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; }~e3e~ {46T OM1J71J7 nAnpa SYNTHESI S OF MAGNETI TE NANOPARTI CLES AND
THE PROCESS OF W\W SED NANOVATER. | ALS BACKGROUND Cmm[wmlmuwmmlm
‘Field of the In ] The present invention genera o]
nanoparticle synthesé®w2and nore particularly to size controlled.syqathesis
of iron-ba nanonar eso= 4 i

nanopart i ¢RI OFMAGNEREEENAKOPAREICLES AR Mt iGcEss
applications. Descri gte, Fe304 is one
of the three common @g%@‘ﬁw& E@Eﬁ%%%l ch have found
many i nportant technol ogical applications. Magnetic iron oxide nanoparticle
di spersions, comercially known as "Ferrofluid", have been used wi dely in,
for exanple, rotary shaft sealing for vacuumvesse| oscil I ati on danpi ng
for various electronic insB QUN%GFE&M%F:NE&% ng for avionics)
robotics, machine tool, and autonotive [K Raj, R Moskowitz, 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 Paian th‘l?% Jehddn US Patent 5648170) and US

Pat ent 6083476, incorporated herein b erence] Magnetite dispersion is
al so useful for the manufacture of I|qU|d crystal devices, including color
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6086780, apadichlmlyPat ent 6103437, |ncor porated herein by reference]. As a

sem conducfing ferri net vmthh ete K he

magnet i tesﬁﬁggg'f?ﬁﬁ\‘#ygﬁ‘g%f offgn l??f?dafgn?‘%lf ﬁ‘ne aﬁ; ?E’gf)glgg’fqg%r ?'péiggl on. [G
Gong, et ahnophiigle.maeials that carbhavEafaby ingfdrthnt teJ:hnd%gl@.l affdientionst al ) Appl .
Phys. Lett., 72, 734(1998). X Li) et al, J. Appl. Phys.) 83) 7049(1998).
T. Kiyonmura, et al) J. Appl. Phys., 88) 4768(2000). R G C. More) et al,
Physics E) 9) 253 (2001), S. Soeya, et al, Appl. Phys. Lett., 80, 823
(2002).J The use of nmgnetite nano artl Ie n.clinical nedi CI ne is an
inportant field in diagnostic 2)6 féﬂﬁliﬁd"{fd“’d%l ivery. Magnetite
nanoparticles, with size of 10-20 nm are superparanagnetic. These
particles interfere with an external honogeneous nagnetic field and can be
posi tioned magnetically in a living body) facilitating magnetic resonance

i magi ng (MRI) {oeo2)Mslnetde, Kb,Q0 Rk Sf{lmUﬁar&]o%&&%Q,xrohJSﬁ%&%G, Fd,00ad32 .0,

Us6207134, ed herein b erenc .et al, J. Magn.
Mag. Mat e c@ﬁggﬂg‘%ﬁﬁ'ﬁ?’dﬂ’p}’ éér‘lfbmi(@ ??E@H?EF‘]“B“%MF@"%H%%’H“%’)P@PW&W?%n f or
cancer thaispaﬁohy&iﬂ;ﬁa%ﬂy kﬁ&ﬁﬂ@?ﬁéﬁ:ﬂumcmemt\@w WRER A fodexeMbR/BRBE, A

. Jordan, er. 201 413(1999 0003 A1 of these
TRl 7 BN B P R A F@Mmm%@
require t haﬁxtnéd@nmmeiwsn@afdbbﬁdsemﬁdhm thol, aitl kitbMotiVE[KS RAP R@M&Kﬁh&,.}' ze

range and veral | size distrihution is _narrow so that the
particles e&%%fff n?%léif‘é’g?) Jordi gg,g\agx}eggg is perimetaticpaterinh I“’o‘i‘”é'é?q ofedhat i on
and cont I’@Sﬂhcﬁfdf 18:1 hisWeeLuRAT %’mﬁh@ﬁ pplRations Mlé@?ﬂh?@@ﬂé@m

