1 Description NEW PROCESS FOR LARGE- SCALE PRODUCTI ON OF MONODI SPERSE
NANOPARTI CLES Technical Field [1] The present invention relates to a
process for |arge-scal e production of 1nnnodisperse nanoparticles. Mre
particularly, the present invention is directed to a process for making
nanoparticles of netals, nmetal alloys, netal oxides and nulti- netallic
oxi des, which conprises the steps of reacting a netal salt dissolved in
water wth an alkali nmetal salt of C a-xs carboxylic acid dissolved in a
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reported on tHE¥SEPAEHRILS di sperse cobalt
3] Monodisperse gold nanopartlcles have been synthesized by the digestive ripening of

the initially polydisperse nanoparticles[Stoeva, S. et al., “Gram-Scale Synthesis of
Monodisperse Gold Colloids by the Solvated Metal Atom Dispersion Method and
Digestive Ripening and Their Organization into Two- and Three-Dimensional
Structures”, J. Am. Chem. Soc. 2002, 124, 2305].

[4] However, long aging time as well as the difficulty in size uniformity control are
deterring factors for the large scale synthesis of monodisperse gold nanoparticles.
[5] Hyeon, T. et al. disclosed a syntbesis method, without a size selection process, of

monodisperse magnetic iron oxide nanoparticles from the thermal decomposition of
iron-oleate complex prepared from the reaction of iron pentacarbonyl and oleic
acid[Hyeon, T. et al., “Synthesis of Highly-Crystalline and Monodisperse Maghemite
Nanocrystallites without a Size-Selection Process,” J. Am. Chem. Soc. 2001, 123,
12798]. However, iron pentacarbonyl used as a precursor, is extremely toxic and the
method is not suitable for the large scale production of monodisperse nanoparticles.
f6l Puntes, V. et al. reported on the synthesis method of monodisperse cobalt
nanoparticles from the thermat decomposition of dicobalt octacarbOnyl[Coz(CO)s] in



nanoparticles fromthe thernmal deconposition of dicobalt
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nanoparticles from the thermal decomposition of metal fatty acid salts using a very
similar method as Jana, et al. described above[Yu, W. et al., “Synthesis of
Monodisperse Iron Oxide Nanoparticies by Thermal Decomposition of Iron
Carboxylate Salts”, Chem. Comm. 2004, 2306].
[11] In order to overcome the deficiencies of the prior arts, the present inventors had

studied a novel process for synthesizing monodisperse nanoparticles in large quantity
using inexpensive and non-toxic metal salts as reactants, where the process is suitable
for synthesizing monodisperse nanoparticles in quantity of as much as 100 grams in a
single reaction using 500 mL of solvent without a size selection process, and
moreover, the size of the monodisperse nanoparticle is controlled simply by altering
the synthesis conditions.

[12] The present inventors have come to the completion of a novel process for making
the monodisperse nanoparticles of various transition metals, metal alloys, metal oxides,
and multimetallic oxides and its variations.

[13] Therefore, the primary object of the present invention is to provide a novel process



[12] The present inventors have cone to the conpletion of a novel process
for maki ng the nonodi sperse nanoparticles of various transition netals,
netal alloys, nmetal oxides, and nultinetallic oxides and its variations.
[13] Therefore, the prinary object of the present invention is to provide a
novel process 3 for making nonodi sperse nanoparticles of netals, netal
alloys, netal oxides and nulti-netallic oxides in large quantity from

i nexpensive and non-toxic netal salts wthout size-selection process.
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[18] Unfortunately, the synthesis process for monodisperse nanoparticles which have
been known until now, are limited to the sub-gram level of quantities.
Technical Solution

[19] The above primary object of the present invention is achieved by providing a

process, which comprises the steps of; i) reacting a metal salt dissolved in water with
an alkali metal salt of C, carboxylic acid dissolved in a fizst solvent selected from the
group consisting of Cs_10 aliphatic hydrocarbon and Cﬁ_10 aromatic hydrocarbon to form
a metal carboxylate complex; and ii) heating the metal carboxylate complex dissolved
in a second solvent selected from the group consisting of Cﬁ_25 aromatic, CMS ether, C
e aliphatic hydrocarbon and CEP25 amine to produce the nanoparticles.

[20] According to the present invention, the metal salts for synthesizing metal
carboxylate complexes ate composed of metal ions and anions, where the metal ions
are selected from the group consisting of Fe, Co, Ti, V, Cr, Mn, Ni, Cu, Zn, Y, Zr, Mo,
Ru, Rh, Pd, Ag, Cd, Ce, Pt, Au, Ba, Sr, Pb, Hg, Al, Ga, In, Sn or Ge, and the anions
are selected from the group consisting of CAF25 carboxylic acids.

[21] The metal salts used for preparing metal carboxylate complexes are selected from



[ 20] According to the present invention, the netal salts for synthesizing
nmetal carboxyl ate conpl exes are conposed of netal ions and ani ons, where
the netal ions are selected fromthe group consisting of Fe, Co, Ti, V,
Cr, M, Ni, Cu, Zn, Y, Zr, M, Ru, Rh, Pd, Ag, Cd, Ce, Pt, An, Ba, Sr, Pb,
Hg, Al, Ga, In, Sn or Ge, and the anions are selected fromthe group
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according to the present invention.

[23] In order to form the metal carboxylate complex solution in step ii) of the present
invention, the folfowing solvents are used to dissolve the metal carboxylate complexes;
the ethers, i.e., octyl ether, butyl ether, hexyl ether, benzyl ether, phenyl ether and
decyl ether, and the aromatic compounds, i.e., toluene, xylene, mesitylene and
benzene, and the alcohols, i.e., octylalcohol, decanol, hexadecanol, ethylene glycol,
1,2-octanediol, 1,2-dodecanediol and 1,2-hexadecanediol, and the hydrocarbons, i.e.,
heptane, octane, decane, dodecane, tetradecane, eicosene, octadecene, hexadecane,
dimethyl sulfoxide(DMSO) and dimethylformamide (DMF), and the alkylamines, i.e.,
oleylamine, hexadecylamine trioctylamine and octylamine.

[24] According to the present invention, the metal-carboxylate complex solution is
heated to a temperature between 200 °C and the boiling temperature of the second
solvent, and also the metal-carboxylate complex solution is heated at a heating rate



the ethers, i.e., octyl ether, butyl ether, hexyl ether, benzyl ether,

phenyl ether and decyl ether, and the aromatic conpounds, i.e., toluene,
xyl ene, mesitylene and benzene, and the alcohols, i.e., octylalcohol,
decanol , hexadecanol, ethylene glycol, 1,2-octanediol, 1,2-dodecanedi ol
and 1, 2- hexadecanedi ol , and the hydrocarbons, i.e., heptane, octane,
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solvent that does not disperse the nanoparticles effectively and induce the precipitation

of the nanoparticles out of the solution.

[30] Among the nanoparticles synthesized according to the present invention, the
magnetic nanoparticles of iron oxide and iron nanoparticles exhibit the characteristics
of typical superparamagnetism as shown in FIG. 18.

[31] Furthermore, the magnetic nanoparticles larger than 16 nmn in diameter exhibit the
property of ferromagnetism or ferrimagnetism at room temperature with high magnetic
moment sufficient to be used as magnetic data storage media, and thus have potentially
many uses in industrial applications.

