, 62] is
expected to be the main growth mechanism for the
synthesis of abundant 1D nanostructures. How to choose
appropriate solution reaction conditions and control the
degree of supersaturation, nucleation as well as aniso-
tropic growth process, to some extent, is the key to
this strategy used to prepare 1D MQ, complex
nanomaterials.

Based on the solution phase growth, various 1D MQ,
complex nanomaterials can be synthesized by a facile
hydrothermal or solvothermal route. Reaction temperature,
reaction time, pressure, reactant concentration, surfactant
type and concentration, solvent medium, and pH value are
the main influential factors to the size and morphology of
products. For instance, the amorphous AlQ; nanorods were
prepared from the hydrothermal reaction of HQ and alu-
minum nitrate at 120 °C for 12 h [63]. The sodium dodecyl
benzene sulfonate (SDBS) played a crucial role in the
formation of these nanorods; meanwhile, reaction time and
temperature also influenced the quality of the final prod-
ucts. We suppose that this new kind of surfactant-assisted
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Fig. 2 Scanning electron
microscopy (SEM) images
(section view) with insets of the
plan views for helical AlQ;
nanorod arrays deposited at
different turn numbers and
deposition angle: a A 5-turn
sample deposited at 75° b a
5-turn sample deposited at 85°;
¢ a 19-turn sample deposited at
78°; and d a 40-turn sample
deposited at 78° [37]

hydrothermal route can be extended to synthesize other
organometallic 1D nanomaterials.

Likewise, a simple solvothermal process was proposed
for the synthesis of luminescent CdQ, nanorods and
nanoflowers (bundles of nanorods) in an oleic acid—sodium
oleate—ethanol-hexane (or not)-H,O system at 55-100 °C
[7]. In this synthetic route, shown in Fig. 3, the sodium
oleate (NaOA) was formed initially and then coordinated
with Cd** to produce cadmium oleate, which released
Cd** slowly based on the equilibrium equation to control
the nucleation and growth process accurately. The NaOA
could also joint with the superfluous oleic acid to generate
a buffer media, which was lucrative for the precipitation
between Cd>* and HQ [64]. On the other hand, the inter-
actions such as Van der Waals interaction and the hydro-
phobic force between the alkyl chain and quinoline ring
would make it easier for HQ molecules to collide with
Cd>" capped on the surface of NaOA to start the main
reaction. At last, the CdQ, products were precipitated due
to their lower solubility. It was proposed that higher con-
centrations of the reactants and the surfactant with a lower
temperature and a shorter reaction time would result in the
formation of nanorods, whereas a longer time and a higher
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temperature led to nanoflowers. The obtained CdQ, nano-
rods with excellent photoluminescence (PL) properties can
be considered as the building blocks for novel optoelec-
tronic nanodevices.

Changing the solvothermal environment, other kinds of
1D MQ, complex nanomaterials, such as AlQs [42], ZnQ;
[43], and CdQ, [65] nanoribbons, were also prepared
without any assistance of surfactants and templates. The
final structure and size of nanoribbons can be determined
by reaction temperature, heating time, and pH value,
despite the detail mechanism is not clear yet. This facile
solvothermal methodology may be extended for the con-
trolled large-scale synthesis of other functional 1D orga-
nometallic nanomaterials.

Chemical precipitation, which is another generally used
solution phase growth method, has been proven to be a
very simple and versatile way to prepare organic, inorganic,
and orgaometallic 1D nanomaterials [25, 66—68]. The for-
mation of precipitation always involves two processes:
nucleation and growth, which can be efficiently controlled
by different reaction conditions similar to the hydrothermal
and solvothermal routes. With this method, for example,
our group [69] have successfully synthesized abundant 1D
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Fig. 3 Schematic diagram
showing the formation of CdQ,
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tion medium (shown in Fig. 4). The XRD and SEM results X e

