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Self-assembly is a type of process in which a disordered
system with preexisting components forms an organized
structure or pattern as a consequence of specific, local
interactions among its components without any external
direction. Self-assembly of nanoparticles and subsequent
formation of well-defined micro- and nanostructures have
multiple interesting applications in nanosciences and nan-
otechnology. Such a mechanism relies on weak noncovalent
bonds, such as hydrogen and ionic bonds, or van der Waals
and hydrophobic interactions, and it can be applied to
fabricate various complex micro-and nanostructures, such as
flowers, tubes, rods, micelles, films, membranes, mesophases,
particles, and hollow sphere structures.

This special issue addresses the research studies on
fabrication, processing, and applications of self-assembled
nanostructures. It contains sixteen articles including two
reviews and fourteen research articles.

In their paper “A three-dimensional enormous surface area
aluminum microneedle array with nanoporous structure,” P.
C. Chen et al. presented a convenient and cheap method to
fabricate a large surface area 3Dmicroneedle array by micro-
machining, electrolyte polishing, and anodizing processes.
The aluminum microneedle array can be used for chemical
or biological detection. It can also be applied to drug delivery
or storage applications because it can approach painless
injection/extraction and high capacity. Their results provide
a concept that the microneedle covered with nanopore films
such as TiO

2
,WO
3
, Ta
2
O
5
, orMoO

3
can be formed bymicro-

machining, electropolishing, and anodization processes.

In “Synthesis and self-assembly of gold nanoparticles by
chemically modified polyol methods under experimental con-
trol,” N. V. Long et al. studied surface self-attachment and
self-assembly of the as-prepared Au nanoparticles during
evaporation of the mixture of ethanol and Au nanoparticles
without the use of any additives as well as biomolecule
linkers. They showed that the specific collective interactions
of the nanoparticles with liquid and evaporation of liquid
can be controlled by the self-assembly of the arrangements
of Au nanoparticles. The absorption spectra of the solutions
of ethanol and the as-prepared Au nanoparticles show the
strong SPR phenomenon.

In their paper “The geometry variation of as-grown
carbon coils with Ni layer thickness and hydrogen plasma
pretreatment,” Y. C. Jeon et al. synthesized carbon coils using
C
2
H
2
/H
2
as source gases and SF6 as an incorporated additive

gas under thermal chemical vapor deposition system.Ni layer
on SiO

2
substrate was used as a catalyst for the formation

of carbon coils. Ni powder was evaporated to form Ni layer
on the substrate. The formation densities, morphologies,
and geometries of as-grown carbon coils on the substrate
were investigated as a function of the evaporation time for
Ni catalyst layer formation. The characteristics of as-grown
carbon coils with or without hydrogen plasma pretreatment
process were also investigated.

In their review “Devastated crops: multifunctional efficacy
for the production of nanoparticles,” G.Madhumitha and S.M.
Roopan discussed that integration of green chemistry princi-
ples to nanotechnology is one of the key issues in nanoscience
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research. Biological methods were used to synthesize metal
andmetal oxide nanoparticles of specific shape and size since
they enhance the properties of nanoparticles in greener route.
Plant mediated methods devoid the use of toxic chemicals
in the synthetic protocols which has adverse effects on the
environment.

In their paper “Influence of anode area and electrode gap
on the morphology of TiO2 nanotubes arrays,” M. Wang et
al. proposed that the surface morphology of TiO

2
nanotube

arrays which were used in the photocatalytic degradation
of total volatile organic compounds can be modified by
anodization of Ti foils in EG solution consisting of 0.4%
NH
4
F and 5wt% H

2
O using the appropriate anode area

and electrode gap. The effect of anode area and electrode
gap on surface morphology of TiO

2
nanotube arrays was

investigated, and the results show that the highly ordered
TiO
2
nanotube arrays cannot be formed with inappropriate

anode area and electrode gap.
In their review “Function of nanocatalyst in chemistry of

organic compounds revolution: an overview,” K. Hemalatha
et al. performed a literature survey on the subject of nano-
materials application in organic synthesis. The use of green
nanocatalyst for the synthesis of various heterocycles has
advantages such as short reaction time, high yield, inex-
pensive chemicals usage, easy work-up procedure, and very
specific reaction. In most of the reactions, the spent catalyst
can be easily separated from the reaction mixture, also it can
be reused without noticeable change in its catalytic activity.
A wide range of original procedures for synthesizing various
classes of organic compounds, including organic functional
group transformation, have been developed on the basis of
nanoparticles.

In their paper “A covalently imprinted photonic crystal for
glucose sensing,” F. Xue et al. produced a glucose-responsive
photonic crystal hydrogel by synthesizing hydrogel in the
void of PMMA photonic crystal template followed by remov-
ing the template. Molecular imprinting improved the selec-
tivity of the photonic crystal-responsive hydrogel towards
glucose. Improvement of the current CIPC technology aims
to optimize the CIPC composition to make the diffraction
visible, thus allowing promising clinical application in non-
invasive, real-time glucose monitoring.

In “Solvent-dependent self-assembly of 4,7-dibromo-5,6-
bis(octyloxy)benzo[c] [1,2,5] thiadiazole on graphite surface by
scanning tunneling microscopy,” B. Zha et al. investigated self-
assembly of DBT molecule on HOPG surface in different
solvents by STM. Dramatic differences in the 2D ordering are
observed depending on the nature of solvents. When using 1-
phenyloctane, a linear structure is fabricated. Br-Br halogen
bonds are found and were responsible for the formation of
the packing pattern. However, a lamellar structure is formed
by using 1-octanoic acid or 1-octanol as the solvent, in which
the solvent molecules act as a coadsorbed component due to
the hydrogen bonding between DBT molecules and solvent
molecules rather than a dispersant.

In, “QDs supported on langmuir-blodgett films of poly-
mers and gemini surfactant”, T. Alejo et al. used different
Langmuir-Blodgett (LB) films of poly (octadecene-co-maleic
anhydride), PMAO, PS-MA-BEE, and Gemini surfactant

ethyl-bis to study the effect of the substrate coating on
the surface self-assembly of CdSe quantum dots (QDs).
Results showed that all the “coating molecules” avoid the
3D aggregation of QDs observed when these nanoparticles
are directly deposited on mica. Different morphologies were
observed depending on the molecules used as coatings, and
this was related to the surface properties, such as wetting
ability and the morphology of the coated LB films.

In “Self-assembly of ternary particles for tough colloidal
crystals with vivid structure colors,” B. Bao et al. proposed that
large-scale, robust, intense, and structurally color-tunable
polymer crystal films can be fabricated by casting method.
This method is not only simple and feasible, but the as-
obtained polymer crystal films also display brilliant visual
iridescence under natural lighting conditions. Under the
optimal conditions, the obtainedmaterial has the best quality
with suitable film forming rate, which provides basis for
the mass production and application of the colloidal crystal
films with carbon black dopant in coating, cosmetics, and
pigments.

In “Self-assembly and soft material preparation of binary
organogels via aminobenzimidazole/benzothiazole and acids
with different alkyl substituent chains,” T. Jiao et al. studied
the gelation behaviors of binary organogels composed of
aminobenzimidazole/benzothiazole derivatives and benzoic
acid with single/multialkyl substituent chain in various
organic solvents. Results showed that the number and length
of alkyl substituent chains, and benzimidazole/benzothiazole
segment, have played a crucial role in the gelation behavior
of all gelator mixtures in various organic solvents. The length
of alkyl substituent chains has also played an important role
in changing the gelation behaviors and assembly states. Mor-
phological studies revealed that the gelator molecules self-
assembled into different aggregates from wrinkle, lamella,
and belt to fiber with change of solvents.

In “Microwave mediated organic reaction: a convenient
approach for rapid and efficient synthesis of biologically active
substituted 1,3-dihydro-2H-indol-2-one derivatives,” J. Panda
et al. synthesized some Schiff base of Isatin derivatives by con-
ventional and microwave irradiation method. With the help
of microwave synthesis, the yield of product was increased
from 53%up to 84% as compared to conventionalmethod. By
microwave irradiation, the reactions were completed within
4–8 minutes, and the products were obtained in good to
high yields, which reduced the time, waste, and formation of
byproduct. Compounds substituted with electron withdraw-
ing group in Isatin residue showed promising anthelmintic
activities, whereas compounds containing electron donating
group such as compound M8 exhibited poor activity.

In “Inclusion phenomena between the𝛽-cyclodextrin chiral
selector and Trp-D,L, and its use on the assembly of solid
membranes,” H. Meng et al. prepared mono-6-deoxy-6-
(3-methylimidazolium)-𝛽-cyclodextrin tosylate to improve
the application of 𝛽-cyclodextrin for chiral separation. The
separation factor between 𝛽-CD and 𝛽-CD-IL with D, L-Trp
was studied by the saturated solution method and revealed
that the chiral ionic liquid had a higher separation factor
because of its high solubility. The selectivity was reduced as
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the 𝛽-CD-IL content within the membranes increased, while
the sorption selectivity increased.

In their paper “Directed self-assembly of block copoly-
mer for bit patterned media with areal density beyond
1 teradot/inch2,” X. M. Yang et al. fabricated the high density
master template using DSA approach through density mul-
tiplication. To fabricate a servo- and data-integrated BPM
template, a 2-D prepattern can be used for the data zone,
whereas a 1-D trench prepattern is used for the servo zone.
Several challenging key BPM processes have been demon-
strated, including template fabrication, imprint process, and
magnetic dot formation.The bit-patternedmagneticmedia at
1.5 Td/inch2 have been successfully demonstrated.

In their paper “Patterned honeycomb structural films
with fluorescent and hydrophobic properties,” L. Heng et al.
fabricated the patterned porous honeycomb-like film with
the aggregation-induced emission (AIE) property by breath
figure method. Characterization of contact angles indicated
that the patterned porous honeycomb structure can improve
the hydrophobicity of the film, while smooth films have not
shown this function. Furthermore, characterization of the
fluorescence property indicates that the patterned honey-
comb structure films are highly emissive.

In “Sub-15mn silicon lines fabrication via PS-b-PDMS
block copolymer lithography,” S. Rasappa et al. described
the fabrication of nanodimensioned silicon structures on
silicon wafers from thin films of a poly (styrene)-block-poly
(dimethylsiloxane) (PS-b-PDMS) block copolymer (BCP)
precursor self-assembling into cylindrical morphology in
the bulk. The structure alignment of the PS-b-PDMS (33 k–
17 k) was conditioned by applying solvent and solvothermal
annealing techniques. BCP nanopatterns formed after the
annealing process have been confirmed by SEMafter removal
of upper PDMS wetting layer by plasma etching, and it
revealed the formation of silicon nanostructures, notably of
less than 15 nm dimensions.
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Directed self-assembly (DSA) of block copolymer (BCP) holds great promise for many applications in nanolithography, including
the next generation magnetic recording. In this work, directed self-assembly of block copolymer technique has been combined
with rotary stage electron beam mastering to fabricate a circular full track nanoimprint template for bit patterned media (BPM)
fabrication. In order to meet specific requirements in pattern structure and format between the data and the servo zone in a
servo-integrated template, three types of lithographically defined prepatterns, (1) two-dimensional chemical pre-pattern, (2) two-
dimensional low-topographic pre-pattern, and (3) one-dimensional high-topographic pre-pattern, have been explored for DSA
process with two types of commercially available BCP thin film materials: cylinder-forming poly(styrene-b-methyl methacrylate)
(PS-b-PMMA) and sphere-forming poly(styrene-b-dimethylsiloxane) (PS-b-PDMS). All guided BCP patterns exhibit highly
ordered hexagonal close-packed (hcp) structures with high pattern quality. Using these BCP patterns, two polarities of dots-array
templates (hole-tone and pillar-tone) with integrated servo patterns have been fabricated on a fused silica substrate at a density
greater than 1.0 Td/in2. Furthermore, the fabricated master template has been used for UV-cure nanoimprint lithography process
development on 2.5 inch disk size media. Good pattern uniformity in imprint resist has been achieved over an entire 2.4mm wide
band area.The imprint resist patterns have been further transferred into underlying CoCrPt media by ion beam etching. Evidently,
for the first time, the patterned CoCrPt alloy dots (hcp pattern) have successfully been demonstrated at a high density of 1.5 Td/in2
(pitch = 22.3 nm) for a guided media (𝐻

𝑐
≅ 7 kOe) and 3.2 Td/in2 (pitch = 15.2 nm) for an unguided media (𝐻

𝑐
≅ 5 kOe).

1. Introduction

An ever-increasing demand for higher capacity information
storage is forcing the magnetic storage industry to develop
alternative technologies to the currently adopted perpendic-
ular magnetic recording. One of the leading technological
candidates for extending current perpendicular magnetic
recording beyond 1 Teradot per square inch (Td/in2) is the
bit patterned media (BPM) technology, in which magnetic
nanoarrays are fabricated and each “island” in the array
forms a separate recording bit at a sub-25 nm length scale
[1–3]. Obviously, BPM applications present extreme chal-
lenges to today’s lithography capability because of the small
feature size and the tight spacing tolerance requirements.

Electron beam direct writing combined with nanoimprint
lithography is currently considered to be the only choice
for this application [2, 4, 5]. Although high-resolution BPM
dots-array patterning up to ∼4.5 Td/in2 has been previously
demonstrated using direct e-beam writing [6, 7], it still
remains very challenging to achieve a defect-free dense dots-
array pattern over a full disk size area by only using the
conventional e-beam lithography approach even for a master
template fabrication. One of the practical issues we faced
is the extremely long writing time associated with the e-
beam series writing scheme, and the nonchemically amplified
resist (CAR) process makes the problem even worse. For
instance, using ZEP520 e-beam resist, it would take more
than aweek towrite a full 2.5 inchmaster template at a density
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of 1.0 Td/in2. This writing time is significantly longer than
a viable commercial process can tolerate for manufacture.
Therefore, a practical lithographical solution is urgently
needed for BPM applications in hard disk drive industry. One
recently proposed approach to solve this issue is the directed
polymer self-assembly, which combines top-down advanced
lithographywith bottom-up self-assembling block copolymer
(BCP) materials [8–13]. Self-assembling BCP materials can
readily form highly ordered periodic patterns with a variety
of morphologies, such as spheres, cylinders, and lamellae at a
length scale of 5–50 nm.

In patternedmedia fabrication, the e-beam direct writing
is employed to create a prepattern at a lowdensity, followed by
directed self-assembly (DSA) process to improve the pattern
quality and the resolution via BCP density multiplication.
Then, a nanoimprint master template is fabricated through
traditional etch process. After achieving a “perfect” high-
resolution master template, the nanoimprint lithography is
applied to the disk level patterning at a high throughput.
After that, the imprint resist pattern is then transferred into
a magnetic thin film layer by using either a subtractive
process or an additive process, thus forming periodic arrays
of isolated magnetic islands on disk. In addition to the
requirements for very precise imprinting and pattern transfer,
the high throughput and the manageable costs are both
critical for BPM technology to be of value for manufacturing.

In this paper, we focus our study on high-density pattern-
ing for fabrication of BPMmaster templates. We will demon-
strate several DSA approaches in regard to BPMmaster tem-
plate fabrication. Tomeet the specific requirements in pattern
structure and format between the data zone and the servo
zone, we have investigated three types of lithographically
defined prepatterns for DSA process: (1) two-dimensional
(2D) chemical prepattern; (2) 2D low-topographic prepat-
tern; (3) one-dimensional (1D) high-topographic prepattern.
In regards to BCP materials, two types of commercially
available BCP thin films with two different morphologies
will be explored. One is the cylinder-forming poly(styrene-
b-methylmethacrylate) (PS-b-PMMA) with 𝐿

𝑜
from 24.0 nm

to 28.6 nm (𝐿
𝑜
is polymer bulk equilibrium period) (see

Table 1), and another is the sphere-forming poly(styrene-b-
dimethylsiloxane) (PS-b-PDMS) with 𝐿

𝑜
from 12.2 nm to

24.0 nm (see Table 2). PS-b-PDMS has a high Flory-Huggins
interaction parameter (𝜒) value of 0.26 than that of PS-b-
PMMA of 0.06. The advantages of high 𝜒 value material
enable process development at a density much higher than
1.0 Td/in2. As shown in Table 2, PS-b-PDMS can potentially
reach a high density up to approximately 5.0 Td/in2. In this
paper, we have demonstrated several key BPM challenging
processes based on DAS approach, including the following:
(1) fabricating two polarities of BCP dots-array fused silica
templates (hole-tone and pillar-tone)with servo features inte-
grated; (2) developing the UV-cure nanoimprint lithography
process on standard 2.5 inch disk size media; (3) developing
the pattern transfer process to form the nanoscale magnetic
dots array. Evidently, for the first time, the patterned CoCrPt
alloy dots have successfully been demonstrated at a high
density of 1.5 Td/in2 for a guided media, and 3.2 Td/in2 for

Table 1: Cylinder-forming PS-b-PMMA BCP materials.

Density
(Td/in2) 𝐿

𝑜
(nm) 𝑀

𝑛
(kg/mol) PDI

0.9 28.6 37.0-b-16.8 1.07
1.0 27.0 0.9𝑇 : 1.3𝑇 = 7 : 3 (wt./wt.) mixed
1.3 24.0 28.6-b-12.2 1.07

Table 2: Sphere-forming PS-b-PDMS BCP materials.

Density
(Td/in2) 𝐿

𝑜
(nm) 𝑀

𝑛
(kg/mol) PDI

1.3 24.0 13.5-b-4.0 1.07
1.5 22.3 1.3𝑇 : 2.0𝑇 : PS = 4 : 3 : 1 (wt./wt.) mixed
2.0 19.3 12.0-b-2.8 1.09
2.4 17.6 10.0-b-2.5 1.08
3.0 15.7 8.5-b-2.2 1.14
3.2 15.2 3.0𝑇 : 5.0𝑇 : PS = 5 : 2 : 1 (wt./wt.) mixed
5.0 12.2 7.0-b-1.5 1.05

an unguided media. Some lithography challenges associated
with BPM fabrication will be discussed.

2. Experimental Procedure

2.1. Materials. The 150mm (6 inch) diameter silicon or
fused silica wafers were purchased from Shin-Etsu Chemical
Co. and used as substrates for all DSA process develop-
ment and template fabrication. All BCP materials were
purchased from Polymer Source Inc. Two types of BCP
thin films with different molecular weights were used in
our DSA experiments: cylinder-forming PS-b-PMMA (see
Table 1) and sphere-forming PS-b-PDMS (see Table 2). The
homopolymer polystyrene (PS) has a 𝑀

𝑛
of 3.7 kg/mol

(𝑀
𝑛
is number-average molar mass) with a polydispersity

(PDI) of 1.09. In order to get BCP pattern with a special
period number, two BCPs with different molecular weights
are mixed at a certain weight ratio. For example, to get a
BCP pattern with 𝐿

𝑜
= 27.0 nm, which is corresponding to

1.0 Td/in2 in pattern density, two powders of PS-b-PMMA
((37.0-b-16.8) and (28.6-b-12.2)) were mixed at a ratio of
7 : 3 (wt./wt.). All BCP patterns used here exhibit hexagonal
close-packed (hcp) lattice structures. The mono-hydroxyl-
terminated polystyrene (PS-OH)with a𝑀

𝑛
of 3.7 kgwas used

as brush layer for modifying the substrate for better DSA.
Imprint resist was purchased from Molecular Imprints Inc.
The ZEP520 e-beam resist was purchased fromNippon Zeon.
All other chemicals were purchased from Sigma-Aldrich.

2.2. Sample Preparation. The following is a description of
the DSA process. (1) Preparation of fused silica wafers with
the polystyrene brush treatment: the SiO

𝑥
substrates were

pre-cleaned using O
2
plasma ashing at 100∘C for 2 minutes,

spin-coated with PS-OH brush, and then annealed at 170∘C
for 6–8 hr under vacuum. The wafers were then soaked in
toluene for 20 minutes, rinsed with isopropanol (IPA), and
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blow dried with N
2
.The grafted PS-OH brush layer thickness

was about 3 nm. (2) E-beam patterning: the exposure was
performed using a rotary EBW system (Elionix) operating at
100 keV. A 40 nm thick ZEP520 resist was applied on wafers
and baked at 180∘C for 10 minutes. Then, it was e-beam
exposed to write designed prepatterns for DSA. The wafer
was developed for 15–20 seconds using ZED-N50 developer
and then rinsed with deionized (DI) water for 30 seconds.
(3) Surface treatment and resist strip: in order to remove
ZEP520 residue and also breakthrough the PS brush layer
in the patterned holes, the patterned surface was etched by
O
2
plasma etch for 3–5 seconds using Oxford Plasmalab 100

system.A chemical contrast dots-array pattern (SiO
𝑥
exposed

dot areas surrounded by a PS brush matrix) was formed
on the substrate after that the ZEP520 resist was stripped
by soaking in EBR (2-(1-methoxy)propyl acetate (PGMEA)
solution) at 60∘C for about 20 minutes, rinsed with EBR, and
then blown dry with N

2
. (4) Preparation of the BCP thin

film: PS-b-PMMAor PS-b-PDMS thin films were spin coated
with a thickness of (1.2–1.5) 𝐿

𝑜
and thermally annealed in

a vacuum oven at a temperature range of 160–170∘C for 12–
18 hours to reach their equilibrium state. For PS-b-PMMA
films, the PMMA blocks were removed by flood exposing the
wafer to deep ultraviolet (DUV) for 10 minutes then soaking
in acetic acid for 1min.The PS-b-PDMS film was first treated
by CF

4
RIE for 7 sec and then the PS blocks were removed by

O
2
RIE for 20–50 sec. Magnetic materials were etched using

ion beam etching (IBE).

2.3. Characterization. The resist and BCP film thickness were
determined using NanoSpec 6100 system from Nanometrics.
Scanning electron microscopy (SEM) characterization was
conducted using Raith 150 system operating at 10 keV. A
3 nm thick Cr layer was sputtered (ATC 2200 from AJA
International, Inc.) on fused silica wafers to minimize the
charging effect. Magnetic loop was measured by an in-house
magnetometer. AFM measurements were performed in the
tapping mode with NanoScope D3100 system from Veeco
Digital Instruments. 2-D Fourier transforms were obtained
from SEM images using FTL-SE software.

3. Results and Discussion

3.1. BPM Patterning Strategy with DSA. As mentioned in
Section 1, BPM fabrication requires more aggressive lithog-
raphy targets than the semiconductor industry, and the latter
will not provide a lithography solution in time for BPM
application based on the current International Technology
Roadmap for Semiconductors (ITRS 2013). Most likely, the
proposed DSA approach is the only viable solution for
high-density BPM patterning. Figure 1 shows a schematic
illustration of lithography approach for high-density BPM
master template fabrication by combining rotary stage e-
beam lithography with a bottom-up DSA process. Rotary
stage e-beam lithography technique is first used to create a
prepatterned surface, such as a chemically patterned surface
or a topographically patterned surface, whichwill manipulate
the wetting behavior of BCP thin films and guide BCP into

self-assembled domains with different morphologies, such as
spheres, cylinders, or lamellar lines. The topographically pat-
terned surface can be a 2D low-topographic pattern, such as
small pillars or holes array, or can be a 1-D high-topographic
pattern, such as 1D groove pattern. All prepatterns can be
created by today’s advanced lithography techniques, such as
e-beam lithography, 193 nm lithography, imprint lithography,
or EUV lithography. All previous studies from several groups
including ours [14–20] have clearly demonstrated that the
DSAprocess can not only improve the e-beampattern quality
significantly but also can reduce the pattern pitch by a factor
of at least 2, thus reducing the e-beam writing time by a
factor of 4. Because of these advantages over the conventional
e-beam lithography, the DSA approach can possibly make
patterning process available for BPMmanufacturing.

The pattern density in a master template defines the areal
density in patterned media. Among many processing steps
involved in BPM fabrication, fabricating a nearly defect-free
high-density master template is the first most difficult step.
A BPM master template consists of two different pattern
regions: one is the data zone used for storing data, and
another is the servo zone that is used to describe the data in
the data zone. The servo zone contains information such as
head position, timing, and track-following information for a
respective data zone. Individually, for the data zone and the
servo zone, there are two separate requirements in regard to
the pattern structure and format. For instance, the data zone
requires a globally addressable all-dots array, whereas the
servo zone requires a locally aligned segment dots array. To
fabricate a servo-integratedBPMtemplatewithBCPpatterns,
we have investigated several DSA approaches with different
prepatterns schemes. We found that either a 2D chemical or
low-topographic prepattern can be used for DSA in the data
zone. On the other hand, a 1-D groove prepattern is more
likely to be suitable forDSA in the servo zone due to its special
layout requirements.

3.2. Rotary Stage Electron Beam Mastering for Defining DSA
Prepatterns. A highly accurate rotary stage e-beam mas-
tering tool is needed to generate concentric circular track
patterns for disk template fabrication. Different from the X-
Y stage e-beam system, the rotary stage e-beam system uses a
track-by-trackwriting approach. Initially, the beam is focused
on the disk to be written and then the stage would move
to the starting point where the patterning begins. At this
point the beam is blanked on and off to write the patterns
while the stage rotates in a circular track direction. When
the beam completes writing the first circular track it will
be shifted by the predetermined track pitch and the process
starts over until this track is completed and so on until the
beam has reached its full deflection.Then the stage will move
in a radial direction so the process can continue as previously
described. This process continues until a full area of the disk
is written with patterns. As an example, Figure 2(a) shows a
SEM image of ZEP520 resist pattern with a portion of the
patterned several 100 𝜇mwide circular full tracks created by a
rotary stage e-beam system. Figure 2(b) shows a SEM image
of the resist pattern zoomed from one of the patterned tracks.
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Figure 1: Schematic illustration of lithography approach for high-density BPMmaster template fabrication by combining rotary stage e-beam
lithography with a bottom-up DSA process. Rotary stage e-beam lithography is first used to write a low-density prepattern that has either (a)
chemical contrast, (b) low-topographic contrast, such as a 2D dots array, or (c) high-topographic contrast, such as 1D grooves.The prepattern
is then used as guiding structure to perform a DSA process. A high-density BCP pattern can be achieved via BCP density multiplication.

The resist pattern exhibits an hcp pattern with a pattern
pitch 𝐿

𝑝
of 30.5 nm (0.8 Td/in2). Figure 2(c) shows a SEM

image of 6 nm thick Cr dots fabricated after a Cr lift-off
process from the resist pattern shown in Figure 2(b). With
the current rotary e-beam system, an hcp dots-array pattern
at a density of 0.8–1.0 Td/in2 can be routinely achieved using
ZEP 520 e-beam resist. This implies that we would be able
to demonstrate BCP pattern at a density of 3.2–4.0 Td/in2 at
least, if a density multiplication factor of four is applied (BCP
halving the e-beam resist pattern pitch). In order to meet the
patterned media needs, the further tool development should
be focused on the continual improvement in resolution
(beyond the current 1.0 Td/in2) and the overlay alignment
capability. Overlay alignment accuracy in a rotary e-beam
system is critical for servo pattern integration.

3.3. DSA of Cylinder-Forming BCP Using 2D Chemical
Prepatterns. Figure 3(a) shows a schematic representation of
directed self-assembly of cylinder-forming PS-b-PMMA thin

films by a 2-D chemical prepattern. The density multiplica-
tion factor is four in the scheme. The 2-D chemical contrast
in prepattern is created by transferring a positive-tone resist
pattern to the underlying PS-OH brush layer and forming
the prepatterned dots array consisting of the exposed SiO

𝑥

surfaces surrounded by PS-OH brush. The surface pattern
pitch 𝐿

𝑠
in a 2-D chemical prepattern is defined by e-beam

lithography at a relatively low density. This way ensures that
prepattern has a defect density as low as possible for the
subsequent DSA process. As DSA result, Figure 3(b) shows
a large-scale SEM image of PS-b-PMMA BCP pattern with a
pitch 𝐿

𝑝
= 27.0 nm (𝐿

𝑝
is defined as the final pattern pitch

on a substrate), resulting from a chemical prepattern with
a pitch 𝐿

𝑠
= 54.0 nm. The upper side in Figure 3(b) clearly

shows the 1.0 Td/in2 dense BCP dots pattern (hcp) with good
registration aligned to underneath surface prepatterns and
with perfect long-range ordering over the entire prepatterned
area; however, the lower side in Figure 3(b) shows some
random BCP domains in the nonpatterned area. The dark
dense dots on the prepatterned area are cylindrical pores,
which are standing upright with the PMMA block removed
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Figure 2: SEM images of patterns created by a rotary stage e-beam system operating at 100 keV. (a) Large-scale SEM image of ZEP520 resist
pattern including a portion of patterned several 100𝜇m wide patterned circular full tracks. (b) SEM image of a 40 nm thick ZEP520 resist
pattern observed from one of the circular tracks. The resist pattern exhibits an hcp dots array with a pattern pitch 𝐿

𝑝
of 30.5 nm (0.8 Td/in2).

(c) 6 nm thick Cr dots (0.8 Td/in2) after a lift-off process from ZEP520 resist pattern.

and the only PS block matrix remaining. To the contrary,
the cylindrical PMMA block domains on the non-patterned
area are lying down forming random domain structures in
the BCP films. Since the data zone requires the globally
addressable dot arrays, a 2-D chemical prepattern can realize
such criteria well and is more suitable for DSA process in the
data zone.

3.4. DSA of Sphere-Forming BCP Using 2D Low-Topographic
Prepatterns. As a different approach example from the 2D
chemical prepattern, Figure 4(a) shows a schematic repre-
sentation of directed self-assembly of sphere-forming PS-b-
PDMS thin films by a 2D low-topographic holes array resist
prepattern with 𝐿

𝑠
= 2𝐿

𝑜
. In our experiments, the low-

topographic prepattern is a 2-3 nm thick cross-linkable resist
holes pattern that is created by one-step UV-cure imprint
lithography process. Being able to quickly use a large amount

of imprint samples for theDSA, the turnaround time for DSA
process optimization has been reduced quite significantly,
therefore speeding up the template fabrication process. After
an imprint process, the resist thickness needs to be further
reduced to a thickness range of 2-3 nm using O

2
RIE. The

trimmed resist pattern is then modified with PS-OH brush
for a better BCP wetting. Figure 4(b) shows a large-scale
SEM image of an imprint resist pattern (hcp) with an 𝐿

𝑠
=

44.6 nm. The two inserted SEM images in Figure 4(b) show
that after O

2
RIE trim the resist thickness decreases from

the initial thickness of approximately 30 nm (left side image
with a higher contrast) down to 2-3 nm (right side image with
a lower contrast). The resist thickness of 2-3 nm has been
confirmed by our AFMheightmeasurement (see the inserted
AFM image in Figure 4(b)). The reason why a thin 2-3 nm
thickness is preferred to be used for DSA is for the purpose
of pattern transfer convenience. In our experiments, it was
found that a prepattern with a thickness >5 nm could cause a
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Figure 3: (a) Schematic representation of directed self-assembly of cylinder-forming PS-b-PMMA thin films by a 2D chemical prepattern.
The density multiplication factor is 4 (𝐿

𝑠
= 2𝐿

𝑜
). (A) Coating PS-OH brush layer on a substrate, (B) e-beam patterning with a pitch of

𝐿
𝑠
and then O

2
RIE etch, (C) stripping e-beam resist, (D) spin coating of PS-b-PMMA thin film, (E) thermal annealing BCP film, and (F)

removal of PMMA block and the remaining PS block matrix. (b) Large-scale SEM image of PS-b-PMMA BCP pattern (hcp) with a pitch
𝐿
𝑝
of 27.0 nm (1.0 Td/in2). The well-aligned BCP patterns are directed by a 2D chemical prepattern with a prepattern pitch 𝐿

𝑠
of 54.0 nm

(0.25 Td/in2, 𝐿
𝑠
= 2𝐿
𝑜
). The insets are a magnified SEM image of BCP pattern and a 2D FFT graph.

poor dot position sigma during pattern transfer for spherical
BCPs. The corresponding DSA result from the prepattern
shown in Figure 4(b) is presented in Figure 4(c), a large-scale
SEM image of well-aligned PS-b-PDMS BCP pattern with an
𝐿
𝑝
= 22.3 nm (1.5 Td/in2, 𝐿

𝑝
= 𝐿
𝑜
= 1/2𝐿

𝑠
). The bright

dense dots in SEM image are PDMS spheres after the PS block
removed by O

2
plasma etch. It is clearly seen here that all

PDMS spheres align to underneath resist holes-array pattern
very well and the BCP pattern density increases by 4 times. In
our experiments, the nearly perfect BCP pattern is routinely
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Figure 4: (a) Schematic representation of directed self-assembly of sphere-forming PS-b-PDMS thin films by a 2D low-topographic holes
array resist prepattern with 𝐿

𝑠
= 2𝐿
𝑜
. (A) 2D low-topographic holes array resist prepattern is created using imprint lithography at a low-

density, (B) trim the imprint resist thickness down to 2-3 nm by O
2
RIE, and (C) spin coat and DSA of BCP thin film. (b) Large-scale SEM

image of imprint resist pattern (hcp) with a prepattern pitch 𝐿
𝑠
= 44.6 nm (0.375 Td/in2). The insets show that the trimmed resist thickness

from the initial thickness of approximately 30 nm (left zoom-in image) down to 2∼3 nm (right zoom-in image andAFMheightmeasurement).
(c) Large-scale SEM image of PS-b-PDMS BCP pattern (hcp) with an 𝐿

𝑝
= 22.3 nm (1.5 Td/in2). The insets are a magnified SEM image of

BCP pattern and a 2-D FFT graph.

obtained over the entire prepatterned area. Because the data
zone requires a globally addressable dots-array pattern layout,
the 2-D low-topographic prepattern is also suitable for DSA
process in the data zone.

It has been realized that PS-b-PDMS has a higher Flory-
Huggins interaction parameter 𝜒 value of 0.26 than that
of PS-b-PMMA of 0.06. With the commercially available
cylinder-forming PS-b-PMMA material, the highest BCP
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Figure 5: SEM images of various sphere-forming PS-b-PDMS BCP patterns at different densities. (a) 𝐿
𝑜
= 24.0 nm, 1.3 Td/in2. (b) 𝐿

𝑜
=

22.3 nm, 1.5 Td/in2. (c) 𝐿
𝑜
= 19.3 nm, 2.0 Td/in2. (d) 𝐿

𝑜
= 17.6 nm, 2.4 Td/in2. (e) 𝐿

𝑜
= 15.2 nm, 3.2 Td/in2. (f) 𝐿

𝑜
= 12.2 nm, 5.0 Td/in2. All

PDMS patterns shown in (a), (b), (c), and (e) are guided BCP patterns, whereas (d) and (f) are unguided BCP patterns. All BCP samples were
done using thermal annealing process.

density with low molecular weight is about 1.3 Td/in2. How-
ever, the high 𝜒 value PS-b-PDMS BCP material allows us
to conduct the process development for densities beyond
1.0 Td/in2. As shown in Figure 5, we have demonstrated the
aligned spherical PDMS BCP pattern at various densities up
to 3.2 Td/in2, and an unguided PDMS pattern at 5.0 Td/in2.
Figure 6 shows a series of SEM images of 3.2 Td/in2 guided
spherical PDMS BCP patterns (𝐿

𝑝
= 15.2 nm) at different

magnifications. The 3.2 Td/in2 BCP pattern is guided by a
shallow cross-linkable imprint resist holes-array pattern at a
relatively low density of 0.8 Td/in2 (𝐿

𝑠
= 30.4 nm). All high-

density PDMS patterns demonstrated in Figure 6 were done
by thermal annealing process. More process development
on 5.0 Td/in2 samples is still ongoing by solvent annealing
process. Besides a high 𝜒 value in PS-b-PDMS, the PDMS
block can serve as a robust etch mask due to the high silicon

content within BCP.This advantage has been fully used in the
template pattern transfer process.

3.5. DSA of Sphere-Forming BCP Using 1D High-Topographic
Prepatterns. Besides the 2D low-topographic prepattern, 1D
high-topographic prepattern, such as 1D groove pattern, is
also frequently used as DSA guiding prepattern. In the latter
case, the groove sidewall serves as topographic confinements
for BCP self-assembly. Figure 7(a) shows a schematic repre-
sentation of a DSA process that employs a high-topographic
groove pattern to guide both cylinder-forming BCP (upper
one) and sphere-forming BCP (lower one).The groove width
should be defined as close as possible to a desire width of
(√3/2𝐿

𝑜
)𝑛 + 𝑑

𝑜
(𝑛 is the row number of BCP dots and 𝑑

𝑜

is the approximate diameter of BCP dots), so it can exactly
commensurate with the integral row numbers of BCP dots.



Journal of Nanomaterials 9

200 nm

(a)

100 nm

(b)

50 nm

(c)

Figure 6: SEM images of guided sphere-forming PS-b-PDMS BCP patterns with a BCP patch 𝐿
𝑜
= 15.2 nm (3.2 Td/in2) at three different

magnifications. The BCP is directed by a 2-3 nm shallow imprint resist pattern (hcp) with a prepattern pitch 𝐿
𝑠
= 30.4 nm (𝐿

𝑠
= 2𝐿
𝑜
). The

insets show 2-D FFT graphs.

All SEM images from Figures 7(b) to 7(g) show the groove-
guided DSA results with two types of BCP thin films at three
different densities. Two types of groove patterns, chevron and
stripe, were used in our experiments because they are the
mostly used servo patterns in servo zone.The groove patterns
were created by imprint lithography and the groove height
varieswith a range from20 nm to 35 nm. Figures 7(b) and 7(c)
are the groove-guided cylinder-forming PS-b-PMMA BCP
pattern with an 𝐿

𝑝
= 27.0 nm (1.0 Td/in2), whereas Figures

7(d) and 7(e) are the groove-guided sphere-forming PS-b-
PDMS pattern with an 𝐿

𝑝
= 22.3 nm (1.5 Td/in2). As a high

density demonstration using 1-D groove approach, Figures
7(f) and 7(g) are the groove-guided sphere-forming PS-b-
PDMS BCP pattern with an 𝐿

𝑝
= 15.2 nm (3.2 Td/in2). All

BCP patterns (either cylinders or spheres) have the integral
row numbers from 3 to 7 within the groove, and they are
all well aligned to groove sidewalls, as long as the certain
measurability conditions are satisfied. Some extra amounts of
BCP films sitting outside of grooves can be readily removed
by O
2
RIE. The 1-D groove-guided DSA method is the most

likely route to performingDSA in the servo zone, because the
servo zone requires the locally aligned segment dot arrays,
and these servo arrays can be easily distinguished from a non-
patterned area. This idea has been fully implemented in our
servo-integrated template fabrication.

3.6. Fabrication of Hole-Tone and Pillar-Tone Dots-Array
Nanoimprint Templates Using Cylinder-Forming BCP. It is

more important to explore the pattern transfer process for
fabricating a high-density master template using these highly
ordered BCP dot arrays. For PS-b-PMMA BCP films, the
PS pore matrix has much better etch resistance than that
of e-beam resist such as ZEP520 due to the cross-link of
the PS block during DUV flood exposure; therefore, the
PS pore matrix can serve as a soft etch mask to transfer
BCP pattern into underlying fused silica substrate by CHF

3

ion beam etching. A hole-tone dots-array template is then
formed after a wet process is applied to clean the fused silica
substrate. Figure 8(a) shows a schematic representation of
fabricating a hole-tone dots-array fused silica template using
cylinder-forming PS-b-PMMA BCP pattern. The key step in
this process is the fused silica etches using CHF

3
ion beam

etching. Figure 8(b) shows a large-scale SEM image of a hole-
tone dots-array template at a density of 1.0 Td/in2 (𝐿

𝑝
=

27.0 nm). Figure 8(c) shows a fabricated 6 inch dots-array
fused silica template. Amagnified top-down SEM image with
a cross-sectional profile image is shown in Figures 8(d) and
8(e), respectively. It can be clearly seen that the sidewall is
still vertical at such high density, and the etch depth is about
30 nm. As seen in the large-scale SEM image of Figure 8(b),
the pattern quality in fused silica template is nearly defect-
free over a large area.

Once a hole-tone dots-array template is fabricated, an
opposite tone, pillar-tone, dots-array template can be fabri-
cated by applying the additional so-called reverse tone (RT)
process, shown in Figure 9(a). This process is as follows:
starting from a hole-tone dots-array template, it is then
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Figure 7: (a) Schematic representation of directed self-assembly of cylinder-forming or sphere-forming BCP thin films by a 1D high-
topographic groove pattern. (b) and (c) are SEM images of groove-guided cylinder-forming PS-b-PMMA thin films with a pitch 𝐿

𝑝
of 27.0 nm

(1.0 Td/in2). (d) and (e) are SEM images of groove-guided sphere-forming PS-b-PDMS thin films with a pitch 𝐿
𝑝
of 22.3 nm (1.5 Td/in2). (f)

and (g) are SEM images of groove-guided sphere-forming PS-b-PDMS patterns with a pitch 𝐿
𝑝
of 15.2 nm (3.2 Td/in2). All the patterns in

the left columns are chevron patterns, whereas the patterns in the right columns are stripe patterns. The groove height ranges from 20 nm to
35 nm.
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Figure 8: (a) Schematic representation of fabricating a hole-tone dots-array template on a fused silica substrate using cylinder-forming PS-b-
PMMA thin films. (A) spin coating of PS-b-PMMAfilmon a 2-D chemical prepattern surface, (B) thermal annealing BCPfilm, (C) removal of
PMMAblock, and (D) fused silica etch using CHF

3
ion beam etching. (b) Large-scale SEM image of a 1.0 Td/in2 hole-tone dots-array template

(𝐿
𝑝
= 27.0 nm). (c) A fabricated 6 inch fused silica template. (d) Magnified SEM image of a hole-tone dots template and (e) cross-sectional

SEM image of template showing vertical sidewall with an etched depth of about 30 nm.

deposited with a thin Cr layer by evaporation and followed by
a high-angle ion milling process to remove the top capping
Cr layer only, whereas the Cr dots remaining inside the
fused silica holes are saved as a hard etch mask for the
subsequent fused silica deep CF

4
RIE until a pillar-tone

dots-array template is formed on the substrate, as shown
in Figure 9(c). After the fused silica etch, the remaining Cr
residual is removed by wet process using Cr remover. The
etch depth can vary with the CF

4
etch time. It should be

mentioned that the process flow shown in Figure 9(a) is
just an example for pattern transfer demonstration. In fact,
there are many different ways to fabricate a pillar-tone dots-
array template, and it is not necessary to go through a hole-
tone template fabrication process first. In order to make a
pillar-tone dots-array template, a Cr lift-off process (either
wet or dry) is simply used right after the imprint process.
Then, the Cr dots as hard mask are used to etch into fused
silica substrate to from a pillar-tone dots template by CF

4

RIE. Figure 9(b) shows a large-scale SEM image of a pillar-
tone dots-array template at 1.0 Td/in2. Figure 9(c) shows a
cross-sectional SEM image with a tilted view showing that
the etched pillar height is about 25 nm. Our AFM height
measurement has confirmed about that the template top
height variation is controlled within a range of 2-3 nm.
Again, a high quality pillar-tone dots-array template is seen
here. Figure 9(d) shows a tilted SEM image of a patterned
nanoscale “Seagate” logo at a density of 1.0 Td/in2.

3.7. Fabrication of Servo-Integrated Templates Using Cylinder-
Forming BCP. In order to fabricate a servo-integrated tem-
plate with BCP patterns, both the data zone and the servo
zone need to perform DSA process. Due to the different
pattern designs for these two zones, the guiding prepatterns
can be different. As mentioned early in this work, the 2D
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Figure 9: (a) Schematic representation of fabricating a pillar-tone dots-array template based on a hole-tone template. (A) Evaporate a thin Cr
layer onto a fabricated hole-tone dots-array template, (B) high-angle argon ionmilling process to remove the top Cr layer only, (C) fused silica
etch using CF

4
RIE, and (D) strip Cr residues left after CF

4
RIE. (b) Large-scale SEM image of a pillar-tone dots-array template at 1.0 Td/in2.

(c) Cross-sectional and tilted SEM images showing the pillar height of about 25 nm. (d) Tilted SEM image of a patterned nanoscale “Seagate”
logo at a density of 1.0 Td/in2.

dots-array prepattern approach, either a chemical or a low-
topographic prepattern, can be used for DSA in the data
zone, whereas the 1D groove prepattern approach is more
suitable for DSA in the servo zone. Figure 10(a) shows a
schematic representation of fabricating a servo-integrated
template using two types of prepatterns for DSA. All patterns
in these two zones are BCP dots-array features. DSA in
the data zone is guided by a 2D prepattern, whereas DSA
in the servo zone is guided by a 1D groove pattern. We
have fabricated such a servo-integrated template based on
this scheme. Figure 10(b) shows a candela optical image of
imprint resist patterns on a 2.5 inch disk using a fabricated

servo-integrated template. The servo-integrated template has
a 2.4mmwide circular full track.The patterned circular band
contains both the data zone and servo zone at a density of
1.0 Td/in2.The 2.4mmwide band in the template was divided
into three sub zones using zoning strategy to accommodate
the pitch variation restriction in the BCP patterns. Each sub
zone has a band width of 800 𝜇m. The surface prepattern
pitch 𝐿

𝑠
from each sub-zone is reset to 𝐿

𝑜
to match the BCP

natural pitch exactly. Therefore, the BCP commensurability
(either stretching or compressing the polymer chains) is
controlled within their dimensional restriction of ±4% range
in each sub-zone [19]. Under this restriction, the BCP can
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Figure 10: (a) Schematic representation of fabricating a servo-integrated BPM template using two types of prepatterns for DSA. All patterns
in both data zone and servo zone are BCP dots-array features. DSA in the data zone is guided by a 2D dots-array prepattern, whereas DSA
in servo zone is guided by a 1D groove pattern with a top height of 𝐻. (b) Candela optical images of a 2.4mm wide imprint circular full
track on a 2.5 inch disk. The patterned band contains both the data zone and servo zone at a density of 1.0 Td/in2. (c)–(f) are SEM images
of a servo-integrated 1 Td/in2 template fabricated at various stages: (c) BCP pattern. (d) Etched Cr dots as hard mask. (e) Etched fused silica
pillars in the data zone. (f) SEM images of servo zone showing several servo features in the template.

still follow the underlying surface prepattern well to form
defect-free pattern with good long-range ordering. The SEM
images from the Figure 10(c) to Figure 10(f) show a fabricated
1 Td/in2 servo-integrated pillar-tone fused silica template at
various processing stages: BCP pattern (Figure 10(c)), Cr dots
as hard mask (Figure 10(d)), etched fused silica pillars in the
data zone (Figure 10(e)), and in the servo zone (Figure 10(f))
with several servo patterns in the servo zone. The image
analyses for evaluating the size variation and the position

accuracy were also performed in each processing step to
monitor the process. The sigma 𝜎 values for both the size
variation and the placement accuracy are controlled within
a range of 5%-6% in our final template qualification. The
defect density observed in the template is on the order of 10−3
over the entire data and servo zone areas. The high quality
seen in a fabricated BPM template is a direct result of the
advantages of DSA process as opposed to the conventional
e-beam lithography process.
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Figure 11: (a) Large-scale SEM image of imprint resist pattern at 1 Td/in2. The imprint process was conducted on a standard 2.5 inch disk
with a pillar-tone dots-array template at a density of 1.0 Td/in2 (𝐿

𝑝
= 27.0 nm). The insets are a magnified SEM and AFM images from the

data zone. (b) AFM image of imprinted servo features in the servo zone. (c) Cross-sectional AFM measurement showing that the imprint
thickness is about 30 nm (shown by red arrows). The AFM tip cannot reach the bottom of the individual resist hole due to the small hole
diameter (shown by green arrows).

