Chapter 4

Interfacial Assembly of Nanoparticles into Giant
Supramolecular Architectures
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4. Interfacial Assembly of ZnO Quantum Dots into Giant

Supramolecular Architectures

4.1 Introduction

In recent years, self-assembly is a powerful strategy for creating hierarchical assemblies and
supramolecular architectures that have enticed researchers due to their significant scientific and
potential technological applications." Amongst the three different approaches currently explored
to affect ordering of nanoparticles by self-assembly processes,? liquid-liquid interfaces offer an
important alternative scaffold for the organization of nanoscale substances into supramolecular
assemblies.® While the nanoparticles possess specific functionalities, the attached ligands can be
tuned to tailor interactions with the surroundings. Therefore, the interplay of self-organization of
the stabilizing 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 engineer interfacial ordering
effects for the organization of nanometer-size objects into both two and three dimensions,
including membranes,* capsules,® core—shell structures,® heterodimeric alloyed nanostructures’
and Janus particles® with distinct functionalities. Semiconductor nanoparticles have gained
continuous scientific interest because of their unique quantum nature, which changes the material
solid-state properties.” Due to quantum confinement, these nanomaterials display novel optical
and transport properties which have great potential for prospective optoelectronic applications.™
Zinc oxide is a IIb=VI compound semiconductor with direct wide band gap (3.37eV),** that
displays high optical transparency and luminescent properties in the near ultraviolet and the
visible regions.*? 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 emission.™® Moreover,
ZnO has good thermal and chemical stability, which make the nanostructures of this material
suitable for stable device applications.** This material has been considered a promising material
for many applications, such as a transparent conductive contact, thin-film gas sensor, varistor,
solar cell, luminescent material, surface electroacoustic wave device, heterojunction laser diode,

ultraviolet laser and others.*® Furthermore, the varieties of configurational architectures available
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16,17 assure the conditions form formation of a richest microstructural

for ZnO in the nanoscale
diversity.’® Therefore, the fabrication of hierarchical assemblies of ZnO has attracted critical
importance to the development of functional nanodevices.*

In this chapter, we demonstrate interface-mediated unprecedented superstructures of ZnO
quantum dots (20.3 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 characterized by Fourier transformed infrared,
fluorescence and Raman spectroscopy, X-ray diffraction and thermogravimetric analysis, optical,
fluorescence and scanning electron microscopic images. The electrical conductivity and

photoluminescence properties of the ensuing supramolecular assemblies have been elucidated.

4.2 Experimental
4.2.1. Synthesis of p-Aminobenzoic Acid-Stabilized Zinc Oxide Nanoparticles

The ZnO nanoparticles were synthesized in a one-pot reaction using methanol as the solvent. An
aliquot of 0.055 g zinc acetate dihydrate was dissolved in 25 mL of methanol in a double-necked
round-bottom flask by heating the mixture on a water bath at 45°C. After dissolving zinc acetate,
1.545 g p-aminobenzoic acid was added to the solution and the reaction mixture was refluxed at
45 °C for 30 mins. 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 yellow color was 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-functionalized ZnO nanoparticles

O\COOG OO0C /©/ -

Q

KOH (methanolic)
Zn(CHACO0), . 21,0 + HQN—@COOH — > HQN—Q—COOG Zn0O @OOC@,NHQ
Stirring , 50 °C e ©
: ,CO0  ooc :
HoN NHz

Scheme 4.1. Schematic presentation of the synthesis of ZnO nanoparticles

HoN
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so obtained were retrieved from methanol by centrifugation at 13,000 rpm for 1 min. and were
subsequently redispersed 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 significant
agglomeration or precipitation of the particles. A schematic presentation showing the formation
of ZnO nanoparticles is shown in Scheme 4.1. Transmission electron micrograph (particle
diameter: 2 £ 0.3 nm) and selected area electron diffraction pattern of the ZnO particles are
presented in Figure 4.1. From the TEM image, it is seen that the particle size lies in the size
range of 2 £ 0.3 nm. From the SAED pattern, the diffraction rings which are consistent with
reflections (100), (002), (101), (102), (110) corresponds to the hexagonal wurtzite phase of ZnO

nanoparticles.'

Figure 4.1. (a) Transmission electron micrograph and (b) selected area electron diffraction
pattern of the ZnO particles.

The particles formed by this method were subjected to diazo reaction for designing the
hierarchical assemblies.