showed that the poor crystallized «-CuQ, dihydrate nano-
rods were precipitated rapidly from the coordination reac-
tion of reactants in aqueous solution. The nanorods were
around 40-130 nm in diameter and 0.5-2 pum in length
(Fig. 4b, c). Control of the reaction medium in ethanol-
water solutions (total ethanol/water volume ratio of 3:1),
the mixed -, y-, and fS-phase crystallized CuQ, dihydrate
nanostructures were produced quickly. In these mixed
structures, the dominant nanowhisker had an average
diameter of about 280 nm (Fig. 4d, e). As to the reaction
medium of pure ethanol, however, the novel o-form
anhydrous CuQ, micro-scale lath bundles were assembled
from nanolaths whose thickness and width are about 300
and 800 nm, respectively (Fig. 4f, g). The formation of
these 1D CuQ, nanomaterials was believed to be directed
by the crystal habit and growing environment. Different
ethanol-water media not only could affect the molecular
structure and aggregation of CuQ,, but also could provide
discrepant surroundings for the crystal growth [70], which
resulted in the products with various morphologies and
polymorphs. This facile, rapid, and convenient approach
offers an efficient solution phase route to synthesize other
1D nanomaterials with controllable morphologies and
crystal phases.

In addition, sonochemical synthesis [71, 72] and one-
step seed method [73] have also been served as facile
solution-based growth techniques to prepare 1D MQ,
complex nanomaterials, including AlQ; nanobelts, CdQC1
nanowires, and AlQ3;-ZnO hybrid nanofibers. The exact
growth mechanisms of these methods are not yet ripe due
to few literatures reported.

It can be seen that the advantages of solution phase
growth are simple, efficient, low-cost, and easy to indus-
trialization. But building 1D nanoarrays and composite 1D
nanostructures are still a bottleneck for most of the existing
solution phase methods. Also, the current study shows a
monotonous state, and the universal synthetic method
remains few and poor. Accordingly, we believe that the
strategy of solution phase growth should be used to com-
bine with template-based synthesis, self-assembly, and
other useful methods so as to more effectively construct a
variety of 1D nanostructures and their devices.

+ y-form Cu(CgHgNO)22H,0

ooolhn'{)uo 0o? 0 (C)

Intensity / a.u.

Fig. 4 XRD patterns of a CuQ, synthesized in different ethanol-
water media: (a) aqueous solution; (b) ethanol aqueous solution
(ethanol/water = 3:1); and (c) ethanol solution. SEM images of CuQ,
synthesized in different ethanol-water media: b—c aqueous solution,
d—e ethanol aqueous solution (ethanol/water = 3:1), and f—g ethanol
solution [69]

Self-assembly

Self-assembly is widely used in the synthesis of 1D
nanostructured MQ, complexes and their derivatives.
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Generally, it is accomplished by non-covalent interactions
of building unites to form aggregates spontaneously. The
assembly of molecules and nanoparticles to nanoscale 1D
structures needs the driving forces from themselves and
sometimes initiation from the surroundings [25].

At present, there are two main types of self-assembly for
the synthesis of 1D MQ,, complex nanomaterials. The first
one is based on the micellar growth of surfactant-assisted
self-assembly [41, 44, 71]. In this way, surfactant plays
dual roles in the formation of 1D nanostructures. The
molecules of surfactant assemble into some micelles which
can offer the necessary conditions for oriented growth of
MQ,, complexes. On the other hand, the formed 1D
nanomaterials can be stabilized and dispersed by the sur-
factant molecules. It should be noted that this method can
be used to obtain highly uniform and monodisperse 1D
nanostructures, whose sizes would be larger than that of the
products synthesized by vapor or solution phase growth
methods. For example, a facile self-assembly route assisted
by cetyltrimethyl ammonium bromide (CTAB) was
developed to synthesize o-AlQ; nanorods with regular
hexagonal shape and a diameter of 400 &+ 20 nm [41]. It
was found that the AlQ; nanorods were single-crystalline
structures with preferential growth along the [001] direc-
tion. Nevertheless, questions about the exact mechanism

Fig. 5 a Field emission
scanning electron microscopy
(FESEM) image of AlQ;
nanorods (Inset: cross-sectional
view of one typical rod). b TEM
image of AlQ; nanorods.

¢ Schematic illustration of the
proposed formation mechanism
of AlQ; nanorods [74]

Act:V. Spot Maan
7.00kV 3.0 [ 4469x

remained, and more intensive studies were required to
understand this self-assembly process.