3.8. UV-Cure Nanoimprint Lithography on 2.5 Inch Disk
Size Media. Furthermore, the two polarities of fused sil-
ica templates are used to conduct UV-cure nanoimprint
experiments. The nanoimprint process was performed on a
standard 2.5 inch disk using an Imprio 1100 imprint tool.
The imprinted resist thickness ranges from 20 nm to 50 nm,
depending on the pattern density and the feature height in
imprint template. As a reminder here, a pillar-tone dots-
array template is used to form a holes-array resist pattern,
whereas a hole-tone dots-array template is used to form a
pillars-array resist pattern. A pillars-array pattern can also be
produced by a pillar-tone dots-array template if an additional
reverse tone process is applied, as it has been demonstrated
in our previous work [21]. Therefore, to produce a pillar
resist pattern by a hole-tone dots-array template is preferred
over a pillar-tone dots-array template in terms of the imprint
process simplicity, but in general the hole-tone dots-array
template is more difficult to fabricate at a high density. It
should be also mentioned that which polarity of template

is used for patterned media fabrication depends on the
subsequent magnetic dot formation process, which can be
either an additive process (such as plating or deposition) or a
subtractive process (such as etching or milling). In our recent
experiments, a pillar-tone dots-array template is mostly used
to create a hole-tone dots-array resist pattern for patterned
media fabrication. The experimental results of imprint sam-
ples are presented in Figure 11. Figure 11(a) shows a large-scale
SEM image of imprint resist holes-array pattern from the data
zone area at 1.0 Td/in2. The imprint template used here is
a 1.0 Td/in2 pillar-tone dots-array template fabricated using
cylinder-forming PS-b-PMMA BCP thin films. The insets in
Figure 11(a) are a magnified SEM image and an AFM image
both captured from the data zone area. Figure 11(b) shows an
AFM image of some imprint servo features in the servo zone
with a cross-sectional AFM measurement (Figure 11(c)) that
indicates that the imprint thickness is about 30 nm (shown
by the red arrows). The AFM tip cannot reach the bottom of
the imprint individual hole, due to the small hole diameter
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Figure 12: (a) SEM image of a 1.5 Td/in2 (𝐿
𝑝
= 22.3 nm) pillar-tone dots-array template in the data zone. (b) Cross-sectional SEM image of

the template showing a vertical sidewall with etched pillar height of about 33 nm. (c) 8 nm thick 1.5 Td/in2 CoCrPt dots formed using a 16 nm
thick carbon layer as hard mask and etched into magnetic layer by argon IBE process. (d) Magnetic loop with high coercivity𝐻

𝑐
=̃7 kOe.

(shown by the green arrows). The large-scale SEM image
reveals that imprint resist pattern has a good uniformity over
a large data zone area.

3.9. Fabrication of Patterned Guided CoCrPt Alloy Media at
1.5 Td/in2 and Unguided Media at 3.2 Td/in2. To continue
exploring the usefulness of the imprint resist patterns for
patterned media fabrication, the imprint disks are further
processed to form isolated magnetic islands. Figure 12(a)
shows a SEM image of a 1.5 Td/in2 (𝐿

𝑝
= 22.3 nm) dots-

array template fabricated using sphere-forming PS-b-PDMS
BCPpatterns.The cross-sectional SEM image of this template
is presented in Figure 12(b), showing the vertical sidewall
with an etch depth of about 33 nm. After imprint step on
a disk, a reverse tone process is applied to convert the
initial imprint resist holes pattern into silicon oxide pillars
pattern using HSQ spin coating first and then etch back by
CF
4
RIE. Figure 12(c) shows an etched 1.5 Td/in2 CoCrPt

alloy dots array formed by argon ion beam etching and
with a 16 nm thick carbon layer as the etch mask. The
magnetic loop with high coercivity of approximate 7 kOe is
shown in Figure 12(d). The final pattern transfer success of
forming patterned magnetic media on a disk validates the
functionality of the nanoimprint master template fabricated
with the DSA process. As a high density quick demonstration

over 1.5 Td/in2, we have used an unguided 3.2 Td/in2 PDMS
BCP pattern directly as soft etch mask and transferred the
PDMS patterns into underlying a thin Cr layer using Cl

2

RIE. Then, Cr dots are etched into a thin carbon layer
to form carbon dots using O

2
RIE. Finally, CoCrPt alloy

media are etched using argon ion beam etching. Figure 13
shows SEM images of various 3.2 Td/in2 unguided dots
patterns, including PDMS BCP dots (Figure 13(a)), Cr dots
(Figure 13(b)), carbon dots (Figure 13(c)), and CoCrPt alloy
dots (Figure 13(d)). As shown in Figure 12(e), the patterned
3.2 Td/in2 CoCrPt dots have the coercivity of approximate 5
kOe.

4. Conclusions

In summary, several prepattern approaches for DSA have
been explored for fabrication of the high-density BPMmaster
template. The circular full track master template has been
successfully fabricated at a density of 1.5 Td/in2 by combining
rotary stage e-beammasteringwithDSAprocess. To fabricate
a servo-integrated hexagonal bits template, a 2-D dots-array
prepattern is used for DSA in the data zone, whereas a 1-D
groove prepattern is used for DSA in the servo zone. Several
challenging key processes have been demonstrated, includ-
ing the master template fabrication, UV-cure nanoimprint
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Figure 13: SEM images of various 3.2 Td/in2 unguided patterns for high-density BPM patterning demonstration. (a) SEM image of an
unguided sphere-forming PS-b-PDMS BCP pattern. (b) 3 nm thick Cr dots as hard mask. (c) 12 nm thick carbon dots as hard mask. (d)
8 nm thick CoCrPt alloy dots. The inset is a cross-sectional TEM image. (e) Magnetic loop with coercivity𝐻

𝑐
=̃5 kOe.

lithography on a disk media, and magnetic dots formation
process. For the first time, the patterned CoCrPt alloy dots
have been successfully demonstrated at a density of 1.5 Td/in2
for a guided media and 3.2 Td/in2 for an unguided media. It
should be noted that although a significant progress has been
made in the current work, many lithography challenges still
remain, principally in skew limitation (hcp-based patterns),
in density extensibility, and size variation control. Some
possible solutions, such as new BCP materials for density
further extensibility, atomic layer deposition (ALD) process
for pattern transfer, and patterned rectangular media with
lamellae-forming BCP for no skew limit, are currently under
thorough investigation.
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This paper describes the fabrication of nanodimensioned silicon structures on silicon wafers from thin films of a poly(styrene)-
block-poly(dimethylsiloxane) (PS-b-PDMS) block copolymer (BCP) precursor self-assembling into cylindrical morphology in the
bulk. The structure alignment of the PS-b-PDMS (33 k–17 k) was conditioned by applying solvent and solvothermal annealing
techniques. BCP nanopatterns formed after the annealing process have been confirmed by scanning electron microscope (SEM)
after removal of upper PDMS wetting layer by plasma etching. Silicon nanostructures were obtained by subsequent plasma etching
to the underlying substrate by an anisotropic dry etching process. SEM images reveal the formation of silicon nanostructures,
notably of sub-15 nm dimensions.

1. Introduction

Continuing miniaturisation of microelectronics and nano-
electronics devices strongly demands controlled high density
nanodimensioned structures in wafer scale [1–4]. Feature
size reduction is conventionally achieved following the
usage of UV, e-beam, and X-ray lithographic processes,
for obtaining sub-22 nm device structures [5]. These top-
down methodologies of device fabrication are already well
established in silicon industries for chip miniaturisation in
large scale [6]. They utilize highly expensive light sources
[7], while attainment of smaller length-scale features is
getting increasingly challenging and time consuming due
to the intrinsic serial nature of the top-down methodology
[8]. Alternative intrinsically parallel methodologies based
on bottom-up approaches that exploit block copolymer
(BCP) self-assembly as nanostructure generator are becom-
ing increasingly attractive among researchers [9]. The
potential of such approaches is to generate predictable

sub-10 nm structures at low costs [10, 11]. BCPs like
polystyrene-b-polymethylmethacrylate (PS-b-PMMA), pol-
ystyrene-b-polylacticacid (PS-b-PLA), polystyrene-b-pol-
ydimethylsiloxane (PS-b-PDMS), and polystyrene-b-pol-
yethyleneoxide (PS-b-PEO) of lamellar, cylindrical, or spheri-
cal morphology in combination with different strategies for
control of substrate surface chemistry and pattern alignment
have been used as precursors for nanolithographic masks
[12, 13]. Many applications have been demonstrated for
nanostructuresmade by these BCPs, for example, in the fields
of magnetic, metal oxide, and metallic device fabrication
[14]. However, challenges exist in getting highly packed
device features [15] generated through BCPs.

Nanolithographic mask fabrication from BCPs often
requires lamella or cylinder alignment perpendicular to
the substrate, and this has been achieved by rendering
the substrate surface energy neutral relative to the two
blocks [16, 17]. Covalent anchoring of hydroxyl-terminated
homopolymers or random copolymers onto substrate is one
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Table 1: Details of synthesised polymer characteristics used for the present work.

Molecular weight,
𝑀
𝑛
, g/mol

Polydispersity,
𝑀
𝑤
/𝑀
𝑛

Molecular weight of PS,
𝑀
𝑛(PS), g/mol

Volume fraction
of PS, 𝑓PS

Description

50000 1.03 17000 0.64 PS-b-PDMS
11000 1.05 — — PS-OH

of the most effective techniques of surface modification for
perpendicular alignment of BCPs [18]. It should be noted
that the majority of the studies has been devoted to BCPs
like PS-b-PMMA, PS-b-PLA, and PS-b-PEO. However, PS-
b-PDMS is of particular interest due to its relatively large
Flory-Huggins interaction parameter (𝜒 ∼ 0.26), larger than
the interaction parameters of the BCPs mentioned above
[19, 20]. These BCPs allow for smaller minimum feature
size dimensions that are certainly below the feature size
realized by the established UV-lithography method [21–23].
The fabrication of sub-15 nm and possibly sub-10 nm feature
size structures becomes possible by appropriate design of
nanolithographic masks from PS-b-PDMS.

In this paper, we demonstrate the fabrication of sub-15 nm
silicon nanowires from a synthesized PS-b-PDMS (33 k–
17 k) of total molecular weight of 50 kg/mol and a hydroxyl
terminated PS brush. Device structures are formed using
plasma dry etching where BCP patterns act as a mask and
are transferred into the underlying substrate. It should be
noted that PS-b-PDMS self-assembly results in the formation
of sandwich structures with wetting PDMS layers at the
substrate-polymer and polymer-air atmospheres [24]. This
involves a prior selective etch process of an upper PDMS layer
followed by silicon etch.

2. Materials and Methods

2.1. Materials. Silicon ⟨100⟩ wafers (p-type) were used
with a native oxide layer ∼2 nm. A hydroxyl-terminated
polystyrene, denoted as PS-OHbrush, and a block copolymer
poly(styrene)-block-poly(dimethylsiloxane) (PS-b-PDMS)
were synthesised in our own lab by “living” anionic polymer-
isation [25, 26]. Detailed characteristics of the polymers
are summarized in Table 1. Toluene (99.8%) was purchased
from Sigma-Aldrich and used without further purification.
Deionised (DI) water was used wherever it was essential.

2.2. Preparation of PS-OH Brush Anchored Substrates. Sub-
strates were cleaned in SPTS inductively coupled plasma
(ICP) etch tool by an oxygen plasma of flow rate 30 sccm for
180 s at 2.0 Pa with 1500W and 200W of ICP and reactive-
ion-etch (RIE) power. This effectively removes organic con-
taminants from the substrates. Hydroxyl-terminated PS solu-
tion of 1.0 wt% in toluene was spin-coated onto silicon
substrates at 3200 rpm for 30 s. Samples were baked at
443K s for 4 h, which resulted in the formation of a polymer
brush anchored onto substrates due to condensation reaction
between hydroxyl groups of PS-OH and of silicon native
oxide layer.

2.3. PS-b-PDMS Deposition on Brush Anchored Substrates.
PS-b-PDMS solution of 1.0 wt% in toluene was spin-coated
on silicon substrates modified with the PS-OH brush at
3200 rpm for 30 s. The substrates covered with BCP thin film
on top of the brush layer were then solvent-annealed in a
glass jar under saturated toluene environment at 298K or
at 323K for four different annealing times (varied from 3 h
to 12 h). Samples were removed from oven immediately after
annealing and allowed to dry at ambient conditions.

2.4. Dry Plasma Etching of BCP Thin Films. After solvother-
mal annealing PS-b-PDMS films were subjected to removal
of upper PDMS layer (and partial removal of PS matrix)
using CF

4
and O

2
plasma with 15 sccm and 30 sccm for 15 s

with ICP and RIE powers of 1200W and 30W at 1.6 Pa
pressure. The oxidised PDMS cylinders act as hard mask for
subsequent silicon etching by SF

6
andC

4
F
8
plasma at 70 sccm

and 35 sccmflow ratewith ICP andRIE powers of 1200Wand
200W at 1.9 Pa pressure.

2.5. Scanning Electron Microscopy (SEM). Top-down and
cross-sectional SEM images of polymer mask templates
and silicon nanostructures were obtained by using a high
resolution field emission Zeiss Ultra Plus SEMwith a Gemini
column operating at an accelerated voltage of 3 keV.

3. Results and Discussion

The PS-b-PDMS BCP used in the study possesses a total
molecular weight of 50 kgmol−1 and a PS volume fraction of
64% and shows a thermodynamic equilibrium structure of
cylindrical PDMS domains in a PSmatrix. BCP self-assembly
of PS-b-PDMS (33 k–17 k) was achieved by techniques of
solvent annealing and solvothermal annealing in saturated
toluene environment at 298K and 323K with varying anneal
time. Figures 1(a)–1(h) show top-down SEM images of
PS-b-PDMS patterns after solvent annealing at 298K and
solvothermal annealing at 323K for a set of four different
timings (3 h–12 h).

The upper PDMS layer formed during self-assembly has
been removed by usingCF

4
andO

2
plasma for 15 s afterwhich

the nanopatterns became clearly visible in the SEM images
(Figures 1(a)–1(h)). A schematic illustration of the workflow
for the nanostructuring process is shown in Scheme 1.

Figures 1(a)–1(d) show top-down SEM images after
etching of the upper PDMS wetting layer of solvothermal
annealed samples at 298K for 3 h, 6 h, 9 h, and 12 h,
respectively, while Figures 1(e)–1(h) show images of similar
samples after solvothermal annealing at 323K for 3 h, 6 h,
9 h, and 12 h, respectively. It is clearly seen from Figure 1
that the sample annealed at 323K for 3 h gives (Figure 1(e))
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Figure 1: Top-down SEM images of self-assembled PS-b-PDMS on top of PS-OH anchored silicon substrates after treatment with CF
4
+ O
2

plasma. The plasma removes upper PDMS wetting layer and part of the PS matrix. All samples were annealed under toluene environment:
(a) at 298K for 3 h; (b) at 298K for 6 h; (c) at 298K for 9 h; (d) at 298K for 12 h; (e) at 323 K for 3 h; (f) at 323 K for 6 h; (g) at 323 K for 9 h;
and (h) at 323K for 12 h.

the best alignment of cylinders horizontal to the substrate.
The mean PDMS cylinder spacing, 𝐿

0
, and line width, ⟨𝑑⟩,

were about 31 nm and 15 nm.

Among the tested annealing conditions it seems evident
that the annealing for 3 h at 323K produces best results
in terms of cylindrical structure alignment and persistence
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Scheme 1: Schematic of BCP self-assembly on top of PS-OH brush layer anchored on the surface of silicon substrates and subsequent plasma
etching for silicon nanostructures fabrication [18].
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Figure 2: Cross-sectional SEM images of cylindrical structure of PS-b-PDMS after solvothermal annealing at 323 k for 3 h. No prior PDMS
etch was done and most probably the thin top layer is the expected low surface energy PDMS wetting layer. (a) Multilayer, (b) bilayer, and
(c) monolayer regions of PS-b-PDMS patterns. (d) High resolution cross-sectional image of cylindrical structures.
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Figure 3: Top-down SEM images of PS-b-PDMS on 4 wafer. (a) Top-down SEM image of PS-b-PDMS after PDMS removal; inset shows
PS-b-PDMS before removal of upper PDMSwith no nanopattern visible. (b) Low resolution and (c) high resolution images of oxidised PDMS
cylinders.

length. Annealing times above 6 h at 323K favour short range
structures andmicelle formation, as seen in Figures 1(f)–1(h).

PS-b-PDMS samples prepared at 323K and 3 h solvo-
themal annealing were studied in more details. In order to
get a better understanding of the cylindrical morphology of
PS-b-PDMS, cross-sectional SEM images prior to any PDMS
removal were taken as shown in Figure 2. Dewetting is one of
the major issues in high 𝜒 BCP systems such as PS-b-PDMS,
and this leads to multilayer formation in different regions
upon solvothermal annealing process. Multilayer regions are
clearly seen by cross-sectional SEM images (Figures 2(a)-
2(b)). Figure 2(a) shows the multilayer formation of PDMS
cylinders in PS matrix horizontal to the planar substrates
with a thin upper PDMS layer. However, most of the areas
were covered with monolayer of PDMS cylinders shown in
SEM images of Figure 2(c). A good pattern transfer to the
underlying silicon substrate is expected on the monolayer
regions.Thewafer scale production of device structures using
PS-b-PDMS (33 k–17 k) was examined on a 4-inch wafer. A
4-inch wafer cleaned with oxygen plasma was spin-coated

firstly with PS-OH and baked and secondly with PS-b-PDMS
and annealed at 323K for 3 h in toluene environment. After
the removal of the upper PDMS layer large area coverage
of BCP patterns could be observed under SEM as shown in
Figure 3(a) with minor dewetting. The PDMS cylinders get
oxidised while removing upper PDMS layer by CF

4
and O

2

plasma, which results into a strong mask for a good pattern
transfer to the silicon substrate.

Low resolution and high resolution images of oxidised
PDMS cylinders are seen in Figures 3(b) and 3(c).The feature
size of cylinders was ∼13 nm in the shown projection. The
film regions nanopatterned by the oxidised PDMS threads
were used asmask for pattern transfer in the silicon substrate.
Silicon nanostructures were fabricated after a silicon etch
of 15 s and 20 s using CF

4
and SF

6
, respectively, with ICP

and RIE powers of 600W and 40W under 1.2 Pa chamber
pressure. Later the substrates were sonicated in 40% HF for
5min to remove oxidised PDMS cylinders and the results are
shown in Figures 4(a) and 4(b). Silicon nanostructures were
regular with feature size of about 12–15 nm for 15 s Si etch
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Figure 4: SEM images of silicon nanostructures. (a) Silicon nanowires after 15 s silicon etch. (b) Silicon nanostructures after 20 s silicon etch.
(c) No pattern transfer in bilayer and multilayer regions. (d) Complete pattern transfer in monolayer regions of PS-b-PDMS template. Inset
(d) shows the high resolution image of nanowires.

(Figure 4(a)), whereas at 20 s etch time silicon structureswere
partially destroyed as shown in the top-down SEM image
of Figure 4(b). There was no successful pattern transfer to
the underlying silicon at the regions covered by multilayers
as seen in the image of Figure 4(c). The multilayer structure
prevents the plasma to strike down to the silicon substrate due
to misalignment of PDMS cylinders in the different layers. It
is clear from Figure 4(d) that there was an isotropic silicon
etch resultant into the formation of silicon nanowires; the
inset shows the high resolution SEM image of transferred
nanostructures.

The minimum exposure of BCP film under toluene
environment has a very little swelling or deformation of BCP
patterns for shorter annealing time for 3 h at 323K. The
orientation and coherence length of the film are also affected
by the exposure time to toluene vapours. The silicon wires
fabricated by this synthesised PS-b-PDMS block copolymer
lie in the region of sub-15 nm. Although the results shown in
this paper are similar to the literature reports (with respect
to etch and feature size of wires), no literature has yet shown
the self-assembly and subsequent pattern transfer of an in-
lab synthesised PS-b-PDMS.This indicates a gateway for very
low cost production of device structures for microelectronics
industries.

4. Conclusions

We have presented a qualitative and quantitative analysis
of a solvent and solvothermal process for the fabrication of
nanolithographicmasks fromPS-b-PDMSBCPof cylindrical
morphology. The BCP was spin-casted on silicon wafer
substrates surface modified by grafting of a PS-OH brush
layer. The solvothermal annealing process was applied at two
temperatures and four annealing times for each temperature.
The conditions that produced line patterns with highest
correlation length were 3 h annealing at 323K. The method
showed a promising BCP self-assembly on planar silicon
substrate. It must be notified that the obtained results on the
thin film self-assembly of the synthesised PS-b-PDMS (33 k–
17 k) were similar with the literature reports. Nanopattern
transfer to underlying silicon substrates in the form of sub-
15 nmwires for nanodevice fabrication via BCP self-assembly
was demonstrated.
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We have fabricated the patterned porous honeycomb-like film with the aggregation-induced emission (AIE) property successfully
by breath figure method. Characterization of contact angles (CA) indicated that the patterned porous honeycomb structure can
improve the hydrophobicity of the film, while smooth films do not have this function. Characterization of the fluorescence property
indicates that the patterned honeycomb structure films are highly emissive. This work could not only be promising for controlling
molecular group reorientation and suitable for the application of manipulating surface composition of the film but also make the
tetraphenylethene derivatives with AIE properties have a promising application future in special wettability surface. The present
findings should open a way for the new application of honeycomb structure materials, which will be useful in many areas, such as
sensors, tissue engineering, clinical medicine, and biomaterials.

1. Introduction

The breath figure (BF) technique is a simple and robust
method to prepare porous honeycomb structure films, which
was firstly reported by Widawski et al. [1]. The formation
mechanism of the honeycomb structure has been suggested
by Maruyama et al. [2]. Here, it will be only briefly outlined.
When a water-immiscible organic solvent starts to evapo-
rate, its surface becomes cool. Water from the atmosphere
starts to condense. Because the condensation takes place on
an unstructured liquid surface, the water droplets have a
narrow size distribution. With ongoing evaporation of the
organic solvent, these water droplets can grow until the
solution becomes too viscous. The droplets of the condensed
water self-assemble into a hexagonally ordered array at the
air/solution interface. After the evaporation of solvent and
water droplets, the well-ordered honeycomb structure is
left on the film surface. This method is more competitive
compared to other methods because it is nonpolluting,
cheaper, and faster. In the past ten years, most work in this
field has mainly focused on changing polymer pieces and
solvents to prepare ordered porous films by the BF process

[3–6]. Recently, research in this field started to concentrate
on fabricating new structures, such as patterned structures
and three-dimensional structures [7, 8], and building new
functional honeycomb films with different properties, such
as photoelectric conversion [9], photocatalysis [10], antire-
flection [11], hydrophobicity [12], high mechanical strength
[13, 14], and cell adhesion [15–17]. However, their new appli-
cations, particularly in the aspects of preparing patterned
honeycomb structural square lattices, are still in their infancy.

In general, conventional chromophoric molecules are
emissive in their dilute solutions but become weakly emissive
or even nonemissive in the solid state because aggregation
commonly quenches light emission [18].This phenomenon is
called aggregation-caused quenching (ACQ) [19–21], which
is very common and has been attributed to the nonradiative
decay of sandwich-shaped excimers and exciplexes formed
among the closely packed dye molecules in the aggregates.
Recently, an extraordinary phenomenon of aggregation-
induced emission (AIE) [22, 23] was discovered, which is
exactly opposite to the ACQ effect discussed above [19–21]. In
this paper, we have prepared patterned honeycomb structural
square lattices using the polymer with the AIE property and
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Figure 1: Molecular structure of the photo-cross-linking polymer.
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Figure 2: (a) The fluorescence microscope image of the film before photopolymerization (left) and after photopolymerization (right); (b)
fluorescent spectrum of the film before and after photopolymerization. Excitation: 320 nm. From the fluorescence microscope image and the
fluorescent spectrum of the film before and after photopolymerization, it can be seen that the porous film can be prepared over a large area,
which has the AIE property whether it is photopolymerizable or not.

studied their wettability and fluorescence. Characterization
of contact angles (CA) on the patterned film indicates that the
porous honeycomb structure can improve the hydrophobicity
of the film, while smooth films do not have this function.
This phenomenon of honeycomb structure will be useful
for controlling molecular group reorientation and suitable
for the application of manipulating surface composition of
the film. Characterization of the fluorescence property indi-
cates that the patterned honeycomb structure film is highly
emissive.

2. Experimental Section

2.1. Preparation of the Honeycomb Structure. The polymer
was provided by HKUST. Its structure was characterized by
standard spectroscopic methods. The molecule was charac-
terized by NMR spectroscopy.The purity was also confirmed
by elemental analysis with satisfactory results. Water was

purified using aMilli-Q purification system (Millipore Corp.,
Bedford, MA) to give a resistivity of 18MΩcm.

A solution of polymer in 1,2-dichloroethane (10 𝜇L,
0.62wt%) was cast on cleaned substrates (glass) at room
temperature (20 ± 1∘C) under a humid atmosphere with
relative humidity (R.H.) of 85%, and honeycomb-patterned
films were obtained. For comparison, smooth films were
fabricated by casting the same solution on substrates under
ambient atmosphere (R.H. = 48% at 20 ± 1∘C).

2.2. Photopatterning. Photo-cross-linking reactions of the
polymer films were conducted in air at room temperature
using 365 nm light obtained from a Spectroline ENF-280C/F
UV lamp at a distance of 5 cm from the light source. The
incident light intensity was 18.5mWcm2. The photoresist
patterns were generated by UV irradiation of the polymer
films through copper photomasks for 20min followed by
development in 1,2-dichloroethane.
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Figure 3: Confocal images of the patterned honeycomb square lattices: (a) lowmagnification, (c) high magnification, and the corresponding
optical photos: (b) low magnification, (d) high magnification. The size of the used mask is 50𝜇m and the space is 150 𝜇m.

2.3. Sample Characterization. Fluorescence images of the
honeycomb film were measured in the Zeiss laser scanning
confocal microscope with 405 nm excitation. Model is LSM7
DUO (710 + LIVE). The contact angles (CA) were examined
on a Dataphysics OCA20 CA system at ambient tempera-
ture. The CA values were the averages of five independent
measurements. The honeycomb structure films were imaged
under an inverted fluorescence microscope (Nikon Eclipse
TE2000-U), diachronicmirror 400 nm.The images were cap-
tured using a digital CCD camera. Fluorescence spectra were
tested on a Hitachi F-4500 fluorescence spectrophotometer.

3. Results and Discussion

The molecular structure of the polymer used in experiments
is shown in Figure 1, and the molecular weight is 19600 [24].
The polymer molecule contains tetraphenylethene (TPE)
structural unit, which is a kind of typical nonplanar molecule
with the AIE property. When it is integrated to the conven-
tional dye molecules, it would twist the adduct molecules
with significantly decreased effect of intramolecular 𝜋-𝜋

stacking in the solid state and thus greatly diminish the
tendency of adducts to form crystal. Meanwhile, the used
polymer is photoresponsive, and its thin film can be readily
cross-linked by UV irradiation to furnish fluorescent nega-
tive photoresist patterns with good resolution [24]. In this
work, the ordered honeycomb structures are prepared by BF
process, from TPE-containing polymer 1,2-dichloroethane
solution, which have the AIE phenomenon.

Figure 2(a) is the fluorescence microscope image of the
film before and after photopolymerization. From this image,
we can see that the porous film can be prepared over a large
area, and uniform pores with hexagonal arrangement are
formed with a diameter of about 2-3𝜇m and wall thickness
of about 1.0𝜇m. The pore structure and the pore size are
not affected by the light illumination. The porous film emits
bright blue light before photopolymerization, while it emits
dim blue light after photopolymerization. It illuminates that
the photopolymerization makes the film emission inten-
sity decrease. Figure 2(b) is fluorescent spectrum of the
film before and after photopolymerization. When excited at
320 nm, the honeycomb structure film emits strong blue light
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Figure 4: Confocal images of the patterned honeycomb square lattices: (a) lowmagnification, (c) high magnification, and the corresponding
optical photos: (b) low magnification, (d) high magnification. In this figure, the size of the used mask is 100𝜇m and the space is 300 𝜇m.

with emission maxima at 482 nm before photopolymeriza-
tion, while it emits weak blue light with emission maxima at
490 nm after photopolymerization, which is consistent with
that observed in Figure 2(a). Thus, the photopolymerization
leads to a red-shift of the photoluminescence of about 8 nm.
This is probably because the photopolymerization enhances
intermolecular interaction, which leads to the red shift of
the maximum fluorescence peak [25]. From the fluorescence
microscope image and the fluorescent spectrum of the film
before and after photopolymerization, it can be seen that the
porous film has theAIE property whether it is photopolymer-
izable or not.

Figure 3(a) is low magnification confocal image of the
patterned honeycomb square lattices. Figure 3(b) is the cor-
responding optical photo of the square lattices. From these
images, it can be seen that the patterned square lattice film
was successfully prepared.Theblue light emission regionwith
the size of 50 𝜇m is the honeycomb structure region, while
the black region with the size of 150 𝜇m is the glass substrate
region. The square lattice size in the confocal image seems to
be larger than that in the optical photo because of the emissive

effect. Figure 3(c) is the high magnification confocal image
and Figure 3(d) is the corresponding optical photo. From
these images, it can be seen that the patterned square lattice
film keeps the honeycomb structure very well. The diameter
of the pore is about 2-3 𝜇m and the wall thickness is about
1.0 𝜇m. The pore structure and the pore size are not affected
by the photo-cross-linking process, which is consistent with
that observed in Figure 2(a). Meanwhile, we also changed
the used mask to prepare different size patterns, shown in
Figure 4. Figure 4(a) is the low magnification confocal image
of the patterned honeycomb square lattices, and Figure 4(b)
is the corresponding optical photo. It can be seen that the
patterned square lattices film was also successfully prepared.
The blue light emission region with the size of 100 𝜇m is
the honeycomb structure region, while the black region with
the size of 300 𝜇m is the glass substrate region. Figure 4(c)
is the high magnification confocal image, and Figure 4(d) is
the corresponding optical photo. From these images, it can
be seen that the patterned square lattices film also keeps the
honeycomb structure very well. The diameter of the pore is
about 2-3𝜇m, and thewall thickness is about 1.0𝜇m.Thepore
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Figure 5: Confocal images of the patterned control smooth sample square lattices: (a) low magnification, (c) High magnification, and the
corresponding optical photos: (b) low magnification, (d) high magnification. The size of the used mask is 50𝜇m and the space is 150 𝜇m.

structure and the pore size are also not affected by the photo-
cross-linking process.

In control, we also prepared patterned smooth film.
Figure 5(a) is the low magnification confocal image of
patterned smooth film square lattices. Figure 5(b) is the
corresponding optical photo of the square lattices. From these
images, it can be seen that the patterned smooth film was
successfully prepared, which has the same size of 50 um
pattern and the 150 um space. The blue light emission region
with the size of 50𝜇m is the smooth film region, while the
black region with the size of 150 𝜇m is the glass substrate
region. Figure 5(c) is the high magnification confocal image,
and Figure 5(d) is the corresponding optical photo. From
these images, it can be seen that patterned square lattices
film surface has no structures. Meanwhile, we also prepared
different size patterns, shown in Figure 6. Figure 6(a) is the
low magnification confocal image of the patterned smooth
film square lattices, and Figure 6(b) is the corresponding
optical photo. It can be seen that the patterned smooth film
square lattices were also successfully prepared. The blue light
emission region with the size of 100 𝜇m is the smooth film

region, while the black region with the size of 300𝜇m is the
glass substrate region. Figure 6(c) is the high magnification
confocal image, and Figure 6(d) is the corresponding optical
photo. From these images, it can be seen that the patterned
smooth film square lattices also have no structure on the
surface.

In order to deeply understand how the honeycomb struc-
ture can affect the film wettability, the contact angles (CAs)
of patterned honeycomb structure film, patterned smooth
film (shown in Figure 7), honeycomb structure film, and
smooth film (shown in Figure S1; see Supplementary Mate-
rial available online at http://dx.doi.org/10.1155/2013/853154)
were measured. The honeycomb structure films have the
contact angle of 87.3 ± 4.7∘, and the smooth films have the
contact angle of 28.6 ± 3.2∘, while the patterned honeycomb
structure film with the size of 50 um pattern and the 150 um
space has the CA of 91.5±2.8∘, and the patterned honeycomb
structure film with the size of 100 um pattern and the 300 um
space has the CA of 92.3 ± 3.2∘. The patterned smooth film
with the size of 50 um pattern and the 150 um space has the
CA of 15.6±3.4∘, and the patterned smooth filmwith the size
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Figure 6: Confocal images of the patterned control smooth sample square lattices: (a) low magnification, (c) high magnification, and the
corresponding optical photos: (b) low magnification, (d) high magnification. The size of the used mask is 100𝜇m and the space is 300 𝜇m.

of 100 um pattern and the 300 um space has the CA of 17.2 ±
2.1∘. In contrast with the honeycomb film and the smooth
film, the contact angle of the patterned honeycomb structure
film increased a little. While the patterned smooth film has
a smaller one, this phenomenon illustrates that the CA will
be decreased with the increases of the surface roughness by
inducing patterns because the smooth film is hydrophilic.

To make the readers understand easily, the principle of
the wetting on the solid surfaces was given. In 1936, Wenzel
proposed amodel to express the relationship between surface
roughness and contact angle by the following equation:

Cos 𝜃
𝑊
= 𝑟Cos 𝜃

𝑌 (1)

where 𝑟 is the surface roughness factor, 𝜃
𝑊

is the apparent
contact angle in the Wenzel model, and 𝜃

𝑌
is the contact

angle inYoung’smodel [26].Thebasic assumption inWenzel’s
theory is that the liquids completely fill the grooves of
the rough surface where they contact. From (1), it can be
found that roughness enhances both wetting and antiwetting
depending on the nature of the corresponding flat surface.
If the smooth material gives a contact angle greater than

90∘, the presence of surface roughness increases this angle
still further, but if 𝜃 is less than 90∘, the surface roughness
decreases the angle.

As cast, smooth film shows hydrophilicity (CA = 28 ±
3.2∘). Wenzel’s theory indicates that the increase of rough-
ness of a hydrophilic solid surface will result in more
hydrophilic surface [26]. From the fluorescence microscope
image (Figure 2(a)), it can be seen that the pores on the
film are formed and separated from each other. Therefore,
an air pocket at the interface between water and honeycomb
structure film can be formed. The presence of air pores
in the honeycomb film can improve the roughness of the
surface. If the honeycomb film is of the same chemical
composition with that of the smooth surface, the surface
topography will be one of dominant factors for the control
wettability. The CA of the honeycomb film will become
small according to Wenzel’s theory. Actually, the CA data
increased at the honeycomb film surface. So, there must
be another factor to play an important role, which is the
change of the surface chemical composition. The CA change
is mainly caused by the change of the surface roughness
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Figure 7: Photographs of water droplet shape. (a) Patterned honeycomb structure film with the size of 50 um pattern and the 150 um space
has the CA of about 91.5 ± 2.8∘; (b) the patterned honeycomb structure film with the size of 100 um pattern and the 300 um space has the CA
of about 92.3 ± 3.2∘; (c) the patterned smooth film with the size of 50 um pattern and the 150 um space has the CA of about 15.6 ± 3.4∘; and
(d) the patterned smooth film with the size of 100 um pattern and the 300 um space has the CA of about 17.2 ± 2.1∘.

and the surface free energy [26, 27]. During the BF process,
the hydrophilic blocks tend to aggregate themselves around
the water droplets because of the mutual interaction. After
the evaporation of water, porous films with polar functional
groups enriched inside the pores and hydrophobic blocks
enriched on the external surface were achieved [28–30]. The
formation process of the honeycomb film by BF method
makes the hydrophilic group of the polymer concentrate in
the pore wall, and the hydrophobic group aggregate on the
film surface [31]. The surface free energy decreases because
of the chemical composition change. So, the increase of the
roughness and the decrease of the surface free energy are
responsible for the surface wettability change. Furthermore,
the honeycomb film is hydrophobic with a CA of about 90,
so the CA will be increased with the increases of the surface
roughness by inducing patterns.

4. Conclusion

The patterned porous honeycomb-like film with the AIE
property was prepared successfully by the BF method.
Characterization of contact angles (CA) indicates that the
patterned porous honeycomb structure can improve the
hydrophobicity of the film, while smooth films do not have
this function. Characterization of the fluorescence property
indicates that the patterned honeycomb structure film is
highly emissive. This work could not only be promising for

controlling molecular group reorientation and suitable for
the application of manipulating surface composition of the
film but also make the TPE derivatives with AIE property
have a promising application future in special wettability
surface. The present findings should open a way for the new
application of honeycomb structure materials, which will be
useful in many areas, such as sensors, tissue engineering,
clinical medicine, and biomaterials.
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The application of 𝛽-cyclodextrin (𝛽-CD) and the chiral ionic liquids formed from 𝛽-cyclodextrin mono-6-deoxy-6-(3-
methylimidazolium)-𝛽-cyclodextrin tosylate (𝛽-CD-IL) as chiral selectors is described. The inclusion phenomena between the
𝛽-cyclodextrin chiral selectors and D,L-tryptophan (D,L-Trp) was studied. The inclusion compounds were prepared by grinding,
and their properties analyzed by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), and nuclear magnetic
resonance (NMR). The separation factor between 𝛽-CD and 𝛽-CD-IL with D,L-Trp was studied by the saturated solution method.
This indicated a different binding capacity of 𝛽-CD and 𝛽-CD-IL to the two enantiomers. This result shows that the chiral ionic
liquids have a higher separation factor because of their high solubility. The 𝛽-cyclodextrin chiral ionic liquids and CS were cross-
linked and immobilized on anN6membrane to form compositemembranes. Adsorption experiments and permeation experiments
were carried out. 105.43mg D,L-Trp/g membrane was obtained.

1. Introduction

Chiral separation is an important process used in both
the pharmaceutical and chemical industries [1]. There are
many traditional methods to separate enantiomers from the
racemic mixture [2] but the membrane separation process
is a newly emerging technology that shows good prospects.
Liquid membrane and solid membrane enantiomer sepa-
ration methods have been extensively studied [3, 4]. Solid
membrane separation is considered to havemany advantages,
such as long term stability and low energy consumption, and
it is easy to scale up [5]. For these reasons it has developed
rapidly.

A chiral solid membrane is a type of chiral recognition
agent prepared using blending and coating methods. The
result is fixed in the polymer membrane. The chiral solid
membrane is then used in a separation process to achieve the
enantiomeric separation. Clearly, the chiral selector is one of
the core technologies. Many substances can be used as chiral
selectors, including proteins, antibiotics, polysaccharides,

amino acids, apo-enzymes,DNA, and surfactant supramolec-
ular compounds (such as cyclodextrins and crown ethers) [6].
For example, Singh et al. prepared the composite membranes
by the interfacial polymerization of l-arginine and piperazine
with trimesoyl chloride in situ on microporous polysulfone
membrane. They pointed out that the enantioselectivity of
membrane has occurred due to the interaction of permeating
isomers to chiral centers present on the top layer of the
membrane [7]. More recently, Singh et al. also fabricated 𝛽-
cyclodextrin glutaraldehyde cross-linked polysulfone mem-
brane by phase inversion technique.The experimental results
indicated that incorporation of 𝛽-cyclodextrin in polysulfone
polymer had provided enantiomer discriminating capability
to the membrane; therefore, 𝛽-CDXM had exhibited enan-
tioselectivity for D-Phe and D-Trp. The observation con-
firmed that the chiral environment is essential for enantiomer
separation [8]. Iritani et al. accomplished enantiomeric sep-
aration of tryptophan with BSA as the stereospecific macroli-
gand by means of affinity ultrafiltration of single-pass mode
using hollow fiber membrane module. It was found that the
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separation factor of d-tryptophan in affinity ultrafiltration
was increased with the increase in the BSA concentration and
the decrease of the racemic tryptophan concentration due to
preferentially permeation of unbound d-tryptophan through
the membrane at pH 7 [9].

Various chiral selectors, such as cyclodextrins, molecular
micelles, antibodies, and crown ethers, have been widely
used because of their chiral recognition abilities [10]. These
are capable of selectively complexing with guest molecules
by virtue of a series of weak intermolecular forces. This
technique has been used to produce chiral selectors for many
years [11]. This type of selector always forms nonconducting
compounds with the guest molecule. They can also be used
as chiral agents during membrane separation processes.
However, there are somedifficulties to be solved. For instance,
𝛽-CD has poor solubility, which limits its use, although
improvements in solubility are being developed. Derivatives
of 𝛽-CD can be prepared that would enhance its inclusion
ability [12, 13]. When these have been used on membranes,
the separation factor has been improved.

A chiral ionic liquid is a kind of chiral selector with
the advantages of an ionic liquid such as low vapor pres-
sure, high solubility, and high stability at high temperature.
It can be used simultaneously as the solvent and chiral
selector. Thus, the use of chiral ionic liquids has gained
popularity, since they can be used as chiral solvents for
asymmetric induction in synthesis [14]. They can also be
immobilized on the solid membrane where they show chiral
separation ability at the same time as high inclusion ability
[15]. This kind of chiral recognition has received increasing
attention, recently. For example, Tang et al. reported that
functional amino acid ionic liquids (AAILs) could be used
as solvent and selector in chiral liquid-liquid extraction.
In their work, using these functional AAILs as acceptor
phase and ethyl acetate as donor phase, more l-enantiomer
of amino acid was extracted into the ionic-liquid phase
than that of d-enantiomer [16]. Bi et al. developed a simple
and accurate method for the separation and determination
of ofloxacin enantiomers by ionic liquid-assisted ligand-
exchange high performance liquid chromatography. Com-
paring achiral ILs with chiral ILs, the latter offered superior
enantioseparation efficiency, with [BMIM]-[Leu] the leader
among them [17]. Absalan et al. found that the chiral
ionic liquid 1-butyl-3-methylimidazolium (T-4)-bis[(aS)-a-
(hydroxy-O)benzeneacetate-kO] borate was an appropri-
ate chiral recognizing agent for propranolol hydrochloride
enantiomers by using the UV-vis spectrophotometric tech-
nique. In comparison to other chiral selectors that have
been used for determination of propranolol, chiral ionic
liquids are more favorable as their synthesis is simple,
inexpensive, and they are friendly for environmental appli-
cations [18]. More recently, Yu et al. synthesized a novel
chiral ionic liquid functionalized b-cyclodextrin,6-O-2-
hydroxypropyltrimethylammonium-b-cyclodextrin tetraflu-
oroborate ([HPTMA-b-CD][BF

4
]), which was used as a

chiral selector in capillary electrophoresis. It was found that
[HPTMA-b-CD][BF

4
] not only increased the solubility in

aqueous buffer in comparison with the parent compound but
also provided a stable reversal electroosmotic flow.Moreover,

the chiral ILs were applied for the enantiomer separation of
eight racemic drugs (chlorpheniramine, brompheniramine,
pheniramine, Tropicamide, Bifonazole, promethazine, war-
farin, and liarozole) by capillary electrophoresis [19].

Chitosan (CS) has desirable membrane-forming ability
together with excellent biocompatibility and good hydro-
philicity, which makes it popular for applications in mem-
brane-mediated separation processes [20, 21]. Due to the
presence of a large number of chiral sites, CS exhibits
excellent chiral selectivity [22].

In this paper, we describe the synthesis of the chi-
ral ionic liquid mono-6-deoxy-6-(3-methylimidazolium)-𝛽-
cyclodextrin tosylate. Its solubility properties were studied.
The inclusion phenomena was observed between the 𝛽-
cyclodextrin chiral selector and D,L-Trp using a grinding
method. Other properties of the compounds were analyzed
by XRD, FT-IR, and NMR. The separation factor between
𝛽-CD and 𝛽-CD-IL with Trp-D,L was measured using the
saturated solution method and indicated different binding
capacities for 𝛽-CD and 𝛽-CD-IL to the enantiomers. The
experimental results show that the chiral ionic liquid had a
higher separation factor because of its high solubility. The
𝛽-cyclodextrin chiral ionic liquids and CS were cross-linked
and immobilized on the N6 membrane to form composite
membranes. Adsorption experiments and permeation exper-
iments were carried out [23].

2. Materials and Methods

2.1. Materials. D,L-tryptophan (D,L-Trp), D-tryptophan (D-
Trp), and L-tryptophan (L-Trp) were obtained from Shanghai
Crystal Pure Reagent Co., Ltd. Beta-cyclodextrin (𝛽-CD),
methyl-benzenesulfonyl chloride, formic acid, sulfonylurea
chloride, sodium hydroxide acetonitrile, hydrochloric acid,
potassium chloride, N, N-DMF (DMF), acetone, glutaralde-
hyde (GA, 25wt.% aqueous solution), and acetic acid were
provided by the Beijing Chemical Factory. Nylon-6 (N6)
substrate membrane (95 𝜇m thick), with an average pore
size of 0.22𝜇m, was purchased from Zhejiang Xidoumen
Membrane Co.

2.2. Preparation of Inclusion Compounds and Mechanical
Mixing. The inclusion compounds formed between 𝛽-CD
and 𝛽-CD-IL with D,L-Trp were prepared using the grinding
method [24]. A small amount of deionized water was added
to a mortar with 2.27 g 𝛽-CD (or 3.07 g 𝛽-CD-IL). The 𝛽-
CD (or 𝛽-CD-IL) was ground, D,L-Trp was added andmixed
to form a paste (molar ratio chiral selector: D,L-Trp = 1 : 1).
The paste was dried at 40∘C for 6 h. It was then washed
with deionized water and dried to give the final product. The
mixtures of 𝛽-CD or 𝛽-CD-IL with D,L-Trp were prepared
at the same time. The raw materials were weighed to give
a molar ratio of 1 : 1 and mixed using a spatula until a
homogeneous mixture was obtained.

2.3. X-Ray, FT-IR, and NMR Analyses. X-ray diffraction data
for the inclusion compounds and mixtures were obtained
with a multifunctional 2500VB2 + PC X-ray diffractometer
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(Kabushiki Kaisha, Japan) using Ni-filtered, Cu K𝛼 radiation,
a voltage of 40 kV, and a 30mA current. Analyses were
performed on the same samples prepared forDSC studies. All
samples were measured in the 2 theta angle range between
10∘ and 80∘ with a scan rate of 8∘/min and a step size of
0.02∘. All samples were analysed in triplicate. The infrared
spectra (FTIR) of the catalysts were recorded on a Nicolet
Nexus 8700 FT-IR spectrometer as KBr disks over the range
400–4000 cm−1. NMR analysis was carried out on an NMR
spectrometer (AV600) from Bruker [25].

2.4. The Saturated Solution Method. 𝛽-CD (or 𝛽-CD-IL) was
dissolved in 100mL deionizedwater until a saturated solution
was obtained. D,L-Trp was completely dissolved in a small
quantity of formic acid. This solution was then added to the
saturated solutions of𝛽-CD (or𝛽-CD-IL) to givemolar ratios
of 𝛽-CD (or 𝛽-CD-IL): D,L-Trp ranging from 1 to 5 (or 35).
The mixtures were stirred for 48 h in the dark at a defined
temperature, left in the refrigerator at 4∘C for 24 h, then
filtered to remove the precipitate. The resulting solution was
diluted with deionized water to give 1 L. The concentration
of D,L-Trp in the solution was analysed by HPLC, and the
separation factor was obtained, as described by Song et al.
[26].

2.5. Preparation of Chitosan/𝛽-Cyclodextrin Composite Mem-
branes. The chiral ionic liquid 𝛽-CD-IL was synthesized
according to previously published papers [27]. The process
for the preparation of the CS/CD composite membranes
was as follows. 1.0 g of CS was dissolved in 50mL of 2wt.%
aqueous acetic acid solution. After the removal of impurities,
a defined amount of 𝛽-CD-IL was added, with stirring. The
suspension was then agitated for 12 h at room temperature to
guarantee an even suspension mixture. Afterwards, 0.2mL
of GA was added in order to cross-link the CS and then
the suspension was further agitated for another 20min. The
N6 membrane substrate, already saturated with deionized
water, was immersed in the suspension, and the subsequent
mixture was left to stand for 1 h. At the end of the immersion
process, the membrane was removed and spread on a flat
and clean glass plate after carefully removing the redundant
casting solution on the membrane surface in contact with
the glass plate. The membrane was dried at 50∘C for 8 h to
form the CS/CD semi-IPN (interpenetrating network) layer
on the N6 substrate. This was then washed alternately with
1.0M aqueous NaOH solution and deionized water. Finally,
the prepared CS/CD composite membrane was again dried
at 50∘C overnight.

