21 SEP 2006 r , SYNTHESI S OF MAGNETI TE NANOPARTI CLES AND THE PR(%ZESS OF
; FORM NG FE- BASED NANOVATERI ALS BACKGROUND OF THE | NVENTI ON Fi el d o St 2006
I nvention [0001] The present invention. generally relates to nanoparticle

synthesis, and nore particularly to size controlled synthesis of

mtori al s thor R OF MAGNE IR NARIPARTICLES A rify siiSeiss ' ' ©

Description of the, ReOR FORMINGIE-B iAtl‘?O mlh ne of the
t hree conmmon iron oxides, FeO Fe2(3 an%gggggd, I'C avg"%)ound many

| nportant technol ogi cal applications. Magnetic iron oxide nanoparticle

di spersions, comercially known as "Ferrofluid", have been used wi dely in,
for exanple, rotary shaft ' s,..oscillation danping
for various electronic-inst ?ﬁ%‘ﬁ?@a‘gﬁﬁﬁgﬁﬂ%&m ng for avionics,
robotics, machine tool, and-autonotive [K Raj, R Mskowitz, J. Magn. Mg
Mater., 85, 233(1990).]. The magnetite is a semnetallic material. Its dark
colored particle dispersion has been used in printing applications as high
quality toners or inks [US Patent FRR ¥ ilmvidaofat ent 5648170, and US

Pat ent 6083476, incorporated herein by reference]: Magnetite dispersion is
al so useful for the manufacture of liquid crystal devices, including color
di spl ays, mDNOC[000IERHeprdstitmvefitidn gehasity RIARs I HaabkaE thefilter [US |
Pat ent 3648%%9 S Pat ent 3972595%2 and US Pat ent %M%@%@W@m = :
6086780, af el ent 6103437, 1L rrrrrerrrrerrrrrerrrrrrrrrr
*166166* | izt bdritrolidd dyhihbdid bftibdnltabdd Hahddakicles i iR 3 § P 2006

i ncor por at ed her.eli n bey, ef erence] . As_daahgerﬁe(%%éﬁ@d%fﬁgﬁg’%ér'?fl lﬁ%t wi-t h.
hilgh curi e "RISRHEFS Mt é‘a{sé%%mh%@%mmeecmmmngmm. potential in
tunneling device fabrication. [G Gong, et al, Phys. Rev. B, 56, _
5096(1997). J. M D. Coey, et al, Appl. Phys. Lett., 72, 734(1998).  X. Li,
et al, J. Appl. Phys., 83, 7049(1998). T. Kiyonura, et at, J.. Appl. -
Phys_- , 88, 4768(2000). R G C Description of the Related Art =

[0002] Magnetite, Fe,0,, is one of the three c:omxﬁon iron oxides, FeO,'FezO.J and Fe,0,, - -
which have. found many important technological applicaﬁoﬁsﬁ Magnetic iron oxide nanoparticle
dispersions, commercially known as “Ferroﬂuid”, have been used widely in, for example, rotary
sm sealing for vacuum vessels, oscillation damping for various electronic instruments, a'n_d
position sensing for avionics, robotics, machine tool, and aufomotive [K. Raj, R. Moskowitz, J. -

- Magn. Mag Mater., 85, 233 ( 1999).1. The magnetite is a semimetallic material. Its dark coléred
} : ?micle c.iis"persion has been usec_l in printing applications as high quality toners or inks [US |
Pate-nt 4991 191,.US Patent 5648170, and US Patent 6083476, i-ncotponlzted herein by refefencé];
Magnetite dispersion is also useful for the manufacture' of -liquid crystt;l devices, including color
dis;?lay"s, monochromgtic _light switches, and tunable wavelenéth filter [US Patent 3648269,‘US
Patent 39?259#, and US Patent 5948321, US Patent 6086780, and US Patent 6103437,
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other pu catlo . et al Chem,  WMater. 8, 2209
_Hong; et % b?mclﬁﬁ% incRiding any enatingymaterials shopld peeferably e be

Moore, et at, Physics E, 9, 253(2001). S. Soeya, et at, Appl. Phys. Lett.,
80, :+823(2002).] The use of magnetite nanoparticles in clinical ngdiSEpPragps s
an inportant field in diagnostic medicine and drug delivery. Magnetite
nanoparticles, with size of 10-20 nm are superparamagnetic. These
particles interfere with an external honbgeneous magnetic field and can be
positi'ened . magnetically in a-living body, facilitating magnetic resonance

i magi ng ﬁwpb:&ammf@rmﬂqamq%ﬁn&meﬁﬂgé&%&@u% m&%g@&@

Us6207134 |ncor por at, ed herei'’n by reference, K. Kim et al
Mag. Mat 458K ). Abemagnstitedies shown geret membnéwmlm deviee fm@a [Gaf&ona.atalon for

. 7 h i A
Jordan. “é’?&ﬁfu (356 60064 0ar) SORE DY 802), of DA F5h 3495 TRl R FUCD.
To o hal. Apek Rigbif 1O a‘pmomem Jomta@:m sa~. AT68@OGLRIE. T Ui dis

|
& Vgt b8, PREREE) 6 2850015, SBbAT B Al Phft. LI, &) BEACSoodff Rhdusp) 2°

par ti-cl esf magaetiteamiahopartiqhis i clinidal qnedlpae is aﬁsimpoxhnoﬂeld frr dibgtiostitmedicine and

bi oelim and ast eff For for nedicinal
appl i cat F@‘F& CHUVER: N% H ?ﬁégﬁp HV“B’éP?'H“‘Eﬂ‘PE“q' ahese 2 to 15
nm and, f;ﬁhclbﬁﬁlt&wm@dl ambam&ﬁaéeﬁeous maBRetiTRIA i @arfbd pdiflibhddC! € si ze

i ncl udi ng any, cgat.i rials should preferably be below 30 nm However,
pr oduci nd“%?‘!‘i‘&@s‘qg'\!ﬂ%ﬁi" (fecilifating raagneticrgsonance imeaing @R for medicel; i but i on
Wi t hout REdghbéis RIS 61239200B560185 5 U1SE20BTY AUd6208% rlnanmraba RéRin bY Riddncd WO
general nethods f(;'rﬂJprodum g magnetlte fei{bofl ui d-have been used I n the

prior artP- KKy, apd AComagnstig,field indueedby gri ndi ng

of ] magnetextitation fot chiitks therdpy §6@65440 U8B 673183 int¥rhdiatad fidtbih By kédltncd/ Kl carrier
sol vent, as exerrpllfled in S 3215572, and . US3917538, I ncor por at ed herein -

by ref er JAEdan, ot al {.Maga Mag Mater, 208, 413(1299b| e di spersion of nagnetite fluid

was obtai ned RoooB] Amef @edeinfdicifat HdEhRbIbEEA of PraGRUE 8 oM i@
ol éate nongl '%‘Nh&l nto a non-polar solvent. The main characteristic of thi s

nef hod arf€a4its impeagtc paic Prs&F isfithin thesingle deméwsmeewém ewrall eacti on
fromthe pammmmhuutwm xﬁ@&&% ﬂihﬂﬂefa&ﬁél&l%ﬁvé Eﬂfona?’:): iC (Fe 3+)
a

T ARG U 8 e A |

4,019, 994neahl$am;cBE;in}Yn@uld u&mmy@sﬁ thSfingé DEOTSHE aidg%rlaye Js%i&az,aggﬁ) ey
30 nm.