Using the similar approach, a facile emulsion-based
route was designed by Chen et al. [74] for the large-scale
synthesis of monodisperse AlQz; nanorods with regular
hexagonal prism morphology (Fig. 5a, b). They focused on
the self-assembly process and proposed a tentative growth
mechanism (Fig. 5c) for the formation of AlQ; nanorods.
At the beginning, a normal microemulsion of CHCl; in
H,O was formed by assistance of CTAB. When the
emulsion was heated, the chloroform in micelles volatil-
ized into the atmosphere causing the concentration of AlQ3
in these micelles to increase and eventually supersaturated
which led to nucleation. Once the chloroform in a micelle
was depleted, the nuclei moved from the hydrophobic inner
core of the micelle to the hydrophilic, cationic headgroups
of CTAB bilayers produced in the water phase. These
bilayers were formed in a “zipping” manner by superfluous
CTAB molecules through Van der Waals and hydrophobic
interactions [75]. The reason for the position transfer pro-
cess of the nuclei was that the coulomb attraction between
CTAB and AlQ; molecules was much stronger than the
Van der Waals interaction between the alkyl chains of
CTAB and the quinoline rings of AlQj3. Finally, the bilayer
micelles induced the anisotropic growth of nuclei to longer

A\
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A

B

~~~0 surfactant o micro-drop of the solution AlQgz in CHCl3 @ nucleus
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nanorods by acquiring raw material from other micelles. It
demonstrated that the size and morphology of the AlQ;
nanorods could be modified by both concentration and type
of the surfactant. The depicted mechanism and control
measures in this study could be extended to other systems
for controlled synthesis of 1D nanomaterials.

The second one is the non-micellar self-assembly
through non-covalent intermolecular interactions, such as
solvent-evaporation-induced self-assembly [38], organog-
elation self-assembly [76-78], etc. In comparison with the
self-assembly of micellar system, this approach does not
need surfactant assistant, thus avoiding the residue of it on
the surface of nanostructures may significantly weaken the
performance of the materials. Organogelation self-assem-
bly, one of the most representative examples, has been
demonstrated as an efficient method for the synthesis of
various 1D nanoscale gels [79]. The low-molecular weight
gels, which have the crystal-like nature unlike the dynamic
nature characteristic of micellar systems, are produced by
non-covalent interactions including Van der Waals force,
hydrogen bonding, and n—n stacking between gelator
molecules and solvent molecules [25, 76].

The 3,4,5-tris(n-dodecyloxy)-benzoylamide substituents
appended 8-qinolinol copper(Il)-, palladium(II)-, and plat-
inum(II)-chelates (1M, M = Cu, Pd, Pt) were reported as

Fig. 6 a—c TEM images of the
IM + p-xylene gels: a 1Cu,

b 1Pd, ¢ 1Pt,

[IM] = 1.0 mg mL™".

d (a) molecular scales of 1M;
(b) proposed packing model of
IM in the gel tissues; (c) tilted
arrangement of 1M along the
¢ axis; and (d) an HRTEM
image of the 1Pt + p-xylene
gel: [1Pt] = 2.0 mg mL™" [77]

ca. 10-15A

highly efficient gelators for various organic solvents to
form the 1M gel nanofibers [76, 77]. As displayed in Fig. 6,
the organogels were obtained by the gelation of p-xylene by
IM. The TEM images shown in Fig. 6a—c suggested that
well-developed networks consisted of fibrous aggregates,
and the approximate diameter and the length of the fibrous
aggregate of the IM + p-xylene gels were being 10-50 nm
and several micrometers, respectively. The gel formation
was attributed to the strong m—n interactions of chelate
moieties and the hydrogen bond interactions among the
amide groups. On the other hand, the introduction of the
3,4,5-tris(n-dodecyloxy)-benzoylamide substituents into a
n-conjugated planar molecule was favorable for self-
assembly into a columnar-stacking structure to give highly
ordered gel nanofibers [80-84]. A packing structure shown
in Fig. 6d(b) was proposed as the most probable aggrega-
tion model. The distance of the intercolumnar separation
42 10\) was shorter than the molecular length of 1M (ca.
52 A). This result implied that the molecules in the gels
were stacked in a tilted fashion along the c-axis

(Fig. 6d(c)). As clearly observed in Fig. 6d(d), these n—=n
stacked structures along the c-axis were visually confirmed
by HRTEM as strong stripe contrasts parallel to the axis
along the length of the fiber. Recently, the 5-(cholesteryl-
oxy)methyl-8-hydroxyquinoline lithium(I) (LiChQ) was

107 i
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synthesized through the modification of LiQ with choles-
terol, and then LiChQ gel nanofibers of 30-100 nm
diameter were obtained in non-protic organic solvents