Advantageous Effects

[32] The present invention discloses large scale synthesis methods of producing uniform

nanoparticles of metals, alloys, metal oxides and multimetallic oxides without a size-



of the nanoparticles out of the solution. [30] Anong the nanoparticles

synt hesi zed according to the present invention, the nmagnetic nanoparticles
of iron oxide and iron nanoparticles exhibit the characteristics of

typi cal superparamagneti smas shown in FIG 18. [311 Furthernore, the
magneti c nanoparticles larger than 16 nmu in dianeter exhibit the property
of ferromagnetismor ferrinmagnetismat roomtenperature with high magnetic
nmonment sufficient to be used as nagnetic data storage nedia, and thus have
potential |y nselpptionseracesy whardisaidmangpagislss preangsdy ynifospnia siza geveibasshangs t s

[ 32] The -pr esebrebyite MsuRiflg dhifinGRaspattild Posseathe desyed pRpbfed @t Patbas of

pr oduci ng unlforg1 naaﬁﬁaftlglgé of netals, alloys, netal oxides and

mul tinetal lic FAOIR PHBIP D ze 6 selection process, where said
nanopart {#les arEhamyidry aspaitiobthmprasentinventzon ine pim rayjeonmephiicadly t he
resul ting unifg@nhMeRemeiad bf fibMRinRA8R8ishdie: HRSHakRIksf BRAIS, hlRsys,fdtalvar i ous
Pvention 15 aotRaRLmAERRAA ety P SRIPGCRy Re RBTESHRTRER o
invention is a - i'C et o]
produci ng nonodgliastiyrasthe teyalogiaboutd0@ gramk. netal s, all oys, netal oxi des and
mul ti met gdd)i ¢ OXTgERmophARIA D AFORA thé Fo6ss 8f Be HREAE Avestion)ark 36-9€
quantity%%Q th Ievql?of.abéﬁfﬁaoo.;P%EF.ﬁg&;ig;%E?Qﬁﬂgﬁartf% es prepared

through t he prUSR¥LEblsin YarQusoleds MIhaR being gge ey TR

various sol venaopirtitiessan beassembled)inckydimeasionmshor 3-dimensionnb seperlpiices with
hanoparti cl es gan Jace SASRER S QoW bvapdhtBRNBdcARE theQinifSrmSlty TR 3L @MtPdhape

superl attices h “long range ?rderneﬁs.%% slgw eva oration, because the
uniformty in o?éﬂ%ﬁmngqg&ge%t%q%pqr CHEIYFFRAEIPs to form

super | at {35]es byAsaicsulaths aaivipyriicleg Sinthesizel acesrding te e presers pvention ass

or b gh- dena ool adilabe 6r g Aty MR ooty vice ittt o il o°
range of t er abiPitkgTapge Oféﬁﬁplﬁggozqd@?sotfﬁethﬁF%:W@gqatﬁpﬁ%’ﬁp‘? %%‘9 PHNE such as

élhle_ cont rasttag&aﬁtagémfoi&emﬁbmsgnmfmgh@@m?@d%@hqeﬁgm for dEgg]
elivery sys ggﬁ% d.eations. Brie scription o e Draw ngs

§{Hse ndS](,";‘{i)ﬁe!r:zjﬁﬂ%g

The above obj ect d ofher advantages of the present invention will becone
nore appar ent Bsief Reseriptionyof theRrawings pref erred exanple thereof with

refer encgeﬁoht h?’l‘h@ébbf& tsouuaw}uaggdvaﬁtlagemma;pr&s&mﬁh@n vl b%céxﬁ@m&iE | R
aFter heating P30 YCErBIEdnEal o B e R MG RPhIL (GRS 8N, dos ar e
gener at ed accoattichngl dravingseingFlgglent i nvention. [38] FIG 2 is an exenplary
TEM i magesAf t hepgPhgy the PrIRHER 62 %F B8 oA MR oinpleR $sofil clite) and the same

complex after heating at 380 °C (dotted curve), indicating that the iron oxides are

generated according to the present invention.

[38] FIG. 2 is an exemplary TEM image of the spherical iron oxide nanoparticles of 12
nm in diameter synthesized according to Example 2 in large quantity. The Inset at the
upper-right corner is a photograph showing 40 grams of the monodisperse iron oxide

nanoparticles on a Petri dish.

[39] FIGS. 3a, 3b, 3c, 3d, 3¢ are the exemplary high resolution TEM(HRTEM) images
of the iron oxide nanoparticles in various sizes in diameter of (a) 5 nm, (b} 9 nm, (c) 12
nm, (d) 16 nm and (e) 22 nm synthesized according to the Examples 3, 4, 2, 5 and 6,
respectively.

f40] FIG. 4 show two graphs of the Fe Lza—edge X-ray absorption spectra(XAS) (the left
graph) and X-ray magunetic circular dichroism(XMCD) spectra (the right graph) of the
iron oxide nanoparticles of 5 nm, 9 nm, 12 nm, 16 nm, and 22 nm in diameter
synthesized according to the Examples 3, 4, 2, 5 and 6, respectively, wherein, for
comparison, XAS and XMCD spectra of the reference bulk materials, y—Fezos and Fe3



nmin di aneter synthesized according to Exanple 2 in |arge quantity. The

I nset at the upper-right corner is a photograph show ng 40 grans of the
nonodi sperse iron oxide nanoparticlesson a Petri dish. [39] FIGS. 3a, 3b,
3c, 3d, 3e are the exenplary high resolution TEM HRTEM images of the iron
oxi de nanoparticles in various sizes in dianeter of (a) 5 nm (b) 9 run,
(c) 12 nm (d) 16 run and (e) 22 nm synthesi zed according to the Exanpl es
3, 4, 2, 5 and 6, respectlvely 40] FIG 4 show two gra hs of the Fe

Lz3- edge X- r ayOpwe slspshiosm. Them %R%}SEReﬁ'éWféhQLz gigpAnd e FMER seecitignet i ¢
circul ar di chr¢f thesativplRicles st Stnndardi d2ent inglidmedrapd ylsoshowhaespestivelypini thke

nanoparti cl es Bgetéﬁm} nm 12 nm 16 nm and 22 nmin dianeter
synt hesi zed accor t0 the Exanples 3, 4, 2, 5 and 6, respectively,

wherein, [43r ¢ oFﬁEaﬁ |1%mxem@ymdwkfb@c@w@p(m Retterpplthe spberigal jrRn
material s, y- F@ﬁ&&@&p&nﬁﬂe’s oi-‘ 12 6¥h iR dRmtes Synteoimed actidingB@Bkdnydel2 XAS spectra

of the L egi o SHAaGLL and 22
nmin di i‘h%ter anFlg;ngll ex mW res m%e&%esgﬁerﬁgﬂﬁ&%ﬁ %a?cinaﬂ{ck%o [ 41]
FIG 5 is an ememﬂhamwm\mg& qluntlwmhwaeééwmw@ﬁaml@ﬁer n of the

spheri cala3jron pig. des HAReR TEMSm edf&:db@hér&aﬂt@rﬂii@rnaﬁoﬁaiﬂmld@d
according to Exagf%‘ 2t %! 1 exer )EXTEM i,mage of the

spheri cal i ron™ 0 %mﬁ%%'ﬁ saf%ef ATR cﬁ ?mP I'h |ar Euant ity
synt hesi 140 accofl&. Bds wxmwmwms@mﬂ@w@mam&w M i nage
of Ithe SDherltCﬁitlm&&ﬁeteeémqlﬁgé@ﬁﬁﬂgrs tﬁés%daécoﬁiml_gtmﬂx&ngre@rreter synt heSIT E(I\a/ld
in |arge_guyanti cordin s_an _exenplkaly
oo of Hile s prieE S5 oty TR G, et spfeichlfon i bR REZE 2,

| ar ge quantitmw@@%mhmm@mm@w@am@ﬂﬂoqxﬂmplelﬁlG 9 is an

exenpl ar y461EM i nmemfsahféﬁe %tﬂ%ﬁﬁ@stﬁ@émﬁﬁfghméeﬁd@f 22 rimin
di aneter in |ar nt|g¥mny hes (f; ot din Eétrrg*) S g FIG 10
is an exenpl arV% ip fhiame Eﬂlsﬂﬁ%gt%gg PR PHL™HENG A ti cl es
of 12 urn in chhaﬂbﬁmndlfﬂaemmnaﬁe'nlanééﬁ@@nreaobmonwumﬂ%m&mm| ght are

t he el ectron I Clek R R, Tsﬁ{tﬁbsﬁg&iagch | g Exa@pRl7Ut i on TEM i mage of MO
nano rtij.cles ectivel | zed..accor, 7]
FG 11 i‘@') Tan ex%‘#pig’rsf"ﬁé pry k%wév%?wf fé@f?‘ﬁ'ﬁ%&ﬁ?j’atﬁ&}% “E’F‘S‘Eﬁ?gd
cube-shaped naganss exidx nateparticlopefr 12 wdlighctdaynthesized décardingto synt hesi zed
according to £ 7. [48] FIG 12 is an exenplary TEM i mage, shown at

accor di nlfflo Excbt & I nZRARRAE AL LEechorB 5 O Lghor SRAMIGIRRIEPENR are
the el ectron obxlida(@mﬁt) enoppafdesrspmthesivtd acc@uhmmtﬁxamnhdeancbhe ins¢tpatstwpe
nanopar ti cl es, yde SREHIddEhdht artife QbR Bef&tion Rk AR HeLRARE nRE4 o he hi gh
the same nanoparticles, respectively. The bottom-left and bottom-right are the high
resolution TEM images projected in <002> and <100> directions, respectively.

