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Submicron ZnO raspberries as effective catalysts
for Fries rearrangement

Mohammed Ali, Hasimur Rahaman, Sudip Kumar Pal, Nikita Kar
and Sujit Kumar Ghosh*

o-Xylene-in-water emulsion droplets have been exploited as soft templates for the synthesis of

submicrometer-sized raspberry-like ZnO morphologies. The optical properties, structure and

morphology of the microstructures have been characterised by absorption and fluorescence

spectroscopy, Fourier transform infrared spectroscopy, scanning electron microscopy, transmission

electron microscopy, energy dispersive X-ray spectroscopy, X-ray diffraction and selected area electron

diffraction analysis. It has been found that the microstructures could act as an environmentally benign

and cost-effective alternative to conventional Lewis acid catalysts for the illustrious Fries rearrangement

of o-methylphenyl acetate to 3-methyl-4-hydroxyacetophenone, employed as the model reaction and

which has been probed by NMR spectroscopic studies.

1. Introduction

In recent years, self-assembly of nanoscale objects has pio-
neered a facile strategy to design micrometer-sized hollow
structures that have attracted increasing attention because of
their specic morphology, fascinating properties and wide
applications in physics, chemistry, biology and materials
science.1 Amongst the three different approaches currently
explored to effect ordering of nanoparticles by self-assembly
processes, liquid–liquid interfaces offer an important alterna-
tive scaffold for the organisation of nanoscale substances into
higher-order assemblies.2 Although catalysis is a mature eld, it
possesses a vital role in chemical-based industries, accounting
for about a quarter of the world's gross domestic product.3 The
eld of nanocatalysis has undergone an exponential growth
during the past decade.4 This is due to the fact that particles in
the nanometer size regime inherently provide a high surface-to-
volume ratio, making them attractive candidates for catalysis.5

The application of transitionmetal oxides in the nanometer size
regime in catalysis has become fascinating because they
manipulate the surface activity of the metal and hence, the
catalysis at the nanoscale, imperting activity and selectivity to
heterogeneous catalysis.6 The benet of using heterogeneous
catalysis is the facile recovery and recyclability of the catalyst
materials and thus, meet the modern requirements for green
catalysts.7 Amongst the transition metal oxides, zinc oxide
(ZnO) at the nanoscale dimension have attracted immense
interest due to its direct wide band gap (3.37 eV), high exciton
binding energy (60 meV) and the opportunity to vary its

properties by morphological tuneability provides new chemical
insights from an old material.8 In addition to these physico-
chemical properties, numerous environmental advantages,
such as, non-toxicity, corrosion resistance, recyclability and
easy disposal of the material have encouraged its application as
greener catalysts in a diverse range of catalytic and photo-
catalytic reactions.8 In the early 1900s, Fries and co-worker
reacted phenolic esters of acetic and chloroacetic acid with
aluminum chloride and isolated a mixture of o- and p-acetyl-
and chloroacetyl phenols and in general, the conversion of
phenolic esters to the corresponding o- and/or p-substituted
phenolic ketones and aldehydes, in the presence of Lewis or
Brønsted acids has been recognized as the Fries rearrange-
ment.9 Different types of Fries rearrangement have been
reported so far in the literature using varieties of catalyst
materials. For example, Paul and colleague10 has shown that
zinc powder efficiently catalyzes the selective Fries rearrange-
ment of acetylated phenols under microwave heating or with
conventional heating in the presence of N,N-dimethylforma-
mide and in some cases, it was seen that different products were
obtained using microwave heating and conventional heating.
Krishnamurthy and co-authors11 reported a convenient way to
carry out the Fries rearrangement of phenolic esters to
hydroxyphenyl ketones by reuxing in nitrobenzene in the
presence of Naon-H, a solid superacidic resin sulfonic acid
catalyst. Belokon and group12 reported TiCl4-catalysed Fries
rearrangement via regioselective acylation of p-hydroxy [2.2]
para-cyclophane to o-acylhydroxy [2.2] para-cyclophanes.
Dupont and colleagues13 have optimized the Fries rearrange-
ment withmethanesulfonic acid to give p-hydroxyacetophenone
with high conversion and selectivity. However, the Fries rear-
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acylation provides an important route for the synthesis of
aromatic hydroxyl aryl ketones which are important interme-
diates for several pharmaceuticals, such as, paracetamol, sal-
butamol etc. However, the use of aluminium chloride can lead
to violations of several principles of green chemistry through
the release of hazardous substances in the environment. While
the present state-of-the-art literature reveals that ZnO at the
bulk or at the nanoscale has been employed as greener catalysts
in Friedel–Cras acylation, Knoevenagel condensation, Bigi-
nelli reaction, Hantzsch condensation, phospha-Michael addi-
tion, Beckmann rearrangement and so on14 and Fries
rearrangement has been carried out using a wide variety of
heterogeneous media or catalysts viz., scandium tri-
uoromethanesulfonate,15 sulfated zirconia,16 zeolite,17 electron
beam irradiation within a cyclodextrin inclusion complex,18

microwave irradiation,19 ionic liquids,20 etc.; with the advance-
ment of nanotechnology, therefore, it seems quite appealing to
design the landscape of a greener chemical approach for the
Fries rearrangement. In this article, we have reported a so-
templated strategy for the synthesis of microstructured zinc
oxide assemblies and exploited the particles as viable alterna-
tives to conventional Lewis acid catalysts in the Fries rear-
rangement of o-methylphenyl acetate to 3-methyl-4-
hydroxyacetophenone employed as the model reaction.

2. Experimental
2.1. Reagents and instruments

All the reagents used were of analytical reagent grade. Zinc
acetate dihydrate [Zn(OOCCH3)2$2H2O] (Sigma-Aldrich), potas-
sium hydroxide (S. D. Fine Chemicals, India), hydrochloric acid
(Qualigens' Fine Chemicals, India) were used as received.
o-Xylene (Sisco Research Laboratories, India) and were used
without further purication. Double distilled water was used
throughout the course of the investigation. The temperature
was 298 � 1 K for all experiments.

Absorption spectrum was recorded in a Lambda-750 digital
UV-vis NIR spectrophotometer (PerkinElmer, England) using
the solid sample accessories. Fluorescence spectrum was
measured with a PerkinElmer LS-45 spectrouorimeter
equipped with a pulsed xenon lamp and a photomultiplier
tube with R-928 spectral response. The spectrouorimeter was
linked to a personal computer and utilized the FL WinLab
soware package for data collection and processing. Scanning
electron microscopic (SEM) images were recorded by using a
JEOL (JSM-6360) Zeiss 1530 Gemini instrument equipped with
a eld emission cathode with a lateral resolution of approxi-
mately 3 nm and acceleration voltage 3 kV aer sputtering the
sample on a silicon wafer (approx. 6 nm). Energy dispersive
X-ray (EDX) analysis was performed on a LEO 1530 eld
emission scanning electron microscope using an X-ray
detector. Transmission electron microscopy (TEM) and
selected area electron diffraction (SAED) was carried out on a
JEOL JEM 2100 (JEOL, Japan) microscope operated at 200 kV.
An epoxy resin (EpoFix kit, Struers) was used to prepare
specimens for cross-sectional microtomed TEM imaging.
Ultrathin sections, 50–70 nm in thickness, of the

microstructures were cut with an Ultracut E Reichert-Jung
microtome prepared at room temperature using a diamond
knife (Drukker) and dropped on a silicon wafer by using a
loop. Fourier transform infrared (FTIR) spectra were recorded
in the form of pressed KBr pellets in the range of 400–4000
cm�1 on a Shimadzu-FTIR Prestige-21 spectrophotometer. The
powder X-ray diffraction patterns were obtained using a D8
ADVANCE BROKERaxs X-ray Diffractometer with CuKa radia-
tion (l ¼ 1.4506 �A); data were collected at a scan rate of 0.5�

min�1 in the range of 10–80�. The NMR spectra were recorded
in BRUKER AVANCE II 400 FT-NMR spectrometer.

2.2. Synthesis of zinc oxide microstructures

Zinc oxide microstructures have been synthesized in a one pot
reaction by hydrolysis of zinc acetate dihydrate as precursor
using water and o-xylene as the solvent media. An amount of
0.057 g of zinc acetate dihydrate was dissolved in water/o-xylene
mixture (9 : 1 v/v) in a double-necked round bottom ask by
reuxing the mixture in a water bath at 45 �C for 45 min. Aer
dissolving the precursor zinc acetate, potassium hydroxide
solution (0.5 g KOH dissolved in 13.5 mL of water) was added to
the reaction mixture. The reaction mixture was, then, kept on
reuxing for another 15 min; aer that, the temperature was
increased to 60 �C and the reuxing was continued for another
1 h. Reuxing of the reaction mixture at higher temperature
facilitates to achieve smaller size and monodispersity of the
constituent ZnO particles in the microstructures. Then, the
water bath was removed and the mixture was allowed to stir for
12 h at room temperature. The zinc oxide particles so obtained
were retrieved by centrifugation at 10 000 rpm for 5 min and
stored in the dark for 3 days before using as catalysts in the
corresponding organic reaction.

2.3. Synthesis of the o-methylphenyl acetate

Synthesis of o-methylphenyl acetate has been carried out by
following the procedure described in Vogel's text book.21 An
aliquot of 5 mmol of o-cresol was taken in a 50 mL double-
necked round bottom ask, dissolved in 25 mL dichloro-
methane and the reaction mixture stirred for 15 min followed
by the addition of 7.5 mmol of triethylamine. Then, acetic
anhydride (10 mmol) was added dropwise and the reaction
mixture was stirred for 12 h at room temperature. The
completion of the reaction was monitored by thin layer chro-
matographic technique. Aer completion of the reaction, the
post reaction mixture was ltered through a sintered funnel
and the residue was washed with ethyl acetate (2 � 5 mL). The
combined ethyl acetate was transferred to a separating funnel,
washed with water (3 � 10 mL) and dried using activated
MgSO4. The solvent was removed in a rotary evaporator at
room temperature under reduced pressure. The crude product
was puried by column chromatography over silica gel
(60–120 mesh) using ethyl acetate–petroleum ether as eluent
to afford the desired ketone. A schematic presentation of the
synthesis of o-methylphenyl acetate has been illustrated in
Scheme 1.
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3. Results and discussion

The ZnO microstructures have been synthesised in an one-pot
reaction by alkaline hydrolysis of zinc acetate dihydrate
employing o-xylene-in-water emulsion droplets as the so
templates. Fig. 1 shows the absorption and photoluminescence
spectra of the ZnO raspberries in the solid state. The absorption
spectrum of the as-prepared particles shows twomaxima, one at
254 nm (4.88 eV) and the other at 294 nm (4.22 eV) that arise due
to the excitonic transitions between the trapped energy states
situated within the connement region.22 The optical band edge
(band gap 4.4 eV) bears the characteristic electronic transition
energy taking place to promote the electrons to the energy states
in the conduction band from the valence band, including,
excitonic effects. The uorescence spectrum (lex � 254 nm) of
ZnO microstructures shows an UV emission band at 372 nm
(3.33 eV) that arises due to the radiative recombination of a hole
in the valence band and an electron in the conduction band
(excitonic emission) and a broad emission in the visible that
could be attributed to the presence of multiple surface defects
in the microstructures.23 Therefore, it seems that the formation
of microstructures controls the various aspects of the recom-
bination process and favours the radiative transitions from the
oxygen vacancies/trap levels in the band gap to give a broad
visible luminescence for the assemblies.

The morphology, composition and crystallinity of the as-
prepared ZnO assemblies synthesised at the droplet interface
are described in Fig. 2. Low resolution scanning electron

micrograph (panel a) shows ZnO nanobuilding units are self-
assembled into nearly spherical submicrometer-sized aggre-
gates resulting in raspberries-like appearance with average
diameter ca. 0.7 mm. Careful inspection (panel b) recognises
that the assemblies possess well-dened hollow structures and
there is, typically, one hole on the surface of each microsphere
that appears due to adequate stabilisation of the nanoparticles
at interfaces with a high degree of organizational selectivity.24

Inset shows the photograph of raspberries showing the
morphological resemblance with the particles. At higher reso-
lution (panel c), self-assembly of the nanobuilding units on the
interface as constructional base and roughened surface of the
assemblies are apparent. The microtommed transmission
electron micrograph of the cross-section (panel d) of the
assemblies exhibit hollow interior of the microstructures
bearing spherical cavity, with the thickness of the shell ranging
from 40 to 100 nm. The corresponding selected area electron
diffraction pattern (panel e) of the as-prepared raspberries
reveals the appearance of polycrystalline-like diffraction, which
is consistent with reections (100), (002), (101), (102) and (110),
corresponding to the hexagonal wurtzite phase of ZnO particles,
indicating that the microstructure is an ordered assembly of
small nanocrystal sub-units without crystallographic orienta-
tion.25 The EDX spectrum (panel f) of the hollow microstruc-
tures indicates the presence of Zn elements in the composites.
The signals of C, O and Si elements come from the as-prepared
ZnO, acetate counterions adsorbed onto the particle surface and
the silicon wafer employed for the SEM measurement.

