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1. Introduction

MagneticnanoparticleMNPs) have foundvide applications in biomedicine due their
magnetic propertieand dimensions being smaller than or comparable to several biological
entities suchascells (A0 0 ¢ m) , -460 rMmyascepsoteiisa®HO nm) [£3]. The ability
of theseMNPsto be manipulated by an external magnetitdfraake them especially attractive
for localized treatment options such as targeted drug delivery and hyperthermia, as well as
diagnostics like enhancing contrast in existing magnetic resonance imaging (MRI) techniques
and sensors based on the detectiom shagnetic signal [4,5]. In most cases, MBPs are
required to be monodisperse so that each indivilidP has nearly identical physical and
chemical properties for controlled biodistributi@mdbioelimination [3,6]. As magnetic labels,
the MNPs shoutl be superparamagnetic to have zero magnetic remanence in the absence of an
external magnetic field andre also required to have high magnetization [5]. This is why
different syntheticapproaches have been developed to achieve these goal]3Recerly,
particular attention has been paid to growth of sha@ant MNPs which, could be usedor
more novel biomedical applications. For example, they ctwade utility in biomedical
immuneelectron microscopy allowing differentiation by both size anghslsamultaneously [£3
15]. It is important to notehat MNPs with tunable shapes and sizes provide ntoegnetic
labeling options that are currently restrictedsphericaMNPs below 15 nm in siz¢13]. Once
shapevariantMNPs are useddifferent biologcal molecules (eg: proteins, lipidsan be labeled
to simultaneouslytarget different sitesvithin a single sample, giving a direct comparisafn

signaling networks or mulsubunit molecular machines.

This book chapter will serve as a guide and revietvcarrently availablechemical

methoddor syntheticof MNPs shape and sizand their characterisatioft will also provide the
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reader with a comprehensive understandinghagnetism in these synthesized MN#P&l some

usefulbiomedicalapplications.

2. Synthetic of size and shapevariant ferrite nanoparticles

Ferrites are very exciting for biomedical use.advetite (FgD,), a ferrite, has been
approved by the FDA for medical use in a variety of applications. sYhtheticmethod for
making ferrite MNPs can drastically change their physical properties, such as size, shape, and
magnetism. Theynthetictechnique used to malerrite MNPs also determinebow thesurface
is coatedo allow for suspension in different solvents such as hexane, water amdssdlitions.

There are a wide variety siynthetictechniques available for makirigrrite MNPs  The
more common techniquesebottomup approaches, meaning that reagents are broken down and
MNPs are built up from agglomeratierof atoms. Four promisingyntheticmethods for shape
and size variation are:

1 Thermal decomposition
1 Co-precipitation
1 Solvothermal
1 Microemulsion
This section will give a brief description of each, followed by which parameters affect the size

and shape of theINPs

2.1 Thermal decanpostion

Thermal decompositiois a very commorsynthetictechnique for makinderrite MNPs
due tothe quality of the resultindNPs and the speed of the reactifh16-23]. As the name

thermal decompositiomplies, this technique takes advantage ofemals breaking down and
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forming newcompositionsat various temperatures. This technique is particularly useful for
making very small, uniform nanocrystals. The basic proceff]rés to mix organometallic
compounds with a surfactant to stabilize tlatiples in ahigh boiling point organic solvent.

The organometallic materials are generally metal acetylacetonates [M(a&dac)Fe, Mn, Co,

Ni, Cr, n = 2, 3], metal cupferronates [@up, M = metal ion, Cup = N-
nitrosophenylhydroxylamine], or carbonyl§ he surfactant, or surface active agent, is used as a
stabilizing coating for th&NPs The surfactant determines what types of solvenitiN@s can

be well dispersed jrand prevents them from further oxidation. Fatty acids such as oleic acid,
hexadeylamine and oleylamine are common surfactants for this techil@lie Benzyl ether,
phenyl ether, octyl ether, ordctadecene can be used as the high bodoigt organic solvents.
Generally there is also use of an alcohol as a cosurfactant. Sem®onty used alcohols are
1,2-hexadecanediol, 1;@tradecanediol, or 1-@odecanediol.Figure6.1 shows how the various

reagents come together to creaferate MNP.

M(acac), + Fe(acac); + 200°C refluxing
1,2-alkanediol + RCOOH + w L —

RNH; + Solvent

Fig. 6.1. Flow chart show$iow to create inverse spingINPs using a thermal decompition

method with an oleate coatin@he reagents are as followBe(acag), iron (ll) acetylacetonate,

as anorganometallic material; ROH, &ydroxyl, with 1,2hexadecargiol as an example;

RCOOH as aarboxyl, with oleic acid as an example; RN&$ an amine, with oleylamine as an

example and a solvenfThe phase of the resultifgNP would be MFeO, wi t h A MO st andc
f or n Reptinted witld permission from R¢L6].