[49] FIG. 13 is an exemplary powder X-ray diffraction(XRD) pattern of the pencil-
shaped cobalt oxide(CoO) nanoparticles synthesized according to Example 8.
[50] FIG. 14 is an exemplary TEM image of the cube-shaped iron(Fe) nanoparticles of

20 nm in diameter synthesized according to Example 9, and the insets at the top-right
and bottom-right are the electron diffraction pattern and the high resolution TEM
image of the same Fe nanoparticles, respectively.

[51] FIG. 15 is an exemplary powder X-ray diffraction(XRD) pattern of the cube-shaped
iron(Fe) nanoparticles of 20 nm in diameter synthesized according to Bxample 9,

[52] FIG. 16 is an exemplary TEM image of the spherical cobalt ferrite(CoFBZOA)
nanoparticles of 8 nm in diameter synthesized according to Embodiment 10.

[53] FIG. 17 is an exemplary TEM image of the spherical manganese fen‘ite(MnFe204)

nanoparticles of 9 nm in diameter synthesized according to Example 11.
[54] FIG. 18 is a magnetization curve of the spherical iron oxide nanoparticles of 5, 9,



resolution TEM i mages projected in <002> and <100> directions,
respectively. [49] FIG 13 is an exenplary powder X-ray diffraction(XRD)
pattern of the pencil- shaped cobalt oxi de(CoO nanoparticles synthesized
according to Exanple 8. [50] FIG 14 is an exenplary TEM i nage of the
cube-shaped iron(Fe) nanoparticles of 20 nmin dianmeter synthesized
according to Exanple 9, and the insets at the top-right and bottomright
are the electron diffraction pattern and the high resolution TEM inage of
the sane Fe nalopand 2 g in digngierangapupd after garp- ﬁﬂ?@o"lﬂtﬁ PreceshshowdER ary
powder X-ray deinpéraid dRpéndBide, Widré te rsplfehcmmn@uidenm@mdles inrﬂxe(di?f&)rent

Fggfpglrg Cllgslscé)gegﬁpsé%ré& 18 ﬂ%][ﬁ me%g%%]%% r| ca %%fzgééﬁer P te( CoFe
Ca) nanopart |2%3|Se@,r@ﬁpet31v1qlm in dianeter synt heS| zed accor d| ng to Embodi ment

10. [53] [951G 17FIGS19R aﬁ&ﬁéﬁﬁl&?ﬂ‘lﬂiﬂﬂlﬂgﬁ&ﬂ&e@;ﬁhehbﬂ zip loRide@aAD) fimpgatcise

ferrlte(I\/hFe )e ...han artlcl t r synt hesi zed accordi ng
to Exanpl e 110% tgem%agm@n at1on cu?ve of the spherical iron

oxi de nafpart i cEFIGSZIblrs ag exesnplgy TEM mme ghthe sphegied] cerip(eprigmeaxide -eur ed
after zero-fi aladogua®idsd 2 AOiH Aainctd? OYithegizad adcofipR o ErgrBpld@pendence, where

t he spheri cal nopart Lh five different sizes of 5, 9,
12, 16, 22 rur#?ﬁ%ﬁﬁ&?ﬁ?’a Qﬂ“@f*%@&e%%rd. ng to the Exanples 3, 4,
2, h5, 6, |[57?S pectTheeinyﬂem[eﬁtEﬂioxﬁlaﬁ tht Qoir&spaiigxeragedarcy of thdbésomgdesaf t he .
spherical zinc si ze
according to %g%&ég‘%rf%gf&@%ﬁ%%%saﬁgdaﬂé &ﬂlb@uﬁéﬁfﬁ%é}?’ ({)}#l g;l'ighe
spherical cer imgnaionsgrdpEpegdures pragopied hﬁf&ﬁﬁﬁ)‘ﬁ?‘fﬁ]}’gﬁ a ‘fe examples of GATRINgt er
synt hesi zed aczﬁ;ettﬁmglememawmlﬂqe ubderhBesidedvtad ehcfppeseitativeyiiong Theexeidplary

| nvention [57]g, T RIRAE fito aﬂ%a@%&l&qﬂ@ ééd?ép&ﬂﬂisﬁ%lgﬁﬁéﬁagﬂ%n  of the

Iesgm
best nodes of “Ca ry ﬁ% esent I nvention ar
fol | owi ng. Hoviagieideas H@Pﬁﬂ'&fﬂsWh%@&ihgs%ﬁ%loﬁb@)@@éﬂﬁ@é'emsent ed here are

mer el?/ IlluséI rm&ﬂhumoessméeraoafefﬁaihwwmthe@utshwwbeméarﬁmyaten@m of the
underlying idea n iven in
the foll ow ng %t?orllltsa%?cﬁ Rdlﬁg%é)nsd% ?ﬁdegglﬁﬁ &?‘vf vel'y |ﬁp¥er?erﬁ%§‘[ﬁl n &ﬁ]eg basi c

i deas and procIE@GNéBVQﬁb'PHI imting the scope of the present |nvention.
Furthernpgg, those who are familiar with the art shoul d be able to easily

sort v Va2 . LR i Ysde o U

of iron-M0kate Jutbe Esst ¢e0iplats examplef for demangsaimgal ﬂym edhgi Sﬁﬂtfl@ﬁiﬁﬂg

dermonstrating Iﬁmm@é&aﬁn@ﬁaﬁa@waﬁm Rthe ﬂﬁ@eﬁﬁl invBRionE1 08P 6piéd dhidrRis

according to t[pe pgﬁ%% f ihd 5 go sogmgl oqeaie {198 m%]ch) wergﬁlssolved ina
Imxture of solvents containing 80 mL of ethanol, 60 mL of distilled water, and 140 mL
of hexane, and thereafter the resulting mixture was heated to 70 °C and kept at the
same temperature for 4 hours to obtain an iron-oleate complex. During this process, the
initial scarlet color in aqueous phase became clear, and the initial transparent organic
phase turned to scarlet, indicating that iron-oleate complex was successfully
synthesized. When the reaction was completed, the upper organic layer containing the
metal-oleate complex was separated and thereafter the hexane was evaporated off,
resulting in a waxy solid form. In FIG. 1, the FT-IR spectrum of the resulting iron-
oleate complex shows a C=0 stretching peak at 1700 cm”, which is 2 unique charac-
teristics for a metal-oleate complex.

[61]

[62] Example 2: Synthesis of monodisperse and spherically shaped iron oxide
nanoparticles in large quantity - (A)

[63] As a first exemplary example of the ultra-large scale synthesis of monodisperse and



[Fel 3 6H2 O 40 mmol] and 36.5 g of sodiumoleate (120 mvl) were
dissolved in a mxture of solvents containing 80 nL of ethanol, 60 niL of
distilled water, and 140 nL of hexaneg and thereafter the resulting

m xture was heated to 70 C and kept at the sane tenperature for 4 hours to
obtain an iron-ol eate conplex. During this process, the initial scarlet

col or in aqueous phase becane clear, and the initial transparent organic
phase turned to scarlet, indicating that iron-oleate conplex was

successful ly sphericnlsshapet] iryyreideriaonegticlos iaerordipg todbapIERREAYENAR Upper
organi c |ayer cﬁ@fﬁsé\i FiHré‘Q6tghﬂ?1r0HBIe&bc@h 8k §ynGRElRECIccHmg e aipletiwand

thereafter the ane S ev g d form
in FIG 1, the 508 ARG 16 O detyorfiEbtidntie il 57 BRENCRANT | OO
C=0 st ret chi nglngakermtm!?me@mmmmmnm a uni que charac- teristics for a
met al - F@ fe Conﬂle%ésulth@%]lxm{e%h&t&{mlsgoﬁba@tﬁéﬂleﬁfge@forlsomdl sperse and

y

spheri call ed. Lr oxl gparticle [ 63]
As a first exe‘ﬁ%1 gég gerg?ereﬁwg ‘ﬁﬁ"{‘ﬁg{"hf arge el Célggﬂegy%&')(mk(ﬁﬂ

nmonodi sper se mdﬂ&m@pltmnsmmtwl@m;m@ﬁmerMﬁwmﬁh@@hﬂmﬁﬂaﬁhéﬂ%ﬂ%cor di ng
to the pr esentolédﬂé’&ﬁﬁ i Wwas HeSdmpos@rkoPletely, 26d o@bxillé Aikopdricéwaonpl ex

synt hesi zed accor g to exanple 1 was added to a m xture contai ning 200 g
of dehydrated Q?B?rﬁﬁgcene and 5.7 g of oleic acid under inert atnosphere at
room t enf6s at ur elhe[réltingielutionseontazning the rangpearticles wareepoled 1o the3gmm C and t hen
was aged for %Qmﬁératme, BREA efHahdl Vs AR IS FRIEBIRK pRdcipitte, id thdiGepdrated
process, a viaglent reaction took place, and the initial transparent