The crystallinity and phase of the as-synthesised ZnO
microstructures is shown in Fig. 3. The strong reections shown
in the pattern could be indexed to the pure hexagonal phase of
Zn with a space group of C4

6v and cell constants a¼ 3.25�A, and c
¼ 5.21 �A (JCPDS card no. 76-0704), which suggests that the
product comprises ZnO nanocrystals with the wurtzite
structure.26

Fig. 4 shows the FTIR spectrum of the as-prepared ZnO
assemblies formed at the interface of emulsion droplets. The
presence of a sharp peak at 458 cm�1 could be assigned to the
stretching vibration of Zn–O bonds in the composites.27 In

Scheme 1 Schematic presentation of the synthesis of o-methylphenyl
acetate.

Fig. 1 Absorption and fluorescence spectra of ZnOmicrostructures in
the solid state.

Fig. 2 (a–c) Representative scanning electron microscopic images
with increased magnification; (d) microtomed transmission electron
micrograph: (e) selected area electron diffraction pattern and
(f) energy dispersive X-ray spectrum of the ZnO microstructures.
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addition, a weak absorption at around 1267 cm�1 corresponds
to C–O stretching frequency of acetate counterions adsorbed
onto the metal oxide surface.28 The absence of any other
dominant peak indicates that the particles are merely naked
and emphasizes the aptability of the particles for catalytic
applications.

A plausible mechanism of the evolution of ZnO microstruc-
tures by alkaline hydrolysis of zinc acetate dihydrate in an
immiscible liquid pair could be enunciated as follows.

The formation of the assembly was not seen in water (boiling
point 100 �C) or o-xylene (boiling point 144.4 �C) alone; this
indicates oil-in-water emulsion droplets provide the restricted
environment at the liquid–liquid interface in harnessing into
raspberry-like assemblies.29 It is now well established in the
literature that a liquid–liquid interface is a non-homogeneous
region, having a thickness of the order of a few nanometers.2

The interface between two immiscible liquids, thus, offers an
important scaffold for the chemical manipulation and self-

assembly of the nanocrystals.30 During the evolution, the ZnO
clusters become, mainly, conned at the vicinity of the interface
of the emulsion droplets and subsequently, the evolution of
shell-like structure follows. When two ZnO building blocks
come together, the capillary forces between them strengthen
the agglomerate by van der Waals' forces. The monomers in the
inner part of the droplet would diffuse to the surface due to the
concentration gradient, resulting in hollow structures, and
simultaneously such nanostructures would aggregate and fuse
together to form nanometer- or micrometer-sized hollow
spheres.31 The resulting naked hollow spheres with accessibility
of both interior and exterior having roughened surface because
of their low effective density and high specic surface area
possess the potential for promising applications, especially, in
catalysis.

The as-prepared ZnO raspberries were employed as Lewis
acid catalysts for the Fries rearrangement of aryl ester to
p-hydroxyaryl ketone. The synthesis of the starting organic
compound has been described in the Experimental section. In
the catalytic reaction, 40 mg of the catalysts was dispersed with
3.5 mL of 0.1 mM o-methylphenyl acetate solution and the
mixture was hydrolysed at 55 �C for 5 h under stirring condition.
The completion of the reaction was tested by thin the catalytic
reaction, 40 mg of the catalysts was dispersed with 3.5 mL of
0.1 mM o-methylphenyl acetate solution and the mixture was
hydrolysed at 55 �C for 5 h under stirring condition. The
completion of the reaction was tested by thin layer chromato-
graphic technique and subsequently, worked up to achieve the
desired product. A schematic presentation of the catalytic
protocol has been described in Scheme 2.

Fig. 5 shows the 1H and 13C NMR spectra of the rearrange-
ment of the ester in the presence of the catalysts. 1H NMR
spectra (panel A) of the ester does not exhibit any characteristic
NMR peak around alcoholic region, whereas, a well dened
peak at d 3.481 is seen for the product that conrms the
formation of o-hydroxy ketone upon rearrangement.32 More-
over, in the 13C NMR spectra (panel B), the presence of a peak at
d 169 for esteric carbon for the reactant is not seen in the
product which further authenticates the rearrangement reac-
tion under the experimental condition. A detailed analysis of
the NMR spectra could be enunciated as follows:

3.1. o-Methylphenyl acetate
1H (300 Hz, CDCl3; Me4Si at 25 �C, ppm) d¼ 2.19 (s, 3H, H6), 2.28
(3H, H4), 3.481 (s, 1H, H1), 7.01 (1H, H2), 7.13 (1H, H5), 7.24 (1H,

Fig. 3 X-Ray diffractogram of the as-prepared ZnO raspberries.

Fig. 4 FTIR spectrum of ZnO raspberries formed at the water/o-
xylene interface.

Scheme 2 Catalytic protocol for Fries rearrangement in the presence
of ZnO raspberries as catalysts.
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H3); 13C NMR, d ¼ 16.16 (C1), 20.81 (C9), 121.91 (C4), 126.09 (C5),
126.97 (C6), 130.13 (C2), 131.16 (C7), 149.49 (C3), 169.28 (C8).

3.2. p-Hydroxyaryl ketones
1H (300 Hz, CDCl3; Me4Si at 25 �C, ppm) d ¼ 2.078 (s, 3H, H1),
2.196 (s, 3H, H6), 6.913 (m, 1H, H2), 7.047 (1H, H3), 7.127 (1H,
H4), 7.142 (s, 1H, H5); 13C NMR, d¼ 16.16 (C9), 20.81 (C6), 121.91
(C2), 126.09 (C3), 126.97 (C8), 130.13 (C7), 131.16 (C4), 149.49
(C1), 169.28 (C5).

The proposed methodology is capable of providing the
desired product in good yields (92–97%). At the end of the
reaction, p-hydroxyaryl ketones and ZnOmicrostructures remain
in the reaction mixture. In this reaction, submicrometer-sized
ZnO assemblies act as heterogeneous catalysts which are
inorganic materials. Therefore, the catalysts were separated
from the reaction mixture by centrifugation or natural sedi-
mentation at the end of the reaction and subsequent drying in
air. It is observed that the assemblies could be reused up to
seven cycles of operations without any apparent loss of activity
and the catalytic turnover frequency is ca. 24.14 per gm of the
catalysts. A histogram showing the yield of product for each
cycle is presented in Fig. 6. Therefore, it is evident that the as-
prepared ZnO raspberries could be projected as catalysts for
Fries rearrangement of phenolic esters to p-hydroxyphenyl
carbonyl compounds with industrially favourable turnover
frequency.

It is well-established in the literature that Fries rearrange-
ment is an organic reaction used to convert aryl ester to o- and/
or p-hydroxyaryl-ketones using a Lewis acid catalyst involving
the migration of an acyl group of phenolic ester to benzene
ring.33 In the present reaction, ZnO assemblies act as alternative
to conventional Lewis acid catalysts. Therefore, the mechanism
begins with coordination of the ester to the Lewis acid, followed
by a rearrangement which generates an electrophilic acylium

Fig. 5 (A) 1H and (B) 13C NMR spectra of o-methylphenyl acetate (a) before and (b) after Fries rearrangement in the presence of ZnO raspberries
as catalysts.

Fig. 6 Histogram showing the yield of product in different cycles of
the reusability of the catalysts.
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cation. The aromatic compound, then, attacks the alkyl cation,
selectively, at the para position, via an electrophilic aromatic
substitution. Deprotonation regenerates aromaticity and
Brønsted acid work-up regenerate the Lewis acid catalyst
provided with the p-hydroxyaryl ketonic product.34 A plausible
mechanism of the reaction in the presence of ZnO as catalysts is
depicted in Scheme 3.

4. Conclusion

In conclusion, the present methodology based on the formation
of o-xylene-in-water emulsion droplets could offer a viable
platform for the synthesis of submicrometer-sized ZnO assem-
blies. These hollow and template-free assemblies could be
envisaged as greener catalysts in Fries rearrangement for the
conversion of phenolic ester to p-hydroxyaryl carbonyl
compound with high turnover frequency. It is anticipated that
the strategy of preparing hollow ZnO assemblies could be
utilized as a landscape to the self-assembly of nanobuilding
units of other transition metal oxides at the uid interfaces to
explore the application of these light-weight materials in
nanotechnology.
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Fluid interface-mediated nanoparticle membrane
as an electrochemical sensor†

Mohammed Ali, Koushik Barman, Sk. Jasimuddin and Sujit Kumar Ghosh*

A poly(ethyleneglycol) (PEG-13)-stabilised magnetic Fe3O4 nano-

particle decorated ultra-thin membrane has been devised at the

water/chloroform interface by ligand cross-linking between pendant

hydroxyl groups of PEG with terephthaloyl chloride. This robust

nanoparticle-decorated membrane has been employed as an elec-

trochemical sensor for the detection of L-Dopa up to nanomolar

concentration.

1. Introduction

The fabrication of membranes via self-assembly of nanoscale
materials is of interest for delivery vessels, size-selective sepa-
ration and purication, controlled-release materials, sensors
and catalysts, scaffolds for tissue engineering, low dielectric
constant materials for microelectronic devices, antireective
coatings and proton exchange membranes for polymer elec-
trolyte membrane fuel cells etc.1–4 Recently, nanocrystalline iron
oxides, composites and related materials have received special
attention due to their viability as a platform for electrochemical,
magnetic, and chemical biosensors.5,6 While many kinds of
nanoparticles, such as, metal, metal oxide and semiconductor
nanoparticles have been used for constructing electrochemical
sensors and biosensors, these nanoparticles play different roles
in different sensing systems.7 Since, the electrochemical
detection is based on the current changes by modifying the
electrode surface covered with a thin layer of particles due to the
presence of chemical components of the reacting system,
therefore, it has to make sure that, all the particles should be
well-connected to each other so that the impulse could be
transmitted throughout. Based on these conceptives, a robust
and ultrathin membrane made up of nanoparticles could be an

effective choice for electrochemical sensing applications rather
than, simply, attaching a layer of particles on the electrode
surface. Such membrane-based electrochemical sensor is not
only effective but also more sensitive than the conventional
particle-based sensors,8 while the fabrication of such
membrane and draping it onto the electrode surface remain
challenging.

L-Dopa is the immediate precursor of the neurotransmitter
dopamine, that plays a very crucial role in the functioning of the
central nervous, cardiovascular, renal, and hormonal systems,
as well as in drug addiction and Parkinson's disease.9 Thus, it
becomes imperative for neuro and analytical scientists to nd
out a means to detect the presence of L-Dopa in human body up
to trace amount.10 Several techniques for the detection of L-
Dopa have been described in the literature, including, ow
injection method,11 uorescence spectroscopy,12 cyclic voltam-
metry13,14 and so on. While different types of membranes e.g.,
Naon membranes,15 enzyme collagen membranes,16 bilayer
lipid membranes,17 gallium arsenide electrodes functionalised
with supported membranes18 have, conventionally, been used
for electrochemical sensing and nanoparticle-decorated ultra-
thin membrane have been employed to study their permeability
and elasticity,19 nanoltration,20 triggered release from lipo-
somes,21 targeted transfection22 and so on; we have been inter-
ested to exploit nanoparticle-membrane as electrochemical
sensor. In this communication, we have reported the fabrica-
tion of Fe3O4 nanoparticle-decorated ultrathinmembrane at the
water/chloroform interface by terephthaloyl chloride and the
membrane has been employed for electrochemical detection of
L-Dopa up to nanomolar concentration.

2. Experimental
Reagents and instruments

All the reagents used were of analytical reagent grade. L-Dopa
and phosphoric acid (Sigma Aldrich), PEG-13 (Broad Pharm,
USA), anhydrous FeCl3 and ammonium ferrous sulphate
(Merck, India) were used without further purication.