An example of asyntheticprocedure for thermal decomposition is as followststFall
reagentsare mixed together in one flastkis includes all organometallic materials, surfactants,

alcohols, and solvents. After mixing, oxygen is purged from the flask and heating is



commenced. The flask is heatedattemperature, wherthe pecursorwill decompose and the
MNPs are formed. After a short period of time, the reaction is stopped by removing the heat
source. One of the advantages to using thermal decomposition is thainsidered @nepot
synthesigneaning that multiple cineical reaction®ccurin one reaction flask.

Once this part of theynthesidgs completethe sample isentrifugel several times in the
presence of ethanol to wash thiNPs and remove any excess chemscibm the synthesis
Lack of suspension in the fh solvent is indicative oMNPs with an insufficient surfactant
coating, so it is vital to remove these particleShe final result of ferrgd MNPs such as
magnetite or cobalt ferrit@ a nonpolar solvent is a ferrofluid.

2.1.1 Surface functionalizan

MNPs synthesized by this method are excellent for dispersing irpntar solvents such
as toluene or hexane, but will not suspend in polar solvents such as water or phosphate buffered
saline (PBS) solutions, which essential for biomedical use. Rbis reason, theddNPsneed
to besurface functionalizedvith a bio-compatiblematerial before suspension in waterPBS
and njection into a living entity[9, 17-21]. There are two basic types of surface
functionalization:one where the initial coatigp is removed and replaced by a-ommpatible
coating, andinothemwhere the biecompatiblecoating is added on top tife originalcoating.

Both types of surface functionalizatiatescribed aboveare called ligand exchange
which is also commonly referreid assurface exchange Ligand exchange builds upon the
initial coating. In this method, tHdNPsare prepared with their oleate coating and suspended in
hexane. An aqueous mixture of l@o-compatibleagent , s-ayaodextria or U
dimercaptosucciniacid[18], is created and the two solutions are mixed together. After they are

left stirring for a period of time, thel N P €d@atings are exchanged from the oleate coating to the
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Ucyclodextrin coating, as indicated by visible suspension in the aquelotisrs[19]. The two
solvent mixtures are then separated andMhi#s have been surface functionalizeBigure 62

shows the surface exchange method and resitdB solutions.

(a)

(b) ()

—— -

Hexane stirring Hexane
T — a2
:" l\.
we o3v 3.'3
we e

. ¢ =4
Water Water ‘
/< Oleic acid stabilized particle  *» a-CD —— e &

Fig. 6.2.0n the left is a schematic of how the surface exchange metiesdhe oleate coating

to attachMNPst o-cytlodextrin. On the right are actudINP solutions(a) shows theVINPs
suspended i n he x a-oyelodextin sblutidn heow dt;l) shows sH¢NB's
have settl ed -dcyalodéxwin solitien attieqsiireng tos~24Chours aheé empty
hexane; (c) s h o ws -cyclddextrirf doated ImagmetitéNiPsisuspended in U
water.Reprinted with permission frorRef. [19]: Y. Wang, J. F. Wong, X. Teng, X. Z. Lin, and
H. Yang,Nano Letter003 3, 1555 Copyright 2011AmericanChemical Society.

Figure 6.3 shows another version of ligand exchange. With this method, the original

coating is stripped frorthe MNPsand anew, bio-compatible coatingeplaces the old one [20].

o
COOH — \(’\x/\[\o/\ko\/x\g/o“'

AAVAVVAVAV, VN Oleylamine & oleic acid

Fig. 63. This diagram shows how ligand exchange wodss a means of surface
functionalization by stripping th&#NP of its oiniginal coating and replacing it with one that
suspends in a polaplution.Reprinted with permission from Ref. [20].

Another method that builds upon the oleate coating involvesirttexcalation of

surfactantg21]. In this method, th&/INPs start with any type of hydrophobic coating, and an

amphiphilicpolymer is added to the surface. The amphiphilic polymer wioale affinity with
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both the lipids coating th®INP and the water in thaqueous solution, however the polymer
chains must be long enough to coat the entire particle, or else exposure of the original coating
may be present. For this reason, an additional molecule must be added-tmkrb&spolymer

chains, thus ceging arobust shell for the MNPsFigure6.3 shows how this process works. In

one example of this procedure, th@NPs and the polymer are separately suspended in
chloroform and the two solutions are mixed together. After stirring for a period of time, the
chloroform is allowed to dry and a separate chloroform solution containing thelialosg
material is added to the dry mixture. t&f sonicatingthe solvent is evaporated a second time
and theMNPs are suspended in a buffer solution, which is then éttdo remove any unbound

polymer. The resultinyNPssuspend in water and remain stable for several months.

Fig. 6.4 This diagram shows how a polymer is attached and then-lon&ssl on the surface of
an initially oleatecoatedMNP. Reprined with pemission fromRef. [21]: T. Pellegrino, L.
Manna, S. Kudera, T. Liedl, D. Kiktysh, A. L. Rogach, S. Keller, J. Radler, G. Natile, add W.
Parak,Nano Letter004 4, 703. Copyright 201American Chemical Society.