sol ution beca %P%‘Wﬁ‘% bl ack, indicating that the iron ol eate conpl ex
was decoffsdsed chhepafiercthy resaltilg supsmatant was diseardpdy Thiscwasbingprasess e er at ed.
[65] The resu'k?&&d%ﬂehgtﬁﬂébfuﬁéyaﬁﬂﬂieﬁﬂletéﬂﬁnﬂ%ﬁﬁ_ﬁkﬂhpﬂl@fexﬁmw@@ ed to the
room tenperature cess hanol was added to yield a black precipitate,
and then separ’g®eted %W’aﬁ‘&’m ging. [66] Thereafter, the resulting

super nat g7} was Thesesaltohggbrodutt was\easlyirerdispersaclds bexane to foap thedesired iropeast

three tines a _Iésh?heeljeﬁﬁtggfthﬁgﬂée?éaﬁgﬂaﬂdrﬂaﬁa%al §i5'8f thel Rlsul@birod eNOVeEd by
vacuum dryi ng. he resul ti {)ro Uthl\}lf:%s é re-di spersed i n hexane
to formthe deeppragticiesof 12H%‘HBB‘&%’F L pres lflé%ff) W8F t he observation and
data anaf6gsi s ofnfFlG. 2, elmﬁrtmﬁte 'Emﬂ‘ransmmslpaﬁﬂacublebh@bscm@magemﬁ thei anmet er
are presented g tﬁEmEQJa}l fhs, wIEH inddge ipRerded)6F the spherical

:ﬁexé’m
TEI\/(Transm ssion ectron cope) .I'na It) resultin
nanoparti cl es, irgpyaxide ‘W‘%@weé"giz %tgé‘l)‘rﬁ‘lﬁ'%’? dF%W‘éa%}?quH%“s%ﬁtg‘W cal
i ron oxide nane@ﬂiﬁglnahqmnfcleslaﬂasphemaﬂy}slmmmdthmlt figesiarnge denonstrates
t hat the

monodisperse.

[69] In FIG. 3c, the High-Resolution Transmission Electron Microscope(HRTEM)
image of the monodisperse spherical iron oxide (magnetite) nanoparticles of 12 nm is
shown, indicating that the resulting nanoparticles are highly crystalline.

[70] FIG. 4 shows the XAS spectra(left) and the XMCD spectra(right) of the iron oxide
panoparticles of 12 nm in diameter along with two reference materials, bulk '\{-Fe.203
(maghemite) and bulk F3304 (magnetite) for comparison, which reference materials
have nearly the same spinel crystal structure with only about 1 % difference in terms of
the cubic lattice constant. From the results of XAS and XMCD data, a quantitative
estimation of the compositions for the iron oxide nanoparticles in the form of (y—Fe203
)1-x(Fe304)x, whereby the estimation is x = 0.68 for the nanoparticles of 12 nm in
diameter.

[71] In FIG. 5 shown is an exemplary powder X-ray diffraction(XRD) pattern of the
spherical iron oxide nanoparticles of 12 am in diameter synthesized in Example 2,
wherein the XRD pattern of the resultant magnetitc(Fesod) nanoparticles demonstrates
that the nanoparticles are highly crystalline.



resul ting nanoparticles are spherically-shaped and their particle sizes are
nonodi sperse. [69] In FIG 3c, the H gh-Resolution Transm ssion El ectron

M croscope(HRTEM inage of t he nonodi $perse spherical iron oxide
(magnetite) nanoparticles of 12 rimis shown, indicating that the

resul ting nanoparticles are highly crystalline. [70] FIG 4 shows the XAS
spectra(left) and the XMCD spectra(right) of the iron oxide nanoparticles
of 12 nmin diameter along with two reference materials, bulk y-Fe 3
(rmaghm t €)2]Jand bul k Fe3O4 (magnetite) for conparison, which reference

mat eri al g7zjhave @eaiples: SRS G ridtbfiShersel spidriahl ﬁnr#ﬁe%ﬁapétdctbsﬁmabgeabom 1
%difference in ter of ° the cubic lattice constant. Fromthe results of
XAS and XMCD O‘H{aﬁt‘tyg%%hant itative estinmation of the conpositions for the

i ron oxi @&]nanopamrdes leesynihesizetreorfodispersd andypliesicallycshapet-isonRaRiOApnopaticles eby
the estimati onysSinfindifin&i& af:&frdﬁl?ﬁ) tﬂé‘ﬁ%ﬁ’e@ﬁ inivedtf, Dprodedufdirhiler tSERRRIEST

[711 In FIG 5 shown is an.exe er X-lﬁ di f%lractlon XRD) pattern
of the spheriZ23OVe G cyrrdut, %ﬁ?”i‘ﬁ?"’é"s"oﬁp #rdfled QAMEYE  synt hesi zed
in Exanpl e 2, containimg 100tge dxiRidraeat hesadecarfe and 8. 7rgofwldiaarid waignat inere ( Fe3O4)

nanopart cles ﬁ‘ e
nanoparti cl es 1P@F§é§he§§éﬁﬁq‘@f‘mm€€y E[rg’l]tﬁq ‘23%81‘18]6'1" ?@E‘?"Eeé of

nonodi sper se ammsipdiemteawery ferhmﬂéﬂaeuesulhngxoldaommabﬂ tactoem tempergureum i n
di anet er cor d"ﬂgantgﬁlaﬁ(h%v ’l?c% whib iR n IRk PRRPiGR, RUBNEFby t&-Exanpl e

2 above, scarrle out | eat e co I.ex Wasadedtoa

mi xture cont ai HfEgtanRy thy reY0 ‘GE&WF‘&?% ﬁ%’d@ﬁ‘ﬁﬁ‘@ he@rsPialgdor ol eic acid
under an i ner tnanapanixdgshEheseatbar thihwashég prodessgwasirepeated atlasst thegettonkst and280 C

and ¢ hen aged e ol b Smob @ byl @ftnglmau&se@maﬁwe wher eby

the colloidal 1ron OXI e nanop es ‘o nmin |ameaﬁ§ rer%atmed
The resul ti ng HPRAtICKS WBE%P@QET@EF% ng SARBRLiciss are rpadily © érl\g‘é?? Hnol
was added to vmbolafcﬁgaﬁldsmntsrsm&:dslhaxdneprmmepetate foll owed by cen-

trif ti t t t at ed
11 ugat iRy a 1@3?%1 giér g aRP ﬁé%%@%raﬁmngn%éﬂamaegql@&%nﬁgm pitate

nanoparticles. r0Cess ~Was..r epeat e east three
times, and t HEe eswERSIPhogce! F@‘FT%@‘?P@?P ielen b d%"?/%“fi’éar{“ﬁe‘ﬁm?f”teﬂ@ Gsi red
i ron ‘oxi de nameppld3 ot acariyimapbirpirssih saimapethe phticleaizal t i ng nanoparticl es

?(rjleu(raﬁgdﬁ['y%re- dh%ﬁmghsxggolﬁtﬂao %ﬁﬂ %%&ﬁ&ﬁ!@ﬂie B (%?fntggxane or

nanopar t i cl es, mpnadisgersespherical § ﬁ%& om@q{@a@@gw P?‘WQ*“E‘ ©Pf am 1 digfRetEhshgun
nanoparticl es iafFIG. Jamhdicatéi turelieatmepanididsicidghly oryktallime Exanple 3 are nearly

monodi s pﬁ’ﬁ ein Fie ﬁhoqxjs tﬁtbgraﬁ% tfkh%')@A§ .Ls;?e@tra(the left graph) and the XMCD
spectra(the right graph) for the monodisperse iron oxide nanoparticles of 5 nm in
diameter in comparison with two reference materials, bulk Y-Fezo3 {(maghemite) and
bulk 1:?'5:304 (magnetite), illustrating that the resulting nanoparticles have nearly the
same spinel crystal structure as the references with a difference of merely about 1 % in
terms of the cubic lattice constant.

[79 Both XAS and MCD spectra of the resulting nanoparticles of 5 nm in diameter are
very similar to those of y-Fe O , containing onty Fe”. From the XAS and XMCD
spectra data, a quantitative estimation of the compositions for the resulting iron oxide
nanoparticles in the form of (y—Fezos)I_x(F6304)x was made, resulting in x = 0.20 for the
resulting nanoparticles of 5 nm in diameter. Therefore, it is concluded that the y—FeZOS
phase is the dominant phase in the resulting iron oxide nanoparticles of 5 nm in
diameter.