through self-assembly in a super-gel state [78].

There is no doubt that the growth of self-assembly
provides a strong impetus to promote the synthesis and
application of 1D nanoscale MQ, complexes and their
derivatives with novel structures and unique properties,
whereas it should be pointed out that the current routes to
these 1D nanomaterials are still poor-controllable and
slightly complicated. Therefore, how to overcome the
shortcomings and highlight the strengths to make full use
of self-assembly will be a great challenging topic in this
field.

Other methods

Except for the main vapor phase growth, solution phase
growth and self-assembly as described above, other strat-
egies such as template-based synthesis [85, 86], electros-
pinning [87-89], low-temperature solid phase reaction
[90], and double-film annealing [91] have all been
employed to synthesize 1D MQ,, complex nanomaterials.
But it should be noted that there are only few reports on
them. Among, template-based synthesis requires nano-
structured materials as “hard” or “soft” templates, such as
zeolite, porous anodic aluminum oxide (AAO) membrane
and polycarbonate (PC) film, carbon nanotube, liquid
crystal, polymer, etc. [92-94], to promote in situ growth
and control of 1D nanostructures depending on the shape
and size of the templates. Recently, the polycrystalline
ZnQ, nanorod arrays were fabricated by in situ liquid—
liquid interfacial precipitation in the pores of AAO mem-
branes [85]. It is pretty easy to obtain well-controlled size
and morphology of 1D nanostructure by template method,
however, the templates used need to be pre-prepared and
post-removed, which would increase the cost and risk of
large-scale manufacture. Besides, electrospinning as a
physical method has also been successfully used to fabri-
cate highly fluorescent AlQs/PPV, AIQ3/PEO, and AlQs/
PVP nanofibers [87-89]. Obviously, this method has a
distinctive advantage in the preparation of 1D nanostruc-
tures with a macro-scale dimension along the axial direc-
tion, and it can ensure the continuity of 1D nanostructures
[95-97]. Nevertheless, it is still difficult for this method to
prepare pure 1D MQ,, complex nanomaterials because they
have poor processability and should be assisted by organic
polymers.

Although the studies used these methods for the syn-
thesis of 1D MQ, complex nanomaterials just begin, and
many details of them are still unclear, we believe that these
strategies have the great prospects to fabricate 1D nano-
structures of functional complexes. In particular, the
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template method and the electrospinning technique would
be the focus of future development in this area, and it is
necessary and significant to carry out related research
work.

Optoelectronic properties of 1D MQ,, complex
nanomaterials

It is generally accepted that low-dimensional nanostruc-
tures exhibit distinct optical, electronic, chemical, and
physical properties because of their large surface areas and
possible quantum confinement effects. On this basis, many
efforts have been made to investigate the novel optical and
electronic properties of the 1D nanostructured MQ,, com-
plexes which differ from their bulk materials. In this sec-
tion, we briefly summarize the current studies on the
optoelectronic properties of various 1D MQ, complex
nanomaterials.

Luminescence

PL and EL are the extremely important optoelectronic
characteristics of organic light-emitting materials. Although
the so-called quantum effect has not been observed so far, a
series of unique PL and EL behaviors have been obtained
in 1D nanostructured MQ,, complexes and their deriva-
tives, which result from their structural transformation in
nature.

To start with, it has been realized that molecular con-
figuration, composition, size, and morphology of 1D MQ,
complex nanomaterials play the essential roles in deter-
mining their luminescent properties. For example, a study
[50] revealed that the PL spectra of as-prepared AlQ;
nanowires showed emission of an interesting fine structure
on increasing the excitation energy, which was attributed to
the ordered orientation of the AlQ; molecules in the
nanowires. More importantly, these AlQ3 nanowires could
be fabricated into an EL device, which exhibited excellent
optoelectronic properties with an obvious size-dependent
effect. A similar size-dependent performance was reported
by Li’s group [7], which was ascribed to the larger surface
area of the CdQ, nanorods with smaller size leading to
enhanced absorption of UV light and stronger PL emission
[17]. There was no obvious PL blue shift emerged in 1D
MQ, complex nanomaterials as their sizes shrank because
the molecules were merely bonded together by weak Van
der Waals forces [98]. In addition, highly ordering AlQ;
chiral thin films composed of helical nanorod arrays were