Other common bikwompatible coatingtor MNPsinclude silica, gold, polyvinyl alcohol
(PVA), and polyethylene glycol (PE@)].

2.1.2Synthesi®f Shape and size variant MNPs



By changing the amount of surfactants and solvents or by altering their ratios with the
thermal decompositiosyntheic method, an experimenter can obtain particles of vastly different
morphologies. The size, shape and uniformity can be greatly altered and these parameters can be
finely tuned.

Several research groups have observed that when there is a high solveetlto
precursor concentratiartio, very small, uniformrMNPsform. This is attributed to the fact that
as the amount of solvent within a solution is increased; the decomposed metals take up a smaller
and smaller percentage of the overall solution. Thuawifg smaller clusters of material and
resulting in smalleMNPs. However, t has been reported that belowabovea certain amount
of surfactant, the amount of solvent becomes unimpofi&nt23] In addition to the amount of
solvent and surfactant the solution, the length of the alcohol chain also plays a role in the size
of the resultingMNPs A longer chain, such as a hexadecanediol, yields smaller particles than
alcohols with shorter chains such as tetnad dedecanediols. Tablé.1 shows tke correlation
of resulting magnetitdINP size with alcohol chain length, amount of surfactant, and amount
andtypeof solvent present in the reaction.

Table 6.1. Using 2 mmol of iron (lll) acetylacetonate as the metal salt and systematically
changing amants and types of all other reactants yields a variety of particle sizes for magnetite

MNPs[16].
Particle 1,2-hexadecanediol| 1,2tetradecanediol Oleylamine Oleic Benzyl Phenyl 1-Octadecene
Size (nm) (mmol) (mmol) (mmol) Acid Ether Ether (mL)
(mmol) (mL) (mL)
4 10 - 6 6 -- 20
5 10 - 12 12 20 -
6 10 - 6 6 20
7 10 -- 12 12 15
8 10 -- 12 12 10
8 10 - 6 6 15
8 - 10 6 6 20
~9 10 4 4 15
~9 10 4 4 20
11 -- 10 -- 10 --
12 10 6 6 -- 20
~15 10 6 6 10 -




Not only is the size affected by the changing amounts of solvent and surfactant to metal
ratios, but also the shape of the resultitliyPs. For example, Wwen small amounts of solvent
are combined with small amounts of surfactantd a shorter alcohol chain, a mixture of
triangular and sphericdNPs are obtained. This happens because the growth process of the
material was allowed to continue on only certain crystallographic directions of the paurtitle,
terminatedin others[16]. The reason we still see some spherMBIPs is because the entire
reaction ended earlier for them. This is also why the sphavddPs are smaller than the
triangular ones. Figuré.5 shows a mixture of triangular and spheridééiNPs and stalike

MNPs.

Fig. 6.5. Differently shaped MNPs synthesized via thermal decompositidh:Nano triangles
and spheres were synthesizesihgFe(acag), 1,2tetradecanediol, oleic acid, oleylamine, and 10
mL of benzyl ether; (B) Square/stiike MNPs were synthegied via using Fe(acag), 1,2
hexadkcanediol, oleylamine,-Adamardanecarboxylic acid, and 20 mL of benzyl eth@C)
Hexagonal MNPs were synthesized usingHgRadecanediol, oleic acid, oleylamine and 20 mL
of benzyl ether.Reprinted vith permission from [16]; Ref. [22] and Ref. [23]: H. Zeng, P.M.
Rice, S.X. Wang, and S. Sudgurnal of the American Chemical Soci&§04 126, 11458.
Copyright 2011American Chemical Society.

Reducing the reaction time of tegntheticprocedure can also change therphology of
the ferriteMNPs For example, if ayntheticprocedure is terminated during the reflux stage,

when the particles are-ferming, theMNPs may not have the opportunity to fully forf4].
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Figure6.6is a perfect example of partially form&NPs Here, theMNPs were immediately

heated to a reflux temperature of 290°C and were kept there for a short period of time with a
small amount of solvent. The resulting particles came out rather large, over 100 nanometers, and
had rather nomniform stape and size, but as further heating was applied to the system with the
same initial reactants, thdNPsbecame more uniform and eventually ~150 nanometer uniform

magnetite nanocubes were obtained.

Fig. 6.6. MNPs at different stages of th&/ntheticprocedure. As further heating was applied,

the particles grew in size and became more uniform in shape. The flow chart shows a schematic
of the growth process for the8s&NPs Reprined with permission froniRef. [24]: D. Kim, N.

Lee, M. Park, B. H. Kim, KAn and T.Hyeon,Journal of the American Chemical Socigf09

131, 454. Copyright 201American Chemical Society.