Department of Chemistry, Assam University, Silchar-788011, India. E-mail: sujit.

kumar.ghosh@aus.ac.in

† Electronic supplementary information (ESI) available: Instrumentation and
experimental details, cyclic voltammetry and differential pulse voltammetry. See
DOI: 10.1039/c4ra12149j

Cite this: RSC Adv., 2014, 4, 61404

Received 10th October 2014
Accepted 7th November 2014

DOI: 10.1039/c4ra12149j

www.rsc.org/advances

61404 | RSC Adv., 2014, 4, 61404–61408 This journal is © The Royal Society of Chemistry 2014

RSC Advances

COMMUNICATION

http://crossmark.crossref.org/dialog/?doi=10.1039/c4ra12149j&domain=pdf&date_stamp=2014-11-14


Chloroform and ammonia (S. D Fine Chemicals, India) and
sodium perchlorate (Sisco Research Laboratories, India) were
used as received. An aliquot of 0.1 M phosphate buffer saline
(PBS) was prepared by mixing of equimolar solution of phos-
phoric acid and sodium perchlorate followed by dropwise
addition of sodium hydroxide. Double distilled water was used
throughout the course of the experiment. The temperature was
298 � 1 K for all experiments.

The membrane was observed by optical microscope
(Olympus BX 61) equipped with a high resolution DP70 digital
charge coupled device (CCD) camera and images were pro-
cessed using Aldus Photostyler 3.0 soware. Scanning electron
micrographs were recorded by using JEOL JSM-6360 instrument
equipped with a eld emission cathode with a lateral resolution
of approximately 3 nm and acceleration voltage 3 kV aer
sputtering the sample on silicon wafer with carbon (approx. 6
nm). Thin lms were prepared by drop-coating the membrane
from water/chloroform interface and transferred onto silicon
wafer with the help of a micropipette. Transmission electron
microscopy was carried out on a JEOL JEM-2100 microscope
with a magnication of 200 kV. Samples were prepared by
placing a drop of solution on a carbon coated copper grid and
dried overnight under vacuum. High-resolution transmission
electron micrographs and selected area electron diffraction
pattern were obtained using the same microscope. Fourier
transform infrared (FTIR) spectra were recorded in the form of
pressed KBr pallets in the range (400–4000 cm�1) in Shimadzu-
FTIR Prestige-21 spectrophotometer. Electrochemical
measurements were performed by a CHI-660C electrochemical
workstation. An Ag/AgCl electrode (in 3.0 M KCl) and a Pt wire
were used as reference and auxiliary electrodes, respectively.
Catalytic reactions were performed by the immobilized nano-
particles or nanocomposites over a 4-aminothiophenol mono-
layer modied gold working electrode where 0.1 M phosphate
buffer saline (pH� 7.5) was used as electrolyte and the scan rate
was 100 mV s�1.

Synthesis of Fe3O4 nanoparticles

Polyethylene glycol (PEG-13)-stabilised iron oxide nanoparticles
were synthesised by modication of the procedure reported by
Gillich et al.23 In a typical synthesis, 1.99 g (0.01 mol) (NH4)2-
Fe(SO4)2$6H2O and 5.41 g (0.02 mol) FeCl3$6H2O were dissolved
in 50 mL distilled water in a beaker so that the molar ratio of
Fe2+ : Fe2+ ¼ 1 : 2. In a separate beaker, an aqueous NH4OH
(30% v/v) solution (1.5 M) was prepared. Then, polyethylene
glycol (0.1 M) was added at a ratio of 1 : 10 to both the above
solutions to get precursor solutions I and II respectively. Aer
that, precursor solution II was added to solution I dropwise
under stirring condition at 40 �C; just aer mixing the solu-
tions, colour of the solution changes from light brown to black
indicating the formation of Fe3O4 nanoparticles. The stirring
was continued for another 45 min and the solution was cooled
to room temperature. The precipitate so-obtained was washed
thrice by centrifugation and redispersed in distilled water. The
particles are spherical or nearly spherical and the size of the
particles was found to be 5 � 0.5 nm.

Synthesis of membrane

Ultrathin membrane made up of PEG-coated Fe3O4 nano-
particles were synthesised at water/chloroform interface by
intermolecular polymerization between pendant –OH groups of
PEG anchored onto Fe3O4 nanoparticles surfaces with the help
of terephthaloyl chloride (TC), a well-known ligand cross-linker.
In a typical method, 2 mL of Fe3O4 hydrosol (0.25 mM) was
taken in a test tube and equal volume of chloroform containing
small amount of terephthaloyl chloride was mixed and shaken
vigorously. Aer about 2 min, the mixture was allowed to settle
and aer few moments, the formation of a membrane has been
observed at the interface.

3. Results and discussion

The structure and morphology of the membrane has been
characterised by optical microscopy, scanning electron
microscopy (SEM), transmission electron microscopy (TEM)
and high resolution transmission electron microscopic images
(HRTEM) as shown in Fig. 1. Panel a shows the optical micro-
scope image of the as-prepared membrane. The membrane so-
formed at the interface was collected by micropipette and kept
suspended in chloroform in the cavity of a glass slide. An
ultrathin membrane can, clearly, be observed; the ridges on the
membrane arises during the transfer of the membrane by
micropipette on the glass slide, which, in turn, support
robustness of the membrane.19 Typical SEM image of the
membrane (panel b) exhibit the formation of an intact and
robust membrane at water/chloroform interface.22 Panel c is the
representative transmission electron micrograph of the
membrane which shows compact and regular monolayer
arrangement of the nanoparticles in the membrane.24 The

Fig. 1 (a) Optical micrograph, (b) scanning electron micrograph, (c)
transmission electron micrograph and (d) high resolution transmission
electronmicrograph of the Fe3O4 nanoparticle-decoratedmembrane.
Inset in panel c shows the selected area electron diffraction pattern of
the membrane.
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selected area electron diffraction (SAED) pattern shown in the
inset exhibits ve distinct diffraction rings of (220), (311), (420),
(511) and (440) conrmed a typical magnetite crystalline
structure.25 Panel d is the high resolution TEM image of the
membrane which, further, conrms two dimensional ordering
of the Fe3O4 nanoparticles in the membrane.26

The ligand cross-linking between the chain-end hydroxyl
groups of PEG via terephthaloyl chloride has been monitored by
FTIR spectroscopy. Fig. 2 shows the overlaid FTIR spectra of
PEG-13 stabilised Fe3O4 nanoparticles (trace a) and
nanoparticle-decorated membrane formed aer cross-linking
(trace b). It is observed that, the peaks at ca. 3360 and 3420
cm�1 corresponding to –O–H stretching is disappeared indi-
cating successful cross-linking between hydroxyl groups of PEG
with the acyl chloride moiety of the terephthaloyl chloride
molecules.27

It is well-established in the literature that ultrasmall parti-
cles strongly segregate to the interface of immiscible uids,
driven by a reduction of interfacial energy.1–3 When such
interfacial assembly of nanoparticles takes place in a 2D inter-
face (a at surface), thin lms of nanoparticles could be
produced in situ at interfaces between immiscible uids. Such
membranous structure may be less stable, but when the nano-
particles used in these interfacial assemblies are decorated with
functional ligands, the assemblies can be stabilized and trans-
formed into robust materials by performing chemistry on the
functional groups contained within the ligand structure.1,3 In
this experiment, the PEG-13 stabilised Fe3O4 nanoparticle-
decorated membrane at the water/chloroform interface has
been stabilized by cross-linking the chain-end hydroxyl groups
of PEG with two acyl chloridemoieties of terephthaloyl chloride,
as represented in Scheme 1.

The magnetism of the membrane acquired, by virtue, of its
magnetic nanoparticles as building blocks, was investigated by
applying an external magnetic eld (Fig. 3). A homogenous
uniformmembrane with over a large area (�55.4 cm2) is seen in
the absence of the magnet (panel a). However, the membrane
becomes folded towards a bar magnet when it is placed nearby
and unfolded when the magnet bar is taken away. The
membrane folding and unfolding is observed even up to ten
cycles of operations pointing out the mechanical robustness of
the membrane through magnetic actuation of super para-
magnetic iron oxide nanoparticle membrane constituted of
cross-linked ultrasmall particles. Amstad et al.21 have demon-
strated triggered release from reversibility of oxide nanoparticle
containing membranes. Therefore, magneto-responsibility of
the liposomes could be exploited in the near future for the
development of efficient drug carriers that can deliver anti-
cancer agents specically into cancerous tissues exposed to a
magnetic eld.1,4

Now, the nanoparticle-decorated ultrathin membrane was
employed as an electrochemical sensor for the determination of
L-Dopa upto nanomolar concentration (Fig. 4). The modica-
tion of the gold electrode with the membrane and its electro-
chemical characterisation are described in ESI 1.† A study of
electrocatalytic oxidation of L-Dopa at different pH (ESI 2†)
indicates that the interaction between membrane-modied
gold electrode and L-Dopa is optimum at pH 7.0. Panel a

Fig. 2 FTIR spectra of PEG-stabilised Fe3O4 nanoparticles (a) before
and (b) after cross-linking.

Scheme 1 Schematic presentation of formation of nanoparticle-decorated membrane by cross-linking of chain end hydroxyl groups of PEG
with acyl chloride moiety of terephthaloyl chloride via ester linkage formation.
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shows the cyclic voltammogram of 1.0 mM L-Dopa in 0.1 M PBS
(pH � 7.0) on bare (black curve) and membrane-modied gold
electrode (red curve). The appearance of a pair of weak redox
peak was observed with a peak-to-peak separation, DEp ¼ 230
mV on the bare gold electrode. However, a well-dened irre-
versible redox wave (DEp ¼ 188 mV) was seen on the modied
electrode. It is noted that the anodic peak potential shis
negatively (26 mV) and the anodic peak current is higher (15 mA)
in comparison with the bare electrode, which suggests that the
membrane-modied gold electrode shows electrocatalytic
oxidation of L-Dopa (L-Dopa + 2H2O / Dopaquinone + 4H+ +
4e�). The transfer of four electrons for L-Dopa oxidation was
conrmed by comparing the current height with the
[Fe(CN)6]

3�/4� redox couple under similar measurement
conditions.28 The scan rate dependence of oxidation current of
L-Dopa is proportional to the square root of the scan rate indi-
cating that the oxidation is diffusion-controlled.29 Panel b
shows the cyclic voltammetric responses of the membrane-

modied electrode for L-Dopa at different scan rate. Inset
shows a plot of oxidation current with increase in concentration
of L-Dopa. It is seen that, the oxidation current of L-Dopa
increases, linearly, with increase in concentration in the range
of 1–4.5 mM. The concentration of L-Dopa could be determined
in the range 0.05–10 mM and the limit of detection (LOD, an
average of three determinations) was obtained as 9.5 nM using
equation 3s/m, where, s is the standard deviation of the
measurement andm is the slope of the calibration curve, Ip (mA)
¼ 0.122C (mM) + 6.608 and R2 ¼ 0.996. A comparative account of
the sensing capabilities for the determination of L-Dopa in the
presence of different materials and methods is presented in ESI
3.† Moreover, it is seen that nanoparticle-decorated membrane
is able to determine L-Dopa and ascorbic acid in binary mixtures
of the compounds, linearly, in an appreciable concentration
range (ESI 4†). Therefore, it could be inferred that, the
nanoparticle-decorated membrane could, even, be exploited as
an electrochemical sensor for simultaneous determination of L-
Dopa and ascorbic acid in a binary mixture of the compounds.

4. Conclusion

In summary, water/chloroform interface has been exploited as a
viable platform for the fabrication of Fe3O4 nanoparticle-
decorated robust, ultrathin membrane by cross-linking the
chain-end hydroxyl groups of PEG ligands attached onto
nanoparticle surface with the help of terephthaloyl chloride as
the ligand cross-linker. This nanoparticle-decorated ultrathin
membrane has been, successfully, employed for electro-
chemical detection of L-Dopa (and also L-Dopa and ascorbic acid
simultaneously) up to nanomolar level concentrations. The
membrane could be manipulated in the near future using
external magnetic eld, providing a convenient and gentle
means to utilise as efficient delivery vehicles for various thera-
peutic agents, particularly, in cancer therapy.

Fig. 3 Response of the nanoparticle-decorated ultrathin membrane
in the (a) absence and (b) presence of a bar magnet.

