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Abstract

MULTIFERROIC AND CORE-SHELL NANOSTRUCTURES -
ADVANCES IN PREPARATIONS AND NOVEL PROPERTIES

by
I-WEI CHU

Adviser: Professor Nan-Loh Yang

This dissertation reports the research findings in two nanoscameas: (i) facile
methods for the preparation of multiferroic bismuth ferrites nanicfestand the
observation of room temperature magnetoelectric coupling and opticaluced
magnetic and electric orderings in BiFe@BFO) thin film; (ii) preparation and
characterization of core-shell nanomaterials based on conductinggyag components
for shell and core. Controlled cargo release from the core as well as frehethsurface
was examined for nanospheres with conjugate polymer shell. An uneshahced
electric polarization was observed for nanospheres with kigglentium titanate (STO)

nanocrystals embedded in conductive polyaniline (PANI) matrix.

Multiferroics represent a class of new materials havingnpateapplications for
design and preparation of multifunctional material due to the couplitigemfcoexisting
electric and magnetic orderings. Previously, the synthesehin film multiferroic
materials involve multi-steps in various high temperatures ocifspedemanding

environment. We discovered that nanocrystal thin film and powder dffendic BFO
v



could be prepared using new facile procedures: spin-casting andaaatawtthods. The
room temperature magnetoelectric coupling in nanocrystal #8© established using
scanning probe microscopy, including magnetic force microscopyMvind Kelvin
probe force microscopy (KPFM). Magnetic and electrical orderingduced by
irradiation 300 to 560 nm were observed. Thus, the “magnetic-elegttic” coupling at

room temperature was observed forfih& time in BFO nanocrystal thin film.

Core-shell nanospheres of conducting polymer poly(3, 4-ethylenediogiene),
PEDOT, with soft template (1-butyl-3-methyimidazolium hexafluorophaspha
bmimPF) were prepared using interfacial polymerization on the shelberbf the
micelle stabilized by surfactant (Triton X-100). The diamedérnanospheres was
controlled by bmimP§to-surfacnt ratio. The release of cargo from the core and ahell
the spheres was trigged by pH control and observed by photometrigreraaat. Aspect
ratio and crystallinity of PEDOT shell increases in high pHiedabove 10). In addition,
the interaction of electronic polarization with atomic polar@atvas studied for core-
shell nanosphere of PANI matrix with STO nanoparticles embedded.nBnosystem
represents the first encapsulated nanospheres with extensiv&ciatanteraction within
the core due to atomic polarizable isolated nano-domains embedded iectione

polarizable continuous matrix.
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Chapter 1 Introduction

The development of nanoscience in the past decades has led to aaewolatr
understanding of fundamentals as well as potential applicationd basenaterials in
nanoscalé. The widespread interest in nanomaterials mainly originates ftheir
unusual properties in areas including optical, electrical, medamiecd chemical
performance. Currently, these materials include many foonmatsuch as nanospheres,
nanotube/fiber, nanocomposite, and core-shell nanostructure; their cégsif include
metal, inorganic, organic/inorganic hybrid, semiconductor, biomatenl, plymer.
Two types of nhanomaterials, inorganic and polymer, were investigatbis dissertation
work. Inorganic multiferroic nanomaterials show both magnetic andrielecdering in
same phase, serving as fundamental elements for novel devices.eRolyravide a
various advantages including their tunable functionalities. Among a wvadge of
polymers, conducting polymers can provide electronic conductive buildiagks
adaptable to a wide spectrum of applications. Multiferfoidsave properties of both
electric and magnetic orderings. The understanding of fundamentatgloyselectric
polarization by electric field has led to advancement in agitesuch as transducers,
actuator, capacitors, and high density data storage. In recest ya@aomagnets have
contributed to the dramatic increase in data storage densitymifed number of
multiferroics systems can show magnetoelectric coupling, the otoatr magnetic
ordering by electric field and vice verse. This coupling of the tundamental fields
could lead to new generations of memory devices involving processeasatactric

encodings for magnetic reading, i.e. multiple state memoryesitwith four possible



states from combination of magnetic and electric polarizatignand P (Figure 1.1f
Recent articles reported that decrease in size to nanoseglegive rise to higher
magnetizatiod:® Among the multiferroics, bismuth ferrites, BiFgi® the only materials
shown to possess both magnetic and electric orderings. In Chapter @&port our
discovery: theoom temperature magnetoelectric coupling in BFO nanocrystal thin film.

New facile approaches for the preparation of bismuth ferrite are alsobges

] I
IL- '_I

Figure 1.1 The four possible states formed by electric polarizatio® and
magnetizationM of multiferroic order. (a) (+P, +M), (b) (+P, -M), (c) (P, +M), and
(d) (P, -M). (From Ref. 6)

In addition to inorganic nanocrystsals, we investigated nanostrudiases on

conducting polymer. The electronic conductivity in polyacetylene wstsdiscovered in

1977¥° Since 2000 Nobel Prize in Chemistry awarded for discovery ofnizg



conducting polymers, momentous progress has been made over 25 yeardiéfdtHis
Recently, nanostructurés (i.e. nano-spheres, -rods, -tubes, -wires, and -fibers) of
conducting polymers have gained growing interest, because the coobirgfti
characteristic of conducting polymer with nanoscale size eseatany potentially
breakthrough in applications, including sensors, data storage, sup@@apa
electrochromic device, and field mission disptayCore-shell composites represent a
significant family of nanostructures. The characteristicshef material of the shell
generally diverge from that of the core. The shell can emh#mermal and chemical
stability of nanoparticles, improve solubility, render them leg®toxic, and allow
attachment of conjugates. The conducting polymer shell can be biologmphtible and
serve to control the features of the nanosphere. Two types e$tlvelienanospheres from
conducting polymers are reported in Chapter 3. First, a nanospherecamiducting
polymer (poly(3, 4-ethylenedioxythiophene) as the shell and a roopetatmre ionic
liquid (RTIL, bmimPF) as the core was prepared. This core-shell sphere was
demonstrated to serve as an efficient vehicle for controllegsel The RTIL core is
nonvolatile, thermally stable and with tunable solvation properties amDPEshell
controls the volume change leading to cargo release eithertioote or from the shell
surface. The second type of core-shell nanospheres consists of dopedipel{BANI)
insulating shell with core of higk-material strontium titanate embedded in conducting
PANI matrix. This novel structure combines atomic and electrpoiarizations in one

element of nanometer scale and exhibits synergistic electronic properties



Chapter 2 Advancement in Methods for the Preparatia of
Multiferroic, Bismuth Ferrites, Nanoparticles and the
Observation of BiFeQ; Room Temperature Magnetoelectric

Coupling

2.1 Introduction

Multiferroic'® materials have recently gained considerable importance both
technologically and scientificafty because of the existence of two or more of the
properties of ferroelectric, ferromagnetic (or antiferroméghand ferroelastic orderings
in the same sample phase, with possible couplings of their ordan@@rs (spin and
charge) (in Figure 2.1)7 Multiferroics are promising materials for design and sysithe
of multifunctional material due to the potential applications of miagrend electric
switching. Incorporating the observed optical respdfi€emultiferroics can lead to
device applications exploiting all three of electric, magnetid, @ptic respons€s:*® As
a consequence, multiferroics has been the subject of recentiextenestigation.”*°

However, there are indeed few existing multiferroic materialsu¢gig.2)’

Optical properties of multiferroics have been known for manysy84* Optical
magnetoelectric effett 2>?%is among the most important propertiess ltefined as the
phenomenon of the change of refractive index or absorption coeffupentthe reversal
of light propagation direction relative to magnetic field, electield applied or pre-

exiting!® Few reports on optical properties for multiferroic have been publishe
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although they are expected to manifest themselves due to the inhegnetic and
electric nature of light. ' 2% 24 26 29334gvever, the interaction among optic and
magnetic and electric orderings is still not well-developededent article showed the
possible novel optical application of BiFe@BFO) films?® This article showed that the
visible-light photovoltaic effect on BFO diode led to the understandinghafge
conduction mechanisms in leaky ferroelectrics and the advance irdetsign of
switchable devices combining all three functionalities. Amongntla@y multiferroics,
BFO has attracted considerable attention. It is known to be thematérial that displays
multiferroism at room temperature (Table 2*Ff with its ferroelectric Curie temperature

T. of 1103 K and antiferromagnetic Néel temperafiyef 643 K.

a Ferromagnets b Ferroelectrics [ Multiferroics

e ..
Ow : 3

7/ \ / \ / N\
O O QPT Ol G:‘T@ Ok

Time reversal Spatial inversion  Time reversal  Spatial inversion Time reversal  Spatial inversion
m switched m invariant p invariant p switched m switched m invariant
p invariant p switched

Figure 2.1 Time-reversal and spatial-inversion symmetry in ferroics. (a)
Ferromagnets. The local magnetic monmaninay be represented classically by a charge
that dynamically traces an orbit, as indicated by the arradghed spatial inversion
produces no change, but time reversal switches the orbit andnhthiid Ferroelectrics.
The local dipole momenp may be represented by a positive point charge that lies
asymmetrically within a crystallographic unit cell that hasnebcharge. There is no net
time dependence, but spatial inversion reverBegc) Multiferroics that are both
ferromagnetic and ferroelectric possess either symmetry. (Fesnd R
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Figure 2.2 The relationship between multiferroic and magnetoelectrienaterials. The
intersection (red hatching) represents materials that ad&ferroic. Magnetoelectric
coupling (blue hatching) is an independent phenomenon that can, but need nat, arise
any of the materials that are both magnetically and electricallyipaiide. (From Ref. 4)

Table 2.1 List of The Neel () temperature and Curie temperature)(for well-known
multiferroics. BiFeQis only material that displays multiferroism at room tempeeaf*
38

BiFer ~643 K ~1103 K

BisFes0g ~260 K P-E loop ~ 250 K
RMnO;*

~100 K ~1000 K

(R=Ho-Lu, Y)

DyMnO3>° ~40 K 17.5 K
Ni3V 20 ~9.8 K 4.28
RMnOs*’

~41 K ~28 K
(R=Tb, La)




The structure of BFO is characterized by distorted perovskitetste connected
along their body diagonal along one of the pseudocubic (111) axes (Ri@ae The
ferroelectric state is a large displacement of the Bi reftative to the=e(Q; octahedral.
The ferroelectric polarization in BFO, therefore, can have epgissible directions
corresponding to positive and negative orientation along the four cupendia (111),
changed by ferroelectric 180° (Figure 2.3b) and ferroelastitclings 71° and 109°
(Figure 2.3c, d). The Fe magnetic moments are aligned ferreheglly within
pseudocubic (111) planes and antiferromagnetically between ad{adédntplanes. The
preferred orientation of the antiferromagnetically aligned spmns the (111) plane
perpendicular to the ferroelectric polarization direction. The ardifeagnetism is
coupled to the ferroelectric polarizatioh?’ In fact BFO shows, at room temperature, a
weak ferromagnetism due to the residual moment from canted spituse’ *? Thus,
BFO is currently considered to be the one of the most promisindidate for new
breakthrough in device applications based on the coupling betweeeléetric and

ferromagnetic orders at ambient conditions.