2.2 Chemicalco-precipitation

Chemical ceprecipitationis the most commonly used synthetachnique for making
ferrite materials.Theidea behind chemical gorecipitationis a simple one that many will recall
from chemistry class. There is a starting solution containing many materials that are in
equilibrium. When a specific material is added to this solution, an instant reactiaon.oésu
the name implies, the reaction splits the solution into a supernatant and a precipitate. With this

syntheticprocedure, the precipitate consistdMifiPs
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This is a quick method that can be used to make several different types of materials with
exellent phase and shape uniformity, but with poor-sizetrol [9,2526]. The method for
making magnetitdINPs for examplejs combining ferrous (&) and ferric (F&) salts with an
acidic material and precipitating the desired particles with a vesjir¢gkmaterial[25]. The
ferrous and ferric salts are generally iron chlorides, sulfates or nitrates. Hydrochloric acid is one
example of an acid used for this proced®je Water is also used often as the carrier solvent for
the salts during the reamh. Ammonia and sodium hydroxide are frequently used as the base
because of their strong alkaline nature. The reaction can be allowed to take place at room
temperature or an elevated temperature in an inert atmosphere.

Once all of the precipitate hagrined, the reaction is finished and it is vital to wash the
MNPs The resultindiNPsarewashed by centrifugation in the presence of ethanol and water to
remove any unreactechemicalsfrom the final product Figure6.7 shows a cartoon of the
mechanism ehind the chemical eprecipitationsyntheticroute.

Solution Supernate

Suspension Precipitate

Fig. 6.7. This cartoon illustrateshe basic idea behind the mechanics to the chemical co
precipitation technique. Start off with a solution containing suspended materials, add a reactant,
and end p with a supernatant and a precipitateere the precipitate is generally the desired
material.

Unlike with the thermal decompositi@yntheticroute, surfactants are often added after

the chemical cgprecipitation synthetic procedure is finished. This ust be done carefully
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becauseferrite MNPs can easilybe oxidized. For examplemagnetiteMNPs can be easily
oxidizedt o ma g h-Eesdp) vleen dxposed to ambient conditions. It is possible to add a
polymer during or just after the reaction to surface functionaliz&/iEs thus protecting them

from further oxidation. For example, it has been reported that sutfadataaqueous solutions,

such as sodium oleic acid, dodecylamine, and sodium carboxymethyl cellulose can be added
during the chemical eprecipitation procedure. And if one is to add a polymer instead of a
surfactant, they could do so during the reactignhavingwater asthe initial carrier solvent

along with apolymer, such as polyvinylalcohol (PVA), dissolved ifd6]. The rest of the
reaction would then carry on as before and the phase bfNtrs would remainintact.

As mentioned earlier, it is gsible to obtain a shapedsize variance for ferstMNPs
when conducting chemical qwecipitation. Components that affect size, shape and phase
variance of the material include, but are not limited to: ratio 6f/FF&" salts, pH of the
solution, tenperature and length of the reaction.

2.3 Solvothermal

The solvothermal method differs from thermal decomposition and chemical co
precipitation in the sense that the reaction does not take place in a vessel where one can watch
the reaction occur. Thisynthetic route consists of placing a mixture of metallic precursor
solutions with surfactants and solvent into a sealed autoclave to &fMé#s by applying
pressurd9, 14. When the solvent is water, this method is caligdrothermalsynthesis After
the materialsare added to the sealed autoclave, the entire setup is placed into a constant
temperature vessel, such as a water, oil, or sand bath and heated to an elevated temperature to

Apressure cooko the mat er ipkndtfal,. howevérihe resubrgu |l t i n
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particles are typically very uniform in size and shf@e Figure 6.8 shows a diagram of the

solvothermakynthetictechnique.

Pressurized Cover

Pressurized
Vapors

y /,/‘ J//.“ / f/ | /

Mixed Metallic
Precursor Solutions

Fig. 6.8. Autoclave that would be suspended in a constant temperature water, oil, or sand bath,
depending on the temperaturequirements of the reaction. Thehematic shows the mixed
metallic precursor solutions and the pressurized vapors they createyINRIs beginning to

form from the pressure.

The size and shape BfNPsmade by the solvothermaiethod, as with other techniques
discussed, can be controlled by type of solvent used, temperature of the reaction, length of the
reaction and ratio of surfactarftsd]. Figure6.9 shows how drastically the shapeMNPs can

change with the variance of @surfactant and two examples.

OA:OLA:TOPO

4:10:1

Mix: 4

Fe(acac), 4:10:0.3
Surfactants
Octadecene

4:10:0.1

10:10:0.1

Fig. 6.9.(A) Shape variance with ratio change of the surfactants oleic acid (OA), oleylamine
(OLA) and trin-octylphosphine xide (TOPO), in mL; (B) High resolution TEM image of one
MNPs showing crystallographic order dig¢ molecules and diffraction pattern; (C) Mixed array
of shapes and sizes, primarily triangular made by using the solvothemt@lReprinted with
permission fromRef. [14]: G. Gao, X. Liu, R. Shi, K. Zhou, Y. Shi, R. Ma, E. T. Muromachi
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and G. Qiu,Crystal Growth & Design201Q 10, 2889 Copyright 2011American Chemical
Society.