particle |zes eneralllé e in the ran nm and, for use as

bl ood poo tﬁﬁ‘e 1 R PREnfrodtiP0eand L{?a?ﬂ‘?“&ﬁ‘és:”gﬁz incprporatest hegrim by refesencelng
material s Mdgﬁkthdd@ﬁc%ﬁﬁf@bisb’ uftful B R AR 48 fre mi@@iﬂ‘i{r}stﬂﬁgﬂb&' MOuBfg I:él&‘ es

with the gﬁp red si eptabl e size distributtion without particle

aggr egat i % Mop W‘F chesynd tinable wapelength filigs (Y8 Retent 36482690U8 f or

produci ng PaREIBOY239S, £nanUPBdtatit S943BY £ U Rhert 6G8780) ah )OS RaieRl 61%@&37 In the
first nethod, the magnetlc fluid was prepared by grinding of magnetite in a

ball mill for along tine wwth a surfactant and carrier solvent, as
exenplified in US 3215572, and US3917538, incorporated herein by r ef er ence.
In the second approach, stable dispersion of nmagnetite fluid was obtai ned
by transferring co-precipitated magnetite covered wth an ol eate nonol ayer
into a non-polar solvent. The main characteristics of this nethod are to
obtain an ultrafine magnetic oxide by a chem cal reaction fromthe agueous
solution containing ferrous (Fe 24) and ferric (Fe34) ions, and to
acconplish strong adsorption of surfactants on the nagnetic 2 particles
in a water solution, as exenplified i nUS4019994, US4855079, US6086780,

i ncorporated by reference, and other publications [Y. S. Kang, et al.,
Chem Mater. 8, 2209(1996). C.-Y. Hong, et al, J. Appl. Phys. 81,
4275(1997). T. Fried, et al, Adv. Mater. 13, 1158(2001).]. This nethod does
not need a long preparation tine |ike the grinding nethod and is suitable
for mass production of nmagnetic fluid. But, it does need constant

adj ustments on pH value of the solution to ensure the particle formation
and stablllzatlon Recently, a third sonochem cal synthe5|s of Fe304 from
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(0005J The present invention presents an approach that nakes magnetite
nanoparticle materials by mxing iron salt with alcohol, carboxylic acid
and anmne in an organic solvent and heating the m xture to 200-360C. The
size of the particles can be controlled either by changing the iron salt to
acid/amne ratio or by coating small nanoparticles with nore iron oxide.
Magnetite nanoparticles in the size ranging from2 nmto 20 nmwith a

narrow si ze di.sfribution are, optained wit.h the inventiaon ~The invention can
o+ eadrteprortasisit by Rliioe). Asfpefibfontiel e bt mtel¥Tal B cliehoeily

i ncl ﬁdi rwsdlxg)ﬁe.e fagrichlte-haSshow gredbpjotedtin! intunnellig ddagcc falgicatidnZ (e Foné,l%&l: ar Ie

earth netal ) nano r : I fon oxide cqat n terials.
The. 1 nv b v ahat, 105Dt 3D SRriEes SPrTr dirt b P RUORE Bt el
nanopar tj, Rhﬁl. PRYsS 83,3039(2998) SR KafoniGa, 2t £10)1 AlppNPhy3., BB, 47168(2000) . G.€rCt i ON

m xture. The magnetite nanoPartches can_be oxidized to ¥ Fq%l ](:%,B or

a- Fe. 103vioese, ¢t ah Physica &y §eod (208 pe-Soey, pabdtpph £y Letts §h 82420924k Thsugfe based
mat eri al 110 3 i iz : Alia b il es,
tch ao. e o e e o e e
present drog deltveryn Magnetige panoparticless with isizo of 0620 nny,ardruperpimagagheic These
nanoparticle material.s, W ontrolle i i . nd obj ect of
tho | nveRrtg eftrg Widan thtedaltRicBleoBERBbd fetFadl B e puBREST PO