fabricated to explore novel optical properties. Interestingly,
these unique 1D nanostructures of AlQj selectively trans-
mitted one handedness of circularly polarized light and also
generated circularly polarized PL [53]. These findings will
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be found uses in optoelectronics, chemical sensors, and
photovoltaics.

Furthermore, it is found that the crystallinity and crystal
phase are important influential factors to the luminescent
properties of 1D MQ, complex nanomaterials. Perng’s
group [55, 56] reported that an enhanced PL intensity and a
spectral blue shift were observed on the AlQ; nanowires
grown from amorphous AlQ; thin film or nanoparticles by
a heat-treatment process (Fig. 7), which could be attributed
to the predominantly formed «-phase AlQ;z and the more
efficient Rayleigh scattering on the grains at shorter
wavelengths [59, 99]. A spectral blue shift was also dis-
covered in J-phase GaQs; nanowires compared with
f-phase GaQ; powder owing to a looser interligand spac-
ing and reduced orbital overlap in their J-phase molecular
structures [58].

In a recent publication, the PL property of individual
AlQ; nanorods was investigated by a Nd:YAG laser [74]. It
could be seen that the maximum band of single AlQ;
nanorods emission blue-shifted from 512 to 485 nm when
compared to the PL spectrum of aggregated nanorods and a
broad peak ranging from 520 to 620 nm emerged. This
result was expected to enable scientists to explore novel
applications in the field of optical devices.

At last, it is worth noting that the deliberate introduction
of at least one kind of guest compound into the host
material matrices, to some degrees, can induce novel
luminescent properties. According to the molecular design,
for one thing, Shinkai et al. [76, 77] and Gong et al. [78]
introduced guest compounds to modify the molecules of
MQ,, complexes and further synthesized the corresponding
gel nanofibers with novel luminescence. For another, the
introduction of metal, inorganic, and organic materials into
the host of 1D MQ, complex nanomaterials explored
new luminescent properties and applications. Take Zhu and

PL intensity (a.u.)

400 500 600 700
wavelength (nm)

Fig. 7 PL spectra of AlQs: (a) amorphous nanoparticles; and
nanopaticles heated in 1.33 x 10*Pa of Ar at 150 °C for
(b) 1 min, (¢) 6 min, and (d) 10 min. The inset TEM images and
electron diffraction patterns show (I) the amorphous nanoparticles and
(II) the crystalline nanowires corresponding to (a) and (d), respec-
tively [55, 56]

co-workers’ report [72] for an example, the combination of
the luminescent CdQCI1 complex nanowires and the bio-
catalytic growth of Au nanoparticles could be used to
develop novel fluorescent sensing, which the fluorescence
of the CdQCl complex nanowires was quenched by
increasing the Au nanoparticle concentration.

Field emission

Since AlQj nanowires first synthesized for field emission
[45], 1D nanostructured MQ,, complexes and their deriva-
tives have been continuously investigated because of their
unique field emission properties and potential applications
in field emission flat panel displays (FEDs).

For example, the hexagonal AlQs; nanorods showed a
good field emission performance reported by Lee and
co-workers [41]. Figure 8 presents the field emission
characteristics by a typical curve of current density J versus
applied electrical field E. The AlQs; nanorods exhibited a
very low turn-on field of about 3.1 V um~' and a maxi-
mum current density of about 1.38 mA cm ™~ at an applied
field of 5.7 V um™'. The turn-on field was comparable to
that of organic charge-transfer complex nanowires [100],
but lower than that of some inorganic nanomaterials [101,
102]. The field emission characteristic was further analyzed
with the Fowler—Nordheim (FN) theory described by
In(J/E*) = In(Ap*/®) + (—BD*?/p) (1/E), where A and
B were constants (A = 1.54 x 100°AeVV2and B=
6.83 x 10° Vm ' eV™?), & is work function of the
emitting materials, and f is field enhancement factor
related to the emitter geometry [45]. The plot of In(J/E?)
versus (1/E) showed a straight line with a slope of about
—27 at high applied field (inset of Fig. 8), demonstrating
the field emission phenomenon [103]. Assuming a work
function of @ = 3.0 eV for AlQ; [45], the f value was
estimated to be about 1300 based on the above FN equa-
tion, which could be ascribed to the higher carrier mobility
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Fig. 8 Field emission J-E curve of the AlQ; nanorods and the
corresponding FN plot (inset) [41]
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or conductivity expected in the crystalline AlQ3; nanorods.
In contrast, AlQ; nanowires also exhibited a good field
emission property with a relative low turn-on field of