2.6. Sorption Experiments. The dry membrane specimens
were immersed in aqueous Trp racemate solutions with a
concentration of 1mg/mL at 25∘C for 48 h to reach sorption
equilibrium. Afterwards, the D- and L-Trp concentrations
in the solutions were analysed by HPLC to determine the

1 2
4

3

5

HPLC

Figure 1: The experimental apparatus. (1) Nitrogen cylinder, (2)
ultrafiltration cup, (3) tryptophan (D,L-Trp) racemate solution, (4)
chiral solid membrane, (5) meet liquid bottle.

sorption selectivity and adsorbed Trp content. These are
expressed by (1)
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(𝐶
𝑑𝑖
− 𝐶
𝑑𝑓
) /𝐶
𝑑𝑓

(𝐶
𝑙𝑖
− 𝐶
𝑙𝑓
) /𝐶
𝑙𝑓

=
(𝐶
𝑑𝑖
− 𝐶
𝑑𝑓
) / (𝐶

𝑙𝑖
− 𝐶
𝑙𝑓
)

𝐶
𝑑𝑓
/𝐶
𝑙𝑓

,

𝑄 =
(𝐶
𝑖
− 𝐶
𝑓
)𝑉

𝑚
,

(1)

where 𝐶
𝑑𝑖

and 𝐶
𝑑𝑓

denote the initial and final concentra-
tions of D-Trp and 𝐶

𝑙𝑖
and 𝐶

𝑙𝑓
denote the initial and final

concentrations of L-Trp, respectively. 𝐶
𝑖
and 𝐶

𝑓
represent

the initial and final Trp concentrations in the solution, 𝑉
the solution volume, and 𝑚 the weight of dry membrane.
A sorption experiment was carried out to measure the
sorption selectivity and sorption ability of CS/CD compos-
ite membranes, -CDP, and chitosan. Due to the fact that
the amount of adsorbed l-Trp was always relatively large
compared with that of d-Trp, the value 𝛼𝑆 was always
lower than unity so a relatively low 𝛼𝑆 indicated a relatively
high sorption selectivity. Identical amounts of -CDP and
chitosan flakes (10mg of each) were suspended in aqueous
Trp racemate solution with a concentration of 1.0mg/mL at
25∘C for 48 h to reach sorption equilibrium.The suspensions
were centrifuged and then the supernatant was subjected
to HPLC analysis. The determination of sorption selectivity
and adsorbed Trp content was the same as that for the
membranes.

2.7. Ultrafiltration Separation Experiment. Chiral separation
experiments were carried out at room temperature in a
laboratory scale filtration unit, as shown in Figure 1.

This contains a cross-flow permeation cell with an
effective filtration area of 38.47 cm2 supported by a porous
stainless steel disc. The transmembrane pressure can be
controlled over the range 0–0.1MPa.

The L-tryptophan and D-tryptophan feed solutions were
prepared by dissolving them in pure water at a concentration
of about 0.1 g/L. Before the penetrant was collected, the accu-
rate concentrations of tryptophan and IL-CD were analysed
by HPLC.
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The apparent separation factor 𝛼was calculated using the
following equation:

𝛼 =
(𝐶
𝑝(𝐷)
) / (𝐶

𝑝(𝐿)
)

(𝐶
𝑓(𝐷)
) / (𝐶

𝑓(𝐿)
)
, (2)

where 𝐶
𝑝(𝐷)

and 𝐶
𝑝(𝐿)

are the D-Trp and L-Trp (g/L) solute
concentrations in the penetrant, respectively. 𝐶

𝑓(𝐷)
and 𝐶

𝑓(𝐿)

are the D-Trp and L-Trp (g/L) solute concentrations in the
feed solution.

The penetration flux𝑄was calculated using the following
equation:

𝑄 =
𝑞

𝐴 × 𝑡
. (3)

The concentration polarization can be ignored since a
high feed velocity across the membrane surface was applied.
Each separation experiment was repeated three times and an
average was calculated for further analysis.

2.8. High-Performance Liquid Chromatography (HPLC) Anal-
yses. High-performance liquid chromatographic analysis
was carried out using an external standard method on a
HPLCapparatus equippedwith aDaicel CROWNPAKCR(+)
column (150mm × 4mm I.D.) and a UV detector (280 nm).
Chiral analysis was performed using a mobile phase con-
taining perchloric acid (pH = 2.0)/methanol (86 : 14, v/v).
The flow rate was 1.5mL/min. All the chiral analyses were
performed in triplicate.

3. Results and Discussion

3.1. XRD Diffraction Analysis. Powder X-ray diffraction is
a useful method for the detection of CD complexation in
the powder or microcrystalline states.The diffraction pattern
of the complex is often clearly distinct from that of the
superposition of each of the components, if a true inclusion
complex is formed [28]. The XRD diffraction patterns of
D,L-Trp, 𝛽-CD, the mechanical mixture, D,L-Trp, and the 𝛽-
CD inclusion complex are presented in Figure 2. The XRD
pattern of D,L-Trp showed intense, sharp peaks that prove
the crystalline nature of the compound. D,L-Trp had strong
peaks at 2 theta values of 9∘, 15∘, 19∘, and several minor
peaks around 29∘ and 35∘. On the other hand, the XRD
pattern of 𝛽-CD revealed several peaks in the range 8∘–34∘,
confirming its amorphous character. In the case of D,L-Trp
and the 𝛽-CD mechanical mixture with a molar ratio of 1 : 1,
the diffraction pattern was simply the superposition of the
two patterns of the crystalline D,L-Trp and the amorphous
HP-b-CD. However, the inclusion complex of D,L-Trp with
𝛽-CD gave a different pattern from the mechanical mixture,
particularly at peaks (a), (b), (c), and (d), (Figure 3) which
indicates the formation of the inclusion of a D,L-Trp with 𝛽-
CD.

As shown in Figure 3, the XRD pattern of -IL showed
broad peaks in the range 10∘–25∘, confirming its amorphous
character, which is different from the pattern given by 𝛽-
CD. The pattern of the mechanical mixture is clearly the
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Figure 2: Power X-ray diffraction patterns of D,L-Trp, 𝛽-CD,
mechanic mixture, D,L-Trp, and 𝛽-CD inclusion.
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Figure 3: Power X-ray diffraction patterns of D,L-Trp, IL, mechanic
mixed, and D,L-Trp-IL inclusion.

superposition of the patterns of the two components. In
this case the molar ratio of D,L-Trp and 𝛽-CD is 1 : 1. At
peaks (a), (b), and (c) of Figure 3, the inclusion compounds
produced a different pattern, which indicates the formation
of the inclusion complex of D,L-Trp with 𝛽-CD.

3.2. FT-IR Diffraction Analysis. FT-IR is a technique fre-
quently used to indicate the formation of an inclusion com-
plex.TheFT-IR spectra ofD andL-Trp,𝛽-CD, themechanical
mixture, and D and L-Trp with the 𝛽-CD inclusion complex
are presented in Figure 4. The molar ratio of D,L-Trp and
𝛽-CD is 1 : 1. The pattern of the mechanical mixture is
obviously the superposition of the patterns of the two com-
ponents. This shows absorption peaks at (a) (3404.3 cm−1),
(b) (3079.8 cm−1), and (c) (1593.1 cm−1) which belong to the
characteristic peaks of D and L-Trp. The absorption peaks of
the inclusion complex do not show any obvious sharp peaks,
which indicates that the inclusion complex is not the same
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Figure 4: FT-IR spectra of Trp-D,L, 𝛽-CD, mechanic mixed, and
Trp-D,L-𝛽-CD inclusion.

substance as themechanicalmixture.The absorption peaks of
the inclusion complex turn out to be narrow, indicating that
the inclusion compound is not a mechanical mixture of the
D,L-Trp and 𝛽-CD but a new material, demonstrating that
the inclusion reaction has occurred.

3.3. NMR Analysis. The NMR spectra shows the chemical
shifts of hydrogen atoms, carbon atoms, and size, which
inferred the formation of inclusion complexes. 1H NMR
techniques can generally be used to analyze the inclusion
phenomenonwhen the substances contain aromaticmoieties.
The FT-IR spectra of D and L-Trp, 𝛽-CD-IL, the mechanical
mixture, and D and L-Trp with the 𝛽-CD-IL inclusion
complex are presented in Figures 5, 6, 7, and 8. Figures 5, 7,
and 9 contrast the inclusion product generated from the two
original substancesD and L-Trpwith𝛽-CD-IL.The spectra of
the ionic liquids show significant differences, which indicate
that after the inclusion reaction new material is generated.
The difference between Figures 7 and 8 is clear. The inclusion
complex is a different material.

3.4. The Results from the Saturated Solution Method. The
reaction between D,L-Trp and 𝛽-CD was carried out, with
the result shown in Tables 1 and 2. According to the HPLC
analysis, D-tryptophan and L-tryptophan are both reduced
after the reaction, which demonstrates the formation of the
inclusion complex between 𝛽-CD (or 𝛽-CD-IL) and D,L-Trp.
From the experimental observation, we know that the more
𝛽-CD (or𝛽-CD-IL) is added themore inclusion compound is
generated. Under the same conditions, 𝛽-CD-IL with higher
solubility could bond to more guest molecules and show
better inclusion ability.

Because of the low solubility of 𝛽-CD, the reaction with
𝛽-CD-IL was possible even with the large molar ratio of 35 : 1,
reflecting the advantages of 𝛽-CD-IL, which is more energy
efficient than 𝛽-CD.

3.5. Sorption Experiments and Ultrafiltration Separation of
D and L-Trp. It can be seen from Tables 3 and 4 that the
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Figure 5: 1H NMR of D,L-Trp.
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Figure 6: 1H NMR of 𝛽-CD.

Table 1: Inclusion reaction result of D,L-Trp and 𝛽-CD.

𝛽-CD :D,L-Trp (molar ratio) Split factor
1 : 1 1.1

Table 2: Inclusion reaction result of D,L-Trp and 𝛽-CD-IL.

𝛽-CD-IL : D,L-Trp (molar ratio) Split factor
1 : 1 1.1
5 : 1 1.1
20 : 1 1.2
25 : 1 1.3
30 : 1 1.3
35 : 1 1.4

chiral solid membrane shows chiral recognition features.
The CS membrane gave higher chiral selectivity than the
membranes after cross-linking with 𝛽-CD-IL. The selectivity
was reduced as the proportion of 𝛽-CD-IL increased. This
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Table 3: Sorption experiment results.

Membrane Sorption ability (mg/g membrane)
CS (1 g) 3.4
CS/IL (1 g : 0.3 g) 14.8
CS/IL (2 g : 0.6 g) 47.3
CS/IL (2 g : 1.2 g) 105.5

Table 4: Ultrafiltration separation results.

Membrane Spit factor
CS (1 g) 1.2
CS/IL (1 g : 0.3 g) 1.2
CS/IL (2 g : 0.6 g) 1.5
CS/IL (2 g : 1.2 g) 1.7

may be due to the larger cavity of 𝛽-CD compared to the
Trp molecule. However, the membrane without 𝛽-CD-IL
showed lower selectivity, which indicates that the 𝛽-CD-IL
improves chiral separation. In addition, the sorption ability
became higher when 𝛽-CD-IL was added, which shows
that the 𝛽-CD-IL aids the adsorption of tryptophan. The
experiments were repeated with double the amount of agent
in the casting solution.The results showed that the adsorption
capacity was higherwith the increase of the chiral recognition
contentwithin themembranes. In otherwords, increasing the
content of 𝛽-CD-IL increases the adsorption capacity of the
membrane.

In summary, XRD, FT-IR, and NMR analyses confirmed
that an inclusion complex formed between 𝛽-CD-IL and
tryptophan. Compared with the 𝛽-CD, 𝛽-CD-IL showed
higher inclusion ability due to its higher solubility. Moreover,
it was found that the 𝛽-CD-IL improves chiral separation
when it was assembled onto solid membrane.

4. Conclusions

Chiral selectors are important for enantiomer separation.
In this paper, mono-6-deoxy-6-(3-methylimidazolium)-𝛽-
cyclodextrin tosylate was prepared to improve the applica-
tion of 𝛽-cyclodextrin for chiral separation. 𝛽-cyclodextrins
usually generate inclusion compounds with guest molecules.
The inclusion phenomena between 𝛽-cyclodextrin chiral
selectors and D,L-Trp was studied.The inclusion compounds
were prepared using a grinding method and their properties
studied by XRD, FT-IR and NMR. The results indicate that
the inclusion reaction had occurred. The separation factor
between 𝛽-CD and 𝛽-CD-IL with D,L-Trp was studied by
the saturated solution method and showed different bind-
ing capacities for 𝛽-CD and 𝛽-CD-IL to the enantiomers.
The experiment revealed that the chiral ionic liquid had
a higher separation factor because of its high solubility.
The 𝛽-cyclodextrin/chitosan and 𝛽-cyclodextrin ionic liq-
uids/chitosan composite membranes were prepared by cast-
ing methods. The influence of the content of 𝛽-cyclodextrin
ionic liquid was investigated. A sorption experiment and
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Figure 7: 1HNMR of mono-6-deoxy-6-(3-methylimidazolium)-𝛽-
cyclodextrin tosylate.
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Figure 8: 1H NMR of the physical mixture of mono-6-deoxy-6-(3-
methylimidazolium)-𝛽-cyclodextrin tosylate and Trp.

an ultrafiltration separation experiment were carried out.
The selectivity was reduced as the 𝛽-CD-IL content within
the membranes increased, while the sorption selectivity
increased. Chiral ionic liquids and CS were cross-linked
and immobilized on the N6 membrane to form composite
membranes. When the amount of agent in the casting
solution doubled, the adsorption ability became higher. The
results of this study provide information about the process of
chiral separation and the potential for further improvements.
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01234567891011121314
(ppm)

0.
40

1.
59

28
.7

1
17

.0
3

1.
03

3.
27

1.
14

3.
34

8.
69

1.
01

1.
00

2.
44

2.
50

2.
51

2.
51

3.
33

3.
65

4.
44

4.
78

4.
84

5.
71

7.
43

7.
45

7.
75

7.
77

Figure 9: 1H NMR of inclusion complex of mono-6-deoxy-6-(3-
methylimidazolium)-𝛽-cyclodextrin tosylate and Trp.

Acknowledgments

The project was supported by the National Natural Science
Foundation of China (program no. 21076010) and the Funda-
mental Research Funds for the Central Universities (program
no. 221105).

References

[1] N. M. Maier, P. Franco, and W. Lindner, “Separation of enan-
tiomers: needs, challenges, perspectives,” Journal of Chromatog-
raphy A, vol. 906, no. 1-2, pp. 3–33, 2001.

[2] Z. J. Li and D. J. W. Grant, “Relationship between physical
properties and crystal structures of chiral drugs,” Journal of
Pharmaceutical Sciences, vol. 86, no. 10, pp. 1073–1078, 1997.
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A simple and efficient method has been developed for the synthesis of 1,3-dihydro-2H-indol-2-one derivatives using microwave
irradiation technique. By taking advantage of the efficient source of energy of microwave, compound libraries for lead generation
and optimization can be assembled in a fraction of time. In the present work, first the Schiff ’s bases are synthesized by reaction of
isatin with substituted anilines in the presence of acetic acid under microwave heating. Then the condensation of Schiff bases
with different secondary amines in the presence of formaldehyde produces Mannich bases. The newly synthesized Mannich
bases were characterized by means of spectral data and then evaluated for anthelmintic activity against Pheretima posthuma
(Indian earthworm) and compared with standard albendazole. The compounds were evaluated at the concentrations of 10, 20, and
50mg/mL. The effect of the standard drug albendazole at 10mg/mL was also evaluated. The results of the present study indicate
that some of the test compounds significantly demonstrated paralysis and also caused death of worms in a dose-dependent manner.

1. Introduction

The chemistry of heterocyclic compounds currently con-
stitutes a very important area of research. It is a vast and
expanding area of chemistry because of obvious applications
of compounds derived from heterocyclic ring in pharmacy,
medicine, agriculture, and other fields. With the changing
scenario and the threat of several diseases to mankind
and in view of the tremendous broad spectrum therapeutic
properties coupled with the diverse syntheticmodes available
in the construction of nitrogen heterocycles, the area of
heterocyclic chemistry research has become a challenging
one in recent years. During drug discovery, it is very impor-
tant to rapidly and efficiently generate collections of com-
pounds (compound libraries) for testing of their biological
properties. Microwave-assisted organic synthesis (MAOS)
technology often facilitates the discovery of novel reaction

pathways, because the extreme reaction conditions attainable
by microwave heating sometimes lead to unusual reactivity
that cannot always be duplicated by conventional heating [1].
Traditionally, organic reactions are heated using an external
heat source (such as an oil bath, water bath, and heating
mantle), and therefore heat is transferred by conductance.
This is a comparatively slow and inefficient method for
transferring energy into the system because it depends on
the thermal conductivity of the various materials that must
be penetrated and results in the temperature of the reaction
vessel being higher than that of the reaction mixture [2]. By
contrast, microwave irradiation produces efficient internal
heating by direct coupling of microwave energy with the
polar molecules (e.g., solvents, reagents, and catalysts) that
are present in the reaction mixture. MAOS is mainly based
on the efficient heating of reacting substances by microwave
dielectric heating effects [3]. Microwave dielectric heating
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depends on the ability of a specific substance to absorb
microwave energy and convert it into heat. Microwave irra-
diation triggers heating to carry out the chemical reaction by
two main mechanisms such as dipolar polarization and ionic
conduction. Whereas the dipoles in the reaction mixture
(e.g., the polar solvent molecules) are involved in the dipolar
polarization effect, the charged particles in a sample (usually
ions) are affected by ionic conduction [4].

Microwave-assisted heating has been shown to be an
invaluable technology in synthesis, since it can often dramat-
ically reduce reaction times, typically from days or hours to
minutes or even seconds. It can also provide pure products
in quantitative yield and selectivity.When solvent is used, the
reaction condition must be carefully controlled or a special
apparatus should be used, due to the danger of using organic
solvents inmicrowave irradiation because of their low boiling
points and high vapor pressure [5].

Isatin (1,3-dihydro-2H-indol-2-one) is an endogenous
compound having wide range of biological activities. Isatin
was first obtained by Erdman and Laurent in 1841 as a product
from the oxidation of indigo by nitric and chromic acids
[6]. In nature, isatin is found in plants of the genus Isatis, in
Calanthe discolor LINDL and in Couroupita guianensis Aubl,
and has also been found as a component of the secretion
from the parotid gland of Bufo frogs and it is an endogenous
indole found in themammalian brain, peripheral tissues, and
body fluids [7–10]. Substituted isatins are also found in plants,
for example, the melosatin alkaloids (methoxy phenylpentyl
isatins) obtained from the Caribbean tumorigenic plant
Melochia tomentosa as well as from fungi: 6-(3-methylbuten-
2-yl) isatin was isolated from Streptomyces albus and 5-(3-
methylbuten-2-yl) isatin from Chaetomium globosum. Isatin
has also been found to be a component of coal tar. The
synthetic versatility of isatin has led to the extensive use of
this compound in organic synthesis. The presence of several
reaction centers in isatin and its derivatives makes it possible
to bring these compounds into various types of reactions.
Thus, keto group at position can enter into addition at the C–
O bond and into condensation with release of water.Through
the NH group, compounds of the isatin series are capable
of entering into N-alkylation and N-acylation and into
the Mannich and Michael reactions. The well-documented
biological profiles of isatin derivatives have attracted much
attention over the years. Schiff bases are some of the most
widely used organic compounds. They are used as pigments
and dyes, catalysts, intermediates in organic synthesis, and
as polymer stabilizers along with some biological activities.
Schiff and Mannich bases of isatin represent one of the
most important classes of organic compounds because of
their broad spectrum of pharmacological activities such as
antibacterial [11–15], antifungal [16, 17], antiviral [18, 19], anti-
HIV [20, 21], anticonvulsant [22, 23], antitubercular [24, 25],
cytotoxic [26, 27], analgesic, anti-inflammatory [28, 29], and
antidepressant [30].

Helminth infections are among the most common infec-
tions in humans, upsetting a massive population of the
world. The World Health Organization estimates that more
than two billions of people are in parasitic worm infections.
Helminth infections are the most common health problems

in India and also in other developing countries. There are
two important types of worm infections, those in which
the worms live in the host alimentary canal and those in
which the worms live in other tissues of the host body [31].
Common examples of worms are the tape worm, intestinal
round worm, trematodes or flukes, tissue round worm,
and so forth. Various diseases caused by helminthes are
ascariasis, trichirians, hook worm and tape worm infection,
thread worm infection, schistosomiasis, and giardia infec-
tion. The gastrointestinal helminthes become resistant to
currently available anthelmintic drugs. Worm infestations
are also a major cause for concern in veterinary medicine,
affecting domestic pets form animals. Anthelmintics are
those agents that expel parasitic worms (helminthes) from
the body, by either stunning or killing them. More than
half of the population of the world suffers from various
types of infection with the majority of cattle suffering from
worm infections [32]. To overcome the development of drug
resistance, it is very important to synthesize a new class
of compounds possessing different chemical properties to
treat helminthes diseases. In continuation to our research
work about nitrogen heterocycles, in the present study we
have synthesized some Schiffs base of 1,3-dihydro-2H-indol-
2-one under conventional andmicrowave irradiationmethod
followed by formation of Mannich bases. The synthesized
Mannich bases were screened for their anthelmintic activity
by using Indian earthworms. The chemical structures of the
synthesized compounds were confirmed by means of their
physical, IR, 1H-NMR, and mass spectral data.

2. Experimental

2.1. Materials. The chemicals and solvents used for the
experimental workwere of commercial grade. All themelting
points were taken in open capillaries and are uncorrected.
Followup of the reactions and checking the purity of the
compounds were made by TLC on precoated Silica gel-
aluminum plates (type 60 F254, Merck, Darmstadt, Ger-
many) and were visualized by exposure to UV-light (254 nm)
or iodine vapor for few seconds. The IR spectra of the
compounds were recorded on FT-IR Spectrophotometer,
model IRAffinity-1 (SHIMADZU), usingKBr powder and the
values are expressed in cm−1. 1HNMR spectra of the selected
compounds were recorded on multinuclear FT NMR Spec-
trometer, model Advance-II (Bruker), (at 400MHz) using
tetramethylsilane as an internal standard. The multiplicities
of the signals are denoted with the symbols s, d, t, and m
for singlet, doublet, triplet, and multiplet, respectively. The
microwave irradiated synthesis was performed in scientific
microwave oven, Catalyst System (operating between 140 and
700W). All the reactions were carried out at power level-1,
which corresponds to 140W.

2.2. Conventional Synthesis of Schiff Bases of Isatin. Equimo-
lar (0.01mol) quantity of isatin and substituted anilines was
dissolved in ethanol (10mL) and refluxed for 3 h in presence
of glacial acetic acid. In between TLCwas checked to confirm
the completion of reaction. After completion of reaction,
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Figure 1: Heating mechanism involved in microwave synthesis.

the reaction mixture was kept overnight to get the solid
product. The product was filtered, dried, and recrystallized
from ethanol (Scheme 1).

2.3.Microwave Synthesis of Schiff Bases of Isatin. Therequired
quantities of above reactants are subjected to microwave
irradiation for 4–8min at power level-1 (140 watts). In
between TLC was checked to confirm the completion of
reaction. After completion of reaction, the reaction mixture
was kept overnight to get the solid product. The product was
filtered, dried, and recrystallized from ethanol (Scheme 1 and
Figure 1).

2.4. Synthesis of Mannich Bases of Isatin. Mannich bases of
isatin were prepared by condensing equimolar proportions
of appropriate Schiff bases, secondary amine, and formalde-
hyde, normally in the formof 37%aqueous solution.The reac-
tion mixture was stirred for one hour at room temperature
and refrigerated for 24 hours. The products were separated
by suction filtration, vacuum dried, and recrystallized from
ethanol. In most of the cases, reactions preceded smoothly in
cold state, but in a few cases the reactionmixture was warmed
up for a few minutes to complete the reaction. Sometimes
heating resulted in the polymerization of the products and
nothing could be isolated from the reaction mixture. It was
also observed that aqueous formaldehyde gives better yield as
compared to paraformaldehyde. The secondary amines used
for the synthesis of Mannich bases were diethyl amine. TLC
was monitored by using solvent system benzene : chloroform
(55 : 45). The physical and spectral data of the synthesized
compounds were given in Tables 2 and 3.

2.5. Anthelmintic Activity. TheAnthelmintic activity was per-
formed on Pheretima posthuma (Indian earthworm) as it has
anatomical and physiological resemblance with the intestinal
parasites of human beings [33]. The standard drug and test
compounds were dissolved inminimumquantity of dimethyl

formamide (DMF) and the volume was adjusted up to 15mL
with normal saline solution to get the concentration of 50,
20, and 10mg/mL. Albendazole was used as the standard
drug and normal saline was used as control. All these test
and standard solutions were poured into the petridishes. Six
worms were placed in each petridish. The worms were kept
in observation to record the paralysis and death time at room
temperature. Paralysis was said to occur when the worms
did not receive even in normal saline and death should be
confirmed by puttingmotionless worms in 40∘Cwarmwater.
The time taken by worms to becomemotionless was noted as
paralysis time.Themean lethal time and paralysis time of the
earth worms for different test compounds and standard drug
are given in Table 4.

2.6. Worm Collection. Pheretima posthuma (Indian earth-
worm)was collected frommoist soil andwashedwith normal
saline water to remove all faecal and earthy matter.

2.7. Standard Drug. For the present study, albendazole (Ran-
baxy, New Delhi) was taken as standard drug. The various
concentrations were prepared in normal saline water.

3. Results and Discussion

Heterocyclic compounds carrying nitrogen atoms occupy
an important position in the effective therapy of a number
of diseases and disorders. The field of medicinal chemistry
deals with the search and development of new chemical
entities for the treatment of various types of diseases. One
such class of biodynamic agent is 1H-indole-2,3-dione. In the
present study we have synthesized some Schiff bases by using
conventional as well as microwave irradiation technique
(Figure 2). Further more, these Schiff bases were used for the
synthesis of Mannich bases. The synthetic protocol followed
was outlined in Scheme 1. In case of conventional heating
method, syntheses of the titled compounds were completed
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Figure 2: (a) Conventional heating: the temperature on the outer surface of the reaction vessel is more than that of the reaction medium. (b)
Microwave heating: the vessel wall is transparent tomicrowave energy so that the energy can be transferred kinetically, localized superheating
which leads to absorption of microwave irradiation by the reactant mixture.

Table 1: Comparative study on yield and reaction time of the synthesized compounds (S1–S8) by conventional andmicrowave assistedmethod.

Compound code Conventional method Microwave assisted method
Time (h) Energy (temperature ∘C) Yield (%) Time (min) Energy (power Watt) Yield (%)

S1 3 90–100 58 4 140 73
S2 3 90–100 53 6 140 71
S3 3 90–100 57 5 140 81
S4 3 90–100 61 8 140 84
S5 3 90–100 53 7 140 79
S6 3 90–100 57 6 140 84
S7 3 90–100 63 7 140 80
S8 3 90–100 55 8 140 76

Table 2: TLC report and melting point data of the synthesized
compounds (M1–M8).

Compound code R 𝑇
𝑚
(∘C) 𝑅

𝑓

M1 4-nitrophenyl 165-166 0.663
M2 4-chlorophenyl 155-156 0.678
M3 4-fluorophenyl 150-151 0.620
M4 4-bromophenyl 167-168 0.723
M5 4-hydroxyphenyl 147–149 0.548
M6 4-methoxyphenyl 152-153 0.612
M7 4-aminophenyl 154-155 0.563
M8 4-methylphenyl 157-158 0.654

in three hours where as the reaction was completed within
4–8 minutes by microwave irradiation method. The reaction
mixture was refluxed at the temperature of 90–100∘C by
conventional method but in the microwave method, the
reactionwas carried out at power level 1 which corresponds to

140 watt. From this, it gave clear information regarding loss of
energy which ismore in the case of conventional as compared
to microwave method. When the yield of the product was
taken into account it, was observed that the yield of the prod-
ucts was found to be 53%–63% in case of conventional while
being 71%–84% by microwave heating method. To optimize
better yield of the products, the effects of various parameters
such as MW power, irradiation time, and molar proportions
of the reactants were investigated. It was observed that at
power level 1 andwithin 4–8minutes the yield of the products
was better than that of conventional heating. So it could be
concluded that microwave heating provided high yield with
pure product in less reaction time. Comparative study on
yield and reaction time of the Schiff bases was included in
Table 1. Melting point is a valuable criterion of purity for an
organic compound, as a pure crystal is having a definite and
sharp melting point. The melting points of the synthesized
compounds were determined in open capillary tube method
by usingThomas-Hoover melting point apparatus, expressed
in ∘C. In both the cases, that is, conventional as well as
microwave method, the compounds obtained were checked
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Table 3: Characterization data of the titled compounds (M1–M8).

Compound
code MF MW IR, NMR, and mass

M1 C19H20N4O3 352.38
IR (cm−1): 1728 (C=O), 1602 (C=N), 1462 (C=C), 1527 and 1352 (NO2).

1H NMR 𝛿 (ppm):
0.97–1.15 (t, 6H, N(CH2CH3)2), 2.50–2.65 (q, 4H, N(CH2CH3)2), 4.48 (s, 2H, CH2),
6.56–7.69 (m, 8H, Ar–H).𝑚/𝑧: 352.38.

M2 C19H20ClN3O 341.83
IR (cm−1): 1728 (C=O), 1602 (C=N), 1462 (C=C), 759 (C–Cl). 1H NMR 𝛿 (ppm): 0.97–1.15 (t,
6H, N(CH2CH3)2), 2.50–2.65 (q, 4H, N(CH2CH3)2), 4.48 (s, 2H, CH2), 6.56–7.69 (m, 8H,
Ar–H).𝑚/𝑧: 342.

M3 C19H20FN3O 325.38 IR (cm−1): 1716 (C=O), 1612 (C=N), 1444 (C=C), 1097 (C–F). 1H NMR 𝛿 (ppm): 1.31 (t, 6H,
N(CH2CH3)2), 2.57 (q, 4H, N(CH2CH3)2), 3.28 (s, 2H, CH2), 6.49–7.91 (m, 8H, Ar–H).

M4 C19H20BrN3O 386.28
IR (cm−1): 1728 (C=O), 1602 (C=N), 1462 (C=C), 759 (C–Br). 1H NMR 𝛿 (ppm): 0.97–1.15 (t,
6H, N(CH2CH3)2), 2.50–2.65 (q, 4H, N(CH2CH3)2), 4.48 (s, 2H, CH2), 6.56–7.69 (m, 8H,
Ar–H).

M5 C
19
H
21
N
3
O
2

323.38
IR (cm−1): 1728 (C=O), 1604 (C=N), 1467 (C=C), 3630 (–OH). 1H NMR 𝛿 (ppm): 1.05–1.13
(t, 6H, N(CH2CH3)2), 2.60–2.65 (q, 4H, N(CH2CH3)2), 4.48 (s, 2H, CH2), 4.61 (s, 1H, OH).
𝑚/𝑧: 324.

M6 C
20
H
23
N
3
O
2

337.41
IR (cm−1): 1726 (C=O), 1600 (C=N), 1467 (C=C), 1290–1250 cm−1 (–OCH3).

1H NMR 𝛿
(ppm): 0.97–1.15 (t, 6H, N(CH2CH3)2), 2.50–2.65 (q, 4H, N(CH2CH3)2), 4.48 (s, 2H, CH2),
3.94 (s, 3H, OCH3).

M7 C
19
H
22
N
4
O 322.40

IR (cm−1): 1728 (C=O), 1602 (C=N), 1462 (C=C), 1600 (NH2).
1H NMR 𝛿 (ppm): 1.01–1.09 (t,

6H, N(CH2CH3)2), 2.50–2.63 (q, 4H, N(CH2CH3)2), 4.48 (s, 2H, CH2), 3.81 (s, 2H, NH2).
𝑚/𝑧: 323.

M8 C
20
H
23
N
3
O 321.41 IR (cm−1): 1728 (C=O), 1604 (C=N), 1464 (C=C). 1H NMR 𝛿 (ppm): 0.98–1.13 (t, 6H,

N(CH2CH3)2), 2.50–2.66 (q, 4H, N(CH2CH3)2), 4.48 (s, 2H, CH2), 3.86 (s, 3H, –CH3).

for their time of melting and were found to be nearly the
same. Chromatography is an important technique to identify
the new compound and also to determine the purity of
the compounds. Thin layer chromatography is convenient,
simple and useful because it is quick, cheap, accurate, and
easy to use. Thin layer chromatography was performed by
using solvent system benzene : chloroform (55 : 45). The 𝑅

𝑓

value is characteristic for each of the compounds and the
values were found to be in the range of 0.548–0.723 and were
given in Table 2. Infrared spectroscopy can be routinely used
to identify the functional groups and identification/quality
control of raw material, intermediate and finished products.
Infrared spectra of the synthesized compounds were taken as
a comparative study of the characterization of compounds.
The IR spectra of all the compounds were recorded using
KBr and are given in Table 3. IR data of compound-
M
1
showed characteristics absorptions at 1728, 1602, 1462,

1527, and 1352 cm−1 indicating the presence of C=O, C=N,
C=C, and NO

2
groups, respectively. The absorption bands

at 1728, 1602, 1462, and 759 cm−1 indicate the presence
of C=O, C=N, C=C, and C–Cl in case of compound-M

2
.

Similarly, compound-M
3
exhibited characteristic peaks at

1716, 1612, 1444, and 1097 cm−1 which indicates the presence
of C=O, C=N, C=C, and C–F groups, whereas compound-
M
4
displayed IR absorption bands at 1728, 1602, and 1462,

759 cm−1 which corresponds the functional groups such as
C=O, C=N, C=C, and C–Br. In case of compound-M

5
, the

peaks at 1728, 1604, 1467, and 3630 cm−1 relied the presence
of C=O, C=N, C=C, and OH groups, while IR absorption

bands of M
6
gave an idea about the presence of C=O, C=N,

C=C and OCH
3
groups which corresponds to 1726, 1600,

1467, and 1290–1250 cm−1, respectively. In the same way,
compound-M

7
gave an information about the presence of

C=O, C=N, C=C, and NH
2
groups which corresponds to

1728, 1602, 1462, 1600 cm−1, respectively. At the same time
and the characteristic bands at 1728, 1604 and 1464 cm−1
indicate the presence of C=O, and C=N, C=C groups in
compound-M

8
.The 1HNMRspectra of the above synthesized

compounds have shown singlet in the region of 𝛿 9.35
to 9.98 corresponding to secondary amino group (–NH).
The aromatic protons were resonating as multiplet in the
region of 𝛿 7.03 to 7.90. The O-H stretching vibration is
observed in the region of 3550–3200 cm−1. For the evaluation
of anthelmintic activity of the compounds, different species
of worms are available, for example, earthworms, ascaris,
nippostrongylus, and heterakis. Among these species earth-
worms are extensively used for the preliminary evaluation
of anthelmintic activities in vitro because they are similar
to intestinal “worms” and are easily available. Earthworms
have the ability to move by ciliary movement. The external
layer of the earthworm is a mucilaginous layer and is made
up of polysaccharides. This external layer is slimy in nature
which helps the earthworms for their easy movement. If any
damage takes place to this mucopolysaccharide membrane,
then the movement of the earthworms will be restricted and
can cause paralysis. This action may lead to the death of the
earthworms by damaging the mucopolysaccharide layer. In
the current study, the synthesized compounds were evaluated
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Figure 3: Photographs showing the petriplates containing the standard drug, control, test compounds, and the tested organism Pheretima
posthuma. (a) Compound-M

1
, (b) compound-M

2
, (c) compound-M

3
, (d) compound-M

4
, (e) compound-M

5
, (f) compound-M

6
, (g)

compound-M
7
, (h) compound-M

8
, (i) control, and (j) standard drug (albendazole).

for their anthelmintic activity by using Pheretima posthuma
(Indian earthworm) at three different concentrations, that
is, 10, 20, and 50mg/mL. The results of the study were
summarized in Table 4 including the activity of standard
drug albendazole. From the observations made, compounds
at higher concentrations produced paralytic effect much
earlier and the time to death was shorter for the worms. The
compound M

1
showed the paralysis of worms within 60–53

minutes while death of the worms was observed at 158–139
minutes at the test concentrations of 10, 20, and 50mg/mL,
respectively. Among the tested compounds, the compound
M
2
has taken less time, that is, 48, 41, and 37 minutes, and

for paralysis of Pheretima posthuma and similarly the death
of worms was observed at 134, 128, and 115 minutes for the
concentrations of 10, 20, and 50mg/mL, respectively. In the
case of compound M

3
, the paralysis time of the worms was

found to be 57, 53, and 48 minutes whereas the time for
death of the worms was 152, 148, and 142 minutes at the
concentrations of 10, 20, and 50mg/mL, respectively. The
compoundM

4
caused paralysis of the worms at 64, 61, and 57

minutes whereas the time taken for deathwas found to be 156,
140, and 137 minutes at 10, 20, and 50mg/mL, respectively.
The compound M

5
at 10, 20, and 50mg/mL caused paralysis

in 66, 63, and 60 minutes and death in 165, 143, and 140
minutes. Similarly the compoundM

6
at 10, 20, and 50mg/mL

caused paralysis of the worms in 64, 61, and 58 minutes and
death in 186, 175, and 157minutes.The paralysis of the worms
was found to be in 57, 53, and 51minutes and death was found
in 177, 163, and 148 minutes at the three test concentrations,
that is, 10, 20 and 50mg/mL respectively, for the compound
M
7
. When the anthelmintic activity of the compound M

8
is

taken into account it, showed the paralysis of the worms in
60, 57, and 52 minutes, whereas the time taken for death of

Pheretima posthuma was more than that of all other tested
compounds, that is, 191, 176, and 169 at the test concentrations
of 10, 20, and 50mg/mL, respectively, as given in Table 4.
The photographs of petriplates containing the standard drug,
control and the tested compounds alongwith the earthworms
were given in Figure 3.

4. Conclusions

In this current study we have synthesized some Schiff base of
isatin derivatives by conventional and microwave irradiation
method. With the help of microwave synthesis, the yield of
product was increased from 53% up to 84% as compared
to the conventional method. By microwave irradiation, the
reactions were completed within 4–8 minutes and the prod-
ucts were obtained in good to high yields, which reduced
the time, waste, and formation of byproduct.Themicrowave-
assisted synthesis is simple and ecofriendly and can be used
as an alternative to the existing conventional heatingmethod.
From the results of anthelmintic studies, it was concluded
that the tested compounds exhibited significant anthelmintic
activities against the test organism Pheretima posthuma.
Among the tested compounds, compound substituted with
electron withdrawing group in Isatin residue showed promis-
ing anthelmintic activities whereas compounds containing
electron donating group such as compound M

8
exhibited

poor activity. It can be concluded that the reproducibility and
speed of microwave-assisted synthesis would be ideal for the
synthesis of new chemical entities. The speed of microwave
synthesis would contribute to the rapid development of
novel compounds in the lead optimization stage during drug
discovery process.
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Table 4: Anthelmintic activity of the synthesized Mannich bases
(M1–M8).

Compounds Concentration
(mg/mL)

Time of
paralysis (min)
Mean ± SD

Time of death
(min)

Mean ± SD

M1

10 60 ± 0.18 158 ± 0.19

20 57 ± 0.14 145 ± 0.24

50 53 ± 0.32 139 ± 0.34

M2

10 48 ± 0.24 134 ± 0.27

20 41 ± 0.33 128 ± 0.33

50 37 ± 0.16 115 ± 0.32

M3

10 57 ± 0.39 152 ± 0.17

20 53 ± 0.34 148 ± 0.43

50 48 ± 0.24 142 ± 0.21

M4

10 64 ± 0.33 156 ± 0.35

20 61 ± 0.31 140 ± 0.34

50 57 ± 0.42 137 ± 0.51

M5

10 66 ± 0.35 165 ± 0.28

20 63 ± 0.42 143 ± 0.34

50 60 ± 0.51 140 ± 0.34

M6

10 64 ± 0.19 186 ± 0.29

20 61 ± 0.35 175 ± 0.21

50 58 ± 0.25 157 ± 0.36

M7

10 57 ± 0.39 177 ± 0.51

20 53 ± 0.32 163 ± 0.33

50 51 ± 0.31 148 ± 0.15

M8

10 60 ± 0.29 191 ± 0.33

20 57 ± 0.19 176 ± 0.15

50 52 ± 0.52 169 ± 0.19

Control
(normal saline) No effects for 10 hours

Standard
(albendazole)

10 49 ± 0.56 68 ± 0.21

20 44 ± 0.15 62 ± 0.31

50 38 ± 0.21 53 ± 0.24
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The gelation behaviors of binary organogels composed of aminobenzimidazole/benzothiazole derivatives and benzoic acid with
single-/multialkyl substituent chain in various organic solvents were designed and investigated. Their gelation behaviors in 20
solvents were tested as new binary organic gelators. This showed that the number and length of alkyl substituent chains and
benzimidazole/benzothiazole segment have played a crucial role in the gelation behavior of all gelator mixtures in various organic
solvents. More alkyl chains in molecular skeletons in present gelators are favorable for the gelation of organic solvents. The length
of alkyl substituent chains has also played an important role in changing the gelation behaviors and assembly states. Morphological
studies revealed that the gelator molecules self-assemble into different aggregates from wrinkle, lamella, belt, to fiber with
change of solvents. Spectral studies indicated that there existed different H-bond formation and hydrophobic force, depending on
benzimidazole/benzothiazole segment and alkyl substituent chains in molecular skeletons.The prepared nanostructured materials
have wide perspectives andmany potential applications in nanoscience andmaterial fields due to their scientific values.The present
work may also give new clues for designing new binary organogelators and soft materials.

1. Introduction
Organogels, which are various three-dimensional (3D) aggre-
gates with micrometer-scale lengths and nanometer-scale
diameters immobilizing the flow of liquids, have been known
for potential applications on materials, drug delivery, agents,
and sensors as well as water purification in recent years
[1–9]. The driving forces responsible for gel formations are
specific or noncovalent interactions such as the dipole-dipole
interaction, van der Waals forces, hydrogen bonding, 𝜋-𝜋
stacking, and host-guest interaction [10–15]. In particular,
complementary hydrogen bonding patterns play a very
important role in forming both mono- and multicomponent

architectures, and their application in the fabrication of
organogels has been attempted [16–23]. The reversibility as
a crucial feature of supramolecular materials enables these
smart gels to be superior to conventional ones and brings
accessibility for designing new functional materials [24–30].

Benzimidazole/benzothiazole groups, as versatile units,
of which one ring is a benzene ring and one is a five-mem-
bered ring with N or S elements, have been widely chosen
for designing new amphiphiles because of their unique
directional self-association through 𝜋-𝜋 stacking and van der
Waals interactions in the process of supramolecular assembly
[31–33]. For example, some benzimidazole and benzothiazole
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Table 1: Gelation behaviors via acids with single-alkyl substituent chains.

Solvents S-PC12 S-PC14 S-PC16 S-PC18 N-PC12 N-PC14 N-PC16 N-PC18
Aniline PS PS G (2.0) PS PS PS PS PS
Benzene S S PS PS PS PS PS I
Acetone S PS I PS PS PS PS I
n-Hexane PS PS PS PS PS PS PS I
Toluene S S PS PS PS PS PS PS
Pyridine S S S S S S PS PS
Cyclopentanone S S I PS S S PS I
Cyclohexanone S S PS PS S S PS I
Nitrobenzene PS PS G (2.0) G (2.5) PS PS PS PS
n-Butanol PS PS I PS PS PS PS PS
Ethanolamine PS G (1.5) PS G (2.5) PS G (2.0) PS G (2.5)
n-Butyl acrylate S S I PS PS PS PS I
1,4-Dioxane S S PS PS PS PS I PS
Petroleum ether PS PS PS S PS PS PS I
Ethyl acetate PS PS PS PS PS PS PS I
Chloroform S S PS PS PS PS PS PS
Dichloromethane S S S PS PS PS PS I
THF S S S S PS PS PS PS
DMF PS PS PS PS PS PS PS PS
DMSO S S S S S S S S
DMF: dimethylformamide; THF: tetrahydrofuran; DMSO: dimethyl sulfoxide; S: solution; PS: partially soluble; G: gel; I: insoluble; for gels, the critical gelation
concentrations at room temperature are shown in parentheses (% w/v).

derivatives formed chiral assembly films through a coop-
erative stereoregular 𝜋-𝜋 stacking of the functional groups
together with the long alkyl chains in a helical sense [31].
Therein the relationship between the chirality of assembly
films and the molecular structures of amphiphiles as well as
their H-bond or coordination behaviors was discussed. In
our reported work, the gelation properties of some choles-
terol imide derivatives consisting of cholesteryl units and
photoresponsive azobenzene substituent groups have been
investigated [34]. We found that a subtle change in the head-
group of azobenzene segment can produce a dramatic change
in the gelation behavior of both compounds. In addition,
the gelation properties of bolaform and trigonal cholesteryl
derivatives with different aromatic spacers have been charac-
terized [35].Therein we have investigated the spacer effect on
the microstructures of such organogels and found that var-
ious kinds of hydrogen bond interactions among the mole-
cules play an important role in the formation of gels.

As a continuous research work, herein, we have designed
and prepared new binary organogels composed of aminoben-
zimidazole/benzothiazole derivatives and benzoic acid with
different alkyl substituent chains. In present benzoic acid
derivatives, the long alkyl chains were symmetrically attached
to the benzene rings to form single or three substituent states.
We have found that some of present mixtures could form
different organogels in various organic solvents. Morpho-
logical characterization of the organogels revealed different
structures of the aggregates in the gels. We have investigated
the effect of alkyl substituent chains and benzimidazole/
benzothiazole residues in gelators on the microstructures of

such organogels and found different kinds of hydrogen bond
interactions between intermolecular assembly units.

2. Experiments

2.1. Reagents.Allmaterials, 2-aminobenzimidazole, 2-amino-
benzothiazole, methyl 3,4,5-trihydroxybenzoate, 4-hydroxy-
benzenecarboxylic acid, 1-bromooctadecane, 1-bromohexa-
decane, 1-bromotetradecane, and 1-bromododecane, were
purchased from Alfa Aesar Tianjin Chemicals, Aldrich
Chemicals, and TCI Shanghai Chemicals, respectively. Other
used reagents shown in Table 1 were all of analysis purity
from Beijing Chemicals and were distilled before use. Deion-
ized water was used in all cases. 4-Alkyloxy-benzoic acid
and 3,4,5-tris(alkyloxy)benzoic acid with different alkyl sub-
stituent chains were synthesized in our laboratory according
to previous report [36] and confirmed by 1H NMR. The
molecular structures of present used acids/amine compounds
were shown in Figure 1.

2.2. Gel Preparation. At present 16 kinds of binary mixtures
were tested to prepare possible organogels according to a
simple procedure. Firstly, these acid/amine compounds were
mixed with 1 : 1 molar ratio according to the number match-
ing of intermolecular carboxylic acid and amine group,
respectively. Then, a weighted amount of binary mixtures
and a measured volume of selected pure organic solvent
were placed into a sealed glass bottle, and the solution was
ultrasonicated in a sonic bath for 15min in order to obtain
good dispersion. After that, the solutionwas heated in a water
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Figure 1: Molecular structures of present used acids/amine compounds.

bath at a temperature of 80∘C for 15min. Then, the solution
was cooled to room temperature in air and the test bottle was
inversed to see if a gel was formed. At this stage, G, S, PS, and
I were denoted to characterize the states of binary mixtures,
indicating gel, solution, a few precipitate, and insoluble sys-
tems, respectively. Critical gelation concentration refers to the
minimum concentration of the gelator for gel formation.