Fig. 4 (a) Cyclic voltammogram of 1.0 mM L-Dopa (at pH � 7.0) at bare (black curve), and membrane-modified gold electrode (red curve); and
(b) cyclic voltammetry of L-Dopa at different scan rate at membrane-modified gold electrode.
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Composite-Walled Magnetic Microcapsules at the Water−Toluene
Interface by Ligand Polymerization
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ABSTRACT: The liquid−liquid interface has been exploited as a platform for
devising gold and iron oxide nanoparticle (NP)-decorated composite microcapsules
(MCs) by cross-linking between −OH groups of poly(ethylene glycol) (PEG)
attached to the iron oxide (Fe3O4) nanoparticle surface and starch attached to the
gold (Au) nanoparticle surface in the presence of terephthaloyl chloride as a cross-
linker. These nanoparticle-decorated capsules form a shell of both types of
nanoparticles with water as the minor phase and toluene as the major phase. The
morphology of these capsules has been characterized by optical, transmission, and
scanning electron microscopy images, and the polymerization reaction has been
established by UV−vis and FTIR spectroscopic studies. The magnetic behavior of
the capsules has been illustrated by using an external magnetic field to tailor the
magnetic control of the capsules. The encapsulated phase was impregnated with
dye molecules of three different sizes, viz., fluorescein isothiocyanate and its dextran
conjugates, to investigate the permeability of the capsule wall by fluorescence spectroscopy. Interestingly, the microcapsules
exhibit size-selective permeability across the capsule wall that points to their plausible applications in controlled encapsulation
and release.

1. INTRODUCTION
The self-assembly of colloidal particles at fluid interfaces offers
a straightforward pathway for fabricating novel materials that
have attracted immense interest in academic, scientific, and
industrial fields due to their advanced technological applica-
tions, e.g., targeted delivery vehicles, tracking, diagnostics,
microreactors, filters, biomedical engineering, catalysis, and so
forth.1−3 About a century ago, Pickering discovered that
colloidal solid particles could be adsorbed onto the liquid−
liquid interface to stabilize emulsion droplets to minimize the
Helmholtz free energy.4,5 As a result, colloidal particles localize
at the interface, forming a shell made up of colloidal building
blocks (both organic and inorganic) leading to the fabrication
of microcapsules which makes it possible to achieve significant
control over the physical properties of nanodimensional
shells.6−8 The effectiveness in stabilizing the droplets depends
on parameters such as the particle size, interparticle
interactions, and particle wettability by both the aqueous and
oil phases.9 Due to the advancement of nanoscale synthesis
strategies,10 nanoparticles with diverse morphologies and
chemical composition could be exploited for the fabrication
of microcapsules with distinct functionalities. These hollow
microcapsules provide a means of encapsulation and open up
the possibility of harnessing controlled nanoparticle release in a
range of novel applications.11

Several approaches have been found in the literature to
fabricate stable capsules using magnetic iron oxide NPs based
on the interfacial assembly of nanometer-sized objects in three
dimensions. Duan and coworkers12 fabricated magnetic-nano-
particle-decorated capsules at the interfaces of water-in-toluene
droplets by gelating the water phase with agarose, and the

permeability of the capsules can be tailored through the
variation of the dimension of the colloidal particles. Koo and
colleagues13 reported the preparation of magnetic micro-
capsules, based on double emulsions comprising a chloroform
core and an iron oxide (γ-Fe2O3) nanoparticle-embedded
polymer shell, which are reversibly swellable upon repetitive
drying and hydration. Samanta and colleagues14 reported the
fabrication of magnetic colloidosomes by cross-linking alkyne-
and azide-functionalized Fe3O4 nanoparticles at a water−oil
interface using click chemistry under ambient conditions. Shi et
al.15 have reported the combination of a layer-by-layer self-
assembly method utilizing dendrimer chemistry to fabricate
targeted shell-cross-linked iron oxide NPs for in vivo magnetic
resonance imaging of tumors. Zhou et al.16 have synthesized
superparamagnetic Fe3O4 nanoparticles prepared by a classical
coprecipitation method to prepare magnetic Pickering
emulsions and investigated the effects of the particle
concentration, oil/water volume ratio, and oil polarity on the
type, stability, composition, and morphology of these functional
emulsions. Hu et al.17 synthesized iron oxide-containing
double-emulsion capsules that can release hydrophilic doxor-
ubicin and hydrophobic paclitaxel remotely triggered by a high-
frequency magnetic field and energy via internalized iron oxide
nanoparticles for magneto-chemotherapy/hyperthermia with
multiple drugs. Kong and colleagues18 have described hollow
capsules containing the desired anticancer drugs together with
magnetic nanoparticles, which can provide a powerful magnetic
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vector for penetration into a tumor and on-demand drug
release upon external radio frequency stimulus. Gorin and
colleagues19 have reported nanocomposite microcapsule shells
composed of iron oxide together with gold nanoparticles and
established the effect of a magnetic field on the microcapsule
concentration along with the sensitivity of the capsules to laser
irradiation. On the basis of these perspectives, it is interesting to
employ gold and iron oxide nanoparticles as the constituent
particles for the formation of microcapsules because the
interfacial communication between the nanoscale Au and
Fe3O4 results in a multimodal platform with magnetic−
plasmonic bifunctionality.20,21 Moreover, the magnetism of
Fe3O4 NPs is enhanced via interfacial interaction with Au NPs,
making the capsules more magnetic in nature.22 The unique
properties of both the iron oxide and gold result in a versatile
platform for use as MRI contrast agents and a nanoheater.23

Therefore, the capsule wall consisting of both Au and Fe3O4
contains both magnetically and optically active NPs, which
show high potential applications to drug delivery and
biomedical imaging.24−26

In this article, we have reported the fabrication of composite
microcapsules consisting of plasmonic gold and magnetic iron
oxide nanoparticles at a water−toluene interface by ligand
polymerization. The formation of the capsules has been
characterized by UV−vis specroscopy, Fourier transform
infrared (FTIR) spectroscopy, optical microscopy, transmission
electron microscopy (TEM), and scanning electron microscopy
(SEM) images. The response of the MCs in the presence of a
bar magnet indicates that the capsules can be manipulated using
an external magnetic field. To study the efficacy of these
assemblies, the permeability of the capsule wall has been
unraveled using dye molecules of three different sizes, and the
size-selective permeability of the capsule wall has been
demonstrated.

2. EXPERIMENTAL SECTION
2.1. Reagents and Instruments. All of the reagents used were of

analytical grade. Ferric chloride (FeCl3·6H2O), ammonium ferrous
sulfate ((NH4)2Fe(SO4)2·6H2O), starch, chloauric acid (HAuCl4·
3H2O), sodium borohydride (NaBH4), terephthaloyl chloride, and
fluorescein isothiocyanate (FITC) and its dextran conjugates (FITC-D
40S and FITC-D 2000S) were purchased from Sigma-Aldrich and
used as received. Polymer PEG-13 was obtained from BroadPharm
(San Diego, CA) and used without any further purification.
Ammonium hydroxide and toluene were purchased from S. D. Fine
Chemicals, India.
The UV−vis spectra for all samples were recorded in the solid state

on a Shimadzu UV-1601 digital spectrophotometer (Shimadzu, Japan).
Fluorescence spectra were recorded (λex ≈ 490 nm, slit width 5/5 nm)
with a PerkinElmer LS-45 spectrofluorometer (PerkinElmer, USA).
Transmission electron microscopy (TEM) was performed on carbon-
coated copper grids with a Zeiss CEM 902 operated at 80 kV. Samples
were prepared by placing a drop of solution on a carbon-coated copper
grid. Fourier transform infrared (FTIR) spectra were recorded in the
form of pressed KBr pellets in the range of 400−4000 cm−1 with a
Shimadzu-FTIR Prestige-21 spectrophotometer. The capsules were
observed with an Olympus BX 61 optical microscope (Olympus,
Japan) equipped with a high-resolution DP 70 digital charge-coupled
device (CCD) camera, and the images were processed using Aldus
Photostyler 3.0 software. Scanning electron micrographs were taken
with a JEOL JSM-6360 (JEOL, Japan) at an accelerating voltage of 20
kV.
2.2. Synthesis of Gold Nanoparticles. Starch-stabilized gold

nanoparticles were synthesized by modification of the procedure
reported by Huang and coworker.27 In a typical synthesis, 1.2 mL of an
aqueous solution of HAuCl4·3H2O (10 mmol dm−3) was added to 10

mL of a starch solution (4 mg/mL), and the mixture was held at 55 oC
for 2 h with constant stirring. The solution was then allowed to cool to
room temperature. The color of the solution became red, indicating
the formation of gold nanoparticles. The gold nanoparticles prepared
by this method were found to be stable for a couple of weeks without
any significant agglomeration or precipitation of the particles.

2.3. Synthesis of Fe3O4 Nanoparticles. Poly(ethylene glycol)-
stabilized (PEG with hydroxyl end groups have been used, named
PEG-13) iron oxide nanoparticles were synthesized by mixing a 1:2
molar ratio of Fe2+/Fe 3+ by following the method reported by Gillich
et al.28 In a typical synthesis, 1.99 g of (NH4)2Fe(SO4)2·6H2O and
5.41 g of FeCl3·6H2O were dissolved in 50 mL of distilled water in a
beaker. In a separate beaker, an aqueous NH4OH (30% w/w) solution
was prepared. After that, poly(ethylene glycol) (18.6 g) was added in a
ratio of M/L = 1:10 (9.3 g each) to both the above solutions to get
precursor solutions I and II, respectively. Then, precursor solution II
was added to solution I dropwise under stirring at 40 °C. Just after the
solutions were mixed, the color of the solution changed from light
brown to black, indicating the formation of Fe3O4 nanoparticles. The
stirring was continued for another 45 min. The precipitate so obtained
was washed three times by centrifugation and redispersed in distilled
water.

2.4. Synthesis of Au and Fe3O4 Nanoparticles-Decorated
Composite Microcapsules. Nanoparticle-decorated composite
microcapsules were prepared from starch-stabilized Au and PEG-
stabilized Fe3O4 nanoparticles at a liquid−liquid interface via ligand
cross-linking in the presence of terephthaloyl chloride (a well-known
ligand cross-linker). In a typical method, 300 μL of terephthaloyl
chloride (1.0 mmol dm−3) in toluene was taken in a 2 mL centrifuge
tube, and then 15 μL of an aqueous dispersion of each of Au (2.4
mmol dm−3) and Fe3O4 (3.0 mmol dm−3) nanoparticles was added.
The reaction mixture was occasionally sonicated and vigorously shaken
for 10 min. As a result, the dark toluene solution became colorless and
the nanoparticle-stabilized Pickering emulsion droplets so formed
settled at the bottom of the centrifuge tube. The droplets were washed
three times and finally dispersed in fresh toluene for subsequent
experiments.

3. RESULTS AND DISCUSSION

The absorption spectral features (all measured in the solid state
for comparison) of Au, Fe3O4, and composite capsules are
shown in Figure 1. The inset shows a digital photograph of the
colloidal dispersion of the corresponding nanoparticles and the
capsules. Gold nanoparticles exhibit an absorption spectrum

Figure 1. Absorption spectra (measured in the solid state) of Au NPs,
Fe3O4 NPs, and composite capsules. The inset shows a digital
photograph of the colloidal dispersion of the corresponding
nanoparticles and the capsules.
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with a maximum at ca. 550 nm corresponding to the
characteristic surface plasmon resonance of conduction
electrons of the particles.29 The broad absorption spectrum at
longer wavelength could be attributed to the electromagnetic
coupling effect among the gold nanoparticles in the solid
state.30 The electronic absorption spectrum of iron oxide
nanoparticles shows three well-defined regions: the first portion
below 500 nm, the second from 500 to 600 nm, and the third
one finishing at 800 nm. The first portion is assigned to the
allowed O2− → Fe2+ and O2− → Fe3+ charge-transfer

transitions, and the last two can be reasonably related to d−d
crystal-field transitions, 3Eg(G) ← 3T1g,

3A2g(F) ← 3T1g,
3A2g(G) ← 3T1g,

3T2g(H) ← 3T1g,
3T1g (H) ← 3T1g, and

3Eg(H) ←
3T1g, on octahedral Fe3+ species.31,32 The spectrum

of the capsules reveals the presence of both types of
nanoparticles. The salient feature of physical significance is
that the portion of the absorption band due to the charge-
transfer transition of Fe3O4 vanishes due to interaction with the
gold nanoparticles. This vanishing of the charge-transfer band is
presumably due to chemical bonding or electron transfer to the

Figure 2. FTIR spectra of (a) poly(ethylene glycol)-stabilized Fe3O4 NPs, (b) starch-stabilized Au NPs, and (c) composite capsules.

