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Synthesis of Symmetrical and Anisotropic CoreShell Magnetic Composite Particles
and Progress in Controllable Migration of Magnetic Core in CompositéParticles
Pingsan Song\.S.

University of Pittsburgh2010

In this work, a twestep method is developed to synthesize both symmetrical and anisotropic
magnetic composite particles. First of all, magnpttymer seed particles are synthesized from
iron oxide, styrene and methyl methacrylate by emulsion polymerization. Then magnetic
composite particles are produced from synthesized seeds and styrene by seeded dispersion
polymerization. The anisotropy of the magnetic composite particles could be achieved
addition of a small amount of tetrahydrofuran (THF) into the alcblaskd polymerization
medium. Moreover, twgolventcompositions were found to be effective to swell the synthesized
magnetic composite particles and enable the migratiomagnetic core inside the polymer
sphera. The structure of magnetic core or the morphology and monodispersity of the composite
particles were not destroyed during this swelling process. One mixture sobr@atnsTHF,
ethylene glycol (ETG), ethanol amdhter, with particles protected by a suitable amount of poly

vinyl pyrrolidone40 (PVR40), and the other is a mixture of ETG and THF.
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1.0 INTRODUCTION TO POLYMER AND POLYMERIZATION

A polymer is a long molecule which contains a chain of atoms held together by covalent bonds
Polymerization is a process by which monomer molecules react together chemically to form
either linear chains or a threémensional network giolymer chains.

Polymerization could be generally divided intwo large categories chaingrowth
polymerization(mainly addition reaction) and stgpowth polymerization (mainly condensation
polymerization) by the way how the polymer chain grows. Clgaarwvth polymer is produced by
continuously adding monomer moléeuto propagatingcenter, and stegrowth polymer is
formed by the stepwise reaction between functional groups of monorGéengrowth
polymerizationincludesmainly anionic polymerization cationic polymerization and free radical
polymerization.In this work, we mainly use free radical polymerization as our experiment

method.
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Figure 1. Difference between chaigrowth polymerization and stegrowth polymerizatioh

1.1 OVERVIEW OF RADICAL POLYMERIZATION

Radical polymerization is a type of polymerization in which the reactive center of a polymer
chain consistsf a radical This reactiorprocessanbe divided into three stages: initiation, chain
propagation and chain termination.

Initiation producesfree radicals necessary for propagation. The radicals can be created
from radical initiators, such as organic @ade molecules, csomeother molecule containing
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an QD single bondor NN double bondazocompound) The bond between the two oxygen
atoms breaks homogeneoushthe two nitrogen atoms form nitrogen gas and estapeoduce

two free radicalsPropagabn is the rapid reaction gadical orradicalizedmonomermolecule

with another monomemmolecule, with the lone electron ahe radical attacking the
carboncarbon double end in the monomerThis reaction willgeneratea new radical with t&

new reacteanonomeiinked at the end of this chaiffermination occurs when a radical reacts in

a way that prevents further propagation. The moshngon method of termination ithe
coupling of two radical speciesforming a single molecule. Anothdess common metd is

chain disproportionatiorbetween two chain radical, generating one saturated chain and one
unsaturatedby exchanging one proton.

Ammonium Persulfate (APS) ar]26-Azobigsopropionitrile (AIBN) are two common
usedinitiator in heatinitiation free radical polymerizatiorAPS is a watesoluble initiator and
can break into two radicals at as the reacsioownin Figure 2. In this work, APS is used as the
initiator in the oitin-water emulsion polymerization &ynthesizenagnetic seed partideAIBN
is another common initiator, but it is soluble in organic solvents. It will genetatéidy carbon
radicals and one nitrogen molecule after dissociation as the reabt@min Figure 3. In this
work, it is used as the initiator in treeededdispersion polymerization ian alcohotbased

medium to synthesize symmetrical and anisotropic-sbhe#l magnetic composite particles.
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Figure 2. Dissociation reaction of APS



CHs CHs CHs CHs
CN4~7N—N+CN > CNA{' + "‘CN
CHs; CHs3 CHsz CHs
Figure 3. Dissociation reaction of AIBN

1.2 EMULSION POLYMERIZAT ION

Emulsion polymerization is a type beterogeneousadical polymerization that isftenused to
synthesize monodisperse polymer nanoparticles. In a typical emulsion polymerization, the
reaction starts with an emulsion of monomer, surfactant and reaction medium. The monomer is
insoluble 6r its solubility is very sma)lin the polymerizatiomedium, but is emulsified with the
help of the surfactant and exists mainly in the form of droplets. The initiator is soluble in the
mediumbutnot in the monomet.