[80]

[81] Example 4: Synthesis of monodisperse spherical iron oxide nanoparticles in large
quantity - (C)



[ 77] The high-resolution transm ssion el ectron m croscope(HRTEM inmage of
the nonodi sperse spherical iron oxide(magnetite) nanoparticles of 5 nmin
dianeter shown in FIG 3a indicates that the nanoparticles are highly
crystalline [78] FIG 4 shows the graphs of the XAS spectra(the |eft graph)
and the XMCD spectra(the right graph) for the nonodi sperse iron oxide
nanoparticles of 5 nmin dianmeter in conparison with two reference
materials, bulk y-Fe 2G8 (naghemte) and bulk FeO4 (magnetite),

i |l ustraf82g thaMondispesse sphericnd irnmotigemanopiredesof $ammisgliametertyveere sane spi nel
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(magnetlte) f H{) , whefe’ fhe’resul ting nanoparticles have nearly
t he sane I ne crys a sfructure as the reference materials with s
differen of nerely about 1 %in terms of the cubic lattice constant.
From t he[g7gsul t i BxamphS: Spathediddd iipedispcrte sghdrital ifon oxide nanoparticles in large

quantity - (D)

[88] Monodisperse spherical iron oxide nanoparticles of 16 nm in diameter were
synthesized using the same reaction conditions described in Example 3, except that the
solvent used is replaced with 1-eicosene and the final reaction temperature is set at 330
°C.

[89] An exemplary TEM image of the spherical iron oxide nanoparticles of 16 nm in
diameter synthesized according to the present invention is shown in FIG. 8, indicating
that the 16 nm spherical iron oxide nanoparticles are monodisperse in particle size.

[90] In FIG, 3d, the high-resolution transmission electron microscope (HRTEM) image
of monodisperse 16 nm size spherical iron oxide(magnetite) nanoparticles shows -
highly crystalline nature in the nanoparticle structure.

fo1] FIG. 4 show the XAS spectra and XMCD results of the synthesized iron oxide
nanoparticles with diameter of 16 nm as well as those of two reference materials, bulk
y—Fezos- (maghemite) and bulk Fe304 (magnetite) for comparison, illustrating that the
resulting nanoparticles have nearly the same spinel crystal structure with a difference
of merely 1 % in terms of the cubic Iattice constant. From the results of the XAS and



quantitative estimation of the conpositions for the resulting iron oxide
nanoparticles are made in the formof (y-Fe 03) x(Fe304)x, resulting in x
= 0.57 for the nanoparticles 2 of 9 nm4n diameter. [86] [87] Exanple 5:
Synt hesi s of nonodi sperse spherical iron oxide nanoparticles in |arge
quantity - (D) [88] Monodi sperse spherical iron oxide nanoparticles of 16
m in dianeter were synthesized using the sane reaction conditions
described in Exanple 3, except that the solvent used is replaced with

1- ei cosene andXM{® gmﬁ&laqwuwhmsu@ﬁm@tthﬁ@mmm@@ts for thgwgultipgiroy 89] An

exenmpl ary TEM 1@06n68 arﬁdit%lﬁmg%ﬁ:p@ﬁ@%m QFk @) SRR, tididaBty @kt x5 MU in
di aneter synth g&f glacctﬁﬁd ﬂ to th?\f’gﬂﬁ‘&f?ﬁ i“Aivention is shown in FIG 8,
i ndi cating that®oR&eEE" @8 8 Pmsige 1RpQp de nanoparticles are
nonodi spgde in particle size. [90] In FIG 3d, the high-resolution
transm sgdfn el egihii §1syhBSEORSndroBiEe GRS irdd oxiRIRAFRARIEE Hith® tir 0
size spherical_iron oxide(magnetite) nanoparticles shows  highly
crystalline n2REE AU H nanoparticle structure. [91] FIG 4 show the XAS
spectra 4 XI\/CEMDmsiidp'ese spphetitad iroy nxilesdnppaiti¢iesnf 23 wimdia diametesyeere i cl es with
glogm(‘v‘terhOf tl yaiie d d B Igﬁé;saiéa@?e%ﬁuai‘%ohztﬂaoﬁﬁe@é&e&ﬁl Bikdld 3 kRoep bﬂtﬁlulihey Fe
maghem te)  an e Ite ar.i son ustrating
that the  resufolfeRgs ﬁaﬁaw%wégl% Shnd 5 18 R BBk b
structure with3@°gifference of rrerely 1 %in terns of the cubic lattice

const ant rodfr oM t 65 Yh bforiad AEMASeR8EM 32 mNGR spEaRASronxidaNt i t at i ve
estimati on of the comnpositl ons for thée resulti n i.ron é{‘(‘?delpﬁ 1E)artlcl es

in the form of *¥4PQRaEiclesSyns }“’S’l SRIES “Pﬁlflaé 0. 86
for the synt hethatabel221fim uphensalmn nmﬂepamparubbsare E’[ﬁ)ﬂQdIS[[e%]m Earaclp bige.6:

Synt h f e : |
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erse ] ca hron 0Xl ge nanq icles of 22
urn in di anete? W@P@SP%‘W%@% F‘%"e “L’émt‘l"f% magnepits EWBW‘@B%%‘PWFMS
described in ExgmyqumhnenﬂemtoftﬂeanmmgzembpMdIesused is replaced with
tri OCW' ne arhf& glﬁéhrlﬂéregﬁé%kh%%%%%ﬁﬁﬂdrmbﬁrﬁ%u@ﬁlentg’épth&roﬂ 95] In

FIG 9, n exenplary I ze spheric | ron oxl de

nanoparticl es exydaraerastisles Fabuhypster of 32 pens sred os Hhose W@'ﬁt’? gnsedmaenials, own
indicating t hlaﬂk?-iﬁ'e (Ymeghenﬁtpj”mlbamFel(Dc(magmu&f) fmra;nmpanstm,dllaﬂraan@that

monodi sperse | e%?ir es %iﬁ:ﬁ?ﬂe%&fﬂ 3&08@‘2%{%‘3 é"?ﬁ@ié

transm ssion e on m ¢roscop g 5?@ rn si ze
spherical i r onspénel ersstalaHetreEs theyeigrpes mptenals with g il tersree 19""8 Pl % ne
nature of the AZertisdf thie 26bio Riftiie@bdstak.d8om the XAS and XMCD data, a quantitative

estimation of the compositions for the resulting iron oxide nanoparticles in the form of
(y-FeZOE‘)l (Fe304) . was made, resulting in x = 1.00 for the 22 nm size nanoparticles,
thereby indicating that the synthesized 22 nm size nanoparticles are pure magnetite.

[98]

[99] Example 7: Synthesis of monodisperse manganese oxide nanoparticles

[100] Monodisperse cubically shaped manganese oxide(MnO) nanoparticles of 12 nm in
diameter were synthesized according to the present invention, following a similar
procedure described in Example 2 above; 1.24 g of manganese oleate was added to a
solution containing 10 g of dehydrated 1-octadecene under an inert atmosphere, the
resulting mixture was heated to 320 °C and aged for 1 hour at the reflux temperature to
form brownish black colloidal manganese ranoparticles.

[101] In FIG. 10, an exemplary TEM image of the 12 nm cubically shaped manganese
oxide nanoparticles synthesized according to present invention is shown, illustrating
that the nanoparticles are very uniform in diameter size.