Scheme 1. Schematic Description of the Au and Fe3O4 Nanoparticle-Decorated Composite Microcapsules Formed by Ligand
Polymerization at the Water−Toluene Interface
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gold nanoparticles, as a result of the strong interaction between
the Au and Fe3O4 nanoparticles in the capsules.33

The cross-linking between the ligands attached to the
nanoparticle surface has been established by FTIR spectro-
scopic studies. Figure 2 shows the FTIR spectra of starch-
stabilized Au NPs, PEG-stabilized Fe3O4 NPs, and composite
capsules. Before polymerization, spectra of both starch and
PEG exhibit peaks at about 3450 and 3550 cm−1, respectively,
corresponding to their respective −OH groups. Since −OH
groups are residing in a hydrophobic pocket formed by the two
adjacent polymers, the peak is very weak compared to the C−H
peak.34 Upon reaction with terephthaloyl chloride, both peaks
are absent from the spectrum of the capsules, indicating
successful cross-linking between ligands attached to the surfaces
of both types of nanoparticles through the cross-linker,
resulting in the appearance of a new ester peak at ∼1720
cm−1. In other words, the disappearance of the two peaks and
the appearance of the characteristic ester C−O stretching peak
anticipates the formation of a polymerized network between
the attached ligands around the droplet. Scheme 1 shows a
schematic description of the organic−inorganic hybrid capsules
formed by ligand polymerization. In this experiment, two types
of nanoparticles have been cross-linked by joining the pendant
hydroxyl groups of starch and PEG (viz., PEG-13) anchored to
the gold and iron oxide nanoparticles, respectively; cross-
linking (via ester linkage) occurs with two acyl chloride
moieties of the terephthaloyl chloride molecule to form a rigid
and amphiphilic network at the oil−water interface and stabilize
the capsules. However, it is to be noted that after incorporating
effective ligand coverage, both types of nanoparticles become
dispersible in bulk liquid, i.e., the nanoparticles lose their
interfacial activity; therefore, the origin of the nanoparticle
surface activity is not essential to the creation of the capsules. It
is observed that PEG-stabilized nanoparticles are soluble in
both solvents. However, when these PEGylated particles react
with the acyl chloride moiety of terephthaloyl chloride
molecules for cross-linking, they become amphiphilic as the
terephthaloyl chloride molecules become a part of the network
which is insoluble in water.35 Therefore, the droplets of the
minor phase will get covered with ligand-stabilized nano-
particles that could also be cross-linked from the organic phase
by reaction of the pendant hydroxyl groups of the ligands with
terephthaloyl chloride.35,36

Figure 3 shows the optical microscope images of the
capsules, as-prepared and dried under the dark-field condition
of the microscope. The as-prepared capsules were transferred
with a micropipette to the cavity of a glass slide and dispersed
in toluene. The images of the as-prepared capsules (panel a)
show that the capsules are spherical or nearly spherical with no
observable fluctuations. The capsules exhibit relatively large

sizes with a size distribution of ca. 20−40 μm and are likely to
be hollow due to a clear outline of the sphere. The capsules do
not exhibit any tendency to aggregation until these are
dispersed in toluene as confirmed by optical microscopy.
Upon drying under atmospheric condition on the cavity of a
glass slide (panel b), the capsules shrink as a result of the
crumpling of the colloidal shells of the capsules upon drying,
indicating the robust nature of the capsule wall.37

Nanoparticles of Au- and Fe3O4-decorated composite
capsules were drop-cast and subsequently dried on a silicon
wafer for characterization by scanning electron microscopy.
Representative SEM images of the capsules are presented in
Figure 4. The SEM image (as-prepared capsules were drop-cast

and subsequently dried on the silicon wafer) (panel a)
illustrates the good spherical shape and the surface morphology
of the capsules on the silicon wafer. Upon drying (capsules
already dried under atmospheric condition were drop-cast on
the silicon wafer) (panel b), the thin-film morphology and the
membranous structure of the capsule shell are retained after
drying, indicating successful cross-linking between the particles.
At high magnification (as-prepared capsules were drop-cast and
subsequently dried on the silicon wafer) (panel c), a hollow
interior of the capsules is apparent, indicating that the
nanoparticles are assembled only at the surface of the emulsion
droplets. The hollow interior of the capsules can provide an
ideal microcontainer for encapsulation and can control the
diffusion of the active core ingredients across the capsule wall.38

Transmission electron micrographs of the individual gold
and iron oxide nanoparticles and the composite capsules (as-
prepared capsules were drop-cast and subsequently dried on
the carbon-coated copper grid) are presented in Figure 5. It is

observed that that the sizes of Au and Fe3O4 NPs are 10.0 ± 2.0
and 6.0 ± 0.7 nm, respectively. The image of the capsules
shows interdigitated Au and Fe3O4 NPs which identify that the
capsules are composed of shells of closely packed particles with
liquidlike ordering. The interstitial space in these nanoparticle-
based materials points to the possibility to provide ideal
channels to restrict the diffusion of encapsulates through the
capsule wall.

Figure 3. Optical microscope images of (a) as-prepared and (b) dried
capsules.

Figure 4. Scanning electron microscopy images of the (a) as-prepared
and (b) dried capsules and (c) capsules with hollow interiors.

Figure 5. Transmission electron micrographs of the (a) Au, (b) Fe3O4,
and (c) nanoparticle-decorated composite capsules.
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Figure 6 shows the magnetic behavior of the as-prepared
capsules in the presence of an external magnetic field. In the

absence of a magnetic field, capsules remain homogeneously
distributed at the bottom of the beaker. When a magnetic bar is
placed near the beaker, the attraction of the capsules in the
presence of the magnetic field suggests that the capsules are
magnetic in nature. Therefore, these systems can be
manipulated using external magnetic fields, providing a
convenient and gentle means of positioning the materials.
The magnetic nature of the capsules could be exploited with a
high application potential in materials science as well as in
biological sciences.36 The incorporation of gold nanoparticles
adds plasmonic properties to the capsules, which can be
exploited as a tool for drug delivery in living cells.39

Nanoparticles absorb energy from a laser beam in the
biologically friendly near-infrared region; the absorbed energy
causes local heating and results in the disruption of the shells of
the capsules and hence the release of the encapsulated
material.39

We have tried to elucidate the permeability of the composite
microcapsules by encapsulating water-soluble fluorescent dyes
of different molecular sizes (FITC and its two dextran
conjugates, viz., FITC-D 40S and FITC-D 2000S) and
subsequently allowing them to pass through the capsule wall.
The FITC dye was selected because it has wide-ranging
applications as an antibody and other probe labels for use in
fluorescence microscopy, flow cytometry, and immunofluor-
escence-based assays.40 Fluorescein isothiocyanate−dextran

conjugates have been examined as a fluorescent probe for
studying cell processes such as cell permeability, phagocytosis,
and endocytosis and for studying the mechanism of
biomolecular delivery.41 The dye solution was encapsulated in
the fluidic interior of the capsules by mixing an aqueous
solution of dyes (1.0 mmol dm−3) with the aqueous dispersion
of the mixture of nanoparticle while preparing the capsules. The
dye-impregnated capsules were washed three times with fresh
toluene and transferred into distilled water in a cuvette, and the
fluorescence was measured at different time intervals.
Figure 7 shows the molecular structure of FITC (panel a)

and its dextran conjugates (panel b) and a schematic
presentation of the release of the fluoroprobes from the dye-
loaded capsules (panel c). Time-dependent fluorescence
spectra (λex ≈ 490 nm) of the aqueous dispersion of the dye-
released capsules were measured. As the capsules are of
micrometer size, they remain at the bottom of the cuvette; the
incident radiation passes through the solution of the cuvette;
therefore, only the dye molecules coming out of the capsules
into the bulk aqueous phase would be detected to fluoresce, but
not those remaining inside the capsules. A plot of fluorescence
intensity at 560 nm as a function of time for three different dye
molecules is summarized in Figure 8. It is observed that in the

case of FITC, the fluorescence intensity gradually increases
with time, slowly increases for FITC-D 40S, and remains nearly

Figure 6. Digital camera photograph of the composite capsules in the
(a) absence and (b) presence of a magnetic bar.

Figure 7. (a, b) Molecular structure of fluorescein isothocyanate and its dextran conjugates, respectively, and (c) schematic presentation of dye
release upon transfer from toluene to aqueous solvent.

Figure 8. Plot of fluorescence intensity as a function of time during the
release of the dye across the capsule wall. Insets show the schematic
depiction of the release of the dye across the capsule wall.
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constant for FITC-D 2000S. It seems that the capsules,
however, release FITC and FITC-D 40S but retain FITC-D
2000S, with no dye release observed over a period of 1 h. The
hydrodynamic radii of FITC, FITC-D 40S, and FITC-D 2000S
are 0.54, 3.7, and 9.4 nm, respectively.42 From these
observations, it can be inferred that FITC molecules are
small enough to diffuse through the capsule shell due to the
concentration gradient, FITC-D 40S molecules are neither
small enough to pass easily through the capsule wall nor large
enough for total retention, but FITC-D 2000S molecules are
essentially not able to permeate the composite microcapsules as
depicted schematically in the insets of Figure 8. It is assumed
that the outside surface of the capsule is nonreactive with the
dye molecules after they have been released from the capsules.
Since the capsules were fabricated by performing interfacial
cross-linking of the associated ligand molecules around the
nanoparticles, their permeability is expected to be determined
by the size of the interstices across the capsule wall.43 The
optical microscope images of the capsules have been seen
before and after dye release, and it was observed that the
capsules were not broken, suggesting that leakage was through
diffusional loss of the dye molecules instead of capsule
rupture.44,45 Therefore, it could be concluded that the capsule
shell acts as a semipermeable membrane exhibiting size-
selectivity of the dye molecules during release across the
capsule wall. In this diffusion process of the dye molecules
through the nanoparticle-decorated capsules, it could be
anticipated that the formation of multilayers of the capsules
wall could significantly reduce the release rate.46 It could
therefore be suggested that at increased concentrations and low
particle sizes, the capsule shell should be more consistent with
the particles, thereby governing the slow release of the active
substances across the capsule wall.

4. CONCLUSIONS
A simple and facile strategy has been developed for the
synthesis of composite microcapsules with plasmonic and
magnetic nanoparticles as building blocks by ligand cross-
linking being effective at room temperature. These composite
microcapsules illustrate permeation control for size-specific dye
molecules across the capsule wall. Due to the presence of both
the plasmonic and magnetic nature of the constituent
nanoparticles, these capsules could be promising materials to
explore in cancer imaging and therapy. Finally, the fabrication
of nanoparticle capsules by this technique is general and could
be extended to other nanoparticulate systems.
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Knobel, M.; Rettori, C.; Zysler, R. D. Ag-Fe3O4 dimer colloidal
nanoparticles: synthesis and enhancement of magnetic properties. J.
Phys. Chem. C 2010, 114, 10148−10152.
(23) Skirtach, A. G.; Javier, A. M.; Kreft, O.; Köhler, K.; Alberola, A.
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the self-assembly of ZnO nanospheres to
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The water/n-heptane interface has been exploited as a viable and selective platform for the transformation

of quasi-spherical ZnO nanoparticles to nanorods, using an unconventional low precursor salt concentra-

tion under facile and benign reaction conditions. The transformation of nanospheres to nanorods has been

characterised by absorption, fluorescence and Fourier transform infrared spectroscopy, X-ray diffraction

and transmission electron microscopy. The mechanism of transformation to nanorods from the ultrasmall

ZnO particles in the restricted environment provided by the liquid–liquid interface has been elucidated.