mat er i al magieticdilydsa iag tddy, fEitiGing magidRE eshnanariopging (MRE fomheldicahl s. A third

obj ect of, the, i i I i ] oated n art.icl

ot o | ol Gogngsis U5 EREASA isooafs SR £, PRI B BRA RBR yp Fracenng
Vot ] o Lt T T A g pa ot o L0007 To. rake Fea0k Wi th the
i nvent i oFt’f"i‘Fﬁi‘H‘rPE‘&Pf“iq%“?W iiég“i%ﬁy@gﬁ%giﬁ’%s’ frﬁL‘gf’ § hﬁ'l'ekbriﬁ'd'f’femgfep abet i c
aci d, angbridr, etl,). Magn Maglifater] 200 413(1999))eat ed at a tenperature in the
range of gg%ié 3J:%mag Aj‘gter.e.c ol i n%( thg etite arr]rg arti cl%s ar.e

by oo pit at od BRSIALERH e mediafia gt ERneicial FRliruihs o SRR e e GRidE .
Th'edei ZerdqiRe ?@ﬂhé ﬁnhiﬁ?tié parﬁélta _tsi&@is![uﬁﬂiirh)ic ﬁdiluaddtaigsiﬂ Fah gy ?‘dhle: dIv_mln to

aci df am ne ratjo.or. the reaction erat uge. e Siz articles can
e B, T
eatin a i ich 201 e, f6r el ¥ ionk, ea
to I\/Fegofl ngnonf}?léria{aos \:\,hil ddi ng a cycl];;fc relirlli tfg e cl)f n%plo rticle to
the m xt EER Rife sresohould gnerslly fein thetaer 2181 Enayro; Ofuse s bieed piolegentsi . by
repl aci neheahean bodralipdriiclé sizdincluding iy dFhidgihiderialb@hduld pRIersbl bd Kéfow 30 nm.

nanomat egj al s and. iyon s_uJéLi}ygg coat.ed core-shel |l nanopaterial s can_be made.
Passi ng GRVGET Rrpjustng Rastis the dsiged sizg|agcepfable sizg distribution withaybpariidde-c 203 or
a- Fe203, agiganiick Rg comsitdntlg béenagrétiim,t enper at ure appl i ed, while passing

hydr ogen- cont %F‘b%gas t hrough the Fe3O4 particles will lead to bcc-Fe
nanoparticl e rhvg generglan eredugingyagyetiteiferrfiuid havebeqmonabin theh e

f or egoi ngriaruit. Gh R Hirs? BicBioliSthe MARREE Auid s aﬂyiﬁgﬁt li?,g%ﬁxgzpfgg:lf J&?éihgliaau

under st oog frg_gwth,e follow ng detailed desc referre

embodi e Ml for dlongtime witha surtsctantiand cardier spluent.as exeralified indUp AES572,andvhi ch:
[ 0009] FWBQHﬂS,iiﬁcoﬁ)oEaQ&ﬂféPéiﬂSy&f}?éncéhﬂ%s@coﬂelﬁﬁ{r ch,zs%lesﬁ Foonlopr the .
re

preparation O'f“z'l‘:eio’ r@‘r}oparti cles via iron sa educt | on/’deconposi tion;

[0010] FIMgEPesHetiug yazoblainedihytippsfermring capresipitactimnagnetite coveead withamnleate fr om t he

Schene r nphoeridlo Fheipdtarkolvént. ThORhlchihd sﬁc;?ofghpae@mﬁd aict w@ﬂsn of 8 nm
0