After the temperature is raised abote initiation temperaturgreaction fist starts only
in the medium, forming oligomers which are either surrounded by dissolved monomer and
surfactant molecules or absorbed into already existing surfactacellesi The formed
oligoradicals produce stabilized nuclei, and subsequently absorler ottigoradicals and
monomer from the medium or the monomer droplet, becoming the main location of the
polymerization. This reaction will continue until all monomer is consumed, leaving
monodispersed latex particles dispersed in water in the form ofctblloi

The emulsion polymerization used in this work isiniwater emulsion system, which
means that the monomer (styrene and methyl roetlade) ishydrophobi¢ and the initiator

(ammonium persulfate) is in inorganic medium phase (waBs)-35 (Aldrich), which is a



norrionic surfactant with the structure Bgyure 4, is used as the emulsifier in the synthesis of

magnetic seed patrticles.

OH

4

Figure 4. Structure of Brij35

In our synthesis of magnetic seed particles, weeddd oleic acidmodified iron oxide
suspension into the systemintroduce the magnetic componértOleic acid could be adsorbed
on the surface of iron oxide by the carboxyljcoup in a basic environment, and the
carboncarbon double bond could be copolymerized with methyl methacrylate and styrene,

forming iron oxidepolymer composite particles.

1.3 DISPERSION POLYMERIZ ATION

Dispersion polymerization ianothertype of heterogeneousee radicalpolymerization, and it
can be differentiated from emulsion polymerization by the initial state of the reactkbure
and the mechanism of the particle formation.

In dispersion polymerization the monomer and the initiator are both soluble in the
polymerization medium, but the medium is a poor solvent for gheduced polymer.
Consequenyl, thereaction mixture is homogeneous at theginning and the polymerization is
initiated in homogeneous solutioRelated tothe solubility of the resulting macroradicals and
macromoleclue# the synthesis mediunphase separation occurs at an early sémgekadsto

nucleation and the formation of primary particles. However, primary particles formed in



dispersion polymerization are swollen by the polymerization medium and/or the monomer. As a
result, polymerization proceeds largely in the individual partidesl finally forms spherical
particles.

Particle dispersions produced by dispersion polymerization in the absence of any
stabilizer are not sufficiently stable and may coagulate during their formation. Addition of a
small amount of a suitable stabilizer tiee polymerization mixture produces stable particle
dispersions. Good stabilizers for dispersion polymerization are polymer and oligomer
compounds with low solubility in the polymerization medium and moderate affinity for the
polymer particles.” In our system wherehydrophobic polystyrene is synthesized in
alcoholbased solvents, di/ (vinyl pyrrolidone}40 (PVP-40, molecular weight 40k,

SigmaAldrich) asFigure 5is usedo stabilize the particles.

Figure 5. Structure of poly (vinypyrrolidone)

1.4 SEEDED POLYMERIZATIO N

In emulsionand dispersion polymerization, the synthesized polymers first form nuclei, and then
these nuclei grow by absorbing and polymerize more monomer to form the final polymer
particles. In these systems, it is gpgssibleto add in some seed particles to work as the primary

particles, and even larger particles could be harvested from these seed faridemmon



seeded polymerization, one of the most importésgues the selection of a suitable
polymerization condition, under which no secondary nuclei will form; otherwiserethding
particles suspension will include particles of two or moressiz

In this work, the symmetrical and anisotropic eshell magnetic particles are
synthesized by a seeded dispersion polymerizafitims twostep method makes it easier to
obtain relative large particles. Additionally, it also helps to better cortimlatmount of iron
oxide containedin each composite particles and therefore decrease the polydispersity of
magnetic cores, since the amount of iron oxide is determined by the size of the seed particles

which are used in the dispersion polymerization.

1.5 THETA STATE AND POLYMER SW ELLING

The theta state is defined as that state of a polymer solution at which the excess chemical
potential, and correspondingly, the excess of Gibbs energy of dilution is zero. For a given
polymersolvent system, this state is obtihat a certain characteristic temperature, the theta
temperaturdJ, and the solvent at this temperature is called a theta sdlvent.