2.3. Self-assembly of Zinc Oxide Nanoparticles at the Liquid-Liquid Interface

An aqueous dispersion of 2 mL of PABA-stabilized 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 NaNO, (aq.)/dil. HCI at 0-5 °C was added into
the test tube and shaken vigorously. It was seen that the nanoparticles possess tendency to leave
the agqueous phase and selectively reside at the interface (do not diffuse into the organic phase)

forming assembled structures.
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4.3 Results and Discussion

The fluorescence microscopic images of the resultant assemblies in seven different solvents
are shown in Figure 4.2. 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-decorated membrane is seen using
CCl, as the solvent. The slight crumpling of the morphology of the membrane may result from

H,0/n-Hexane} b H,0/Cyclohexane | ¢ H,O/Benzene

H,0/CH;CL| o \ T : H,0/CCl,

H,0/Toluene H,0/CHCI, 1§ H,0/CH,CI,

Figure 4.2. (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.
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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 feld image in (f)
shows fluorescent ZnOQDs in the respective assemblies. The optical microscope image
presented in (i) exhibits the crystallisation of ultrasmall particles into supramolecular
architectures. The synthetic methodology of the formation of nanoparticle assemblies at the

interfaces is summarized in Scheme 4.2.
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Scheme 4.2. Schematic presentation showing the formation of representative assemblies at the

aqueous—organic interfaces.

Typical scanning electron microscopy images of the representative hybrid assemblies formed
at the n-hexane, dichloromethane, chloroform and toluene interfaces are shown in Figure 4.3. It
can be clearly observed that variation of the organic solvent of the immiscible liquid pairs results
in morphological diversity with specific structural features. The composition of the hybrid
assemblies formed at the water/toluene interface was determined from the EDX spectrum (shown
in the inset) and confirm the presence of Zn elements in the composites.* The signals of C, O
and Si elements come from the ZnO, diazotized product of PABA and the silicon wafer
employed for the SEM measurement. Some closer views (images a—c) on the morphology of the
assemblies at the water/n-hexane interface and microtomed SEM images (image d) of the hybrid
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Figure 4.3. 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.

assemblies formed at the water—toluene interface are shown in Figure 4.4. From the SEM
images, it is evident that the ultra small 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.??

Figure 4.4. SEM images (a) top view, (b) side view, (c) a closer look of 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.
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Since ZnO QDs are fluorescent, the formation of the assembly could be followed by
fluorescence spectroscopy (Figure 4.5). Both the spectra were measured in the solid state (Aex
276 nm). The PABA-stabilised ZnO QDs show an UV emission band (Aem~337 nm) which is due
to the direct band gap transition in the nanostructures.?*** Upon diazotization, the emission peak
shifts 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 recombination 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.?® Inset shows the
digital camera photograph of the formation of the assembly at the liquid—liquid interface.
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Figure 4.5. Fluorescence spectra of (a) PABA-stabilized ZnO nanoparticles and (b) after
formation of assembly at water—CCl, interface. Inset shows the digital camera photograph of the

formation of the assembly at the interface.

An idea about the composition of the assembly has been obtained from TGA measurements.
TGA measurement (Figure 4.6) 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 diazotization in the
composite. This means that 98 wt% loss of weight was observed up to 800 °C and only 2 wt% of
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Figure 4.6. TGA curve of the hybrid assembly formed in chloroform.

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 stabilization of the ZnO particles
and subsequently, form the assembly upon diazotization. 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.?

The successful “‘diazo reaction” amongst the amine functionality of the PABA-stabilized
ZnO QDs was confirmed by Fourier transform infrared spectroscopy (Figure 4.7). Before
diazotization (trace a), for PABA-stabilized ZnO QDs, clear twin peaks are observed for primary
amine functionalities (- NH,) at 3406 cm™ and 3300 cm™. After diazotization (trace (b)), one
single peak at 3362 cm™ (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™ confirms the presence of the -N=N- moiety.?’ The additional peak at about 3425 cm™ arises
due to the moisture adsorbed by the samples under atmospheric conditions. In trace (a), the peak
at 1435 cm™, which is also present in trace (b) but it is overlapped with newly arise -N=N- peak
at 1440 cm™, could be assigned to —C-H in plane bending vibrations.? It is, therefore, evident

that -NH-N=N- linkage is formed upon diazotization and subsequent arylamine formation.?
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Figure 4.7. FTIR spectra of (a) PABA-stabilized zinc oxide nanoparticles and (b) after formation
of assembly at the water—cyclohexane interface.