Most of multiferroics have been prepared in bulk form (such as Grgstamic or
powder) and thin film. However, for BFO bulk samples, single perovskiteepisahard
to obtain and their leakage problems lead to low resistivityuprably due to defect and
nonstoichiometry related issues, leading to difficulty in the mfasi®n of intrinsic
saturated ferroelectric hysteresis 1d3° Recently, high-quality thin film growth
techniques have opened the door to the possibility of devices based oetoesertric
coupling?’ Thin film growth has been achieved through processes involving sbejits

at various high temperatures, specific environment and sophisticatednest. These
7



previously established methddsiclude: pulsed laser deposition (PLB)liquid-phase

epitaxy?® *° sol-gel methodolog§”’ *° and chemical solution depositidh.>> Our
methodology involved much less demanding procedure (see below).
a A
®: 6

L Fe . u
@ . ‘ [001]
I

c| (d | 9
’i"" , 9
Lo o8

Figure 2.3 Schematic diagram of (001)-oriented BiFefcrystal structure and the
ferroelectric polarization (bold arrows) and antiferromagnetic plane (shaded
planes).(a) Polarization with an up out-of-plane component before elecpadalg. (b)
180° polarization switching mechanism with the out-of-plane componenhsdittown
by an external electrical field. The antiferromagnetic pdoes not change with the 280
ferroelectric polarization switching. 109%)(and 71° ) polarization switching
mechanisms, with the out-of-plane component switched down by an exéézotcal
field. The antiferromagnetic plane changes from the orange ptathe green and blue
planes on 109%nd 71° polarization switching respectively. (From Ref. 40)

Furthermore, the size of material plays an important rol@hwysical property

control®® *® The Néel temperaturdy of BFO has been shown to decrease with

decreasing particle siZ€.>3 The magnetic properties of BFO have also been reported to
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enhance in small particle due to surface-induced magnetiZ&tifn>* The synthetic
techniqgue and process are critical to nanostructures. In addition, cbere bismuth
ferrites are also important functional material, such a&egDy, a good catalyst for
ammonia oxidation to NO. A recent article indicated that ferobeteproperty could be

observed at nanosize B0y near room temperature.

In this thesis work, three approaches for the synthesis of hidewite nanometer-
sized single particles were investigated. Well-define BF@oparticles thin film was
obtained by spin casting followed by heating at 600 °C. Autoclave msilettid
nanocrystal powders of different ferrites at two temperatoings 20 °C apart: BFO (185
°C) and BiFeOy (165 °C). Bismuth ferrite non-crystalline powder was obtained by
microemulsion method. Structure and elemental composition (Bi/Fe) radcngstals
were performed by X-ray diffraction (XRD), and X-ray etect dispersive spectroscopy
(EDS). The magnetic force microscope (MFM) and Kelvin probeefaricroscopy
(KPFM) were applied to characterize magnetic and electderimmgs. The morphology
studies were performed using scanning electron microscopy (&EMjystal BFO thin
film and transmission electron microscopy (TEM) for powders oOBihd BjFeOo.
Not only electric and magnetic orderings of thin film BFO Hhisbaheir coupling was
observed at room temperature using MFM and KPFM. In addition, the thAld A
methods established our discovery of optical induced magnetic andcetederings in

BFO.



2.2 Experimentals
2.2.1 Spin-casting synthesis

All reagents for synthesis were purchased from Sigma-Aldmzh wsed without
further purification. Bismuth(lll) nitrate pentahydrate (11.26 mmak aon(lll) nitrate
nonahydrate (11.26 mmol) were dissolved in ethylene glycol (1.614 rhalpom
temperature to form the precursor solution and a drop of the solution (@.i28i and
Fe) was spin casted on clean silicon wafers of similar sizeaat spin rates of 300 rpm,
500 rpm, 1000 rpm, 2000 rpm, and 3000 rpm. The wafer was washed three times wi
pure methanol before use. The thin film was then allowed to standearaenvironment
for an hour and then heated at 600 °C in a tube furnace for 1 hour, followed by two cycles
of washing with HCI (0.1 M) and distilled water to remove imgufithe thin films made
at 2000 rpm were of the best quality and was heated in various témpgifaom 600 °C
to 800 °C by a step of 50 °C for XRD observation. The precursor solution was also casted
on Au surface deposited on silicon wafer as well as quartz pldéite Au contacts
(0.5x0.5 square), followed by sintering at 600 °C for the observationatfielenagnetic
and optical effects.
2.2.2 Autoclave synthesis

Sodium hydroxide (1.088 g) and hydrogen peroxide (0.1 g) was dissaolé&tla g
water (pH>13) as aqueous solution. The aqueous solution was then added in 60 g
precursor solution (as made in spin-casting synthesis) wigls@factant (triton x-100,
Tx-100). The mixture solution was transferred to an autoclave &atioa at either 165
or 185 °C for 24 hours. After reaction, the product was purified usireg cycles of
centrifugation and re-suspension followed by drying in an oven at 70 °C.
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2.2.3 Microemulsion synthesis

Sodium hydroxide (0.45 g) and hydrogen peroxide (0.1 g) was dissolved in
water (pH>13) as aqueous phase, and then the aqueous solution was addedih 10 g
solution (5g cyclohexane and 5 g n-butanol) with 5g Tx-100 as “emulsid&rtiulsion
II” was made by adding 20 g precursor solution in 100 g oil solutiorg (&gclohexane
and 50 g n-butanol) with 50g Tx-100. Then, “emulsion I” reacting with “eimulg” at
80 °C for 3 hours gave bismuth ferrite. The product was purified ugingifcge re-
suspended three times followed by drying in oven at 70 °C.
2.2.4 Characterizations by TEM, SEM/EDS, X-ray diffraction, dielectic dispersion,
AFM, MFM, KPFM, optic-MFM and -KPFM

Samples for scanning electron microscopy and X-ray energy digpersi

spectroscopy (SEM and EDS, LEO 982) were prepared by spin castidigan silicon
wafers using a spinner (photo-resist spinner, EC101DT-R485, Headwagré&tesnc.).
Silicon wafers as substrate for microscopy observation werkedaseveral times with
pure methanol before use. The precursor film was allowed te &mtth few hours before
heating to form BFO film. For transmission electron microscofgMY samples, a drop
of the BFO suspension was dried on carbon-coated copper grids at ropenaeme. A
JEOL 1200 EX microscopy at an acceleration voltage of 80 kV wadogaed. X-ray
Diffraction (XRD) studies were conducted on a Philips PW3040 X-@Rfisactometer
with CuKa radiationK = 1.5406 A) operated at 40 kV and 60 mA in tile@nhge of 20—
70° with a step size of 0.03°. The dielectric constant was obtained dialeztric
spectrometer (Novocontrol BDS 80 high-resolution broadband) at freqadrame uHz

to 10 MHz, bias voltage of 1 V DC at room temperature. Samplesizellis 2.06 mm
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height with 18.05 mm diameter. Atomic force microscope (AFM), raagnforce
microscope (MFM) and Kelvin probe force microscopy (KPFM) studiese conducted
on a MFP-3D microscopy (Asylum Research). For mapping MFM imagegontact-
mode silicon cantilevers MFMR-10 from NanoSensors/Asylum Relseaere used.
Because the orientation of magnetization of the Co coated tipntifez@r is random,
before starting the MFM measurement we conducted re-magr@tizging a permanent
magnet brought close to the tip for 10 seconds at a few mnmekstBor studying KPFM,
tapping-mode silicon cantilevers fitted with a Pt coated tipZ4A@ M-10 from Olympus)
having a spring constant ~2 N/m and resonance frequency ~70 kHzse@&sDC bias
was applied on the gold surface to induce polarization during surfagetipbtmapping.
For optic-MFM and -KPFM, a beam from a light source (BlueWave 2000 MAX)
was focused on the BFO film from the under of the sample stageeriedj irradiation

with a range of wavelength of 300 to 560 nm (Figure 2.4, cyan spectrum).
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Figure 2.4 Output spectrum of light source.(From operations manual, BlueWave 200

UV, DYMAX).
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In our AFM studies, tapping mode was employed. There are threargrmode
of operation for an AFM, contact, non-contact, and tapping modes. In comtdet, or
repulsive mode, the tip drags across the surface of sample anthtiesis obtained from
the deflection of cantilever. However, the attractive forcegiite strong between tip and
surface of the sample, causing the tip and sample damage. In nort-ocomdac the tip is
not in contact of the surface of sample. The cantilever is dsdllat resonance
frequency, or harmonics due to van der Waals Force. Becausa¢bebetween tip and
sample in this mode is very weak, the measurement is morautfith@n in the contact
mode. In addition, the cantilever for non-contact mode must be stiftErube soft
cantilever could be pulled into contact with the surface of sampld fBctors, small
force and stiff cantilever, make the non-contact AFM signal w&hks, tapping mode
AFM was developed decades ago to overcome the major problems from nact-cont
mode>® Tapping mode keeps the probe tip close enough to sample for ahgetforces
(van der Waals force) to render the signal detectable. Therdferéapping mode AFM

was selected in this work to observe morphology of nanomaterials.

Magnetic and electric orderings were observed using MFM adVKRIFM can
be used to establish the magnetic field gradient distributiontbeesurface and KPFM,
the electric surface potenti&l. These two technique have been developed to reach
subnano-scale resolut®nfor long range interaction involving magnetic forfeand
electric force’® ®° The MFM and KPFM were performed with dynamic mode. In this
mode, the first trace is a standard AFM trace that mapsoffegtaphy of sample by
gently tapping the tip along the surface, and the second scaresethac topographic

feature at constant height above the surface where a long fieaegels measured. By
13



using this technique, the image mapping the long range force beulgenerated in

conjunction with topography.