[102] FIG. 11 is an exemplary powder X-ray diffraction(XRD) pattern of the 12 nm size
cubically shaped manganese oxide nanoparticles, illustrating that the MnO



[97] FIG 4 shows the results of the XAS spectra and XMCD neasurenents of
the iron oxide nanoparticles with dianeter of 22 nmas well as those of
two reference materials, bulk y-Fe 2033 (nmaghemte) and bul k Fe304
(magnetite) for conparison, Illustrating that the synthesized 22 mm size
spherical iron oxide nanoparticles have nearly the same spinel crystal
structure as the reference materials with a difference of nerely about 1 %
interms of the cubic lattice constant. Fromthe XAS and XMCD data, a
quantitative ussepatial¢sef theffacetpentenegboded) skans wees synthesizeddellawipgither on oxi de
nanoparticl es ﬂr&eﬂﬁ@ﬂﬁidﬂtﬂé?’ (y-Fe2@) 1 x(Fe3M)x was nmade, resulting in x
= 1.00 fg@ he 22 M size nanoparticles, thereby indicating that the

synt hesi 8 si ze nanoparticles are pure magnetite. [98] [991 Exanple
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nanoparticl es momn@mta@nomwpememmirtﬂwﬁgnnhondyeoqﬂv sleped andrseEmSSaemhleﬂy usi ng
a process simd, ﬂafaeetst}@cu&am%ufh% eledfStdifpRAor fa QA htl 25 g of

cobalt ol eate dded t i on e drat

- 1- oct adecene u‘ﬁﬂ’é?fa ﬁ}ﬁ%ﬂv‘é‘ﬂ%caﬁfﬁ’é&%ﬁ%heﬁﬁﬁsgﬂ@t‘g%@i‘ﬁ?q%@ﬁﬁm pyt a&ss
heated to 320 possesditha§asitzitecrydtalsoruciumt In ddditionf the/high-eesplution tramsmissioasul t i ng
DT NG Pal fecibf Wb RbbQHRHV o fllbufisHipell SRR Ido GhfiSpartielbs g aseof
cobalt oxide, 1t 1s known t ave an ri n a |sotropy and
it is seen thatthethqom 9hETG 12 lusmatss, ¢ panopEtclss Y €al 1y al ong
t he c-ax{®7] [ 10GjIGL I3 fslafoexdidplarg powdaFpray diffradii(XRBYpatiefn ¢flile percilet - shaped

cobalt oxide AaRAkd &l@haidiidiis! fEdrAGE ARG HAGNE ot 8308 haldplfllet O and

t heir 2-di nensi
possess the Wurtzite structure similar to that of ZnO.

[108]
[109] Example 9: Synthesis of monodisperse iron nanopatticles
[110] Monodisperse cubically shaped 20 nm size iron nanoparticles were synthesized

according to the present invention using a similar procedure described in Example 2
above; 1.24 g of iron oleate complex was added to a solution containing 5 g of
dehydrated oleic acid in 50 mL in a round bottom flask under an inert atmosphere and
the resulting mixture was heated to 370 °C and aged for 1 hour at the same
temperature, resulting in forming black colloidal iron nanoparticles. It should be noted
that when the thermal decomposition of iron oleate complexes took place at a higher
temperature of 350 °C, for example, in the present invention, the nanoparticles were
self-reduced to iron.

[111] In FIG. 14, an example of TEM image of the cubicaily shaped 20 nm size iron
nanoparticles synthesized according to present invention is shown, illustrating that the
nanoparticles are very uniform in diameter size.



are shown. The TEMinmage of FIG 12 reveals that the bullet- shaped cobalt
oxi de nanoparticles are nonodi sperse and they form honeyconb-shaped and
sel f-assenbl ed superlattice structuregy Al so, the electron diffraction
pattern, shown in the top-right inset of FIG 12, indicates that the

synt hesi zed bul | et -shaped cobalt oxi de nanoparticles possess the Wirtzite
crystal structure. In addition, the high-resolution transm ssion electron
m croscope( HRTEM of the bull et shaped cobalt oxide nanoparticles, shown
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t hat wheflldhe t hermal deconposition of iron ol eate conpl exes took place at
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nanoparticles were .?elf-reduced toiron. [111] In FIG 14, aid exanpl e of
TEM i nage of tTBRAMT'¥al |y shaped 20 i size iron nanoparticles

synt hesi §d@] accdraliowipgtthe symthesinproceduendesaibed én Example 1 ahove,dt 32 ofnigoy hat t he

nanoparticl es Qjpgi Yk cORbIELHER Wb s 'ﬁgﬁieﬁ'h%r%éaéﬁlgsl«ﬂ? ofﬂ?éél]-GI'{;@?anﬁ!z. ron
the synt hesi oot GOTILE MR 34 195 Chalsiaid PPEUS BB Fha A B o
cubi c(bcc) cr yethabl, 3¢ miotf ¥ ©.and A0 addofthexane, wisadiédth arselyentgontainingrlBgsm ssi on

electron mecr &Rﬁz(téﬂ'— y A URnSH i AR thix shown in
the bottomri gl'(xf;[a | nset E%dfle%emgerﬁ%di@at%%gﬁehﬁa%% resur tiﬁirl{g§’as

14,
nanoparti cl es %AEd i HN°; apd fept {307 ghle samRe CREPEWE. of the 20 run size |
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cube-shaped iron nanoparti S, | ncfl cat | that the highly crystallipe
body- cent er ed CRPYRHEIEHELrdST I FFMOYE gXGess sﬂgg%tm %W‘H‘%B'i‘f%{% a%%’ﬁf%‘éé“ ayer
of FeO [114] depidsiad ethanahwasenddén, yisidingrelsioenish blatkpicipite, sdhegihesi-cal  cobal t
ferrite (CoFe ﬁﬂatanpé&ocﬂgcrafdeﬁ bftfer by decanting or by centrifugation. Thereafter, this

| washing process was repeated three times or more and the ethanol was removed by

vacuum drying. The resulting spherical cobalt ferrite(CoFe204) nanoparticles of 8 nm

in diameter were easily re-dispersed in hexane.

[118] A TEM image of the resulting cobalt ferrite nanoparticles synthesized according to
this procedure is as shown in FIG. 16, indicating that the resulting spherical cobalt
ferrite(CoFe204) nanoparticles of 8 nm in diameter are monodisperse.

[119]

[120] Example 11: Synthesis of morodisperse spherical manganese ferrite(MnFeZO4)
nanoparticles

[121] Monodisperse spherical manganese fenite(MnFe204) nanoparticles were

synthesized under the similar reaction conditions as in Example 10; 1.8 g of iron oleate
and 0.62 g of manganese oleate were added to a solvent containing 10 g of dehydrated
1-octadecene under inert atmosphere and the resulting mixture was heated to 320 °C
and kept for 30 min at the same temperature. Through the same washing process as in
Example 9, the spherical manganese ferrite(MnFe204) nanoparticles of 9 nm in



[116] Follow ng the synthesis procedure described in Exanple 1 above, 1.22
g of iron/ cobalt oleate conplex that was synthesized by reacting 5.4 g of
Fed 6H20 and 2.4 g of CoCl 2 6H 2 O ywsth 24.36g of oleic acid sodium salt
in a mxture containing 40 nL of ethanol, 30 nL of H20 and 70 niL of
hexane, was added to a solvent containing 10 g of dehydrated 1-octadecene
under inert atnosphere, and the resulting m xture was heated to 320 C and
kept for 30 mn at the same tenperature. [117] During this process, the
precursors werdameter wese pxathesigeshposed conmpletely and the binetallic ferrite
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ferri t6‘('VhFeZ%umaapag&b%ﬁﬁﬂ%@ﬁﬁi@%&@ﬁ@fe@e@g to the procedure
descri bed gbove Is shown in FIG 17, denonstrating that the 9 nm size
spheri ca[l%nganese ferrite nanopartlcl es are nonodi sperse. [123] [124]
Exanpl e [U28] Mag rﬁtamplqa]lﬁoﬁmthqsmmf Hwh@spewaISthoai zinciodisle(Zanl) panoparticles [ 125]
The terrpﬁ%ggre KRR Yi’?ﬁxaﬂﬁﬂe’sprlg%&fzﬁﬁbleﬁﬁro field
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devi ce( SQJI D) - hexane, was added to a stabilizing coordinating solvent 60 g of TOPO under an inert

atmosphere and the resulting mixture was heated to 330 °C and kept for 1h at the same

,-

temperature.

[130] -  During this process, the precursors were thermally decomposed completely and zinc
oxide nanoparticles were formed, and then the solution was cooled to room
temperature. In order to remove excess surfactants and the by-products, ashydrous and
degassed ethanol was added to form a white precipitate. The supernatant was discarded
either by decanting or by centrifugation. Thereafter, this washing process was repeated
three times or more and the ethanol was removed by vacoum drying. The resulting
Zn0 nanoparticles of 5 nm in diameter were easily re-dispersed in hexane.

[131] The TEM image of the ZnO nanoparticles synthesized according to the procedure
followed in the present Example 13, is shown in FIG. 19, illustrating that the 5 nm size
spherical ZnO nanoparticles are monodisperse.