2.4 Microemulsion

Microemulsionwill be the last discussesi/nthetictechnique for makig size and shape
variant ferrtes. Synthesisof MNPs by microemulsion is desirableecause of the excellent
control over shape, size, and phase of resuMhdPs with the relative ase of thigechnique [9,
27]. The drawback is that only a small amount of product results.

Microemulsion involves the mixing of two immiscible liquids in theesence of metal
salts to create the desired particle. There are two types of microemsigititetic process
possible, watem-oil and oitin-water microemulsions [9]. When the two immiscible liquids are
mixed together, one forms microdroplets in tiker. These microdroplets are stabilized in the
solution by surfactants; hence the surfactant plays a crucial role isythiketictechnique,
acting as a stabilizing agent for the entire solution rather than just the reddiRg The
surfactant fim is the boundary between the microdroplets and the encompassing solifion [2
With a watefin-oil microemulsion, the microdroplets are calleverse micelledecause the
hydrophilic head of the surfactant faces the center. With am-wibter microemlsion, the
microdroplets are appropriately calledicelles with the hydrophilic head of the surfactant
facing out, towards the water. The size of the micelles or reverse micelles is determined by the
waterto-oil ratio within the vessel. IMNP synthess, waterin-oil microemulsions, osynthesis
by reverse micelle, are more popular tedrn-water microemulsions

To createferrite MNPs two separate watén-oil microemulsions are requird®,27].

The reverse micelles contain the necessary reactantsrm the desirediINPs The two

15



microemulsionsre then mixed together with collisions between the two types of reverse micelle
occurring. The droplets are dominated by Brownian motion because of their small size and
rarely remain stuck together. Thusllision and separation process creates nucleation and growth
of MNPs in the form of a precipitate within the reverse micelles. This precipitate contains the

desiredMNPsas shown in Fig. 6.10A.

Microemulsion| Microemulsion Il -
E ~\ n ME::?E-:I:IS & Surfactant System
Aqueous Phase -Ik— 'IJ:(‘ Aqueous Phase Sonication ( Emulsion )
(metalsalt) ﬁf -ﬁ- {? -IJ.I- (reducing agent) Formation
S Vigorous Stirring
Qil Phase 0il Phase Transparent Solution
Mix Microemulsions | & II Obtained
VL 12-hour stirring  ——————
T\ (room temperature)
Stable Reverse Micelle
Collision and Solution Obtained
Slow heating to
Coalescence _I:I_ _I:I_ 20°C ndcrl a% on Injection of hydrazine
P—
of Droplets u 8!
Black Colored
\ J Solution Obtained
¥ Reflux 5 hours C
Chemical Reaction Magnetic Nanoparticles Magnetic Nanoparticles
Qccurs —# Obtained Suspended in Organic
. Solvent
—*— Precipitate
(metal or metal oxide) u
‘ﬁ‘ Ethanol Addition, centrifugation
— T and suspension

Fig. 6.10. (A) Schematic showing the basics afvh the microemulsiorsynthetictechnique
works; (B) More detailed flow chart outlining specifically how ferld#NPs are made using
microemulsionsReprined with permission frorRef.[27].

As detailed in Fig6.10B, the two microemulsions are sonicatdtbiacombination to
create one coherent microemulsion, which is then vigorously stirred until a transparent solution
is obtained. The solution is stirred for several hours at room temperature until stable. At this
point, slow heating under an inert gakds place until the precipitate is formed, and the solution
is left to reflux at full temperature until the reaction ends. FinallyMhi#°s are centrifuged to
remove any undesired chemgahd the resultinyINPscan be suspended in an organic solvent.

There are many ways in which one can chang®MtNe size in microemulsions and keep

a uniform particle size distributig27]. One way to change tiNP size is to alter the reactant
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concentration within the first microemulsion. More reactant to lessecawolvent will yield

larger MNPs. Increasing the flexibility of the surfactafiim will also create largeMNPs
Increasing the film flexibility can be done by adding an alcohol assudactant or decreasing

the molecular weight of the carrier @il the microemulsion. The final way to incredd®lPs

size in the microemulsion technique is by increasing the droplet size of the microemulsions in
the combined solution. To decrease the size oMNEs one can increase the concentration of

one reactanfar beyond that of the other. This would mean that there is less material overall to
react, and thus smaller particles would be created, however more reagents would be wasted in
the process.