However, producmg particles with the desired size, acceptable size distribution without particle

aggregation has constantly been a problem.

' [0004]_ Two general methods for producing magnetite ferrofluid have been used in the

prior art. In the first method, the magnetic fluid was prepared lﬁgﬁndingofmagnettte inaball

mill for a long time with a surfactant and carrier solvent, as exemplified in US 3215572, and

US391 7538 mcotporated herein by reference In the second approach, stable dispersion of -

magnetite fluid was obtained by transfetring co-precipitated magnetite covered with an oleate

monolayer into a non-polar solvent. Thé main chametensuq of this method are to obtainan

ultrafine magnetic oxide by a chemical reaction from the aqueous solution eontammg ferrous (Fe |

*) and femc (Fe*)i ions, and to accomplish strong adsorption of surfactants on the magnetic
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Adv. Mater. 13, 1158(2002)]. This method does not need a | ong preparation
time like the grinding nethod and is suitable for mass producti of 108EP 2006
magnetic fluid. But, it does need constant adjustnments on pH value of the
solution to ensure the particle formati on, and stabilization. Recently, a
third sonochem cal synthesis of Fe3O»4 fromFe(ll) salt was reported [R

Vi j ayakunar partitlesilin, a Medter iselutioliCias ekapplifidBon WH14,0090%4, GS B,85,5079, US

Bi ddl econbe .., J. Mater. em, 11,2 937(2001 The, maj or

di sadvant ag@0§$,7§¢,|m‘eﬁrp°r@we§y @%ﬁmegaéﬁoéer w&lmggﬁ -@ (kaﬁlg{ (£ akj Ghem.

di stributi oRrafdr 8 P200@996) | OIYNHERE ! 61., PAPD]. PHES. 811 BL7(P0PYS IT. IFRBd, Y al hese
particles, and/or the interaction Torces between the particles. The
process t owAfiusMaten I3ed L HEZPRY). t Bhinmethadydoeanet iead aleng preparatienitimgdike dlae
sunmary of %ﬁi%%iﬁ%ﬂfo’d%d[ig%ﬁa})lé&ﬁ)ﬁﬂ{agé PR duich %f @ﬁéne‘ﬁm%_ ”Eﬂf, it des need

i nvention provides a process of nmking “a nagnetite nanoparticle materi al
conpr i si ng: canstanh gdjastmentsnors akt vali¢ lof dire sdlutidiokg emsucatheoparticle faomatjonaadd an

organi c am .j.n et he tq produce a mxture; heati said mxture to
refl ux; cooﬁqgmbz@’é’f‘d #F?&“ﬁ?"eatt i 88?8“?‘18%"@1[ 5?‘&?‘85,15 °B%&‘f’l’pg’f’a‘[ ?ﬁébasai)tr%ﬁ%ct
from said fputted gR. Vijaydkeer, Sengl. S Malerddl®RBLE! Eng. 0285, E1(20003neG. B.
aromatic, and chlorinated_sol vent, t roduce a nanocrystal dispersio

[0008a]  AccBiddiesambe, & adehMates difisan-rbhi 9B HEOD e e grioh divadymatate obalhel i t o
nanopar ti cl GedPt@hhighed B heRrsghbity'Gn [Be L5 RERFRRDNOLS RS rEduithly BHAdi¢eNt

of the invention. %OOOSb]__The present invention presents an approach that
makes nagnepartieles, itheispmppsitibe ofthesei partcles, anifor rthe iintorackien forpps hetwieero M |

200- gobc. _ gtgrg oy SoREs s pRARR Hafen a0 hEflor ARl RENY P BB i 7 1 ©

the iron salt to acid/amne ratio or by coating small nanoparticles with
nore iron oxi de. Magnetite nancSammateef the inventione ranging from2 nmto

20, W1 2 R, 84 B L e R B e el S BB

material s, aimaghetit ﬁ@oPEQ@%étMiEl dompriding: Cu, zZn, Cr, Ti, Ba, My) MREFeOx

(RE = rare earif metal) ngnompierjals and Inon oxide coated nanoparlicle
to produce a mixture;

heating said mixture to reflux;

* cooling said mixture to room temperature;

precipitating a product from said mixture; and

dispersing said product in one of an alkane, aromatic, and chlorinated solvent, to
produce a nanocrystal dispersion.

[0005a] According to a second embodiment the invention provides a magnetite
nanoparticle material made according to the process of the first embodiment of the
invention.

[0005b] The present invention presents an approach that makes magnetite
nanoparticle materials by mixing iron salt with alcohol, carboxylic acid and amine in an
organic solvent and heating the mixture to 200-360C. The size of the particles can be
controlled either by changing the iron salt to acid/amine ratio or by coating small
nanoparticles with more iron oxide. Magnetite nanoparticles in the size ranging from 2
nm to 20 nm with a narrow size distribution are obtained with the invention. The
invention can be readily extended to other iron oxide based nanoparticle materials,
including MFe; 043 (M = Co, Ni, Cu, Zn, Cr, Ti, Ba, Mg) MREFeOy (RE = rare earth

metal) nanomaterials, and iron oxide coated nanoparticle materials. This invention also



21 SEP 2006 4 leads to the synthesis of iron sulfide based nanoparticle
_materials by replacing alcohol with thiol in the reaction m xtune sﬁhﬂm
magnetite nanoparticles can be oxidized to y- Fe203i or a-Fe2(03, or can %
reduced to bcc-Fe nanoparticles, while irgn oxide based materials can be
used to nmake binary iron based netallic nanoparticles, such as CoFe, N Fe,

and FeCoSnx 130 epd syiltiesis 0RO bulfide PaécAChan@bartioR MAREERIDY fvfﬁﬁ&iﬂgoaﬂcd)lﬁ)lt 0
provi de a nethod for ‘synthesizing Fe304 nanoparticle materia

control | ed patht thioldngtho seaction guixBie GHjecmagnstite Ranopariclsst 6arbe exidizeddRr &-

ot her types o] & I ’ RER&S
MREFeQO, , nar};‘g Q’ff ?&%FE‘%& g?%‘} sﬁlﬁe ngtg%lg JFg?Aﬁﬂ?ﬁﬁ%gf ?‘%@gen%r? on 1s l’,t)aosgﬁa ke
i ron oxi de emtdrints ceanbpasdd ol makabmaryairen basddometatlicomgnepartiofess suzhi asvEolte, on
is to nmake II{BE a%{: éie and |ro sulflde coated nanoparticle materials,