The exact definition of the theta state is given by chemical thermodynamics. The
chemical potential of & o | v een tan be,splitqmto an ideal term and an excess term:

qE1= gE.° + qBy & (1)

Where the excess chemical potential at the thermodynamic tempefaisrgiven by the

enthaby of dHylandthe excess ofgpntropy of dilutioms; ¢

@1 = Hp Tas (2)



The theta state (zero excess chemical poteqial®® ) hence means that the terms at the
right side of Equatio? compensate each other at the theta temper@ature

Generally speaking, if the temperatuFes higher than the theta temperatitefor a
specific polymersolvent system of a concentration, the excess chemical potential will be
negative, meaning that the diluting process by more sblsghermodynamically favorabbnd
that the polymer can be better dissolvédhe actual tempenate is lower tharJ, the polymer
will precipitate in such a solvent.

Therefore, the theta temperature may also be phenomenologically defined as the critical
miscibility temperature. At the theta state, polyreelvent interactions are just balanced by
polymerpolymer and solvertolvent interactions, aritical situation jist between dissolution
and precipitation. While at a temperature higher than the theta temperature, the same solvent as
in the theta state becomes a good solvent, and the pesgivent interactions are larger than the
polymerpolymer and solvertolvent interactions. The polymer chain expands in order to
minimize polymespolymer contacts, implicating that the polymer phase is dissolved in this
solvent.

Dissolution results from interactions between polysawent, polymepolymer and
solventsolvent, we an change the property of a solvent graduallgtgnging the composition
of amixed solvent: one is a good solvent for the polymer and the other is a poor stfiveat
carefully control the composition and temperature togustiate near the theta s{at is possible
to swell the polymer particles while not completely dissolve them.

There are several solvents that have a theta temperature for styrene near or lower than
room temperature, including toluene, ethyl acetate and THEHe¢ce THF is a better choice

than the other two, since THF is wasmluble; therefore, its concentration can be easily



controlled It is also convenient to deswell particles by just diluting the THF solution to decrease
its concentration. Toluene and etlagletate are not soluble in water, and hence a longer time is
necessary for these two solvents to diffuse into the particles dispersed in water, and it is also
necessary to apply a high temperature to remove these swelling solvents when the swelling

processs ready*’



2.0 INTRODUCTION TO MAGN ETISM

In physics, the term magnetismused to describe theagneticpropertyof a materigland it is
defined by the respondence of a mateiwaan applied magnetic field on the microscopic level
Some are attracted to a magnetic field (paramagnetsmeare repulsed by a magnetic field
(diamagnetism); others have a much more complex relationship with an applied magnetic field
(includingferromagnetism, ferrimagnetism and antiferromagnetisny, etc

Magnetism mainly arises from two sourcelgctric currens, or more generally moving
electric chargessuch as thelectrons' orbital angular motion around the nuglans nonzero
"intrinsic” magnetic momenfssuch asthe electrons' intrinsic magnetic mome#vhile the
magnetic behavior of a material dependsitenstructurelisted above, it is also related to the
temperature, sincat high temperatures, random thermal motion makes it more difficult for the

electrons to maintain alignment

2.1 FERROMAGNETISM, FERR IMAGNETISM AND ANTIF ERROMAGNETISM

Ferromagnetism, Femagnetism and Antiferromagnetism are all properties of magnetic
materials, and the difference between them results from the arrangements of the raagnstic

orions* (Figure 6)
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Figure 6. lllustration of ferromagnetism, ferrimagnetism and antiferromagnetism

Ferromagnetism means that in a magnetic domain, all eh#gmeticatoms orions add a
positive contribution to the net magnetization. If some of the magnetic ions subtract from the net
magnetization,this property is callederrimagnetsm If the momentsof the aligned and
antialigned ions balance completely so as to have zero net magneti#aiomaterials is said to
have antiferromagnetisnAll of these alignment effects only occur tmperatures below a
certain critical temperature, called the @uemperature (for ferromagts and ferrimagnets) or
the Neel temperature (for antiferromagnets).

Magnetic domains aconcept todescribea region withn a magnetic material which has
uniform magnetizationThe direction of magnetization inside a magnelienain is thesame
and neighboring domains have different magnetization directiofifie regions separating
magnetic domains are called domain walls where the magnetizitemions changéom one

direction to the other continuouslylagnetic domain structure is responsible for the magnetic

11



behavior of ferromgneticand ferrimagnetic material8Vhen a ferromagnet or a famagnet is
magnetized, the directions of different magnetic domains are aligned identical, and larger domain

will f orm from several smaller ones.