[132]

[133] Example 14: Synthesis of monodisperse spherical ceria(CeOz) nanoparticles

[134] Following the synthesis procedure described in Example 1, 20 g of certum oleate



[ 126] The graph of the resulting data of the magnetization versus
tenperature with ZFCis as shown in FIG 18, which is very simlar to that
for 5, 9, 12, 16 and 22 nm spherical igon oxide nanoparticles. The graph
in FIG 18 reveals that the blocking tenperature (TB) of the spheri cal

I ron oxi de nanoparticles of 5, 9, 12, 16 and 22 nmin dianeter were
nmeasured to be 30, 80, 125, 230, and 260 K, respectively. Al iron oxide
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mdétgrte cont ?l %ﬂdﬁ@ f%@ri‘iaovﬂézg‘%ﬁé?ﬂx@tem I pePatith, of H20 ?n'?'CJ?DO mL of hexanet was
added to abi i zi ng. coordi pati ng sol v o un an .i.ner

at m)sphel[]g5 nd t 'émf'getg’ﬂlpchﬁﬁ _ OIM'S%% e@?fﬂ@ Sy Adfls | h ar
t he sane tenpvmnamnqpamplbswpre[ﬁwnadgandhh@ltmm@mwash@olgHQGQmBors wer e

thermal 'y decoms%&mmh&&ewn@e%@xe&ss&ﬁcaﬁts@ﬁd\@@@y ksdus, aBydofsor ned,
and then the sol.u |on cool t.0 r.oom ‘5&?@ ta%ng'be n order to renove

excess surf act Pdesasrrd OIbVS @ fam 2y YRERAAR ISt hanol was
added to formdlsmtdedeltqmrbydmwmrbyhawmganmmmmdwmwessalther by

deca“:igg ?L by 3 { fﬁ@@ﬁn@ibrﬂ&s&%é%molﬁww%%m BOvRinik &S n. d
repeate ree ti o[ angl .was renove vacuum dryi ng.
The resul ting reﬁﬂ@ﬂﬁ’ﬁ ‘E"F‘EP%‘?PWIQ%SH T‘Iﬁ”ﬂﬁjlﬁrr‘?ﬁt?’éwe%g?sglyé%gﬁs ela

re-di spersed ilexheexane. [131] The TEM i mage of the zZnO nanopartlcl es

synt hesi e accofgll mltupalg R ek thrcenaﬁaei Qﬁﬁ@séﬂth%ﬁf‘ed%@o’i&ﬂ%tﬁﬁ@”me 13,

Is shown In FIG 19, | sl'ze I ca
nanopar ti cl es RIPEEIREFHRIGRL Y epﬁ@éﬁxmﬂ 2 ?ﬁil"émfga SlJpirpting Laty
nonodi sper se sthhessuktiag 2 aersiz(spleEzil maannq:mpamdbme moiG@H§pefiol | owi ng t he

synt hesi s proc . Exanple 1, 20 g of ceriumoleate 16
conpl ex whi ch ]&gn;ﬂeefy%ﬁ%@s}%nsvggugg reacting 7 45 g of CeCl3.7H Owth 18.27 ¢

of ol ei €13A¢i d séctiordingtalthe presenfiaveniige, themomdispensé papopaticies offmatalhanetdl, 30
nL of H O and &Qdégiana , DR AR mifaRic dERE ar erﬁlé&@d)inhhréé&lﬂm {vﬂérﬁﬁﬁdhng

sol vent, 200 ni ‘8 am ne u der an | nert a ere “the resulti ng
m xture was he‘éﬁn@Bﬂ“t‘ %%g‘ ¢ an gx¢ %W@W@m £ f’rat ure.
[ 135] Duri ng tdpplicgivocaslspctt prepqmyesdmsatvébsemmemmﬂht ;empem@npos ed

conpl etel y anddépﬁﬁden&%f'r@agﬂ@d}@ﬂaﬁﬂw&asy@és%fmfa!rrsﬁdeﬁﬁd drh&ss the sol ution
was cooled to ro nperature. In order to renove the excess surfactants

. te
and the by-prodd %‘zedanhydrous
Industrial Applicability

[138] Recently, the development of the monodisperse and highly crystalline nanoparticles
of metals, alloys, metal oxides and multi-metaltic oxides have been actively carried out
for not only their fundamental scientific interests, but also many potential tech-
nological and practical applications in the areas such as ulira-high density magnetic
data storage media, biomedical labeling reagents, drug delivery matesials, nanoscale
electronics, highly efficient laser beam sources, highly bright optical devices, and MRI
enhancing agents, for which the conventional synthesis methods have not been well
suitable for large scale and inexpensive production of such nanoparticles for industrial
applications.

[139] The synthesis methods disclosed in the present invention have advantages of
providing simple, inexpensive, nontoxic and environment-friendly, and very unique
ways of synthesizing the desired nanoparticles of monodisperse and highly crystalline
in large quantity. Therefore, the synthesis methods presented here are beneficial for



and degassed et hanol was added to forma white precipitate. The supernat ant
was discarded either by decanting or by centrifugation. Thereafter, this
washi ng process was repeated three tiges or nore and the ethanol was
removed by vacuumdrying. The resulting spherical ceria nanoparticles of 2
mu in dianeter were easily re-dispersed in hexane. [136] The TEM i nage of
the resulting ceria nanoparticles synthesized according to the procedure
enpl oyed in the present Exanple 14, is shown in FIG 20, illustrating that
t he resul ting potential applieationsio thea¢as obnlira-highrdspeitytmagnetic datastoregeomediber se.
Mode for the |gyBdicA MbblinkikabaG il Atsetifly MB@rilE 886k alk BMORInid highipe
nonodi sper se nafgla rticles of rreéiagb%, nrgrgtt al. ?éliges dﬁ‘lﬁf%(ﬂi‘ c%g]dae -

nul ti-netallic® é@m%‘@HEVHFﬁ% d’ln %%?% (Bt Y, APANEIFES-
nanoparti cl es Sedudnde bistimgcel | ent nmagnetic property for magnetic data

st orage Eﬁﬁﬁa g&;eations and such property is denonstrated by neasuring
t he tenperature depéndence of nmagnetization for various sizes of netal

oxi de nanoparticles synthesized. Industrial Applicability [138] Recently,
t he devel opment of the nonodi sperse and highly crystalline nanoparticles
of netals, alloys, netal oxides and nulti-netallic oxides have been
actively carried out for not only their fundanmental scientific interests,
but al so nany potential tech- nological and practical applications in the
areas such as ultra-high density magnetic data storage nedia, bionedica

| abel i ng reagents, drug delivery materials, nanoscale electronics, highly
efficient | aser beam sources, highly bright optical devices, and MR
enhanci ng agents, for which the conventional synthesis nethods have not
been well suitable for |arge scale and inexpensive production of such
nanoparticles for industrial applications. [139] The synthesis nethods
disclosed in the present invention have advantages of providing sinple,

i nexpensi ve, nontoxic and -environnment-friendly, and very uni que ways of
synt hesi zi ng the desired nanoparticles of nono disperse and highly
crystalline in large quantity. Therefore, the synthesis nethods presented
here are beneficial for 17 potential applications in the areas of

ul tra-high density nagnetic data storage nedia, bionedical |abeling
‘reagents, drug targeting materials, nanoscale electronics, highly
efficient | aser beam sources, highly bright optical devices, and M 2l
enhanci ng agents. Sequence Listing [140] None. 18 d ai ns



[1] A process for nmaking nanoparticles of netals, nmetal alloys, netal
oxides and nulti-netallic oxides, which conprises the steps of: 1)
reacting a metal salt dissolved in watgg with an alkali nmetal salt of C 25
carboxylic acid dissolved in a first solvent selected fromthe group
consisting of C5 0 aliphatic hydrocarbon and C&0 aromati c hydrocarbon to
forma netal carboxylate conplex; and ii) heating said netal carboxylate
conpl ex dissolved in a second solvent selected fromthe group consisting
of 6.25 aromatic, C6 25 ether, C6.2€hii tic hy- drocarbon and C 625
anmne to produce the nanopartlcles - |2] The process of claiml1, wherein
said metdl] i s sel ekprogess faymaking ngnenapicins of metwlsnmetaballoys me@d oxifes and, o, Mh,

N, Cu, Zn, Y, Zr mifk-mdtMlic 5des ehick\eomgeites tﬁeste of An, Ba, Sr, Pb, Hg, A],

ool Ty S0 and, oy andh sl el Rl ke S SFARH RS IFE 2 20 e
salt is selected fqatmxyltcewghbuplvmtmasﬁrsttsp}v lwt%ﬁemmll%gf@m ennpiglEferd C13]

iron(l1) chloride[deGldhaticiHy@Rtirbdn addi® M LehiiRBydlocarbbPid(fbim a metal

sul fat e[ FeSM41, Hd% !g nltlrat Fe(NG®) 3], iron(l) stearate[Fe(O C H ~)
], iron(l1) acetat% Wbal t(111) chloride[CoCl 2 18 3 2 3 2 3],

cobalt (I1) chlori de[llemmlg]smde:ubMyﬂe)te erinpler difsolyediaz) Sondriobykeseleetyd
sul fate[ Nl SCa] , n'ﬁ‘cﬁﬂh@ (E;Bhs@sruh 6{‘@' %}nauéﬂ(‘ﬁk%h{eil)c Nigti dﬁlﬁh@[ (NO3) 2