Fe3O4 nangparticlesg prepared according to the 'scheme shown in Figurel via
coating & ?’é‘%@&“ﬁ&ﬂg‘g%‘t ¢hemisal sgaotinn framdhq aqyepus selution qopwindie ferepsi(Be 4
shows a hd FOF) ibas Q3 ! eyaisle [ to the
schene s?:gwn in igu)r e im\i/aig) coatqﬂ%gggﬂ%%]%%ﬁ%anopar ?rg@géﬁgn&?ﬁ nor e
iron oxide; [0013] Figures 5A-5C show three TEM i mages of 16 nm Fe3O4
nanocrystal s prepared according to the2scheme shown in Figure 1 via coating
12 nm Fe3X4 nanoparticles with nore iron oxide; Figure 5Ais a |low
resolution i mage of a 2D nanocrystal assenbly; Figure 5B is a | ow
resolution imge of a 3D superlattice nanocrystal assenbly, and Figure SC
is a high resolution atomc lattice image of several nanocrystals; [0014]
Figure 6 shows the X-ray diffraction patterns of (A) 4 nm (B) 8 nm (C 12
nm and (D) 16 nm Fe3®»4 nanocrystal assenblies. The sanpl es were deposited
on glass substrate fromtheir hexane dispersions. Diffraction patterns were
collected on a Sinens D-500 diffractoneter under Co K a radiation (.1=
1.788965 A); [0015] Figure 7A and 7B show hsteresis | oops of Fe3O™4
nanocrystal materials at roomtenperature (e.g., 15C-30C), Figure 7A is
from4 nmFe3O4 and 7B is from8 nm Fe3O4;




[0016J Figure 8 shows the X-ray diffraction pattern of iron sulfide
nanocrystal materials; [0017] Figure 9 is a schematic that indicates that,
starting with Fe3O4 nanoparticles, a variety of other iron based
nanoparticle materials can be nmade; and [0018] Figure 10 shows the X-ray
diffraction. patterns of (A 16 nm Fe3O4 nanocrystals and (B) y-Fe2(3

nanocr y st akeidil 2uRResdIfRA Q%r%}lﬂi%& 12[846{9906, URHSESTHOuSbosdPlC for 2h, and

(© bcc anocryst assenb romthe reduction Fe3O4 under Ar+H2(5%
at 400C fiocorpdratedbTraferéeice, [aﬁdsantmibmu@s (FrEACmeEDaENEeD. ManTsS, OF THE

| NVENTI I ] . of 1h ¢

i nventi (()]r?E 2&’28% gd)péz‘\;:’%m 8%9 h,%,?\ﬁ, 5 gylm @?%nﬁ%&@&hhgﬁgg@ icles, with
cont r ol | eti5spe001)d| E‘hsmmlmdaioehmtn@dd|lm1grprdpamlm1mn%k$ﬂnomndxmg rﬁetgodamdis iron
oxi de nanoparti.cle materi.al s.can be m Xi iro alt, alc

car boxy| ii“ﬁ)tg@? £pr eSS Depdystion ﬂf'ﬁ%“‘étfm%g[g‘ftv‘gmes&ﬁ% tﬁ‘au NG PP re to
refl ex. Avddieastithessolutibh @ ensire fiRpatidle fadfnation zbﬂlsfwxlmwnedteb@tlp a0tiird enper at ur e
(e.g., 15C-300), the mxture is treateg Wt h e%ﬁ nol. and blagar&%% t|c

mat eri al ssqna@cmwéwﬁfhﬁaf oo o Bl 13l ves regert HaYahmRK et tals

di ssol veds¢ing X286 1orgzodm QB BRidfRorbe, 86l ). MilleraOhdAE) 1 1195 A ROP) L Tihp! {at ed
wi th ethanol. This wa h boiling sol vent_ and othey organic i npurities