2.2 SUPERPARAMAGNETISM

Superparamagnetism is a form of magnetism, which appears in small ferromagnetic or
ferrimagnetics particle, when the particle size is smaller than the size of its magnetic domain. In
superparamagnets, theagnetic moments of different atoms or irons in one particle are exactly
ordered (ferromagnetic) or partially ordered (ferrimagnetic), but the direction of the
magnetization of each particle can randomly change due to the influence of thermal motion.
this state, an external magnetic field is able to magnetizesrtia!l particles, similarly to a
paramagnetHowever, their magnetic susceptibility is much larger that ¢ paramagnets.
When an external magnetic field is applied to superparamagnetic naclepathey tend to
align along the magnetic field, leading to a net magnetizafiod. when the external field is
removed, the magnetization will disappear gradually, the rate related to both the size of materials
and the temperature.

Fe;04 is generdly a ferrimagnetic material, buttwill express sperparamagnetismthen
its size is reduced tsmaller than 3% m at normal temperaturé In our experiments, the size of
Fe;04 is smaller than 15 nm; therefore, they are superparamagnetic materials in our experiments

and there is no macroscopic magnetizatifluencingthe polymerization reaction.
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3.0 CHAPTER 3: SYNTHESIS OF CORE-SHELL COMPOSITE MAGN ETIC

PARTICLES AND CONTRO LLABLE MIGRATION OF MAGNETIC CORE

3.1 MOTIVATION

Anisotropic particles have been a research subject of significant interessemeralyears.
Particle anisotropy can be in the form of shape, surface property or composite internal
distribution. In all of these cases, the anisotropic particles diffan freotropic particles,
potentially useful in engineering biomaterials and colloid structlrets of approaches have
been developed to synthesize such anisotropic patficiesluding micrecontact printing,
suspension polymerizatibh miniemulsion polymerizatidi '’ soapfree emulsion
polymerizatiod® ° precipitation polymerizatidi, phaseseparation seed polymerizatfdn?
decompositiomeducing method, hydrothermal approath andmetal vapor depositidh etc.

On the other handmagnetic nanomaterials also receive special attention, dimee
ferromagnetic, ferrimagnetic or superparamagnetic properties of these materialgrenabldrol of
these materialby a magnetic way besides other conventionalsM@pnsequentlythey have some
uncommonrapplication, such a®r drug deIiverﬁG, magnetic biosensdr's magnetothermo therafy
magnetically controllable photonic crystal¥ and nanoelectromechanical systénstc

Thereforematerials with both anisotropy and magnetisith haveeven broader potential for
applications, sincéheywill have the assetsom both of these two kinds of materials. In this work

we develogd a method to syhesize symmetric and anisotropic cstreell magnetic composite

13



particles andhlso anapproprate to move the magnetic core from one position to another inside the
particle. In the future work, we wiktxplorer more about the conlfible migrationof the magnetic
core anduse these particles as bricks to fabricate particles with multiple reactive sites and to build

photonic crystals

3.2 EXPERIMENTAL METHODS

3.2.1 Materials:

FeClgH ,O (J. T. Baker), Fe@H ,O (SigmaAldrich), NH# O (J. T. Baker),
Tetramehylammonium Hydroxide (TMAOH, SigmaAldrich), Hydrochloric Acid (J. T. Baker),
Oleic Acid (Aldrich), Styrene (Aldrich)Methyl Methacrylate (MMA, Polysciences), Sodium
p-Styrenesulfonate (NaSS,  Aldrich),  Ammonium  Persulfate  (APS,  Aldrich),
2,26 Azobigsopropionitrile (AIBN, Aldrich), Polyvinylpyrrolidone40 (PVP-40, molecular
weight 40,000, Sigmaldrich), Brij-35 (Molecular weight 362.5, Aldrich), Ethanol (EtOH,
PharmceAAPER), Ethylene Glycol (ETG, J. T. Baker), Tetrahydrofuran (THF, EMD Chemicals)

wereall used as received.