The MFM was used to image the magnetic orderings of the nitdidanaterials
with high resolution and sensitivity. For the observation of the nanosedtr magnetic
property of the bismuth ferrite, the MFM measurements with a ntagtip were
performed using the dynamic mode to give a phase image.aiff@eswas scanned and
the changes in the magnetic interaction of the tip with thepleaaffect the resonance
frequency shifts of the cantilever, leading to a contrashéenphase detection. In this
experiment, a repulsive interaction between tip and sample isseyed by bright

contrast and an attractive interaction by dark contrast in the resulting.imag

Kelvin probe force microscopy (KPFKF) ®1®has been used to map electric
polarization of nanosystems. In this dissertation, KPFM was entgplagea tool to
demonstrate the polarization in multiferroics and core-shell comdugbolymer
nanospheres. KPFM is a scanning probe technique, capable of mappiocatisurface
potential with spatial resolution in nanometer range. An AC biaseabid the tip creates
a potential difference between the tip and the sample, leadingeteetric force on the
cantilever. The cantilever begins to vibrate if there is a paledifference between the
AC voltage on the cantilever and the DC field on the surface ¢gugatential, SP, or
work function). The system then adjusts the AC feedback voltage tominnitip
vibration, and the potential at the tip represents the local systdeatial of the sample.

The SP image is collected as the AC voltage applied to the scanning tip is recorded.
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2.3 Discussions and Results

2.3.1 Spin-casting synthesis
2.3.1.a Crystallographic structure and Morphology studies

Bi(NO3)3-5H,0 and Fe(N@s3-9H,0 in a 1:1 molar ratio dissolved in ethylene glycol
serves as the precursor solution. The thin film of nanometer-sigexDB(BFO) was
obtained by spin-casting (2000 rpm) of precursor solution followeaelying at 600 °C
to 800 °C by a step of 50 °C to ascertain the influence of temperXt diffraction
patterns of BFO thin film from heating at 600 °C and washed by HCI (Figureshéas
a crystal structure of rhombohedrally distorted perovskite (JCPDS 8¢-1518).
Secondary phases bismuth ferrites were observed (Figure 2.5lef@&FO thin film
from 600 °C without purification. Further increase in the heaititent temperature
above 650 °C leads to the appearance of nonperovskite phasesea®JHBiFigure 2.5c-
f), an iron rich phase. This phase is especially prominent in tims fleated at high
temperature, suggesting loss of bismuth from the samplée XRD results suggest that
pure crystal BFO formation is favored when thin film is heategl0@ °C, and show 0.1
M HCI as an efficient agent to remove the secondary phasesefia analysis using X-
ray Energy Dispersive spectroscopy (Figure 2.6 and Table 2.2) stmoegual elemental
ratio of Bi-to-Fe, supporting the XRD result. Furthermoregrphology, physical
properties, and room temperature magnetoeletric coupling in thigerolt thin film

were demonstrated through SEM, AFM, MFM, and KPFM investigation.

The morphologies of the BFO thin films with different spinningesatvere
monitored usingSEM (Figure 2.7 and 2.8). The SEM images results show that the

morphology of thin film samples strongly depends on the spinning speedna&pe of
15



BFO film from 300 rpm shows bubbles and rough surface (Figure Zie).is due to
slow solvent evaporation of low spinning rate. For the thin filnmgd from 500 rpm,
the image (Figure 2.7b) shows surface cracking. Bubbles evapanatdhe thin film

and remain visible on the surface of 1000 rpm thin film (Figure 2Pa}icles with 200
nm average diameter, and uniform and smooth thin film (2000 rpm) eened

(Figure 2.8). When the spinning rate is increased to 3000 rpm, theesloé@omes
rougher as seen in SEM (Figure 2.7d). We, also observed precurs@mnssfuin out of
silicon wafer during spin casting in 3000 rpm. Thus, SEM imagebéls$taa spinning
rate of 2000 rpm (Figure 2.8) as the optimum condition. According to &SMts, the
sample of BFO multiferroic thin film from 2000 rpm was used ygscal sample for
characterization of magnetic, electric, and coupling induced lxyrielemagnetic field

and irradiation
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Figure 2.5 Effect of heating temperature on crystals.X-ray diffraction patterns of
BiFeO; nanocrystal thin film prepared by spin-casting (2000rpm) of aupsec solution
(Bi(NO3)3:-5H,0O/Fe(NQ)3-9H,0/2(GH,(OH),)) followed by heating at different
temperatures. (a) Heating at 600 °C washing by HCI (0.1M)h€hjing at 600 °C; (c)
heating at 650 °C; (d) heating at 700 °C; (e) heating at 750 °C; {fhted 800 °C. (*-
bismuth ferrites other than BFO)
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Figure 2.6 X-ray Energy Dispersive spectroscopy (EDS) spectrum for B3 thin
film made by spin-casting (2000 rpm) heating at 600 °C and washirgy HCI. The

guantitative result shows a Bi/Fe ratio of 1, supporting the theoretical atoraiofrat

Table 2.2 EDS quantitative results show a Bi/Fe ratio of 1 of spin{ag4tiin film (2000

rpm) in agreement wiht theoretical atomic ratio.

Element

Al

Si
Fe
Bi

Totals

Weight%

1.70

46.72

0.07

35.48

SRS

12.66

100.00

Atomic%

3.19

65.64

0.06

28.40
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Figure 2.7 SEM images of BFO thin film of nanocrystal in different spin-casting ra¢.
(a) 300 rpm; (b) 500 rpm; (c) 1000 rpm; (d) 3000 rpm.

Figure 2.8 SEM image of BFO thin film of nanocrystal (a) with scale bar 1 um. (b)
magnified image of (a) with scale bar 200 nm. The images shopattieles average
diameter of 200 nm.
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2.3.1.b Magnetic ordering induced by magnetic field

The morphology of the BFO thin film from 2000 rpwas also established
usingAFM (Figure 2.9a). Both SEM (Figure 2.8) and AFMd#&re 2.9a) results show
film with dense uniform nanoparticles (average 2@ sciameter and 45 nm height).
For magnetic properties, MFM was used to imagentlgnetic orderings of the BFO
thin film. The MFM image of BFO film (Figure 2.9l depicted by a bright and dark
contrast over the surface at a constant tip he§iB2 nm AZ=82 nm). The MFM tip
(300 Oe) was magnetized to the Z direction (perprndr to the plane of the sample)
prior to the measurement. The phase image (Figh)2@early indicates magnetic
ordering with significant number of magnetic donwmishowing both magnetic
polarities on the plane, i.e. white and dark regiqsee insert). The featureless
electrostatic force microscopy (EFM) image (Fig@d0) from the BFO thin film
was obtained with a metallic tip replacing the metgn tip operatingwith a delta
height of 50 nm. Tip for MFM without initial magneation also resulted in
featureless MFM image. These images indicate tlemtr@static modulation and van

der Waals force did not play a significant rolehie MFM measurement.
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Figure 2.9 AFM (a) MFM (b) image of BFO thin film as prepared. @) Topological
AFM images of bismuth ferrite nanostructures with averagghhd5 nm. Scan area: 4 x
4 um. (b) MFM image (4 x 4um) of thesame region as in (b). The insert image is the
marked particle enlarged 4 times.
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Figure 2.10 EFM image of the BFO thin film without bias voltage and usig a delta
height of 50 nm.
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2.3.1.c Electric ordering induced by electric field

The KPFM was performed to observe polarization switching propertigee d@FO

film with a delta heighin\Z=50 nm (the distance between the tip and the sample surface).

The polarization was induced and recorded by KPFM to verify #ral orderings of
BFO thin film. Figure 2.11 shows in (a) topographical surface d® Bifn having an
average height of 45 nm whereas (b, c, d) are the sameraged by applying various
DC bias (-1V, +1V, and +2V) on the surface to induce electric igalawn and show
potential features corresponding to particles with induced dipoledbr to remove the
already existing surface charge and to observe the polarizatioki- scan with zero
bias was performed on the same region using a contact mode withraled tip’* We,
then, applied DC bias at different levels, -1, +1 and +2 V, from the substratkiteithe
polarization. The surface potential image (Figure 2.11b) at -1 \bia€ shows clearly
that negative (~ -10 mV) and positive (~ 10 mV) polarization on tHasaof BFO thin
film. After changing the DC bias from -1 V to the opposite dioe of +1 V on the
surface of BFO thin film, the polarization of BFO thin film dimshed to about O (Figure
2.11c). When a higher positive bias of +2V DC was applied, a neadyted image was
observed (Figure 2.11d vs. Figure 2.11b), indicating clearly that thezatian direction
of the ferroelectric domains was reversed by the exteteatrieal field. It was also
observed that the electric polarization maintained for at l&8shours with only a

moderate decrease after the electrical field was withdrawn.

22



Hm

um

Figure 2.11 Surface potential (SP) KPFM maps of BFO thin film.AFM topography

(brown) and surface potential (SP) maps (gray). Scan area:335um. These maps are
from continual scanning in the same area with 10 min required fdr sean. (a)

Topological AFM image of BFO thin film particles with averdggight 35 nm. (b) SP
images for the same area of BFO thin film with (b) -1V DC bias, (c) BCbias and (d)

+2V DC bias. Delta heightZ=50 nm.

2.3.1.d Magnetoeletric coupling
2.3.1.d2 Magnetic ordering induced by electric field

To demonstrate the electric field induced magnetic ordering @ thin film, an
external electrical field was applied first to the samplernvMFM experiments were

performed to image and manipulate magnetism of BFO film. Trgnete tip was lifted
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further from 82 nm used for MFM experiment to 100 miZ£100 nm) to negate the
influence from the previously existing sample magnetic fieldAZ2=100 nm, the MFM
phase image (Figure 2.12b) does not show significantly magnetiadhiter between the
tip and the surface, indicating the influence on the magnetiovéis reduced to a
negligible level. By applying various levels of DC bias to induegymetism of BFO film
surface, the magnetism images were observed by MFM. Figuta and 2.12b show
topography and magnetic images without applying bias. Eleadtat Was then applied
on the Au substrate, the induced magnetic ordering of BFOw#s recorded (Figures
2.12c-g in varying bias levels). To monitor the levels of influencelettric field on
magnetism of BFO film, 2 V and +4 V DC bias were applieahf the Au surface for
separate sets of scan (Figure 2.12c-f). It was establisheditgher bias field led to
stronger magnetic ordering. The time scale of the responsdemamnstrated by a single
10-minute scan with bias stepped in the sequence of -4 V, -2 V, 2M, and +4 V
(Figure 2.12g). These cycles can be repeated many timesnddpeetic ordering can be
controlled with bias voltage and removed in less than one minute plygietracting the
applied field (0 V) (Figure 2.12g). The featureless EFM im@&ggure 2.13) of the BFO
thin film, conditions same as MFM, was obtained with a loweradaight of 50 nm and
+3V bias from Au surface. This EFM control experiment establisliedVIFM contrast

was of magnetic origin.
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Figure 2.12 Magnetic ordering induced by electrical field.AFM topography (brown);
magnetism induced by electric filed (gray). Scan areax 10um. (a) Topological AFM
images of bismuth ferrite nanostructues without applying DC H@dagnetic images
(after AFM) of thesame regionas in (a) with delta heigltZ=100 nm, no bias. (c) +2V
DC bias was applied on the substrate. (d) +4V DC bias was apg)je@M. (f) -4V. (9)
DC bias was continuous applied in steps of -4V, -2V, 0V, +2V, to +4\Vhdur one
scan over a period of 10 min.
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Figure 2.13 EFM image of BFO with +3V bias voltage from the Au surface and
using a delta height of 50 nm.
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2.3.1.d2 Electric ordering induced by magnetic filed