can be remweelsql%m&ewé aMﬁéﬁptamquSels heteragraeity ipiths sige istiikbptign P&‘QBEFS“ ting
nanopart i ﬁlagneﬂ@gﬁ{xbl@é $he coMBosIRInGIL tRbeTpaftftiles HndARE e Gntbraétfon (BcbsBeBreRR EENT S 1O
give a bl ac wn sol ution. TEM analysis shows t hat particles are nearly
monodi s pepasticlesshhegrachssdowrdsslleranagpetitenarioprystelp bassientlimitedaedesson ratio, or
i ncreasing reaction tenperature, the nagnetite nanoparticles with sizes
ranging from2 nmto 12 nm can be nade. Fig.2 is a TEMinmage of 6 nm Fe3X4,
nanocrystals prepared according to Figure 1 and deposited fromtheir hexane
di spersion on an am)rphous l@mlﬁ’l W@gpcrystal S can serve as
seeds for | arge Fe3O»4 nanocrys ormati ons The | arger Fe3™
nanocrystals can al so be nade by seed nedi ated growth. The small Fe3O4
nanocrystal s, nor e erial h wn_in ure 1
and heated to @@?ﬁ' ep§§engbnr¥" resd“st%‘apﬁrr?%cuﬁ "Pkgsnr% “REAE mjﬁflgl seeds,
vari ousl ynﬁ'tezleld bi-eidtivg haﬂmwmtad?dobolp@rbobﬂm‘ani‘dmd amiriedn arebdgmdc kcﬂmh;artdo Fe3™

ticl t.h i f 4 to 2 th

el ot e fEtniR st 20o-381] T gih PN it cen e MR lER SR B huTkinac
m Xi ng andaehmarsaln@ aﬁﬁ/aﬂgnd)‘btlﬁorrhy]cEﬁB@émaW.ﬂmpartwléﬂ with inbielirod olsmbl of iron

I t, 'd led to 12
om Feaor iR Farels ifTRisif Faofie Rars st i AR n et ot eButs W i
t he sane awwb@inedwithti@rinsatibn 'Hmhvehﬁmrca@bgaadhgr etedadrts other ir@toxide bh&ednm
Fe3™ I Q2 3- SC I i zed
Fo301 nangEpplide EuisraBdrdingliqulb S Caainen 2a C0 1himme BRI o mmar ed
with the Whlnte&lhﬁﬂ&ﬁityﬁdlﬁhﬁd isdhuaideicBatéd ﬁhna?arﬁdv@&@tehmgﬁﬁe iHmEoSAlEAL €

that the di at ed qrowt t onl y|elds anocrystals, it also
nar r ows tF’F@‘? ggs ?sfsi‘gﬂff’fla ﬁ%? élgéﬁ“?ﬁf? ohwitlethiphi f or m

nanocr yst i theRh&ioh &\hﬁtu&n dhé ﬁﬁgﬁdlfeéﬂahd]ﬂnfcfé@ czixﬂiem%ldu%ﬂ td)'P Fbadjoﬁf ¥-FE®,, or
superlattic ‘E‘F%ds wn_.in Fig. 5B. The hig g)qge;:éltyo éqs nat ure of

t hese, nan%‘ﬁ?ﬁ topbgeF %‘ﬂ?r‘ﬂ%a"é"tl?suﬂb'lﬁl&“ qxsde Matcgialgpanm ‘Fﬁed to make

hi gh- r es obisry Qon BEW hRtalir mmhﬁle@%a&%melma%%ﬂ@m'nEﬁJp%Rcheﬂ ry for a
group of nanocrystals. K The atom c |attices correspon ing to lattice

constant of d(19406] ﬁ“-"blfc'B‘Ef thepresentannention is to proviflesmethod fos HylithFSlzmg Fe;0,

hi gh-reso this fcc
spi net st %ﬁfgkﬁgglﬁgegme%gﬁgg??ng m@n l\/\% éj%%egg:gd (\l/\bf&ﬁ&qﬂgfn% foé '?%dar d
Fe304. Fig.6 shows the X-ray dlffractlon pattens of variously sized Fe30~
nanocrystal assenblies made from Figure3l pattern (A) and seed nedi ated
grow h patterns (B-D). Fromx-ray line broading in Fig.6, the average