2.3. Instruments andCharacterization. These prepared organ-
ogels under the critical gelation concentration were dried
by a vacuum pump for more than 12 h to remove solvents
and form xerogels. Then, the obtained xerogel samples were
attached to different substrates, such as mica, copper foil,
glass, and CaF

2
slice, for morphological and spectral inves-

tigations, respectively. AFM data were measured by using
Nanoscope VIII Multimode Scanning Probe Microscope
(Veeco Instrument, USA) with silicon cantilever probes. All
AFM images were shown in the height mode without any
image processing except flattening. SEM images of the xero-
gels were measured on a Hitachi S-4800 field emission

scanning electron microscope with the accelerating voltage
of 5–15 kV. For SEM measurement, the samples were coated
on copper foil fixed by conductive adhesive tape and shielded
by gold nanoparticles. The XRD was measured by using a
Rigaku D/max 2550PC diffractometer (Rigaku Inc., Tokyo,
Japan) with CuK𝛼 radiation wavelength of 0.1542 nm under
a voltage of 40 kV and a current of 200mA. FT-IR spectra
were obtained byNicolet is/10 FT-IR spectrophotometer from
Thermo Fisher Scientific Inc. by an average of 32 scans and at
a resolution of 4 cm−1.

3. Results and Discussion

3.1. Gelation Behaviors. The gelation performances of all
binary mixtures in 20 solvents are tested. The experimen-
tal data showed that the binary mixtures of 4-alkyloxy-ben-
zoic acid with single-alkyl substituent chain and 2-amino-
benzimidazole/2-aminobenzothiazole could formorganogels
in special organic solvents, as listed in Table 1. The binary
mixtures of 4-alkyloxy-benzoic acidwithmethylene numbers
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Figure 2: Photographs of as-made organogels: (a) S-PC14 and S-PC18 in ethanolamine, S-PC16 and S-PC18 in nitrobenzene, and S-PC16 in
aniline (from left to right, resp., the following is the same); (b) N-PC14 and N-PC18 in ethanolamine; (c) S-TriC14 and S-TriC16 in aniline,
S-TriC18 in aniline and nitrobenzene, 1,4-dioxane, andDMF; (d)N-TriC18 fromDMF, n-butyl acrylate, nitrobenzene, 1,4-dioxane, and aniline.

of 12, 14, 16, and 18 and 2-aminobenzothiazole are denoted
by S-PC12, S-PC14, S-PC16, and S-PC18, respectively. Simi-
larly, the binary mixtures of present acids with single-alkyl
substituent chain and 2-aminobenzimidazole are denoted by
N-PC12, N-PC14, N-PC16, and N-PC18, respectively. Firstly,
for the mixtures with 2-aminobenzothiazole, S-PC12 does
no form any organogel in present solvents. For the case of
S-PC14, only one gel in ethanolamine was prepared. With
the increment of the methylene numbers to 16 and 18, S-
PC16 and S-PC18 can form gel in 2 solvents, respectively.
However, for the mixtures with 2-aminobenzimidazole, only
N-PC14 and N-PC18 can form gel in ethanolamine, respec-
tively. The photographs of all formed organogels in dif-
ferent solvents were shown in Figure 2. In addition, the
binary mixtures of 3,4,5-tris(alkyloxy)benzoic acid with
multialkyl substituent chain and 2-aminobenzimidazole/2-
aminobenzothiazole could formorganogels in special organic
solvents, as listed in Table 2. The binary mixtures of 3,4,5-
tris(alkyloxy)benzoic acid with methylene numbers of 12, 14,
16, and 18 and 2-aminobenzothiazole are denoted by S-TriC12,
S-TriC14, S-TriC16, and S-TriC18, respectively. Similarly, the
binary mixtures of present acids with three alkyl substituent
chains and 2-aminobenzimidazole are denoted by N-TriC12,

N-TriC14, N-TriC16, and N-TriC18, respectively. Firstly, for
the mixtures with 2-aminobenzothiazole, S-TriC12 do no
form any organogel in present solvents. For the case of S-
TriC14 and S-TriC16, only one gel in aniline was prepared.
With the increment of the methylene number to 18, S-TriC18
can form gel in 4 solvents, including aniline, nitrobenzene,
1,4-dioxane, and DMF. However, for the mixtures with 2-
aminobenzimidazole, only N-TriC18 can form gel in 5 sol-
vents, including aniline, nitrobenzene, n-butyl acrylate, 1,4-
dioxane, and DMF. The present data indicated that change
of alkyl substituent chains can have a profound effect upon
the gelation abilities of these studied mixtures. It seemed that
more alkyl chains in molecular skeletons in present mixture
gelators are more favorable for the present mixtures. In
addition, the length of alkyl chains in acids for intermolecular
stacking in the gel formation process is also obvious for
all cases. The reasons for the strengthening of the gelation
behaviors can be assigned to the change of the spatial con-
formation and assembly modes of the gelators due to inter-
molecular hydrogen bonding of the gelators [37, 38], which
may increase the ability of the gelator molecules to self-
assemble into ordered structures, a necessity for forming
organized assembly structures.
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Table 2: Gelation behaviors via acids with multialkyl substituent chains.

Solvents S-TriC12 S-TriC14 S-TriC16 S-TriC18 N-TriC12 N-TriC14 N-TriC16 N-TriC18
Aniline PS G (1.5) G (2.0) G (2.5) PS PS PS G (2.5)
Benzene S S S PS S PS PS I
Acetone S PS I PS PS PS PS I
n-Hexane S PS PS PS PS PS PS I
Toluene S S S S S PS PS PS
Pyridine S S S S S S S S
Cyclopentanone S S PS PS S S PS I
Cyclohexanone S S PS PS S PS PS I
Nitrobenzene S S PS G (2.0) PS PS PS G (2.5)
n-Butanol S S PS PS S PS PS S
Ethanolamine PS PS PS PS PS PS PS PS
n-Butyl acrylate S S S PS S PS PS G (2.0)
1,4-Dioxane S S PS G (2.5) S PS PS G (2.5)
Petroleum ether PS PS PS PS S PS I I
Ethyl acetate S S I PS PS PS PS PS
Chloroform S S S S S S PS S
Dichloromethane S S S S S S PS I
THF S S S S S S S PS
DMF S PS PS G (2.0) S PS PS G (2.0)
DMSO S S S S S S S S
DMF: dimethylformamide; THF: tetrahydrofuran; DMSO: dimethyl sulfoxide; S: solution; PS: partially soluble; G: gel; I: insoluble; for gels, the critical gelation
concentrations at room temperature are shown in parentheses (% w/v).

3.2. Morphological Investigation. Many researchers have
reported that a gelator molecule constructs nanoscale super-
structures such as nanofibers, nanoribbons, and nanosheets
in a supramolecular gel [39, 40]. To obtain a visual insight
into the gel microstructures, the typical nanostructures of
these gels were studied by SEM technique, as shown in
Figures 3-4. From the present diverse images, it can be easily
investigated that the microstructures of the xerogels of all
mixtures in different solvents are significantly different from
each other, and the morphologies of the aggregates change
from wrinkle, lamella, belt, to fiber with change of solvents.
In addition, more wrinkle-like aggregates with different sizes
were prepared in gels of S-TriC18 and N-TriC18 with three
alkyl substituent chains in molecular skeletons. Further-
more, the xerogels of S-PC18, S-TriC18, and N-TriC18 in
nitrobenzene, with S-PC18 and N-PC18 in ethanolamine,
were characterized by AFM, as shown in Figure 5. From the
images, it is interesting to note that these big wrinkle or belt
aggregates were composed of many little rod-like or needle-
like nanodomains by stacking of the present gelatormixtures.
The morphologies of the aggregates shown in the SEM and
AFM imagesmay be rationalized by considering a commonly
accepted idea that highly directional intermolecular interac-
tions, such as hydrogen bonding or 𝜋-𝜋 interactions, favor
formation of organized belt or fiber micro-/nanostructures
[41, 42]. The differences of morphologies between molecules
with single-/multialkyl substituent chains can be mainly due
to the different strengths of the intermolecular hydrophobic
force between alkyl substituent chains, which have played

an important role in regulating the intermolecular orderly
staking and formation of special aggregates.

3.3. Spectral Investigation. In addition, in order to further
investigate the orderly stacking of xerogels nanostructures,
XRD patterns of all xerogels from gels weremeasured. Firstly,
the data of S-TriC14, S-TriC16, and S-TriC18 were taken as
an example, as shown in Figure 6. The curves of S-TriC18
xerogels from 4 solvents show similar peaks in the angle
region (2𝜃 values, 4.52, 6.04, 12.14, 19.86, and 22.56∘) corre-
sponding to 𝑑 values of 1.96, 1.46, 0.73, 0.45, and 0.39 nm,
respectively. As for the curves of S-TriC14 and S-TriC16 in
aniline, the minimum 2𝜃 values are 4.94 and 5.14∘, corre-
sponding to 𝑑 values of 1.79 and 1.72 nm, respectively. The
decrement of values can be mainly assigned to the length
change of methylene chains in the stacking units. In addi-
tion, other factors, such as the number of alkyl substituent
chains and benzimidazole/benzothiazole segment, were also
investigated. The curves of S-PC18, S-TriC18, and N-TriC18
in nitrobenzene were shown in Figure 7. While S-PC18 with
single-alkyl substituent chains in molecular skeleton showed
the minimum 2𝜃 value of 5.4∘, it changed to 4.38 and
4.46∘ for S-TriC18 and N-TriC18 with three alkyl substituent
chains in molecular skeleton. The corresponding 𝑑 values
are 1.64, 2.02, and 1.98 nm, respectively. The results indi-
cated that more alkyl substituent chains in molecular skel-
eton were favorable for the intermolecular organized assem-
bly [43, 44]. Furthermore, the curves of S-PC18 and N-
PC18 in ethanolamine were also measured to investigate
the effects of benzimidazole/benzothiazole segments. Main
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Figure 3: SEM images of xerogels: (a) S-PC14 in ethanolamine; (b)-(c) S-PC16 in aniline and nitrobenzene; (d)-(e) S-PC18 in nitrobenzene
and ethanolamine; (f)-(g) N-PC14 and N-PC18 in ethanolamine.

peakswere observed at 5.68 and 6.02∘ for S-PC18 andN-PC18,
respectively.The corresponding 𝑑 values are 1.56 and 1.47 nm,
respectively. The XRD results described above demonstrated
again that the factors had great effects on the assemblymodes
of these gelator mixtures.

It is well known that hydrogen bonding plays an impor-
tant role in the self-assembly process of organogels [45, 46].
At present, we havemeasured the FT-IR spectra of xerogels of
all compounds in order to further clarify this and investigate
the effect of other factors on assembly. Firstly, S-TriC14, S-
TriC16, and S-TriC18 were taken as examples, as shown in
Figure 8. As for spectra of S-TriC18 xerogels, some main
peaks were observed at 3146, 2918, 2848, 1679, and 1467 cm−1,
respectively, which can be assigned to the N–H stretch-
ing, methylene stretching, amide I band, and methylene
scissoring, respectively [47]. These bands indicate H-bond
formation between intermolecular amide and carboxylic acid
groups in the gel state. In addition, the spectra of xerogels
of S-PC18, S-TriC18, and N-TriC18 in nitrobenzene were also
compared. As shown in Figure 9, one observed change is
that the peaks assigned to carbonyl group shifted from 1709

to 1679 cm−1, respectively. Another change is that the peaks
assigned to N–H stretching shifted from 3392 to 3340 cm−1,
respectively. This implied that there were differences in the
strength of the intermolecular hydrogen-bond interactions
in these xerogels. The present data further verified that the
number of alkyl substituent groups in molecular skeletons
can regulate the stacking of the gelator molecules to self-
assemble into ordered structures by distinct intermolecular
hydrogen bonding.

3.4. Discussion. Considering the XRD results described ear-
lier and the hydrogen bonding nature of the organized pack-
ing of these binary mixtures as confirmed by FT-IR measure-
ments, a possible packing mode of S-TriC18 was proposed
and schematically shown in Figure 10. As for xerogels of S-
TriC18, due to the near position of S element in benzoth-
iazole ring, after the intermolecular hydrogen bonding and
orderly stacking, the repeating unit with length of about
2 nm was obtained. The obtained experimental value was
about 2.02 nm, which was in well accordance with the cal-
culation results. Meanwhile, it should be noted that this
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Figure 4: SEM images of xerogels: (a)-(b) S-TriC14 and S-TriC16 in aniline; (c)–(f) S-TriC18 in aniline, nitrobenzene, 1,4-Dioxane, and DMF;
(g)–(k) N-TriC18 from DMF, n-butyl acrylate, nitrobenzene, 1,4-dioxane, and aniline.

phenomenon is similar to the results of our recent reports
[41, 45, 47]. Therein, functionalized imide derivatives with
the substituent groups of azobenzene, luminol, and benz-
imidazole/benzothiazole residue can have a profound effect
upon the gelation abilities and the as-formed nanostructures
of the studied compounds. For present binary gelators, the
experimental data showed that the number and length of
alkyl substituent chains and benzimidazole/benzothiazole
segment have played a crucial role in the gelation behavior

of all gelator mixtures in various organic solvents. More
alkyl chains in molecular skeletons in present gelators are
favorable for the gelation of organic solvents. The length of
alkyl substituent chains has also played an important role
in changing the gelation behaviors and assembly states. In
addition, it seemed that these gels from binary mixtures
showed more variable nanostructures than those based on
imide derivatives. Now, the drug release behaviors generated
by the present xerogels in themixture of CongoRed are under
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Figure 5: AFM images of xerogels: S-PC18, S-TriC18, and N-TriC18 in nitrobenzene ((a)–(c), resp.); S-PC18 and N-PC18 in ethanolamine
((d) and (e), resp.).
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Figure 6: X-ray diffraction patterns of xerogels: (A)-(B) S-TriC14
and S-TriC16 in aniline; (C)–(F) S-TriC18 in aniline, nitrobenzene,
1,4-dioxane, and DMF, respectively.

investigation to display the relationship between the molecu-
lar structures, as-formed nanostructures, and properties.

4. Conclusion

In summary, the gelation behaviors of binary mixtures
of alkyloxybenzoic acid with single-/multialkyl substituent
chains and aminobenzimidazole/benzothiazole derivatives in
various organic solvents were investigated. The experimental
results indicated that their gelation behaviors can be regulated
by changing number and length of alkyl substituent chains
and benzimidazole/benzothiazole segment. The numbers of
alkyl substituent chains linked to benzene rings in these
acid derivatives have a profound effect upon the gelation
abilities of these studied gelator mixtures. More alkyl chains
in molecular skeletons in present gelators are favorable for
the gelation of organic solvents. The length of alkyl sub-
stituent chains has also played an important role in changing
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Figure 7: X-ray diffraction patterns of xerogels: (a) S-PC18, S-
TriC18, and N-TriC18 in nitrobenzene ((A)–(C), resp.); (b) S-PC18
and N-PC18 in ethanolamine ((A)-(B), resp.).
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Figure 10: A reasonable self-assembly mode for S-TriC18 organ-
ogels.
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the gelation behaviors and assembly states. Morphological
studies revealed that the gelator molecules self-assemble into
different aggregates from wrinkle, lamella, belt, to fiber with
change of solvents. Spectral studies indicated that there
existed different H-bond formation and hydrophobic force,
depending on benzimidazole/benzothiazole segment and
alkyl substituent chains in molecular skeletons.The prepared
nanostructured materials have wide perspectives and many
potential applications in nanoscience and material fields due
to their scientific values. The present work might also give
some insights into design and characterize new organogela-
tors and soft materials.

Conflict of Interests

The authors declare that they have no any direct financial
relation with the commercial identities mentioned in this
paper that might lead to a conflict of interests for any of the
authors.

Acknowledgments

This work was financially supported by the National Nat-
ural Science Foundation of China (Grant no. 21207112),
the Natural Science Foundation of Hebei Province (Grant
nos. B2012203060 and B2013203108), the China Postdoctoral
Science Foundation (Grant nos. 2011M500540, 2012M510770,
and 2013T60265), the Science Foundation for the Excellent
Youth Scholars from Universities and Colleges of Hebei
Province (Grant no. Y2011113), the Scientific Research Foun-
dation for Returned Overseas Chinese Scholars of Hebei
Province (Grant no. 2011052), and the Open Foundation of
State Key Laboratory of Solid Lubrication (Lanzhou Institute
of Chemical Physics, CAS) (Grant no. 1002).

References

[1] S. Bouguet-Bonnet, M. Yemloul, and D. Canet, “New appli-
cation of proton nuclear spin relaxation unraveling the inter-
molecular structural features of low-molecular-weight organo-
gel fibers,” Journal of the American Chemical Society, vol. 134,
no. 25, pp. 10621–10627, 2012.

[2] H. Yu and Q. Huang, “Improving the oral bioavailability of cur-
cumin using novel organogel-based nanoemulsions,” Journal of
Agricultural and Food Chemistry, vol. 60, no. 21, pp. 5373–5379,
2012.

[3] G. M. Newbloom, K. M.Weigandt, and D. C. Pozzo, “Electrical,
mechanical, and structural characterization of self-assembly in
poly(3-hexylthiophene) organogel networks,” Macromolecules,
vol. 45, no. 8, pp. 3452–3462, 2012.

[4] H. Sawalha, R. Den Adel, P. Venema, A. Bot, E. Flöter, and
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Self-assembly of colloidal spheres is the most frequently used method for structural colors, but the chroma of the structural colors
is usually so low that people cannot observe it under natural conditions.This paper presents a facile method for fabrications of vivid
structural colors by doping carbon black into the self-assembly of colloidal polymer spheres and nanosilica particles.This approach
can generate very gorgeous structural colors which can be very easily seen under natural conditions.The fabrication conditions for
the self-assembly of composite dispersions of polymer/silica/carbon black were optimized to obtain colloidal crystals with vivid
colors. Thus, robust mechanical properties, large-scale, and brilliant structural colors can guarantee the obtained crystal films to
find practical applications, which are demonstrated by the fact that the successful applications of structural colors beautify the
original simple and tedious surface of bamboo strand board (BSB).

1. Introduction

Photonic crystal has been the focus in material science
and technology because of its manipulations of photon
propagation and promising applications in communication,
sensor and detector, coating, and displays [1–13]. Manufac-
ture of some dyes and pigments usually causes pollutions and
energy loss. Furthermore, some dyes and pigments are toxic,
nondegradable, and fading. Therefore, structural colors from
photonic crystals have obtained increasing attention, because
of bright colors, durability and environmental friendliness.
Self-assembly of colloidal spheres into photonic crystals
has been one of the most widely used methods since this
strategy is relatively simple and cost efficient [14–24]. The
fabrication of robust colloidal crystals for structural color
by self-assembly of soft polymer/silica particles is novel and
facile works. It is carried out at room temperature without
additional equipment compared with other methods for
structural colors [23, 24]. Though self-assembly of colloidal
spheres into photonic crystals is simple, mass producible,
and the least expensive, it is inevitable to introduce random
defects, such as missing particles, uncontrolled orientation,
mixture of phases, and dislocations during the self-assembly

processes [16, 25]. Theses defects decrease the reflectivity
in the stop band region and scatter light outside the stop
band. Thus, the light we usually observe not only contains
the wavelength corresponding to the expected color unveiled
by the stop band, but also unwanted wavelength outside the
stop band. As a result, the color from the colloidal crystal
with defects is not as vivid as natural opals. It is not striking
or brilliant under natural conditions. On occasion, only an
experienced man could detect its color at a certain angle to
light source [26], which limits its applications in coatings,
cosmetics, decorations, textiles, and sensors [27, 28].

In order to make the interference color pure and highly
saturated, Wang et al. [27] coated thin anodic aluminum
oxide (AAO) films on an Al substrate uniformly with carbon
by chemical vapor deposition. The saturation of interference
color is substantially enhanced as a result of the carbon
deposited on the inner walls of the nanochannels of the AAO
film, which efficiently screens the reflected light from AAO-
Al interface. Pursiainen et al. [28] mixed carbon with core-
shell polymer sphere precursor. The precursor consisted of
a hard crosslinked polystyrene (PS) sphere coated with a
thin polymethyl-methacrylate (PMMA) interlayer anchored
by the outer shell composed of soft polyethylacrylate (PEA).
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Then polymer melt compression was used to fabricate poly-
mer opals. The visual appearance of the elastomeric opals
changes quite remarkably from milky white to intense green.
Inspired by peacock feathers, which contain small amount
of melanin rods in three-dimensional periodic structures
for brilliant colors [29], we successfully fabricated a robust
and large-scale colloidal crystal (CC) film with enhanced
and tunable vivid structural colors [30]. In comparison to
previous techniques, the primary differences and advantages
of this approach are as follows. (i) The polymer crystal films
with vivid colors are easily obtained directly by drying at
room temperature. Neither tedious work nor special equip-
ment or high temperature is needed. Other approaches to
dope carbon black at high temperature limited applications
on the substrate that could not bear high temperature such
as BSB. (ii) The polymer colloids are readily obtained, and
the resulting photonic crystal films are robust, which endow
the substrates not only with brilliant colors but also with
good strength such as hardness. (iii) This method can be
used for massive production of polymer colorful films of
any size from square centimeters to square meters. In this
paper, the treated carbon black had high surface charge,
which is not only important to prevent carbon black from
coagulating, but is also important to formperiodic structures.
Self-assembly of three colloidal particles into ternary periodic
structures has complicated interactions between particles,
which differ from other carbon black doping in the assembly
mechanism and is not researched by other groups. So the
fabrication factors differs greatly from the previous researches
[26, 30]. In order to obtain the optimal growth conditions
for high crystalline quality, in this paper, the effect of carbon
black properties, evaporation temperature, relative humidity
(RH), and silica content on polymer films are researched
systematically by controlled self-assembly process to study
the action mechanism. It is not studied by other groups,
which provides a good basis for commercialization.

2. Experimental Section

2.1. Materials. Butyl acrylate (BA), styrene (St), acrylic acid
(AA), ammonium persulfate (APS), sulfuric acid, and nitric
acid were purchased from Shanghai Chemical Reagent Co.
(China). Silica sol. (20 nm, pH = 3, 34wt% of solid con-
tent) was provided by Eka Chemicals Co. (Sweden). Ally-
loxy hydroxypropyl sodium sulphonate (HAPS, 40wt% of
solid content in aqueous solution) was kindly donated by
Shuangjian Trading Co., Ltd. (China). Carbon black was
donated by Carbot Co. Ltd. Deionized water was used in
all the polymerizations. All the chemical reagents were used
without further purification.

2.2. Synthesis of Soft Colloidal Polymer Spheres. A surfactant-
free emulsion polymerization procedure was carried out as
mentioned in the paper [23]. A typical process was described
as follows: deionized water (95 g), HAPS (1.0 g), AA (2 g), BA
(20 g), St (20 g), and APS (0.25 g) were added into a four-
necked flask equipped with an N

2
inlet, a reflux condenser,

and a mechanical stirrer. The polymerization was carried out

at 75–80∘C for 10 h to obtain water-borne polymer latex with
a solid content of 34wt%. The polymer latexes with various
particle sizes were synthesized by controlling HAPS contents.
The glass transition temperature of polymers is 23∘C which
was measured by DSC.

2.3. Treatment of Carbon Black (CB). Carbon black was
blended with concentrated sulfuric acid for 12 h, then cen-
trifuged and washed with deionized water until the pH was
near to 7 and dispersed in deionized water with 0.5 wt% of
solid content. Bpc40 carbon black with −25mV was used
unless specifications were noted.

2.4. Preparation of Colloid Crystal Films with Carbon Black
(CCB) and without Carbon Black (CCW). The polymer
latexes were blended with colloidal silica and carbon black
under vigorous were stirring for 2min and ultrasonically
treated for 2min at room temperature to obtain nanocom-
posite polymer latexes. The typical weight ratios of silica and
carbon black to polymer were 20 and 0.15%, respectively,
unless specifically noted.

2.5. The Controlled Fabrication of CCB Film. The glass sub-
strate was cleaned in ethanol, acetone, and deionized water
successively and dried in nitrogen gas. Then the dry glass
substrate was put into the conditioner and cast with same
volume of dispersions to insure the same thickness of all
films. Figure 1 was the experiment setup for self-assembly in
controlled temperature and relative humidity (RH). A smart
temperature and RH control system was employed to control
the temperature and RH accurately. If RH in the conditioner
was too low, the RH control system will start the evaporation
system to let more vapor into the conditioner and improve
RH to the preset level. If RH was too high, the RH control
system will start to let out unnecessary vapor to keep RH at
the preset level. By this control system, the temperature and
RH in the conditioner will be adjusted accurately according
to the predetermined level.

2.6. Characterization. The reflection spectra of CC films
were taken using the beam spot of 0.04mm2 in area and
integral sphere fiber optic UV-Vis spectrometer (Ocean
Optics, ST2000, Dunedin, FL, USA). The photos of CCB
and CCW films were taken by Cannon Power Shot A 95.
SEM images of the samples were obtained with a Philips
XL 30 field emission microscope; all samples were coated
with gold by sputtering prior to observations. The size and
size distribution of polymer spheres were measured by N4
Plus particle size analyzer. The color differences of CCB and
CCW films were measured by a spectrophotometer (CM-
700d, KonicaMinolta Sensing Inc., Japan) according to Com-
mission International d’Eclairage (CIE) LAB color scale. The
LAB system has a lightness scale L and opponent color axes
for redness-greenness versus yellowness-blueness, designated
A and B, respectively. Each color can be represented by a
unique point in three-dimensional coordinate used in the
LAB system. The L value characterizes the brightness of the
color and range between 0 (dark) and 100 (light). The A and
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Figure 1: Experiment setup of the controlled self-assembly.

B values are the chroma coordinates and characterize the hue
and chroma factors.The A axis is red on the positive side and
green on the negative side; the B axis is yellow on the positive
side and blue on the negative side. The higher the A and B
values, the stronger the colors.

3. Results and Discussion

3.1. The Mechanism of Color Purifications. The colloidal
films from composite dispersions of polymer/silica and poly-
mer/silica/carbon black are fabricated by the control method.
The reflection spectra in Figure 2 show that the peak positions
of CCB and CCW films are 677 nm and 666 nm, respectively,
with the size of polymer spheres as 301 nm. According to
Bragg diffraction law (1), peak positions have relationships
with the effective index 𝑛 and the distance 𝑑 between [111]
crystal planes calculated by 𝑑 = √2/3𝐷, where 𝐷 is the
diameter of the polymer spheres. When carbon black is
doped, the effective index 𝑛 has increased from 1.439 to
1.443 according to (2), while d remains unchanged for the
same polymer spheres. According to (1), the calculated peak
position of CCB film is 709 nm, which red-shifts about 2 nm
compared with 707 nm for CCW film. The calculated peak
positions are in rough agreement with the observation peak
positions. The blue shifts of observation peak positions from
calculated peak positions are caused by the shrinkage of soft
polymer spheres during self-assembly. Consider

𝜆 = 2𝑛𝑑√1 −
1

𝑛2
sin2𝜃, (1)

𝑛

=√𝑓polymer𝑛polymer
2+𝑓
(SiO2+air+carbonblack)𝑛(SiO2+air+carbonblack)

2.

(2)

The perfect colloidal crystal filmwith few defects has pure
colors because it has high reflectivity in the stop band region
while low reflectivity outside the stop band [31].The colloidal
crystal film especially assembled from colloidal spheres has
inevitable defects such as vacancy and dislocations, which
makes the reflectivity in the stop band region low while
the reflectivity outside the stop band high. The increased
reflectivity of unwanted photons outside the stop band will
reduce the purity of the color unveiled by the stop band.
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Figure 2: Reflection spectra of CCB and CCW films.

The reflectivity in the stop band region of CCW film is 85%
with 80% reflectivity outside the stop band. So the reflection
contrast is about 5%. The reflectivity in the stop band region
of CCB film is 27% with 8% outside the stop band. The
reflectivity in the stop band region reduces by 58% while
the reflectivity outside the stop band reduces by 72%. This
means that carbon black absorbs 58% photons in the stop
band region and 72% photons outside the stop band. The
reduction of the reflectivity in the stop band region will
reduce the purifications of the colors, while the reduction
of the reflectivity outside the stop band will increase the
purifications of the colors. We use the reflection contrast or
peak height as an important index to evaluate the overall
effect of the photon reflectivity on the purity of the colors.
The higher the peak height, the less the unwanted photons
and the purer the colors unveiled by stop band.The reflection
contrast of CCB films is about 19%. The reflection contrast
of CCB film increases by 14% compared with 5% of CCW
film. So the colors of CCB film are purer than of CCW films,
which are proved by the inserted pictures of CCB and CCW
films as shown in Figure 2.The chroma factor of CCB films is
12.16, higher than the 1.60 of CCWfilms.Themechanism that
carbon black could purify the colors of colloidal crystal films
is that the reflection contrast is improved by carbon black
doping because of its less absorption of photons in the stop
band region than outside the stop band.

To verify this, we simulate crystal films with 301 nm
polymer spheres using a modified Lay-KKR method [32].
This can simulate reflection and absorption coefficients of
light using a slab of three-dimensional photonic crystals. The
photonic crystal consists of a stack of slices parallel to a
given surface. These slices may consist of two components.
Each of them can be either a homogeneous plate or a
multilayer of spherical particles of given periodicity parallel
to the surface. The refractive index of each component
material can be complex. The original code of Lay-KKR
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method can be downloaded from thewebsite of the computer
physics communication program library. In the simulation,
the effective refractive indexes of the matrix and polymer
spheres are 1.15 and 1.53, according to this experiment. For
the simulated absorption of carbon black particles in the
matrix, the imaginary part of refractive index ofmatrix is 0.15.
Thus, the theoretical reflection and absorption spectra can
be shown in Figure 3. The theoretical reflection spectra can
match the experimental spectra very well, but they also differ
from the actual absorption spectra of carbon black. It can be
inferred that carbon black in the crystal films has a very little
ability to absorb photons in the stop band region but has a
strong absorption outside it. It is this characteristic that allows
the doped carbon black to restrain the light scattering of
unwanted wavelengths and retain low absorption in the stop
band. This can ensure that the carbon-black-doped crystal
films have strong reflectance in the stop band, enhancing
the chroma factor of structural colors. Figure 4 is the SEM
images of CCW and CCB films, respectively. The polymer
spheres self-assemble into orderly structures with silica and
carbon black filled in the interstices between polymer spheres
or located around the polymer spheres, which could be seen
in the inserted pictures in Figure 4. It demonstrates the long
range crystalline orders in CCW and CCB films.

3.2. The Application of the Vivid Structure Color. Bamboo
strand board (BSB) is made of strand which was produced
from bamboo by rolling. It has good physical andmechanical
properties, which could take place of wood in many appli-
cations such as interior flooring, furniture, and decorations.
Figure 5(a) is the unfinished BSB with simple and tedious
surface, which limits its applications in interior decorations.
Figures 5(b) and 5(c) are BSB finished with structural colors
from CCW and CCB films under natural conditions.Though
the color of BSB could be obtained easily by CCWfilms, it has
low chrome value of 2.56 under natural conditions.The color
is so weak that it almost could not be observed under natural
conditions. By carbon black doping, the colors of BSB have
high saturations with chrome value of 10.49 under natural
conditions, which could be used in interior decorations and
furnituremaking. According to cross-cuttingmethods for the
adhesion between coating films and substrates, the adhesion
between CCB films and BSB are scale 2. The CCB films made
from P(ST-BA-AA) have polar groups of COOH, while BSB
is rich in polar groups of –OH. So the adhesion between CCB
films and BSB is high because of molecular attractions such
as hydrogen bonds and van der Waals forces. There are cell
pits and other fissures on the surface of BSB. The polymer
latex could seep into the BSB by capillary action and form
the bonding nails between the film and BSB, which is the
other factor to contribute to the good adhesion. The CCB
film presents not only vivid colors but also good mechanical
properties with tensile strength, breaking elongation, and
hardness as high as 3.05MPa, 358%, and 2H. Furthermore
BSB has high modulus of rupture (MOR) of 130MPa, which
improves the bending strength of CCB film on it. So BSB
is a suitable substrate for practical applications of structural
colors.
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Figure 3:Theoretical simulated absorption and reflection spectra of
polymer/silica/carbon black crystal films.

(a)

(a)

(b)

(b)

Figure 4: SEM images of colloidal crystal films (a) without carbon
black and (b) with bpc40 carbon black.

3.3. The Effect of Carbon Black Properties on Polymer Films.
Figure 6 and Table 1 show that three kinds of carbon black
differed greatly in BET surface area and pore size distribution.
The inset pore size distribution plot shows that pore size
of vxc72 in Figure 6(a) ranges widely from 1 nm to 100 nm,
while the pore sizes of bpc40 in Figure 6(b) and bpc20 in
Figure 6(c) center on less than 10 nm. This means that the
pore sizes of bpc40 and bpc20 are in narrow size distribution
compared with vxc72. The TEM images in Figure 7(a) show
that, after pretreatment, vxc72 carbon black clusters and
aggregates severely, while bpc40 and bpc20 are dispersed as
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Figure 5: BSB (a) unfinished and finished with (b) CCW and (c) CCB films.
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Figure 6: N
2
adsorption-desorption isotherms of vxc72 in (a), bpc40 in (b), and bpc20 in (c).
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Table 1: Structural parameters of carbon black.

Sample BET surface area/m2 g−1 Langmuir surface area/m2 g−1 Total pore volume/cm3 STP g−1 Average pore diameter/nm
vxc72 226.20 330.10 1.023 1.27
bpc40 72.00 107.80 0.268 2.54
bpc20 1365.00 1996.00 3.408 1.309

(a) (b) (c)

1 cm

1 cm

1 cm

(d)

(e)

(f)

Figure 7: TEM images of vxc72 in (a), bpc40 in (b), and bpc20 in (c); the scales bars are 300 nm; photos of polymer films with vxc72 in (d),
bpc40 in (e), and bpc20 in (f).

shown in Figures 7(b) and 7(c).When 0.15%weight of carbon
black is mixed with the dispersions of polymer/silica to self-
assemble, vxc72 segregated from the film, and no iridescent
color existed as shown in Figure 7(d). Bpc40 and bpc20 self-
assembled with the dispersions of polymer/silica and formed
vivid iridescent colors as shown in Figures 7(e) and 7(f). The
SEM images prove long range disorders in the polymer film
with vxc72 as shown in Figure 8(a) and periodic structures
in the polymer film with bpc40 and bpc20 as shown in
Figures 8(b) and 8(c). Among the three kinds of carbon
black, only bpc40 and bpc20 could self-assemble together
with dispersions of polymer/silica and form periodic arrays.

3.4.TheEffect of Temperature on FilmFormingRates andProp-
erties of Polymer Films. The film forming rate (v) increased
from 1.70 g/s to 2.24 g/s when the temperature increased from
20∘C to 40∘C as shown in Figure 9(a). It is known that water
evaporation rate increases with the increasing evaporation
temperature. So the higher the temperature, the faster the film
forming rate.

Figure 9(b) is the reflection spectra of CCB film assem-
bled at 20∘C, 25∘C, 30∘C, and 40∘C, respectively. The
peak positions blue-shifted with the increasing tempera-
ture. According to Bragg’s law, the peak position 𝜆 =
2𝑛𝑑
0
√1 − sin2𝜃/𝑛2 had the relationship with the effective

reflective index 𝑛 and the distance 𝑑
0
between [111] planes.

For CCB films made under different temperatures with other
invariant conditions, the effective reflective index 𝑛 remained
unchanged. The [111] plane spacing 𝑑

0
can be calculated by

𝑑
0
= √2/3𝐷, where 𝐷 is the diameter of polymer spheres.

When the temperature was 20∘C, lower than the 𝑇
𝑔
of the

polymer spheres, the polymer spheres in the crystal film
remained in spherical shapes as shown in Figure 10(a). So
[111] plane distance 𝑑

0
could be calculated by 𝑑

0
= √2/3𝐷.

When the temperature increased to 25∘C and 30∘C, higher
than the 𝑇

𝑔
of the polymer spheres, the soft polymer spheres

began to coalesce and fuse slightly as shown in Figures 10(b)
and 10(c). The polymer spheres along [111] collapsed and
became flatter, which led to [111] plane spacing being smaller
than 𝑑

0
. When the temperature further increased to 40∘C,

the polymer spheres further coalesced and fused as shown
Figure 10(d), which caused flatter polymer spheres along [111]
plane and smaller [111] plane spacing than at 30∘C. This
decreasing [111] plane spacing caused blue shifts in reflection
spectra as demonstrated in Figure 9(b).

The temperature also has effects on the peak height of
the spectra. Figure 9(b) demonstrates that the peak height
increases from 9% to 19% when the temperature increases
from 20∘C to 30∘C and decreases to 5%when the temperature
further increases to 40∘C. Figure 11(a) shows that when
the temperature is 20∘C, the stress resulted from water
evaporation produces cracks and the formed film is crisp.
The quality of the film is poor and the peak height is low.
When the temperature increases to 25∘C, even to 30∘C, higher
than 𝑇

𝑔
, domain size increases and the cracks diminish as

shown in Figures 11(b) and 11(c). Only small fissures exist in
CCB films. So the peak height is higher than that at 20∘C.
When the temperature further increases to 40∘C, Figure 11(d)
shows that, though no cracks exist in the films, the fissures
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Figure 8: SEM images of crystal films with carbon black vxc72 in (a), bpc40 in (b), and bpc20 in (c).
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Figure 9: Film forming rates in (a) and reflection spectra in (b) at different temperatures.

and the domain density in CCB films increase. So the peak
height decreases. Figures 11(f) and 11(g) show that the chroma
factors of the films at 25∘Cand 30∘Care 10.37 and 12.16, higher
than 4.05 and 6.76 at 20∘C and 40∘C as shown in Figures
11(e) and 11(h). Therefore the temperature has great effects
on microstructures and optical properties of the films. The
appropriate temperatures are 25∘C and 30∘C.

3.5. The Effect of RH on Film Forming Rates and Properties
of Polymer Film. Figure 12(a) shows that the film forming
rate decreases from 2.49 g/s to 1.72 g/s when RH increases
from 50% to 80%. According to (3) [27, 33], where D is the
diffusion coefficient of water vapor in air; L is the distance
from the liquid surface to the open end of the vial; R

0
is the

gas constant of water vapor; T is the boiling temperature of
solvent, and P, P

0
, and𝑃

𝑤
are the total pressures in the growth

conditioner, the vapor pressure at the open end of the vial,
and at the liquid surface, respectively, the film forming rate
v has relationships with 𝑃

0
when other factors are invariant.

RH could be calculated by RH = 𝑃
0
/𝑃. The higher the

𝑃
0
, the higher the RH and the lower the film forming rate

is

V =
DP
LTR
0

ln[
(𝑃 − 𝑃

0
)

(𝑃 − 𝑃
𝑤
)
] . (3)

Figure 12(b) demonstrates that the peak position blue-
shifts 60 nmwhen RH increases from 50% to 80%. According
to Bragg’s diffraction law, the peak positions have relationship
with the distance 𝑑

0
between [111] planes with other invariant

factors. Figure 13 shows that the higher the RH, the flatter the
polymer spheres along [111] planes and the smaller the [111]
plane distance 𝑑

0
. The soft polymer spheres deform least and

keep in good spherical shape when RH is 50% as shown in
Figure 13(a). The polymers deform most and become flattest
along [111] plane when RH is 80% as shown in Figure 13(d).
It is just the deformation of polymer spheres that leads to the
reduction in [111] plane distances and therefore the blue shifts
in the peak positions.

The optical images in Figures 14(a), 14(b), and 14(c)
show that, when RH increases from 50%, 60% to 70%, the
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Figure 10: Cross-sectional SEM images of CCB film assembled at (a) 20∘C, (b) 25∘C, (c) 30∘C, and (d) 40∘C.
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Figure 11: Optical images of CCB film assembled at (a) 20∘C, (b) 25∘C, (c) 30∘C, and (d) 40∘C; digital pictures of the films assembled at (e)
20∘C, (f) 25∘C, (g) 30∘C, and (h) 40∘C.

domain density and fissures decrease. So the films assembled
at 60% and 70% RH have better quality than at 50% RH.The
peak height increases. When RH is 80%, the fissures reduce
while the domain density increases as shown in Figure 14(d).
The peak height decreases. During self-assembly of the

dispersions of polymer/silica/carbon black, the liquid phase
forms capillary bridges between particles, and capillary force
is produced by the capillary bridges. So the dispersions self-
assemble into orderly structures driven by the comprehensive
force of static repulsive force, van der Waals force and
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Figure 12: Film forming rates in (a) and reflection spectra in (b) at different RH.
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Figure 13: SEM images of CCB films assembled at RH (a) 50%, (b) 60%, (c) 70%, and (d) 80%.

capillary force [34]. A lower RH corresponds to a larger
lateral capillary force, and the result is the presence of smaller
domains in the colloidal crystals. A lower RH also promotes
higher array growth rate so as to bring the additional internal
stress, which explains the splits and defects in CCB films
shown in Figure 14(a). With increasing RH, on the other

hand, the lateral capillary force is lower and the array growth
rate will decrease, which results in a better crystalline quality
and a higher peak height as shown in Figure 14(b). But when
RH is 80%, too high RH leads to too slow array growth rate
and too weak lateral force, and then the colloidal crystal with
poor quality is formed [33]. So for ternary dispersions, the
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Figure 14: Optical images of CCB films assembled at RH (a) 50%, (b) 60%, (c) 70%, and (d) 80% and digital pictures of CCB films at RH (e)
50%, (f) 60%, (g) 70%, and (h) 80%.
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Figure 15: Film forming rates in (a) and reflection spectra in (b) at different silica contents.

appropriate RH is 60% and 70%. Figures 14(f) and 14(g) show
that the chroma factors of CCB films at 60% and 70% are 12.15
and 11.33, higher than 4.65 and 7.89 at 50% and 80% as shown
in Figures 14(e) and 14(h). This means that CCB films at 60%
and 70% RH are purer than at 50% and 80% RH.

3.6. The Effect of Silica Content on Film Forming Rates and
Properties of Polymer Film. Figure 15(a) shows that, with the

increase in silica content from 5% to 40%, the film forming
rate decreases from 2.29 g/s to 1.50 g/s. The reason is that
the water evaporates slowly because the increased dispersion
viscosity resulted by increasing silica content prevents water
from flowing freely and quickly. Figure 15(b) is the reflection
spectra of CCB films with different silica contents. When
silica content increases from 5% to 20%, the peak heights
increase from 9 to 17%.When silica content further increases
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Figure 16: SEM images of CCB film assembled with silica content (a) 5%, (b) 20%, (c) 30%, and (d) 40%.
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Figure 17: Optical images of CCB film assembled with silica content (a) 5%, (b) 10%, (c) 20%, and (d) 40%.
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Figure 18: Digital pictures of CCB films with silica content (a) 5%, (b) 10%, (c) 20%, and (d) 40%.

to 40%, the peak height reduces to 10%. The peak height
reaches its maximum when 20wt% of silica is used.

When 5wt% of silica is used, silica and carbon black
particles are not enough to locate around the polymer or in
the interstices to prevent polymer spheres from coalescing
or fusing. The polymer spheres coalesce and fuse so severely
that boundary lines between two dielectric constants are not
clear, which could not prevent the dislocation or vacancy
or fusing of the polymer spheres in the periodic arrays as
shown in Figure 16(a).Optical images in Figure 17(a) showno
domains or splits, which on the other hand proves the nearly
homogeneous surface of CCB films. So the peak height is low.
When silica content is 10% and 20%, silica or carbon particles
is enough to locate around the polymer spheres to prevent
them from coalescing or fusing as shown in Figures 16(b)
and 16(c); thus, the peak height increases correspondingly.
When silica content is 40%, the viscosity of the dispersions
increases so much that air and water could not completely
evaporate from the dispersions.The convective flux could not
bring the spheres or particles into already ordered arrays for
crystal growth timely, which leads to polycrystalline regions
as shown in Figure 16(d) or increases the domain density
and corrugations as shown in Figure 17(d). Digital pictures
in Figures 18(b) and 18(c) show that the chrome factors of
polymer films with 10% and 20% silica content are 11.02 and
12.15, higher than 5.89 and 4.67 for the films with 5% and
40% silica content as shown in Figures 18(a) and 18(d). For
the dispersions of polymer/silica/carbon black, the optimal
silica content is 10% and 20%.

3.7. The Relationships between Peak Height and Film Forming
Rates. Figure 19 shows that the film forming rates have great
effects on the peak height under different conditions. When
the rates range from 1.87 g/s to 2.03 g/s, the peak height is
more than 10%. When film forming rate is less than 1.70 g/s
or more than 2.03 g/s, the peak heights begin to reduce. The
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rate under different factors.
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formations of layered arrays from polymer, silica, and carbon
black could be split into two stages: (1) convective transfer of
particles from the bulk suspension to the thin wetting film
and (2) interactions between particles that lead to specific
textures. If these two stages nearly balance, the high quality of
ordered arrays could be formed [35]. When the film forming
rate is less than 1.70 g/s or more than 2.03 g/s, the convective
transfer of particle is so low or fast that it could not match the
assembly process and therefore forms the crystalline array of
low quality. So for colloidal particles of soft polymer, silica
and carbon black, to get high crystalline quality, the film
forming rate is better to be controlled between 1.87 g/s and
2.03 g/s under whatever factor.

4. Conclusion

Based on this study, large-scale, robust, intense, and struc-
turally color-tunable polymer crystal films can be successfully
fabricated by casting method.This method is not only simple
and feasible, but the as-obtained polymer crystal films also
display brilliant visual iridescence under natural lighting
conditions. Under the optimal conditions, the obtained CCB
has the best quality with suitable film forming rate, which
provides basis for the mass production and application of the
colloidal crystal films with carbon black dopant in coating,
cosmetics, and pigments.
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Different LB films of poly(octadecene-co-maleic anhydride), PMAO, poly(styrene-co-maleic anhydride) partial 2 butoxy ethyl
ester cumene terminated, PS-MA-BEE, and Gemini surfactant ethyl-bis(dimethyl octadecylammonium bromide), 18-2-18, have
been used to study the effect of the substrate coating on the surface self-assembly of CdSe quantum dots (QDs). Results show that
all the “coating molecules” avoid the 3D aggregation of QDs observed when these nanoparticles are directly deposited on mica.
Different morphologies were observed depending on the molecules used as coatings, and this was related to the surface properties,
such as wetting ability, and the morphology of the coating LB films.

1. Introduction

Nanoparticles have received great interest due to their unique
optical, mechanical, and electric properties. For several tech-
nological applications it is necessary to support them on a
substrate [1]. In these situations, the organization of nanopar-
ticles into ordered arrays can lead to new interesting prop-
erties, which are strongly affected by the morphology of the
nanoparticle film [2–6]. Nanoparticles tend to agglomerate
by attractive interactions [7, 8] decreasing the quality of the
devices. Therefore, the most recent efforts involve the use of
polymer or surfactant molecules to minimize nanoparticles
3D aggregation. Despite the great interest generated in recent
years on this topic, more work must be carried out to develop
multifunctional materials with novel electric, magnetic, or
optical properties [9].

Several lithographic techniques have been employed to
generate well-ordered nanostructures [10–12]; however, these
methods are often limited because they require specialized
equipment. Layer by layer deposition (LbL) is an alternative
approach to self-assembly polymeric nanocomposites [13,
14]. In the LbL methodology the multilayer is achieved by
consecutive adsorption of polyelectrolytes and nanoparticles
by electrostatic interactions. Consequently, this approach can
be only used for charged polymers and nanoparticles, which

exclude a wide number of functional materials. Langmuir-
Blodgett (LB) methodology, based on the transfer process
of Langmuir films from the air-water interface onto solids,
has proved to be a versatile and interesting tool to obtain
water-insoluble thin films. This deposition technique allows
the continuous variation of particle density, spacing, and
arrangement by compressing or expanding the film using
barriers. Consequently, it offers the possibility of preparing
reproducible films of polymers, surfactants, and nanoparti-
cles with the control of interparticle distance necessary to
exploit the nanocomposites in technological applications [15,
16].