1. Introduction

In recent years, the self-assembly of nanoscale objects has
paved the way towards a simple and general strategy to
organise nanoparticles into higher order architectures.1

Such processes require adequate stabilisation of the nano-
particles at interfaces with a high degree of organisational
selectivity.1,2 Amongst the three different approaches that
are currently exploited to effect ordering of nanoparticles
by the self-assembly processes, liquid–liquid interfaces
offer an important alternative scaffold for colloidal
crystallisation into higher ordered nanostructures.2 A num-
ber of innovative approaches have been explored to engen-
der interfacial ordering effects for the organisation of
nanometer-size objects into both two and three dimen-
sions, including membranes,3 capsules,4 core–shell struc-
tures,5 heterodimeric alloyed nanostructures,6 Janus
particles,7 and giant supramolecular assemblies8 with dis-
tinct functionalities. Nanoobjects made with the semicon-
ductor zinc oxide (ZnO) have attracted immense interest
due to its direct wide band gap (3.37 eV), high exciton
binding energy (60 meV) and the opportunity to vary its
properties by morphological tuning.9 One-dimensional
semiconductor (ZnO) nanostructures (nanowires and nano-
rods) have attracted special interest due to their fascinat-
ing physical properties and potential applications in
electronic and photonic devices.9

A variety of synthetic strategies have been adopted in the
literature for the fabrication of ZnO nanorods, for example,
high temperature physical evaporation,10 micro-emulsion
based hydrothermal process,11 alcohol thermal process12 and
so on. Yin et al.13 have reported the synthesis of ZnO quan-
tum nanorods by thermal decomposition of zinc acetate
(40 mM) in organic solvents in the presence of oleic acid at
286 °C for 1 h under N2 flow. Wang and colleague14 have
designed the directed growth of ZnO nanorod arrays on a
zinc substrate by the alkaline hydrolysis of zinc foils (15 ×
15 × 0.25 mm3) in the presence of cetyltrimethylammonium
bromide loaded into a Teflon-lined stainless steel autoclave
by heating at 160 °C for 20 h. Ho and co-authors15 have
developed a solution-based synthesis to grow highly ordered
ZnO nanorod-like structures on selective areas of the sub-
strate by heating zinc acetate (5–10 mM) at 90 °C for 8 h in a
tightly sealed polypropylene screw cap tube. Guo et al.16

reported the synthesis of ZnO nanorods by ripening the mix-
ture of zinc acetate (50 mM) and potassium hydroxide in
methanol at 70 °C, at least, for three days to achieve a narrow
size distribution. The Weller group17 have found that, in a
methanolic solution, at a zinc acetate dihydrate concentra-
tion of below 10 mM, quasi-spherical particles are formed;
whereas mainly nanorods are formed at ten times higher con-
centration of the precursor. In general, these synthetic
methods are carried out with a high concentration of the pre-
cursor salt by forced hydrolysis in the presence or absence of
a weak base. In this communication, we have found that the
water/n-heptane interface could offer a viable platform for
the self-assembly of ZnO nanodots to nanorods using an
unconventional low precursor salt concentration (1.0 mM)
under facile and benign reaction conditions.
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2. Experimental section
2.1. Reagents and instruments

All the reagents used were of analytical reagent grade. Zinc(II)
acetate dihydrate, [Zn(OOCCH3)2·2H2O] and potassium
hydroxide (KOH), were purchased from Sigma Aldrich and
used as received. All the solvents viz. n-heptane, benzene,
toluene, dichloromethane, cyclohexane and o-xylene were
purchased from Sisco Research Laboratories and used with-
out further purification. Double distilled water was used
throughout the course of the investigation. The temperature
was 298 ± 1 K during the experiments.

Absorption spectra were recorded on a Shimadzu UV 1601
digital spectrophotometer (Shimadzu, Japan) with the sample
in a 1 cm quartz cuvette. Fluorescence spectra were recorded
using a Perkin Elmer LS-45 spectrofluorometer (Perkin Elmer,
UK). Fourier transform infrared (FTIR) spectra were recorded
from pressed KBr pellets (in the range 400–4000 cm−1) using
a Shimadzu-FTIR Prestige-21 spectrophotometer. Trans-
mission electron microscopy (TEM) measurements were
performed on carbon-coated copper grids with a Zeiss CEM
902 operated at 200 kV. Powder X-ray diffraction (XRD) pat-
terns were obtained using a D8 ADVANCE Bruker AXS X-ray
diffractometer with CuKα radiation (λ = 1.4506 Å); data were
collected at a scan rate of 0.5° min−1 in the range of 10°–80°.

2.2. Synthesis of ZnO nanomaterials

In a typical experiment, an amount of 0.055 g zinc acetate
dihydrate was dissolved in 25 mL of solvent mixture (water :
n-heptane = 9 : 1) in a double-necked round-bottom flask by
refluxing in a water bath at 65 °C. After 15 min, 13.5 mL
aqueous KOH solution (0.1 mM) was added to the mixture
and the refluxing was continued for another 2 h. It was seen
that, initially, a faint yellow colouration appeared that slowly
transformed to curdy white, indicating progressive transfor-
mation of the nuclei into larger particles.11 Finally, the mix-
ture was cooled to room temperature and stored in the dark.

3. Results and discussion

The progressive transformation of the ultrasmall ZnO
particles into larger aggregates has been studied by UV-vis
absorption, fluorescence and Fourier transform infrared
(FTIR) spectroscopy, X-ray diffraction (XRD) and transmission
electron microscopy (TEM). Fig. 1 presents the absorption
spectra, showing the time evolution of the primarily formed
ZnO particles into larger aggregates and the fluorescence
spectra of the finally formed particles synthesised at the
water/n-heptane interface at different time intervals. At the
beginning, the absorption spectrum shows two maxima, one
at 219 nm (5.66 eV) and the other at 265 nm (4.68 eV), which
are characteristic of spherical ZnO nanoparticles. In the case
of semiconductor nanoparticles, the Fermi energy level lies
in between the valence and conduction band, which is
comprised of discrete energy states due to strong electron
confinement. These two peaks arise due to the excitonic

transitions between the trapped energy states situated within
the confinement region.18 The sizes of the intervening gaps
are correlated with the band structure, which again depends
on the size of the nanoparticles, on the basis of the interac-
tion with the confined electrons among the lattice points.
The optical band edge bears the characteristic electronic tran-
sition energy taking place to promote the electrons to the
energy states in the conduction band from the valence band,
including excitonic effects. As the time progresses, both the
peaks decrease in intensity and a new peak at 302 nm
(4.11 eV) develops, indicating the gradual transformation of
ZnO nanospheres to nanorods.16 The fluorescence spectrum
(λex ~ 302 nm) of the finally formed ZnO particles exhibits a
narrow emission band at 379 nm (3.27 eV) that is attributed
to the radiative recombination of a hole in the valence band
and an electron in the conduction band (excitonic emission).16

In addition, traces of two emission peaks at ca. 416 nm (2.98 eV)
and 434 nm (2.86 eV) are seen that could be attributed to the
presence of multiple surface defects in the ZnO nanorods.19

The absorption and fluorescence spectra, thus, indicate the
progressive transformation of the ZnO nanospheres to nanorods.

Fig. 2 shows the corresponding TEM images of the ZnO
particles at the beginning and end of the reaction. It is seen
that the initial particles are quasi-spherical in nature with
average particle sizes of 3–5 nm, while the rod-shaped parti-
cles are ca. 100–200 nm and 15–20 nm in length and diame-
ter, respectively. The corresponding selected area electron

Fig. 1 Absorbance and fluorescence spectra showing the evolution of
ZnO nanospheres to nanorods.

Fig. 2 Representative TEM images of ZnO particles at the (a) beginning
and (b) end of the reaction. Insets show the corresponding selected
area electron diffraction patterns of the ZnO nanostructures.
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diffraction patterns (shown in the inset) reveal the appear-
ance of polycrystalline-like diffraction, which is consistent
with reflections (100), (002), (101), (102) and (110), corre-
sponding to the hexagonal wurtzite phase of ZnO particles,
indicating that the nanorod is an ordered assembly of small
nanocrystal sub-units without crystallographic orientation.20

Detailed TEM investigations during the formation of the
nanorods are presented in Fig. 3. At low magnification, aggre-
gated quasi-spherical particles are seen (panel a) and these
subsequently form pearl-chain-like structures (panel b). It
could be recognised that the particles are epitaxially fused
together, and bottlenecks between the adjacent attachments
are seen along the c-axis (002), but laterally oriented attach-
ment parallel to the c-axis is also evident (panel c). In some
cases, it is apparent that the individual particles are aligned
like a wall, where the second layer of bricks is just starting to
be put on the particles that are still visible. Therefore, it is
evident that the nanorods are formed by coalescence through
the ‘oriented attachment’ of quasi-spherical particles. This
model of transformation of ZnO nanospheres to nanorods
has been evidenced by the Weller group.17 Oriented attach-
ment has, previously, been proposed by other authors during
the crystal growth of iron oxide, TiO2 with sizes of a few nm
and for micrometer sized ZnO particles during the formation
of rod-like ZnO microcystals.21–23

Fig. 4 shows the high resolution TEM images of single
ZnO nanorods with various magnifications. It is seen that the
lattice planes of the depicted nanorods are almost perfectly
aligned, with a lattice fringe of 0.26 nm consistent with the
d002 spacing of wurtzite ZnO nanostructures.24 Moreover, it
could be recognised that the lattice planes go straight
through the contact areas of the small spherical nanocrystals.

Fig. 5 shows the FTIR spectra of growing ZnO nanostruc-
tures at different time intervals. With increasing reflux time,
it is seen that a peak at ca. 458 cm−1, assigned to the

stretching vibration of Zn–O bonds, is sharpening with time,
indicating the crystallization of ZnO into higher order archi-
tectures.23 Moreover, other peaks at ca. 805, 853 and 863 cm−1

exhibit similar trends with increasing reflux time.25 In addi-
tion, strong absorption at 3442 cm−1 and weak absorptions
around the 2800 to 3000 cm−1 region reveal the stretching
vibrations of O–H and C–H, respectively. The absorption peak
at 1104 cm−1 corresponds to the C–OH stretching and O–H
bending vibrations, whereas the bands at 1383, 1577, and
1630 cm−1 correspond to C–O (hydroxyl, ester, or ether)
stretching and O–H bending vibrations.26 Therefore, it could
be conceived that the dominant growth mechanism of ZnO
nanorods is mainly the oriented attachment mechanism. The
concomitant appearance of other bands indicates the pres-
ence of organic residues on the surface of the nanospheres
that remain even after the formation of nanorods.

X-ray diffractograms of as-prepared ZnO samples with var-
ious reflux times are shown in Fig. 6. All patterns could be
indexed to the pure hexagonal phase of Zn with a space
group of C4

6v and cell constants a = 3.25 Å, and c = 5.21 Å
(JCPDS card no.: 76-0704), which suggests that the product
comprises ZnO nanocrystals with the wurtzite structure.27 An
increase in refluxing time increases the relative intensities of
the (002) diffraction line, which is consistent with the rod
formation along the c-axis of the particles.24

To elucidate the mechanism of transformation of ZnO
nanospheres to nanorods at the liquid–liquid interface, a
series of experiments was carried out. It is noted that the
transformation to nanorods does not occur at the prescribed
low precursor concentration in the presence of polar solvents,
consistent with earlier observations.17 The formation of the
nanorods was tried in the presence of six water-immiscible
solvents viz. cyclohexane, n-heptane, benzene, toluene,
o-xylene and dichloromethane, and the fluorescence spectra
(λex ~ 302 nm) of the finally formed particles were measured
(ESI† Fig. SI 1). The appearance of a new band at 503 nm
only in the presence of n-heptane made us curious about the
uniqueness of the morphology of the particles formed at the
water/n-heptane interface. The TEM images of the particles
formed in the presence of two other representative solvents,
viz. dichloromethane and cyclohexane, are shown (ESI†
Fig. SI 2). The transformation of the quasi-spherical particles
to rods was not seen in any of these solvents. It is now
well-established in the literature that the formation of the
nanorods requires anisotropic crystal growth, based on the
surface and attachment energies of various crystallographic
planes.17,21–23 When the present experiment is carried out in
the absence of organic solvent, keeping all other experimen-
tal conditions unaltered, there is formation of ultrasmall ZnO
nanoparticles. Therefore, it could be conceived that water/
n-heptane interfacial tension offers the requisite restricted
environment for the oriented attachment of the nanospheres
to form nanorods. The composition of the solvent also plays a
role for the transformation of nanospheres to nanorods. The
fluorescence spectra obtained by varying the water/n-heptane
composition are shown in ESI Fig. SI 3.† It is seen that a new

Fig. 3 TEM investigations during the formation of nanorods (a) 15,
(b) 30 and (c) 45 min of reflux.

Fig. 4 TEM images of ZnO nanorods with increasing magnifications.
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band appears at 503 nm only in the presence of n-heptane at
a volume ratio of water : n-heptane = 9 : 1; at a volume ratio
above or below, the appearance of no such band is observed.
Therefore, it could be concluded that formation of the nano-
rods is favoured at an optimum composition of the water and
n-heptane mixture. It is now well established in the literature
that a liquid–liquid interface is a non-homogeneous region,
having a thickness of the order of a few nanometers.28 The
interface between two immiscible liquids, thus, offers an
important scaffold for the chemical manipulation and self-

assembly of the nanocrystals.29 The interfacial tension at the
water/n-heptane interface is dependent upon solvent composi-
tion. Therefore, it is manifested that, while the liquid–liquid
interface offers a viable platform, the observed assembly is
the result of specific interparticle interactions bringing about
the transformation to nanorods. The attachment does not
occur at room temperature, pointing out that a moderately
higher temperature (65 °C; below the boiling point of
n-heptane, 98.42 °C) helps to tailor the fusion of the particles.
When two ZnO building blocks come together, the capillary
forces between them facilitate the solvent removal and
strengthen the agglomerate by van der Waals’ forces. Finally,
with an increase in reaction time, directed self-assembly of
the oriented nanocrystallites and subsequent fusion lead to
the formation of ZnO one-dimensional nanorods.30 Therefore,
on the basis of the above experimental results, a plausible
mechanism for the transformation of ZnO nanospheres to
nanorods through the oriented attachment of the ultrasmall
particles could be developed, as depicted in Scheme 1.