3.2.2 Equipments:

Transmission Electron Microscope (TEMJEOL 200CX and Philips Mogagni 268),
Carboncoated Copper Grid (Ted Pella, Inc.), Dynamic Light Scattering Photometer (DLS,

Brookhaven 290 plus)

14



3.2.3 Synthesis of iron oxide magnetic napparticles:

Nanoscale iron oxide was prepared by the coprecipitation of ferric and ferrous ions in
ammonium hydroxide solutioff: ***” A 5.4 g portion of Fe@H ,0 and 4.0 g Fe@H ,0 were

dissolved in 25 ml water, and this resulting solution was poured into 250 ml of 1.04¥ JIH
solutonwhi | e mechanically stirred at a rate of 3!
black precipitate was collected with a magnet, and the supernatant was discarded. A 250 ml
portion of 0.4 M TMAOH solution was added to the precipitate, and theureixtas sonicated

for 1 hour. After this sonication, 1.25 g oleic acid was added into the particle suspension to

modify the magnetic colloid surface properties.

3.2.4 Synthesis of magnetic composite seed particles:

Magnetic composite seed particles were synthesized by emulsion polymerization of styrene and
MMA in the presence of the above iron oxide magnetic nanoparticles by modifyieg au s
methods” These particles were synthesized by using a jacketed cylindrical reaction vessel
containing a reflux condenser, a Teflon mechanical stieneradditional funnel and a nitrogen
inlet. The temperature was controlled through the jacket with the use of a circulating temperature
bath. A nitrogen blanket and a stirring rate of 350 rpm were maintained throughout the
polymerization.

In a typical sythesis, 10 ml of the above iron oxide suspension was diluted by 10 ml
water and further modified by another 0.13 g oleic acid. Then 2.8 g 0.1gA33Bripnionic

surfactant solution was added into the iron oxide suspersna®d ml 0.02 g/ml NaSS solution

15



and 72 ml water were added. This suspension was well stirred and the pH of this suspension was
adjusted to 12.3 by hydrochloric acid.

This modified iron oxide suspension was transferred into the jacket reactor and purged
with N, for 30 minutes at a stir rate of 60 rpm. Simultaneously, 10 ml styrene and 1.5 ml MMA
were added into the additidnnnel and also purged,Nor 30 minutes. After 30 minutes, the
circulating bash was turned on to increase the icratdmperature to 50C, and the stir rate was
raised to 350 rpm. 5 minutes after the temperature reachtd, 36e N blanketing was started
and the mixture of the MMA and styrene were added into the reactor at a constaffteate.
anot her 10 mi niCtte sedctordemperatuie was inerdased t6C0OWhen the
temperature reached 7C, 5 ml 16.7% \eight fraction) APS water solution was injected into
the reactor to start the polymerization, and the polymerization was carried out for 4 hours. After
the reacton was finished, the product suspension appeared brown. A magnet was used to collect
synthesized particles containing iron oxide nanoclusters inside. The collected particles were
washed with waterseveral times to remove pure polymer particles. At lasg particle
suspension was diluted to 20 ml and the weight percentage is determinedltd be by drying

this suspension.

3.2.5 Synthesis of symmetrical and anisotropic corshell magnetic composite particles:

Symmetrical and anisotropic coeshell magnetic amposite particleswere synthesized by
dispersion polymerization with the above composite particles as sesedseral alcohebased
solvents in the same reactors as last part. drhsotropyor symmetry could be achieved by
simply adjusting the compositioof the reaction medium made from water, EtOH, ETG and

THF.
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In a typical synthesis, 6 ndl.05 g/mIPVP-40 ethanol solution aa particle stabilizer was
addedto 6 ml of the seed particle suspension, and this mixture was added into a specific
alcoholbasedpolymerization medium(as shown inTable 1). This mixture suspension was
transferred into the reactor, and thepwas purged into this suspension for 30 minutes while
mechanically stiing at 120 rpm. After 30 minutes, the; ldlanketing was startecénd the stir
rate was raised to 350 rpm. 3 ml styrene and 3 ml 0.01 g/ml AIBN ethanol solution were injected
to the reactor. After another 20 minutesd sti
the reactor was increased to 8D to start thgolymerization, and this reaction was carried out
for 3 hours and 40 minutes. After the reaction was finished, the product suspension appeared
paleyellow. A magnet was used to collect synthesized particles containing iron oxide magnetic
cores. The colleted particles were washed with water several times to remove pure polymer

particles and then diluted to 20 ml.