One of the issues of LBmethodology lies on the dewetting
effects observedwhen nanoparticles are deposited onto solids
[17, 18]. These dewetting processes induce nanoparticles
aggregates that in several circumstances ruin the physical
properties of the nanoparticles [19]. To avoid the dewetting
process, a widely used strategy consists in modifying the
surface properties of solids by covering the substrates with
self-assembly monolayers [20–24]. This strategy facilitates
the incorporation of nanoparticles onto solids by improving
the nanoparticle wettability and has been used to deposit
CdSe QDs onto silanes [22–24] and gold nanoparticles onto
acrylic block copolymers derivatives [21]. Despite the great
interest expressed for this technique, several efforts must be
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made to know the role of coatings on the nanoparticle self-
assembly at the interface in order to improve the properties
of the nanoparticle films. With this objective in mind, we
carried out a systematic study of the effect of the coating
molecules on the QDs self-assembly process of CdSe QDs.
We have selected three amphiphilic molecules of distinct
nature, the copolymers, PMAO and PS-MA-BEE, and the
Gemini surfactant 18-2-18. All these molecules present sur-
face activity; therefore, we expect that they anchor to the
substrate mica, through their hydrophilic moieties favoring
theQDs adhesion across its hydrophobic part. In addition, we
chose the polymer PMAO because it is well established that
PMAO interacts effectively with hydrophobic nanoparticles
leading to excellent stability by avoiding 3D aggregation [25–
28]. On the other hand, PMAO-capped nanoparticles have
been successfully incorporated onto solid substrates by the LB
technique [29], and PMAO thin filmswere employed tomake
QDs compatible with biosensing applications [30].Moreover,
styrene copolymers, such as PS-MA-BEE, were proposed as
good candidates to organize hybrid materials at nanometer
scale [31–33] to fabricate submicrometric electronic devices
because they present mechanical rigidity and good adhesion
on solids [34, 35].

On the other hand, surfactants are often used to control
nanomaterials self-assembly [36–38]. In particular, Gemini
surfactants made of two surfactant monomers linked by a
spacer chain display high adsorption on solid surfaces and
biological compatibility [39, 40].Therefore, LB films of Gem-
ini surfactants such as 18-4-18 and 18-12-18 have been used
as substrate coating to improve the adsorption of collagen on
solids [20], and some researchers have proposed combining
this with DNA for biotechnological applications [41, 42].
Accordingly, we expect that the LB films of the Gemini
surfactant 18-2-18 result in good substrate coating for QDs
deposition.

Themethodology employed in thiswork consists in trans-
ferring nanoparticles of QDs from the air-water interface
onto mica previously coated by LB films of PMAO, PS-
MA-BEE, or the Gemini surfactant 18-2-18. Since several
polymer/surfactant mixtures provide synergistic effects on
the surface adsorption [43–46], we also studied the ability of
mixed PMAO/18-2-18 LB films tomodulate the self-assembly
ofQDs films.The LB filmmorphologywas analyzed by differ-
ent imaging microcopy techniques, atomic force microscopy
(AFM), scanning electron microscopy (SEM), and transmis-
sion electron microscopy (TEM).

2. Materials and Methods

2.1. Materials. The polymers poly(maleic anhydride-alt-1-
octadecene), PMAO (Mr = 40 kDa) and poly(styrene-co-
maleic anhydride) partial 2 butoxy ethyl ester cumene termi-
nated, PS-MA-BEE, were purchased fromSigma-Aldrich. PS-
MA-BEE with an ester : acid ratio 1 : 1 and molecular weight
Mr = 2.5 kDa were provided by the manufacturer. The Gem-
ini surfactant ethyl-bis(dimethyl octadecylammonium bro-
mide), 18-2-18, was synthesized using the method described
by Zana et al. [47] with some significant modifications in
the crystallization step introduced by our group [48] to

guarantee the degree of purity (>99.9%) necessary for the
correct interpretation of surface experiments.

The synthesis of CdSe QDs capped with trioctylphos-
phine oxide (TOPO)was carried out by themethod proposed
by Yu and Peng [49], described in more detail in [19]. The
QDs size (3.55 ± 0.05 nm) was determined by the position of
the maximum of the visible spectrum of the QDs dispersed
in chloroform [50]. We calculated the concentration of
nanocrystals from the UV-Vis absorption spectrum of QDs
dissolved in chloroform by using the extinction coefficient
per mole of nanocrystals at the first excitonic absorption
peak [50]. UV-Vis absorption spectra of QDs solutions were
recorded on a Shimadzu UV-2401PC spectrometer.

Chloroform (PAI, filtered) used to prepare the spread-
ing solutions was purchased from Sigma-Aldrich. Millipore
ultrapure water prepared using a combination of RiOs and
Milli-Q systems was used as subphase. The LB substrate
muscovite (mica) qualityV-1was supplied by EMS (USA) and
was freshly cleaved before use.

2.2. Preparation of Langmuir Monolayers and Langmuir-
Blodgett Films. Thesurface pressuremeasurements were per-
formed on a computer-controlled Teflon Langmuir film bal-
ance Standard KSV2000-2 (KSV, Finland). Spreading solu-
tion was deposited onto water subphase with a Hamilton
microsyringe. The syringe precision is 1𝜇L. The surface
pressurewasmeasuredwith a Pt-Wilhelmyplate connected to
an electrobalance.The subphase temperature wasmaintained
at (20.0 ± 0.1)∘C by flowing thermostated water through
jackets at the bottom of the trough. The temperature near
the surface was measured with a calibrated sensor from
KSV. The water temperature was controlled by means of a
Lauda Ecoline RE-106 thermostat/cryostat. Langmuir mono-
layers were transferred by symmetric barrier compression
(5mmmin−1) by the vertical dipping method at a rate of
5mmmin−1, forming Y-type LB films. The methodology
employed for the bilayer preparation is as follows. First, the
polymer or surfactant film is LB deposited. After deposition,
the film is dried under vacuum, and then, the QD layer is
transferred onto the surfactant or polymer LB film by the LB
methodology. To differentiate between the components and
deposition order of the different LB films, we will employ the
notation // to separate the components of the two layers in
contact, and the components order is from solid substrate to
air.

2.3. Scanning Electron Microscopy (SEM). A FEI Helios 450
dual-beam FIB/SEM was used to obtain images of the LB
films with a supply to the electron beam between 5 and 10 kV.

2.4. Atomic Force Microscopy (AFM). AFM images of the LB
films deposited on mica were obtained in constant repulsive
force mode by AFM (Nanotec Dulcinea, Spain) with a rect-
angular microfabricated silicon nitride cantilever (Olympus
OMCL-RC800PSA) with a height of 100 𝜇m, a Si pyramidal
tip (radius < 20 nm), and a spring constant of 0.73Nm−1.
The scanning frequencies were usually in the range between
0.5 and 2.0Hz per line. The measurements were carried out
under ambient laboratory conditions.
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2.5. Transmission Electron Microscopy (TEM). TEM images
of the LB films deposited on Formvar-carbon-coated copper
grids were takenwith 80 kVTEM (ZEISS EM902, Germany).
The LB deposition onto copper grids was realized at a speed
up to 1mmmin−1.

3. Results

To evaluate the effect of the polymer hydrophobic block on
the morphology of QDs films, we used two maleic anhydride
polymer derivatives containing hydrocarbon chains (PMAO)
or styrene moieties (PS-MA-BEE) as hydrophobic blocks.

To optimize the QDs deposition, it is necessary to
characterize the polymer Langmuirmonolayers precursors of
the coating LB films. In previous work, we have studied the
surface properties of these polymersmonolayers [45, 53]. Our
results showed that the PS-MA-BEE isotherm is characteristic
of block copolymers with a plateau at ∼30mNm−1 attributed
to the onset of polymer phase transition towards brush
conformation, while the PMAO isotherm is typical of an
amphiphilic material in which the collapse is reached at the
surface pressure value of 40mNm−1 [45]. The equilibrium
elasticity values, calculated from the isotherms and 𝜀

0
=

Γ(𝛿𝜋/𝛿Γ)
𝑇
, allowed us to obtain information of the surface

states, and significant differences were observed between the
polymer films. Thus, the PMAO monolayer is more elastic
than PS-MA-BEE and reaches the maximum 𝜀

0
value of

167mNm−1 at a surface pressure of 30mNm−1 [45], while
the maximum elasticity value found for monolayers of PS-
MA-BEE was 60mNm−1 at 𝜋 = 14mNm−1 [54].

To prepare theQDs films using thismethodology, the first
step is to obtain dense LB films of polymers by transferring
the densest Langmuir monolayers of monomers avoiding
polymer aggregation. According to this procedure, we trans-
ferred Langmuir monolayers at the maximum elasticity value
because beyond this value the monolayer collapses, resulting
in 3D polymer aggregates at the interface. These 3D aggre-
gates are metastable and lead to nonreproducible results,
which are not desirable.Therefore, the LBfilmswere prepared
by transferring Langmuir monolayers of PS-MA-BEE at
14mNm−1 and of PMAO at 30mNm−1, respectively. The
AFM images of these polymer filmswere obtained in previous
work and showed that the PS-MA-BEE film presents wide
stripes along the film [53] with height profile values ranging
from 8 to 10 nm, while the PMAO LB film presents some
small holes produced by dewetting processes [45]. The next
step was to deposit QDs onto LB films of these polymers.The
surface pressure value of the QD monolayer transferred on
the substrate coating was 9mNm−1.

To evaluate the film morphology at different scales, we
used AFM, TEM, and SEM. Representative images of differ-
ent films are collected in Figure 1. From these images one can
see different morphologies depending on the polymer used
as coating. Figures 1(a) and 1(b) show the AFM images of
QDs deposited onto PS-MA-BEE and PMAO, respectively.
Significant differences can be seen. Thus, the QDs films
prepared on PS-MA-BEE are constituted by island-like aggre-
gates of different sizes (Figure 1(a)). The TEM image of this
film (Figure 1(c)), allows analysis of the island architecture,

demonstrating high polydispersity degree in the island size.
Conversely, the QDs film deposited onto PMAO LB film
(Figure 1(b)) presents higher coverage than that deposited
onto PS-MA-BEE (Figure 1(a)). TEM image of PMAO//QD
film (Figure 1(d)) presents a magnification of this film and
shows isolated nanoparticles deposited along the film. Some
regions without nanoparticles are observed in both AFM and
TEM images. These regions can be compatible with zones
less densely covered observed on the PMAO films used as
substrate coating [45]. This fact seems to indicate that the
QDs are preferentially adsorbed on PMAO.

The height profiles obtained from the AFM images were
also determined, as shown in Figures 1(a) and 1(b), and results
demonstrated that the QD film height is independent of the
polymer used as coating. The average value calculated from
several images, (3 ± 1) nm, is compatible with the diameter
of CdSe nanoparticles. Therefore, results demonstrate that
deposition onto LB films of PS-MA-BEE and PMAO avoids
the QDs 3D aggregation. These 3D structures were clearly
observed when the QDs films are deposited on mica without
previous treatment of the substrate [45].

Our results demonstrate that the polymer PMAO favors
theQDs deposition comparedwith the polymer PS-MA-BEE.
To interpret this behavior, it is necessary to consider that
the polymer PMAO and the QDs ligand (TOPO) present
hydrocarbon chains as hydrophobic groups, while the hydro-
carbon moiety of the polymer PS-MA-BEE contains styrene
groups. Accordingly, the poly-styrene groups likely present a
more unfavorable interaction with the hydrocarbon chains of
TOPO than the hydrocarbon chains of PMAO, and the QD-
QD interaction prevails, resulting in island-like aggregates.

We explore the ability of the surfactant 18-2-18 to adsorb
nanoparticles of QDs. This surfactant molecule contains the
same hydrocarbon chain as the polymer PMAO and renders
an almost continuous LB film of close-packed surfactant
molecules [48]; therefore, it could improve the adsorption of
QDs resulting in a more continuous and homogeneous QDs
film than PMAO.

The LB surfactant film was built by transferring dense
Langmuir monolayers before the collapse, 30mNm−1. The
height profile of the surfactant LB film, (Figures 2(a) and
2(b)), determined by AFM was 2.2 nm. This value agrees
with the length of the fully extended hydrocarbon chain of
18 methylene groups (2.4 nm) [55]. This fact indicates that
the surfactant molecules are nearly vertical to the air-solid
interface and expose its hydrophobic moiety to the QDs
ligand deposited onto the LB surfactant film. We transferred
the QDs Langmuir monolayer at the surface pressure value
of 9mNm−1 onto the Gemini surfactant LB film. Figures
2(c) and 2(d) correspond to the SEM and TEM images of
QDs films deposited onto the surfactant LB film. The SEM
image (Figure 2(c)), shows large domains of QDs while the
TEM image allows us to analyze the structure inside domains,
as shown in Figure 2(d). In the AFM measurements, the
height profile obtained for theQDs domains was 3-4 nm.This
value is compatible with the diameter of the nanoparticles,
indicating that the surfactant LB film also avoids the 3D
aggregation of nanoparticles.
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Figure 1: AFM((a), (b)) andTEM((c), (d)) images of PS-MA-BEE//QDs ((a), (c)) andPMAO//QDs ((b), (d)) bilayer LBfilms.The inset shows
a magnification of a PMAO topographic AFM image. The PS-MA-BEE and PMAO Langmuir monolayers were transferred at the surface
pressure of 14 and 30mNm−1, respectively, and QDs at 9mNm−1.

From the TEM image in Figure 2(d), it can be seen that
the QDs domains are constituted by close-packed nanoparti-
cles. To evaluate the distance between QDs inside domains
we have calculated the radial distribution function (RDF),
𝑔(𝑟), by using the ImageJ 1.46 software [56], as shown in
Figure 2(e). The RDF is determined from the distribution
of interparticle center distances (𝑟) in several TEM images
where the QDs are densely packed. This function provides
information about the short-range order inside the QDs
domains. The RDF in Figure 2(e) represents the normal-
ized function referred to the maximum value showing a
distribution centered at 𝑟 = 5.1 ± 0.1 nm. From this
value, the interparticle distance (𝑑) was calculated, and the
value found was 1.7 nm. This distance is slightly higher than

two times the length of the TOPO coatingmolecules (0.7 nm)
[57] and is consistent with a close-packed QDs arrangement.

Summarizing, our results demonstrate that the most
packed QDs domains are obtained for films built by transfer-
ring QDs Langmuir monolayers from the air-water interface
onto the Gemini surfactant 18-2-18 LB film.Moreover, results
show the importance of both the attractive interactions
between the QDs ligand (TOPO) and the molecules used
to modify the properties of the solid support and the
morphology of the coating film.

In an attempt to interpret this behavior, we analyzed
the ability of QDs to wet the different molecules employed
as substrate coating by means of the spreading parameter.
The spreading parameter has been used previously in LB
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Figure 2: (a) 2D and 3D AFM images of Gemini surfactant LB films on mica. SEM (b) and TEM (c) images of Gemini//QDs LB films. The
Gemini and QDs Langmuir monolayers were transferred at the surface pressure of 30 and 9mNm−1, respectively. (d) RDF obtained from
TEM images of QDs LB film onto Gemini and PMAO/Gemini LB films.

films to evaluate their stability [58] and to interpret the
nanostructures formed by nanoparticles deposited onto dif-
ferent substrates [59]. Therefore, we analyzed the spreading
parameter indicative of the balance between QDs and the
coating layer (adhesive forces) and QD-QD (cohesive forces)
intermolecular forces.

The spreading parameter, 𝑆, is calculated by [18, 58]

𝑆 = 𝛾layer 1/air − (𝛾QDs/layer 1 + 𝛾QDs/air) , (1)

where 𝛾layer 1/air, 𝛾QDs/layer 1, and 𝛾QDs/air, represent the surface
tensions at the layer 1-air, QDs-layer 1, andQDs-air interfaces,
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Table 1: Spreading coefficients and interfacial tension values for the
different systems studied.

Bilayer systems
Interfacial tension

(mNm−1)c Spreading coefficient
𝑆 (mNm−1)

𝛾layer 1/air 𝛾QDs/layer 1

PMAO//QDs 33.7a 0.0 0.7
PSMABEE//QDs 39.3b 8.3b −2.0
Gemini//QD 36.0 0.0 3.0
a[51]; b[52]; cLayer 1 refers to the substrate coating film. See text.

respectively. The layer 1 notation refers to the substrate
coating layer formed by polymers or surfactant molecules.
The QDs/air surface tension value 𝛾QDs/air used in these cal-
culations was taken from the literature as 33mNm−1 [60].
The 𝛾polymer/air for both polymers was approximated to the
surface tensions of the hydrophobic moiety exposed to the
air [31], linear polyethylene (PE) for the polymer PMAO [51],
and polystyrene (PS) for PS-MA-BEE [52], respectively. Since
the interface between PS-MA-BEE and QDs is constituted
by styrene groups of the polymer PS-MA-BEE and hydro-
carbon chains corresponding to the QDs ligand (TOPO),
the 𝛾PSMABEE/QDs value was taken as the interfacial tension
between polystyrene and polyethylene molecules 𝛾PS/PE =
8.3mNm−1 [31, 52]. In the case of PMAO//QDs film, the
contact between the polymer film and the QDs ligand is
through the hyrocarbon chains, therefore the interfacial
tension was considered as zero.

The Gemini/air surface tension, 𝛾Gemini/air, was calculated
by combining the Young’s equation and the Equation-of-
State resulting in the following equation for the cosine of the
contact angle, 𝜃 [61]:

cos 𝜃 = − 1 + 2√𝛾Gemini/air/𝛾water/air

× exp [−0.0001247(𝛾water/air − 𝛾Gemini/air)
2

] .

(2)

To calculate the 𝛾Gemini/air value, we take the contact angle
as 80∘ from the literature [20], and we consider 𝛾Gemini/QDs
as zero because the contact between the Gemini film and
the QDs ligand (TOPO) is through hydrocarbon chains. In
Table 1 the surface tension and spreading coefficient values
calculated for the different systems. It is interesting to notice
that the spreading parameter 𝑆 is negative for the PS-MA-
BEE//QDs system. This fact means that QDs do not spread
well on the PS-MA-BEE film, and the nanoparticles aggregate
in islands, as shown in Figures 1(a) and 1(c). Conversely, the
𝑆 parameter corresponding to the Gemini//QDs system is
the most positive one. This indicates that the QDs wet the
surfactant film well, favoring the adsorption of nanoparticles
on the surfactant film. As a consequence, the surfactant film
induces a high QDs coverage. Since the surfactant forms
an almost continuous and homogeneous film, the QDs are
homogeneously distributed along it, as shown in Figure 2(d).
An intermediate situation was observed for PMAO//QDs
films. In this case the 𝑆 value is positive, indicating that

the QDs wetting is good, but smaller than that is calculated
for the surfactant, as shown in Table 1. In addition, the PMAO
film used as substrate coating presents small holes.These two
facts render a less efficient QDs adsorption on this film than
onto the Gemini one.

In an attempt to improve the adsorption ability of the
PMAO coating film, we explored mixtures of PMAO and
Gemini surfactant. It is well established that polymer/surfac-
tantmixedmonolayers show synergistic effects in several film
surface properties [62], such as the surface concentration.
Therefore, we expect that mixed LB films could improve
the QDs adsorption. Since the synergistic effects are usually
related to attractive interactions between components at the
interface, prior to the LB deposition we carried out the
thermodynamic study of thesemixtures by recording the sur-
face pressure isotherms of mixed monolayers with different
composition.

In Figure 3(a) some of these isotherms are represented.
It is well established that the ideal behavior of a mixed
monolayer can be related to the componentmiscibility, which
is studied by means of the dependence of the excess area,
𝐴exc, with the mixture composition. Therefore, we analyzed
the variation of the excess area calculated from the isotherms
and [63]: 𝐴exc = 𝐴12 − (𝑋1𝐴1 + 𝑋2𝐴2). In this equation
𝐴
12

represents the mean area per molecule in the mixed
monolayer, and 𝐴

1
, 𝐴
2
are the areas per molecule of the

pure components at the same surface pressure value. Finally,
𝑋
1
and 𝑋

2
represent the mole fraction of each component

at the interface. The excess area can be zero when the
two components are immiscible or when the components
form an ideal mixture, while the deviation from zero is
signature of interactions between the components [63]. In
Figure 3(b) the 𝐴exc values are plotted against the Gemini
mole fraction, 𝑋Gemini. Negative deviations occur for all
compositions and the most negative one appears around
𝑋Gemini = 0.33.This behavior indicates the existence of attrac-
tive interactions between molecules at the interface resulting
in highly packed and elastic monolayers, as shown in Figures
3(a) and 3(c), respectively. Accordingly, we transferred a
mixed PMAO/Gemini Langmuir monolayer of composition
𝑋Gemini = 0.33 from the air-water interface onto mica at
the surface pressure value of 30mNm−1. We selected this
surface pressure because it corresponds to a dense state in
which the monolayers do not reach the collapse. For the
sake of comparison, the QDs monolayer was transferred at
the same surface pressure employed to build the other QDs
films, 9mNm−1. The AFM image of the PMAO/Gemini
(𝑋Gemini = 0.33) LB film without QDs is presented in Figures
4(a) and 4(b). The image shows an almost continuous film
of PMAO and surfactant molecules with a height profile of
2 nm. AFM and TEM images of PMAO/Gemini//QDs LB
films are collected in Figures 4(c) and 4(d), respectively.
These images show big QDs domains of similar morphology
to those observed when the surfactant is used to cover the
substrate. This indicates that the addition of small amounts
of the Gemini surfactant to the PMAO monolayer leads
to QDs films of similar structure to that observed on the
Gemini film. To analyze possible differences between the
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Figure 3: (a) Surface pressure isotherms of PMAO/Gemini mixed Langmuir monolayers at surfactant mole fraction of: 0.25 (1); 0.33 (2);
0.40 (3); PMAO and Gemini surface pressure isotherms are also represented. (b) Excess molecular area of mixing (𝐴 exc) versus composition
for PMAO/Gemini mixed monolayers. (c) The equilibrium surface elasticity modulus versus surface pressure of QDs, PMAO, Gemini and
PMAO/Gemini mixed (𝑋Gemini = 0.33) (2) Langmuir monolayers.

architecture of QDs films deposited onto the surfactant 18-2-
18 and onto the PMAO/surfactant mixed films, we analyzed
the RDF function obtained from the images of these films.
For comparison, we represented the two radial distribution
functions in Figure 2(e). In Figure 4(d), a representative TEM
image corresponding to the areas selected for RDF analysis
is presented. Results show that the first RDF peak for QDs
deposited onto the PMAO/Gemini//QDs films is centered at
5.5±0.1 nm, while the one corresponding to Gemini//QDs is
centered at 5.1±0.1 nm. To gain insights into the arrangement
of QDs in the two LB films, we evaluated the number of
particles in the successive shells (𝑁

𝑖
; 𝑖 = 1, 2, . . .) from the

integration of the RDF individual peaks. The first two shells
contain ca. 5 and 10 particles for QDs deposited onto the
Gemini LB film.This is compatible with an arrangement close
to an ideal hexagonal array (𝑁

1
= 6, 𝑁

2
= 12). In contrast,

to QDs films adsorbed on the PMAO/Gemini LB film, the
number of particles in the first and second shell is 5 and 7,
respectively. This fact indicates that the hexagonal array of
QDs adsorbed on the Gemini LB film is slightly distorted by
the addition of PMAO at the Gemini surfactant coating film.

4. Conclusions

The results obtained in this work demonstrate that the
morphology of theQDsfilms depends on the interfacial inter-
actions between nanoparticles and the molecules employed
to coat the solid substrate. The different morphologies were
related to both the film wettability and the morphology
of polymer and surfactant films used as substrate coatings.
Thus the surfactant film showed the best wettability, and
since it is constituted by close-packed surfactant molecules,
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Figure 4: (a) 2D and 3D AFM images of PMAO/Gemini mixed LB films on mica. AFM (b) and TEM (c) images of PMAO/Gemini//QDs
LB films. The PMAO/Gemini and QDs Langmuir monolayers were transferred at the surface pressure of 30 and 9mNm−1, respectively. The
PMAO/Gemini mixture was prepared at the surfactant mole fraction of 0.33.

this renders an almost continuous film of QDs. Conversely,
when nanoparticles do not wet properly the film, the QDs
aggregate in islands. This situation was observed for QDs
deposited onto PS-MA-BEE films. An intermediate situation
is observed for PMAO//QDs films. In this case, although the
QDs wet the PMAO film well, the deposition is less efficient
than on the surfactant. This fact is probably caused by
the absence of covered polymer areas observed for PMAO
films [45]. Finally, our results demonstrate that it is pos-
sible to modulate the QDs assembly on solids by modify-
ing the nature of the molecules selected to coat the solid
substrate.
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[17] K. Lambert, R. K. Čapek, M. I. Bodnarchuk et al., “Langmuir-
schaefer deposition of quantum dotmultilayers,” Langmuir, vol.
26, no. 11, pp. 7732–7736, 2010.

[18] D. Gentili, G. Foschi, F. Valle, M. Cavallini, and F. Biscarini,
“Applications of dewetting in micro and nanotechnology,”
Chemical Society Reviews, vol. 41, no. 12, pp. 4430–4443, 2012.
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Solvent effect on self-assembly of 4,7-dibromo-5,6-bis(octyloxy)benzo[c][1,2,5] thiadiazole (DBT) on a highly oriented graphite
(HOPG) surface was investigated by scanning tunnelingmicroscopy (STM) by using 1-phenyloctane, 1-octanoic acid, and 1-octanol
as the solvents. Two different patternswere obtained in 1-phenyloctane and 1-octanoic acid, suggesting that the self-assembly ofDBT
was solvent dependent. At the 1-phenyloctane/HOPG interface, a linear structure was revealed due to the intermolecular halogen
bonding. When 1-octanoic acid and 1-octanol are used as the solvents, the coadsorption of solvent molecules resulting from the
hydrogen bonding between DBT and solvent made an important contribution to the formation of a lamellar structure. The results
demonstrate that solvents could affect the molecular self-assembly according to the variational intermolecular interactions.

1. Introduction

Self-assembly has been considered as an elegant “bottom-
up” approach for fabricating nanostructured materials [1–
4]. Due to the convenient and straightforward experimental
methods, scanning tunneling microscopy (STM) is widely
used to be an effective tool for studying assembly nanostruc-
tures in ambient conditions [5, 6]. Molecular self-assembly at
the liquid/solid interface is that molecules arrange into well-
defined nanopattern spontaneously, owing to the noncova-
lent bonds among the intermolecular, molecule-solvent and
molecule-substrate interactions [7–10]. Weak intermolecular
interactions such as hydrogen bonding, van der Waals inter-
action, dipole interaction, or metal coordination have been
successfully displayed in supramolecular architectures [11–
13]. Hydrogen bond is a prevalent type of interaction for for-
mation of themolecular adlayers because of the advantages of
selectivity and directionality. Recently, halogen bonding (X-
bonding) has been less extensive in two-dimensional (2D)
self-assembly [14–16], which is used as a binding motif in
organic thin films and as a linker in the self-assembled
nanoparticles.

For self-assembly from the solutions, solvents play an
important part in the formation of the self-assembled mono-
layer. In some cases, if solvents contain alkyl chains, aromatic
rings, or hydrogen bonding donor or acceptors, the solvent
molecules can be coadsorbed on the surface by van derWaals
interactions with the substrate, hydrogen bond or van der
Waals interactions with the adsorbates, to form 2D nanos-
tructure [9, 17, 18]. For example, the carboxyl groups of 5-
(benzyloxy)-isophthalic acid derivative (BIC) were observed
to form hydrogen bonds between neighboring molecules or
between BIC molecules and 1-octanoic acids [19]. Mamdouh
et al. reported that in aromatic alkylated solvents and n-
alkanes, solvent molecules were coadsorbed and were part of
a complex 2D molecular network of monodendron [20].

During the past few years, 4,7-dithienyl-2,1,3-benzot-
hiadiazole (DBTD) unit was widely used as electron ac-
cepting moiety for the design and synthesis of low bandgap
copolymers [21–24]. The photovoltaic property might have
a relationship with the arrangement of DBTD unit, so it is
a significant effort to interpret the essence from molecular
scale. Herein, we studied the self-assembly of (DBT,
C
14
H
34
O
2
N
2
Br
2
S, Scheme 1) at the liquid/solid interface in
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Scheme 1: (a) Chemical structure of 4,7-dibromo-5,6-bis(octyloxy)benzo[c][1, 2, 5] thiadiazole (DBT). (b) Different solvents and their
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Scheme 2: Synthetic route of 4,7-dibromo-5,6-bis(octyloxy)benzo[c][1, 2, 5] thiadiazole (DBT).

different solvents by STM. As it is known, variation of the sol-
ventswas important to understand their roles in the assembly.
In particular, the hydrogen bonding plays a very important
role in the coadsorption of solvent molecules, including the
formation of separated rows of strip structures. As detailed
here in after, interfacial DBT monolayers show fully solvent-
dependent phenomenon. The DBT molecules formed
ordered nanostructure at the 1-phenyloctane/HOPG inter-
face, while at the 1-octanoic acid or 1-octanol/HOPG inter-
face, a linear lamellar pattern was observed.The study on sol-
vent effect would shed on better control of the self-assembled
nanostructures by changing the intermolecular interactions.

2. Experimental

2.1. Synthesis of DBT. The synthetic pathway to obtain the
DBT molecule is depicted in Scheme 2. Organic starting
materials were purchased from Sigma-Aldrich. Solvent was
purified and dried by standard techniques. DBT has been
synthesized according to a literature procedure [25].

2.2. Scanning Tunneling Microscopy. All experiments were
performed at ambient conditions using a Nanoscope IIIa
Multimode SPM (Digital Instruments, Santa Barbara, CA).
Scanning tunneling microscopy (STM) was operated in
constant-current mode. STM tips were prepared by mechan-
ical cutting from Pt/Ir wire (80 : 20, diameter 0.2mm). Prior
to image, DBT molecule was dissolved (concentration = ∼
10−6M) in 1-phenyloctane, 1-octanoic acid, and 1-octanol,
respectively. A drop of this solution (1𝜇L) was applied on
a freshly cleaved surface of HOPG (quality ZYB, Digital
Instruments, Santa Barbara, CA).Then STM experiment was
carried out. All images were taken within 4 h of applying the
solution on the HOPG surface. Different tips and samples
were used to check the reproducibility and exclude image
artifacts that were caused by the tips and samples. Tunneling
parameters are given in the corresponding figure captions.
The images were corrected for drift using the recordedHOPG
images for calibration purposes.

2.3. Computer Simulation. Molecular models of the observed
assembled structures were built by Materials Studio 4.4.
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Figure 1: (a) Large-scale STM image of DBT adlayer in 1-phenyloctane. Tunneling parameters: I
𝑡
= 520 pA and V

𝑏
= 730mV. (b) High-

resolution STM image of DBT adlayer. Tunneling parameters: I
𝑡
= 520 pA andV

𝑏
= 730mV. (c) Structure model for the DBT adlayer. Possible

halogen bonds are shown in the enlarged inset by black dashed lines.

The model of monolayer was constructed by placing the
molecules according to the intermolecular distances and
angles obtained from analysis of STM images.

3. Results and Discussion

3.1. Self-Assembly of DBT in 1-Phenyloctane. After deposi-
tion of a solution containing DBT molecule on the HOPG
surface, a ribbon featured-pattern was observed after several
minutes. Figure 1(a) displays a large-scale STM image of the
adsorbed monolayer. A highly ordered adlayer with only
one single-crystalline domain size more than 200 nm could
be clearly resolved, which is rarely observed in the self-
assembled monolayer at the liquid/solid interface. In our
numerous experiments, no domain separation was observed
within the same terrace ofHOPG surface. Detailedmolecular
packing pattern of DBT assembly can be seen from the high-
resolution STM image (Figure 1(b)), which is composed of
dark troughs and bright stripes. Owing to the high electron
density of state, the bright stripes are attributed to the DBT
aromatic cores, whereas the dark troughs are occupied by

the side chains. The length of side chain is measured to be
1.0 ± 0.1 nm. The van der Waals interactions between the
short side chains and HOPG surface are weak so that the side
chains could not be resolved more clearly. Thus, the higher-
resolution STM image could not be obtained.

On the basis of the STM image, a structural model is
proposed in Figure 1(c). A unit cell with the parameters of a
= 1.2 ± 0.2 nm, b = 1.7 ± 0.1 nm, and 𝛼 = 88± 1∘ is outlined in
the model. In view of the total system energy, densely packed
assembly is most frequently favored.The adsorbate-substrate
and adsorbate-adsorbate interactions could be maximized in
the densely arrangement, especially when the intermolecular
interaction lacks directionality [4].Therefore, two side chains
of the DBTmolecule locate at the same side of the conjugated
cores and arrange in parallel. Halogen bonds occur due to
polarisation of the halogen atom in a C–X bond, the resulting
nonspherical charge distribution, and electrostatic poten-
tial. These influence factors are strong enough to stabilize
supramolecular monolayers under the equilibrium condi-
tions of liquid/solid interfaces [26]. Because of the nonspher-
ical charge distribution of bromine atom and the parallel
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Figure 2: (a) Large-scale STM image of the DBT adlayer in 1-octanoic acid. Tunneling parameters: I
𝑡
= 570 pA and V

𝑏
= 820mV. (b) High-

resolution STM image of the DBT adlayer. Tunneling parameters: I
𝑡
= 570 pA and V

𝑏
= 820mV. (c) Structure model for the DBT adlayer.

Possible hydrogen bonds are shown in the enlarged inset by black dashed lines.

Figure 3: The optimized conformation of DBT calculated by
Gaussian W03.

orientation, a halogen-halogen interaction is formed between
the bromine atoms of the neighboring DBT molecules in
each lamella. So, we propose that the Br–Br halogen bonds
indicated by green lines in the enlarged inset of Figure 1(c)
are the most dominant interactions stabilizing the 2D self-
assembled structure.

3.2. Self-Assembly of DBT in 1-Octanoic Acid. In some cases,
solvent molecules could control the self-assembled structure

of adsorbates significantly according to the solvent-adsorbate
interactions [27, 28]. The nitrogen in the conjugated moiety
of DBT has the isolated electron pair, which could act as
hydrogen-bond acceptors to formhydrogen bondswith other
donor functional groups or molecules. So, we choose 1-
octanoic acid as the solvent in order to change the self-
assembly of DBT by the hydrogen bonding between the DBT
molecules and the 1-octanoic acids.

A distinctly dissimilar self-assembled pattern could be
observed after adding a drop of DBT solution on the HOPG
surface by using 1-octanoic acid as the solvent. Figure 2(a) is a
large-scale STM image of a highly ordered DBT linear struc-
ture. Bright stripes and dark troughs can be distinguished
easily from the STM image. Similarly, the scanning surface,
more than 200 nm, was covered by one domain.

In the high-resolution STM image (Figure 2(b)), it is
found that the bright stripes consisting of dot aggregations,
arranged in a linear fashion. The dark area between bright
molecular rows is attributed to the alkyl chains. Two kinds of
alkyl chains are observed, which are the octoxy chains of DBT
and the coadsorbed heptane chains of 1-octanoic acid. In the
packing pattern, the side chains of DBT molecules arrange
on either side of the conjugated groups, which approximate
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Figure 4: (a) Large-scale STM image of the DBT adlayer in 1-octanol. Tunneling parameters: I
𝑡
= 550 pA and V

𝑏
= 710mV. (b) Structure

model for the DBT adlayer.

to the optimized structure of DBT as shown in Figure 3.
The conjugated moieties arrange with an opposite direction
in the adjacent lamellae. The side chains could be resolved
clearly indicating that the van der Waals interactions of
alkyl-alkyl and alkyl-substrate are enhanced significantly. On
the aforementioned analysis, a proposed model is shown in
Figure 2(c). A unit cell is outlined with the lattice constants
of a = 0.69 ± 0.05 nm, b = 2.5 ± 0.1 nm, and 𝛼 = 89 ± 1∘.

3.3. Self-Assembly of DBT in 1-Octanol. In a parallel exper-
iment, the 2D self-assembled adlayer of DBT has been also
investigated by using the solvent of 1-octanol containing DBT
molecules.The self-assembled adlayerwas fabricated after the
solution was dropped on the HOPG surface, as shown in
Figure 4(a). A well-ordered linear lamellar structure can be
seen in the image, similar to the DBT assembly in 1-octanoic
acid. No other structures could be obtained by STM. On the
basis of the STM image, a structural model can be proposed
for the coadsorption, as shown in Figure 4(b). The hydrogen
bonds are formed between theDBTmolecules and 1-octanoic
acids. The solvent molecules play an important counterpart
role in the assembly, leading to a stable and hydrogen-bonded
coadsorbed pattern.

Thequestion arises as towhy in 1-phenyloctane no solvent
molecules are coadsorbed, while in 1-octanoic acid and 1-
octanol solvent coadsorbed patterns are observed. Clearly,
the nature of the functional group must play an important
role. The interaction of phenyl-substituted alkyl chain with
the substrate is unlikely compared to –COOH functionalized
alkyl chain. At relative low temperature (<15∘C), the mono-
layer of 1-octanoic acid or 1-octanol in pure solvent conditions
might be observed.This is never observed for 1-phenyloctane
under comparable experimental conditions. In the self-
assembly of DBT molecule, the –COOH or –OH groups of
coadsorbed hydrophilic solvent molecules could interact by
the hydrogen bonding with DBT molecules in the solution,
hence, stabilizing their coadsorption. In other words, the

self-assembled structure formation involves the hydrogen
bonding between the nitrogen atoms of DBT molecule and
the carboxyl acid or hydroxyl of solvent molecules. The
results also demonstrate that the hydrogen bonds are stronger
than the Br–Br halogen bonds.

4. Conclusions

Self-assembly of DBTmolecule onHOPG surface in different
solvents is investigated by STM. Dramatic differences in
the 2D ordering are observed depending on the nature
of solvents. When using 1-phenyloctane as the solvent, a
linear structure is fabricated. Br–Br halogen bonds are found
and were responsible for the formation of the packing
pattern. However, a lamellar structure is formed by using
1-octanoic acid or 1-octanol as the solvent, in which the
solvent molecules act as a coadsorbed component due to
the hydrogen bonding between DBT molecules and solvent
molecules rather than a dispersant.The distinct solvent effect
reflected in the self-assembled structures could be ascribed
to the polarity of the solvent and related solvent-solute
interactions.The results are of significance to understand the
solvent effect on the molecular self-assembly and to control
nanostructures on solid surfaces.
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We demonstrate a glucose-sensing material based on the combination of photonic crystal templating and a molecular-imprinting
technique. In the presence of the target molecule glucose, poly(N-isopropylacrylamide-co-2-hydroxyethyl methacrylate) hydrogel
with pendent phenylboronic acid groups was synthesized in the void of a poly(methyl methacrylate) (PMMA) colloidal crystal.
After removing the PMMA photonic crystal template and glucose molecules, a 3D-ordered porous covalently imprinted photonic
crystal (CIPC) hydrogel was created. The unique 3D-ordered porous hydrogel revealed optical changes in response to glucose
concentration. At pH = 11 and 37∘C, the diffraction of CIPC redshifted from 725 nm to 880 nm in response to 20mmol L−1 glucose.
Due to the covalently imprinted recognizer, boronic acid group, the selectivity of the CIPC towards glucose over D-ribose and
L-rhamnose was improved significantly.

1. Introduction

Theprevalence of type 1 diabetes continues to increase world-
wide. Real-time continuous glucose monitoring (RT-CGM)
is crucial for diabetic care, which can lead to better treatment
decisions, improve metabolic control, and decrease the inci-
dence and progression of diabetic complications [1–6]. For
this reason, many different analytical methods for RT-CGM
have been developed, which are mainly electrochemical [7–
9] and optical [3, 10, 11]. Photonic crystals are highly ordered
materials with periods on the scale of visible light and exhibit
unique structural color on the basis of Bragg diffraction and
lattice spacing. It is found that the diffraction wavelength
of photonic crystals is dependent on their lattices. Various
approaches have been explored for making bioresponsive
photonic crystal hydrogels for glucose sensing. Honda et al.
developed a totally synthetic colorimetric glucose-sensing
system composed of glucose-responsive hydrogel particles
in an inverse opal polymer membrane [12]. The volume of
the hydrogel particles can change reversibly as the glucose
concentration varies and exhibits a reversible change in
the color and the peak intensity of the reflection spectra.
Asher’s group has also made remarkable contributions to
glucose-responsive photonic crystals. They incorporated a
crystalline colloidal array (CCA) into a polyacrylamide [13]

or poly(vinyl alcohol) [14] hydrogel with pendent boronic
acid groups, and the polymerized crystalline colloidal array
(PCCA) diffraction wavelength was dependent on the hydro-
gel volume [15]. Bazin and Zhu prepared core-shell micro-
spheres and assembled them into a crystalline colloidal array
(CCA) [3]. The core-shell microspheres were functionalized
with 3-aminophenylboronic acid to make them responsive
to glucose. More recently, Ayyub et al. investigated one-
dimensional photonic crystals as a sensitive carbohydrate
sensor by modifying polystyrene-b-poly(2-vinyl pyridine)
films with 2-(bromomethyl)phenylboronic acid [11]. Besides
boronic acid, glucose oxidase (GOx) was also attached to the
PCCA and glucose caused the PCCA to swell and redshift
the diffraction wavelength [16]. Although photonic crystals
now attract more and more attention, their selectivity is not
promising. Immobilization of enzymes might improve the
selectivity, but natural receptors usually deteriorate quickly
due to the variation of temperature, pH, humidity, and toxic
chemicals.

Molecular imprinting is a state-of-the-art technique to
artificially mimic natural and biological receptors [17, 18].
Molecularly imprinted polymers (MIPs) have several advan-
tages, including stability under harsh physical and chemical
conditions, easy preparation, and more importantly the
ability to be “tailored” recognition materials for the target
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analytes. MIPs have attracted considerable attention as a
recognition element with high selectivity for glucose sensors.
Chen et al. reported an MIP that could be used to measure
glucose concentrations in complex biological media. At alka-
line pH, themetal-complexing polymer “catches” glucose and
instantly releases protons in proportion to the glucose con-
centration over a clinically relevant range (0 to 25mmol L−1)
[19]. Malitesta et al. electropolymerized a glucose-imprinted
poly(O-phenylenediamine) polymer, which was employed as
the recognition element of a QCM biomimetic sensor for
glucose [20]. Wu’s group designed a kind of molecularly
imprinted hybrid microgels that can optically monitor glu-
cose levels with high sensitivity and selectivity in complex
media at physiological pH [21]. Recently, Li’s group coupled
molecular imprinting with photonic crystal to create self-
reporting specific sensors to detect protein, medicines and
some biomarkers [22–25]. However, specificity cannot be
guaranteed by traditional noncovalent imprinting protocol,
and in most cases, the diffraction shifts are not remarkable.
We here report on a covalently imprinted photonic crystal
(CIPC) for glucose sensing. The use of boronic acid deriva-
tives to sense diol-containing substances has been exploited
for a long time. Boronic acid can bind cis diol-containing sub-
stances through covalent bonds. Our CIPC glucose-sensing
hydrogel also utilized boronic acid groups as recognition
elements. In order to improve the selectivity of photonic
crystal sensor, covalently imprinting was introduced into the
photonic crystal hydrogel. Boronic acid derivatives have been
polymerized in the presence of glucose to create imprinted
glucose-binding sites. Polymer hydrogel volume changes
could be actuated by boronic acid-glucose complexation.The
CIPC volume changes alter the photonic crystal spacing,
which alters the Bragg diffraction condition.

2. Materials and Methods

2.1. Materials. Acrylamide (AM), acrylic acid (AA), 2,2-
azobisisoheptonitrile (ABVN), 2-hydroxyethyl methacrylate
(HEMA), N-isopropylacrylamide (NIPA), 2,2-diethoxyac-
etophenone (DEAP), 4-ethylene phenylboronic acid (4-
EPBA), and N,N-methylenebisacrylamide (BIS) were all
purchased from Tokyo Chemical Industry (Tokyo, Japan).
Methyl methacrylate (MMA), glycine, glucose, D-ribose,
L-rhamnose, acetonitrile, dimethyl sulfoxide (DMSO) and
acetonitrile were all from local suppliers and were used
directly.

2.2. Instruments. The diffraction spectra were detected using
an Avaspec-2048TEC optical fiber spectrometer (Avantes,
Netherlands). UV polymerization was carried out in a
SCIENTZ D3-IIUV cross-linker (Ning Bo, China). The
assembling of PMMA colloidal crystal was carried out in
a Safe HWS-150 incubator (Ning Bo, China). SEM images
were taken using a HITACHI S4800 field emission scanning
electron microscope (Tokyo, Japan) with an accelerating
voltage of 15 kV. A Shimadzu LC-20AT HPLC system on a
Promosil silica column (4.6 × 250mm, Agela Technologies,
Tianjing, China) with an evaporative light-scattering detector

500 nm

Figure 1: SEM image of the PMMA colloidal crystal.

(ELSD)was used to quantitatively characterize the imprinting
effect of MIPs. The mobile phase was acetonitrile/water (2/1,
v/v) with a flow rate of 1mLmin−1, and the injection volume
was 20𝜇L.

2.3. Preparation of PMMA Colloidal Crystal. Poly(methyl
methacrylate) (PMMA) monodispersed colloidal particles
(280 nm) were synthesized using a modification of pub-
lished methods [26, 27]. MMA (30mL) and deionized water
(250mL) were mixed in a 4-neck flask at 80∘C, stirred at
300 rmin−1, and bubbledwith nitrogen.After equilibrating to
80∘C, 15mL water containing 0.6 g potassium persulfate was
added to the flask to initiate polymerization. Monodisperse
PMMA particles with a diameter of approximately 280 nm
were obtained after 40 minutes (Figure 1). The resulting
particles were washed by centrifugation and rinsed at least
three times with deionized water.

The PMMA colloids were self-assembled into colloidal
crystals via a vertical deposition method as a template of
the opal structure. Typically, glass slides were immerged
in H
2
SO
4
/H
2
O
2
mixture (7 : 3, V/V) for 12 h, then rinsed

with deionized water in ultrasonic bath three times, and
dried before use. Mono-disperse PMMA particles were fully
dispersed in deionized water (0.25%–0.35%, w/w), which
were added to a clean Petri dish for the colloidal crystal
formation. Clean glass slides were placed vertically into
the Petri dish for colloidal crystal growth. After complete
volatilization of the deionized water, a colloidal crystal of
PMMAparticles was formed on both sides of each glass slide.

2.4. Preparation of CIPC Films. Three MIPs pre-polym-
erization solutions, each with different recipes (see Table 1)
were prepared. Take MIPs recipe (B), for instance, glu-
cose (0.17mmol), covalent functional monomer 4-APBA
(0.17mmol), backbone monomers HEMA (1.5mmol), and
NIPA (1.5mmol) were dissolved into a mixture of 1.5mL
DMSO. Then, crosslinker BIS (0.254mmol) and initiator
ABVN (12.68 𝜇mol) were added and the mixture was fully
deoxygenated by nitrogen purging for 10min. The prepoly-
merization solution was layered carefully on the PMMA
photonic crystal template so that it can infiltrate into the CCA
and then polymerize at 60∘C to form hydrogel film. The film
was immersed into acetone to remove the PMMA photonic
crystal template, followed by the removal of glucose by acidic
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Table 1: Composition of different MIPs prepolymerization solutions.

MIPs Template
(mmol)

Monomers
(mmol)

Crosslinker
(mmol)

Initiator
(mmol)

Solvent
(mL) Polymerization

A Glucose (0.7) 4-EPBA (0.7) + AM
(1.4) + HEMA (1.4) BIS (0.0162) DEAP (0.05) Acetonitrile (2) UV irradiation 4∘C

B Glucose (0.17) 4-EPBA (0.17) + NIPA
(1.5) + HEMA (1.5) BIS (0.254) ABVN (0.01) DMSO (1) 60∘C

C Glucose (0.17) 4-EPBA (0.17) +
HEMA (1.5) BIS (0.317) DEAP (0.5) Acetonitrile (3) UV irradiation 4∘C

500 nm

Figure 2: SEM image of the macroporous structure of the CIPC
film.

solution to give the CIPChydrogel. A nonimprinted photonic
crystal (NIPC) was prepared in the same procedure in the
absence of glucose.