To study the electric ordering induced by magnetic field, #mepse was placed in
an external magnetic field before KPFM measurement. Tlagiing experiments are
similar to normal KPFM, except there was no DC bias applied osutface of BFO
film. AFM topography (Figure 2.14a, 2.14c and 2.14e) was carried oufdiletved by
KPFM study. The SP image was recorded W50 nm. Results from experiments on
the same sample area with and without external magneti fiere compared (Figure
2.14a vs. 2.14b; 2.14c vs. 2.14c and 2.14e vs. 2.14f). In the first experiment, the SP
image of BFO film was mapped without neither electrical field nor magfield (Figure
2.14b), showing no significant SP on the surface of BFO film. Afterfttst scan, BFO
film was positioned between two poles of a magnet with a pole gépinéh and a field
strength of 10,500 Oe for 30 minutes and 17 hours. After 30 minutes and 17 hours of
magnetization, the SP images were obtained and recorded (Riddce and 2.14f). As
shown in Figure 2.14d, the image starts to show SP on the surfa¢€OofilB after 30
minutes magnetization. After 17 hours of magnetization, SP irffagere 2.14f) shows
strong ferroelectric ordering. This is tifiest time magnetic field induced polarization
was observed at room temperature. The induced electric ordgrmgdnetic field is not
as efficient as magnetic ordering by electrical fiélFM images Figure 2.12b-g and SP
images Figure 2.14d and 2.14f). For different external magnetizakperiments, it is

difficult to relocate exactly same area of observation (5 pm by 5 pum)deathple.
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Figure 2.14 Surface potential (SP) maps of electrical ordering induceddy magnetic

field. AFM topography in brown; electric polarization induced by magrig¢id in gray.

(a, b) Topography and SP images without applied magnetic fiel@ Bfn film
positioned between two magnet poles (10500 Oe) with 0.5 inch pole gap for 30 mins (c, d)
and 15 hours (e, f) before observation.
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2.3.1.e Optically induced magnetic and electric orderings

In addition to the effect of electric and magnetic fields, adtlapplied field,
optical irradiation was found to induce magnetic and electriciogtein BFO thin film.
The multiferroic thin film formed on quartz substrate was fixea tglass slide with a
double-side adhesive tape and positioned on the stage. An external dightrben under
the stage was focused on the sample during the MFM and KPFM dinser¥r optic-
MFM, the delta height was at 50 nm. Optical absorption spectruguré- 2.15a)
indicates that the glass slide and double-side adhesive absorbed aboligH20f%6m
wavelength of 300 to 600 nm, and BFO sample absorbs most of light between
wavelength of 300 to 450 nm. The topography (Figure 2.15b) and MFM phage
(Figure 2.15c) with weak magnetic ordering were observed beffiadiation. Then,
various levels of light intensity from 6, 12, to 26 mW/anere applied and monitored by
a Dymax ACCU-CAL™ radiometer. The light beam followed the pathglafss
slide/tape/quartz to BFO film. Figures 2.15c-f show magneticrimigie increases as the

total light intensity increases

To examine the effect of wavelength, a set of experimentcasaged out with an
additional filter placed between the light source and glass. Jide filter cut off light
with wavelength higher than 450 nm. The total intensity of UV liglas further
increased from 26, 237 to 560 mW/cm The added filter transmitted 60% of the
incoming light in the region of 350 to 450 nm with a long wavelengtloffat 450 nm
(Figure 2.16a), resulting in higheotal light energy for inducing magnetic orderings
(Figure 2.16d-f). The topography (Figure 2.16b) and MFM images (FRju6x) before

incident light were observed. The MFM images show very weak riagomerings,
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even though the total light intensity was increased around 10 (ifigisre 2.16e vs.
2.15f). Until light intensity increasing to 560 mW/&taround 21 times), the magnetic
orderings were just observed (Figure 2.16f). It is clear thaeffi@ent action light has
wavelength longer than 450 nm. The same wavelength region wadeteor be

effective in generating photovoltaic effect BED.

To demonstrate electric ordering induced by light, the KPFM evagloyed to
map surface potential of BFO thin film while being irradiateduFe 2.17a, b indicate no
polarization on BFO thin film in the absence of light. With applyingotes levels of
intensity of light from 106, 263 to 315 mW/énSP images (Figure 2.17c-h) indicate a
slight induced electric orderings. The SP images appear tospone to topographies.
The induced electric ordering by light is not as efficienthagnetic ordering as indicated
by a comparison of SP images (Figure 2.17d, f, h) with MFM imédgesire 2.15d-f).
Under our experimental conditions, less than 15% of the incoming figit dinder the
stage can arrive at the sample side close to the scanning tipisAtresent, it is not

possible to arrange irradiating from above due to blockage by the cantilever.
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Figure 2.15 Magnetic ordering induced by light. Delta heighiAZ=50 nm. Scan area: 5

x 5 um. (a) UV/vis spectrum of BFO thin film, tape and glass slfde.Topography of
BFO thin film. (c) Magnetic image of BFO thin film withoapplying light. Magnetic
images with applying light. (d) 6 mW/én(e) 12 mW/crf (f) 26 mW/cnf.
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Figure 2.16 Magnetic orderings induced by light with band a filter. Delta height
AZ=50 nm. Scan area:»65 um. (a) UV/vis spectrum of filter and filter/BFO thin film. (b)
Topography of BFO thin film. (c) Magnetic image without applyiigit. (d-f) Magnetic
image;z with applying light through filter. (d) 26 mW/fnte) 237 mWi/crhy (f) 560
mW/cnf.
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Figure 2.17 Electric orderings induced by light. Delta heightAZ=50 nm. Scan area: 5
x 5 um. AFM topography (brown) and surface potential (SP) maps )(di@ayb) Surface
potential (SP) images without applying light. (c-h) SP imagiéls applying light. (c, d)
106 mW/cns, (e, f) 263 mW/cm2, (g, h) 315 mW/ém
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2.3.2 Autoclave synthesis

The autoclave method gave nanocrystal powders of one of thedateépending on
heating temperatures. Nanocrystal powders gféDy and BFO were obtained from the
same precursor solution reacting for 24 hours at 165 and 185 °C. The XRDhpaf
crystal nanoparticle clearly show an orthorhombic structure gfefdy (Figure 2.18a)
with space grouf’bam (JCPDS No. 25-0090) and BiFgGx rhombohedrally distorted
perovskite (Figure 2.18b, powder; Figure 2.5a, nanocrystal thin filith) space group
R3c (JCPDS No. 86-1518). In addition, EDS spectrum confirms that the rti@me
composition ratio of Bi/Fe is 1/2 for Bie,Og (Figure 2.19 and Table 2.3) and 1/1 for
BFO (Figure 2.20 and Table 2.4), supporting the XRD results. The morpé®logi
Bio,Fe,Og and BFO nanocrystals were examined by TEM. The TEM imabew the
average diameter of Bte,Og particles is about 250 nm (Figure 2.21) and BFO patrticles,
about 100 nm (Figure 2.22). The magnetic and ferroelectric ordesfrigsO autoclave

nanocrystals were, then, established by MFM and KPFM.

For magnetic ordering study, the MFM phase image shows the ntagregierties
of BFO particles from autoclave method. Topography image of BFO amthverage
height of particles of 100 nm was obtained (Figure 2.23a). In the secandirsg with
delta height of 50 nm, the phase image (Figure 2.23b) shows dadkepeontrast on the

surface of BFO sample, corresponding to particles in the topography image.
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Figure 2.18 X-ray diffraction patterns of autoclave samples(a) BLFe;Og nanocrystal
powder 165 °C; (b) BiFeO3 nanocrystal powder prepared by at 185 °GH&B8%)
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Figure 2.19 X-ray Energy Dispersive spectroscopy (EDS) spectrum for Bte;Oq
nanocrystal powder made by autoclave at 165 °Clrhe quantitative result shows a
Bi/Fe ratio of 0.5, supporting the theoretical atomic ratio of 0.5.
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Table 2.3 EDS quantitative results for Hie,O9 show a Bi/Fe ratio of 0.5 for autoclave
sample from 165 °C in agreement with theoretical atomic ratio.

Element Weight% Atomic%

@] 28.10 71.90
Si 0.63 0.92

Fe 24.62 18.04
Bi 46.65 9.14

Totals 100.00
a 2 4 B g 10
ket

Full Scale 5052 ot Cursor: 0.000

Figure 2.20 X-ray Energy Dispersive spectroscopy (EDS) spectrum for BFO
nanocrystal powder made by autoclave at 185 °Crhe quantitative result shows a

Bi/Fe ratio of 1, supporting the theoretical atomic ratio of 1.
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Table 2.4 EDS quantitative results for BFO show a Bi/Fe ratio of 1 tdoeave sample
from 185 °C in agreement with theoretical atomic ratio.

Element Atomic%
CK 8.49 24.38
OK 27.33 58.91
Fe K 13.52 8.35
BiM 50.65 8.36

Totals 100.00

Figure 221 TEM images of BibFesOg9 autoclave nanocrystal (250 nm average

diameter).
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Figure 2.22 TEM images of BiFeQ; autoclave nanocrystal(100 nm average diameter).
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Figure 2.23 AFM (a) MFM (b) image of BFO autoclave nanocrystals as prepact (a)

Topological AFM images of bismuth ferrite nanostructures with @eeteeight 80 nm.
Scan area: 10 x @n. (b) MFM image (10 x 1@m) of thesame region as in (b). Delta
heightAZ=50 nm.
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Electric polarization of the BFO crystal powder was examinéuusPFM and
dielectric spectrometer. Figure 2.24b and 24d-f show surface b{S®R) images (delta
height of 50 nm). Figure 2.24 shows topography (a) of BFO autoclave rpstabc
particles (average height ~100 nm) and SP (b) image without DCTmamprove the
observation of the switching behavior of electric ordering, the scgrarea was reduced
from 10x10 pum to 5x5 um. Two levels of DC bias (x1V DC), were agppbie the
substrate of BFO sample. The topography (Figure 2.24c) and same&Rreaages
(Figure 2.24d-f) of BFO were recorded by KPFM. Figure 2.24b showstigaal
polarization with positive surface potential before applying lAaBC bias of +1V was
applied (Figure 1.24d) and a 10 min scanned was conducted from lowar tegipper
region. The polarization of SP image evolved from positive to negdtikete to dark)
during the scan in 5 min of application of bias voltage, the pastlo their positive
(+15 mV) polarization and finally switched to negative (-15 mV). Beanning was
continued with +1 V, but in the reversed direction from top to bottom reggriting in
“negative polarization” for the entire frame (Figure 2.24e). Therew scan with a “-1
V” bias was conducted, a fast switching ~1 min, to “positive mdfon” was
demonstrated (Figure 2.24f). Thus, KPFM measurement gave evidencdetbric
ordering and its switching behavior in the autoclave BFO sampkedielectric constant
of BFO and BiFeOy autoclave crystal samples were performed on a dielectric
spectometer with frequencies fromuiiz to 10 MHz (Figure 2.25 and Figure 2.26) and 1
V DC bias. For BFO autoclave sample, dielectric constant (I@6)ass tangent (2.47)

were obtained at 0.01 Hz (Figure 2.25); fopR#4Og, 586 and 7.56 (Figure 2.26). For
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autoclave, BiFesOy has higher dielectric constant and loss tangent than BFO.