and anot her “8bj* &8¢ *8¥° én?‘??\%mc is to make netal lic nanomaterial s.
[0007] To make ﬁmegm Bjedt g thélléfb@éﬂt(lﬂvedtlbﬁﬁs waovid‘e a'metitbd for Sphthievidingd t h

al kyl al cohol , carboxylic acjd primary anine. The mxture S h at ed
at a tenper Epifhenanopattisle F‘&FFQ’@IS@fWIQDG@tf‘HbgGWmAW@S cHoperpd abjrst of the

magnetite nanaRasd iis |t@$1rxﬁfee oftfef Giptst 8 8ideCttno ﬁt‘ﬁmet hatdriath, SHEK Sis OFetS,,
redi spersed 1 nto the solvent. The size the particles is controlled by

adj usting eRLEFees,tdrel\'IREEnO; panppattickanatsrialst iAo third ebiject of g inyentioznip éo makee.
Large sized. L in

nanoparti cl ergg #c%gteﬁ% (ﬁaragt?calt%g’ ﬁea | n'g? &g?&t%@ﬂ%”g%mfﬂ‘?igfl éﬂr(eelﬁ n
metal salt 'smﬁtiaendnmh suléideicbated ﬁmbphmcld\ﬁa&@élsnmmmlmrlobj&t ofrthe ligveatioh ng
a different, t%pe of qr}alp F‘artlcle to the mxture will vyield iron oxide
coated cor elRdmakeugtallic nanomatenials, s gy repl acing al cohol with thiol in

the m xture, bo{gpo7] T8 makef F&lo, vatioBtifvdnaba, idorsdlf RNmbiel fih delvemaiE alkyl
core-shell nanomaterials can be nade. Passi ng oxygen through the Fe304

material s wicphelegarbexylis acid, 1and priary agne. o The nrxmipRis heatsd ianigmprafie in
reaction tegp I 0 n

t hrough t he Fe él?)tzzr(tmlag tg?gemthhggg&?%gbglg Ilgeglﬁg%gr%gg cllallggl h%n%%rg‘?lﬁ%?tgd
Bri ef Descr ot from tfeirt dispdtsiani andsrefli3pergsd ite therselysinag szndsm Mer putirlestis,
aspects andg @xﬁf(ﬁ‘l@&gﬁﬁ@ﬁ\éd g eP@ﬁé ftbn t&' Qﬁl/a%ﬁ ?Qqa%ﬂi emmeawéﬂ Bature.

detail ed descripti erred errbo I ment
Large sized particles can also be obtained by adding small Fe;O4 nanoparticles to the

mixture and heating to reflux. Adding a different metal salt to the mixture will lead to
MFe,04 nanomaterials, while adding a different type of nanoparticle to the mixture will
yield iron oxide coated core-shell particle materials. By replacing alcohol with thiol in
the mixture, both iron sulfide nanomaterials and iron sulfide coated core-shell
nanomaterials can be made. Passing oxygen through the Fe;O4 materials will result in
either y-Fe,0s, or a-Fe; 03, depending on the reaction temperature applied, while passing
hydrogen-containing gas through the Fe;O, particles will lead to bcc-Fe nanoparticle

materials.

Brief Description of the Drawings
[0008] The foregoing and other objects, aspects and advantages will be better
understood from the following detailed description of a preferred embodiment(s) of the
invention with reference to the drawings, in which:
[0009] Figure 1 is a schematic that shows a generalized scheme for the preparation
of Fe3O4 nanoparticles via iron salt reduction/decomposition;
[0010] Figure 2 shows a TEM image of 6 nm Fe;04 particles prepared from the

Scheme shown in Figure 1;



I nvention with reference to the drawings, in which: [0009] Figure_,1 is a
~schematic that shows a generalized schenme for the preparation of £ #eSfB42006
nanoparticles via iron salt reduction/deconposition; [0010] Figure 2 shows
a TEMimage of 6 nm Fe304 particles prepared fromthe Schenme shown in
Figure 1; 21'8556*21&06 10011 1 Figure 3 shows a TEMinmage of 8 nm Fe3O4
nanoparticl es Figyresk:showslia TEM itnaigbiof SR $870), BiHAPAHiLIes preghiddacdoni
coating GE%MQQ%W rti,cl.es ﬁ“ nof e i?;oer‘l oxlbglé;_ g 0.1210%%% teo 4
shows a TEM| hage o eSbPatag O mm Ko Qq nanopsrticles with more isprivxidest 0 t he
scheme shown i rj002}Figate 4shaws @ TEM ighaBe oM 2RRPAONRRORAT L @mg re iron
oxi de; 100&‘3% Fi u*;es 2A: 5C show t_hrag% TEM i migés. of’ i%&rcﬁm e &J&r&u’?gto
nanocryst al'§ ‘ﬂ?@gé Qg 1n Jogugs] ig ¢pating § pra Fe,0u sanopetioanwith mregjonexidey | a
coating 12 nm He FizaReBALSC sho L Y EMTR i i-de: Fi e 5Ais a low
resolution i e of a 2D nanocr $tai a.sseg Q’?P@‘.'"é?ré@%"’.?géklp&wd .
resol uti or® g’gt%fheéc@m%wgﬂﬂd’ml*tbvmaoaﬁog ¥2 hmlFe 3, smndpatticles With mogdiréh 5C

i s a high 688 Figule¥A isAUOWTSEolu@dd ihafe & f several napocrystals; [0014]
Figure 6 shows_{g?)le X-ray di ir apt'h‘gge%aﬁe?ﬁgc%&mmhgn “'féi'%sal‘?m (O 12
run, and Teyution imageaf 30D superiattics sammkrysiakasseniblye and Fipere SED4 Kigh Yé8d16tion.

