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ABSTRACT: A new unsymmetrical phthalocyaninato zinc complex with typical amphiphilic nature,
namely 2,3-di(4-hydroxyphenoxy)-9,10,16,17,24,25-hexakis(n-octyloxy)phthalocyaninato zinc,
Zn[Pc(OC4H,,)(OPhOH),], has been designed, synthesized, and characterized by arange of spectroscopic
methods. The Langmuir monolayer of this amphiphilic complex has been used as not only an organic
template but also as a good functional organic material to produce the monodispersed nanoparticles of
Zn[Pc(OC4H,,)(OPhOH),]/ZnS nanocomposite. In addition, multilayer pure and hybrid films have also
been obtained by depositing monolayers of the amphiphilic complex and Zn[Pc(OC¢H,,)s(OPhOH),]/
ZnS nanocomposite, respectively, using the Langmuir—Shifer (LS) method. Surface pressure-area
isotherms, UV-vis spectroscopic, and XRD studies indicate that the molecules adopted a face-to-face
configuration and edge-on orientation in both the multilayer pure LS and Zn[Pc(OC¢H,,)((OPhOH),]/
ZnS hybrid films. In particular, current—voltage (I-V) measurements reveal the superior conductivity
of the Zn[Pc(OC¢H,,)((OPhOH),]/ZnS hybrid film nanocomposites to that of the stand-alone films,
and this is due to the existence of the densely packed molecular architecture in the film matrix and the
large interfacial area between the two components. These characteristics remove the charge transporting
bottleneck by creating an interpenetrating consistent thin film of hybrid materials. The result sheds
lights on new ways for developing organic-inorganic hybrid nanostructures with good semiconducting
properties.
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properties [1-7]. The combined unique properties offered
by both organic and inorganic components on a nanoscale
level make such nanocomposites attractive for an
extensive range of applications including next generation
optics, optoelectronic nano-devices, thin-film field-effect
transistors, chemical or biological sensors and catalysts
[8]. Many organic/inorganic hybrid nanostructure
films of CdSe, CdS, TiO,, Au, ZrO, and MoS, have
been fabricated depending on hydrogen bonding, van
der Waals contacts, and/or electrostatic interactions
between organic and inorganic components [8, 9]. Quite
recently, growing of inorganic nanostructures directly
on the organic template by controlled modification of
interface has attracted considerable research interest as
a new and facile approach to fabricate semiconducting
nanostructures [8—13]. For example, the twisted
nanoribbons of ethyl methacrylate were employed as
the template for preparing helical cadmium sulfide
(CdS) semiconductor [14]. The patterned self-assembled
monolayers of alkanethiolates on gold were used as the
template to prepare the cube-shaped CdS nanoparticles
[15]. In addition, an aminopyrene-modified carbon
nanotube has also been served as an excellent template
to fabricate the nanoscale CdS clusters and silica
nanoparticle hybrids [16, 17]. Very recently, graphene-
ZnS nanocomposites were succesfully prepared by
growing the ZnS nanoparticles directly on the graphene
oxide nanosheets using a facile two-step wet chemistry
process, which exhibit visible light photoactivity towards
selective oxidation of alcohols and alkenes under ambient
condition [18].

As one of the typical representatives of the functional
molecular materials with large conjugated electronic
molecular structure, phthalocyanines have been widely
applied in flexible display and active-matrix electronic paper
as well as smart cards in low-cost memory devices due to
their unique optical, electrical, and magnetic properties [19].
The fabrication of ordered nanostructures of these functional
molecular materials has also been well studied in the past
decade [20-26]. Recently, one-dimensional nanowires of an
unsymmetrical phthalocyaninato zinc derivative fabricated
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by the interfacial self-assembly were found to display a
significantly improved semiconducting properties due to
the highly ordered supramolecular structures [27-29]. As
part of our continuous effort to construct high-performance
phthalocyanine-based semiconducting materials [19b,
19c], herein we describe the synthesis and characteriza-
tion of an amphiphilic unsymmetrical phthalocyaninato
zinc complex, namely 2,3-di(4-hydroxyphenoxy)-9,10,-
16,17,24,25-hexakis(n-octyloxy)phthalocyaninato zinc,
Zn[Pc(OC4H,,)s(OPhOH),], Scheme 1. The Langmuir
monolayer of this amphiphilic complex has been used as
not only an organic template but also the good functional
organic material to produce the monodispersed nanoparticles
of Zn[Pc(OCsH,,)s(OPhOH),]/ZnS nanocomposite. The
organic/inorganic hybrid multilayer films of the
Zn[Pc(OC4H,;)s(OPhOH),]/ZnS nanocomposite have also
been obtained by depositing monolayers of this amphiphilic
complex containing uniformed ZnS nanoparticles using the
Langmuir—Shifer (LS) method. In particular, the resulting
Zn[Pc(OC4H,,)s(OPhOH),]/ZnS hybrid film exhibited
an remarkablely enhanced conductivity relative to the
respective single component ones.