The three CIPC films were dried in a vacuum oven over
night and then were exposed to glucose to evaluate their
adsorption capability and selectivity. Typically, glucose solu-
tions (20mmol L−1), prepared in 1mL methanol/deionized
water (6 : 4, v/v), were incubated with 10mg CIPC film
for 1 h at room temperature. After incubation, the residual
concentration of glucose in the solution was determined by
HPLC.

3. Results and Discussion

Figure 1 shows the SEM images of the used PMMA colloidal
crystal, in which the PMMA particle size is about 280 nm.
From Figure 1, we can see that the PMMA colloidal crystal
has high ordering. After removing the PMMA photonic
crystal template, highly orderedmacroporous structure could
be observed using SEM (Figure 2). More importantly, the
ordering of themacroporous structure was kept well. In order
to optimize the recipe of covalently imprinted molecules, we
tried three different recipes.The adsorption rates of the three
kinds of MIPs in 20mmol L−1 glucose were measured via
HPLC. It was revealed in Figure 3 that even though recipe
MIPs(A) and MIPs(C) had better adsorption rates, recipe
MIPs(B) had better imprinting effect among the three MIPs.
As a result, we chose recipe MIPs(B) to study the following
absorption and sensing properties of the CIPC.

Boronic acid is a classic saccharide receptor [28, 29],
which can form reversible covalent bonds with glucose.
Herein, 4-EPBA which contains a boronic acid functional
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Figure 3: Adsorptivity of the MIPs of different recipes.
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Figure 4: Adsorptivity of the CIPC towards 10mmol L−1 glucose
under different pH.

group was used as the covalent recognizer which forms
boronate with glucose. The formation of boronate is depen-
dent on pH, ionic strength, and temperature. Thus, a glu-
cose sensor should work in an optimal environment. The
adsorptivity of CIPC was measured by exposure to varying
concentrations of glucose (0 to 20mmol L−1), followed by
the detection of glucose in the residual solution using HPLC.
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Figure 4 shows that the adsorption kinetics of glucose on
CIPC in different pH condition. As shown in Figure 4, within
about 3 minutes soaking in a solution of 10mmol L−1 glucose
the adsorption already reaches the adsorption equilibrium.
The presence of macropores provides high specific surface
area, more interaction sites, and can also offer increased
mass transport. In addition, the response of the sensor to
glucose decreases as the pH increases. The adsorptivity of
10mmol L−1 glucose at pH 11 is 5 times higher than that of
at pH 6.4. An alkaline environment is favorable for boronate
formation between glucose and 4-EPBA.

The adsorptivity of glucose to the CIPC also increases
with increasing ionic strength (Figure 5). The effects of
temperature on glucose sensing were also investigated by
measuring the adsorptivity at room temperature and body
temperature. The result in Figure 6 revealed that the CIPC
had better selectivity at 37∘C than at 25∘C. The sensitivity is

considerably better at body temperature, which is beneficial
for the detection of glucose in bodily fluid. In short, the CIPC
can characteristically detect glucose under alkaline condi-
tions, at high ionic strength, and human body temperature.
With regard to the imprinting effect, even though the NIPC
also contains substantial amount of 4-EPBA that enables the
NIPC to absorb significant amount of glucose, the imprinting
process gave molecular “memory” to the hydrogel matrix.
This gives the CIPC not only the 4-EPBA covalent recognizer
but also the imprinted pockets that possess molecular “mem-
ory” for glucose. Therefore, the CIPC absorbs more glucose
thanNIPC. For 10mmol L−1 glucose at pH 11, the absorptivity
of theCIPC ismore than 3 times higher than that of theNIPC.

The CIPC swelled upon glucose adsorption at physiolog-
ical ionic strengths. As seen in Figure 7(a), in the absence of
glucose, the CIPC diffracts visible light at 725 nm, and the
diffraction redshifted gradually upon the addition of glucose.
When the glucose concentration reached 20mmol L−1, which
is clinically indicative of serious diabetes, the CIPC diffracts
visible light at 880 nm, giving a redshift of 155 nm. In the
case of NIPC, a redshift of less than 60 nm was observed
(Figure 7(b)). After adsorption of glucose, a charged complex
forms between phenylboronic acid and the 1,2-cis-diol group
of glucose, and the lattice of the CIPC hydrogel swells, which
results in the diffraction redshift. This swelling of the CIPC
is reversible. In addition to adsorptivity, the specificity of the
hydrogel towards glucose was also improved significantly by
imprinting. Compared with the NIPC which had ratios of
redshift of glucose/ribose and glucose/rhamnose of 1.6, the
corresponding ratios for CIPCwere 3.0 (Figure 8), suggesting
that a higher selectivity towards glucose was achieved due to
imprinting.

4. Conclusion

In summary, a glucose-responsive photonic crystal hydrogel
was produced by synthesized hydrogel in the void of PMMA
photonic crystal template followed by removing the tem-
plate. Molecular imprinting improved the selectivity of the
photonic crystal-responsive hydrogel towards glucose. The
diffraction of the CIPC red-shifted from 725 nm to 880 nm in
response to 20mmol L−1 glucose. Improvement of the current
CIPC technology is still underway, which aims to optimize
the CIPC composition to make the diffraction visible, thus
allowing promising clinical application in noninvasive, real-
time glucose monitoring.
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Heterocyclicmotif is an important scaffoldwhich has both industrial andpharmaceutical applications.Thesemotifs can be prepared
using wide variety of reaction conditions such as the use of expensive catalyst, toxic solvent, harsh reaction condition like the use of
base, high temperature, andmultistep reaction. Although variousmethods are involved, the chemistry arena is now shifted towards
the greener way of synthesis. Nanocatalyst constitutes an important role in the green synthesis. This is because the activity of the
catalyst resides in the exposed portion of the particles. By decreasing the size of the catalyst, advantages such as more surface area
would be exposed to the reactant, only negligible amount would be required to give the significant result and selectivity could be
achieved, thereby, eliminating the undesired products. The current review enlists the various types of nanocatalyst involved in the
heterocyclic ring formation and also some other important functionalization over the ring.

1. Introduction

The new era of chemistry is shifting towards the path of
innovative techniques which mainly concentrates on envi-
ronmental aspects [1, 2]. Each and every component of the
reaction is investigated on the basis of ecofriendly concepts
such as use of nonhazardous solvent (water) and solvent-
free synthesis or inexpensive catalyst, without affecting the
yield and quality of the reaction. Synthesis of heterocyclic
core constitutes the important portion of organic synthesis
because it has wide variety of pharmacological actions [3–6].
Various methods have been adopted for the synthesis which
includes the use of catalyst [7, 8], ultrasound irradiation
[9–11], and microwave irradiation [12, 13]. Although these
methods have their own advantages, it also possesses cer-
tain disadvantages like expensive instruments, inaccessible
materials, nonrecyclable and non-selectivity, and so forth. To
overcome these, the role of nanocatalyst holds its application
[14].Nanoscience is the cramof phenomenonon ananometer

range. Atoms are a few tenths of a nanometer in diameter,
and molecules are typically a few nanometers in size. The
smallest structures humans have beenmade have dimensions
of a few nanometers and the smallest structures we will
ever make will have the dimensions of a few nanometers.
This is because as soon as a few atoms are placed next to
each other, the resulting structure is a few nanometers in
size. Chemistry is the study of molecules and their reactions
with each other. Since molecules typically have dimensions
of a few nanometers, almost all of nanoscience can be
reduced to chemistry. Chemistry research in nanotechnology
concerns carbon nanotubes, self-assembly, C

60
molecules,

and structures built using DNA. Sometimes the chemical
description of a nanostructure is insufficient to describe its
function. Owing to the hasty progress of nanoscience and
nanotechnology, the primeval colloid science is given a new
life. Because of their great differences from single molecules
and bulk materials, nanoscale materials, including colloids,
have attractedmuch attention since the last decade, especially
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in the field of catalysis. Over the several past decades, catalysts
and catalytic reactions have attracted considerable attention
with the aim of finding meaningful applications in the phar-
maceutical and fine chemical industries. The nanocatalysts
are highly selective, reactive, and stable; thereby it supersedes
the conventional catalyst. Nanoparticles with a diameter of
less than 10 nm have generated intense interest over the past
decade due to their high potential applications in areas such

as sensors, nanoscale electronics, catalysis, and optics. The
catalytic activity of nanoparticles is affected by size; therefore,
the relative ratio of surface atom types changes dramatically
with varying particle size. Inmany cases, the activity increases
as the particle size decreases due to favorable changes in
the electronic properties of surface atoms, which are located
mainly on edges and corners in small particles. On the other
hand, the reactivity and selectivity of metal nanocatalysts
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also depend strongly on the different crystallographic planes
present on the nanoparticles and which can be achieved by
controlling the morphology of these nanoparticles. Size and
surface of the nanocatalyst play a major role because it is the
reason for its selectivity and reactivity. Also, in some cases the
enhancement by doping and surface chemical modifications
would be done to increase its performance [15]. Nanocatalyst
is not only used in organic transformation but also it has vari-
ous applications [16, 17].These nanocatalysts can be prepared
by various methods such as thermal decomposition, micro-
arc oxidation irradiation, chemical vapor synthesis, non-
sono and sonoelectrooxidation, sol-gel technique, chemical
precipitation, photochemicalmethod, hydrothermalmethod,
antisolvent precipitation, glow discharge plasma electrolysis,
wet-chemical method, microwave irradiation, and sono-
chemical method [16–21].The size and nature of nanocatalyst
varies on the type of method used for preparation [22–27].
Based on the requirement, the method of preparation can
be selected. In this paper, we will review recent examples
of nanoparticles used in organic transformation such as
quinoxaline, naphthoxazinones, coumarins, 1,2,3-triazoles,
acridine, pyrazole, and isoquinolinones. (Figure 1). The heart
and soul of this paper is Section 2.23, where we cover
miscellaneous functionalization on heterocycles; this is a
challenge for nanocatalyst researchers to engage.

2. Application of Nanoparticles in
Organic Synthesis

2.1. Synthesis of Quinoxaline Analogues. Quinoxaline is an
important chemical entity which has interesting biological
properties such as trypanocidal property [28], antimycobac-
terial agent [29], and cytotoxic agent [30]. The synthesis of
quinoxalines (Scheme 1) was carried out by oxidative cou-
pling of 1,2-diamines, 2.1.1 and 1,2-dicarbonyl compounds,
2.1.2 using gold nanoparticles supported on nanoparticulated
ceria (Au/CeO) or hydrotalcite (Au/HT) as catalysts and
air as an oxidant. The use of nanoparticles led to the mild
reaction conditions such as base-free reactions, using mild
temperature and air as an oxidant. The catalyst could be
reused only with a little loss in activity [31]. The use of
inexpensive and recyclable SiO

2
which has highly reactive

–OHgroupon its surface has its application in the synthesis of
quinoxaline, and it produces high yield in less reaction time.
Because of its reusable nature, it supersedes the other catalyst
[32]. Quinoxalines can also be synthesized by advantageous
nano-BF

3
⋅SiO
2
and nano-TiO

2
catalyst systems.The reaction

was carried out at varied temperatures and different moles of
reactants to optimize the reaction condition and concluded
that solvent-free conditions at room temperature could be
the optimal one. In addition, the report concluded that the
reaction time could be reduced by performing the reaction
under sonication [33]. In nano-TiO

2
system, the same authors

carried out the synthesis in the presence of nano-TiO
2
and

compared with bulk TiO
2
and other applied catalysts. The

satisfactory results were obtained in solvent-free condition at
room temperature using 12mol % as a catalyst [34]. Lü and
coworkers synthesized quinoxalines using magnetic Fe

3
O
4

nanoparticles. The result shows that the reaction could be

performed well in water using 10% Fe
3
O
4
nanoparticles as

catalyst at room temperature, and the catalyst can be recov-
ered easily by using external magnet and reused with consis-
tent activity [35]. Polyaniline/SiO

2
nanocomposite material

was prepared and it was used as a catalyst for the synthesis
of quinoxalines.They reported that 10% catalyst was found to
be optimal for the reactant transformation, and the catalyst
activity was found to be consistent even after three runs [36].
Another popular method to synthesize quinoxalines is by
using TiO

2
nanoparticles as a catalyst. The optimal protocol

system was found out by using dichloroethane as an efficient
solvent with 2.5mol % catalyst to give the highest yield. Also
o-phenylenediamine with electron-withdrawing group gave
the higher rates and yield than the electron-donating groups
[37]. The quantitative yield of quinoxaline was obtained in 10
minutes by using acetonitrile solvent system, 10mol % of Ni-
nanoparticles as catalyst at 25∘C stirred under N

2
atmosphere

[38]. Bardajee and coworkers prepared SBA-15 supported on
Pd (II) Schiff-base complex nanocatalyst for the synthesis of
2, 3-disubstituted quinoxalines derivatives [39].

2.2. Synthesis of Pyrazole Analogues. Pyrazole is an important
novelty which has reported insecticidal [40], antimalar-
ial [41], anti-inflammatory, and antimicrobial [42] activi-
ties. Khan and coworkers synthesized 1-(4,5-dihydropyrazol-
1-yl) isoquinolines, 2.2.3 from chalcones, 2.2.2 and 1-
hydrazinylisoquinoline, and 2.2.1 using iron-oxide nanopar-
ticles and this method of synthesis eliminates the autoox-
idation of the desired pyrazolines to the corresponding
pyrazoles (Scheme 2) [43]. (𝛼-Fe

2
O
3
)-MCM-41 catalysts is

impregnated with 10% of iron oxide nanoparticles as a
recoverable and reusable catalyst (Scheme 3) for the synthesis
of pyrazolo [3,4-c] pyridine, 2.2.6 derivatives from 3,5-
dibenzylidenepiperidin-4-one, 2.2.4 and hydrazine deriva-
tives, 2.2.5a–c. The optimum amount of catalyst was found
to be 0.015 g, and further increase in the amount of catalyst
has no effect on rate of the reaction and yield. Even though
pure MCM-41, amino-functionalized MCM-41, and Fe

3
O
4

produced satisfactory result, the ease of recoverability and
reusability of (𝛼-Fe

2
O
3
)-MCM-41 made it to prefer this

catalyst for the pyrazole analogue synthesis [44].

2.3. Synthesis of Acridine Analogues. Acridine, one of the
important nitrogen heterocycle, shows activity such as anti-
herpes [45], antimalarial and antitumor [46], and larvicidal
action [47]. Roopan and Khan performed an ecofriendly
synthesis of 9-chloro-6, 13-dihydro-7-phenyl-5H-indolo [3,
2-c]-acridines, 2.3.3 by Friedlander condensation (Scheme 4)
of 2-amino-5-chlorobenzophenone, 2.3.1 and 3,4-dihydro-
2Hcarbazol-1(9H)-one, and 2.3.2 in the presence and absence
of SnO

2
nanoparticles under microwave irradiation. The

reaction was not initiated in the absence of catalyst [48]. A
comparative study of various nanoparticles (Mn

3
O
4
, CuO,

CaO, MgO, and Fe
3
O
4
), optimization of solvent, and tem-

perature showed that nano-Fe
3
O
4
(10mol %) + solvent-

free conditions + 120∘C as an efficient protocol for the
synthesis (Scheme 5) of 1,8-dioxo-decahydroacridines, 2.3.6,
from aldehyde, 2.3.5, dimedone, 2.3.4, and aromatic amine
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Scheme 6: Synthesis of N-arylhomophthalimides, 2.4.4 and Isoquinolinones, 2.4.5.

in the presence of ammonium acetate [49]. 0.005 g of MCM-
41-SO

3
H, 110∘C and solvent-free condition is another effec-

tive combination for obtaining 1, 8-dioxo-9-aryl decahy-
droacridines nucleus, 2.3.7 [50].

2.4. Synthesis of N-Arylhomophthalimides and Benzannelated
Isoquinolinones. Isoquinolinones are reported to cause
allosteric modulation of metabotropic glutamate receptor 2
[51], and also it has JNK inhibitory action [52]. An emerald
procedure was developed utilizing an efficient catalyst;
that is, ZnO nanoparticles mediated the synthesis of N-
arylhomophthalimides and benzannelated isoquinolinones.
Krishnakumar and coworkers synthesized flower-shaped
ZnO nanoparticles and used them in the reaction between
homophthalic acid, 2.4.1, and substituted anilines, benzyl
amine, for the ecofriendly synthesis of N-arylhomoph-
thalimide 2.4.2, and benzannelated isoquinolinones, 2.4.3
(Scheme 6). They carried out the reaction using various
catalysts, solvents, and different concentration of the catalyst.
Nano ZnO at a concentration of 5%mol in the toluene system
was found to be effective [53].The ZnO nanoparticles exhibit

admirable catalytic action, and the proposed methodology
was capable of providing the desired products in good yield
and purity. The possible mechanism for the formation of this
product is illustrated in Figure 2.

2.5. Synthesis of 1,4-Disubstituted 1,2,3-Triazoles. 1,2,3-
triazoles (Scheme 7), an important entity, has reported anti-
mycobacterial activity [54], anti-HSV-1 activity [55], and
antifungal activity [56]. This moiety can be synthesized
by an innovative concept called “click chemistry.” It is a
reaction between sodium azide, 2.5.1, and alkyne to give
1,4-disubstituted 1,2,3-triazoles in the presence of copper and
water. This reaction is also known as Cu-catalyzed alkyne
azide cycloaddition. Since copper acts as a catalyst in the
synthesis of triazoles, copper supported on various materials
can be made into nanoparticles, and its yield and specificity
can be increased further. Alonso and coworkers synthesized
1,2,3-triazoles through various heterocycles derived from
natural product such as (–)-menthol, lactic acid, D-glucose,
oestrone, and cholesterol converting them into alkynes
by introducing propargyl groups. Propargyl methyl ether,
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2.5.2, benzyl bromide, 2.5.3, and sodium azide, 2.5.1,
under click reaction condition to give triazole derivatives.
These derivatives of natural products having wide variety
of application were obtained in high yield using copper
nanoparticles [57]. CuI supported on poly(4-vinylpyridine)
[P
4
VPy-CuI] acts as a heterogenous catalyst for the synthesis

of triazoles. Using the optimized ratio of 1 : 1 : 1.1 of phenacyl

bromide, 2.5.4, phenyl acetylene, 2.5.5 and sodium azide,
2.5.1, 0.1 g of P

4
VPy-CuI and water, required triazoles

were obtained after refluxing. Also, this catalyst can be
reused up to 8 runs without losing its efficiency [58].
Metalloanthraquinone complex, an important catalyst for
the synthesis of 1,4-disubstituted 1,2,3-triazole, was prepared,
and various reaction conditions were studied. Various metal
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ligands complexes were tested, but only copper was found
to be catalytically active due to the richness of electron on
metal. Water was found to be an effective solvent, and also
the amount of water is also an important criterion. The
optimum amount of water required was found to be 5mL
for the reaction between styrene oxide, 2.5.6, sodium azide,
2.5.1 and phenyl acetylene, 2.5.5 [59]. Another environment
friendly synthesis of triazoles was the cyclisation reaction
between three components benzyl bromide 2.5.3, sodium
azide 2.5.1, and phenyl acetylene 2.5.5 in the presence
of magnetically separable CuFe

2
O
4
nanoparticles, water

at 70∘C. The catalyst can be separated easily and reused
effectively [60]. In an alternative method, various copper
salts [CuI, CuSO

4
, CuCl

2
, Cu (NO

3
)
2
, Cu
2
-𝛽-CD complex]

were used for the synthesis of 1,2,3-triazoles of phenyl
boronic acid from coupling of aryl boronic acids, 2.5.7,
sodium azide, 2.5.1 and phenyl acetylene, 2.5.5. Among
these cooper catalyst Cu

2
-𝛽-CD complex gave excellent yield

of 1,2,3-triazole, 2.5.8 without adding any additives [61].

2.6. Synthesis of Coumarins. Coumarins are attractive mol-
ecule in chemistry with anti-inflammatory activity [62],
antioxidant and lipoxygenase inhibitory activity [63], and
antifungal activity [64]. Coumarin has been used as an aroma
enhancer in pipe tobaccos and alcoholic drinks although
in general it is banned as a flavorant food additive, due to
concerns about coumarin’s hepatotoxicity in animal models.
The synthesis of coumarins and its analogues has attracted

extensive thought from organic and medicinal chemists for
many years as a large number of natural products con-
tains this heterocyclic nucleus. Moreover, coumarins have
various pharmacological activities (Figure 3). Knoevenagel
condensation is one of the widely used reactions for the
synthesis of coumarins (Scheme 8). Since it involves the
use of acids and bases, an alternative approach for carrying
out the condensation is essential. The reaction between o-
hydroxy benzaldehyde, 2.6.1, and 1,3-dicarbonyl compounds,
2.6.2, is an effective reaction for the formation of coumarins,
2.6.3. ZnO nanoparticles were found to be an effective
alternative in 10%mol concentration. Increase or decrease in
the concentration of the ZnO extends the time taken for the
reaction with fewer yields [65].

2.7. Synthesis of Biscoumarins. Transition metal nanopar-
ticles have gained tremendous importance due to their
interesting electrical, optical, magnetic, chemical properties,
and especially catalytic properties, which cannot be achieved
by their bulk counterparts. Recently, there has been growing
interest in using nickel nanoparticles in organic synthesis
owing to their easy preparation, potent catalytic activity, pos-
sible process ability, and high stability. Heterocyclic systems
are common structural motifs in many biologically active
substances and natural products and therefore warrant the
design of newer and efficient protocols for their synthesis. In
view of this biscoumarins is an important molecule which
possesses anticoagulant activity (Scheme 9) [66]. Khurana
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and Vij performed the synthesis of biscoumarins, 2.7.3,
via Knoevenagel condensation followed by rapid Michael
addition using polyvinyl pyrrolidone-(PVP)-stabilized nickel
nanoparticles for the reactions of aldehydes, 2.7.1, with 4-
hydroxycoumarin, 2.7.2, in ethylene glycol at room tempera-
ture [67].

2.8. Synthesis of Naphthoxazinones. Naphthoxazine, an im-
portant motif in heterocyclic chemistry, has reported cyto-
toxic and antifungal activities [68]. An efficient protocol for
the synthesis of 2-naphthol-condensed 1,3-oxazinone, 2.8.4,
(Scheme 10) by the reaction between benzaldehyde, 2.8.1,
urea, 2.8.2, and 𝛽-naphthol, 2.8.3, was carried out in the
presence of K

2
CO
3
and copper nanoparticles stabilized by

PEG-400. In the absence of Cu, the reactionwas not initiated.
When the same reaction was carried out without PEG-
400, the yield was only 30%. Due to various drawbacks of
results with the solvents such as DMSO, acetonitrile, ethanol,
THF, and ethylene glycol, the ideal solvent for the synthesis
of naphthoxazinones was found to be PEG-400. Not does
only it act as a solvent, but also it provides stability to Cu
nanoparticles [69].

2.9. Synthesis of Pyran Analogues. Pyran has reported
activities such as molluscicidal activity [70] and anthelmintic
activity [71]. The synthesis of pyran-annulated heterocyclic
systems, 2.9.3 (Scheme 11) can be carried out from various
alicyclic/heterocyclic 1,3-dione, 2.9.1, and tetracyanoethyl-
ene, 2.9.2, using ecofriendly TiO

2
and TiO

2
nanoparticles as

a catalyst with high yield. Because of the heterogenous nature
of TiO

2
, the work-up process will be carried out easily,

and the catalyst can be recovered without any difficulty

[72]. The three-component reaction between aromatic
aldehyde, 2.9.4, malononitrile, 2.9.5, 4-hydroxycoumarin,
2.9.7, and CuO nanoparticles (15%mol) in 10mL
water is an effective protocol for the synthesis of 3,4-
dihydropyrano[c]chromenes, 2.9.10, (Scheme 12). The same
reaction was carried out in the presence of MgO, ZnO,
and NiO, but the reaction in the presence of CuO was
proved to be best in yield [73]. Khoobi and coworkers
carried out the synthesis of 4H-benzopyrans, 2.9.11, and
2-amino-5-oxo-4-aryl-4,5-dihydropyrano[3, 2𝑐]chromene-
3-carbonitriles, 2.9.10, (Scheme 12) using the new concept
of magnetically inorganic-organic hybrid nanocatalyst,
hydroxyapatite-encapsulated Fe

2
O
3
[74]. A new way of

synthesizing 4H-pyrans, 2.9.9, was carried out in ionic liquid
using ZnO/MgO solid sample containing ZnO nanoparticles
as an innovative catalyst [75]. The 𝛼-Fe

2
O
3
nanopowder

was prepared by combustion method and it was used in
the synthesis of 3,4-dihydropyrano[c]chromenes, 2.9.10
[76]. MCM-41-SO

3
H has functional groups which forms

bonding with 3,5-dibenzyl idenepiperidin-4-one, 2.9.12, and
the reactions are initiated inside the nanoreactor along with
malononitrile, 2.9.5. The rate of the reaction is increased in
the compound, 2.9.12, with electron-withdrawing group and
decreases with electron-donating group. The combination
of nanosized MCM-41-SO

3
H and solvent-free atmosphere

for the ecofriendly synthesis of pyrano [3, 2-𝑐] pyridine
derivatives, 2.9.13, (Scheme 13) [77].

2.10. Synthesis of 1,4-Dihydropyridine Derivatives. 1,4-dihy-
dropyridine possesses activity such as calcium channel antag-
onist activity [78] and antioxidant activity [79]. Synthesis
of pyrazolyl 1,4-dihydropyridines (Scheme 14), 2.10.4, was
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carried out by multicomponent reaction between pyrazolyl-
4-carbaldehyde, 2.10.1, acetoacetic ester, 2.10.2, ammonium
acetate, 2.10.3, using 15% MgO nanotube in the presence of
acetonitrile. Even though the reaction was carried in various
solvents, usage of acetonitrile-made MgO nanotube gave the
expected product in high yield [80].

2.11. Synthesis of Diazepines. The development of new
approaches for the construction of number of heterocycle
continues to be essential for accessing natural products and
their structural analogues. Among them, 1H-1,4-diazepines
derivatives scaffolds over the years have gained an ongoing
interest for biological activities as antileukemic, antiviral,
antiplatelet, anticancer, anticonvulsant, psychotropics, and
herbicidal [81, 82]. Maleki synthesized one-pot multicompo-
nent synthesis of diazepine derivatives, 2.11.4, (Scheme 15)
from readily available 1,2-diamine, 2.11.1, a linear or cyclic
ketone, 2.11.2, and an isocyanide, 2.11.3, using magnetically
recoverable Fe

3
O
4
/SiO
2
nanocatalyst [83].

2.12. Synthesis of Benzo[b]Furans. Furan ring possesses some
important activity such as cytotoxic activity [84] and antibac-
terial activity [85]. An ecofriendly multicomponent synthesis
of benzo[b]furans (Scheme 16) was carried by the conden-
sation reaction between salicylaldehyde, 2.12.1, morpholine,
2.12.2, and phenyl acetylene 2.12.3, using copper iodide
nanoparticles as a specific catalyst. The reaction was stan-
dardized with various aldehydes, amines, and acetylenes.
The result concluded that salicylaldehyde with electron-

withdrawing groups, aromatic alkynes and aliphatic amines,
gave the desired benzo[b]furans [86].

2.13. Synthesis of 1,8-Dioxo-Octahydroxanthenes. Octahy-
droxanthenes act as anticancer agents [87]. A classi-
cal method for synthesis of 1,8-dioxo-octahydroxanthenes,
2.13.3, (Scheme 17) was the condensation reaction between
4-nitrobenzaldehyde, 2.13.1, and dimedone, 2.13.2, using
a combination of ultrasound irradiation and nanosized
MCM41-SO

3
H catalyst which leads to increase in the rate of

the reaction and yield [88].

2.14. Synthesis of 1,6-Naphthyridine Analogues. Naphthyri-
dine derivatives are reported with antitumour activity [89]
and antimicrobial activity [90]. The reactants such as 3,5-bis
(4 chlorobenzylidene)-1-methylpiperidin-4-one, 2.14.1, ani-
line, 2.14.2, and malononitrile, 2.14.3, are mixed together in
solvent-free condition. A novel magnetic (𝛼-Fe

2
O
3
)-MCM-

41-SO
3
H acts as a nanocatalyst which could be reused even

after 5 runs without decrease in activity. This acts as an
efficient catalyst for the synthesis of N-aryl-2 amino-1,6-
naphthyridine derivatives, 2.14.4, (Scheme 18) [91].

2.15. Synthesis of Benzimidazoles and Benzothiazoles. The
mixture of o-phenylenediamine, 2.15.1, aminothiophenol
2.15.2, and aromatic aldehydes, 2.15.3, in water was stirred
at 90∘C using prepared CdS and manganese-doped CdS
nanoparticles for the chemoselective synthesis of benzim-
idazoles, 2.15.4, (Scheme 19) and benzothiazoles, 2.15.5.
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The doping of Mn increased the activity and selectivity of
nanoparticles [92].

2.16. Synthesis of Imidazoles. Imidazoles are present in vari-
ous pharmacologically active compounds which act as anti-
tuberculosis agent [93] and antibacterial agent [94]. They
were synthesized as either-trisubstituted or -tetrasubstituted
imidazoles by using various reaction conditions such as
ultrasonic irradiation [95], TBAB catalyst [96], and HClO

4
-

SiO
2
catalyst [97]. Imidazoles (Scheme 20) can also be

obtained by multicomponent reaction using benzil, 2.16.1,
aldehydes, 2.16.2, andamines, 2.16.3, in the presence of

metal nanoparticles as a catalyst. TiCl
4
supported on silica

was used as a mild solid Lewis acid for the synthesis of
triphenylimidazoles. This catalyst system can be prepared,
handled, and stored without any special precautions by
maintaining its efficiency. They carried out the reaction
under solvent-free condition at 110∘C for 30 minutes [98].
The solvent-free synthesis of imidazoles was explored with
sulfonic acid functionalized SBA-15 as a catalyst. It was found
that aliphatic aldehyde gave moderate yield and the aromatic
aldehyde with electron-withdrawing and electron-donating
groups gave excellent yield in the presence of catalyst and it
could be recovered by continuous washing with dilute acid,
water, and acetone [99]. Amild Lewis acid catalyst,MgAl

2
O
4
,
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was utilized for the efficient synthesis of substituted imida-
zoles under ultrasound irradiation. Because of the decrease
in size of the crystal magnesium aluminate, a defect was
produced in the coordination of constituent atoms which
increases the reactivity of the catalyst, and thereby it leads to
cyclocondensation reaction for the formation of imidazoles
[100]. The synthesis of imidazole was carried out using clay
and zeolite and also with nanocrystalline-sulfated zirconia
catalyst in the presence of ethanol at room temperature. The
optimization of the reaction condition was performed and
found that the yieldwas increased up to 93%by the SZ catalyst
[101]. The Bronsted acid nanoreactor, MCM-41-SO

3
H, was

involved in the solvent-free synthesis of trisubstituted and
tetrasubstituted imidazoles. In this experiment, it was found
out that the solvents have no role on the synthesis of
imidazoles.Themodified action of the nanoreactor increased
its efficiency and resulted in higher yield and good reusability
[102]. An efficient catalyst, magnetic Fe

3
O
4
nanoparticles,

can also be used for the synthesis of imidazole derivatives.
Magnetic Fe

3
O
4
nanocatalyst and temperature (80∘C) play

a crucial role in this reaction under solvent-free condition
and gave a maximum yield of up to 96% [103]. Rostamizadeh
and coworkers developed a toxic-free solvent reaction for the
synthesis of 2,4,5-trisubstituted and 1,2,4,5-tetra-substituted
imidazoles using nanosizedMCM-41-SO

3
Has a catalyst [88].

2.17. Synthesis of Pyrimidine Carbonitriles. The three-com-
ponent reaction involving aldehydes, 2.17.1, malononi-
trile, 2.17.2, and amidines, 2.17.3, in the synthesis of 4-
amino-5-pyrimidinecarbonitriles, 2.17.4, (Scheme 21) was
catalyzed using CuO microspheres. CuO microspheres are
made by granulation of nanoparticles using immobilization-
calcination method [104]. Even though the surface area of
microspheres is lesser than nanoparticles, they are larger
than bulkier substances. The main purpose of microspheres
is to avoid the physical instability of nanoparticles such as
agglomeration. The polar solvents such as THF, CH

3
CN,

and CH
3
CH
2
OH gave fewer yields than water in the

synthesis of 4-Amino-5-pyrimidinecarbonitriles. 4-amino-5-
pyrimidinecarbonitriles can also be synthesized using ZnO



Journal of Nanomaterials 15

H N

O

(xxxi)

2.19.13 2.19.6 2.19.21

+
NH2

R2
R2

R2
R1 R1

R1 = CH3, CH(CH3)2, OCH3, Ph, Cl
R2 = C6H5
(xxxi) AuNP/SiO2, O2 bubbling, 110∘C, 6h

Scheme 27: Role of Gold and SiO
2
in quinoline synthesis, 2.19.21.

O

O

+
OHC

O

O
O

N
H

O

O

O
(xxxii)

2.19.18 2.19.22 2.16.2 2.19.23

2.19.24

(xxxii) Fe3O4-Cys, EtOH, 25min

OCH2Ph

OCH2Ph

OCH2Ph

OCH2Ph
+ +NH4OAC

Scheme 28: Multicomponent approach in quinoline synthesis, 2.19.24.

nanoparticles. Being insoluble in water and other organic
solvents it can be easily recovered from the reaction mixture
immediately after the reaction [105].

2.18. Synthesis of Spirohexahydropyrimidines. Aone-pot con-
densation of cyclohexanone, 2.18.1, ketone, 2.18.2, and
aniline, 2.18.3, using innovative preyssler nanoparticles,
H
14
[NaP
5
W
30
O
110

]/Si as an efficient catalyst system for
synthesizing 1,3-diaryl-5-spirohexahydropyrimidines, 2.18.4,
(Scheme 22) [106].

2.19. Synthesis of Quinoline Analogues. Quinoline nucleus
is one of the important constituents which is present in
the naturally occurring alkaloids. It has proven antimalarial
activity along with many other important pharmacological
actions. In the synthesis of polysubstituted quinolines, 2.19.5
(Scheme 23) first step involves the 𝛼-alkylation of ketone,
2.19.2, with alcohol, 2.19.1, to give saturated ketone, 2.19.3.
In the second step, ketone, 2.19.3, undergoes modified
Friedlander annulations process with 2-aminobenzyl alcohol,
2.19.4, to get the desired product. Ag-Pd alloy nanoparticles
supported on carbon, a comparison of the activity of Ag-
Pd/C catalyst with that of palladium-based nanocatalysts-
core-shell Ag@Pd/C and Pd/C were studied. At 125∘C, all the
catalyst produced more- or less-same yield whereas at 90∘C
Ag-Pd/C catalyst superseded the other two catalysts in yield.
This was explained due to the transfer of charge from less-
electronegative Ag metal to more electronegative Pd [107].
An alternative method to synthesize quinoline derivatives
such as imidazo[1,2-𝑎]quinoline, 2.19.11, and quinolino[1,2-
a]quinazoline, 2.19.10, (Scheme 24) is to heat the mixture of

aldehyde, 2.19.6, malononitrile, 2.19.7, enaminones, (2.19.8,
2.19.9) at 50∘C for 30–45 minutes in the presence of known
solid base catalysts, bulk CuO, and CuO nanoparticles. All
the catalyst is except CuO nanoparticles underwent reaction
for a long time with moderate to poor yield. Whereas CuO
nanoparticles produced excellent yield because of its insol-
uble nature in water, it can be recovered easily [108]. TiO

2
-

catalyzed synthesis of quinoline-3-carbonitriles, 2.19.14, (or)
benzo[h]quinoline-3-carbonitrile, 2.19.15 and (Scheme 25)
in the presence of water and microwave irradiation was
carried out in an ecofriendly way. These derivatives can be
synthesized from arylaldehyde, 2.19.6, cyanoacetate, 2.19.12,
anilines, 2.19.13, using knoevenagel condensation, Michael
addition followed by aromatization. The report indicated
that the nanocatalyst showed superior reactivity than the
conventional method [109].

The optimization of Friedlander synthesis of quinolines
(Scheme 26) was carried out on various of 2-aminoaryl
ketones, 2.19.16, active methylene compounds, 2.19.17, and
simple cyclic ketones, 2.19.18, under different catalysts (TiO

2
,

SiO
2
, Al
2
O
3
, ZnO, MgO, CuO bulk and nano-CuO) in

solvent-free condition at 60∘C, and nano-CuO was found
superior to all the other catalysts [110]. So et al. explored
that AuNPs/SiO

2
+ O
2
as an efficient catalyst system for

the synthesis of polyheterocyclic compounds containing
nitrogen, 2.19.21 (Scheme 27) from aniline, 2.19.13, and
aldehyde, 2.19.6. They performed the mechanistic studies of
quinolines and reported that the reaction does not follow the
radical pathway, and the yield was very less in the presence
of silica alone. Therefore, AuNPs/SiO

2
+ O
2
protocol is the

optimal one for the quinoline synthesis [111]. Ferritemagnetic
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nanoparticles with cysteine can be used as catalyst for the
Hantzsch synthesis of hydroquinolines, 2.19.24, (Scheme 28)
in a multicomponent reaction between 3,4 diphenoxy ben-
zaldehyde, 2.19.22, ammonium acetate, 2.16.2, ethyl ace-
toacetate, 2.19.23, and 5,5-dimethylcyclohexane-1,3-dione,
2.19.18. The yield was up to 88%, and it could be reused
with unaltered activity until 9 cycles [112]. Abdolmohammadi
developed and green friendly protocol for the synthesis
of 5-oxo-4-aryl-1,4,5,6,7,8-hexahydro-2-quinolinecarboxylic
acid, 2.19.27 (Scheme 29) using TiO

2
nanoparticles under

solvent-free conditions [113].

2.20. Synthesis of Benzoheterocycle Derivatives. CuO nano-
particles are capable of synthesizing various compounds
which has both pharmacological and industrial applica-
tions. In the benzoheterocycles, 2.20.3 (Scheme 30) for-
mation, reaction between aromatic amine, 2.20.1, and
dialkyl acetylenedicarboxylate, 2.20.2, catalyzed by CuO
nanoparticles was optimized by various solvents (water,
dichloromethane, ethanol, and acetonitrile). Water excels in

yield more than the other solvents. CuO has both oil- and
water-resistant character. So it can be reused by easy recycling
process without losing its efficiency [114].

2.21. Synthesis of Pyrrole and Pyrazole. Nanoparticles com-
bined with organic compounds constitute a vital role in
organic synthesis. Here, themagnetic nanoparticles are mod-
ified with aminoacids such as cysteine and glutathione. Both
aminoacids have highly reactive thiol group which can easily
functionalize the nanoferrite surface. Of the two aminoacids,
glutathione is superior to cysteine in reactivity. The active
sites of the nanocatalyst were left free for catalyzing the reac-
tion. This catalyst can be applied in the Paal-Knorr reactions
of pyrrole, 2.21.3, (Scheme 31) synthesis between variety of
amines, 2.21.1, and tetrahydro-2,5-dimethoxyfuran, 2.21.2.
Also this catalyst can be used in the synthesis of pyrazole,
2.21.6, between 1,3-diketone, 2.21.4, and hydrazines, 2.21.5.
The entire reaction was carried out in toxic-free solvent
(water) and effective microwave irradiation [115].
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2.22. Synthesis of Indole. Synthesis of indole was carried out
using an innovative catalyst, Pd supported on the cages of
MIL-101 [Cr

3
F(H
2
O)
2
O(bdc)

3
]. This support is more water

soluble than the other inorganic supports. Thereby, the
reactions in aqueous solution will be catalyzed effectively.
The reaction between 2-iodoanilines, 2.22.1, and phenyl
acetylene, 2.22.2, in the presence of 3%-Pd/MIL-101 will lead
to the formation of indole, 2.22.3, (Scheme 32). In addition,
the substituents on the ring will have an effect on the current
reaction medium [116].

2.23. Miscellaneous Functionalization on Heterocycles.
Parella and coworkers carried out the C-alkylation reaction
(Scheme 33) of indoles, 2.23.1, with epoxide, 2.23.2, using the
magnetic nano-Fe

3
O
4
as a catalyst [117]. Roopan and Khan

explored an efficient ligand-free cross-coupling reaction of
2-chloro-3-(chloromethyl) benzo[h]quinoline, 2.23.6, with
N-heterocycles such as piperidin-4-one, 4(3H)-pyrimidone,
and ethyl 6-chloro-1,2-dihydro-2-oxo-4-phenylquino-
line-3-carboxylate using a catalytic amount of ZnO nanorods
as a recyclable catalyst to give its corresponding derivatives,
2.23.7–2.23.9 (Scheme 34), respectively [118]. The possible
mechanism is described in Figure 4. The chloromethyl
derivative of quinoline, 2.23.6, is obtained from hydrox-
ymethyl derivative, 2.23.5, which in turn is obtained from
aldehyde, 2.23.4. The reduction of 2-chloroquinoline-
3-carbaldehydes, 2.23.10, into (2-chloroquinolin-3-yl)

methanol, 2.23.11, occurs using zinc oxide nanoparticles as a
catalyst in an ecofriendly way (Scheme 35) [1]. Roopan and
coworkers synthesized 1-{2-[(2-chloroquinolin-3-yl) me-
thoxy]-6-chloro-4phenylquinolin-3-yl} ethanones, 2.23.14,
(Scheme 36) from heteroalkylhalides, 2.23.13, and cyclic
amides, 2.23.12, using silver nanoparticles in regioselective
O-alkylation reaction [119]. Furthermore, they have used Fe
nanoparticle for the regioselective N-alkylation of 4(3H)-
pyrimidone, 2.23.17, (Scheme 37) with various quinoline
containing alkyl halides in an ecofriendly way. The possible
mechanism is described in Figure 5. [120].

3. Conclusions

This review is the first attempt to compile the literature on
the subject of nanomaterials application in organic synthesis.
It should be noted that a correct and update citation and
literature survey is very important for researchers to find
relevant information, pioneer ideas, and progress of any
subject. On the other hand, published data using nanoma-
terials indicate a wide synthetic potential of the described
catalysts and a great interest of researchers in this field.
The use of green nanocatalyst for the synthesis of various
heterocycles has advantages such as short reaction time, high
yield, inexpensive chemicals usage, easy work-up procedure,
and very specific reaction [2]. The use of nanocatalyst can
also be applied on the synthesis of various heterocycles which
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are very difficult to prepare by conventional methods. Also
more and transition metals can be checked for its catalytic
activity and surface modifications of the existing catalyst
can also be performed. In most of the reactions the spent
catalyst can be easily separated from the reaction mixture,
also it can be reused without noticeable change in its catalytic
activity. A wide range of original procedures for synthesizing
various classes of organic compounds, including organic
functional group transformation, have been developed on the
basis of nanoparticles. We assume that the present review
article may be bringing a basis to advance information to this
very important subject and to encourage active researchers
in this field for the synthesis of organic compounds using
nanoparticles.
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In order to fabricate the titanium dioxide (TiO
2
) nanotubes arrays which were used in the photocatalytic degradation of total

volatile organic compounds (TVOC) by anodization, the influence of the electrode gap and anode area on the morphology of
the titanium dioxide (TiO

2
) nanotubes was studied. Titanium dioxide (TiO

2
) nanotube arrays were prepared by anodization with

various electrode gaps and anode areas. Field emission scanning electron microscopy was used to investigate the morphology of
the TiO

2
nanotubes arrays. The results showed that the morphology of TiO

2
nanotubes arrays was influenced by electrode gap and

anode area. The appropriate anode area and electrode gap were 5 cm× 2 cm and 20mm, respectively. Thus, TiO
2
nanotube arrays

with better morphology (with larger dimension and uniform TiO
2
nanotubes) were successfully fabricated by anodic oxidation

with 5 cm× 2 cm anode area and 20mm electrode gap at 30V.

1. Introduction

TiO
2
nanotube arrays are extensively studied for water

and air purification because of their nontoxicity, chemical
stability, and superior photocatalytic activity [1–9]. TiO

2

nanotube arrays can be fabricated bymany different methods
such as hydrothermal treatment [10–13], template-assistant
deposition [14, 15], and electrochemical anodization [16–21].
The anodization method is a simple and effective technique
for the rapid preparation of aligned TiO

2
nanotubes due to

the unnecessity of vacuum and high temperature [20, 22–
26]. Moreover, Using anodic oxidation, TiO

2
is formed with

a chemical bond between the oxide and Ti substrate; TiO
2

nanotube arrays have a strong combination with Ti substrate,
which provides convenience for TiO

2
reusability [27, 28]. In

addition, the architecture of the nanotubes by the anodization
method can be easilymodified bymanipulating the anodizing
environments [29–31].

Owing to its wide band gap (3.2 eV for anatase), anatase
TiO
2
can only be excited under ultraviolet irradiation.

However, this section occupies only less than 5% of the solar
irradiance at the Earth’s surface. For the sake of efficient
use of sunlight, enlarging the absorption band border of
TiO
2
may be an appealing challenge for developing the

future generation of photocatalysts. The improvement of
photocatalytic efficiency bymodifying TiO

2
has been focused

on for a long time [32, 33]. Coupling TiO
2
with a small

band-gap semiconductor or doping with transition metal
ions such as V, Cr, Mn, Fe, Co, Ni, or Cu extends the
absorption spectrum range and improves the efficiency of
photocatalyst [34–37]. Yang et al. [38] recently assembled
Cu
2
O nanoparticles on the top surface of the TiO

2
nanotube

arrays (TNAs) by anodizing method. However, these Cu
2
O

nanoparticles were supported mainly on the top surface of
the TNAs, leading to insufficiently effective electron path-
ways between the Cu

2
O and TiO

2
. Therefore, in order to

deposit these nanoparticles into the inner and external walls
of the nanotubes uniformly, highly structured and orderly
arranged TiO

2
nanotube arrays with larger pore size must be

prepared.
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Table 1: Electrochemical conditions and the morphologies of the samples.

Exp. Anode area (cm2) Electrode Gap (mm) Applied voltage (V) Average diameter (nm) Length (𝜇m)
1 5 × 0.5 Without nanotube
2 5 × 1 20 20 ± 5 (with crannies) —
3 5 × 2 15 ± 5 —
4 5 × 4 10 Without nanotube
5 5 Without nanotube
6 10 15 ± 5 (with crannies) —
7 5 × 2 40 Without nanotube
8 20 20 75 ± 5 1.0 ± 0.2

9 30 180 ± 20 2 ± 0.4

The morphology and the structure of nanotubes are
affected strongly by the electrochemical conditions (partic-
ularly the anodization voltage) and the solution parameters
(in particular the HF concentration, the, pH and the water
content in the electrolyte) [39]. Many researchers [3, 9,
26, 31, 40, 41] varied the parameters such as anodization
potentials and anodization durations to fabricate the specific
morphology of TiO

2
nanotubes arrays (TNAs). Kim et al. [42]

and Paulose et al. [43] demonstrated that the morphology of
nanotubes is strongly influenced by the applied potential, and
water content of electrolytes. Several reports [17, 41, 44–46]
have shown that F− is crucial to the formation of nanotubular
structures, and diluted F− electrolyte is preferred. To increase
the nanotubular length, organic and viscous electrolytes have
been experimented utilizing ethylene glycol or glycerol [47–
49]. A review of the literature related to TiO

2
nanotube arrays

reveals no published study on the effects of the anode area
and electrode gap on themorphology and the structure of the
resulting TiO

2
nanotube arrays.