Fig. 5 FTIR spectra taken during the transformation of ZnO nanospheres to nanorods after (a) 0, (b) 30 and (c) 90 min of refluxing. The shaded
area indicates the area of interest.

Fig. 6 X-ray diffractograms of the transformation of ZnO nanospheres
to nanorods (a) 30 min, (b) 1 h and (c) 2 h of reflux.

Scheme 1 Schematic presentation of the formation of nanorods from
nanospheres.
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4. Conclusions

A liquid–liquid interface has been exploited as a viable
platform for the oriented attachment of quasi-spherical ZnO
nanoparticles to form single crystalline nanorods under the
prescribed reaction conditions. The formation of ZnO nano-
rods could be achieved at a very low concentration of the
precursor in a restricted environment created by a particular
composition of polar/non-polar liquid pairs. Incidentally, the
transformation occurs selectively at the water/n-heptane inter-
face, offering production of the nanorods under environ-
mentally benign conditions.
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Interfacial assembly of ZnO quantum dots into
giant supramolecular architectures†

Mohammed Ali, Sudip Kumar Pal, Hasimur Rahaman and Sujit Kumar Ghosh*

Para-aminobenzoic acid (PABA) stabilised zinc oxide (ZnO) quantum dots (QDs) have been synthesised by

refluxing zinc acetate dihydrate in methanol under alkaline condition and re-dispersed into water by

centrifugation. Aqueous dispersion of PABA-stabilised ZnO QDs was taken with seven different organic

solvents in test tubes and subjected to diazo reaction under specified conditions. It was seen that the

quantum dots assembled into diverse superstructures depending on the nature of the immiscible solvent

at the aqueous–organic interface. The assemblies so obtained have been characterised by energy

dispersive X-ray (EDX) analysis, Fourier transform infrared (FTIR), fluorescence and Raman spectroscopy,

X-ray diffraction (XRD) and thermogravimetric analysis (TGA), optical, fluorescence and scanning electron

microscopic (SEM) images. It has been observed that the ensuing supramolecular assemblies exhibit

significant electrical conductivity and photoluminescence properties.

1. Introduction

In recent years, self-assembly is a powerful strategy for creating
hierarchical assemblies that have enticed researchers due to
their signicant scientic and potential technological applica-
tions.1 Amongst the three different approaches currently
explored to affect ordering of nanoparticles by self-assembly
processes,2 liquid–liquid interfaces offer an important alterna-
tive scaffold for the organisation of nanoscale substances into
supramolecular assemblies.3 While the nanoparticles possess
specic functionalities, the attached ligands can be tuned to
tailor interactions with the surroundings. Therefore, the inter-
play of self-organisation of the stabilising ligand shell with the
functionality of inorganic nanomaterials has commenced as an
effective approach to fabricate inorganic–organic hybrid
assemblies. A number of innovative approaches have been
explored to engender interfacial ordering effects for the orga-
nisation of nanometer-size objects into both two and three
dimensions, including membranes,4 capsules,5 core–shell
structures,6 heterodimeric alloyed nanostructures7 and Janus
particles8 with distinct functionalities.

Semiconductor nanoparticles have gained continuous
scientic interest because of their unique quantum nature,
which changes the material solid-state properties.9 Due to
quantum connement, these nanomaterials display novel
optical and transport properties which have great potential for
prospective optoelectronic applications.10 Zinc oxide is a IIb–VI

compound semiconductor with direct wide band gap (�3.37
eV)11 that displays high optical transparency and luminescent
properties in the near ultraviolet and the visible regions.12 The
high exciton binding energy of ZnO (�60 meV) would allow for
excitonic transitions even at room temperature, which could
mean high radiative recombination efficiency for spontaneous
emission as well as a lower threshold voltage for laser emis-
sion.13 Moreover, ZnO has good thermal and chemical stability,
which make the nanostructures of this material suitable for
stable device applications.14 This material has been considered
a promising material for many applications, such as a trans-
parent conductive contact, thin-lm gas sensor, varistor, solar
cell, luminescent material, surface electroacoustic wave device,
heterojunction laser diode, ultraviolet laser and others.15

Furthermore, the varieties of congurational architectures
available for ZnO in the nanoscale16,17 assure the conditions for
formation of a richest microstructural diversity.18 Therefore, the
fabrication of hierarchical assemblies of ZnO has attracted
critical importance to the development of functional nano-
devices.19

In this article, we demonstrate interface-mediated unprece-
dented superstructures of ZnO quantum dots (2 � 0.3 nm)
exploring the diazo reaction as a cross-linking strategy. It is seen
that the quantum dots assembled into submicrometer-,
micrometer- and millimeter-sized supramolecular assemblies.
Morphological variation of hierarchical assemblies could be
envisaged under ambient conditions only by proper choice of
the immiscible liquid pairs. The resultant organic–inorganic
hybrid assemblies have been characterised by Fourier trans-
form infrared, uorescence and Raman spectroscopy, X-ray
diffraction and thermogravimetric analysis, optical, uores-
cence and scanning electron microscopic images. The electrical
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conductivity and photoluminescence properties of the ensuing
supramolecular assemblies have been elucidated.

2. Experimental
2.1. Reagents and instruments

All the reagents used were of analytical reagent grade. Zinc
acetate dihydrate (Zn(OOCCH3)2$2H2O) (Aldrich) and para-
aminobenzoic acid (PABA) (Merck, India), potassium hydroxide
(S. D. Fine Chemicals, India), sodium nitrite (Merck, India) and
hydrochloric acid (Qualigens' Fine Chemicals) were used as
received. All the solvents were purchased from Sisco Research
Laboratories and were used without further purication.
Double distilled water was used throughout the course of the
investigation. The temperature was 298 � 1 K for all
experiments.

Absorption spectra were recorded in a Shimadzu UV-1601
digital spectrophotometer (Shimadzu, Japan) taking the sample
in a 1 cm well-stoppered quartz cuvette. Fluorescence spectra
were recorded with a Shimadzu RF-5301 spectrouorimeter
(Shimadzu, Japan) equipped with a 9.9 W xenon ash lamp and
a photomultiplier tube with S-20 spectral response. Trans-
mission electron microscopy (TEM) was carried out on a JEOL
JEM 2100 microscope with a magnication of 200 kV. Samples
were prepared by placing a drop of solution on a carbon coated
copper grid. The spectrouorimeter was linked to a personal
computer and utilised the RF-5301PC soware package for data
collection and processing. SEM images were recorded by using a
JEOL (JSM-6360) Zeiss 1530 Gemini instrument equipped with a
eld emission cathode with a lateral resolution of approxi-
mately 3 nm and acceleration voltage 3 kV aer sputtering the
sample on a silicon wafer with carbon (approx. 6 nm). Thin
lms were prepared by drop-coating from the methanolic
solutions of the respective samples onto silicon wafers. Energy
dispersive X-ray (EDX) analysis was performed on a LEO 1530
eld emission scanning electron microscope using an X-ray
detector. An epoxy resin (EpoFix kit, Struers) was used to
prepare specimens for cross-sectional SEM imaging. Ultrathin
sections (50–70 nm in thickness) of the composite particles
were cut with an Ultracut E Reichert-Jung microtome prepared
at room temperature using a diamond knife (Drukker) and
dropped on a silicon wafer by using a loop. Fourier transform
infrared (FTIR) spectra were recorded in the form of pressed KBr
pellets in the range (400–4000 cm�1) on a Shimadzu-FTIR
Prestige-21 spectrophotometer. The membrane was observed by
optical microscope (Olympus BX 61) equipped with a high
resolution DP70 digital charge coupled device (CCD) camera
and images were processed using Aldus Photostyler 3.0 so-
ware. Fluorescence microscopic images of the membrane were
recorded in a Zeiss uorescence microscope (excitation: 276
nm, detection: 603 nm). The powder X-ray diffraction patterns
were obtained using a D8 ADVANCE BROKERaxs X-ray Diffrac-
tometer with CuKa radiation (l ¼ 1.4506 Å); data were collected
at a scan rate of 0.5� min�1 in the range of 10�–80�. Thermog-
ravimetric analysis was carried out on a Perkin–Elmer STA 6000
with the sample amount of 10 mg. The measurements were
performed under nitrogen with heating from 30–800 �C (rate:

10 �C min�1) and then, maintained at 800 �C for half an hour.
Before TGA measurements, the samples were dried overnight in
vacuum oven at 50 �C. Raman scattering measurements are
carried out on silicon substrate in backscattering geometry
using a ber-coupled micro-Raman spectrometer equipped
with 488 nm (2.55 eV) of 5 mW air cooled Ar+ laser as the
excitation light source, a spectrometer (model TRIAX550, JY)
and a CCD detector. Electron transport in a thin lm of each
assembly was measured using an electrode geometry in which
the conductivity was measured between two contacts which are
separated by a narrow gap bridged by the material of interest.
The electrical conductivity of the samples was measured over
the temperature range of 300–373 K at an interval of 10 K by
conventional multimeter.

2.2. Synthesis of para-aminobenzoic acid-stabilised zinc
oxide nanoparticles

The ZnO nanoparticles were synthesised in a one-pot reaction
using methanol as the solvent.20 An aliquot of 0.055 g zinc
acetate dihydrate was dissolved in 25 mL of methanol in a
double-necked round-bottom ask by heating the mixture on a
water bath at 45 �C. Aer dissolving zinc acetate, 1.545 g para-
aminobenzoic acid was added to the solution and the reaction
mixture was distilled at 45 �C for 30 min. Subsequently, the
temperature of distillation was increased to 60 �C and 0.5 g
KOH dissolved in 13.5 mL of methanol was added into the
solution instantaneously. The distillation was continued for
another 2 h and slowly a yellow colour developed in the solution
indicating the formation of ZnO nanoparticles. Then, the water
bath was removed and the mixture was stirred for 12 h at room
temperature. The PABA-functionalised ZnO nanoparticles so
obtained were retrieved from methanol by centrifugation at
13 000 rpm for 1 min and were subsequently re-dispersed into
water. The ZnO nanoparticles prepared by this method are
stable for a couple of weeks and can be stored in the dark for
several days without any signicant agglomeration or precipi-
tation of the particles. A schematic presentation showing the
formation of ZnO nanoparticles is depicted in ESI 1.† The
transmission electron micrograph (particle diameter: 2 � 0.3
nm) and selected area electron diffraction pattern of the ZnO
particles are presented in ESI 2.† The particles formed by this
method were subjected to diazo reaction for designing the
hierarchical assemblies.

2.3. Synthesis of self-assembled zinc oxide nanoparticles at
the liquid–liquid interface

An aqueous dispersion of 2 mL of PABA-stabilised ZnO QDs (10
mM) was mixed with 2 mL of the organic solvent (seven
different solvents were separately employed) in a test tube. Now,
the mixture was cooled in ice-bath and an aliquot of NaNO2

(aq.)/dil. HCl at 0–5 �C was added into the test tube and shaken
vigorously. It was seen that the nanoparticles possess a
tendency to leave the aqueous phase and selectively reside at the
interface (do not diffuse into the organic phase), forming
assembled structures.
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3. Results and discussion

The uorescence microscopic images of the resultant assem-
blies in seven different solvents are shown in Fig. 1. The
assemblies so formed were collected from the interface by
micropipette and suspended into the respective organic
solvents on a glass slide. It is observed that ultrasmall ZnO
particles are assembled into variable architectures (a–g)
depending upon the nature of the solvents. In n-hexane, toluene
and dichloromethane, bamboo-shaped structures are formed
while the width, noticeably, changes with the solvent. Arrayed
needle-like structures are also created, the width of the needle
being sharper in cyclohexane compared with benzene. Whilst
ellipsoid capsules evolve in chloroform, a nanoparticle-deco-
rated membrane is seen using CCl4 as the solvent. The slight
crumpling of the morphology of the membrane may result from
shear stresses during manipulation with the micropipette. The
observation of structurally intact supramolecular assemblies for
all solvents indicates that the PABA molecules attached to the
ZnO nanoparticles are cross-linked via diazo reaction. The
representative bright eld image in (f) shows uorescent ZnO
QDs in the respective assemblies. The optical microscope image
presented in (i) exhibits the crystallisation of ultrasmall parti-
cles into supramolecular architectures. The synthetic method-
ology of the formation of nanoparticle assemblies at the
interfaces is summarised in Scheme 1.