3.2.6 Migration of magnetic core in coreshell magnetic composite particles:

The migration of magnetic core inside cateell magnetic composite pates was achieved by
solvent swelling, with or without theresencef a magnetic field. Particles of different structure
could be obtained by the change of solvent composition, swelling temperature or length of
swelling time. Generally, a small amount obreshell magnetic composite particlegere
dispersed at a low concentration in a mixture solvent made from water, EtOH, ETG, THF, and
sometimes PVHE0 was used as stabilizer. Then this suspension was sealed in a glass vial and
left still at room tempetare for 1 hour to let particles reach equilibrium. Subsequently, this
suspension was placed in &60or 70C oven for up to 48 hours, letting magnetic cores migrate

inside particles, and at last this suspension was quenched by a large amount of cestereto
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the particles and lock the position of the magnetic core. Theseimgsudirticles were washed

with water anctollected bya magnet for several times.

3.2.7 Structure analysis of particles:

The size and structure of particles synthesized were anddyz€EM (200 kV forJEOL 200CX
and 80 kV for Philips Mogagni 268) after drying several drops of particles suspension on a
carboncoated copper grid. The size and size distribution of some of the particles were also

analyzed by DLS after diluting particle pensions in water.

3.3 RESULTS AND DISCUSSION

3.3.1 Synthesis of iron oxide magnetic nanoparticles

Figure 7 shows the TEM picture of the iron oxide magnetic nanoparticles. The iron oxide
nanoparticles have a broad size distribution-@bzhm, and the average diameter is about 10 nm.
According to Xuirs oxideosynthesizee in dhisecoprecipitation method is

superparamagneticd’hese iron oxide magnetic nanoparticles are ifiemtl by oleic acid and

stabilized in 0.4 M TMAOH for further use.
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Figure 7. Transmission electron microscopy measurement of nanoscale iron oxide

3.3.2 Synthesis of magnetic composite seed particles

Figure 8 shows the TEM picture of the magnetic composite seed patrticles. The diameter of the
particles calculated from the TEM pictures is 129 nm 4 nm, with a magnetic region distributing
from 30 nm to 105 niwhich ismade from lots of small iron oxidenopaitles

In the synthesis of these magneteed particles, it igery critical to add in MMA to
copolymerize with styreneand it is almost impossible thakesuch composite particles without

MMA. The possible reason to this phenomenon is that-lddA (PMMA) has astronger
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affintyt o i ron oxide than pol yst%¥ amthe reabandosthisac c or

larger attraction might result from the more hydrophilic branch chain in PMMA.

This synthesis is also very sensitive to the amount of3ripsed, which is a nonionic
surfactant and works as the emulsifier in this reactibe structure of the particles would be
destroyed byeven a5 % change of this surfactammount If the concentration of surfactant is
too high, most of the particlesilivbe formedfrom themicelles generating only pure polymer
particles. If the concentration of surfactant is too low, the iron oxide nanoparticles will form

aggregates
‘. p- ‘-' i

. g:':g

Figure 8. Transmission electron microscopy measurement of magnetic composite seed particles at different

magnifications (left: low magnification; right: high magnification)

3.3.3 Synthesis of symmetrical and anisotropic corshell magnetic composite particles

Figure 9-11 show the TEM pictures of three samplesofeshell magnetic composite particles
synthesized by seeded dispersion polymerization in similar conditions except for different

polymerizationrmedium. The compositions of three synthesis media are listeabie 1.
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Table 1. Composition of solvents used in dispersion polymerization of-sbed magnetic
particle synthesis and corresponding particle morphologies

Sample Name  Solvent composition Resulting particle morphology
pis-072909 11 ml water, 34 ml EtOH, 40 ml ETG Symmetrical, monodisperse
pis-080709 11 ml water, 34 ml EtOH, 40 ml ETG, 10 ml THF Anisotropic, monodisperse
pis-082009 27 ml water, 57 ml EtOH, 10 ml THF Anisotropic, not monodisperse

As show in Table 1 and Figure 9-11, three samples synthesized in different media
showed different structures and polydispersities, even they were made from the same seed
particle andunder identicabther experimental conditions. All these three samples have in the
polymer sphere a coentrated magnetic core, which is made from lots of small iron oxide

nanoparticles and whose size is directly determined by the iron oxide content contained in the

seed composite particles.