3.7V um™', but a very high maximum current density
above 16 mA c¢cm 2 [38].

Compared with AlQ; nanowires and other film emitters,
the AlQ; nanoprotrusions exhibiting a relatively lower
emission threshold field were recently reported [104]. The
electrons were emitted from an effective area on the tip of
the nanoprotrusions. Both larger thickness and smaller
effective protrusion radius could lead to enhanced field
emission. A linear relationship between the effective and
measured radii of the AlQ; nanoprotrusions demonstrated
that surface roughness indeed had a significant influence on
the field emission efficiency.

Besides, the field emission performances of the gel nanof-
ibers assembled from 8-hydroxyquinolinol/copper(Il)-,
palladium(I)-, and platinum(Il)-chelate based organoge-
lators were also discussed [77]. Very interestingly, the field
emission characteristics of these gel nanofibers were evi-
dently different depending on the central metals although
their shapes were almost the same. That result implied that
the field emission performances of organometallic nanofi-
bers with the same shape could be easily controlled by
changing the central metals in the metallogel system. This
opens a new way, especially in the nanoscale region, to
control the turn-on field value by molecular design and
modification.

Charge transport

As is well known, AlQ; is a typical electron-transport
dominant material of MQ,, complexes and widely employed
in OLEDs. Following this point, some efforts devoted to 1D
nanostructures of this material have focused on their charge
transport properties for optoelectronic device [42, 91].

As an example, Bi et al. [91] fabricated the single-car-
rier devices based on the films composed of fac-AlQs
(fac = facial) or mer-AlQsz (mer = meridional) nano/mi-
crorods, and they demonstrated that the configuration of
AlQ3; molecules had a dramatic effect on the transporting
properties of AlQj; nanorods. The hole-only devices with
structure of [ITO/active layer/Au] (active layer = fac-
AlQ3z nano/microrods-based film, or mer-AlQz; nano/mi-
crorods-based film, or amorphous AlQj3 film) were studied.
As expected, the mer-AlQ; nano/microrods-based film and
amorphous AlQj; film exhibited very poor hole-transporting
abilities. In contrast, the fac-AlQs; nano/microrods-based
film displayed a remarkable hole-transporting feature. That
characteristic of the hole-only device indicated that fac-
AlQ5 was a typical p-type semiconductor with good hole-
transporting ability, which was totally different from mer-
AlQ; with electron-transporting nature as an n-type

@ Springer

semiconductor. Considering their excellent charge trans-
port properties and controllable structures, the AlQ;
nanorods might be find utilization in optoelectronics, such
as OLEDs and organic filed-effect transistors (OFETs).

Photoconductivity and photo-switching

In addition to the interesting luminescence, filed emission,
and charge transport properties discussed in previous three
sections, recent work by Shao’s group [42, 43, 65, 105]
suggested that a series of 1D MQ,, complex nanomaterials
could be found potential applications in nanoscale opto-
electronic devices, owing to their unique photoconductive
and photo-switching characteristics.

Among, the strong and stable luminescent ZnQ, nano-
ribbons were found to be sensitive to light [43]. As shown
in Fig. 9a, the I-V curves measured in dark (curve I) and
under illumination (curve II) both exhibited good linear
behavior, which proved a fine ohmic contact between the
ZnQ, nanoribbons and Au electrodes. The current of the
nanoribbons rapidly increased under illumination with an
incandescence lamp. In these cases, the energy from the
light excited the electrons in the ZnQ, semiconductor
nanoribbons from the valence band into the conduction
band, increasing the charge carrier concentration via direct
electron—hole pair creation and thus enhancing the current
of the nanoribbons. Figure 9b shows the reversible photo-
response characteristic of the ZnQ, nanoribbons during
light switching on/off. Obviously, the current through the
ZnQ, promptly increased or decreased in accordance with
the illumination on/off. It was suggested that the ZnQ,
nanoribbons showed high photo-sensitivity, the current of
which was enormously enhanced by approximately 24
times compared with the current in dark.

Likewise, the AlQ;, CdQ,, and MgQ, nanoribbons
exhibited the excellent photoconductivity, and fast,
reversible photo-switching responses under on/off light
exposure conditions [42, 65, 105]. These MQ, complex
nanoribbons with unique optoelectronic properties are
thought to be useful in the fabrication of photo-sensor and
photo-switch nanodevices in the future.

Applications of 1D MQ,, complex nanomaterials

The most fundamental application of 1D MQ, complex