RESULTS AND DISCUSSION

Molecular design, synthesis, and electrochemistry

For the purpose of preparing unsymmetrical phthalocya-
ninato zinc complex with good amphiphilic nature, six
hydrophobic octyloxy chains and two hydrophilic hydroxy-
phenoxy groups were simultaneously introduced onto
the periphery of one phthalocyanine chromophore. As
shown in Scheme 1, the target 2,3-di(4-hydroxyphenoxy)-
9,10,16,17,24,25-hexakis(n-octyloxy)phthalocyaninato
zinc complex, Zn[Pc(OCH,,)(OPhOH),], was synthesized
by mixedcyclictetramerization of4,5-di(n-octyloxy)phthalo
nitrile and 4,5-di(hydroxyphenoxy)phthalonitrile with
the zinc ion as a template [24, 25]. Its matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF)
spectrum showed the molecular ion (M)" signal with
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Scheme 1. Synthesis of Zn[Pc(OCgH,,)s(OPhOH),]
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correct isotopic pattern, Fig. S1 (Supporting information).
The unsymmetrical molecular structure for this novel
phthalocyanine compound was unambiguously revealed
by its '"H NMR spectrum. Yield 10 mg (10%). 'H NMR
(CDCl,;, 400 MHz): §, ppm 5.32 (12H, t, -OCH,), 4.83
(12H, m, -OCH,CH,), 3.51 (12H, m, —-OCH,CH,CH,),
1.59-1.64 (48H, m, —OCH,CH,CH,(CH,),), 0.93-0.97
(18H, m, -O(CH,),CH,), 7.07-7.10 (8H, m, —OPh), 7.02
(2H, s, -OPhOH), 7.54 (2H, s, Ph), 7.88-7.90 (4H, d, Ph),
9.93 (2H, s, Ph). MS (FAB): m/z 1564 (calcd. for [M + HJ*
1559.4).

Pressure—area isotherms of the
Zn[Pc(OCsH,,)(OPhOH),] monolayers

Figure 1 shows the reproducible pressure—area (T—A)
isotherms of the Zn[Pc(OC¢H;,)s(OPhOH),] monolayer
on the surfaces of pure water and 0.5 mM ZnSO,
aqueous solution, respectively, at room temperature.
The stable monolayer can be obtained, having limiting
molecular area (extrapolated to ® = 0 for condensed
region) of 1.52 and 1.69 nm?® per molecule on the
surface of pure water and ZnSO, aqueous solution,
respectively. These values are slightly bigger than that of
the projection for a perpendicular standing molecule of
Zn[Pc(OCgH,;)s(OPhOH),] estimated from the minimized
structure, Scheme S1 (Supporting information), 1.40
(3.10 nm x 0.45 nm) nm*molecule, but much smaller than
amolecular planar area with a Zn[Pc(OCgH,;)((OPhOH),]
molecule facing on water surface, 8.99 nm? (2.90 nm x
3.10 nm) nm*molecule. An edge-on conformation with
the hydrophilic hydroxyphenoxy groups staying close
to the water (or ZnSO, aqueous solution) surface and
the hydrophobic octyloxy chains obliged towards the
air phase would then be the most possible orientation
of Zn[Pc(OC¢H;,)s(OPhOH),] molecules. This is in line
with the stacking patterns reported previously for the
Langmuir films of substituted phthalocyaninato deriva-
tives [23a, 30]. In addition, the bigger mean molecular
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Fig. 1. n—A isotherms for the monolayer of Zn[Pc(OC¢H,,)¢-
(OPhOH),] on the surfaces of pure water (solid line) and
0.5 mM ZnSO, aqueous solution (dashed line), respectively
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Fig. 2. UV-vis absorption spectra of Zn[Pc(OCgH,,)s(OPhOH),]
in CHCI; solution (dotted line), Zn[Pc(OCgH,,)s(OPhOH),]
pure LS film (dashed line), and Zn[Pc(OC¢H,,)s(OPhOH),l/
ZnS hybrid film (solid line)