Figure 9. Transmission electron microscopy measurement of symmetricabhellemagnetic composite particles
pis-0729009 at different magnificationspper left low magnificationupper right mediummagnification bottom,

high magnification to show magnetic cpre

The particle samplepis-072909 has a symmetrical structur€Figure 9), with the

magnetic core at the center of the polymer sphere. These particles are also monodispersed

21



generally, with the average diame8&1 nm £20 nm determined from TEM picture. & holvent

used in the synthesis of this sample is mixture of 11 ml water, 34 ml ethanol and 40 ETG, which
is not a good solvent for polystyrener PMMA. Consequently, the seed particle polymer matrix
remainsits original structureduring the polymerizatim, and the magnetic coremairs at the
center of the particle wit newformed polystyrene growing at the surface of the outer shell

homogeneously.

Figure 10. Transmission electron microscopy measurement of anisotropieshetlemagnetic composite particles

pis-080709 at different magnifications (left: low magnification; right: high magnification)

The particlesample pig080709 (Figure 10) is also monodispersewith the average
diameter 402 nm +11 nm, but théyaveanisotropicstructures with the magnetic core at the
edge of the polymer sphere. The only défece in this synthesis frosample pi€d72909is the
polymerization mediumanotherlO ml THF, which is a very good solvent for polystyrene, was
added into the mediurbesides 11 ml water, 34 ml ethanol and 40 ml ETG. Therefore, in a
solvent with a small fraction of THF, the seed particles coulsimdlen or partially dissolvetb
enablethe phase separation between the iron oxide and the potgnippenand this small

concentration of THF will not completely dissolve the particle.
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Figure 11. Transmission electron microscopy measurement of anisotropieshellemagnetic composite particles

pis-082009 at different magnifications (left: low magnification; right: high magnification)

The particlesample pisD82009 isalso anisotropi¢Figure 11), but the polydispersity is
not as good as the former two. Most of the resulting particles are of the same size around 400 nm,
buta small parbf the particles are very largap to 900 nih This polymerization medium also
contains THF, but no ETG is useahd the watealcohol ratio is larger.

In all these three particle polymerizations, no cilodser was used, and therefore, all the
polymers are lineachains By comparing the conditions and results of these samples, we can
reach a conclusion that tlaeldition of THF to the dispersion polymerization medium is critical
to generate thanisotropyin these particlesThe assumed reason to this phenomenon is the
solubility of polystyrene in THF. THF is a good solvent for polystyrene, witeta temperater
of 25°C (THF/water (v/v: 92.3/7.73) While in our experiments, the reaction temperature was
60°C, and the THF volume was reduced to about 10%. The higher temperature would increase
the soubility and the lower concentration of THF woultkcrease the adbility. The theta
temperature of the mixture solvent is stidpectedaround60°C, since the polystyrene is swollen
to enable the phase separation between the iron oxide phase and the polymer phase, but the

particles still remains sphegl and not destroyed.
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From these experiments, we can also obtain some conclusion about the polydispersity
The dispersion polymerization without ETG in the medium gave out a result of a poor
polydispersity.The mechanism of ET& effect here is not cledbut ae possibleexplanation to
this phenomenon could be attributed to tleever dielectric constantof ETG. The high
concentration of ETG in the polymerization medium results in ladugectric constandf the
medium, and it thereforallows higher electronic repulsive fordgnverse proportional to the

dielectric constanthetween individual particles to prevent them from approaching one another.

3.3.4 Swelling of symmetrical coreshell magnetic composite particles

One objective of thirojectis to magnetically control the magnetic core migration of the
composite particles. And this part ipeeparatory worko the total objective, since it will give a
condition under which the polymer properties the magneticcomposite particlecan be
changed enough to enable such migration and under which the magnetic core made from small
iron oxide clusters would not be destroyed.

THF is selected as the effective part of the mixture solvent, since it is a good solvent for
polystyrene, and the theta corialit for this paif is: THF/water (v/v: 92.3/7.7), theta temperature:
25°C. Some work has been done on the swelling effect of styrene by THF, such®as in
styrene particles can be best swollen by 50% THF water solution at room temperature, with the
diameter largest measured by DLSthH&é THF concentration is lower, the polystyrene particles
would be less effectivg swollen, and if the THF concentration is higher, the polystyrene chains
would be removed from the particle into the solvent, causingligeociation of the particles

After the swelling, it is also very convenient to deswell the particles by just diluting the solvent
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to decrease THF concentration, making the particles contradintmstthe original size. Since

the temperature used in this lab is a little higher, a lowsce@ratiorof THF might also work.