Ferroelectric property of BFe,Os nanocrystal was reported befdfe.

b h b o w &2 a =

Figure 2.24 Surface potential (SP) KPFM maps of BFO autoclave nanocrystals
AFM topography (brown) and surface potential (SP) maps (grayseThmaps are from
continual scanning in the same area with 10 min required for each &tac)
Topological AFM image of BFO autoclave particles with averhgght 80 nm. SP
images for the same area (a) of BFO autoclave nanocrystals with/(B)C bias, and the
same area (c) of BFO autoclave nanocrystals with (d, e) BC\bias and (f) -1 V DC
bias. Delta heighAZ=50 nm.
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Figure 2.25 Dielectric constant and loss tangent of BiFe@autoclave nanocrystals at

room temperature.
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Figure 2.26 Dielectric constant and loss tangent of BFe;Og autoclave nanocrystals
at room temperature.
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2.3.3 Microemulsion synthesis

For microemulsion synthesis, the bismuth ferrite sample waschlsracterized
using XRD, TEM, and dielectric spectrometer. XRD result indi&£a non-crystalline
bismuth ferrite. TEM image shows the average particlesasibesmuth ferrite about 80
nm (Figure 2.27). For dielectric constant measurement, the résws £xtremely high
dielectric constant about 1,370,000 and loss tangent about 8 at 0.01 Hz. Tthedess
decreases at frequency below 176 Hz, and then reincreases to f2egi@ncy 4510 Hz.
After frequency larger than 4510 Hz, the loss tangent decraga@s (Figure 2.28). The
extremely high dielectric constant @f370,000 and the tangent loss peak at ~4.5 KHz

requires further careful investigation.

.
100 nm

Figure2.27 TEM image of bismuth ferrite with average diameter of 80 nm made by
microemulsion.
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Figure 2.28 Dielectric constant and loss tangent of BFO microemulsion particteat
room temperature.

2.4 Conclusion

Three approaches, spin-casting, autoclave, and microemulsion usirginglee
precursor solution have been developed, giving bismuth ferrites of ediffer
morphologies and characteristics. Thin film of crystalline BER@efage diameter of 200
nm and thickness of 45 nm) of high quality was synthesized usingla fpaocedure of
casting a precursor solution at a spinning rate 2000 rpm followeddiyng 600 °C. This

finding represents a far more manageable process than the ermtipg methods.

Nanocrystalline bismuth ferrite powders,,B&0Oy (250 nm) and BFO (100 nm), were
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prepared by autoclave method at 165 °C and 185 °C respectively. Microemuls

synthesis gave non-crystalline bismuth ferrites powder in nanoscale (80 nm)

MFM images established magnetic ordering induced by magineltic electric
field, and optical irradiation. Electric ordering was also showetinduced by all three
applied stimulus. Fast magnetic ordering response, within a mindteged by electric
field was observed. For electric ordering, SP images of BiHOfilm show that electric
ordering induced by electric field can be readily switched in rtiirute scale as
demonstrated by applying -1V and +2V DC bias in successions. Bpense of
electrical ordering to magnetic field (10,500 Oe) is much slo@@min was required to
generate MFM image. Optically induced magnetic and elecriterings were also
observed by MFM and KPFM. The light induced MFM images indicate rtfagnetic
orderings could be efficiently generated by low energy levelnf2&/cnf) radiation at
wavelength longer than 450 nm. Light induced electrical orderinguish less effective
than for magnetization under our current experimental arrangeniémt. finding
concerning optic field is important. Experimental arrangemeniteing established to
allow light with wavelength longer than 450 nm and irradiating diyeatl the sample

surface from above as in near-field arrangement.

Compared with spin casting method, BFO from autoclave method shows much
weaker magnetic ordering. The switching of BFO powder elettrozdering was
observed in KPFM with £1 V bias, at a similar level for BF@nir spin casting.

Bi,Fe,Ogy crystal powder, a well-known ferromagnetic material showediedectric
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constant of 600, higher than 110 from BFO crystal powder. Bismuthefoivder from

microemulsion has an extremely high dielectric constant of 1,370K.

In summary, well-defined nanocrystal BFO thin film with uniformtigcées was
successfully prepared by new facile method, spin-casting. dtgetoelectric coupling
and optical induced magnetic and electric orderings were olossaty®om temperature
on thesameBFO thin film thus prepared. This is thest time “magnetic-electric-optic”
coupling at room temperature were observed in BFO nanocrystdiliimThe autoclave

and microemulsion approaches for bismuth ferrites syntheses are not tieversa
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Chapter 3: Core-shell Nanomaterials from Conducting
Polymer - Controlled Delivery and High-k Nanoparticle in

Conductive Matrix

3.1 Core-shell nanostructure for controlled delivey

3.1.1 Introduction

In recent years, hollow submicron spheres have attracted inteersgctesttention
because of their wide variety of applications, including drugsdge inks delivery,
protection shield for proteins, catalysis applications, and genapyiet Conducting
polymers are of considerable interest for a variety of appitatdue to their
responsiveness to electric field to generate a change in congyatolor, and volumé.
" Nano and microscale conducting polymeric systems are almfadiglespread use for
applications such as electronic devices, mechanical actuatorshamical sensors.’
Their substantial volume change accompanying the doping/dedoping se®teserves
as the base for many actuator applicatidié Recently, new applications of conducting
polymer have attracted increasing interest in the area®mifotled release because
conducting polymers also offer the possibility of controllable drugimdtration through
electrical stimulation and pH changifig® " ** Even though the development of
polymeric controlled release system is still in the developinge®Ha > the advance of
nanotechnology continues to provide new techniques for the fabrication @fwvholl
nanostructure$.*®? On the other hand, the use of conductive polymers in delivery
systems has not been fully developed due to the limitations inecbbidopant for the
polymer and the molecular weight of the delivered drug.
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The establishment of the biocompatibility of PED®T* #* ?and polypyrrole
(PPY)? ** ?lexpended the application areas of conducting polymers. In this disserta
poly(3, 4-ethylenedioxythiophene) (PEDOT) was chosen as the polgimal for
nanospheres. Recently, biocompatibility PEDOT was used for imporiantal

prosthesis and drug delivery applicati6n'é: %

For the hollow sphere nanostructure syntheses, both tefiffsad template-fréé
31 processes have been broadly investigated for inorganic nanostrusttireisterior
space. However, fabrication of PEDOT nanostructures is veryealgatly. To obtain
hollow nanostructures, template-mediated polymerization processesusually used.
One-dimensional hollow nanostructures were first fabricated byg usand-templates
including track-etched membrar&s® porous membran&s® and biodegradable

polymer fiber§. Figure 3.1 shows schematic for the preparation of 1-D holmwotubes

performed inside th&l,O; membrane por&

template

PEDOT rods & tubes

Figure 3.1 Schematic illustration of the use of an AlO; membrane as a template in
the synthesis of 1-D PEDOT structures(From Ref. 35)
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Although the hard-template methods are effective for well-défihelemensional
hollow nanostructures, the processes are relatively complicatedfaadltdio scale up.
On the other handoft-templatanethods have also been developed. Soft-templates refer
to self-assembled or liquid crystalline structures in which ledsional conducting
polymer nanostructures can be grown by chemical or electrochlepriccesse¥ %
Figure 3.2 illustrates the 1-D PEDOT hollow nanofibers prepimosad a soft-template of
agueous anionic surfactant solution. TEM images confirm that nanofibersiollow

structures?®

a. SDS micelles b. micelles aggregate to
& form cylinders

c. EDOT monomer polymerized Z‘? d. surfactant removed
incyli nde leaving PEDOT fiber
. F

Figure 3.2 Schematic illustration of the procedure for the synthesiof PEDOT
nanofibers in cylindrical surfactant micelles. (From Ref. 38) (Hollow nanofibers
structure showed by TEM)

More intricate cases are the fabrication of nano-capsulesesicles. The hard-
templates for the fabrication of nano-vesicles are not easynoveecompared with the
cases for 1-dimensional nanostructufes. Recently, PEDOT nanosphere with
cyclohexane core was preparédin this dissertation, an efficient methodology of

interfacial polymerization was demonstrated for the fabricatddnthe core-shell
48



nanospheres. PEDOT serves as the shell for a core of roquetnre ionic liquid
(RTIL) in a micelle system established in water mediated honionic surfactant, triton
X-100 (TX-100). There are advantages of using RTIL micelleshasoft-templates
compared with cyclohexane syst@nVith their nonvolatile, thermally stable and tunable
solvation properties, Biocompatible RTILs are considered as pronusindidates for
both chemical and biological applicatiofig? With the formation of the PEDOT shell,
chemical or biological substances can be encapsulated in theAdsoe due to the
nonvolatile nature of RTILs, loading loss through evaporation in pagpa is likely to

be very low.

The current study provides a novel platform for controlled relegggeted through
stimulation by pH tuning. Scheme 3.1 illustrates the mechanismofame change in
conducting polymers by doping/dedoping processes. Two volume change ragwhani
can be consideréd.There are positive charges on the backbone of conducting polymer
as synthesized by oxidation polymerization (doped state). To nmicharge balance,
the equivalent counter ions (anions) need to be present in the mhtconducting
polymer (Scheme 3.1 Doped state). After electric or pH value tutiregvolume of
conducting polymer changes to “dedoped state | or 1I” depending on thef simenter
ion. If the size of counter ion is large, the volume expands afteulation as Scheme
3.1 “Dedoped state I”. Because the backbone of conducting polymer Isdesse
positive and counter ions cannot move out of matrix of conducting polymeratioas
migrate into the polymer matrix for charge compensation, causipgnsion. On the
other hand, if the size of counter ions is small, the volume of condymtigmer shrinks

because small counter ions with solvent are expelled (Scheme 3.1 “Dedopdd) state
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Dedoped state T

Dioped state

Dedoped state II

- L]

Scheme 3.1 Proposed mechanism for volume change in conducting polyreers.
represents a dopant.