In this work, we report the effect of different anode areas
and electrode gaps on the morphology of fabricated TiO

2

nanotubes in ethylene glycol (EG) electrolytes containing
ammonium fluoride (NH

4
F) and H

2
O. The microstructures

of the samples are investigated by field emission scanning
electron microscopy (FE-SEM).

2. Experimental

2.1. Materials. Titanium foils (0.2mm thick, 99.95% purity)
were mechanically polished by different abrasive papers
(600#, 1000#, 1200#, and 1800#) then followed by sonicating
acetone, ethanol, and deionized water for 30min. respec-
tively.Then the titanium foils were dried at room temperature
in air. All the other chemicals were of analytical grade and
used as received without further purification.

2.2. Preparation of TiO
2
Nanotube Arrays. A two-electrode

polyethylene plastic cell (𝑉 = 300mL) was used to
perform the anodization process. The pretreated Ti foil
was used as an anode and Pt sheet as the cathode.
Both electrodes were immersed in 200mL organic elec-
trolyte containing 0.4wt.% NH

4
F, 5 vol.% H

2
O, and 95 vol.%

ethylene glycol (EG). All electrolytes were prepared from
analytical grade and deionized water (>18MΩ cm). Ti

foil was cut into 5 cm × 0.5 cm, 5 cm × 1 cm, 5 cm ×
2 cm, and 5 cm × 4 cm, with 4 cm × 0.5 cm, 4 cm × 1 cm,
4 cm × 2 cm, and 4 cm × 4 cm areas exposed to the bulk
electrolyte, respectively. The applied voltages were set to
10, 20, and 30V by a DC power source (DH1718E-4),
respectively. The electrochemical experiments were carried
out at room temperature (∼28∘C), and the electrolyte was
kept uniform with constant magnetic stirring, the stirring
speed was kept constant at ∼180 rpm. The specimens were
anodized for 1 h. under different electrochemical conditions.
The detailed electrochemical conditions are listed in Table 1.
The anode area and electrode gap were changed for the
systemic investigation of the formation of TiO

2
nanotubes.

The as-anodized samples were rinsed with deionized water
and dried in air.

2.3. Characterization Technique. The surface morphologies
of obtained samples were observed using field emission
scanning electron microscope (FE-SEM, Hitachi S-4800).
Direct SEM cross-sectional observations were carried out on
flat and cracked samples.

3. Results and Discussion

3.1. Influence of Anode Area on the Top Morphology of
TiO
2
Nanotube. The TiO

2
nanotubes formation mechanism

includes the following processes [50–52].

(i) Formation of oxide layer at the surface of the metal
takes place due to interaction of the metal with O2−
orOH− ions. After the development of an initial oxide
layer, these ionsmove through the oxide layer towards
the metal/oxide interface where they react with the Ti
metal. The reaction can be represented as follows:

Ti − 4e− → Ti4+ (1a)

O
2
+ 4e− → 2O2− (1b)

Ti4+ + 2O2− → TiO
2

(1c)

Ti4+ + 2OH− → TiO
2
+ 2H+. (1d)
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(ii) Field-assisted dissolution of Titanium oxideMetal ion
(Ti4+) transfer from the Ti metal at the metal/oxide
interface by ejection under application of an electric
field and migrate towards the oxide/electrolyte inter-
face. Ti4+ cations dissolve into the electrolyte, and
the free O2− anions transfer towards the metal/oxide
interface to interact with the Ti metal. The field-
assisted dissolution of titanium oxide is represented
by the following reaction:

TiO
2
→ Ti4+ + 2O2−. (2)

(iii) Chemical dissolution of the Ti metal or oxide also
occurs due to the acidic and fluorine contained elec-
trolyte, which then causes more etching at the pore-
bottom than at the opening and the walls. Therefore,
in the early stages of the anodization process, small
pits are formed. The formation of these small pits is
represented by the following reaction:

TiO
2
+ 6F− + 4H+ → TiF

6

2− + 2H
2
O. (3)

Therefore, the growth and propagation of the pores occur
by inward movement at the oxide/metal interface, which is
determined by the amount of fluorine on the anode surface
and the degree of electric field. Figure 1 shows the surface
images of the samples during anodization of titanium at 10V
in 0.4wt% NH

4
F + 5wt% H

2
O EG solution with different

anode areas. With 5 cm × 0.5 cm anode area, the top of
the sample is covered by much debris, and no nanotube is
found on the surface (Figure 1(a)). We suppose that with a
smaller anode area, the current density and the field effect are
too high. Thus, the higher electric field would polarise and
weaken Ti-O bond resulting in dissolution of oxide rapidly
before small pores formation. In addition, the rate of the
chemical dissolution on the anodes of the smaller area is
higher due to the more fluoride ions per anode unit area,
resulting in dissolution of oxide rapidly before small pores
formation. With 5 cm × 1 cm anode area, the surface mor-
phologies consist of ring-like structures whose the openings
are around 20 nm in diameter, and numerous crannies are
observed on the surface (Figure 1(b)). The samples prepared
with 5 cm × 2 cm anode at 10V (Figure 1(c)) consist of a ring-
like structure with diameter of less than 20 nm, no debris
and crannies are found on the surface. At the initial stage
of anodisation, the rate of the field-assisted dissolution on
the anodes of different area is equal due to the same applied
voltage, while the rate of the chemical dissolution on the
anodes of the larger area is lower due to the less fluoride
ions per anode unit area, which results in the oxide thickness
reduction being slower on the larger area anode [53]. As the
anodisation proceeds and oxide thickens, the rate of the field-
assisted dissolution on the larger area anode decreases faster
than that of the smaller area anode [53]. So, we can speculate
that with the increase of the anode area, the electric field-
assisted dissolution of the oxide is weakened, the chemical
dissolution dominates electric field-assisted dissolution, and
the growth and propagation of the tubes occur by inward
movement at the oxide/metal interface, thereby forming

nanotubes. At the meantime, when the current density is
beyond certain value, electric field-assisted dissolution is
believed to occur too rapidly, polarizing and weakening the
Ti-O band not only at the bottom part of the nanotubes but
also along the longitudinal direction of the nanotubes as well;
hence more crannies are produced.

As shown in Figure 1(d) for the 5 cm × 4 cm anode area,
the TiO

2
layer is more compact and only some small pits

disperse sparsely, no nanotubes are observed; however, Ti is
partly etched. Under this condition, the anode area is too
large, resulting in the fact that the amount of fluorine ions
per square centimeter at the anode surface is less, the rate of
the reaction (3) decreases rapidly [54]; thus, the TiO

2
layer

is thicker, which results in less electric field dissolution [53].
Therefore, the formation of nanotubes by anodization fails.
The appreciate anode area for TiO

2
nanotube formation is,

therefore, around 5 cm × 2 cm in the 200mL 0.4wt%NH
4
F +

5wt% H
2
O EG solution.

3.2. Influence of Electrode Gap on the Top Morphology of
TiO
2
Nanotubes. Figure 2 shows the surface images of TiO

2

nanotubes prepared with different electrode gaps. When the
electrode gap is 5mm, the morphology which is covered by
the thicker oxide layer with severely localized shedding is
observed (Figure 2(a)). Because the smaller electrode gap is,
the solution resistance between electrodes is lower, the rate
O2− or OH− ions to the anode increase; therefore, the rate
of the reactions (1a), (1b), (1c), and (1d) is higher; that is, the
formation of TiO

2
layer is faster. On the other hand, the F−

ions quickly reach the anode and the Ti4+ ions quickly leave
the anode, resulting in the fact that the chemical dissolution
and electric field dissolution of the TiO

2
layer rapidly occur.

So the oxide layer on the sample surface is etched severely.
Samples anodized at a 10mm electrode gap consist of a ring-
like structure with a diameter of <30 nm and some crannies
(Figure 2(b)). With increased electrode gap, the rate of the
TiO
2
layer formation and dissolution is slowed down. Under

this condition, the reaction (3) on the bottom of the pits
continues, so lots of ring-like structures occur, but the higher
the electric field intensity due to the smaller electrode gap
results in stronger field-assisted dissolution of TiO

2
on the

sample surface. Therefore, there are lots of TiO
2
crannies on

the sample surface. Increasing the electrode gap to 20mm,
Figure 1(c) shows the ring-like structure without any cranny
on the sample surface. The inward movement rate of the
oxide/metal interface is approximately equal to the rate of the
reaction (3). So, a discrete, hollow-like cylindrical structure
was formed which developed into the nanotubular structure
with diameters of <20 nm. At the meantime, with decreased
electric field intensity, the electric field dissolution of the
oxide occurs much slower, thus without forming crannies on
the surface. At 40mm electrode gap (Figure 2(c)), the TiO

2

layer is more compact and many pit structures are observed.
Under this condition, the higher electrical resistance due to
the larger electrode gap results in that the inward movement
rate of the F− ions is decreased, only small pits are formed
without any nanotubes on the surface. And the weaker
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(a) (b)

(c) (d)

Figure 1: FE-SEM images of the surface morphology of TiO
2
nanotube arrays formed at 10V in ethylene glycol containing 0.4wt% NH

4
F

and 5wt% H
2
O electrolyte for 1 h. with different anode areas: (a) 5 cm × 0.5 cm, (b) 5 cm × 1 cm, (c) 5 cm × 2 cm, and (d) 5 cm × 4 cm.

(a) (b)

(c)

Figure 2: FE-SEM images of the surface morphology of TiO
2
nanotube arrays formed at 10V in ethylene glycol containing 0.4wt% NH

4
F

and 5wt% H
2
O electrolyte for 1 h. with different electrode gaps: (a) 5mm, (b) 10mm, and (c) 40mm.
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(a) (b)

Figure 3: FE-SEM images of the surface morphology of TiO
2
nanotube arrays formed in ethylene glycol containing 0.4wt% NH

4
F and 5wt%

H
2
O electrolyte at different voltages for 1 h. (a) 20 and (b) 30V.

electric field dissolution due to the smaller electric field
intensity does not generate crannies on the sample surface.

According to the aforementioned experiments, it is
inferred that samples anodizedwith 20mmelectrode gapwill
suffer from appreciate chemical and electric field dissolution
forming nanotube structure with smaller diameter with the
ratio of electrode area to electrolyte volume being 0.05 cm−1.
Under this condition, anodisation experiments at higher
voltages (20V, 30V) were carried out to seek the possibility of
increasing the length and diameter of the nanotubes further.
Surface morphologies of TiO

2
formed at 20V and 30V

are shown in Figures 3(a) and 3(b) when the samples are
anodized for 1 h. The surface morphologies consist of ring-
like structures related to the opening of nanotubes.The insets
are the cross-sectional images and higher magnifications of
the same sample. The length of the nanotubes increases from
1 𝜇m to 2.4 𝜇m, and the diameter of the nanotubes increases
from 70 nm to 200 nm for samples anodized at 20 and 30V,
respectively. As reported by Lockman et al. [53], pore growth
occurs at a higher voltage, thereby increasing the length
and diameter of the nanotubes, but the nanotubes structure
starts to be deteriorated at 25V and is completely lost at
30V. Therefore, the joint effect of electrolysis conditions
such as voltage, electrode area, electrode gap, composition of
the electrolytic solution, and temperature on the nanotubes
morphologies needs to be studied further.

4. Conclusion

In conclusion, it is demonstrated that the surfacemorphology
of TiO

2
nanotube arrays which were used in the photo-

catalytic degradation of total volatile organic compounds
(TVOC) can be modified by anodization of Ti foils in EG
solution consisting of 0.4% NH

4
F and 5% wt H

2
O using

the appropriate anode area and electrode gap. The effect of
anode area and electrode gap on surface morphology of TiO

2

nanotube arrays was investigated and the results of SEM
show that the highly ordered TiO

2
nanotube arrays cannot

be formed with inappropriate anode area and electrode
gap. Moreover, a detailed theoretical interpretation of the

influence of anode area and electrode gap on themorphology
of TNAs was introduced. With appropriate anode area 5 cm
× 2 cm and electrode gap 20mm, larger-dimension, and
uniformTiO

2
nanotube arrays were successfully formed after

1 h. of anodization of pure titanium foil in a two-electrode
bath with 200mL electrolyte solution at 30V.
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Integration of green chemistry principles to nanotechnology is one of the key issues in nanoscience research. Biological methods
were used to synthesize metal and metal oxide nanoparticles of specific shape and size since they enhance the properties of
nanoparticles in greener route. Plant-mediated methods devoid the use of toxic chemicals in the synthetic protocols which has
adverse effects on the environment. Owing to the rich biodiversity of plants and their potential secondary constituents, plants and
plant parts have gained attention in recent years as medium for nanoparticles’ synthesis. In this review, we present the current status
of nanoparticles synthesis using devastated crops.

1. Introduction

Nanoscience is one of the most important research and
development frontiers in modern science. In recent years,
nanotechnology research is emerging as a cutting edge
technology interdisciplinary with physics, chemistry, biology,
material science, and medicine. The prefix “nano” is derived
from the Greek word nano meaning “dwarf ” that refers to
things of one billionth (109m) in size. The primary concept
of nanotechnology was presented by Richard Feynman in a
lecture entitled “There’s plenty of room at the bottom” at the
American Institute of Technology in 1959. Nanoparticles are
usually from 0.1 to 1000 nm in each spatial dimension and
are commonly synthesized using two strategies: top-down
and bottom-up [1]. In top-down approach, the bulk materials
are gradually broken down to nanosized materials (Figure 1).
In the bottom-up approach, the atoms are assembled to
molecular structures in nanometer range. The bottom-up
approach is commonly used for chemical and biological
syntheses of nanoparticles. On altering the physical nature of
the nanoparticles, the properties of the bulk material differs.

These physical properties are caused by their large sur-
face atom, large surface energy, spatial confinement, and

reduced imperfections. Nanoparticles have advantages over
bulk materials due to their surface plasmon resonance,
enhanced Rayleigh scattering, and surface-enhanced Raman
scattering in metal and metal oxide nanoparticles. Therefore,
nanoparticles are considered as building blocks of the next
generation of medicine, catalyst, optoelectronics, electronics,
and various chemical and biochemical sensors [2, 3]. The
applications of nanoparticles in various fields are determined
by their size, shape, and crystalline. Therefore, the synthesis
of nanoparticles with different size and shape has been a
challenge in nanotechnology.

There is a current drive to integrate all the green chem-
istry (Figure 2) approaches to design environmentally benign
materials and processes. Rapid developments are taking place
in the synthesis of metal and metal oxide nanomaterials
and their surface modification for biological, medicine, and
electronic applications. Numerousmethodologies are formu-
lated in the past to synthesize noble metal nanoparticles of
particular shape and size depending on specific requirements.
Even though various physical and chemical methods are
extensively used to produce nanoparticles, the stability and
the utilization of toxic chemicals is the subject of paramount
concern.
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The usage of toxic chemicals and solvents in the synthesis
limits the application of nanoparticles in the clinical fields.
Therefore, the development of clean, biocompatible, non-
toxic, and ecofriendly methods for nanoparticles’ synthesis
deserves merit. Biopreparation of nanoparticles as an emerg-
ing field of the intersection of nanotechnology and biotech-
nology has received increased attention due to a growingneed
to develop environmentally benign technologies in material
syntheses. Several routes have been developed for biological
or biogenic synthesis of nanoparticles from salts of the
corresponding metals [4–7]. Biogenic synthesis is useful not
only because of its reduced environmental impact [8, 9] when
compared with some of the physicochemical production
methods, but also because it can be used to produce large
quantities of nanoparticles that are free of contamination
and have a well-defined size and morphology. Biosynthetic
routes can actually provide nanoparticles of a better defined
size and morphology than some of the physicochemical
methods of production [10]. In view of its simplicity, the
use of live plants or whole-plant extract and plant tissue for
reducing metal salts to nanoparticles has attracted consider-
able attention within the last 30 years [11–14]. The processes
for making nanoparticles using plant extracts are readily
available and less expensive.Theplant extracts act as reducing
and stabilizing agents in the fusion of nanoparticles. This
is because different extracts contain different concentrations
and combinations of organic reducing agents [15]. Although
plant mediated syntheses are regarded as safe, cost-effective,
sustainable, and environment friendly processes, they also
have some drawbacks in cutting of the plants and plant parts
[16]. For this reason, we looked for the alternate source for
the synthesis of nanoparticles. Plant waste is considered as
one of the pollutants, though it acts as organic fertilizers;
consequently, there is a speed of vector borne diseases. Taking
into account that the unutilized parts of the plant can also
be employed in the nanoparticles preparation, in this review,
we wish to report the utilization of crop devastation for the
synthesis of nanoparticles.

2. Green Chemical Approach for
Nanoparticles Construction

The nanoparticles were prepared by the mixing up of the
metal salt with that of the extract (Figure 3). To produce the
uniform size and shape of the nanoparticles, the researchers
have to optimize the conditions such as the temperature,
concentration of the extract, concentration of the metal salt,
medium of the reaction, and time of the reaction; in this
review we like to summarize some reports that pertain the
synthesis of nanoparticles by using the unutilized parts of
plants (Table 1).

2.1. Plant Latex and Gum as Precursors. The naturally avail-
able nontoxic, low-cost gum (Figure 4(a)) of olibanum was
utilized for the silver nanoparticles synthesis [18]. An average
of around 7.5 ± 3.8 nm spherical nanoparticles was achieved
by changing the reaction condition. The nanoparticles were
confirmed by UV-visible spectroscopy, TEM, and X-ray

Bulk

Powder

Nanoparticles

Clusters

Atoms

Top down

Bottom up

Figure 1: Approach for nanoparticles construction.

Clean

Nontoxic

Green
chemistry

Ecofriendly

Figure 2: Advantages of green chemistry.

diffraction techniques. Patil et al., 2012, synthesized the
silver nanoparticles in one-step solvent-free condition using
Euphorbiaceae plant latex (Figure 4(b)). Around eight plant
species were utilized for the synthesis of nanoparticles,
out of which Jatropha gossypifolia, Jatropha curcas, and
Euphorbia milii showed an average of 62 ± 105 nm. The
formation of silver nanoparticles is due to the presence of
phenolic compounds, flavonoids, tannins, and terpenoids.
The obtained silver nanoparticles were checked for the
antibacterial assays which showed a good inhibition against
the selected pathogens [19]. An environmentally benign
method for the synthesis of noble metal nanoparticles has
been reported using aqueous solution of gum kondagogu
(Cochlospermum gossypium). Both the synthesis and the sta-
bilization of colloidal Ag, Au, and Pt nanoparticles have been
accomplished in an aqueousmedium containing gum konda-
gogu.The colloidal suspensions so obtained were found to be
highly stable for prolonged period, without undergoing any
oxidation. The Ag and Au nanoparticles formed were in the
average size range of 5.5 ± 2.5 nm and 7.8 ± 2.3 nm; while Pt
nanoparticles were in the size ranges of 2.4 ± 0.7 nm, which
was considerably smaller than Ag and Au nanoparticles [20].
The stem latex of Euphorbia nivulia was successfully used
to induce room temperature/microwave synthesis of silver
and copper nanoparticles even at high concentrations. The
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Table 1: Summary of nanoparticles preparation using devastate source.

Sl. number Source Nanoparticles synthesized References
1 Olibanum Ag [18]
2 Latex of J. gossypifolia, J. curcas, and E. milii Ag [19]
3 Gum of Cochlospermum gossypium Ag, Au, Pt [20]
4 Latex of Euphorbia nivulia Ag, Cu [21]
5 Lemon peel Ag [22]
6 Orange peel Ag [23]
7 Citrus sinensis peel Ag, Au [24–26]
8 Banana peel extracts Pd, Ag [27, 28]
9 Neem kernel Ag [29]
10 Annona squamosa Pd, TiO2 [30–32]
11 B. hispida Ag [33]
12 C. infundibuliformis Ag [34, 35]
13 H. rosa-sinensis Au, Ag [36]
14 Corn cob Cellulose-based nanoparticles [37]
15 Psidium guajava Ag [38]
16 E. prostrate Ag [39]
17 P. juliflora Ag [40]
18 Piper betel leaf Ag [41]
19 J. curcas Ag [42]
20 Manihot esculenta Cu2O [43, 44]
21 A. hypogaea Ag, Cu2O [45, 46]
22 Pollen grains TiO2 [47]
23 Rice hulls LiSi [48]
24 Pomegranate peel Ag [49]
25 Palm oil effluent Au [50]
26 Rice husk SiC, Si [51, 52]
27 Rice hull Si [53]
28 V. radiata, A. hypogaea, C. tetragonolobus, Zea mays, P. glaucum, and S. vulgare Ag [54]
29 Cocos nucifera coir extract Ag [17]

Metal salt Plant extract Nanoparticles

Optimum condition
+

Figure 3: Preparation of nanoparticles using devastated crops.

major component of the latex was euphol and is assumed
to be the reducing moiety. The stabilization is assisted by
certain peptides and terpenoids present within the latex. The
fast and simple process has high reproducibility and leads
to the formation of nanoparticles with 5–10 nm diameter.
The one-step synthesis can be extended for other metals.
The nanoparticles’ solutions being completely free of toxic
chemicals can be directly used for antimicrobial tests. The
as-synthesized solutions of both metals exhibited excellent
bactericidal action against both Gram-negative and Gram-
positive bacteria well below the in vitro cytotoxicity concen-
tration.The noncytotoxic metal-latex aqueous solution offers

a rational approach towards antimicrobial application and for
integration into biomedical devices [21].

2.2. Fruit Peel as an Agent. Prathna et al., 2011, in their
studies reported the rapid synthesis of silver nanoparticles
at room temperature by treating silver ions with the Citrus
lemon (lemon) extract (Figure 4(c)). The effects of various
process parameters like the reductant concentration, mixing
ratio of the reactants, and the concentration of silver nitrate
were taken into account. In the standardized process, 10−2M
silver nitrate solution was interacted for 4 h with lemon juice
in the ratio of 1 : 4. The formation of silver nanoparticles
was confirmed by surface plasmon resonance as determined
by UV-visible spectra in the range of 400–500 nm. X-ray
diffraction analysis revealed the distinctive facets (1 1 1, 2 0
0, 2 2 0, 2 2 2, and 3 1 1 planes) of silver nanoparticles. Citric
acid was the principal reducing agent for the nanosynthesis
process. Silver nanoparticles below 50 nm with spherical and
spheroidal shapes were observed from transmission electron
microscopy [22]. Konwarh et al., 2011, prepared aqueous
extract of orange peel (Figure 4(d)) at basic pH which was
exploited to prepare starch-supported nanoparticles under
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Figure 4: Various devastated sources for the preparation of nanoparticles.

ambient conditions.The compositional abundance of pectins,
flavonoids, ascorbic acid, sugars, carotenoids, and myriad
other flavones may be envisaged for the effective reductive
potential of orange peel to generate silver nanoparticles. The
nanoparticles were distributed within a narrow size spectrum
of 3–12 nm with characteristic Bragg’s reflection planes of fcc
structure and surface plasmon resonance peak at 404 nm.
Antilipid peroxidation assay using goat liver homogenate and
DPPH scavenging test established the antioxidant potency of
the silver nanoparticles [23]. An unreported green chemistry
route for the synthesis of silver nanoparticles using extract
derived from Citrus sinensis peel and their antibacterial
activity are described [24]. The authors have extracted the
phytoconstituents from sun-dried peel of Citrus sinensis and
prepared gold and silver nanoparticles in aqueous medium.
The prepared nanoparticles are stable, monodispersed, and
predominantly of spherical shape of size 14–20 nm. The
phytoconstituents with functional groups of alcohol, ketones,
aldehyde, and amines play an important role in the stability
of the nanoparticles. These nanoparticles find applications
in nanotechnology and medicine [24–26]. Carlson et al.
[24], Singh et al. [25], and Kaviya et al. [26] studied the
characteristic surface plasmon resonance band of biogenic
AgNPs that occurs at 445 nm and 424 nm for reaction carried
out at room temperature and 60∘C, respectively. The FTIR
confirms the water-soluble fractions in the extract played
complicated roles in the bioreduction of the precursors and
shape evolution of the nanoparticles. In HRTEM, the size
of the nanoparticles was 35 ± 2 nm with an average size of

10 ± 1 nm, and in XRD, the size of the nanoparticles was thus
determined to be about 33 ± 3 nm and 8 ± 2 nm for AgNPs
synthesized at 25∘C and 60∘C, respectively. The presence of
the elemental silver can be observed in the graph obtained
from EDAX analysis, which also supports the XRD results.
This indicates the reduction of silver ions to elemental silver.
The AgNPs exhibited good antibacterial activity against both
Gram-negative and Gram-positive bacteria. But it showed
higher antibacterial activity against E. coli and P. aeruginosa
(Gram-negative) than S. aureus (Gram-positive).The effect of
antibacterial activity is high in the case of silver nanoparticles
synthesized at 60∘C compared to 25∘C because of being
smaller in size. The high bactericidal activity is certainly due
to the silver cations released from Ag nanoparticles that act
as reservoirs for the Ag+ bactericidal agent.

2.2.1. Banana Peel Utilization. An important example of
day-to-day life fruit waste is the banana peel (Figure 4(e)).
The banana pulp is consumed air and the peels are usually
discarded. In the literature there are a few applications of
these peels [55–57]. The abundantly available agricultural
waste that is composed of polymers such as lignin and pectins
[27] could be applied in the synthesis of palladium nanopar-
ticles. The air-dried banana peel extracts (BPE) were used
for reducing silver nitrate. Silver nanoparticles were formed
when the reaction conditions were altered with respect
to pH, BPE content, concentration of silver nitrate, and
incubation temperature. The colourless reaction mixtures
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Figure 5: Role of banana peel for the phytosynthesis of metal
nanoparticles.

turned brown and displayedUV-visible spectra characteristic
of silver-nanoparticles. Scanning electron microscope (SEM)
observations revealed the predominance of silver nanosized
crystallites after short incubation periods [58]. Also Bankar
et al., 2010, used agricultural waste banana peel for the syn-
thesis of palladium nanoparticles (Figure 5). The UV-visible
absorption spectra of reaction mixtures, the control samples,
showed a distinct peak at around 400 nm indicating the exis-
tence of Pd(II) [28]. BPE could be also useful as an efficient
green material for the rapid and consistent synthesis of gold
nanoparticles. A variation in reaction conditions brought
about the synthesis of a variety of nanoparticles displaying
vivid colours and typical UV-vis spectra. The XRD analysis
showed predominant peaks at (1 1 1) and (2 0 0) indicative
of the presence of microcubes and microwires displaying
fcc lattice structure. BPE mediated structured patterning of
the nanoparticles into microcubes and microwire networks.
The BPE-derived gold nanoparticles displayed antifungal and
antibacterial activity towards the test pathogenic fungi and
most of the bacterial cultures [59].

2.3. Preparation of Nanoparticles Using Neem Kernel. Shukla
et al., 2012 has used the neem kernel (Figure 4(f)) extracts for
the synthesis of nanoparticles. The X-ray diffraction (XRD)
pattern suggests the formation and crystalline of nanosilver.
The average particle size of silver nanoparticles was 8.25 ±
1.37 nm as confirmed by transmission electron microscopy
(TEM). The obtained nanoparticles act as a sensor for the
detection of hydrogen peroxide in water [29].

2.4. Annona squamosa Fruit Peel. Annona squamosa L.
(Annonaceae), commonly known as custard apple, is a
multipurpose tree with edible fruits and a source ofmedicinal

and industrial products. It is known as its sweet soup is
reported to have severalmedicinal actions such as insecticidal
and antihelminthic activities. It is used for antimicrobial,
anti-insecticidal, antifertility, antitumour, anti-inflammatory,
and antiulcer properties. Also, the efficacy of adulticidal and
larvicidal activity of fruit peel aqueous extract ofA. squamosa
and its compounds against hematophagous parasites is
reported [30]. Spherical shape Palladium nanoparticles of
particle sizes ranging from 80 ± 5 nm are reported using
Annona squamosa (Figure 4(g)) aqueous peel extract [31].
The report reveals that the presence of secondary metabolites
contains –OH group which is responsible for the reduction
of palladium(II) to palladium(0). Also, they have reported
the synthesis of silver nanoparticles with irregular spherical
shape of nanoparticles ranging from 20 to 60 nm [60]. Hence,
they proposed that the reaction between broth of Annona
squamosa peel extract and the Pd(II) species might occur
according to the equation described in Figure 6. Further, they
extended their work on environmentally benign, nontoxic,
and renewable source of A. squamosa being used as an
effective source for the synthesis of rutile TiO

2
nanoparticles

[32]. The XRD pattern of the sample showed the presence
of peaks 2𝜃 = 27.42∘, 36.10∘, 41.30∘, and 54.33∘, which
is found to be that of the rutile form. The main peak of
𝜃 = 27.42∘ matches the (1 1 0) crystallographic plane
of rutile form of TiO

2
nanoparticles. They proved that

particles are distributed in the size of 23 ± 2 nm ranges,
and also they have suggested the mechanistic pathway for
the formation of TiO

2
nanoparticles (Figure 7) [32]. Thus,

A. squamosa was proved to have multifunctional efficacy
towards the preparation of metal and metal oxide nanopar-
ticles (Figure 8).

2.5. Seed as Source. B. hispida seed extract is a good source
of carbohydrates, amino acids, proteins, and phenolic com-
pounds. The position of SPR band in UV-vis spectra is
sensitive to particle size, shape, local refractive index, and
its interaction with medium. At room temperature, the
reduction is slow and hence the SPR band is broad, which
shows the formation of particles with broad size distribution.
The SPR band is shifted towards the shorter wavelength
region from 548 nm to 544 nm which shows a decrease in
particle size.The XRD peaks are found to be broad indicating
the formation of silver nanoparticles. Five diffraction peaks
are observed which can be indexed to the (1 1 1), (2 0 0),
(2 2 0), (3 1 1), and (2 2 2) reflections of face-centered
cubic structure of metallic gold, respectively, revealing that
the synthesized gold nanoparticles are composed of pure
crystalline gold. The peak corresponding to (1 1 1) plane is
more intense than the other planes suggesting that (1 1 1)
is the predominant orientation as confirmed by the high-
resolution TEM measurement. Crystalline nature of NPs
is evident from bright circular spots in the SAED pattern,
clear lattice fringes in the HRTEM images, and peaks in
the XRD pattern. From FTIR spectrum, it is found that the
possible reducing agent is polyols and the aping material
responsible for stabilization is the proteins present in the
extract [33].
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2.6. Leaf Extracts Assisted Preparation. C. infundibuliformis,
an ornamental plant, is marketed as such. The species is
often grown to beautify kitchen gardens as it is small in
size and sprouts attractive flowers. The preliminary phyto-
chemical suggested the presence of phytoconstituents such as
phenolics, flavonoids, and tannins. Also C. infundibuliformis
showed medicinal properties such as antibacterial, antifun-
gal, anticandidal, hepatoprotective, and larvicidal activities
[34, 35, 61]. The formation of AgNPs by a biological route
employing C. infundibuliformis leaf extract (Figure 4(h)) has

been investigated [62]. The silver nanoparticles were formed
in 1 h by stirring at room temperature and a yellowish-brown
color was developed.The formation of AgNPs was confirmed
by surface Plasmon spectra and absorbance peaks at 457 nm
with face-centered cubic structure. The AgNPs formed were
flake-like in shape and the average particle size was about
38 nm. Philip in 2010 described the biological synthesis of
gold and silver nanoparticles of various shapes using the leaf
extract ofH. rosa-sinensis (Figure 4(i)) that are reported. The
size and shape of Au nanoparticles are modulated by varying
the ratio ofmetal salt and extract in the reactionmedium [36].

The high phenol content of the hot water extract of olive
leaves having strong antioxidant properties helped in the
reduction of gold cations to AuNPs. The characterization
of AuNPs revealed that the morphology of the AuNPs
depends on the extract concentration and pH of the used
medium. At higher concentration of the extract and basic pH,
the pseudospherical particles are capped by phytochemicals
[63]. Kumar et al., 2010, have reported the cellulose-based
nanoparticles (CPNs) from corn cob rawmaterial by treating
it with sodium hydroxide in the range 0–24% of sodium
hydroxide concentration. The obtained sample was washed
with deionized water, disintegrated, and filtered through 80
mesh screens. The powder thus obtained was delignified by
acidified sodium chlorite and dried in a vacuum oven to a
constant weight. Dried powder was further separated by 270
mesh screens. By this method, an average particle size was
approximately equal to 22 nm which was confirmed by TEM
[37].
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Rajani et al., 2009, checked the four pulse crop plants
and three cereal crop plants and compared their extracel-
lular synthesis of metallic silver nanoparticles. Stable silver
nanoparticles were formed by treating aqueous solution of
AgNO

3
with the plant leaf extracts as reducing agent at

temperatures 50∘C–95∘C. SEM and EDAX analysis confirm
the size of the formed silver nanoparticles to be in the
range of 50–200 nm [64]. Microwave assisted method has
been adopted for the preparation of silver nanoparticles
using guava (Psidium guajava) leaf extract. The obtained Ag
nanoparticles size is 26 ± 5 nm. The reaction occurs very
rapidly as the formation of spherical nanoparticles is almost
completed within 90 s which shows the efficiency of the
extract [38].

The larvicidal activity of synthesized silver nanoparticles
(AgNPs) utilizing aqueous extract from E. prostrate was
investigated against fourth instar larvae of filariasis vector,
Culex quinquefasciatus say, and malaria vector, Anopheles
subpictus Grassi. SEM analyses of the synthesized AgNPs
were clearly distinguishable and measured 35–60 nm in size.
Larvae were exposed to varying concentrations of aqueous
extract of synthesized AgNPs for 24 h.Themaximum efficacy
was observed in crude aqueous and synthesized AgNPs
againstC. quinquefasciatus (LC

50
= 27.49 and 4.56mg/L; LC

90

= 70.38 and 13.14mg/L) and againstA. subpictus (LC
50
= 27.85

and 5.14mg/L; LC
90

= 71.45 and 25.68mg/L), respectively
[39]. Prosopis juliflora is a locally available plant species
and has not been explored as having a pharmaceutical
use. P. juliflora trees survive in dry climates because their
root system can often extend more than 100 feet, so that
they can outlast everything else and also they can survive
along the coastal area. Hence the author Raja et al., 2012,
has utilized the leaves of P. juliflora for the synthesis of
silver nanoparticles and checked its antimicrobial activities
[40].

Piper betel leaf petiole extract and ionic surfactants such
as cetyltrimethylammonium bromide and sodium dodecyl
sulphate were used to prepare the stable AgNPs [41]. The
obtained AgNPs are in the size of 80 nm. Bar et al., 2009,
synthesized the silver nanoparticles using aqueous seed
extract of J. curcas andno toxic chemicals are used as reducing
and stabilizing agent during the synthesis. Characteristic
surface plasmon absorption bands are observed at 425 nm for
the reddish-yellow coloured silver nanoparticles synthesized
from 10−3M AgNO

3
. In HRTEM, the particles are predom-

inantly spherical in shape with diameter ranging from 15 to
25 nm. Larger and uneven shaped particles with diameter
30–50 nm are also obtained. Here, Jatropha seed extract,
which is environmentally benign and renewable, acts as both
reducing and stabilizing agent. Ag nanoparticles prepared in
this process are quiet stable and remain intact for nearly two
months if they are protected under light proof conditions
[42].

Biosynthesis of copper, zero-valent iron, and silver
nanoparticles using leaf extract of Dodonaea viscosa has
been investigated by Daniel et al., 2013. The synthesized
nanoparticles showed spherical morphology and the average
size of 29, 27, and 16 nm for Cu, zero-valent iron, and Ag

nanoparticles, respectively. Finally, biosynthesized Cu, Zero-
valent iron, and Ag nanoparticles were tested against human
pathogens, namely, Gram-negative Escherichia coli, Klebsiella
pneumonia, Pseudomonas fluorescens, and Gram-positive
Staphylococcus aureus and Bacillus subtilis, and showed good
antimicrobial activity. Also, the plausible reduction mecha-
nism of metal into nanoparticles by Dodonaea viscosa leaf
extract was reported (Figure 9) [43].

Cu
2
O nanoparticles were synthesized and were made as

composite with polyvinyl alcohol. The nanoparticles were
prepared by usingManihot esculenta leaves containing reduc-
ing sugars which act as a reducing agent. The obtained Cu

2
O

nanoparticles and Cu
2
O/PVA composite were characterized

by XRD, SEM, UV-vis absorption, and FTIR [44].
In this paper, the authors have focused on the agricultural

waste biosynthesis of silver nanoparticles by A. hypogaea leaf
extract, which gave an average particle sizes from 7 to 8 nm.
The synthesized silver nanoparticleswere coated on glass sub-
strates, and morphological properties were characterized by
SEManalysis. Also, the prepared nanoparticles were analyzed
with various pathogens like K. pneumoniae, Pseudomonas
species, Proteus species, and E. coli which has shown a good
inhibition against the selected pathogens [45].

The present study deals with a green, low-cost, and repro-
ducible method for the synthesis of Cu

2
O nanoparticles by

the reduction of Barfoed’s solution using agriculture wastes
of A. hypogaea leaf extracts. The extract contains reducing
sugars which are responsible for the formation of nanoparti-
cles. The aldehyde group present in the reducing sugar plays
excellent role in the formation of cuprous oxide nanopar-
ticles in the solution. Antibacterial effect of cuprous oxide
nanoparticles againstGram-negativeE. coliwas analyzed.The
resulting Cu

2
O nanoparticles were characterized by XRD,

SEM, UV-visible spectroscopy, and FTIR spectroscopy [46].

2.7. Pollen Grains as Biotemplate. Bioinspired hierarchical
mesoporous TiO

2
photocatalysts are prepared by using

pollen grains as biotemplate. The physicochemical prop-
erties of the samples are characterized in detail by X-
ray diffraction analysis, scanning electron microscopy, X-
ray photoelectron spectroscopy, and nitrogen adsorption-
desorption isotherms. Results indicate that the as-prepared
products have a similar structure with the pollen grains,
which maintain the ellipsoidal shape and the open pores
networks on reticular shells [47].

Xulai et al., 2012, prepared the lithium silicate from rice
hulls (Figure 4(j)). They have utilized the silica nanoparticles
in rice hulls as the silicon source, and by mixing with
lithium carbonate, hydroxide and acetate lithium silicate
nanoparticles are obtained from rice hulls. The inventive
method is an environment-friendly process and has low
preparation cost [48].

Silver nanoparticles were prepared by pomegranate peel
extract as a reducing agent. The extract was challenged with
AgNO

3
solution for the production of AgNPs. The reaction

process was simple for the formation of highly stable Ag
nanoparticles at room temperature by the biowaste of the
fruit. The morphol (Figure 12) and crystal phase of the NPs
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Figure 9: Reduction mechanism of metal into nanoparticles by Dodonaea viscosa leaf extract.

were detected. TEM studies showed that the Ag nanoparticles
obtained were of sizes 5 ± 1.5 nm [49].

2.8. Low-Cost Approach for the Synthesis of Nanoparticles. Pei
et al., 2012, have reported the preparation of gold nanoparti-
cles by utilizing the palm oilmill effluent without the addition
of any external surfactant or capping agent. The prepared
were characterized by FT-IR, UV-visible spectroscopy, TEM,
and powder XRD spectroscopy. The obtained gold nanopar-
ticles were triangular and hexagonal in shape [50].

The authors have studied the preparation of SiC nanopar-
ticles by using direct pyrolysis of rice husk. Rice husk used in
this study was treated with a silica source in order to enrich
the silica content. The synthesis was carried out in an argon
atom at 1600∘C.The SEM study of pyrolyzed rice husk shows
that whiskers were formed in the silica rich zone and particles
were formed in the carbon rich zone. Thus, by utilizing the
agricultural waste rice husk SiC nanoparticles were produced
[51].

2.9. Agricultural Waste Ash as Source. The composite mate-
rials which contain SiC were prepared from the agricultural
waste materials such as fruit shells, fruit cores, rice husk,
corn cob litter, and weeds [65]. The SiC was prepared by
calcining the agricultural waste and placing it in a 400–
1200∘C furnace for 0.5–8 h in inert gas protection condition.
The obtained residue was added with 0.05–1M metal salt
solution.The metal salt solution is nitrate solution of Mn(II),
Fe(III), Ni(II), Co(II), or Zn(II). The obtained product is
characterized by nanoporous structure, excellent adsorption,
catalytic performance, and electromagnetic absorption prop-
erty which can be used for wastewater treatment and wave-
absorbing material.

Mesoporous silica nanoparticles with a spherical were
prepared from rice husk (Figure 4(j)) by sol-gel technique at
ambient condition. TEM analysis revealed the formation of
silica nanoparticles of 50.9 nm [52]. Yulin et al., 2011, reported
the synthesis of Si nanoparticles by using the rice hull ash.
The speed of addition of H

2
SO
4
and concentration of the

ash determine the size of the nanoparticles. The optimum

preparation of small-size nanosilica involved the mixing of
sodium silica solution (11.8%) and the adding speed of H

2
SO
4

solution (14.5mL/min), and its size was 30 nm [53]. The
synthesis of nanoparticles silica oxide from rice husk, sugar
cane bagasse, and coffee husk by employing vermicompost
with Eisenia foetida was reported. The product is calcinated
and recovered as crystalline nanoparticles. XRD, TEM, and
DLS showed crystalline phases of particles [66].

Rajani et al., 2010, reported the synthesis of silver
nanoparticles with the help of agricultural crop waste. Four
pulse crop plants and three cereal crop plants such as Vigna
radiata, Arachis hypogaea, Cyamopsis tetragonolobus, Zea
mays, Pennisetum glaucum, and Sorghum vulgare were used
and compared for their extracellular synthesis of metallic
silver nanoparticles. The prepared silver nanoparticles were
characterized by UV-visible spectroscopy, XRD, SEM, and
EDAX [54].

2.10. Cocos nucifera Coir Extract as Green Source. One of
the most useful plants is coconut palm, Cocos nucifera.
Botanically, the coconut fruit is a drupe, not a true, nut.
Like other fruits, it has three layers: exocarp, mesocarp,
and endocarp. The exocarp and mesocarp make up the
husk of the coconut. The mesocarp is composed of fibers
called coir which have many traditional and commercial
uses. Anyhow, agricultural production leaves considerable
amounts of agricultural waste. Cocos nucifera coir extracts
have been used as a reducing and capping agent for the
synthesis of AgNPs. The average particle size measured from
the TEM images histogram is observed to be 23 ± 2 nm [17].
Also, AgNPs were screened for larvicidal assay. The result
proved that Ag nanoparticles were effective antilarvicidal
agents againstA. stephensi andC. quinquefasciatus (Figure 10)
[17].

Thus, generally discarded crop waste was effectively used
as an alternative method for the synthesis of nanoparticles
(Figure 11). These bioinspired nanoparticles could, in turn,
and applications in catalysis, sensors, medicine and making
active membranes. This review shows the feasibility of using
agrowaste material for the biosynthesis of nanoparticles,
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Figure 10: C. nucifera coir mediated Ag nanoparticles preparation (adapted from [17]).
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which is potentially more scalable and economic due to its
lower cost.

3. Conclusions

Increasing awareness towards green chemistry and biological
processes has led to a desire to develop an environment-
friendly approach for the synthesis of nontoxic nanopar-
ticles. Unlike other processes in physical and chemical

methods, devastated crops act as a medium for biosyn-
thesis of nanoparticles and cost-effective and ecofriendly
approach. Therefore, crop waste synthesis of nanoparticles
has emerged as an important branch of nanobiotechnology.
Due to their rich diversity and the innate potential for the
synthesis of nanoparticles, they could be regarded as potential
biofactories for nanoparticles synthesis. Future research on
devastated crop synthesis of nanoparticles would bring the
uniform shape, size, and stable nanoparticles which are of
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great importance for applications in the areas of chemistry,
electronics, medicine, and agriculture.The use of agricultural
crop waste for preparation of metal nanoparticles would add
a new dimension to the agricultural sector in the utilization
of crop waste.
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Carbon coils could be synthesized using C
2
H
2
/H
2
as source gases and SF

6
as an incorporated additive gas under thermal chemical

vapor deposition system. Ni layer on SiO
2
substrate was used as a catalyst for the formation of carbon coils. Ni powder was

evaporated to form Ni layer on the substrate. The characteristics (formation densities, morphologies, and geometries) of as-grown
carbon coils on the substrate were investigated as a function of the evaporation time for Ni catalyst layer formation. By hydrogen
plasma pretreatment prior to carbon coils synthesis reaction, the dominant formation of the nanosized wave-like geometry of
carbon coils could be achieved.The characteristics of as-grown carbon coils with or without hydrogen plasma pretreatment process
were investigated.The cause for the control of the carbon coils geometries from the microsized type to the nanosized wave-like one
by H
2
plasma pretreatment was discussed in association with the stress of Ni catalyst layer on the substrate.

1. Introduction

Since the first report by Davis et al. carbon coils have
been noticed because of their unique shape [1]. Spring-like
helix-shaped geometry may induce an electrical current and
consequently generate a magnetic field. So, the predicted
electrical, magnetic, and mechanical properties of carbon
coils are attractive to be used in electromagnetic absorbers
in the GHz to THz regions, high sensitive nano/microsized
detectors, resonators, mechanical springs, essential building
blocks for the assembly of nanodevices, and so forth [2–4].
In addition, carbon coils are also predicted to have a potential
application as an effective fillers for nanocomposites because
their spring-like geometry wouldmake them better anchored
in embedding matrix and consequently favor a better load
transfer to the matrix [5].

Theproduction of coils-type geometrywas accidental and
lacks reproducibility. Furthermore, the electrical properties
of helically coiled geometry may have metallic, semicon-
ducting, or semimetallic characteristics depending on their
geometry including diameter [6]. Therefore, the controlled
geometry (diameter, pitch, length, and turning direction) of
carbon coils would be the urgent problem to be preferentially

addressed in order to achieve the controlled characteristics of
carbon coils.

For the synthesis method of carbon coils, catalytic chem-
ical vapor deposition (CCVD) technique has been noticed
for an effective choice to produce carbon coils because it has
the flexibility in controlling growth conditions to achieve the
preferred geometry. Basically, carbon coils growth involves
a decomposition—diffusion—precipitation mechanism that
is initiated on the surface of the catalyst particles [7, 8]. In
this respect, the characteristics of the used metal catalyst
would be the important factor to control the geometry of
carbon coils besides CVD system parameters. Namely, the
catalyst chemical composition, size, thickness, shape, and
crystallographic orientation would play a critical role in
determining the geometry of carbon coils. Up to the present,
various kinds of catalysts have been widely investigated [9–
23]. Among the metal catalysts currently used in the growth
of carbon coils,Niwas regarded as an effectivematerial for the
growth of carbon coils [10, 12]. For Ni catalyst study, Ni (100)
was known to give the highest coil yield followed by Ni (111)
and then Ni (110) among Ni single crystal planes [13]. So, the
driving force for the formation of carbon coils would be the
anisotropic deposition rate of a carbon according to Ni single
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Table 1: Ni layer thickness for the samples according to the
evaporation time of Ni powders and without or with H2 plasma
pretreatment.

Samples Evaporation time
of Ni powders

Resulting Ni layer
thickness

5 minutes H2
plasma

pretreatment
A 10 sec ∼50 nm None
B 20 sec ∼80 nm None
C 40 sec ∼150 nm None
D 1 minute ∼250 nm None
E 3 minutes ∼350 nm None
F 1 minute ∼250 nm Yes

crystal planes. The catalyst particle size was also known to
be the critical factor to determine the carbon coils geometry.
Tang et al. [14] observed that helical carbon structure grew
from Fe

2
O
3
catalyst particles with diameters <150 nm. At

the larger size of the catalyst particle, the straight carbon
structure appeared. Zhang et al. [15] reported that the coiled
carbon fibers were only obtained when the size of Cu catalyst
particles was between 30 and 60 nm in diameter. Hokushin
et al. [16] showed that carbon nanocoils (CNCs) were only
observed for Fe/In/Sn catalyst particle sizes ranging between
50 and 150 nm. Despite these abundant efforts, the study
for the geometry control of carbon coils according to the
thickness of Ni catalyst layer is few up to the present.