di aneter of the particles can be estimated from Scherrer's fornula: L,,w =
K. U 3cosO in which L is the average crystallite size along the direction of
the MIller indices (hkl)) ~ is the wavelength of the x-rays used, Kis
Scherrer's constant and has a value of about 0.9. 8 is the Bragg angle, and
[ Is the peak wwdth at half height in radians. The cal cul ation confirns
that the particle dinmensions match the average particle size determ ned by
statistical analysis of the TEMinages, indicating that each particle is an
i ndi vidual single crystal. [0022] Due to the small size of Fe30,
nanocrystals, they are superparamagnetic at roomtenperature. Figs.7A and
7B illustrate hsteresis | oops of two different Fe30, nanocrystal materials
at roomtenperature. Fig.7A is from4 nm Fe30, nanocrystals, and Fig.7B is
fron18 nn1Fe 04 nanocrystals It can be seen that snaller partlcles (4 nn)
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coat ed Feet nanoparticles. The process is rather general and can be applied
to other iron oxide coated nanoparticle syntheses) including nagnetic Co,
Ni, Fe, Feet) etc and non nagnetic Au, Ag, Cu) Pt, Pd, etc. [0025]

Repl acing al cohol (ROH) in the Fe30, synthesis with al kane thiol (RSH)

l eads t6 iron sulfide.nanoopterials, Fig.,8 is t - r i f j on
pattern oF‘%’s"@VﬁW&gf T PX WW‘FF&“&QHDW@&Q‘?%I@?O% °§T"5‘T§’ic°tdwat ches

Wi th pylr ][ hﬁfobi:ﬁclgﬁ?teﬁblas A.thifd 611jéc&6f m@inwlmioh gm nfaké n‘gn 6xidd ¢dagd aurdpartirent Is :
iron sul fide coated nanoppartjcles cap al so be e by, mxi nanoparti cl es
Wi th ironmatgripl. f*rfP‘Hﬂ",&’t%P‘Ef RNy tIGR 540 "’é‘f’ﬁ)‘r‘ﬁ‘rﬁﬁﬁ.&eiaﬂ‘yﬁ%&l rff’atﬁ‘ﬂd heat i ng
t o ref | UXnanbpsricle hfiteniald Mnd ahdthdr @6jebt v e GiveNIn iOW dialidaaidlié fandmaeRAE! i Cl es,
but al so non-nmagnetic nanoparticles. The process can be extended to produce

ot her conpl i catfBO7liamenka e, it thednygation, irpmsalt jembeed e poluany pith aliadalqobol,
FeMbSx, aQ@gﬁ@g’g @fg,ggtp i binfHeS Thé ROGE isﬂaﬂ%&: &3%empasd iR R elpY 8f Fooc

mat eri al s as starting materl.al s for .o'ther iron oxide
nanocr yst 4 3608€e Alftall eoolingl themaghstitenangpediinieg areareaipitatediost omtheindispegioshows an

I f ' . f ti 304 . '
hrougn aubRalsBHEAhERR ROR, rBrSche GERA s (Rl e uBaRL I, iy 0°r
assenbl y, tamid/arhink €0iG,or the e¢adorcsterpi@tren harge siyesk malticks scamilbg/be dhammidrivg
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Fig. 10, isslthhemixtird @ilNeadstoMESD shanothaterialsehile addingradiffereat typeah t he