3. Other magnetic nanopatrticles:synthesisof size and shapevariance

Up until this point, onlyferrite MNPs have been discussed, and althougggnetite, a
ferrite, hasalready been FDA approved for use in the biomedical field, many other types of
MNPs are promising for future use. This section will highlight &rgi work being done to
synthesize shape and shariant MNPs other than ferrites [13, 28 Since thermal
decomposition is a moderately eagytheticroute that takes only a few hours with narrow size
distribution, very good shape control and a scalgigtl of product, it makes sense that this
method is very popular for synthesiziMiNPs other than feites. Figure 611 shows images of
several differently shaped and sized Hgatinum MNPs synthesized under various conditions

using thermal decomposih [13].
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Fig. 6.11. Fe-Pt MNPs of different shapes and sizes using a thermal decomposiiathetic
route. Ref. [13]: D. Ung, L.D. Tung, G. Caruntu, D. Delapostas, Y. Alexandrous, I. Prior and
N.T.K. Thanh CrystEngComm2009 11, 1309 Reproduced bpermission of The Royal Society

of Chemistry.

Table 6.2 shows size and shape of irplatinum, ironpalladium, and irofplatinum
palladium alloys alongside the amount and type of reagents used. It is obvious to see that a wide
variety of shapes and siare available ranging from spheres, to cubes, to stars and octopods.
The differently shape®INPs are especially promising for biomedical applications such as cell
tagging and targeted drug delivery among other things, as will be discussed latechiaphes.

Table 6.2. Various size and shape trends along with amounts and type of reagents used to make
FePt and FePd alloys. Fe(CQ)stands for iron pentacarbonyl, Pt(agastands for platinum (II)
acetylacetonate, Pd(OA}tands for palladium (ll) &tate, OLA stands for oleylamine, OA
stands for oleic acid, MA stands for myristic acid, and HDA stands for hexadecyld@jne

Size (nm) Shape Fe(CO)% Pt(acac) Pd(OAc), Pd(acac) OLA OA MA HDA
(mmol) (mmol) (mmol (mmol) (mmol) (mmol) (mmol) (mmol)
5+06 Sphericaifcc 8.3 8.3 - - 433
5-50 Mixed 8.3 8.3 -- - -- 433
Varied Cubelike 8.3 8.3 - - - - 266 266
9.8+1.6 Cubes 8.3 8.3 -- - 466 466
13.2+2 Octopod 8.3 83 - - 466 466
cubic
24.2+6.1 Stars 6.25 6.25
7.5%1 Cubes 8.3 8.3
8.7t1.5 Cubes 16.6 8.3
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7.6£1.2 Cubes 24.9 8.3
12.5+2 Mixed 83 8.3
1520 Tetrahedral 8.3 - 8.3 - 133 133
1317 Tetrahedral 8.3 - 8.3 - - - 133 133
Multipod 8.3 - - 8.3

4. Magnetism in ferrite nanoparticles

The magnetic propeds of ferrite MNPs are size arghape dependent. In order to
effectively use ferrite MNPs for biomedical applications]eaic understanding of theze and
shapedependent magnetic properties of these MNPs is needed. The following parts are devoted

to achieving this goal

4.1 Crystal structure and spin configuration

Ferrimagnetic oxides of Af®, crystallize either in a normal spinel structure oram
inverse spinel structure. In a normal spinel structure, fiedtions occupy the tetrahedral sites
whereas the B cations occupy the octahedral sites (Fig. 6.12a). However, in an inverse spinel
structure, half of the octahedral coordination sitesaacupied by A’ cations and the remaining
half as well as all the tetrahedral coordination sites are occupied by'thatiBns. For example,
Fe;04 (magnetite) has a normal (cubic) spinel structure with oxygen anions forming-a face
centereecubic (fcc)closed packing and iron (cations) located at the interstitial tetrahedral sites

(Tg) and octahedral sites {0 The cubic unit cell has lattice parameter a = 83R9]. The

magnetic moments of both £eand F&" cations at the octahedral sites are alkigparallel to an
external magnetic field, whereas those of Fens at the tetrahedral sites are aligned antiparallel

to the external magnetic field (Fig. 6.12b).

19



Fe;0,

Octahedral sites

rreeer feette

8Fe3* (S=5/2)  8Fe?* (S=2)

ex

Tetrahedral sites

HIHL srers-sm

(a) (b)

Fig. 6.12. (a) The crystal structure of an AB, spinel. The Asites ions (red) are emlat in a
tetrahedral environment of oxygen (yellow), while the B sites (green) have octahedral
environmertt (b) The spin configuration of E®, in an applied external magnetic field«H

Since Fé& has a 8 electron configuration with a high spin stated F&" has @ electron
configuration with a high spin state, the total magnetic moment of the unit celt@f E@mes
only from Fé* cations with a magnetic moment ofid. As Fe is partially substituted by M (M =
Co, Ni, and Mn) ferrimagnetic oxidesitv distinct magnetic properties such as Cake
NiFe;O,;, and MnFgO, are created [2,3]. As an example, CgbBg(cobalt ferrite) is a well
known hard magnetic material with high degree of magnetic anisotropy and magnetostriction
[30]. The CG* and F&" caions locate on the octahedral and tetrahedral sites, respectively,
forming an inverse spinel structure. The cubic unit cell has lattice paramgtef §89 A. Since
the 8 F&" ions in the tetrahedral sites are aligned antiferromagnetically with respbet 8 F&"
ions in the octahedral sites via swe@&change interactions mediated by oxygen ions. As a result,
the uncompensated €dons possessing three unpaired electrons in theibitals would give a
theoretical saturated magnetization valu& og per unit cell. It has been experimentally shown

that the total magnetic moment increases tg; %or MnFeO,4 as Fe is partially substituted by