deposi ted g&ngllgg& iHdBSE £ 84 t.hei r hexane di spersions: Diffraction
patterns were coll elctgecsj osn ggalg%xr?gﬁ]gm 500 diffractonmeter under Co.K a

lr: agi)it ion (A= 10%B%we®shoW9meX)raFHmtuoﬁoﬂﬁtttaﬂﬁ0?4(3.)511_ Y (?EQC ﬁgg@ﬁz hﬂpps of7 N
e nan | room,. erature (e-g., - , Figure
is from 4%1’%1@%%‘2{@%?‘ ?@°§°’s’%‘r”8ﬁﬁ“@"%§q\gé§m!?s Wﬁfeéq%fitqdiogwhgs sn.bsmﬂs t he
X- {; ay di9 f ffrone theishexsat ispersiods: @mg@cw ;ﬁﬁd‘ﬁs Wt eslle¥el 8h a Shhdis Pa%"& 100171
Fi gure [ t 1.ndl cat at, starting wt e

i ffacaﬁ,%mciefcy:sgfa i AL s g

nanoparticles, a varie r et nanoparticle materials can be
mede; and 1001§015] Eigure 7AGing 1B \ekiow hitereSid 183ps W -6,026drlo0 sthBhdt S TalSar ot A 16
2

t
ri mFe304 Fvst al Sco ( - Fe203 nanocrystal s f)t alned rrom
oxi dati on toﬁ 2@“%2?‘%é§50g3§?c)2§é‘&¥?6ﬂ5 fypm 4&‘HUF%é)aﬂd58dS fremi8anmoEe,Qgt al o
assenbl y from (0036} Eigure B showsahe K2R rBEERY ? 0 r 2h..
DETAI LED DESCRIG3) Oy OF , DREE RRED . ENBOD ﬁé%%wq@%ﬁﬁ{é%ﬁ%sgﬁf’éﬂ%] As
ment i oned above, A TR s fipehgpatis thaf indicptestbatnstarting with Fe@, hanopartigenai dé a.
met hod  f geriety of dikssiiron hayed o garticlan@R ikl 6dnde matkidigcont rol l ed particle

Sl zes .an('j Sl z e[d&iﬁtﬂétpéj{d Mws e X-ray diffraction patterns of (A) 16 nm Fe,0, nanocrystals -
* and (B) y-Fe,0, nanocrystals obtained from 0, o_xidatidn of 16 nm Fe,0, at 250C for 2h, and ©
bee-Fe nanocrystal assembly from the reduction of Fe;0, under Ar+H,(5%) at 400C for 2h.

DETAILED DESCRIPTION OF PREF ERRED
EMBODIMENTS OF THE INVENTION

—

[0019] As mentioned above, a first object of the present invention is to provide a meth.o'd
for synthesizing Fe,0, nanoparticles, with controlled particle sizes and size distribution. As

shown in Figure 1, iron oxidg nanoparticle materials can be made by mixing iron salt, alcohol
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shown in Figure 1, iron oxide nanoparticle materials can be nade m Xi ng
iron salt, alcohol, 5 21 SEP 1006 <carboxylic acid and amine in eanlsEmem]s
" solvent and heating the mixture to reflex. A black solution is forned.
After being cooled to roomtenperature (e.g., 15C-30C), the mxture is
treated with ' ethanol and black nmagnetic materials was precipitated out
fromthe s&arkexybia acidinnd whine in quretidnsivent thd Aeting ibeaslixtite RANADE A Blaélé'k%luuon

presence o dre ecipitated with ethanol. This way,
hi gh boi i Egﬁso%vgﬂﬂ W&M‘%%B‘ﬁ”g‘éﬁwﬂ? {")FﬁL(ﬁgt 16 @@,H@m&wewqdm he
nanopar t i ckthang) andibletk magneticinmerigh we prfftdted BNIRM tHeGbRtisH ﬂ{( ngnE rodist
materi al s sgiw?erse I nt g various, solvents to give a vl/)vn

sol uti on. ana %’F&"?H’b Preseice pEgcid; and e@u&r@dmrchpxtamwu ethpreol. SThis US|-ng
this proc edﬂay,duilyboﬂﬁrgwbh&ttah@o&él%?g&niﬁﬁnbéﬂtfcg @adt?etrhﬁov&f frdn fle

?‘g‘i:ﬁ“‘g feaction
t enperature netite nanoparticles wth sizes rangl ng fimto 12
nm can be nfga‘g i g pure &'e.0, npngparigle matstials. Fhe matedals nanhspe;seimcb sarfouepar ed

accordi ng belvénitOo igive b bRRELLERROSIiES TN @ éh!)wpﬁféi" écj' SpeLShon on an

anor phous car bgn surface Such nanocrystals can Serve ALY £ or | ar ge
Fe304 nanofepedisperseolping be?ﬂ“eﬂ@@ZE!aririhgtﬂeatagmurﬁaﬁ(}dno)aﬂmefeyﬁﬁg%&ug@n al so

b de b Fe3Q04 t al th d
e mixed sy e shengiet b IR vig? B g Kapti Rade Lanmedt bemadex. By

cont rol | i nBigtdis a TR imagepf @ml%,mamwmpiep&e@ﬁt&ord?@f to Fikiee/1 @ldZRpbsiies O

nanocrysta rret d | eads Fe304 nanoparticles 1n the
si ze rangi ﬁrgm?lr?égrnlg?la& %@&on}B%n %‘5%?’1‘?1’@5“6‘2 imich ganocryials ey sgrve apf

smal | FeSweé!h@flaraﬂFeﬁlmnmtanoamtbﬁd For example, m xing and heating 62
nmg} of 8 run Feg Iesvm iron salt, 10 mmol

al cohol, 2 mol 3%’@%@0@% |§ &t séﬂﬁ“?%ﬂ&ﬂ?h@%&ﬁf‘@teimm Pw304
nanopart | c$l@%l* Fe;WﬂaInecmtals, thy sexais, dﬂﬁatxbdl@xtﬂﬁxomn%nﬁs m‘iﬁ’ u}éﬂ

amount of ngdlc?r@(gﬁ%&her 31%0 precursors | ed, 1'%9&‘1%8&?3”9

nanopart i cI es c&hepty BRRCREgESeds VVH’(“F'QSG@F@/F%‘Ozed Fe304
nanocryst allaaowﬁqjacecbetfmneg T‘hd‘uﬁetﬁ@ﬂda&&dh?{t)%ngﬁ&&&& xﬂ‘ﬁﬁc&% gﬁ-‘g’? with
enon

t he magnet I n these im hat
the seed- n'glt(ljlﬁ)a g“%ﬁ?’mdﬁg on%"”e APve s hggf W'J@P‘ﬁaﬁae?wrmxgm fised. Farso
nanocr yst f;;f;ﬁg:,g:"f;",,;"gﬁ'gﬁm f?““‘“’““"é@“‘f of&s N s
superl attices, as.sh O\anl n |g§i£!>°E!a (%?gaq?ﬂ"a W%F“E‘Ps?smpmﬂml@re of

t hese nandﬂ‘?ﬂlﬁpsqﬁh@mlim;o&mﬁ,@a&&ﬂ&sﬁﬁvﬁ%ﬁﬁ oP Yo itd and o

glrgtl]prg?olobgahgrbrgﬁ%;s%dtg@mg%& Qaanr(l)gacnr lst al and X-ray di ffract od‘e{ry for a

[0021] Figs. 3-5C are TEM i images of variously sized Fe,O, nanocrystals prepared using.

the seed-mediated growth method. Compared with the magnetite nanocrystals shown in Fig.2,
these images demonstrate that the seed