A schematic illustration of the diazo reaction and subsequent arylamine formation in forming
the assembly of the PABA stabilized ZnO nanoparticles are shown in Scheme 4.3.
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Scheme 4.3. Schematic illustration of the diazo reaction and subsequent arylamine formation in
forming the assembly of the PABA-stabilized ZnO nanoparticles.
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Following resonating structures are involved in amino-azo derivatives:

-
HN——N=—N N——=N—"—"NH

The X-ray diffraction pattern of the representative hybrid assemblies formed at the water—n-
hexane interface is shown in Figure 4.8. The pattern in trace (a) is of weak reflections of PABA-
stabilized ZnO nanoparticles. After diazotization, strong reflections located in the small angle
region reveal the polymerization of the organic moiety as shown in trace (b). Other strong

reflections in trace (b) could be indexed as pure hexagonal phase of Zn with a space group of
C. and cell constants a = 3.25 A, and ¢ = 5.21 A (JCPDS card No.: 76-0704), which suggests

that the product comprises ZnO nanocrystals with the wurtzite structure.®
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Figure 4.8. X-ray diffraction patterns of (a) PABA-stabilized ZnO and (b) after diazo reaction.

Figure 6B shows the Raman spectrum of the assembly formed in n-hexane. The structure of

ZnO belongs to the C;, symmetry group having two formula units per primitive cell with all the
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atoms occupying the Cs, sites, which predicts eight sets of zone centre optical phonons: two Ay,
two E;, two E; and two B; modes. Among these, A; and E; modes are polar and split into
transverse (A1 T and E;T) and longitudinal (A;L and E;L) phonons, all being Raman and infrared
active; E, modes are non-polar consisting of two modes of low- and high-frequency (E.L and
E2H) phonons and are only Raman active, and B; modes are infrared and Raman inactive (silent
modes).*! The main dominant sharp peak labeled as E, at 437 cm™ is observed which the
characteristic of wurtzite hexagonal phase of ZnO. The peak at 300 cm™ appears due to silica
substrate; other peaks attributable to 388 cm™ as AT, 409 cm™ as E; T, 438 cm™ as E,H, 537 cm’
1'as TO + TA(M) (transverse optical and transverse acoustic arising from zone boundary (M
point)), 581 cm™ E;L, and 658 cm™ as E,L - B;H respectively were observed as in the previous

reports.®*
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Figure 4.9. Raman spectra of the assembly formed in n-hexane.

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
confirmed 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.® The interface between two immiscible liquids, thus,
offers an important scaffold for the chemical manipulation and self-assembly of the
nanocrystals.** When free PABA molecules are subjected to diazo reaction under similar
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reaction conditions, formation of no such assemblies are apparent at the interface indicating that
PABA-stabilized 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
diazotization, 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 specific PABA-PABA interactions; the importance of the
diazo reaction and subsequent arylamine formation® 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
interplay of two or more of the physical properties providing the environment required to achieve
unprecedented morphologies of nanoparticle assemblies.*?

As a direct and large-band-gap material, ZnO has attracted immense interest for a wide range
of devices, including transparent thin-film transistors, photodetectors, light-emitting diodes and
laser diodes that operate in the blue and ultraviolet region of the spectrum.®® The advantages
associated with ZnO include higher breakdown voltages, ability to sustain large electric fields,
lower noise generation, and high temperature and high-power operation.**-** On the other hand,
PABA molecules attached onto the ZnO surface, upon diazotization, 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 film 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. Figure 4.10 shows the profile of
the variation of In(c) 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 first
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Figure 4.10. Variation of electrical conductivity of the dried supramolecular assemblies as a

function of temperature.

increases, reaches an optimum, and then becomes almost constant after a particular temperature.
However, it is noted that the electrical conductivity in different morphologies does not vary as
appreciably as different morphologies that may arise from different growth directions or internal
strains.’® 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 Figure 4.11. All the spectra were measured in the solid state.
It is seen that the emission spectra of all the supramolecularassemblies are red shifted compared
to the individual ZnO nanoparticles as seen in Figure 4.5. Moreover, the salient feature of
physical signifcance is that the hybrid assemblies formed at the aqueous—organic interface
exhibit distinctly different emission profles in the superstructures. This red shifted emission
could be attributed to the formation of superstructures that controls 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.?® Therefore, the
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Figure 4.11. Photoluminescence spectra of the dried supramolecular assemblies at room
temperature.
photoluminescence properties of hybrid assemblies of ZnO QDs could be exploited in the

fabrication of optoelectronic devices.

4.4 Conclusions

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 specificity of the diazo reaction and subsequent arylamine
formation directs the self-assembly of the inorganic particles and controls their spatial
arrangement to induce unigque morphology in the hybrid assemblies. Morphological versatility
could be achieved by judicious selection of immiscible liquid pair, careful manipulation of the
stabilizing 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, fluorescent and photonic materials.
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