nanomaterials was to construct various optoelectronic
devices, such as LED devices [50, 91], photo-sensors [39,
72], and photo-switches [42, 43, 105] based on wire-like,
rod-like, or ribbon-like MQ,, complex nanomaterials. When
they were fabricated into LED devices, take AlQs; nano-
wires, for instance, the performance of the resultant devices
was enhanced considerably on decreasing the wire
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Fig. 9 a I-V curves of a bundle of ZnQ, nanoribbons measured in
dark (curve I) and under illumination by using an incandescence lamp
(12 'V, 10 W) (curve II), and the optical microscope image of a
bundle of ZnQ, nanoribbons between two Au electrodes (inset).
b Photoresponse characteristics of the device during light switching
on/off. A voltage of 0.01 V was applied across the Au—Au electrodes,
and the current was recorded during the light alternatively on and off
at 20 s intervals [43]

diameter [50]. Using the driving voltage of 12.5 V, the
external quantum efficiencies of the devices prepared from
AlQ3 nanowires with diameters of 80, 60, and 40 nm were
0.28, 0.58, and 0.90%, respectively. When these materials
applied in sensing, the ZnQ, nanorods were found to be
sensitive to several proteins, such as human serum albumin
(HSA), bovine serum albumin (BSA), bovine hemoglobin
(Hb), and egg albumin (EA), displaying protein-concen-
tration dependence of both PL and resonance light scat-
tering (RLS), which provided a feasible way to build
photo-sensors and probes [39]. Contrastively, the CdQCl
nanowires, when combined with biocatalytic growth of Au
nanoparticles, could be developed into a new fluorescence
sensor for H,O, and glucose detection [72].

Another important utilization of these materials was
display application owing to their unique field emission
characteristics [38, 41, 45]. Most of 1D MQ, complex
nanomaterials and their derivatives exhibited the stable field
emission behavior, relatively low-threshold voltage and
high-emission current density, implying these materials

were attractive emitters for field emission application [48—
50, 73]. Numerous advantages of these materials, such as
low-cost, easy preparation, and good flexibility would be
favored in the fabrication of field emission displays.

In addition, these 1D organometallic nanostructures
were considered to be novel wire-templates for the prepa-
ration of different nanomaterials. Such as GaQs; nanowires
were used as wire-templates to form alumina nanotubes
after the removal of GaQj; templates by dissolving in tol-
uene or by heat treatment [49].

Conclusions and outlook

MQ,, complexes belong to one class of the most important
light-emitting and electron-transporting materials. Their
1D nanomaterials are good candidates for the development
of micro/nano-scale devices, sensors, and other novel
applications due to their flexible structures, excellent
optoelectronic properties, and various synthetic strategies.
This article reviews current progress in the synthesis of 1D
nanostructrured MQ,, complexes and summarizes their
optoelectronic  properties and applications. Although
diverse synthesis strategies including vapor phase growth,
solution phase growth, self-assembly, and several new
methods have been developed, precise control of their
structures and performances, as well as systematic inves-
tigation of the habits of MQ, nucleation and growth are
relatively lacking. Much effort has so far been made to
promote their applications associated with the intriguing
properties including luminescence, field emission, charge
transport, photoconductivity, and photo-switching. How-
ever, the depicted application researches, such as LED
devices, photo-sensors, photo-switches, filed emission, and
templates, are still limited in laboratory.

Therefore, many challenges remain in this area. First,
there are strong requirements to develop universal and
facile methods for the synthesis of 1D nanoscale MQ,
complexes with desired morphology and size, especially
for the fabrication of hollow nanotubes, three-dimensional
(3D) hierarchitectures and advanced composites. Second,
another challenge is to promote the applications of the
devices based on them to an industrial level. The overall
performances of their devices need to be improved, and
new application areas including solar cells and organic
transistors should be exploited. Thirdly, in order to obtain
1D MQ,, nanomaterials with unique properties and con-
trollable structures, the molecular design and modification
of MQ,, complexes are still a great challenge as well as a
good chance. The above aspects of 1D nanostructured MQ,,
complexes and derivatives, though still in their infancies,
provide many prosperous opportunities for researchers in
the area of organometallic nanomaterials.
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