area(1.69nm?permolecule) of Zn[Pc(OC H,,)s(OPhOH),]
on ZnSO, aqueous solution than that on the pure water
subphase (1.52 nm? per molecule) suggested the stronger
interaction between the Zn[Pc(OCgH,;);(OPhOH),]
molecules and the Zn** subphase.

UV-vis absorption spectra

Figure 2 compares the UV-vis absorption spectra of
Zn[Pc(OCg¢H;,)s(OPhOH),] in chloroform solution and in
the pure LS film as well as Zn[Pc(OC¢H,,)s(OPhOH),]/
ZnS hybrid film. The absorption spectrum of
Zn[Pc(OCg¢H;,)s(OPhOH),] in chloroform solution dis-
plays a typical Soret band at 337 nm and the main Q-band
at 681 nm with the vibrational shoulder at 615 nm, in line
with the previous reports for monomeric phthalocyaninato
metal complexes [31, 32]. However, after being fabricated
into the pure LS film, the main Q-band is broadened and
blue shifted from 681 to 622 nm, Fig. 2, indicating the
formation of H aggregates in the multilayer films due
to the strong m—7 interaction between phthalocyanine
molecules [31, 33]. By comparing the electronic
absorption spectra of the Zn[Pc(OC¢H,,)s(OPhOH),]/
ZnS hybrid film and the pure LS film, Fig. 2, one can
see that the Zn[Pc(OC4H,,)¢(OPhOH),]/ZnS hybrid film
exhibits a higher absorption intensity in the wavelength
region below 400 nm, very similar to the absorption
of nanosized ZnS particles on the graphene sheet [18].
However, the main Q-band of Zn[Pc(OC¢H,,)s(OPhOH),]
in the hybrid film still showed a blue-shift from 681 nm to
662 [(637 + 687)/2] nm, suggesting the similar packing
behavior of Zn[Pc(OC¢H,,)s(OPhOH),] molecules in
both pure and hybrid film. It is worth noting that the more
marked shift in the pure LS film than that in the hybrid
film indicates that a stronger intermolecular interaction
for the Zn[Pc(OCg¢H,;)s(OPhOH),] molecules existed in
pure film than that in the hybrid one. This in turn suggests
the significant effect of the ZnS nanoparticles on the
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Fig. 3. X-ray patterns for the LS films of Zn[Pc-
(OC4H,,)s(OPhOH),] (a) and Zn[Pc(OC4H,,)s(OPhOH),]/ZnS
(b) deposited on SiO, substrate. The insets are the schematic
packing modes of the Zn[Pc(OCgH,;,)s(OPhOH),] molecules
in pure LS film and hybrid film, respectively. The insets are
schematic packing modes of the Zn[Pc(OCH,,)(OPhOH),] pure
LS film and Zn[Pc(OC¢H,,)s(OPhOH),]/ZnS hybrid film

intermolecular interaction of Zn[Pc(OCzH,,)s(OPhOH),]
molecules in the hybrid film, which is in accordance with
the conclusion deduced from the XRD studies as detailed
below.

X-ray diffraction patterns

The internal structures of Zn[Pc(OCgH,,)s(OPhOH),]
and Zn[Pc(OCH,,)((OPhOH),]/ZnS LS films are
further assessed using the out-of-plane (OOP) X-ray
diffraction (XRD) technique. As shown in Figs 3a
and 3b, in the low-angle range, the XRD patterns of
both pure Zn[Pc(OCgH,,)s(OPhOH),] film and Zn[Pc-
(OCg¢H,,)¢(OPhOH),]/ZnS  hybrid film exhibit the
(001) Bragg peak at 20 = 3.14° and 3.46°, respectively,
corresponding to a periodic spacing distance of 2.82 and
2.55 nm for Zn[Pc(OC¢H,,)s(OPhOH),] molecules in
the solid films, respectively. Consequently, orientation
angles of the Pc ring with respect to the substrate surface
of ca. 76.5° and 61.5° are estimated, respectively, for
Zn[Pc(OCsH,,)s(OPhOH),] in pure and composite films
based on the width of Zn[Pc(OCgH,;)s(OPhOH),] (2.9 nm)
taken from the energy-optimized molecular structure,
Scheme S1 (Supporting information). A slipped co-facial
stacking mode with an “edge-on” configuration (H
aggregate) on the surface of the substrate was then
achieved for Zn[Pc(OC¢H,,),(OPhOH),] in either pure