-mediated growth not only yields larger nanocrystals, it
also narrows the size distribution of the nanocrystals, leading to more uniform nanocrystal
materials and facilitating the formation of nanocrystal superlattices,

as shown in Fig.5B. The
high quality of crystal nature of these nanocrystals (fcc spme)

structure) is revealed by both
. high-resolution TEM for a single nanocrystal and X-ray diffractometry for a group of

nanocrystals. The atomic lattices corresponding to lattice constant of d(11 1) 4.86 angstroms

6



nanocrystals. The atomc lattices corresponding to lattice constlentephygs

, d(111) = 4.86 angstrons 6 21 SEP 2006 7 are clearly seen in

hi gh-resolution TEMimage (Fig. 5C). The unit cell paraneter from this fcc
spinel structure is 8.41 angstrons, which_ agrees with that of standard
Fe304. Fig. 6 shows the X-ray diffractioh patterns of variously sized

Fe304 nanoc Ml%lﬁ&%ﬁmhi%sresmﬁ& TEMNidragel(Feg. ISt TIeY inif 4911 pardmete drom
medi ated growt h patterns (B-

A t -D). From X-ray, 5 |l1ne broadir}g in Fig. 6,_the
aver age di aHus fc spinel struchue is 8.4 b angsimomsewhich;ageaes ithythah o 5&@?%‘%*394- Fig.
formul a: Lhkl .z g)gﬁfa?, \: | | . b | [ :
the directi gnShg}"%e lcg?fr%gﬁ@g{geﬂ{xﬁl??‘?%@ﬁ gﬂt@?}g%ﬁ%/ga}ﬂgﬁ thﬁ(?%&??g%g
X-rays usedmalle ifonSEigure & rpattemodtaadtseeththellimtedogrowthupattema@@dr). HromoXgay0

[ he B | e, d ' h W - hei ' i .
LA TS T RN DRI R

part I cl e si BeherféelsTormuled by statistical analysis of the TEMi mages,
i ndicating that each particle is an _indjyi uaé single crystal. [0022] Due
to the small size of Fe304 nanocryst%ﬁksf S@re superparamagnetic at is

room t enper gf Whith 1Fisdfe aJe?a$@6r¥gstZI'ﬁ_té libdiBbh@tR drdcBbLSF thel MARS itficdsViRKI), A

different Fe304 nanocrysta terrals at Toomtenperature. Fig. 7Ais from

4 nm Fe304 isathooyaystenpth of-thel X-riyg useh K és Sehemess sansters gwd s acajus eff about ¢
can be seenjtha |1 i cl t : etie. fie to
g tHEm s Bl The' BlagB ikl 88 f s MY podl Sodf dORARRiBRORC Ky OYHE

| ow mag neti ca(ljlenlllh&m rcmpﬁrrgmethgy tl(d(‘pi}articﬁo dﬁnﬁ&&?}nsThmtth dhe svemige wparticle Figer e
1 can be'readily. extended.to the.s eslLs, of  nore. icated. .. .
nanoparti cl °tﬁ’é%/‘é‘F$hV§?a%§ﬂ@i aﬁ@"ﬂ?é?@f’ iﬁ%m&%&aﬁ@#}ﬁq@ﬁaﬁ?@% PaKfigle is an

i nvol ves m kididdhd] siigle @9§ia1i_ ron salt in a solvent with al kyl al cohol,
carboxylic acid, and r am ne and heati ng tge m xture to refl ux.

prinary ,
Metal salts canl0922} Pymtaile snall sige of ke namperystals, they are gpperpgramggpetigyat |/

Ti, My, \Ba aRgh téhfers@fd. N BB 3laS and\7B jlivsite ARtR@id 1608 dTetw@Ndifftkent Fe;O4
Fe(OOCCH3) 2, Fe(acac) 2, Fe(acac)3, FeC2QA4, Fe2(C2Q4)3. Sonme non-
st oi chi onet nanocristad materialeatgoemdemperamegvoligy 7 AsshompenmF ec@nnaiostystsls, aadie

inasiml afig. Y®is from 8 nm Fe;O4 nanocrystals. It can be seen that smaller particles (4 nm)
need stronger magnetic fields to align them due to the thermal agitation (kT) of the small
particles with low magnetic anisotropy energy (KV).

20 [0023] The process shown in Figure 1 can be readily extended to the synthesis of
more complicated nanoparticle materials, such as MFe;O4 nanoparticle materials. This
involves mixing M salt and iron salt in a solvent with alkyl alcohol, carboxylic acid, and
primary amine and heating the mixture to reflux. Metal salts can be from any of
following salts: Zn, Cu, Ni, Co, Mn, Cr, V, Ti, Mg, Ba and rare earth metals. And, iron

25 salt can be any of Fe(OOCCHs),, Fe(acac),, Fe(acac)s;, FeC,04, Fey(C204)3. Some non-
stoichiometric nanomaterials such as FeMoyO, CoSm,Fe,O, can also be made in a similar
way.

[0024] The same process shown in Figure 1 can also produce iron oxide coated
nanoparticle materials. For example, mixing iron salt and FePt nanoparticles with alkyl

30 alcohol, carboxylic acid, and primary amine in a solvent and heating the mixture to reflux

will give Fe;04



[ 0024] The sane process shown in Figure 1 can also produce iron oxjde
coated nanoparticle materials. For exanple, nixing iron salt and FtSEP 2008
"nanoparticles with al kyl 30 alcohol, carboxylic acid, and primary amne in
a solvent and heating the mxture to reflux wll give Fe304 21 S E P 2006
coated FePt nanoparticles. The process is rather general and can be applied
to other iron oxide coated nanoparticle syntheses, including magnetic Co,

Ni, Fe, FeffateddieRt nanapastioles i process isuwather peneraland dah be Bpplied tothebGOR Skide
Repl aci ng fatidid syl t hesi,s W al kane thi ol (RSH)
| eads to iaéagér?h?h?f i de sr);girqgstrefpa’s %{%%%qﬁ%ka’g °’tl’lrfgt’ﬁl-°raﬁ§ nof} PRgNSHE Ak
pattern of AgsCw\PttRdeetczed iron sul fide nanocrystal materials. It matches

with pyrrhotite L, t.o the iron oxi-de coatin experiments,
iron sul fide colzgtE gsi ’ﬁgﬁg‘g%‘r"?‘? h(rzg} @W&{ﬂ"ﬁ%@‘ﬁ@%’dé‘"%‘@% (RSdends ta | es
with ironireméulfide manaatertals. (Rig 8lié the XotagldiffaRorpitB df s éynﬁﬂéim%n%mﬁgbeat i ng
to reflux. The core nanoparticles include not only nmagnetic nanopartrcles,
but al so nB%‘Pﬁ‘HE,‘ﬂ‘e‘{’?.‘E"Waﬁg'B%{F‘W&'%ﬂ"W Fe§ ipheses Similen torthe ison exidhowating
produce ot experiments)itonatifide CAtATRADEHiBleS ' ' ; :