Mn, while it decreases torg for CoFeO, and 2 for NiFe,O4 as Fe is partially substituted by
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Co and Ni, respectively 31]. For biomedical applications, MNPs having large magnetic
moments are often preferabd2]. This is why MnFgO, MNPs are being widely used for

enhancing magnetic resonance (MR) sigiralavo detection of biological targets [4].

4.2. Qitical size and superparamagnetism

Refinement of particles size in magnetic materials is essential for obtaining desired
magnetic properties. It has been shown that reducing ferromagnetic particles down to the
nanometer size (below 100 nm) can lead toappearanc®f anomalous magnetic properties
[33,34]. As a ferromagnetic particle reaches a critialgsize D, the critical diameter), is a
single magnetic domain 4B As particle size is smaller thab, it significantly affects the
magnetic prperties of the material. The dependence of the particle size on coerciyjtpf(H
magnetic material is illustrated in Fig. 6.13.

Large particles energetity favor the formation of domain wall® form multrdomain
(MD). Magnetization reversal occurgéavhe nucleation and motion of these walls. In this case,
the coercivity Hc) scales a®™. As the particle size decreases toward a critical particle diameter,
D., the formation of domain walls becomes energetically unfavorable and the single domain
(SD) particles are consequently obtain@®-B5]. In this case, the magnetization process occurs
mainly via a coherent rotation of magnetic moments, resulting in larger coercivity. As the
particle size decreases to the singtenain valueDs, the coercivity aries with the particle size
as Hc ~ D°. Below Dsp the magnetic ordering state is easily collapsed due to thermal

fluctuations, and the material exhibits a superparamagnetic feature.
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Fig. 6.13.Particle size ) dependence of coercivitHf). H. = O bdow the superparamagnetic
(SPM) particle sizdimit Dsp, the single domain (SDparticlebetweerDs, and the singl&lomain
limit, D and multiple domain (MD) particles.

Furthermoreit has been shown that the criticabip size is dependent on the shape
the particle. For spherical particles with high anisotropy, the critical diam&feis(determined

by [34]

9
D, = 2,13 . @1.44%, (1)

where g @4,/ AK; is the specific domain wall energ,is the exchange constant, akdis the

first-order anisotropy constant. It has been found thaCfuffeO,, FeOs, FeO,s, FeCo, FePt,

CoPt, Ni, and Caspherical particles, the critical diametarg aboutt00 nm, 91 nm, 82m, 52

nm, 56 nm, 58 nm, 84 nm, and 80m, respectively [§]. It is worth notingthat particles with
significant shape anisotropy can remain single domains in much larger dimensions than their

spherical counterparts.

4.3. Sizedependent magnetic properties

4.3.1.Static magnetic properties
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The magnetic properties of ferrite MNPs are strongly partide dependent f341]. As
an example, Fig. 6.14 shows the temperature dependence diefgtimooled (ZFC) and field
cooled (FG magnetization (e.g. M curves) for FgO, MNPs with two different sizes of 6 nm
and 14 nm. Unless specified, the results presented and discussed in this section are for
Aspherical 6 MNP assemblies. 't can laasitianeen i n
from the ferromagnetic (blocked) state to the superparamagnetic state with increasing
temperature. The narrow shape of the ZFC M(T) curve observed for 6 §n F&Ps is
consistent with the perspective of an assembly of weakly interacting -sioigiain particles,
whereas the broadening of the ZFC M(T) curve observed for 14 gdy MNPs points to the
system with stronger dipolar intparticle interactions42). It has also been noted that the shape
of a ZFC M(T) curve strongly depends on disttibn in particle size, with a larger particle size
distribution resulting in a broader ZFC M(T) curvé]3The temperature corresponding to the
maximum in the ZFC M(T) curve is referred adlie mean blocking temperaturesfTwhich is
proportional to tk anisotropy constant (Kand magnetic volume (V) of the particle vig ¥

KuV/25kg, with kg is Boltzmann constant.
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Fig. 6.14.ZFC and FC magnetization versus temperaturd {Murves of Fg0, MNPs with two
different sizes of (a) 6 nm and (b) 14 nm.