Copyright © 2016 World Scientific Publishing Company

or composite film (as shown in the insets of Fig. 3) [28].
This is in line with the UV-vis absorption result. It is
worth noting that a slightly smaller monolayer thickness
of Zn[Pc(OC¢H,,)¢(OPhOH),] in the Zn[Pc(OC¢H,,),-
(OPhOH),]/ZnS hybrid film than that in the pure film should
be attributed to a greater planar conformation of the Pc
molecule in the composite film, which is in agreement with
the experimental observation of the t—A isotherms. Further-
more, these results also indicate that the orientation and
packing model of Zn[Pc(OCgH,,)s(OPhOH),] molecules
are determined primarily at the air—water interface, which do
not change significantly from the water surface to the solid
substrates. This result is in line with the findings reported
previously [31]. In addition, in the wide angle region, the
OOP XRD pattern of pure Zn[Pc(OC¢H,,)c(OPhOH),] LS
film, Fig. 3a, presents two diffractions at 0.31 and 0.23 nm,
respectively, which can be attributed to the distance of
n—7 stacking distance from Pc rings between the adjacent
Zn[Pc(OC4H,;)s(OPhOH),] molecules and the distance
between hydrogen-bonding hydroxyl oxygens [27, 32-34].
However, in the 20 range of 20°-60°, the OOP XRD
pattern of the Zn[Pc(OCsH,,)s(OPhOH),]/ZnS hybrid film
exhibited three diffraction peaks, which were assigned
to the (100), (110), and (112) planes of the hexagonal
phase of wurtzite ZnS for the nanoparticles formed on the
Zn[Pc(OC4H,;)s(OPhOH),] film, according to JCPDS file
no. 12-0688, Fig. 3b. Nevertheless, no diffraction from
the hydrogen-bonding between hydroxyphenoxy groups
of Zn[Pc(OC¢H;,)(OPhOH),] molecules was detected in
the Zn[Pc(OC¢H,,)s(OPhOH),]/ZnS hybrid film, while
an increased distance from m—m stacking at 0.34 nm
between adjacent Pc rings of Zn[Pc(OC¢H,,)¢(OPhOH),]
molecules was observed, in comparison with that for the
pure Zn[Pc(OC¢H,;)s(OPhOH),] LS film. This again
suggests the obvious influence of the ZnS nanoparticles
grown on the organic template to the assembly structure of
Zn[Pc(OC4H,;)s(OPhOH),] molecules in the hybrid film.
The OOP XRD patterns in combination with AFM analysis
of the samples provided exclusive evidence for the formation
of the ZnS nanoparticles in the Zn[Pc(OC¢H,;)s(OPhOH),]
film (vide infra).

Morphology

The surface morphologies of Zn[Pc(OC¢H,;)s-
(OPhOH),] pure LS film and Zn[Pc(OCgH,,),(OPhOH),]/
ZnS hybrid film were examined by atomic force
microscope (AFM). As revealed in Fig. 4, depending on
the hydrogen bonding and intermolecular ©—m interaction
among neighboring phthalocyanine molecules, the
Zn[Pc(OC¢H,,)s(OPhOH),] LS film prepared from the
surface of pure water results in the unique reticular-like
nanostructures with ca. 550 nm in length and 140 nm
in width, giving a root mean square (rms) roughness
value of 12.8 nm, Fig. 4a. After the formation of ZnS
nanostructures on the Zn[Pc(OCgH,,;)s(OPhOH),] film,
the resulting Zn[Pc(OC4H,,)s(OPhOH),]/ZnS hybrid
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Fig. 4. AFM images of Zn[Pc(OCsH,,)s(OPhOH),] pure LS film (a) and Zn[Pc(OCgH,,)s(OPhOH),]/ZnS hybrid film (b) on HMDS-