stoi chenetri cﬁ@a&{b?. , an)af3 ngig/bs, dr?anlqrra(t:agr%}sﬁllgéba%éo%gg?qkﬁ%n%g‘g&s B’é‘ged
nanocry st 4" 19l facboxis agid, and amingdn a selyent ang heatingto eeflux.f Bhe ooteher i ron
oxi de nanofidngpiritlesmtiadd it onlf Rdekdet bt I Jm|terial s, .Ei e 9
shows an exap Ieeof var i ougﬁtrgnsfg%%ﬁ'@%%#@e’%@?&&%@fﬁe
passi ng oxBFGESTs 4t Rsirytendsdenroducs ether somplicatedsmaoritoriakt asaediCingiutiag non Fe203

nanocrysta&toiaﬁé@m&yeM@glq,na@om G Wﬁﬁtl:x%ﬁs a- Fe203 nanocrystal assenbly.
Passi ng reduci %quas [ Ar+H2( 5% "taf"rllrough a Fe, 04 nanocrystal assenbly at

400C | eads to G} dhe EeyOc based nenocrystal miateyials GnchetusahasfsartiatmatdHaisTor other
i | lustrat eglod $kidd Iy DREnY o} ime Ais fromstarting Fe304, Line Bis .
fromthe anne%lgéd%g%'%}lal llljlﬁi t g\rﬂﬂgg‘h%‘%m@’w@ofwmlmw"a&n(f lqyrq%%sbewpgnf romthe -
anneal ed FeE3Oplenfdasioustrapsigrampionstof BQOL FooexaRiple, pissig Bxygai h¥e0) the

wel | - Knowng, e & ' | relates to typical bec-Fe. Simlarly,

ot her oxi de onrgﬁgﬁsaﬁeﬁ@!ﬁgl?gwg u@%eggs%b@é‘w,cwf\'ﬁ%%‘“%@r PUGyields @-Fe,0; .
nanomat er i RENSCTyHH agsemblyp Rassing dedusing gasdAtiH)(G%)PihaiupRh Fe O hardob§statddlechftsy s Of
sone et aldt 460 RAGY B bEJ-Fhahocrf<edT hice Fe . .100271.The fol | ow ng
shows how the jnvention is us et U%SSVIIN[)IE' ﬁ"g“‘é‘%“é‘ h?}/‘ﬁl’sﬁ'@?&é‘”{h}g' B,y
Fe304 nand¥P§isting A fdffam startiag Fe:pp hine B is fromdlat anneatat Reg undér )Gt 250C for 2AO! )

L 2 hex ﬁa.%?%gﬁﬁjsg{oﬁtrﬂe Sftaled e, 6 Thale AHI55%) Bo0C &r A Lirde's Barctles witn ' )

the wel wn y-Fe,0,, while Line C relates to .typical bee-Fe. Similarly, other oxide

nanomaterials such as‘CoFeQ,, NiFeO,, or SmCoFeO, etc nanomaterials can also be used as

starting materialg for the synthesié of some metallic nanomaterials, CoFe, NiFe, or SmCoFe,. -
10027] The following shows how the invention is useful with the general synthesis of 4

m Fe,0, nanocrystal materials. Iron (1II) acetylacetonate (706 mg, 2 mmol), 1,2

decanediol (2.58g, 10 mmol), oleic acid (6 mmol), '

-hexa-

oleyl amine (6 mmol) and dioctyl ether o |
mlL) should be mixed in a glass vessel and heated to reflux for 30 minutes. The heating source
should then be removed and the black-brown reaction mixture allowed to cool to room

‘temperature. Ethanol should then be added. The black product should be precipitated and

| separated by centrifugation. Yellow-brown supernatant should be discarded and the black

8



mL) should be m xed in a glass vessel and heated to reflux for 30 Tngélpe7
The .heating source should then be renoved and the bl ack-brown readt 006
"“mxture allowed to cool to room tenperature. Ethanol should then be added.
The bl ack product should be precipitated and -separated by centrifugation.

Yel | ow br own supernat ant shoul d be di scarded and the black 8 21 SEP 2006

product di s%g §§ I N xane Ln the presence of oleic acid and ol eyl am ne.
Any unsol vETPFER aﬂ' W%%Fm%ﬁmlwd@M{mmamxmlv%e Fe3O4

nanocr yst abecqahﬂlohdhdnﬂd bereffovid bydefteifidfion? YThe ¢¢ U‘Qa&tcﬁi’(gﬂ

centrifugation, t@#@ 3@6&%‘?{\06 di'spersed in an vent aronatic
sol vent, oP SRS autbxa l'ang centeifugntionaing acg emlxmdwmed u&@ aliomeé n

di amet er  soivengardidie solRert, dtichlotiftted V8, e n sal t
ratio or the rneactlon teﬁ%ergture (Ooﬁgfﬁﬁ&ﬁwoww ’hg%éﬂ"g 3\/\4

i nventi on P Rsdradgiin aysimilat wey byehanginie theswabiilizsi/worofalt itio orthereddn eapaafuyst al

(2. 700, 10 HTSQ%“"“A he IEYHAPPEH PR e bl ool U spgpor 46 e

(20 ni), awa Fe, .manoqa@mmtmbpam (118) seetyladfonart)(706 mp,y mMel), NoddAk@RSs: shoul d

be m xed i I ni.trogen, stirred and heated to 100C to
renove hex ne IE E?gcris‘] “‘f‘}?‘)b‘é# e aymol), phenylether (20 migyand® nm nut es.

The heati nlje:@ompargblw(ld nitg) dispersed@lhexask shbeld Bk Afted s QpMssve@eidndl M Xture
shoul d be added. The bl ack product

cooled to r al

shoul d be ﬁ%g& i mgtﬁéﬂgﬁﬁi iﬁ@?&? oy hexang.  Thegpjstureshould he thowheatediteyr own
super nat anteﬂainmed niigutel. ST libating soide $HoB1d!be Aioved REURE bIESHBHA Rllcddh hexane
in the Pr eSeRGE 9 l%ﬂelc cid and ami ne. Any unsolved precipitation
shoul d be Tenoved "fpﬁﬁ‘&i"? o'ﬁ""‘“‘l’h’ém!ﬂéﬂ’e&d n&be black:piredustshould bpe

preci pi t at mdclMedmpdaekﬂra@ I@tdaﬂtﬁﬁigamd TRE PifonLbrowh s@ammom Be g}? 3l ! y

re-di spers&q nlgl ang %ol ven aromati c sol vent and chlorinate ven
Such seed a%‘ PP s‘??ésfﬂU'd‘e(‘,%{ﬁ inyth presenge afpleip agidrrd aleyl pmine) 9m§S| zed .
Fe304 nanowaolved:bxeclpﬁuehlsbdtﬁdw:’e:lﬂo&ubg@crfu@mgdtﬁg frﬁ@ﬁ@é :‘Mbérg tzﬁ? hoUl'Zi”be(Oozg] '