(1) Swelling by THF water solution

In this part, THF water solutions witiHF volume fraction 50%, 40%, 30% and 20%
were usedAt each concentration, two parallel particle samples were swollen under magnetic
field and wthout magnetic field. The temperature of the swelling is°C0and the swelling
duration is 48 hours. After 48 hours, the particles were deswollen by adding large amount of
water into the particle suspension. Later, particles are collected by a magnegsired several
times with water.

From the TEM picture of all the four sets samlégures 12-15), it can be seen that the
magnetic core of the composite magnetic particles moved from the center to the outside of the
polymer sphereThe shapef the magetic core were kepand the size of the magnetic region
became a little smaller than in the magnetic seed partiGeserally, there is a orte-one
linkage between migrated magnetic core and its original polymer particle in most of the samples
(the only exception is in 50% THF solution, under magnetic field), and this linkegestrong,
since the magnetic core kept its position eurder thevery strong surface tension when drying
on TEM grid and in the high vacuuofi TEM measurements.

The mechanism of this core movement is not clear, but one possible reason could be
attributed to the minimization of interfacial free energy between different phases:
polystyrene/PMMA, polystyrene/solvent and PMMA/solvent. The formation of the original
conmposite coreshell particles might be a kinetic process: polystyrene grows continuously on the

surface of existingarticles and therefore, the structure might not be at the global minimum of
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the free energy (only interfacial energy is considered heregnVdlgood solvent of the polymer

is added, the polymers are swollen and become flowable. Consequently, the phase separation
between the polystyrene phase and PMMA phase could happens, and it will stop only when the
interfacial energy (the sum of surfaceegyy between polystyrene/PMMA, polystyrene/solvent

and PMMA/solvent) reaches tilgermodynamieninimum. The final morphology of the particle

is a function of the solvent used to swell the particle, and therefore, it is possible to control the
this morpholgy by changing the composition of the solvent, or introducing surfactants into the

system. Saitts papel® detailedly described this process in a similar system.

Figure 12. Three interfaces of PS/PMMA composite particles suspended in a sqReprinted with permission
from “°. Copyright 2007 American Chemical Society).

In all of these THF concentrations, thregration ofmagnetic cores is not veegnsitive
to the concentration of THROnNly in the 20% THF trialthere aremagnetic coresvhich just
moved halway and remained inside (not necessarily at the edge), forming an asymmetrical
particle, but this phenomenon stithppens in a small probability. Therefore, it seemsossible
to control the extent the magnetic core moves by the concentration of THF in water, since

magnetic coresould beboth outside the sphere and near the centifire same sample
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The concentrann of THF has some effect on the polydispersity of the particles at this
concentration range, but it is not very remarkable. At higher THF concentration (50%), some
particles may fuse and form larger ones, while at lower (20% or 30%), most particled afe s
their original size.

The magnetic field applied to the particles suspensions during the swelling process had
almost o effect to the final resultsAlmost no difference could be recognized between the
samples swollen with and without magnetic fjedahd the only one that can be found is that at
high concentration (50%), the samples swollen under field did not show an exé&otaee
magnetic coré polymer sphere ratio.

This part isalso anevidenceof the strong repulsive interaction between wdlial
particles. When the particles were swollen under magnetic field, theyaleattracted to the
wall soon, forming a yellow block at the wall of the glass vial and leaving clear supernatant.
However, even at the highest concentration (50% THF, wpartcles are fully swollen), the
particles did not fuse togetherform a huge polymetclump even after 48 hours at 70T andica
be redispersed iatparticle suspension by singpshakingor several seconds, which is a definite

evidence of the existenoé high repulsive forces between particles.

€ S
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Figure 13. Transmission electron microscopy measurement of symmetricashetemagnetic composite particles
pis-072909 swollen by 50% (v/v) THF water solution (left: swollen under magnetic field; right: swollen without

magnetic field)

Figure 14. Transmission electron microscopy measurement of symmetricasbellemagnetic composite particles
pis-072909 swollen by 40% (v/v) THF water solution (left: swollen under magnetic field; right: swollen without

magnetic field)
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Figure 15. Transmission electron microscopy measurement of symmetricashetemagnetic composite particles
pis-072909 swollen by 30% (v/v) THF water solution (top 2: swollen under magnetic field; bottom 2: swollen

without magnetic fielj
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