On the basis of the substantial volume changes in conducting po]yiwers
controlled release strategies through the size shrinkage and expahgiolymer nano-
shells were demonstrated in this dissertation with the syntbesiseries of core-shell
PEDOT nanospheres for controlled reledeTEM and SEM observation, the optimum
reaction conditions for single-chamber nanospheres were establisffederid sizes of
PEDOT spheres were prepared by changing the ratio of R1suffactant ratioR. The
volume changes of PEDOT nanospheres for controlled release wereeobbg SEM.
The controlled release behavior of PEDOT nanospheres was monitoptbiometric

measurement.

In addition in a novel nanosystem, the interaction of electronic patam with
atomic polarization was studied for core-shell nanosphere of polya(fiiasl) matrix
with highk strontium titanate (STO) nanoparticles embedded. The synergist

polarization effect in core-shell of PANI/STO nanoparticles wadksited by KPFM.
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3.1.2 Experimentals

3.1.2.a Hollow sphere synthesis

All reagents were purchased from Aldrich Chemical Co. and ughkdw further
purification. In a typical synthesis, 3, 4-ethylenedioxythiopheneQEDin 1-butyl-3-
methyimidazolium hexafluorophosphate (bmirgPke. ionic liquid, IL) with different
concentrations (0.414, 0.207, 0.083 and 0.0414 mg/mL) serves as the dispersed phase,
and ammonium peroxydisulfate (APS) oxidizer (8.36 mg/mL) in deionizgdmnas the
continuous phase. The micelle system was established by a aotrfatk-100". The
details of reaction compositions bf-A to IL-D were listed in Table 3.1. The process of
formation of polymer shell is depicted in Scheme 3.2. The APS and Eliffd$e to the
RTIL/water interface from opposite directions of the shell. pblymerization occurred
at the interfacial surface of the RTIL micelles, formingeeshell polymer nanospheres
(PEDOT as a shell and RTIL as a core). The interfaciginpetization was conducted at
room temperature in a 20-mL vial with oil-in-water (O/W) miemulsion for 72 and 144
hours. For the study of a series of size of micelles, thellesogas tuned by variation of
the RTIL-to-surfactant ratioR, of 0.17, 0.24, 0.32, and 0.41, resulting in diameter of
PEDOT nanospheres ranging from 75 to 400 nm. The detailed reactiposidons of
IL-E to IL-G are listed in Table 3.2. To study volume change of PEDOT sphere, the
transparent green suspensions were collected after reactiorhofti®and the pH value
was tuned from 4 to 12 by a step of 1 unit by adding small irem&srof concentrated
ammonia solution. For controlled release behavior studies, model drugsdatipole
(28 mg, uncharged) and carboxylated curcumin (4 mg, anionic), wetleagseargos.
Before polymerization, the dipyridamole and EDOT monomer wa®ldess in RTIL,
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and APS, in water. Polymerization occurred at interface, and phyeidimoles were
encapsulated in PEDOT nanospheres. The PEDOT sphere loaded with siegleced
after 72 hours. For the anionic carboxylatd curcumin, 0.56 g of telrafoyan was
added to the aqueous phase to improve solubility. Portion of the cargogyl@umin
was accumulated on the shell of PEDOT nanospheres. After 72 Hoeusplution was

collected for dialysis for 2 day to remove free carboxylatewoum in the aqueous phase.

Interfacial

Polymerization A = Triton X-100

]
5%
IL: [bmim] [PF6]

1)

Scheme 3.2 Schematic presentation of formation of PEDOT nano-encapsulation by
interfacial polymerization in a microemulsion system.
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Table 3.1 Reaction compositions for preparing samplésA through IL-D with
variations in EDOT concentrations

Sample | Water APS TX-100 | bmimPk | EDOT _ (bmimPE)

D @ | mo | @ @ | (mg) TX=10C
IL-A 8.37 70.0 1.50 0.10 30.0 0.17
IL-B 8.37 70.0 1.50 0.10 15.0 0.17
IL-C 8.37 70.0 1.50 0.10 6.0 0.17
IL-D 8.37 70.0 1.50 0.10 3.0 0.17

Table 3.2 Reaction compositions with differeRts for the preparation of samplédsB,
and IL-EthroughIL-G of varying sphere sizes

Sample| Water APS TX-100 | bmimPKR | EDOT B (bmimPE)

D | @ | my | @ @ | (mo) TX=10C
IL-B 8.37 70.0 1.50 0.10 15.0 0.17
IL-E 8.37 70.0 1.50 0.15 22.5 0.24
IL-F 8.37 70.0 1.50 0.19 28.2 0.32
IL-G 8.37 70.0 1.50 0.27 40.5 0.41

3.1.2.b Characterizations by TEM, SEM, HRTEM/Electron diffraction, Conductive-
AFM, KPFM, UV/Vis and UV-Vis-IR absorbance

Morphology studies were conducted using scanning electron micro$S&v,
LEO 982) and transmission electron microscopic (TEM) (JEOL 1200niEXoscope) at

an acceleration voltage of 80 kV. For TEM samples, a drop oktmion mixtures was
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dried on carbon-coated copper grids at room temperature. Sampl&ERdrwere
prepared on clean silicon wafers by spin-coating the reactioturasx at 3000 rpm
(photo-resist spinner, EC101DT-R485, Headway Research Inc.). Thewadexashed
with pure methanol several times before use. HRTEM and electfsaction were
conducted on a Tecnai G2F20 cryoelectron microscope. UV/Vis spectasnobtained
at wavelength range of 300 to 600 nm (Thermo Electron CorporatiolmsHdpha, Beta)
to follow PEDOT polymerization and cargo release. UV-Vis-IRctpewere collected
from 400 to 1400 nm using a Cary 500 UV-Vis-IR Spectrophotometer. Condudiive-A
(CAFM) and Kelvin Probe Force Microscopy (KPFM) studies wevadacted on a
MFP-3D microscope (Asylum Research). For studying CAFMKIREM, tapping-mode
silicon cantilevers having a spring constant ~2 N/m and resoneswpaehcy ~70 kHz
(AC240TM-10 from Olympus) were used with Pt coated tips. DC Wwass applied on

the gold substrate to induce polarization during mapping surface potential.

3.1.3 Results and Discussions

In this synthetic system, the use of RTIL micelles in weger be classified asoft-
template methods. The core-shell nanospheres of conducting polymer, poly(3,4-
ethylenedioxythiophene) (PEDOT), were synthesized‘ibterfacial polymerizatior,
Scheme 3.2. The progress of the polymerization was monitored kisiible absorbance
change of the micelle system (Figure 3.3). Although reactionsbeaquenched by
methanol at any stage of the reaction, the products were usuddigtedlafter 72 and
144 hours of reaction time. The collections showed a transparent apyeeaith green
color, indicating the formation of PEDOT (Figure 3.3).
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Figure 3.3 A representative visible spectrum of the PEDOT samplefL-B, after 3
days). Path length: 1cm.

To study the influence of EDOT concentration on morphology of the rigad-
spheres, the mass of EDOT in RTIL was varied from 30.0 mg to 3if@miigur samples
(Table 3.1). Scanning electron microscopic (SEM) and transmissotial microscopic
(TEM) studies were performed to observe the morphology on the four esanplthe
SEM and TEM images, it was observed that the morphologies ofnilentainospheres
depend strongly on the EDOT concentration in RTIL. For samhpke with the highest
EDOT concentration in the series, the size and morphology befordtand/ashing with

methanol were obtained (Figure 3.4a~f). Thethanol quenching process consists of
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adding 1 ml of methanol to the reaction mixture (~10 ml), and a drtpedfolution was
withdrawn for spin coating, followed by morphology observation. The SfE&yjes of
IL-A (Figure 3.4a, b) show a bimodal size distribution, 15-20nm and 40-50nm. With
methanol washing, the RTIL and its contents were washed out tfihemcore of
nanospheres and the PEDOT shell crashed in to form a nano-diske(Bidar d). In
addition, the diameter of the nanodisks formed after washing gadng@ 80-150 nm,
much larger, as expected, than diameter of original core-shell nanespfiee TEM
image (Figure 3.4e) confirms the bimodal size distribution of the paeoss. The high-
magnification TEM image (Figure 3.4f) clearly shows thatdpleeres contain more than
one interior chamber. The “multi-chamber” nature of the nanosphersamplelL-A
resulted from the high EDOT concentrations in RTIL. The influexfdbe concentration
of EDOT in RTIL on the morphology of final nanospheres was investgat@ariation
of distribution in chamber was observed. Similar oA, multi-chamber core
morphologies were also observed in TEM imagedLe€ (Figure 3.5e, f) andL-D
(Figure 3.6c, d) samples. The distribution of chamber in the coredvimiedifferent
spheres, as shown in the high magnification scale TEM imagkfor (Figure 3.6d).
Figure 3.5a~d indicates that the size and morphology resultingr&action for 6 days is
similar to those from 72 hours. Figure 3.6a, b show the morphologlesiobefore and
after methanol washing. Nano-disks were observed after wa@fimge 3.6b). Sample
IL-B was prepared using the same conditions al_fér except the EDOT concentration
is higher (15 mg vs. 3 mg in 100 mg) (Table 3.1). Before the methassbivgaprocess,
narrow dispersed spheres with an average diameter at around 75r@mbserved for

IL-B (SEM image, Figure 3.7a). Single-chamber core-shell nanosphereshbitained as
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indicated by TEM image (Figure 3.7c). This morphology is desiraile¢hie controlled
release applications. The SEM evidence of the formation of BOH nanospheres is
also provided by the transformation to nano-disks on methanol quenching of the
suspension (Figure 3.70)he PEDOT shell is permeable to methanol, allowing methanol
to remove the core content. Thus, the core-shell nanospheres collaps$edreatinano-
disks. The observed morphological difference due to the variation POTE
concentration in RTIL indicates the importance of EDOT concentrdo the core
morphology. In a multi-chamber nanosphere, PEDOT not only formedhék but
penetrated into the RTIL core, and separated the core into seneiér chambers filled
with RTIL. Even though the multi-chamber spheres can also be dtifaea nano-
encapsulation, single-chamber sphere with a thin PEDOT Iaygraferred for the
efficient cargo capacity. Too high or too low concentration of ED@3nomer is not
preferred for the preparation of single-chamber nanosphere withabls thickness of
the particle shell. From SEM and TEM results, the optimum @aatonditions of
single-chamber PEDOT nanospheres are thosk By Table 3.1. It is noteworthy that
with stirring in preparation of sample-B, low population of PEDOT nanospheres with

abundance of needles with average length of 150 nm were produced (Figure 3.7d).
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300nm

Figure 3.4 Morphology of samplelL-A. SEM images ofL-A 72 hours reaction time. (a,
b) SEM images ofiL-A without methanol wash. (c, d) SEM imagdlofA with methanol
qguench. (e) TEM image dof-A. (f) TEM image in high-magnification.
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Figure 3.5 Morphology of samplelL-C. SEM images ofL-C 72 hours reaction time (a)
without and (b) with methanol quench. SEM imagesLe€ collected after 6 days (c)
without and (d) with methanol quench. TEM imagesLe€ collected after (e) 72 hours
and (f) 6 days.
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Figure 3.6 Morphology of samplelL-D. SEM images ofL-D 72 hours reaction time (a)
without and (b) with methanol quench. TEM image#_eb collected after 72 hours in (c)
low-magnification and (d) high-magnification.
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Figure 3.7 Morphology of samplelL-B. SEM images ofL-B at two reaction times (a)
72 hours and (b) 6 days with methanol quench. TEM imagéis-Bfcollected after 6
days (c) without stirring and (d) with continuous stirring during the reaction.