The fol |l ow ow the invention us useful wt he genhe synthesi s
of m%zdi%%ﬁ“&%%p fidding;ethanaljand cqnirifisgation. Ihea@@zquwmsqmelkm 2

mol ), co tmlv(ent( arbjnatiasitent agiehbriaital s(oilveﬂmhah e PhledigRE g&&% néthd f % (20
Yy er

nano!), ol oleyl amne (2 mpl) hen
m) shoul &‘°6}’$n““>g<eé“°“s Y&‘%F g%@ lclanateﬁ@larveth srzeﬁ r.awm mémmteeo

m nutes. T heating source should be renoved and the bl ack-brown reaction
m xture be COO'I@% -bé om t erature. Ethanol should be added. The black-:
or od uct <houl d b g nQvg w the invention us useful with the general synthesis of :

CoFe,0, nanocrystal materials. Iron (IlI) acetylacetonate (706 mg, 2 mmol), cobalt (II)

acetylacetonate (1 mmol), 1-octadecanol (2. 70g, 10 mmol), oleic acid (2 mmol) and oleyl amme

(2 mmol) and phenyl ether (20 mL) should be mixed in a glass vessel and heated to reflux for 30

minutes. The heating source should be removed and the black-brown reaction mixture be cooled

to room temperature. Ethanol should be added. The black product should be precipitated and

separated by centrifugation. The yellow-brown supernatant should be discarded and the black |

product dispersed in hexane in the presence of oleic acid and oleyl amine.’ Any unsolved

| precipitation should be removed by centrifugation. The CoFe,O4 nanocrystals should be.
: preclpxtated out by addmg ethanol and centrifugation, They can be easily re-dispersed in alkane



separated by centrifugation. The yel |l ow brown supernatant should be

di scarded and the black product dispersed in hexane in the presegc]e @3
“oleic acid and ol eyl amine. - Any unsolved precipitation should be ﬁ mgqud
by centrifugation. The CoFe2®»4 nanocrystals should be. precipitated out by
addi ng ethanol and centrifugation. They can be easily re-dispersed in

al kane 9-21 SEP 2006 solvent, aromatic solvent and chlorinated sol vent. By

changi ng t &idven Bmiatie 8d1v vari ou e204 nanocryst al

materials can ge_ made. i.eﬁﬁ\%‘hf% @%ﬁl,'mgé}%ﬂg' #‘eﬁfﬁf"l\@l,tm"@}erwt,ﬂl\/g, or

Ba. [ 0030] S2ifrerariels|Mbg.Qgnaprerstalmaseriatsean berpade] inrwhich MS€ZyICupii, o} MR, @ener al
) -

process fov, TitMg Hipd €304 coated FePt nanomaterials. Iron (111
acetyl acetonate 5706 , 2 mmol), 1-octadecanol (2.70g, 10 nmol), oleic

acid (2 mol), (893 ThefeliowingBhomtion thptiweition & \Refl Wi the gBioral pddebsor’ | M FEPt

nanopartic LSBe I 5 hexane,shqul d _be m xed in a gl ass vessel. under
ni t rogen, Jé‘tgllcci ??E%Ba%%?eﬂggﬁelgn?rga i‘ﬂ)’gﬁ (1B aeriacgionatn €706 s 2mimelyr e shoul d

be then hebbeadecanol (&T0guI0 tmol) Hleithéld {Bfimoi) Yey &fink ?@p&@%"f‘gﬁ%é 8be

renmoved a”ﬂL* he QI ag‘k-ggown r.ogacti on ~m xture coole ture.
Et hanol  shaul §°bé M dgEtpanpacti s Sispersedin hieane should be mixed ipaebispvesel aliennd
separ at ed ditrogeadtitied utblidated to THVRC Y&4 uld b

di scar ded ndft? bl ack rg(()ju(it di sel;;‘gyés%% Tﬁgﬁg’&%@}sﬂgw%geh%?%%@ﬁgé" of
oleic aci-d'eg%l % @91‘"“&‘??1 rTB‘? e squres shapldiberemevediand the binck-bmwndredetion eroved
by centri fuiyairé sbledtb Coontdafipe al i Ri.t at ed ou addi n

y i e RipEdid | EihaSPHbd P{add&i SFHeBdcR P ﬁh%?{%e g

et hanol and centrifugation. They can be easily re-

sol vent, JBTiRiated and peparited by gentiifugntionaThelyetiowbeown supbraatait RABS b ditaRd

readi |y exdndisttdack@r ' i de coated, nagnonpterials with
core i Kcl udi ng n%g%éﬁged(isggkxﬁ?‘?w%'f hgtﬁéd]p Q%B%r%éﬁ’éct goid %ﬂﬁg YrminggAnypt - Cu,
or ot her dwﬁﬂp‘%@@&mbmw&emommmmmgaﬁm.ﬂihGﬁﬁdclysﬁlﬁhBﬁ]h LW Ng shows

how t he i iia@a ouSbygs ] ral..synthesis of jron sulfide
nanocryst g?f airir%taer al syq!ﬁI I gkth\ﬁl&ll IQ?J %gter?%qg%"étla’ﬁgfaé'. Faulyfgdispersed imaplkane 1

- hexadecarf8!VPH; pmetey solygef|and ciprinatedaoivent( Thaprodess caalbe ydadAybsigndefioGiR:) and

henyl et £ivond alll; ; Npated to reflux for 30 mnutes..
'FI)'he Keati Eﬁk;gur ce %dﬁ&ﬁlgg& gaeng%e%égg' tgg%eﬁgﬁﬁ'lga"@ﬁ?%?éﬁﬂ' NirEd@fd on mixture

cool ed t o "PUBT" KNy Sfie ™ Eurniabier pelpuerdatsd patided naifdpartileack pr oduct
Uper nat ang nohould e b ero g o the BRI bl 3ifh B asperaVabiesaos mre xane
T Ehe oy gglga%%apmw%ﬁ &rerizls: dron () edetjdcetamata @06 gy2 mi)| ¥ Gidxqeginb BiidiaE1 On
shoul d be mmsstpuieid ddid (@ @ial], bRGFHAAR Sl ddd e Lehée 450 mi) should be mixed and
_ h<_=ated to reflux for 30 xpinutes. The heating source should be removed and the black-brown
reagtion' mixture cooled to room temperature. Ethanol should be ad&ed. The black product
shoul§ be precipitated and separated by centrifugation. The yellow-brown supernatant shouid be
discarded and the black product dispersed in hexane in the presence of oleic acid and 6leyl
.amine. Any unsolved precipitation should be removed by centrifugation. The iron sulfide
nanocrystals should be precipitated out by add_ing ethanol aﬂd centrifugati.on. .The process can be