In this work, we investigated the geometries of the as-
grown carbon coils with Ni layer thickness. In addition, we
introduce themethod to control the geometry of carbon coils
through altering the characteristics of nickel catalyst layer
by H
2
plasma pretreatment prior to carbon coils synthesis

reaction. With or without H
2
plasma pretreatment process,

the syntheses of carbon coils using thermal chemical vapor
deposition were performed and the geometries of as-grown
carbon coils were compared and discussed.

2. Experimental Details

For silicon oxide substrate, about 300 nm SiO
2
layer on Si

substrate was employed. They were prepared by the thermal
oxidation of 2.0× 2.0 cm2 p-type Si (100) substrates. For Ni
catalyst layer deposition on the substrates, about 0.01 g Ni
powder (99.7%) was evaporated to form Ni catalyst layer on
the substrate using thermal evaporator.TheNi layer thickness
was manipulated by controlling the evaporation time of Ni
powders. It was measured by the cross-sectional image of
field emission scanning electronmicroscopy (FESEM) for the
as-grown film. The evaporation time of Ni powders and the
resulting Ni layer thickness for each sample were shown in
Table 1.

For H
2

plasma pretreatment, Ni-coated substrate
was placed in radiofrequency (13.56MHz, 25W) plasma
enhanced chemical vapor deposition (PECVD) system
prior to carbon coils deposition. H

2
gas was introduced

into PECVD chamber. The flow rate for H
2
was fixed at

17 standard cm3 per minute (sccm). The substrate was

pretreated for 5 minutes using H
2
plasma at 0.5 Torr total

pressure.
For carbon coils deposition, thermal chemical vapor

deposition (TCVD) systemwas employed. C
2
H
2
andH

2
were

used as source gases. SF
6
, as an incorporated additive gas, was

injected into the reactor during the initial reaction stage. The
flow rate forC

2
H
2
, H
2
, and SF

6
was fixed at 15, 35, and 35 sccm,

respectively. The reaction conditions were shown in Table 2.
Detailed morphologies of carbon coils-deposited substrates
were investigated using FESEM.The qualities of carbon coils
according to the samples were investigated in the range of
800∼2000 cm−1 by a micro-Raman spectrometer (Renishaw
2000) with about 50 𝜇m spot size of Ar-ion laser.

3. Results and Discussion

Five samples (samples A∼E) having the different Ni catalyst
layer thickness were prepared. At samples A and B, namely
less than 100 nm Ni catalyst layer thickness case, the forma-
tion of as-grown carbon coils could be observed here and
there on the surface of the sample.

At ∼150 nm Ni layer thickness, sample C, both the
microsized carbon coils and the nanosized carbon coils were
well developed on the most part of the sample surface as
shown in Figures 1(a) and 1(c). Most of the nanosized carbon
coils were gathered along the side of the microsized carbon
coils as shown in Figures 1(b) and 1(d).The deposition aspect
for the nanosized carbon coils and the microsized carbon
coils seems to be almost similar irrespective of the position on
the surface of sample C. Indeed, in case ofmore than∼150 nm
Ni layer thickness, the deposition aspect for the nanosized
carbon coils and the microsized carbon coils hardly depends
on the position on the surface of the sample.

At ∼250 nm Ni layer thickness, sample D, the microsized
carbon coils were mostly observed on the surface of the
sample as shown in Figure 2. The length of the microsized
carbon coils is more than hundred micrometers as shown in
Figure 2(a). The diameters of the microsized carbon coils are
in the range from several micrometers to ten micrometers as
shown in Figure 2(b). Compared with those of sample C, a
relatively few amount of the nanosized carbon coils seems to
exist along the side of the microsized carbon coils as shown
in Figure 2(c). In general, many types of carbon coils-related
geometries could be observed on the sample surfaces [24].
Particularly, the nanosized carbon coils could be classified
into two geometrical categories, namely, wave-like nanosized
carbon coil (w-NC) and knot-type nanosized coil (k-NC) (see
Figure 2). In this case, most of the nanosized carbon coils
have w-NC type geometry. Representative FESEM images
for the microsized carbon coils are shown in Figure 3. The
magnified FESEM image clearly indicates the well-developed
double helix geometry for these microsized carbon coils. Ni
catalyst grain seems to be incorporated as the form of Ni

3
C

in the bright spot in Figure 3(b) [25].
At ∼350 nm Ni layer thickness, sample E, the density of

the nanosized carbon coils is higher than that of sample D
(compare Figures 4(a) with 2(a)).The high-magnified images
(Figures 4(b) and 4(c)) clearly reveal that the formation of
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Table 2: Experimental conditions for the deposition of carbon coils.

Samples C2H2 flow
rate (sccm)

H2 flow
rate (sccm)

SF6 flow
rate (sccm)

Total pressure
(Torr)

Total deposition
time (min)

C2H2
injection
time (min)

H2 injection
time (min)

SF6 injection
time (min)

Substrate
temperature

(∘C)
A∼F 15 35 35 100 90 90 90 5 750

1𝜇m

1𝜇m

150𝜇m

10 𝜇m

10 𝜇m

(a) (b)

(c) (d)

Figure 1: FESEM images for sample C at the edge area under the magnification of (a) 1,000 and (b) 10,000 and at the center area of the
substrate under the magnification of (c) 1,000 and (d) 10,000.

the microsized carbon coil was initiated by two k-NC-type
nanosized carbon coils. Except for k-NCs in the microsized
carbon coils, most of the nanosized carbon coils existed as
a form of w-NC geometry. Representative FESEM images
for the k-NC-type nanosized carbon coils are shown in
Figure 4(d). This regularly grown nanosized carbon coil has
the single helix geometry. It has a coil pitch of ∼300 nm with
little coil gap and a coil diameter of ∼400 nm. The carbon
nanofibers that built up this coil have the circular type shape.

Using the square graph papers and FESEM images, we
measured the average ratio of the occupied areas by the
different-type carbon geometries, namely, the linear and the
microsized geometries from several 1,000 magnified FESEM
images. Under the assumption of the monolayer-grown
carbon materials on the samples, the ratio of the occupied
areas of carbon geometries were measured in equal-sized
FESEM images. Figure 5(a) shows the variation of the ratio
of the occupied areas in FESEM images for the linear and the

microsized geometries as a function of the sample. The ratio
of the occupied areas by w-NC or k-NC was also measured
using several 5,000 magnified FESEM images. Figure 5(b)
shows the variation of the ratio of the occupied area for w-
NC or k-NC as a function of the sample. For samples A and
B, this ratio could not be measured due to the unevenness
according to the position on the surface of the sample. The
results of Figures 5(a) and 5(b) reveal that the dominant
geometry of the carbon coils would be the nanosized carbon
coils with increasing Ni catalyst layer thickness from 250 to
350 nm. In addition, it is believed that the geometry control
for carbon coils could not be completely achieved merely by
the manipulation of Ni catalyst layer thickness.

To fully control the geometry of carbon coils, altering the
characteristics of nickel catalyst layer was performed by H

2

plasma pretreatment prior to carbon coils synthesis reaction.
Figure 6 shows the surface morphologies of as-grown carbon
coils on the surface of the 5min H

2
plasma pretreated sample
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Figure 2: FESEM images for sample D under the magnification of (a) 1,000, (b) 5,000, and (c) 10,000, and (d) the schematic images for the
typical geometries of the nanosized carbon coils.

1𝜇m

(a)

200nm

Ni
catalyst

(b)

Figure 3: Representative FESEM images for the microsized carbon coils under the magnification of (a) 10,000 and (b) 50,000.

(sample F). The nanosized carbon coils entirely existed on
the whole surface of the sample as shown in Figure 6(a).
Comparing the results of sample D (see Figure 2) with this
result, it is understood that the control of carbon coils
geometry from the microsized type to the nanosized one
is possible merely by H

2
plasma pretreatment on Ni layer

of the substrate. Most of the nanosized carbon coils have a
form of w-NC-type geometry and they existed on the entire

surface of the substrate. The length seems to be more than
several micrometers. Their coil diameter was in the range
from several nanometers to two hundred nanometers (see
Figure 6(c)).

Due to the stress between the metal layer and the
substrate, H

2
plasma pretreated-Ni layer would be more

easily peeled off and broken into very tiny nanosized Ni
pieces and eventually scattered in surrounding area. Basically,
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Figure 4: FESEM images for sample E under the magnification of (a) 1,000, (b) 5,000, (c) 10,000, and (d) 50,000.
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Figure 5: The variation of the ratio of the occupied areas in FESEM images for linear type coil, microsized coil, wave-like nanosized coil
(w-NC), and knot-type nanosized coil (k-NC) as a function of the sample. The ratio of the occupied area by the linear-type and microsized
coils was measured in the 1,000 magnified FESEM images and those by w-NC and k-NC in 5,000 high magnified FESEM images.
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Figure 6: FESEM images for sample F under the magnification of (a) 1,000, (b) 5,000, and (c) 50,000.
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Figure 7: FESEM images for the peeled-Ni layers from the substrate (a)withoutH
2
plasma pretreatment and (b)withH

2
plasma pretreatment.

the mechanism of carbon coils growth depended on the
metal size and shape [15]. The nanosized carbon coils were
formed from the nanosized Ni pieces and they would deposit
on the whole surface of the substrate. This is the reason
why H

2
plasma pretreatment gives rise to the dominant

existence of the nanosized carbon coils on the entire surface
of the substrate. Figure 7 shows FESEM images indicating the
different situation of the peeled-Ni layers from the substrate
without H

2
plasma pretreatment (sample D, Figure 7(a)) and

from the substrate with H
2
plasma pretreatment (sample F,

Figure 7(b)) after cooling down the substrate from 750∘C
under vacuum. As shown in these images, the substrate with
H
2
plasma pretreatment gives rise to the more flaky state for

Ni layer, which may form the nanosized geometry for carbon
coils.

Meanwhile, the qualities of carbon coils for the samples
without or with H

2
plasma pretreatment were also inves-

tigated in the range of 800∼2000 cm−1 by a micro-Raman
spectrometer as shown in Figure 8. The D and G peaks in
all the different samples were observed around 1350 cm−1
and 1600 cm−1, respectively. Curve fitted values of the area
intensity ratios of I(D)/I(G) for those samples are around 2.0,
which indicates the existence of the nanocrystalline aromatic

G band D band

In
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ns
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.u

.) (a)

(b)
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Raman shift (cm−1)

(a)

(b)

Figure 8: Micro-Raman spectra for (a) sample D and (b) sample F.

𝜋-bonded clusters in the carbon coils [26]. I(D)/I(G) value for
sample F is slightly higher than that for sample D, indicating
a larger presence of the disordered carbon phase in sample
F. This tendency indicates the well-developed polycrystalline
of the carbon coils for sample D, namely, for the microsized
carbon coils on the substrate [27–30].
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4. Conclusions

In case of Ni catalyst layer thickness less than 100 nm,
the carbon coils were formed sporadically according to
the position on the surface of the sample. At more than
∼150 nmNi catalyst layer thickness, the deposition aspect for
the nanosized carbon coils and the microsized carbon coils
hardly depends on the position on the surface of the sample.
At ∼250 nm Ni layer thickness, the microsized carbon coils
were mostly observed on the surface of the sample. However,
the nanosized carbon coils became dominant by increasing
Ni catalyst layer thickness from 250 to 350 nm.

Although the geometry of carbon coils was varied accord-
ing to the different Ni layer thickness, the geometry control
for carbon coils could not be completely achieved merely
by the manipulation of Ni catalyst layer thickness. However,
H
2
plasma pretreatment prior to carbon coils synthesis

reaction gives rise to the complete geometry change from the
microsized type to the nanosized one on the entire surface of
the substrate. The main cause for the geometry change of the
carbon coils by H

2
plasma pretreatment seems to be due to

the more easily peeled-off Ni catalyst layer and then scattered
in surroundings as tiny nanosized Ni pieces.
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In our present research, bottom-up self-assembly of gold (Au) nanoparticles on a flat copper (Cu) substrate is performed by a facile
method. The very interesting evidence of self-assembly of Au nanoparticles on the top of the thin assembled layer was observed
by scanning electron microscopy (SEM). We had discovered one of the most general and simple methods for the self-assembly of
metal nanoparticles.The general physical and chemical mechanisms of the evaporation process of the solvents can be used for self-
assembly of the as-prepared nanoparticles. The important roles of molecules of the used solvents are very critical to self-assembly
of the as-prepared Au nanoparticles in the case without using any polymers for those processes. It is clear that self-assembly of
such one nanosystem of the uniform Au nanoparticles is fully examined. Finally, an exciting surface plasmon resonance (SPR)
phenomenon of the pure Au nanoparticles in the solvent was fully discovered in their exciting changes of the narrow and large
SPR bands according to synthesis time. The SPR was considered as the collective oscillation of valence electrons of the surfaces
of the pure Au nanoparticles in the solvent by incident ultraviolet-visible light. Then, the frequency of light photons matches the
frequency of the oscillation of surface electrons of the Au nanoparticles that are excited.

1. Introduction

At present, the bottom-up assembly of precious metal
nanoparticles, such as gold (Au), silver (Ag), and copper (Cu)
with and without control under suitable experimental condi-
tions is very of importance [1–4]. In the popular cases, we can
think that it is self-assembly of the as-prepared nanoparticles

without control or self-assembly of the as-prepared nanopar-
ticles with control. Scientists have intensively investigated
the self-assembly of nanoparticles involving in temperature,
pressure, chemical reaction, mechanism, time, types of sol-
vents or liquids used, additives, capping polymers and ligands
used, mixture of solvents, by external weak and strong elec-
tromagnetic fields, by the weak and strong optical excitation
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of light sources, methods of excitation sources through their
chemical synthesis by sono-chemistry method or microwave
or ultrasound processes, and so forth. In particular, the self-
assembly of the cheap and precious metal nanoparticles can
lead to build completely new nanotextures, and functional
nanostructures or new nanoorganizations from nanoscale
to microscale on their entire sized ranges with potential
applications in photonics, catalysis, biology and medicine
as well as nanomedicine. In new nanotextures containing
nanoparticles, the most desirable optical properties as so-
called surface plasmon resonance (SPR) or the specific
oscillation of conducting electrons at surface interface of
the Au nanoparticles and medium in their ultraviolet-visible
(UV) spectrum can be realized in optical biosensors. Clearly,
the visible-region plasmon bands are usefully exploited in
photonics applications. In particular, Au nanoparticles can be
used an agent for dangerous cancer diagnosis and therapy due
to SPR [3]. In addition, self-assembly of the nanoparticles can
occur at room temperature with biomolecules, or hydrogen-
hydrogen interactions, or with the widespread use of typical
homogeneous solvents and homogeneous nanosystems, such
as ethylene glycol.Thedirected self-assembly of nanoparticles
by various chemical and physical methods was discussed.
However, self-assembly of nanoparticles or one nanosystem
has become a big challenge with various recent discoveries
[5–8]. As a result, we suggested that self-assembly method
could lead to create the new blocks from nanocrystals.
However, self-assembly has a wide and deep meaning in new
nanostructures to be controlled or new phenomena of the
behavior of specific common interactions among nanoparti-
cles through various assembled media [7]. According to the
XRD analysis reported, it was found that (h k l) planes of
the Au nanoparticles are different from various polyhedral
shapes and morphologies, such as typically (1 1 1), (2 0 0),
(2 2 0), and (3 1 1) of various shapes such as octahedra,
truncated octahedra, cuboctahedra, truncated cube, cube,
and trisotahedra [9].

In one good work, the SPR of spherical Au nanoparticles
was studied in the use of cetyltrimethylammonium bromide
(CTAB) with a very low concentration. The functional
groups of CTAB were the linkers among the as-prepared Au
nanoparticles. In our research, we suggested thatmolecules of
ethanol or other liquids and solvents are the main causes of
the wonderful self-assembly of the prepared nanoparticles in
optical absorption spectra observed [10, 11]. In our previous
works, it turns out that the novel issues of morphology,
size, and structure of Pt nanoparticles according to self-
aggregation, self-agglomerate, self-assembly, and internal
structural changes were confirmed. In this context, self-
assembly of the as-prepared nanoparticles of interest after
evaporation of the solvents or heat treatment can be clearly
and transparently understood [12, 13]. In our viewpoints, we
suggested that self-assembly in building of new nanostruc-
tures occurs easily via surface attachments among them in
order or disorder with the connections at surfaces, edges, and
corners or all combinations. Here, typical collisions among
nanoparticles need to be intensively studied in detail at
nanoscale of the nanosized ranges of 10 nm, 100 nm, 1000 nm,
and 10 𝜇m as classical collisions in the various media, such as

solvents and liquids. However, molecular forces of solvents
containing the prepared nanoparticles can show extreme
importance in self-assembly of the prepared nanoparticles
[14–17]. It is known that self-assembly of the nanoparticles has
naturally various origins from various forces, typically Van
der Waals, surface and interfacial interactions, electrostatic
forces of the as-prepared nanoparticles and capping agents,
capillary forces, hydrodynamic forces, interfacial interaction
in the closely-directed connections between the solutions
of the as-prepared nanoparticles and substrates. Certainly,
we can develop various simple conjugation methods with
self-assembly of the defined nanoparticles using positive
or negative electrostatic attractions at molecular level with
biomolecules for engineering new sensor devices. Thus, the
self-aggregation of the nanoparticles in solvents used is
crucial to the self-assembly. The colloidal self-assembly of
precious metal nanoparticles occurs in the evaporation of the
solvent containing the nanoparticles, which will also lead to
create potential optical applications in the large nanosized
blocks. In most of the cases, surface stabilizers, such as poly-
mers and surfactants, play important roles in self-assembly
of engineered nanoparticles in various solutions when we
use them at a low concentration. The self-arrangements
of the as-prepared Au nanoparticles on the substrates as
well as patterns and templates or self-assembled masks and
frameworks are very exciting to the clear mechanisms of self-
assembly of nanoparticles in the various solutions, especially
in the previously as-prepared templates. For the case of self-
assembly of Pt nanoparticles, we found that the phenomena
of particle-particle attachment, aggregation, agglomeration,
and assembly of as-prepared Pt nanoparticles [12, 13]. Thus,
ethanol evaporation and the interactions of the pure Au
nanoparticles after the complete evaporation are important
to the self-assembly of the pure Au nanoparticles on the
flat Cu substrate. At the same time, we also discovered
that the possible self-attachments between two particles, and
among many nanoparticles in the bondings originating from
the corners, the edges, the surfaces, and other arbitrary
attachments are very crucial to self-assembly of the as-
prepared nanoparticles with and without control. This is
the truth in our present research of the self-assembly of
the as-prepared Au nanoparticles in a comparison with
self-assembly of the as-prepared Pt nanoparticles [12, 13,
18]. Therefore, the as-prepared Au nanoparticles can be
combined through the particle-particle attachments, typi-
cally important corner-corner, edge-edge, surface-surface,
surface-corner, and surface-edge attachments in the self-
assembly of homogeneous nanosystems for new and attrac-
tive nanostructures with or without control [19, 20]. This
is the nanoparticle self-assembly. The mechanisms of nucle-
ation, growth, and formation of the metal nanoparticle in
the solution with the capping agent are self-aggregation
or agglomeration, and self-assembly as well as random
and direct self-collisions among clusters, nanoclusters, and
nanoparticles in various size ranges according to synthesis
time and experimental conditions in various liquid media
[18, 19]. The experimental processes of self-assembly of the
nanoparticles usually take a lot of time in the solvents and
polymers. Thus, the self-assembly of the nanoparticles can
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occur at room temperature without the surface modifications
with the use of linkers or connections of polymers and
surfactants. Moreover, self-assembly of nanoparticles for
large controlled nanotextures is a good way of the design of
functional nanosized materials and devices. Recently, mag-
netic assembly has been intensively developed by researchers
and scientists [1–6, 10, 11, 16, 17]. Therefore, we suggest that
the surface modification of the as-prepared Au nanoparticles
with functional molecules, polymers, and surfactants can be
done in the standard patterns and templates using building
blocks that lead to create many potential applications in
biomedical engineering. However, the key challenge is to
obtain the methods and processes of the self-assembly of
the known nanoparticles with high reliability, durability,
and stability. In principle, our results can lead to develop
novel synthesis methods with the highest control level for
nanoparticle assembly.

In this research, the highly uniform Au nanoparticles of
around 100–250 nm were successfully synthesized by polyol
method using NaBH

4
as a strong reducing agent. It was

discovered that the self-arrangements of the as-prepared Au
nanoparticles were observed in the flat Cu substrate after
the complete evaporation of ethanol at room temperature.
In addition, the as-prepared Au nanoparticles exhibit the
intriguingly strong SPRband for potential applications of SPR
sensors.

2. Experimental

2.1. Synthesis

2.1.1. Chemical. Chemicals (Aldrich, Sigma-Aldrich) used
are the following: poly(vinylpyrrolidone) (PVP) as a stabi-
lizer, gold (III) chloride trihydrate, ACS reagent (Chemi-
cal kinds according to the specifications of the American
Chemical Society), NaBH

4
as strong reducing agent, ethy-

lene glycol (EG) as both solvent and weak reducing agent,
ethanol, acetone, and hexane.Here, all chemicals usedwere of
analytical standard grade and were used without any further
purification. Moreover, ionized and distilled water with very
high purity was prepared by MilliPore purification system
available in our laboratory for washing and cleaning during
experimental processes.

2.1.2. Synthesis of Gold Nanoparticles

(1) Synthesis of Au Nanoparticles in Ethylene Glycol. In the
present process, chemicals including EG, HAuCl

4
, NaBH

4
,

NaOH, and PVP were used for synthesis of Au nanoparticles.
In order to synthesizeAunanoparticles, 10mLof EG, 10mLof
0.375MPVP, 6mL of 0.0625MHAuCl

4
, and 0.55 g of NaBH

4

were used. To begin with, 50𝜇L ofHAuCl
4
and 100 𝜇L of PVP

were added in the flask many times after every 60 s interval
until 6mL of HAuCl

4
were thoroughly used. Typically, the

reduction of [AuCl
4
]−1 by EG and NaBH

4
occurred for a

short time of 10–30min. The resultant mixture was heated
and refluxed at 200–220∘C. The yellow colour of the mixture
of HAuCl

4
, EG, and NaBH

4
precursors was changed into the

violet or deep purple colour of the product of the as-prepared
Au nanoparticles. To obtain Au nanoparticles, washing and
centrifugations are similar to the preparation procedure of
pure Pt nanoparticles.This was centrifuged using the Kubota
3740 centrifuge for 15min. The supernatant was separated
and precipitated by adding a triple volume of acetone for
washing, cleaning, and removing PVP polymer and any
impurities to obtain the pure Au nanoparticles. Then, it was
centrifuged for 30min in the corresponding procedures of
removing remaining PVP and impurities on the surfaces of
the prepared Au nanoparticles with the use of a mixture of
ethanol and hexane. In most of the cases, the prepared Au
nanoparticles were homogeneously dispersed in ethanol by
ultrasonication method (US-2 Model, 38 KHz). Finally, the
small fixed volumes (𝜇L) of the drops containing the pure
Au nanoparticles of about 100–250 nm were placed onto a
copper substrate. The fixed volume of a mixture of ethanol
and the pure Au nanoparticles was gradually evaporated at
room temperature for several hours from 5 to 7 h to receive
the pure Au nanoparticles in the self-assembly on a copper
substrate.

(2) Self-Assembly of Au Nanoparticles. In the self-assembly of
Au nanoparticles, the evaporation control of ethanol solvent
is important.The homogeneous solvents (e.g., ethanol or hex-
ane, etc.) were used for the dispersion of Au nanoparticles of
around 100–250 nm after complete removal of PVP polymer.
Here, 1mL of ethanol containing the pure Au nanoparticles is
used for the self-assembly of Au nanoparticles. Every stop of
the mixture of the as-prepared Au nanoparticles and ethanol
solvent (10 𝜇L) was fallen freely on the flat Cu substrate.
After complete evaporation of ethanol, the second stop was
set on flat Cu substrate, and so on. Gradually, the next
drops of the solvent containing the Au nanoparticles were
continuously set on the substrate formaking a thin layer ofAu
nanoparticles after evaporation. After that, we had completely
utilized 1mL of a mixture of ethanol containing the as-
prepared Au nanoparticles. Finally, the samples were kept
overnight for free evaporation in air at room temperature.

2.2. Characterization

2.2.1. UV-Vis-NIR Spectroscopy. In order to investigate the
formation mechanism of Au nanoparticles prepared by the
reduction of HAuCl

4
precursor by ethylene glycol, 20𝜇L

of the stock solution of 0.0625M HAuCl
4
, and 20𝜇L of

the solution of the as-prepared product containing PVP
protectedAunanoparticleswere used in the solvent of around
3mL ethanol in the analysis of UV-Vis spectroscopy after
centrifugation process by the centrifuge (Kubota 3740) many
timeswith plastic bottles, typically asNalgene centrifugeware
of very high quality. Every volume from 1mL to 2mL of
reaction mixtures was collected during synthesis for UV-
Vis investigations of the formation mechanism of the Au
nanoparticles in ethylene glycol. The final solution products
containing Au nanoparticles were also studied by UV-Vis-
NIR spectroscopy (Ubest 570 UVVis-NIR spectrometer) in
the range of wavelength of 200–1100 nm for an analysis of
the final formation of the Au nanoparticles by the reduction
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Figure 1: (a) UV-Vis spectra of the mixture of the solution of the precursors, and (b) UV-Vis spectra of the product solution containing Au
nanoparticles with surface plasmon resonance bands. (c) Yellow color of the stock solution of precursors in ethylene glycol. (d) Violet color
of the prepared product of the Au nanoparticles.

of HAuCl
4
by ethylene glycol as a weak reducing agent, and

NaBH
4
as a strong reducing agent during synthesis.

2.2.2. Scanning Electron Microscopy (SEM). In order to study
the size, shape, and self-assembly of the as-prepared Au
nanoparticles, we have used Field Emission scanning electron
microscope (SEM), JEOL JSM-634OF operated at 5, 10,
and 15 kV (5–15 kV), and probe current around 12 𝜇A. The
SEM images of the self-assembly of the as-prepared Au
nanoparticles were focused by suitably fine focus level and
adjustment.

2.2.3. Energy-Dispersive X-Ray Spectroscopy (EDS). In our
typical measurements, SEM system was interfaced with a
typical Energy-dispersive X-ray spectroscopy (EDS) system
for elemental analysis. In this system, EDS acquisition and

element analysis can be processed by Voyager software and
Voyager environment for Spectral display. The EDS spectra
of the as-prepared Au nanoparticles are snapped and viewed
by Snapshot-V3.5.1 program.The connection for transferring
image data was set up to the downloaded EDS spectra of
the as-prepared Au nanoparticles from Spectral Voyager
unit through EFFTP program to receive the EDS spectra
with the results of element analysis. Therefore, the elemental
composition of the prepared Au nanoparticles was measured
by the EDS method.

3. Results and Discussion

3.1. Formation of PVP Protected Au Nanoparticles. Based on
UV-Vis absorption spectra of PVP protected Au nanoparti-
cles in Figures 1 and 2, we have evaluated the nucleation,
growth, and formation of Au nanoparticles in a mixture
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Figure 2: (a) UV-Vis spectra of Au nanoparticles with surface plasmon resonance bands. (b) The dependence of the surface plasmon
resonance bands of Au nanoparticles on synthetic time in respective to the samples collected at different times.

of PVP and ethylene glycol (EG) from molecules, atoms,
clusters, nanoclusters to nanoparticles. The band at 384 nm
becomes the band at 276 nm after the reduction of HAuCl

4

with NaBH
4
in EG. The band at about 243 nm becomes

the band at about 210 nm after the reduction of HAuCl
4

with NaBH
4
in EG in the formation of the as-prepared

Au nanoparticles with two main bands located at around
230 and 324 nm as collective electron excitation or strong
localized surface plasmon resonance bands (SPR). Here,
384 nm and 243 nm were attributed to the ligand-to-metal
charge-transfer transition of [AuCl

4
]1− ions in a mixture of

EG and ethanol. The remaining bands at 276 and 210 nm
show the formation of the prepared Au nanoparticles. In
our process, the pH degree of the mixtures studied was
checked in the certain range of 6–8 during synthesis. The
pH values of the reaction mixture can be suitably con-
trolled by using the solution of 0.1M NaOH at various
synthesis temperatures and experimental conditions. Here,
UV-Vis spectra of a mixture of precursors (HAuCl

4
and

EG) usually show the two strong absorption bands located
at around 230.79 and 324.27 nm. In most of the UV-Vis
measurements, the strong decrease in the peak intensity of
the stock solution containing precursors at the absorption
bands of 230 and 324 nm was clear experimental evidence
of the final formation of the nanoparticle-solution products
by the complete reduction of the [AuCl

4
]1− ions by EG and

NaBH
4
. However, there are various mechanisms of the final

formation of Au nanoparticles. The desirable products are
usually a nanosystem of the prepared Au nanoparticles with
polyhedral and polyhedral-like morphologies and shapes as
well as spherical and spherical-likemorphologies and shapes.
Eventually, theUV-Vis absorption spectra in the certain range
of 200–1100 nm of a mixture taken at ∼1, 2, 5, 10, 15, 20, 30, 35,

40, 45, and 50 minutes showed the twomain bands located at
around 230 and 324 nm as well as the two SPR bands or the
localized SPR bands at 530 nmbecause of the phenomenon of
collective oscillation of valence electrons of the prepared Au
nanoparticles.

The strongest band at 230 nm was significantly decreased
in the intensity according to the new bands at around 210–
218 nm. On the other hand, the strong band at 324 nm was
significantly decreased in the intensity according to the new
band at around 320 nm after synthesis time of about 1min,
and the new stable bands at 269–273 nm.

This SPR peak is of very importance and interest in
potential biosensor applications and biosensing. In our mea-
surements, the samples of a lot of attention were specially
paid, which are the samples collected at 1, 2, 5, 10, 15, and
20min. The maximum intensity of SPR-phenomenon band
was confirmed in the sample collected at 10min at 530 nm.
However, the samples collected at 15 and 20min show signif-
icant changes of the SPR bands. The SPR band at 530 nm was
enlarged in the much wider ranges of 450–1000 nm with the
continuous shift. This is a new phenomenon in our research
discoveries of SPR. However, the fixed position of SPR band
at 530 nm was unchanged according to a high stability of
SPR. We have suggested that surface plasmon resonance of
the as-prepared Au nanoparticles was enhanced in the wider
range of 450–1000 nm according to the wavelength range of
biological tissues in spite of the SPR band of the narrow range
of 450–600 nm with the strong SPR band at 530 nm of the
samples collected at 10 and 15min. The behaviour of the SPR
was significantly changed in the samples collected at 15 and
20min. After that, the intensity of SPR was reduced but the
larger SPR bands of the sample collected at 20 nm. This is
an interestingly new observation of our research. It means
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Figure 3: (a)–(d) SEM images of Au nanoparticles synthesized by polyol method with the use of HAuCl
4
(Precursor) and PVP (Capping

agent) in respective to self-assembly of the pure as-prepared Au nanoparticles.

that the addition of SPR at around 682 nm was very strong
to synthesis time of 15min. Here, the additional SPR band
did not appear in a period of 10min but the strong SPR band
was formed at 15min during synthesis.The SPR band became
stable in the range of 25–50minwith theweaker intensity. It is
known that the precious nanoparticles have their own certain
interaction with light when it is excited by the light source,
which leads to the SPR band. It is known that SPR is the
consequence of collective oscillations of conduction electrons
of the as-prepared nanoparticles. So far, the SPR band has
firmly found only in terms of the visible frequency regions for
threemetals including gold (Au), silver (Ag), and copper (Cu)
[1, 8]. So far,Mie theory has used to study the characterization
of precious metal nanoparticle in their optical properties [1,
3], especially in the phenomenon of SPR of Au nanoparticles.
Mie theory is used as the good estimations of the SPR
bands observed in the experimental UV-Vis spectra of the Au
nanoparticles in the aqueous solutions or solvents according
to their specific color.

When we have carried out the complete removal of PVP,
Au nanoparticles were homogeneously dispersed in ethanol
by using ultrasonication method. The SPR phenomenon
was clearly observed in Figures 1 and 2 but the weaker

intensity comparable to the case of the PVP protected Au
nanoparticles. Therefore, this is a very exciting evidence to
the observed SPR effect.

The results of UV-Vis spectra of the as-prepared Au
nanoparticles are in agreement with those of EDS analysis.
In the case of the prepared Au nanoparticles, the Au element
appeared with very strong peak at 2000 keV. Thus, both UV-
Vis spectra and EDS analysis of the as-prepared Au nanopar-
ticles present the evidence of the existence and formation of
the Au nanoparticles by our simple polyol method.

3.2. Self-Assembly of the As-Prepared Au Nanoparticles. In
our measurements, the Au nanoparticles show the size in the
range of around 100–250 nm with spherical or spherical-like
morphology and shape as well as polyhedral or polyhedral-
like morphology and shape in Figure 3. They are homoge-
neous in size, shape, and morphology. Accordingly, Figure 4
shows the EDS spectrum of the evidence of the formation
of the as-prepared Au nanoparticles according to their very
exciting surface self-attachment and self-assembly. In our
research, the self-assembly was discovered on the surface of
the very thin layer of the preparedAu nanoparticles.The hard
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Figure 4: (a) EDS spectrum of the as-prepared Au nanoparticles. (b) Self-assembly of the pure as-prepared Au nanoparticles.

evidence of the self-assembly of Au nanoparticles on the
flat Cu substrate for some hours were clearly observed in
Figures 3 and 4(b). There are the different local areas on the
substrate that were formed in the evaporation of the ethanol
containing the prepared Au nanoparticles with the specific
nanostructures. We can see that there are the local areas that
are very similar to the interesting holes with the depth of
hundred nanometers where the solvents are mainly stored
during the ethanol evaporation. Then, the circle holes with
their diameter in the ranges of around 1000 nm in size were
formed in the certain forms as the exciting holes through
nanoparticle self-assembly.The as-preparedAunanoparticles
were rearranged in order to build the holes during evapora-
tion. In fact, the self-assembly of engineered nanoparticles
is to create new nanotextures or nanoblocks with the use
of some common polymers or linkers for the organic-metal
connections among them. Therefore, they are not usually
stable due to the simple and fast collapses of the assembled
nanoblocks containing the prepared nanoparticles.

In general, colloids, colloidal clusters, and colloidal
“molecules” can have the ability to bind directionally for the
self-assembly [11]. In our present results, the as-prepared Au
nanoparticles can clearly connect together via both short-
range and long-range interactions in Figure 3. It should be
stressed again that this process is the random and direct
assembly of nanoparticles. The dense self-aggregation and
dense self-assembly of the Au nanoparticles of around 100–
250 nm with homogeneous size, shape, and morphology into
a large array of the specific organized structures on the flat Cu
substrates were performed only at room temperature during
the slow evaporation process of ethanol solvent without the
use of any polymers, block copolymer or surfactants, and so
forth as well as without any surface modifications of these Au
nanoparticles. In addition, the homogeneity of a nanosystem
of Au nanoparticles is highly ordered. We suggested that
surface attachment and self-assembly were well driven by
thermodynamic processes of ethanol evaporation of a mix-
ture of ethanol and the pure Au nanoparticles. These can
lead to the mechanism of self-assembly of the prepared Au

nanoparticles via their self-attachment (. . . particle-contact-
particle-contact . . . particle) on the flat Cu substrate in
Figure 3. Our present results can possibly lead to a general
method of making self-assembly of the large 1D, 2D, and 3D
organizations. In addition, we did not observe the Cu element
(Figure 4) because the thin layer of the pure Au nanoparticles
fully covered the surface area of the Cu substrate.

4. Conclusion

In this research, the interesting surface self-attachment
and self-assembly of the as-prepared Au nanoparticles was
observed during evaporation of the mixture of ethanol
and Au nanoparticles without the use of any additives
and polymers as well as biomolecule linkers. These showed
that the specific collective interactions of the nanoparticles
with liquid and evaporation of liquid can be controlled by
the self-assembly of the arrangements of Au nanoparticles.
The absorption spectra of the solutions of ethanol and the
as-prepared Au nanoparticles show the strong SPR phe-
nomenon. The SPR bands of the prepared Au nanoparticles
become very stable with the as-prepared Au nanoparticles
with synthesis timemore than 20min. However, their weaker
intensity of SPR was observed.
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We proposed fabricating an aluminum microneedle array with a nanochannel structure on the surface by combining
micromachining, electrolyte polishing, and anodization methods. The microneedle array provides a three-dimensional (3D)
structure that possesses several hundred times more surface area than a traditional nanochannel template. Therefore, the
microneedle array can potentially be used in many technology applications.This 3Dmicroneedle array device can not only be used
for painless injection or extraction, but also for storage, highly sensitive detection, drug delivery, and microelectrodes. From the
calculation we made, the microneedle array not only increases surface area, but also enlarges the capacity of the device. Therefore,
the microneedle array can further be used on many detecting, storing, or drug delivering applications.

1. Introduction

Puncturing the human skin with a needle or a patch is
the most common invasive medical procedure to deliver or
extract fluids from the human body. During the past few
years, developing painless needles or patches to replace the
traditional hypodermic needles has been investigated [1–3].
Themosquito’s proboscis should be a goodmodel for painless
insertion. Up to 1.5mm penetration depth can be painless
[4]. The type of drug release needle offers the advantages
of convenience inset in the skin, high surface area for drug
absorption, easy to control the period of drug release by
temperature, and high resolution and quick of detection
when the needle with indicator absorption. Because of a fast
switching time and high quantity of the drugs, this needle
could be used for emergency therapy, which requires acute
and on-demand drug delivery [5–7].

Silicon has been processed to make microneedles and
microneedle arrays by conducting micromachining or pho-
tolithography technology. This microneedle array, with a
needle length of 0.15mm, diameter of 80 um at the base and
a tip radius of 1 um, can be a painless device for injection

or extraction [8]. However, crystal silicon anisotropy limits
the sharpness of the microneedle, and micromachining of
silicon is costly and complex. Thus, we propose aluminum as
an alternative material for fabricating microneedles or arrays
of microneedles. The micromachining technique is able to
construct a high-density micropillar array on aluminum. In
addition, we fabricated a very sharp AAO needle with 1 um
diameter by electrolyte polishing in previous work [9]. A
nanochannel structure of anodic aluminum oxide that has
controllable pore sizes from 10 nm to 500 nm, pore density
from 107 to 1010pore ⋅ cm2, and tube length from 0.1𝜇m to
30 𝜇m [10–13].

Aluminum anodization is probably the most controllable
self-assembly processes at lower cost. The anodized alu-
minum oxide (AAO) possesses unique features, such as high
aspect ratio, uniform pore size, high surface area, and high
structural ordering degrees.TheAAO template has been used
for one-dimensional organic nanostructures, nanowires, and
solar cell applications [14–16]. Unlike microstructures made
of glass, metal, silicon which may fracture, or polymeric
which may bend the toughness aluminum/anodic aluminum
oxide (Al/AAO) microneedle array do not break or bend
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under extreme force. Therefore, a more dense and sub-
micron needle array can be achieved. A large surface area
and dense needle array of nanotube film which can also carry
more drug capacity. In this research, we have developed a
novel electrochemical processes investigation and fabrication
a tiny needle array and nanotube film under ambient condi-
tions, thereby enabling low-cost and mass production of the
needle array.

2. Experimental Procedures

The aluminum micropillar array was fabricated by micro-
machining process using diamond blade on an aluminum
piece (99.99% purity) with 10mm thickness. There were
20 cuts in each direction (𝑥 and 𝑦), and the distance
between two pillars were 500 um and the depth was 5mm.
The sharpening process was conducted by electrochemical
polishing. The aluminum pillar array was electropolished
at 15 V, in a bath of 15 vol.% perchloric acid (HClO

4
),

70 vol.% ethanol (C
2
H
5
OH), and 15 vol.% butyl cellosolve

(CH
3
(CH
2
)
3
OCH
2
CH
2
OH) solution at 20∘C for 5min.Then

the alumninum needle array was anodized at 80V using a
platinum plate as the counter electrode in 1 vol.% phosphoric
acid (H

3
PO
4
) electrolyte at 2∘C for 30 minutes, or at 40V

in 3wt.% oxalic acid (C
2
H
2
O
4
) electrolyte at 20∘C for 30

minutes. After anodization, a 3Dmicroneedle array structure
with large AAO surface area can be formed. Figure 3 shows
the scheme of the aluminum needle array. The topography
of the AAO-coated needle array was observed using an FEI
QUANTA 600 field emission scanning electron microscope.

3. Results and Discussion

Anodic aluminum oxide, also known as Al
2
O
3
or AAO, is a

ceramic with a highmelting point and great hardness. AAO is
also an environmentally friendly and biologically compatible
material used in medical and biotechnology applications.
Figure 1 shows a schematic diagram of the AAO template on
an aluminum substrate; (a) AAO structure with aluminum
substrate and barrier layer, (b) AAO side view with straight
channels, and (c) ordering nanopores arrange on the AAO
film. The pore diameter and pore density can be controlled
by applied voltage, and the film thickness can be controlled
by anodization time. Figure 1(b), a side view of the AAO
structure, shows an open pore on the top, a closed end or
barrier layer on the bottom, and an aluminum substrate
under the AAO film.

The AAO surface area can be calculated based on struc-
tural parameters such as thickness (𝐷), pore size (2𝑟), pore
density (𝜌), and sample size (unit area). The AAO surface
area (2𝜋𝑟𝜌𝐷) increases with film thickness. If AAO pores
are ordering closed packaging arrange the AAO with pore
diameters of 15 nm, 60 nm, and 500 nm, the pore density can
be computed as 2.6 × 1011, 1.5 × 1010, and 1.5 × 108 pore/cm2.
Figure 2 showed the AAO surface area and SEM images,
(a) evaluated curves of AAO surface area based on a 1 cm2
substrate, (b) AAOwith 15 nm pore size, (c) AAOwith 60 nm
pore size, and (d) AAO with 500 nm pore size. For example,

AAO

Al

Barrier layer

𝑑

𝐻 𝐷

𝐿

(a)

Al

Barrier layer

Nanochannel

(b)

(c)

Figure 1: The schematic diagram of (a) AAO structure with
aluminum substrate and barrier layer, (b) AAO side view with
straight channels, and (c) ordering nanopores arrangement on the
AAO film.

when AAO thickness is 20𝜇m, the pore surface areas are
2150 cm2, 537 cm2, and 64 cm2 for diameters of 15 nm, 60 nm,
and 500 nm, respectively.

When the aluminum column was electropolished, the
column end surface has greater electrical field than the side
surface of column.Therefore, the column end can be polished
to a tip. Figure 3 showed the schematic diagram of aluminum
needle formation. Figure 3(a) showed aluminum column
formation by mechanical cutting. The number of columns
and dimension were controlled by the diamond blade. For
example, in this research, there were 400 aluminum columns
formed by 20 cuts in each direction (𝑥 and𝑦) and the distance
between two pillars was 500 um and the depth was 5mm.
Based on electrical field characteristic that the column tip
has a larger current density compared to the column side
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Figure 2: The AAO surface area and SEM images; (a) evaluated curves of AAO surface area based on a 1 cm2 substrate, (b) AAO with 15 nm
pore size, (c) AAO with 60 nm pore size, and (d) AAO with 500 nm pore size.
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Figure 3:The schematic diagram of aluminum needle formation; (a) aluminum column formation by mechanical cutting, (b), (c) trapezoid-
shaped formation by a short time of electropolishing, (d) needle-shaped formation by a long time of electropolishing.

the tip size decreased with electropolishing time increased.
Figures 3(b) and 3(c) showed a trapezoid-shaped formation
by a short time of electropolishing, and Figure 3(d) showed a
needle-shaped formation by a long time of electropolishing.
The schematic diagrams of 3D aluminum array of (a) alu-
minum array columns formation by mechanical cutting, (b)

aluminum array needles formation by electroolishing were
showed in Figure 4. And, Figure 5 showed SEM images of (a)
aluminum array columns formation by mechanical cutting,
(b) aluminum array needles formation by electroolishing on
a 10mm thickness aluminum sheet. Figure 6 showed SEM
images of (a) aluminum needle with 3.2 𝜇m tip diameter after
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(a) (b)

Figure 4: The schematic diagrams of aluminum array, (a) aluminum array columns formation by mechanical cutting, (b) aluminum array
needles formation by electroolishing.

(a) (b)

Figure 5: The SEM images of aluminum array, (a) aluminum array columns formation by mechanical cutting, (b) aluminum array needles
formation by electroolishing.

60 sec electropolishing and (b) with 0.8 𝜇m tip diameter after
90 sec electropolishing.

There were some wider tips because aluminum is soft
and easy to break. Figure 7(a) showed the SEM image of the
microneedle covered by an AAO film. The surface area of
the microneedle array becamemuch larger after anodization.
Furthermore, anodizing the aluminum needles not only
increases the surface area, but also enhances the mechanical
strength. The ceramic property of the AAO tips also makes
the microneedle array harder and stronger for contact or
attachment with test samples. Figure 7(b) showed the SEM
image of the nanoporous structure on the microneedle array.
The pore diameter is about 60 nm, and the pore density is
1010/cm2.

The surface area of a single microneedle is 𝜋𝑅𝐿 (𝐿 is
the length of the microneedle, and 𝑅 is the pillar radius).
There were 400 microneedles surface area more than a 2D
AAO structure. For the microneedle with 5mm length and
0.3mm bottom diameter, the surface area of the microneedle
array can be calculated as 10 cm2 in a 1 cm × 1 cm sample.
Comparing this AAOmicroneedle array with 2D AAO plate,
the surface area increased 10 times. Therefore, the aluminum
microneedle array has 10 times more surface area for forming
AAO than an aluminum sheet.

The capacity of the painless microneedle array can be
calculated from the surface area of the painless microneedle
tip. According to Khumpuang et al. report [4], 1.5mm depth
and 100 um diameter can be painless. Thus, the aluminum
pillars can be sharpened by electropolishing to obtain 5mm
length and 300 um bottom diameter microneedles as men-
tioned above. The upper 1.5mm part of microneedle has
75 umdiameter, so the total surface area for 400microneedles
is 1.41 cm2. Then, the aluminum microneedle tip can be
anodized to form AAO nanoutubes with 5 um length, 60 nm
diameter, and 1010/cm2 pores density. Hence, the capacity (𝐶)
of the microneedle array can be calculated as 2 × 10−4 cm3 in
a 1 cm × 1 cm sample by 𝐶 = 𝐴 × 𝜌 × 𝜋 × 𝑟2 × 𝐷, where 𝐴
is the total surface area for the 400 microneedle tips, 𝜌 is the
pore density, 𝑟 is the pore size, and𝐷 is the thickness of AAO
nanochannel.

4. Conclusions

In this paper, we present a convenient and cheap method
to fabricate a large surface area 3D microneedle array by
micromachining, electrolyte polishing, and anodizing pro-
cesses. The microneedles are covered by an AAO film, which
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(a) (b)

Figure 6:The SEM images of aluminum needle tips; aluminum needle (a) with 3.2 𝜇m tip diameter after 60 sec electropolishing and (b) with
0.8 𝜇m tip diameter after 90 sec electropolishing.

(a) (b)

Figure 7: The SEM images of (a) nanopores formation on the aluminum needle by anodization and (b) pore sizes are less than 100 nm.

has a large surface area, so they can enlarge the surface
area and capacity and enhance the mechanical properties
as well. The aluminum microneedle array, which is able to
absorb with detecting indicators, can be used for chemical or
biological detection. It can also be applied to drug delivery or
storage applications because it can approach painless injec-
tion/extraction and high capacity. Furthermore, such needles
can also be used with thermal and hydrophilic-hydrophobic
sensitive film, for example, poly (N-isopropylacrylamide,
PNIPAM), to develop an accurate device for drug detection
and release. Our results clearly provide a concept that the
microneedle coveredwith nanopore films such asTiO

2
,WO
3
,

Ta
2
O
5
, or MoO

3
can also be formed by micromachining,

electropolishing, and anodization processes.
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