treated Si/SiO, substrate

film exhibits a granular nanostructure with uniform
grain crystallites and the average diameter of ca. 65 nm,
Fig. 4b. A rms roughness value of 2.67 nm is achieved,
typical of a particularly smooth surface film-structure
without large grain boundaries. The more uniform grain
size, much lower rms value, and higher grain crystallinity
for the Zn[Pc(OC¢H,,)¢(OPhOH),]/ZnS hybrid film in
comparison with those of Zn[Pc(OC¢H,,)s(OPhOH),]
pure LS film are expected to induce fewer traps and/or
defects localized around the grain boundaries, which
in turn becomes responsible for the improved carrier
mobility of the former hybrid film [35, 36].

I-V properties

The semiconducting properties of both Zn[Pc-
(OC¢H,,)¢(OPhOH),] pure LS film and Zn[Pc(OCgH;)s-
(OPhOH),]/ZnS hybrid film were investigated by current—
voltage (I-V) measurements, Fig. 5. According to the
equation reported in the literatures [37, 38], the electrical
conductivity of Zn[Pc(OC¢H,;)s(OPhOH),]/ZnS hybrid
film extracted from the quasilinear region at low bias
(up to 40 V) was estimated to amount to around 3.78 X
10° S.cm™', which is more than ca. 1 order of magnitude
larger than that of the Zn[Pc(OC4H,,)s(OPhOH),] pure
LS film with the value of ca. 2.87 x 107 S.cm™ and
three orders of magnitude larger than that of the bulk
ZnS crystals (~10° S.cm™) [39] (it is noteworthy that
the [-V measurement experiments were repeated for
more than three times on different pieces of films).
Obviously, the Zn[Pc(OC4H,,)s(OPhOH),]/ZnS hybrid
film displays a significantly enhanced conductivity
relative to that of either the bulk ZnS crystals or pure
Zn[Pc(OC¢H,,)s(OPhOH),] LS film due not only to
the higher film quality (more uniform grain size, much
lower R, value, and higher crystallinity) for carrier
transport in the hybrid film but more importantly to the
existence of the densely packed molecular architecture
of the Zn[Pc(OC¢H,,),(OPhOH),] and ZnS nanoparticles

Copyright © 2016 World Scientific Publishing Company
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Fig. 5. I-V curves measured for the Zn[Pc(OCgH,,)s(OPhOH),]
pure LS film (w) and Zn[Pc(OC4H,;)s(OPhOH),]/ZnS hybrid
film (A) deposited on ITO IDEs/glass substrate, respectively

(as dopants) in the film matrix that would be easier for
creation of charge carriers.

EXPERIMENTAL

Chemicals and measurements

All solvents were dried and distilled according to
standard procedures. All other solvents and reagents such
asZn(OAc), - 2H,0 were used as received. All air-sensitive
reactions were carried out within nitrogen-filled space.
N,N-dimethylformamide (DMF) and dichloromethane
(CH,Cl,) were freshly distilled just before use. Column
chromatography was carried out on silica gel (Merck,
Kieselgel 60, 200-300 mesh) with the indicated eluent.
2,3-di(4-hydroxyphenoxy)-9,10,16,17,24,25-hexakis-
(n-octyloxy)phthalocyaninato zinc complex, Zn[Pc-
(OC4H,;)s(OPhOH),], was synthesized and purified
according to the published procedure [24, 25].

J. Porphyrins Phthalocyanines 2016; 20: 1338—1341



CONTROLLED PREPARATION OF ZNS NANOPARTICLE ARRAYS IN LANGMIUR MONOLAYER OF AN UNSYMMETRICAL

NMR spectra were recorded with Bruker Avance 400
spectrometer at 298 K using partially deuterated solvents
as internal standards. Chemical shifts (8) are denoted in
ppm. Electronic absorption spectra were recorded on a
Hitachi U-4100 spectrophotometer. X-ray diffraction
experiment was carried out on a Brucker D8 FOCUS
X-ray diffractometer. AFM images were collected
under ambient conditions using the tapping mode with a
Nanoscopelll/Bioscope scanning probe microscope from
Digital instruments.