- used to make other metal sulfides, such as cobalt sul_ﬁde,-nickel sulfide, etc., as well as metal
sulfide coated nanoparticle materials. ’
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nanocry. stals shoul d be precipitated out by adding ethanol and .
centrrifugation. The process can be used to nmake ot her netal sulfizqeggr @gé:h
“as cobalt sulfide, nickel sulfide, etc., as well as netal sulfidé coat
nanoparticle materials. 10 21 SEP 2006 100321 The above nade iron oxide
and-iron sulfide based nanoparticle materials could have many i nportant
applications’in such as ferrofluid, data storage, sensor, nedicinal
i magi ng, drug [0832] ThE bove Aladé i i ; i optj cal devices.
100331 Theyefore, L as shown above, t‘fiﬁg#@%&ibﬁfl‘% |°c?ﬁ3‘ﬁ4’ég"é‘fﬂ"§°ﬁwﬁ
approach t PRYE MRk deportanippplicationsiim sush as feirofluid,rdatastorage Ssefior, Modicial infagihgsal t
wi th al coh@hg deIdeROAILVS i ine im .an organic solvent and héating
B B o Bl o

the m xture to 200- 360C. size 0 “f¥'cl es can be controlled

ei ther by chandP¥¥}] Thereforeons shawn atiove,ahs ghéset inventicH presets al ¥ppréhdh hﬁﬁmml |
nanopart i Y] j xi de. Magnetite nanoparticles in the size
rangi ng f ?Jg%&ftd#rﬁﬂ%g qg%ﬁr#r‘#%l{s%y FxRe P'Pg%?‘sw‘ﬁ‘e"‘iﬂ‘%lt satbaxylioaridand aglinedinned
with the immm!vemdihmhgtﬂemﬁxmmobeo-BamJimsﬁg@,gﬂg]ﬁ/{lyicle&&nﬁg her iron
oxi de baseg ia Qﬂﬁérib%ffan”% eiii.al S, including MFe204 (M= Co, N, Cu, Zn,
., Ti, Da, I\/gﬂ“)fa nano e g e 1ron salt forag PURSEUQ by coating swelh narioparticles

mat eri al s. withmorerisoarokiden Magsdaitd astsarticfes i dﬂ@siie/ﬁhéiﬁ‘%frérp‘ifmd {o% n?n“»'vfg'bd.e based
nanoparti g aﬁo%gerlsg_%bsﬁb% regl ac%}r.llggal cohol with thiol in the re ion
m xt ure. e magzﬁé’fl AR o5 Satatng the inyensiono Thejinyention canbe rEmiPPBxtemicd

a- Fe203, v othenirdicoxide taseiiafsbattiel : chesy —whi e iron oxide
based mate[fi @3 canmbee, l;seg .?bo maeggﬁ%riliﬁéﬂgﬂ ?‘pgy%aés)b@q rrgg’a#f'f!é'»gn, r, Ti, .
nanopar t i cted’8) Sifioppate Irojoxide copted nEaoBainke natenials aThé invaftion 236 Rads thhi | e .
t hie i nventth@synthasis bficoh subRIe bad® HaroPart ferre oglj ts, those
skilled in_the art wi L, Fecogn %%ﬁéﬁﬁﬂgﬁsﬁ%{”ﬁ% g&‘ﬁ%&“ﬁ@ﬂ@éd Wi th
modi ficati of o PHiYfe: hRe magnefite paneperticlesysn be bxitiael toqnFeL, of &+Fe,d,lordhn BEP -

2006 12 @kdicddSo bed-Fe AandpREaSS whiie HEKIE etite nanoparticle materi al
conpri sing: i xi rl]rgpﬁn irgn salt Wt #a cono f“afzic?:'ét?“o'ﬁ fojmake bingy and ‘an
or gani‘c - aniCA&asA &y nanepartiglesdyeleasdCaffe Nifie, and FeCoSm, nanoparticles.

10034] While the invention has been described in terms of préferred embodiments, tl-lo;se

skilled in the art will recognize that the invention can be practiced with modification within the
spirit and scope of the context.
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5 heating said mxture to reflux; cooling said mxture to roomtenperature;
precipitating a product fromsaid mixture; and dispersing said prbU§ep 2008
“one of an al kane, aromatic, and chlorinated solvent, to produce a
nanocrystal dispersion. 10 2. The process,of claim1l, wherein said heating
conprises heating said mxture to a ten“ag'rature bet ween 200C and 360C. 3.
The process of claiml1l or 2, wherein said iron salt conprises one of
Fe( ooccH3) 2CLAIMSBac) 2, Fe(acac)3, FeC2O4, Fe2((C204)3, where acac =
CH3000HCOCH3. 15 4. ,The progcess of any one of clains 1.to 3 .wherein said
al cohol conpri sés aﬁpr%“reg%\ﬂf@akalpﬁBﬁbqg%ﬁté@inﬁﬁopﬁnb@%f‘?t%ﬁf‘r?]?%{'%‘?g'R(G—i), and

i ncl udes nNo- afnEah®hn #8A sEIPWith aflalddhe], a citbRk flidadil, cRdRA icsgMmicarhind iwethebon
chain. 5. The process of any one of clains 1 to 4, wherein said am ne

conpri ses offeproduceRNXIUIEPNH, and R3N, wherein R conprises a hydrocarbon
chain. 20 6. Th : pe of clainse 1 to 5, wherein said solvent
D One irbRERR b g

conpri ses one ' R nd R-N-R wherein R conprises a hydrocarbon
chain. 7. A magemlingsaidaniapae td mom tepperatute; nade according to the process

of any one of grlec?iipﬂgtirllg g,groghctffro% \szlfic]i Ersnwl(gl?cz;déﬁddoc: UG
dispersing said product in one of an alkane, aromatic, and chlorinated solvent, to
produce a nanocrystal dispersion.

10 2. The process of claim 1, wherein said heating comprises heating said mixture
to a temperature between 200°C and 360°C.

3. The process of claim 1 or 2, wherein said iron salt comprises one of
Fe(OOCCHs;),, Fe(acac),, Fe(acac)s, FeCy04, Fea(C204)3,
where acac = CH;COCHCOCH;.

15 4.  The process of any one of claims 1 to 3, wherein said alcohol comprises an
organic alcohol having a basic formula of R(OH), and includes mono-alcohol and poly-
alcohol, wherein R comprises a hydrocarbon chain.

5.  The process of any one of claims 1 to 4, wherein said amine comprises one of
RNH;, R;NH, and R;N, wherein R comprises a hydrocarbon chain.

20 6. The process of any one of claims 1 to 5, wherein said solvent comprises one
of ROH, R-O-R, and R-N-R, wherein R comprises a hydrocarbon chain.

7. A magnetite nanoparticle material made according to the process of any one

of claims 1 to 6.
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