], titanium tet r | de oni hl &% de[ zr Cla], hydrogen
hexachl oro- pl at| net‘h 8% é# ?%a{ﬁ‘ﬁﬁropal | adi at e(|V)

[ H2PdCl 6J2] bari umThe pl:messwfpbuh ﬂawﬁr@a@@l ;neta!;xsrsdmtedjﬁwrwergrwdeqmmﬁng]
strontium chlori Qﬁh‘«@aéai % \a Gz, MAUNT e eInsvS@H Mo, ZRunkhaﬁf %L_gl Zfe(mB) 2],
S 38

manganese acet at e([)%tjgh %@[‘]Q&ie“ n)@g{}i cetda58§ ﬂ%ﬂ tlgexHZO]

ceriun(ll1) brom
hept ahydr at e[ CeCl gaip @nditingef Li, Na@@néK. car bonate hydrate[CeZ(CCB)S xH20] ,

gere![ ﬁ”} Ihl x)an];la'tjg{ igﬂ{ﬁ(p?d‘;@s%f%{agﬁlf wherdfd &d@n&algglns%@l@étbmﬁ  odi def Cel
31, Leri ur( 11 1) rﬂ°P~°r‘%Hﬂ6° ER%&%MF@%S@& @?Sﬁe@%ﬁ?ﬁd‘ﬁg@ﬁl 1)

oxal at e hydr at e[ Caéride@FEBx Lon(Il) selfatefiESQ, ] Jrop@HE tiitrate e Y @2 (1.@od])3]
ceriun(l11l) sul fatg %am % ]Sﬁéﬂ(ﬁ%iﬁ‘% d@d‘x:H ] cobalt(III) chlonde[CoCl
acetyl acet onat e[ Fe(acac 2 18 a aceto ni ckel
acet yl acet onat e[ Nil( &b f“”é@g ] %‘@éﬁ‘@é’&‘ i) %ﬂ’ E(‘)E[S bari um
acetyl acetonate | Baxfﬂe[aﬁsa me‘ktet(ﬂhthlomﬂ -mdkahiﬁl m‘aa(eﬂ{lsi(() a(];a;m)mtﬁl}
s e el erenio o o
atmate Cl , hydrogen hexachlorop 1ad1ate 6]) um
chlonde[BaClz], banum sulfate[BaSO4], strontium chlonde[SrClz], strontium
sulfate[SrS 04], zinc acetate[Zn(OOCHg)z}, manganese acetate[Mn(OOCI—Is)z],
cerium(IIT) acetate hydrate[(CHSCOO)SCe-xHZO], cerium(TII) bromide
hydrate[CeBr3-xH20], cerium(III) chloride heptahydrate[CeClS»'THzol,
cerium(IIT) carbonate hydmte[Cez(COS)s-xI-IZO], cerium(IIT) fluoride hydrate[CeF
3-tzO], cerium(II) 2—ethylhexanoate[CHS(CHZ)SCH(CZHS)COZ]SCe, cerium(I1IT)
iodide[CeIS], cerium(II) nitrate hexahydrate[Ce(N! 03)3-6H20], cerium(I1)
oxalate hydrate[Cez(C204)3-xH20], cerium(III) perchlorate[Ce(ClO4)3],
cerium(I1I) sulfate hydrate [Cez(SO4)3 -xHZO], iron acetylacetonate [Fe(acac)s],
cobalt acetylacetonate{Co(acac)s], nickel acetylacetonate[Ni(acac)z], coppet
- acetylacetonate [Cu(acac)z], barium acetylacetonate [Ba(acac)z], strontinm acety-
lacetonate[Sr(acac)z}, cerinm(IIf) acetylacetonate hydrate[(acac)3Ce-XH20],
platinum acetylacetonate{Pt(agac)Z], palladium acetylacetonate[Pd(acac)z],
titanium tetraisopropoxide[Ti( OC3H7)4] and zirconium tetr.'glbl.ltoxide[Z1:(OC4HQ)4
1.



titaniumtetrai sopropoxide[Ti (' OCH)ya] and zirconiumtetrabutoxide[Zr(OCH) a
] 19 [4] The process of claiml1l , wherein said netal salt is selected from
the group consisting of hydrated iron(k§) chloride[FeCl3.6110], hydrated
iron(ll) chloride[FeCl 2 4H 2 0], hydrated cobalt(I11) chloride[ CoCl 3
.611 2 0], hydrated cobalt(ll) chloride[Cod 2 4H 2 01, hydrated
chromun(l11) chloride[Crd 3 6H 2 0 and hydrated manganese(!1I)

chl oride[ MnC12 4H 0] . [5] The process of claiml1l, wherein said alkali netal
salt of @u carbox&heiprocessioficlaim 1 s wheseinsaidmetatsalhis S@Mﬁbﬁ%ﬁ@l%@@ng of

sodi um ol eate, so%mm&gaaﬁﬁﬁﬁmﬁ@ﬁmmohwameﬁnm

pot assi um stearate 09@?1? 'zsjll t 00(3’(9[‘1_l g 0&}{I6§P¢L%t&it&§DS) and
sodi um-dodecy!l benZ W Fomate %ﬁ{i 0C€ of e i wherein
sai d first sol ventcobalt(@k¢hdaridetCaCl, élygﬂﬂ@dﬁ ogiwailH) ehigridsiCrich

hept ane, pent ane, ,a8 ?d}g;edﬁﬂj( %ﬁg@mﬁ%mM}go]xyl ene, toI uen_e and
benzene. [JP]?] The ocesgssofg %@# e {ie‘%gg atﬁfjsaﬁe nd sgoxy t.(lés

sel ect ed!rom t he ‘P& fi W&%‘i‘ BEERULTE | CosSH &40Ecane,

ei cosee, phenant hrseleeted frpm thesgrewreconsistinigrol gediem Obﬂﬁsk@ﬁwﬂ St@ﬁ%tsﬁijﬂlmbl phenyl ,
Ehenél elt her, octgaura& HRtassivH @fedte, ﬁstﬁs%m mbo@&shﬁmaﬁaw w%mha&rwe
exadecyl am ne an n SS a| m erein a
C4u car boxylic acFéiﬁvlg maf‘n% @mﬂ[ﬁt}f’gfﬂ? ’B% ?ép ‘conpl ex di ssol ved
in the sé&lond sol \ﬂénlprd@aa‘s@wfelahm@Ehmsaadﬁmh@l@méqgSelﬂqtgdfn[ng]:hemppr ocess of

claim8, wherein Sghgtingef haRONpldne, pRftafkk, bstaiChOGH&End, bedadchR, xﬁé&up
consisting of ole stearic acid, lauric acid, pal matic acid

octanoic acid anﬁﬂ@@éﬂgp@zﬁ?ﬁ d. [10] The process of claim1, wherein said
water in[Btep i) d&mpmcsswfelahrahmhmimsaédswmmoﬂiSS{ldﬂqdmﬂprgwess of

heatad to a1 enperaroiE bt BRLAE AN, BATRCE, Bpbiths, Bloislninel | (1) 19
second sol vent. [ PSPteeie aﬁ%&%“sgwgﬂm %PW‘&’H%WR’@? Iﬂ’%‘é’é{l EEP g?tget Ture is

mai nt ai ned for 1 ndecydiethet, benzgethay risctylathiie, H‘etxadqwlamassandbctadl@ylmnme wherein
sai d met figt car boxyﬂ'h@tp?ocgég'@%ﬁﬁn f%ﬁ&élﬂ&dmss caiB6B1ie Acill s KAbLAolBRRRNAL Ure at a

heating e bet m%%r%o%yl%a complex Rlsso%ved in the second solvent before the start of the step

i),

[91 The process of claim 8, wherein said C4_25 carboxylic acid is selected from the

group consisting of oleic acid, stearic acid, lauric acid, palmatic acid, octanoic
acid and decanoic acid.

[10] The process of claim 1, wherein said water in step i} comprises ethanol and/or
methanol.
[11] The process of claim 1, wherein said metal carboxylate complex solution in step

ii) is heated to a temperature between 200 °C and the boiling temperature of said
second solvent.

[12] The process of claim 1, wherein said temperature is maintained for 1 minute to
24 hours.
[13] The process of claim 1, wherein said metal carboxylate complex solution is

heated to said temperature at a heating rate between 1 °C/min. and 200 °C/min.