Our preliminary studies indicate that the EDOT concentration played an important
role in the formation of the core. The result shows the reacboditon of IL-B is
suitable for the production of single-chamber PEDOT nanospheres of aageve

diameter at 75 nm with narrow size distribution. The size for@EDanospheres can be

tuned through changing the bmimfb-“TX-100" molar ratio,R. Reaction conditions

61



of IL-B were used to synthesize PEDOT core-shell nanospheres witredifthameter
through changingR ratios. A series of experiment was carried out for PEDOT
nanospheres witR ratios, 0.17 (Sampli-B), 0.24 (L-E), 0.32 (L-F) and 0.41I(-G)

in Table 3.2. The size and morphology of PEDOT were establishe&MyoBservation.

As R increased, the average diameter of single-chamber PEDOTpha&nes increases
from 75 to 400 nm in this series (Figure 3.8). HoiG, the conductivity of a single
sphere was measured by conductive-AFM. I-V curve indicates thatotibuctivity of

PEDOT core-shell nanospheres at 3.2V was at least 2 mA (Figure 3.9).

A distinctive characteristic of conducting polymers is the subatamblume
changes accompanied the change of doped states processes eithechelmically or
chemically as shown in scheme 2.1A review summarizing the mechanism and
application of this unique property of conducting polymers is avaifdiethis study,
substantial volume changes were also observed in the PEDOT nanosphieresiold
significant potentials for controlled release. The volume ore sthanges were
accomplished via a doped-dedoped process conducted by tuning the pHofvaue
prepared sample by adding small amount of an ammonia solution. ESH Bl was
selected for the volume change study. After 72 holr$ was collected and its pH
value was determined to be 4. The average diameter df{Benanospheres is 400 nm
(Figure 3.8d). Through addition of ammonia solution, the pH valuke-&f was adjusted
from 4 to 12 with steps of 1 pH unit. Samples in different pH enviemtwere collected
for the morphology study by SEM. Figure 3.10 shows SEM imagehdéosamples with
a pH value from 5 to 12. Interesting size and morphology changeseeeliey observed.

With pH value changing from 4 to 6, the diameter of the nanospheres reduced drastically
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Figure 3.8 SEM images of samples in differenR ratio. (a) IL-B (R=0.17), (b)IL-E
(R=0.24), (c) IL.-F (R=0.32) and (d)IL-G (R=0.41). (e) Size tunability base on
(bmimPF)/TX-100 ratio.
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Figure 3.9 Current vs. bias voltage for Au surface and PEDOT core-shell
nanospheres ofL-G.

from 400 to 100 nm (Figure 3.8d and Figure 3.10a, b). Small diameter ndidéereas
observed for samples from pH=6 and 7 (Figure 3.10b, c). From pH=7 to ph&=9,
diameter of nanospheres increased from 100 to 350 nm (Figure 3.10c~&)amteter
changes are due to the removal dffidbm the polymer chain by ammonia. From pH=10

to pH=12, a transition from sphere to rod was also observed (Figufel®.1Dhe length

and width of the nanorods are 350x250, 400x200 and 450x100 nm for pH=10, 11 and 12
respectively (Figure 3.10). Figure 3.11 represents the high-nwgimh SEM images of

the nanoparticles, showing the evolution of size and aspect ratio due to pH changes.
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Figure 3.10 SEM images of sampldL-G (R=0.41) pH=(a) 5, (b) 6, (¢c) 7, (d) 8, (e) 9,
(H 10, (g) 11 and (h) 12.
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Figure 3.11 Volume and morphology change of sampl&L-G with the pH tuning. The

SEM image above each pH value shows the size and morphology of the nano-
encapsulates respectively. A clear aspect ratio change wigiHtvalue is also observed
from pH=4 to pH=12.

Two processes of volume change (shrink and expansiotl-(a were also
observed. In this study, a more complicated trend in size changaseatduring the
dedoping process, because both the sulfate (smaller in size) =aitLbphosphate
(large in size) anions serve as the counter ions to PEDOTni®cBe3). In the doped
state (PEDOT as synthesized), equivalent counter ions (smddtesuhnd large
hexafluorophosphate anions) are present in the matrix of PEDOT naresspier

maintain charge balance of the system. After stimulation bygupH value to 7, the

backbone of PEDOT becomes less positively charged and smatesigis migrate out
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of matrix of PEDOT, causing the volume shrinking (Scheme 3.3, “deldefzte 17).

When pH above 7, PEDOT changes to neutral, but large hexafluorophosphate ions cannot
move out. Thus, the cations in solution diffused into the sphere of PEDOTingdhe

volume expanding (Scheme 3.3, “dedoped state II”). In the dedoping proces)(fuiH
pH=12), the backbone of PEDOT became mostly neutral. The PEDOTdptogether

with lower curvature because of its chain rigidity at low dopifige nanostructures

transformed from nanospheres to nanorods with different aspect (fAgose 3.10 and

Figure 3.11).
Doped state Dedoped state Il
Dedoped state |
)
%‘ -
\ pH=7 J

Scheme 3.3 Mechanism of volume change in conducting polymer through dedoping
process from pH change. @  RIRions © : sulfate anions

From visible and near IR absorption (Figure 3.12), the dedoping protess
PEDOT nanospheredL(G) in different pH value was observed. The highly doped
PEDOT formation peak of 761 nm was absorbed in pH of 4 (PEDOTn#sesyzed). As
pH value increases, the PEDOT absorbance peak of 761 nm dechdgsadsabove 9,
the PEDOT peak of 761 nm disappears, likely due to the effechnmivieg proton from

the conjugate system. At pH above 10, new peaks of 1039 nm and 1227 nm appeatr,
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indicating new morphology formation. Similar absorption peaks were tezgbdn

literatures. However, the nature of new peaks remains urilear.
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Figure 3.12 Visible and near IR spectrum of IL-G in different pH values of 4 to 12.

The morphology change of the nanostructures to an anisotropic formthwith
dedoping process indicated that a more ordered molecular arramgeas developed
during the dedoping process (as shown in Figure 3.10f~h and Figure h#lgleEtron
diffraction study was conducted on individual nanostructures of thelsampH=7, 10

and 12, respectively. Figure 3.13 shows electron diffraction of thplsashpH=7 does
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not have any ordered pattern. A different pattern with diffractimhes was clearly
observed in the electron diffraction image of the sample of pHFifyre 3.13b,
suggesting a highly ordered structure, developing during the dedgpowgss by
ammonia. Diffraction spots were also observed in the patterheo$ample of pH=12,
Figure 3.13d. Due to dedoping process, backbone of PEDOT carriedsmgly less
positive charge. Therefore, the better packing and rigid structureEQIOT cause
elongation and highly order molecular arrangement; the details ddttloe structure of
the highly ordered structure remains unclear. Figure 3.13c showsgthedsolution
transmission electron microscopic, HRTEM, image of part of an individaao-rod

(pH=12).

Figure 3.13 Electron diffraction images of samples of different pH values(a) pH=7,
(b) pH=10 and (d) pH=12. (c) High resolution TEM image of the sample of pH=12.
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To establish the controlled release capability of the sydesaribed in scheme 3.4,
two model compounds, dipyridamole and carboxylated curcumin wereeselastthe
cargos. As depicted in scheme 3.4a, the uncharged dipyridamole stagidfsolved in
bmimPF in the initial preparation step. The controlled release froncahe was through
the volume change triggered by the pH tuning. For release fromsphere surface,
anionic carboxylated curcumin dissolved in the aqueous phase (schemmigibe¢d to
the surface of the sphere. The controlled releases for both veeréored by UV/Vis
absorption analysis. Dipyridamole has a strong ultraviolet absorbandeat around 420
nm. This peak was used to follow its release from the nanosphdresxperimental
conditions oflL-G were chosen except 28 mg of dipyridamole was dissolved in brgimPF
Due to the hydrophobic nature of the drug, most dipyridamole mole@rtesned inside
the RTIL micelles during the polymerization process. Produstagdiected after 3 days.
UV/Vis spectrum of the as synthesized sample did not show the lbsogoance peak at
420nm, blue line in Figure 3.14a. The absence of this peak is due todhknghof the
UV irradiation by the highly absorbing PEDOT shell. After tunthg pH value of the
sample to 7, a drug absorbance peak was clearly observed ivVi\es Wpectrum, red
line in Figure 3.14a, indicating the controlled release. For carbedyleurcumin, the
reaction condition was kept as in samjileG, except 4 mg of curcumin and 0.56 g of
tetrahydrofuran, for better solubility of curcumin, were added the aqueous phase.
After 3 days, the product sample was collected and dialyzed in deioniredferae? days
to remove the free curcumin compounds in the aqueous phase. The pH vdhge of t
dialyzed sample stayed unchanged. Curcumin compounds conjugated withx®d PE

shell still remained on the shell. An absorbance peak at ~420 nm,itdua IFigure
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3.14b, indicated the incorporation of curcumin into the nano-shell of PEDQ@dr. thie
first UV/Vis analysis, pH value of the solution was tuned to 7atmymonium solution.
Another dialysis was conducted for 2 days followed by a second ig\ahsorbance
study. The lack of a characteristic peak, red line in Figure 3.14bestegigthat most of
the curcumin compounds had been released by pH tuning. In order to detdrmine
percentage of dipyridamole molecules released from inside of plagres after the
shrinkage of the hollow sphere at pH of 7, five different standard ntratens of
dipyridamole were made in DI water for calibration. Calibration e {absorbance at 420
nm vs. concentration of dipyridamole) was plotted in Figure 3.15, analilaration
equation was obtained. The concentration of released dipyridamolewvakto be 2.10
mg/mL. Comparing concentration of loaded (beginning, 3.44 mg/mL) amcsed
(calculated, 2.10 mg/mL) dipyridamole, about 61% of dipyridamole wi@Eased from

the core of nano-sphere.
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Scheme 3.4 Schematic for controlled release from polymeric hollow nanosph@gs.
The green hollow nanosphere represents a polymeric encapsulatedisgdthi@®ugh