Typical scanning electron microscopy images of the repre-
sentative hybrid assemblies formed at the n-hexane, dichloro-
methane, chloroform and toluene interfaces are shown in Fig. 2.

It can be clearly observed that variation of the organic solvent of
the immiscible liquid pairs results in morphological diversity
with specic structural features. The composition of the hybrid
assemblies formedat thewater/toluene interfacewas determined
from the EDX spectrum (shown in the inset) and conrm the
presence of Zn elements in the composites.21 The signals of C, O
and Si elements come from the ZnO, diazotized product of PABA
and the silicon wafer employed for the SEMmeasurement. Some
closer views (images a–c) on the morphology of the assemblies at
the water–n-hexane interface and microtomed SEM images

Fig. 1 (a–g) Dark field fluorescence microscopic images of the supramolecular assemblies of ZnO quantum dots in different solvents; (h) bright
field image of the assembly formed at the water–chloroform interface and (i) optical microscope image in dichloromethane showing the
assembling of quantum dots at one end.

Scheme 1 Schematic presentation showing the formation of repre-
sentative assemblies at the aqueous–organic interfaces.
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(image (d)) of the hybrid assemblies formed at the water–toluene
interface are shown in Fig. 3. From the SEM images, it is evident
that the ultrasmall particles are tightly packed in the assembly.
Image (d) represents the cross-sectional SEM image showing the
internal arrangement of the nanoparticles and indicating the
solid interior of the supramolecular assemblies.22

Since ZnO QDs are uorescent, the formation of the
assembly could be followed by uorescence spectroscopy
(Fig. 4A). Both the spectra were measured in the solid state (lex
�276 nm). The PABA-stabilised ZnO QDs show an UV emission
band (lem �337 nm) which is due to the direct band gap tran-
sition in the nanostructures.23,24 Upon diazotisation, the emis-
sion peak shis towards a longer wavelength in the visible range
that can be attributed to the dominance of intrinsic defects
which perturbs its band structure to form a discrete energy level
within the bandgap. Therefore, it seems that the formation of
superstructures controls the various aspects of the recombina-
tion process and favours the radiative transitions from the
oxygen vacancies/trap levels in the bandgap to give a broad
visible luminescence for the assemblies.25 Inset shows the

digital camera photograph of the formation of the assembly at
the liquid–liquid interface. An idea about the composition of
the assembly has been obtained from TGA measurements. TGA
measurement (Fig. 4B) of the as-dried powder sample of the
assembly formed in chloroform shows two weight loss steps in
the curve: 78 wt% loss corresponding to the desorption of water
and organic solvent up to 200 �C, and a weight loss of 20 wt%
over 200–800 �C as a result of the decomposition of arylamine
compounds formed upon diazotisation in the composite. This
means that 98 wt% loss of weight was observed up to 800 �C and
only 2 wt% of the architecture is ZnO particles. This unusual
weight loss, in the present experiment, is due to the fact that as
the particle size is very small and correspondingly the overall
surface area is very high, a large quantity of PABA molecules are
involved for the stabilisation of the ZnO particles and subse-
quently, form the assembly upon diazotisation. Similar pattern
in the TGA curve were also seen in the case of other solvents.
These results suggest that organic molecules are, indeed,
incorporated into the supramolecular assemblies.26

Fig. 2 Representative SEM images of the resulting hybrid assemblies
formed at aqueous–organic interfaces. Inset shows the EDX spectrum
of the hybrid assemblies formed at the water–toluene interface.

Fig. 3 SEM images (a) top view, (b) side view, (c) a closer lookof the side
view of the resulting hybrid assemblies formed at the water–n-hexane
interface; and (d) microtomed SEM images of the hybrid assemblies
formed at the water–toluene interface showing the solid interior.

Fig. 4 (A) Fluorescence spectra of (a) PABA-stabilised ZnO nano-
particles and (b) after formation of assembly at water–CCl4 interface.
Inset shows the digital camera photograph of the formation of the
assembly at the interface. (B) TGA curve of the hybrid assembly formed
in chloroform.

2770 | Soft Matter, 2014, 10, 2767–2774 This journal is © The Royal Society of Chemistry 2014

Soft Matter Paper



The successful ‘diazo reaction’ amongst the amine function-
ality of the PABA-stabilised ZnO QDs was conrmed by Fourier
transform infrared spectroscopy (Fig. 5). Before diazotisation
(trace a), for PABA-stabilised ZnO QDs, clear twin peaks are
observed for primary amine functionalities (–NH2) at 3406 cm

�1

and 3300 cm�1. Aer diazotisation (trace (b)), one single peak at
3362 cm�1 (in the range of amine) is observed indicating the
presence of a secondary amine (–NH–) group and in addition,
the appearance of a sharp strong peak at 1441 cm�1 conrms the
presence of the –N]N– moiety.27 The additional peak at about
3425 cm�1 arises due to the moisture adsorbed by the samples
under atmospheric conditions. In trace (a), the peak at 1435
cm�1, which is also present in trace (b) but it is overlapped with
newly arise –N]N– peak at 1440 cm�1, could be assigned to –C–
H in plane bending vibrations.28 It is, therefore, evident that
–NH–N]N– linkage is formed upon diazotisation and subse-
quent arylamine formation29 as shown in ESI 3.†

The X-ray diffraction pattern of the representative hybrid
assemblies formed at the water–n-hexane interface is shown in
Fig. 6A. The pattern in trace (a) is of weak reections of PABA-
stabilised ZnO nanoparticles. Aer diazotisation, strong
reections located in the small angle region reveal the poly-
merisation of the organic moiety as shown in trace (b). Other
strong reections in trace (b) could be indexed as pure hexag-
onal phase of Zn with a space group of C4

6v and cell constants a
¼ 3.25 Å, and c ¼ 5.21 Å (JCPDS card no.: 76-0704), which
suggests that the product comprises ZnO nanocrystals with the
wurtzite structure.30 Fig. 6B shows the Raman spectrum of the
assembly formed in n-hexane. The structure of ZnO belongs to

the C4
6v symmetry group having two formula units per primitive

cell with all the atoms occupying the C3v sites, which predicts
eight sets of zone centre optical phonons: two A1, two E1, two E2

and two B1 modes. Among these, A1 and E1 modes are polar and
split into transverse (A1T and E1T) and longitudinal (A1L and
E1L) phonons, all being Raman and infrared active; E2 modes
are non-polar consisting of two modes of low- and high-
frequency (E2L and E2H) phonons and are only Raman active,
and B1 modes are infrared and Raman inactive (silent modes).31

The main dominant sharp peak labeled as E2 at 437 cm�1 is
observed which is the characteristic of wurtzite hexagonal phase
of ZnO. The peak at 300 cm�1 appears due to the silica
substrate; other peaks attributable to 388 cm�1 as A1T, 409
cm�1 as E1T, 438 cm�1 as E2H, 537 cm�1 as TO + TA(M)
(transverse optical and transverse acoustic arising from zone
boundary (M point)), 581 cm�1 E1L, and 658 cm�1 as E2L–B1H
respectively were observed as in the previous reports.31

A reasonable mechanism for the control of morphology of
the inorganic–organic hybrid assemblies upon variation of the
water-immiscible solvent of the aqueous–organic couple as
conrmed by multiple control experiments could be enunciated
as follows. It is, now, well established in the literature that a
liquid–liquid interface is a non-homogeneous region having a
thickness of the order of a few nanometers.3 The interface
between two immiscible liquids, thus, offers an important
scaffold for the chemical manipulation and self-assembly of the
nanocrystals.32 When free PABA molecules are subjected to
diazo reaction under similar reaction conditions, formation of
no such assemblies are apparent at the interface indicating that

Fig. 5 FTIR spectra of (a) PABA-stabilised zinc oxide nanoparticles and (b) after formation of assembly at the water–cyclohexane interface.
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PABA-stabilised ZnO QDs are indispensable for the formation of
the assemblies. Upon shaking the nanoparticles in the presence
of immiscible liquid pairs, without diazo reaction, phase
separation occurs at the interface. In the absence of organic
solvents, the ZnO particles upon diazotisation, escape out and
creep on the wall of the test tube above the aqueous phase. No
dissolution of the ZnO QDs is seen under the diazo reaction
condition. Therefore, it is manifested that while the liquid–
liquid interface offers a viable platform, the diazo reaction acts
as the main architect in maneuvering the inorganic–organic
hybrid assemblies. Thus, the observed assembly is the result of
specic PABA–PABA interactions; the importance of the diazo
reaction and subsequent arylamine formation29 enable effective
interparticle interaction in harnessing the assemblies. The
interfacial tension at the water–organic interface renders a
versatile platform for assembly of the particles, which, in turn,
generates variable morphology through oriented attachment.
Moreover, it is observed that the hybrid assemblies could not be
achieved in the presence of other water-immiscible solvents,
like, DMF, DMSO, THF, acetonitrile etc. Therefore, it could be
conceived that the observed ordering is the result of the inter-
play of two or more of the physical properties providing the

environment required to achieve unprecedented morphologies
of nanoparticle assemblies.32

As a direct and large-band-gap material, ZnO has attracted
immense interest for a wide range of devices, including trans-
parent thin-lm transistors, photodetectors, light-emitting
diodes and laser diodes that operate in the blue and ultraviolet
region of the spectrum.33 The advantages associated with ZnO
include higher breakdown voltages, ability to sustain large
electric elds, lower noise generation, and high temperature
and high-power operation.34–36 On the other hand, PABA mole-
cules attached onto the ZnO surface, upon diazotisation, form a
polyaniline-like network that renders important electrical
conductivity. The dc electrical conductivities of the inorganic–
organic hybrid assemblies as a function of temperature (283–
373 K) were measured by multimeter. Electron transport in a
thin lm of each assembly was measured using an electrode
geometry in which the conductivity was measured between two
contacts which are separated by a narrow gap bridged by the
material of interest. Fig. 7 shows the prole of the variation of
ln(s) as a function of 1/T (where s is the measured electrical
conductivity of the dried assemblies in mho and T the absolute
temperature). The electrical conductivity at rst increases, rea-
ches an optimum, and then becomes almost constant aer a
particular temperature. However, it is noted that the electrical
conductivity in different morphologies does not vary as appre-
ciably as different morphologies that may arise from different
growth directions or internal strains.16 Thus, the interdigitation
of semiconducting ZnO nanoparticles with polymeric arylamine
networks could be exploited to yield good conducting materials.

The photoluminescence spectra of the dried supramolecular
assemblies with an excitation wavelength of 276 nm are shown
in Fig. 8. All the spectra were measured in the solid state. It is
seen that the emission spectra of all the supramolecular
assemblies are red shied compared to the individual ZnO
nanoparticles as seen in Fig. 4A. Moreover, the salient feature of
physical signicance is that the hybrid assemblies formed at the
aqueous–organic interface exhibit distinctly different emission
proles in the superstructures. This red shied emission could
be attributed to the formation of superstructures that controls

Fig. 6 (A) X-ray diffraction patterns of (a) PABA-stabilised ZnO and (b)
after diazo reaction; (B) Raman spectra of the assembly formed in n-
hexane.

Fig. 7 Variation of electrical conductivity of the dried supramolecular
assemblies as a function of temperature.
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the various aspects of the recombination process and favours
radiative transitions from the oxygen vacancies/trap levels in
the bandgap to give a broad visible luminescence for the
assemblies.25 Therefore, the photoluminescence properties of
hybrid assemblies of ZnO QDs could be exploited in the fabri-
cation of optoelectronic devices.

4. Conclusion

In summary, liquid–liquid interfaces offer viable platforms for
designing functional supramolecular assemblies of ZnO
quantum dots into micrometer to millimeter-sized objects by
diazo reaction. The ease and specicity of the diazo reaction
and subsequent arylamine formation directs the self-assembly
of the inorganic particles and controls their spatial arrange-
ment to induce unique morphology in the hybrid assemblies.
Morphological versatility could be achieved by judicious selec-
tion of immiscible liquid pair, careful manipulation of the
stabilising ligand shell and exploring feasible cross-linking
strategies for designing hierarchical assemblies with newer
functionalities. Finally, by proper choice of the constituent
nanoparticles, such assemblies could be envisaged in various
magnetic, uorescent and photonic materials.
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