Synthesis of Zn[Pc(OCH,,)s(OPhOH),]

A mixture of 4,5-di(n-octyloxy)phthalonitrile (0.201
mmol, 77.2 mg), 4,5-di(hydroxyphenoxy)phthalonitrile
(0.067 mmol, 23.0 mg), Zn(acac),-2H,0O (0.168 mmol,
37.0 mg) in dry n-octanol (2.0 mL) were heated to 250°C
for 0.5 h under N, atmosphere. After being cooled to room
temperature, the residue left was chromatographed on a
silica gel column with CHCI,/CH;OH as eluent. Repeated
chromatography followed by recrystallization from CHCl,
and methanol gave pure compound as a green powder.

Formation of the nanocomposite and the
preparation of pure and hybrid films

An aqueous solution of ZnSO, (5 x 10* M, pH = 5.5)
in ultrapure water with resistivity greater than 18 MQ.
cm’! was used as the subphase. A beaker filled with
the subphase and the Na,S aqueous solution that was
used to produce H,S gas, respectively, were placed in
a sealed 7.8 L container. The Langmuir monolayer of
Zn[Pc(OC¢H;,)s(OPhOH),] was formed by spreading
5 uL 5 x 10* M Zn[Pc(OCH;,)s(OPhOH),] chloroform
solution onto the 5 x 10* M ZnSO, aqueous solution
surface of 25.6 cm’ The mean molecular area was
calculated to be 1.70 nm? which corresponds to the
molecular area obtained by the m—A isotherm from
Langmuir trough (NIMA 622, Great Britain). After
evaporating the organic solvent for 15 min, H,SO,
was poured into the Na,S aqueous solution to produce
H,S and the container was sealed immediately. After a
reaction time of 30 min, the monolayer was transferred
onto Si/SiO, and quartz slides, respectively, by the
Langmuir—Shifer (LS: horizontal transfer) method for
AFM, X-ray diffraction, UV-vis and I-V measurements.
The pure LS film was obtained by depositing monolayers
of the amphiphilic complex at a constant surface pressure
of 20 mN.m™' by using the LS method.

Device fabrication

The fundamental electrical measurements were
performedusing a Hewlett-Packard (HP)4140B parameter
analyzer at room temperature. I-V curves were registered
in the -60 to 60 V voltage range with 5 V increments,
starting and finishing at 0 V bias to avoid irreversible
polarization effects. All experiments have been conducted

Copyright © 2016 World Scientific Publishing Company

at least twice to ensure the reproducibility. A 20 nm-thick
gold interdigitated electrode (IDE) array composed of
6 pairs of Au electrode digits was deposited on a SiO,/
Si substrate via a shadow mask. The interelectrode
spacing and overlapping length of the IDE were 0.24 and
2.60 mm, respectively. Zn[Pc(OC¢H,,)s(OPhOH),] pure
and Zn[Pc(OC¢H,,)s(OPhOH),]/ZnS hybrid LS films
were deposited on Si/SiO, substrate consisting of gold
IDE:s for the -V measurements. The conductivity, G, can
be calculated according to the equation reported in the
previous literatures [37, 38].

CONCLUSION

Briefly summarizing above, a new unsymmetrical
amphiphilic phthalocyaninato zinc complex has been
designed and synthesized. This amphiphilic Zn[Pc-
(OC4H;,)s(OPhOH),] complex can form stable Langmuir
monolayer on the surface of both water and ZnSO,
aqueous solution. By using the Langmuir monolayer
of Zn[Pc(OC¢H,,)s(OPhOH),] as an organic template,
highly uniform ZnS-Zn[Pc(OC¢H,,)s(OPhOH),] hybrid
nanoparticles were prepared. Surface pressure-area
isotherms, UV-vis spectroscopy, and XRD studies indicate
that the Zn[Pc(OCgH,,)s(OPhOH),] molecules adopt a
face-to-face configuration and edge-on orientation in both
the pure LS film and Zn[Pc(OC¢H,,;)s(OPhOH),]/ZnS
hybrid film. Furthermore, comparing to pure LS film (with
conductivity 2.87 x 107 S.cm™) or bulk ZnS crystals (with
conductivity ~10° S.cm™), Zn[Pc(OCgH,,)s(OPhOH),]/
ZnS hybrid film has a significantly larger conductivity
(3.78 x 10° S.cm™). The result achieved is certainly helpful
for the development of new organic-inorganic composite
nanostructures with tunable functionality, which may be
applied in a wide range of electronic and sensor devices.
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