Micro-interfacial polymerizatiorno

is a hydrophobic active spedlgsyridamole in this

study, dissolved in room-temperature ionic liquid (RTIL). The contlotielease was

through the polymer volume change triggered by pH tuningy (b)

is apiytic active

species, carboxylated curcumin in this study, also functions as thetadghe polymer
shell. The active species is released through t pH tuning. iChlestructures of
dipyridamole and carboxylated curcumin are shown in the scheme.
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Figure 3.14 UV/Vis absorbance spectra for the controlled release studylhe two
systems as described in scheme 2.3. Path length: 1cm. Bluedirence: IL-G. Red line
reference: IL-G at pH of 7. (a) Dipyridamole as cargo. Blne Without cargo peak
indicates cargos were encapsulated in PEDOT nanospheres. Afteg fidi to 7,
absorbance peak (Red line) indicates the cargos released filo@TPRanospheres. (b)
Using carboxylated curcumin as cargo on the surface of PEDEIT Absorbance peak
(Blue line) of curcumin molecules on the PEDOT nano-shell wagredd in the
dialyzed system. After pH tuning to 7 and another dialysis, theuksaance of the
absorbance peak (Red line) indicates that most of cargos, curcumenbéaw released

during the dedoping process.
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Figure 3.15 Calibration Curve: absorbance vs. concentration of dipyridamole in

water

3.1.4 Conclusion

In summary, a promising conducting polymer nanosphere controlled eeleas
system was readily prepared via antérfacial Polymerizatiot process by using room
temperature ionic liquid in water micelles as a soft temphtdti-chamber and single-
chamber core-shell nanospheres were obtained by adjusting themewnEDOT,
concentration in RTIL. The interior RTIL molecules can be readitgoved by washing
with methanol and nano-disk morphology was obtained. By tuning the RTIL-to-
surfactant molar ratidy, the size of micelles can be adjusted in the range of 75 to 400 nm.
The diameter of the nanospheres was further adjusted by a vohange of conducting

polymer with pH tuning. Two controlled release strategies vestablished by using
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dipyridamole and carboxylated curcumin as the cargo. UVAWisly confirmed the
controlled release based the size change of the nanospheres. Nangubdlogy and a
highly ordered molecular arrangement were developed when thelpéiwas tuned to
higher than 10. The findings in this study can contribute to the undéirsgato a broad
range of research areas, including conducting polymer, nanosciedceoatrolled

release.

3.2 Polarization behavior of core-shell nanosphereof conducting
polymer, polyanline, matrix with high-k nanoparticals embedded — (in

collaboration with Dr. Kai Su, Ref. 47§

3.2.1 Polarization behavior

A new core-shell nanostructure with highranoparticals embedded in the core
was discovered. Procedures for the preparation of nanopheres wihotgrelyaniline
(PANI) / strontium titanate (STO) composite have been documénidetails (Ref. 47).
Procedures of samples preparation for KPFM investigation as follavdrop of PANI
as synthesized was spin-casted on an Au surface (3000 rpm). Then, the sample @vas rinse
two times by deionized water. The doped core-shell composite powdtdrs$STO to
PANI weight ratio of 8/1 were dispersed in deionized water (0.1Imiogby using
ultrasonic for 10 min. A drop suspension was directly deposited on an facesufhe

Au surfaces were prepared by sputtering on silicon wafers.

Scheme 3.5 shows structure of the stuffed sphere morphology of maposite

with STO nanocrystals in PANI matrix (dark gray), an embedtiectture of STO/PANI
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nanocomposites. The morphology of STO/PANI nanocomposites with welghot&/1
was observed by TEM (Figure 3.16). The nanocomposites were incagtierm smaller
than 100 nm with a few large ones at the level of 180 nm. This sphéorm is
composed of 5 nm STO nanocrystals embedded in PANI matrix. TheyehlaiEM
image (inset of Figure 3.16) shows STO nanocrystals embedded ih rRé&thix. The
electric polarization of STO/PANI composites was observed inNKRfeasurement with
a delta heighinZ=50 nm (the distance between the tip and the sample surface). The
PANI and STO weigh ratio in the composite is 1 to 8. Figure 3.17 showa, f)
topography images of PANI and composite having an average hei§btarid 130 nm
respectively. The topographic imaging was followed by applyergpous DC bias (+1V
and -1V) on the same scanned areas to induce electric polariaatianap the resulting
potential profile corresponding to particles with induced dipole. In aaleemove the
already existing surface charge and to observe only the ingudadzation, an AFM
scan with zero bias was performed first on the same reging ascontact mode with a
grounded tip. We, then, applied positive and negative DC bias akediffevels from the
gold substrate to induce polarization. The surface potential infager¢ 3.17b) at 0 V
DC bias shows clearly that there is no significant polarizasiothe PANI sample, but
Figure 3.17g shows average positive (~ 20 mV) polarization at 0Cvbias on the
surface of the STO/PANI composites. One possibility of this pespblarization of the
composite at no bias voltage is due to the influence of PANI mettrbighly positive
charge. STO nanoparticles can be polarized under the strong pbeltvef the matrix.
After applying DC bias to +1 V on the surface, the positive md#an of both PANI

(Figure 3.17c) and composites (Figure 3.17h) increased, to average mh\~add ~100
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mV respectively, indicating a synergistic polarization eff#¢hen a negative bias of -1
V DC was applied, a nearly inverted image of PANI was obde(i#egure 3.17d vs.
Figure 3.17c), indicating clearly that the polarization direcaib®PANI was reversed by
the external electrical field. However, the SP image of theposite (Figure 3.17i)
retained some positive polarization but at a much lower levelttienase without bias
(Figure 3.179g). Thus, a -1 V bias was not sufficiently high to conipletzerse the

direction of SP (20 mV) originally existed in the composite.

With the coercive bias of STO (~3 V), the negative bias (- Wipt sufficient to
invert the polarization of STO. PANI as a good electronic conducta neadily
polarized at -1 V. Figure 3.18 shows the comparison of PANI at ) ®n@ STO/PANI
composites at 0 V (b) and 1 V (c). Polarization of the comgmsit1 V bias is 100 mV,
a much higher value than that for PANI of 20 mV at the same Tiass, at a bias much
lower than the STO coercive voltage of 3 V, the composite show fofgrization. It is
concluded that this novel core-shell structure combines atomic amctroelic
polarizations in one element of nanometer scale and exhibits sstiergiectronic

polarization properties.
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Scheme 3.5 Schematic structure of the nano-composite of RIGFO nanoparticles in
conductive polymer PANI matrix.
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Figure 3.16 TEM images of STO/PANI nanocomposites with weight ratio of 2/1.
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Figure 3.17 Surface potential (SP) KPFM maps of PANI and coreshell
nanoparticles, STO/PANI composites.AFM topography (brown) and
surface potential (SP) maps (gray). Scan area5%PANI) and 10< 10 um
(STO/PANI composites). These maps are from contisganning in the

same area with 10 min required for eachn. (a, f) Topological AFM image of
PANI particles and STO/PANI composites with average heighta@8d 130 nm,

respectively. (b~d, g~i) SP images for the same area of PRgexticles (a) and

STO/PANI composites (f) with (b, g) 0 V DC bias, (c, h) +IDZ bias and (d, i) -1 V

DC bias. Delta heightZ=50 nm.
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Chapter 4 Conclusion and Perspectives

Nanoscience represents an extraordinarily broad and importantabogang the
convergence of diverse fields to explore potential applications imgplvihe
manifestations of processes in nanometer scale. This dissentaports significant
findings on two recently very active nanoscience investigationsitifemroic
nanomaterials and core-shell conducting polymer nanospheres. Thessystestigated
range from pure inorganic crystal, organic polymer to organic/amecghybrid. A new
efficient methodology for preparation of multiferroic by spirstaag drops of precursor
solution on substrates, followed by heating at 600 °C, was discovdreceldctric and
magnetic orderings of BFO were also observed to be inducedebgpplication of

electric, magnetic, and optic stimulus.

An interfacial polymerization was used to prepare the coreistwetispheres for
controlled release with poly(3, 4-ethylenedioxythiophene), PEDOThelt he room
temperature ionic liquid (RTIL) as core is a promising matesacarrierfor chemical
and biology applications. The significant volume change of PEDOT kaeihg RTIL
core triggered by pH stimulation may lead to new applications, asidn biomedical
technology The size of nasce®EDOT nanospheres can be controlled in the range from
75 nm to 400 nm for various purposes. Cargos can be either loaded on siue# of the
nanosphere, depending on their hydrophilic or hydrophobic nature. In addition, a
unusual synergistic electric property was observed for nanosphéresighk STO

crystals embedded in conductive polyaniline matrix
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Our new synthetic methodologies based on a single precursor solutiogrbatve
advantages over the existing methods for the preparation of unifiouitiferroic
nanocrystal BFO thin film. Our findings of “electric-magnetjatic’ room temperature
couplings in BFO are expected to have potentially a broad impacktendeng the
development of multiferroics in nanotechnology applications. For exatmglefficient
electric-field control of magnetism could yield entirely newides, such as multiphase
data storage, spintronics and high-frequency magnetic elementtedtiee €ontrol is far
more precise than direct magnetic controf. Further effort on investigating the
interaction among light, electric, and magnetic polarization aditance multiferroic to
the level of a rich source for exploring fundamental EM phenomenon in @d&osc
biocompatible soft template synthesis based on, “RTIL with conductingnedl, was
successful in providing core-shell nanospheres with good controteeheshavior. This
nanosphere system can be extended to serve as a model for teogételddelivery with
functionalized shell, e.g. using PEDOT copolymerization with comonohasting

specific affinity for intended sites.

The electric polarization behaviors in nanospheres with kigfanocrystals
embedded in conductive medium requires further systematic studiedimgcsize and
dielectric constant of the particles, properties of the conductateix and the nature of
the interface. This unique assembly can also serve as a tactably the basic physics

of Lorentz field* ®
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