As one can see clearly in Fig. 6.14, thedBcreases from 227 K to 34 K as the particle
size decreases from 14 nm to 6 nm. The decreasgwitil decrease in particle size represents a
general trend for ferrite particle systems (Fig. 6.15). It has aso boted that values o T
could be varied, depending upon sangyetheticconditions #3] and/or norstoichiometry [4].
The temperature below which the ZFC and FC curves begin to separate from each other is
referred as to the irreversibility tempera\ii,), which is often associated with the blocking of
the biggest patrticles. In this case, a particle system wjtlw@ll far above E often shows a

large particle size distribution T342]. This is true forthe case of 14 nm g@; MNPs when
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comparedo that of 6 nm F£, MNPs. Above T, the system enters a fully superparamagnetic
regime.Another feature to be noted in the FC M(T) curve is that for an assembly of fine particles
the continuous increase of the FC magnetization with lowering tempeiraglres weaker inter
particle interactions. As for E®, material, we recall that while the bulk undergoes a first order
magnetic/structural transition (the w&hown Verwey transition) at,T~115 K, this transition
temperature idargely shifted to a ber value in MNP systems, as particle size is decreased

below 50 nm (¥~ 16 K) [2].

300'-'”"”” D ]
A s

250 = S ]

[ ' CoFe,0, nanoparticles -~ ]

[ = 7 ]

200 e ]

o [ /// ——Ref. 2 ]
X [ - —e—Ref.3 |
e 150 —m—Ref.4 ]

s
e
/// \
o

100 |

[ / Fe O, nanoparticles
50 B 0O / 1
2 ’.’.
[ e
0 e . ) s 1 L
0 10 20 30 40 50

Fig. 6.15.Particle size dependence of the blocking temperatwleofTFe0, and CoFgO0, MNP
systems.

Figure 6.16 shows theagnetic field dependence of magnetizatithe MH curves)
taken atl0 K and 300 Kfor 6 nm FgO, MNPs The M-H curves at 300 K do not show any
hysteresis, whereas a clear hysteresis with a coercivity 623 Oeis observed at0 K. This
is characteristic of the sample being superparamagaetroom temperature and entering a

blocked state at low temperature which results in opening up of the hysteresis loop.
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Fig. 6.16.Magnetic hysteresis loops of 6 nmsBg MNPs: (a) full loops and (b) enlarged loops.
In the superparamagnetic regintee magnetization M(T,H) of a nenteracting, single

domain particle can be described by the Langevin relatigjn [2

am o € am o ak. T
M(T,H)=Nnr = Nrngcot B , 2
UL Sl S @

where M = Nmis the saturation magneti&an resulting from N particles with magnetic moment
m L(x) is the Langevin function with x sH/kgT being the magnetic to thermal energy ratio. In
the case of a MNP assembly witlrticle size distribution, the magnetization of the system is

modified fran Eq. 2 to include the distribution profile:

i 3)
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From fittingthe 300 K MH data to Eq. 2 for the case ohth FgO, MNPs (Fig. 6.17), we have
obtainedm= 6705ng. This value is close to that reported for 6.7 nrgCzeVINPs (m= 6599n3)
by Goyaet al.[29]. Depending on the size and material, the magnetic moments of-dmmgiain

particles can vary between>and 16 ms [34].
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Fig. 6.17. Temperature dependence of coercivityeldf 6 nm FgOs MNPs. Inset shows the
magnetic field dependence of normalized magnetization @VAVT < Tg.

In theferromagnetic (blocked) state €Tg), the saturation magnetizatiofMs)
increases and the coercivitydHlecreases as temperature decreases (Fig. 6.17 and its inset). If a
system consists of nanteracting singlelomain particles, the temperature dependence-pésl

extracted from the MH curves, follows the relatiofd5]:

4

u

0 (4)
¢]
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where & = K, V/25ks and H, = 2aK,/Mswith a = 0.48 being a phenomenological constant. By
fitting the H(T) dat (Fig. 6.16) to EqQ. 4, we hadetermined § ~35 K and Ko ~100 Oe for

6nm FgO, MNPs. Using the obtained values of and Hc and their relationship with K the
effective anisotropy is determined to bg+1.5x1d erg/cnt. This value of K is close tathat of

bulk FeO, (K.~18.7x108 erg/cny), suggesting that magnetocrystalline anisotropy is important
and other contribution such as surface anisotropy to the total anisotropy is small in these 6 nm

Fe;04 particles.
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Fig. 6.18.Patrticle size dependenceamercivity (Hc) of F&O, MNPs.

Figure 6.18 illustrates the partiebize dependence ofdHor FeO, MNP assemblies.
Goyaet al. [29] reported that with decreasing particle size from 150 nm to 4 nm, gHedt
decreased from 150 nm to 11.5 nm but inseelasharply for the smallest particles (D = 4 nm).
Duttaet al.[37] observed a slight increase i s particle size was decreased from 12 nm to 6
nm and a sudden increase for 4 nrgdzeMNPs. In both cases, the strong increase ©{FQg.
6.18) for 4 nmFeO, MNPs is associated with the strong decrease {M. 6.19),both of

which pointed to a strong surface spin disorder that is present in these MNPs.
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