anneal ed Fe, O upder, OZ at 250C for 2h, and, Lin is. fromthe _anneal ed
Fe30~ undé‘f’"",l?f“[ﬂgil;(t%%e "Hi‘t“rfd’b‘g:yfeéfl'rmx'qficﬂ‘ﬁegﬁfqﬁﬁé’g‘“\ﬁlet'ﬁat?%gs‘ W& 1 - known
y-Fez03, wpldcingdliddRolGvithahial mshd ixtut@ b6 liroh e@lfienanSinaieliste biyd irdi suffide0Xi de
nanor nat er i alcg such as CoFe.Og, l\ﬁFFe , or, Srrf:oFegsg 6510 nﬁgt er,i alﬁ can
al so be uSeledeorethst PpopialEials crpemds, Pessive oxyaep upughdhe ke,(smpferials yill,
hanomat er iréhR in &EEy-FHOE6) o-BE,03HeIN8Mg of (He 2ehciionBpératuleappid, SANMGasiifyY t he
invention is useful ,wth the general synthesjis of 4 nm Fe30, nanocrystal
mat er i al s DYdPEHR-EpainneLas thiqugl tedhlipaltiviss Wipleadtobrgst's nanppatticle mistesialine di of
{2.589) 10 nmol), oleic acid (6 nmol), oleyl amne (6 mmol) and di octyl
ether (20 nlL) should be mxed in a glass vessel and heated to reflux for 30
m nutes. The heating source should then be renoved and the bl ack-brown
reaction mxture all owedgRPEf PRSCRIPTRINOF TEERAL AWiNgs Et hanol shoul d then
be added. The bl ack product should be precipitated and separated by
centrifugation. Yell ow brown supernatant should be discarded and the bl ack
product dispersed in hexane in the presence of oleic acid and ol eyl am ne.
Any unsol ved precipitation should be renoved by centrifugation. The Fe30,
nanocryst al s sH908ldhsdorpgoing asd ptheebiests; aspectsandiad yantagpswidl bedetter understood
centri f ugglol i ol j Aaromati c
col vent . aonbily MHbuilp3ct celerpfiofhEHALERA dfbolthel 3 ety midt O

di anet er &efprenge tothgdrawings, isiwkichar way by changing the stabilizer/iron salt
ratio or the r i : he..f ol | ow hows how the
invention is u@g?ﬂ IFQ%’% ﬁg{aﬁé&g}éﬁg}%{&g@% F\%grlalslzegfscqegj er:@ﬁ éggf?,pmﬁté%ocfr yst al
mat er i al s FeOq oanopartiplys vie oy saltgeduotiardecémfBition;, 2 mmol )) 1- oct adecanol

(2.70g, 10 nmmo . ] ' I | eyl .am ne (2 mmo h | ether
(20 m), and 8‘0}1)%121%%&2 %%hvgﬁar” %‘ra§2§2)?60%¥ﬁ§93?'e15é?r§%ade4 %6%213?§%\é°’§%0ul d
be m xed shovwn iglFimeelyessel under nitrogen, stirred and heated to 100C to
renove hexane. The m xture should be then heated to reflex for 30 m nutes.
The heating source should be renoved and the bl ack-brown reaction m xture
cooled to roomtenperature. Ethanol should be added. The bl ack product
shoul d be precipitated and separated bygqcentrifugation. The yel | ow brown
supernat ant shoul d be di scarded and the bl ack product dispersed in hexane
in the presence of oleic acid and ol eyl am ne. Any unsol ved precipitation
shoul d be renoved by centrifugation. The Fe304 nanocrystals shoul d be
preci pitated out by adding ethanol and centrifugation. They can be easily
re-di spersed in al kane sol vent, aromatic solvent and chlorinated sol vent.
Such seed nedi ated growt h nmethod can been used to nmake variously sized
Fe, O nanoparticle materials with sizes ranging from4 nmto 20 nm [0029]
The foll owi ng shows how the invention us useful with the general synthesis
of CoFei O~ nanocrystal materials. Iron (l111) acetylacetonate (706 ng, 2
mol ), cobalt (I11) acetylacetonate (1 mml)) 1-octadecanol (2.70g, 10
nmml ), oleic acid (2 rnnol) and ol eyl amne (2 mmol) and phenyl ether (20
m.) should be mxed in a glass vessel and heated to reflex for 30 m nutes.
The heating source should be renoved and the bl ack-brown reaction m xture
be cooled to roomtenperature. Ethanol should be added. The bl ack product

- .. T o o o .




[ 0032] The above made iron oxide and iron sul fide based nanoparticle
materjals could have many inportant applications in such as ferrofluid,
data storage, sensor, nedicinal imaging, drug delivery, catalysis, and
magneti c and optical devices. [0033] Therefore, as shown above, the present
i nvention presents an approach that makes magnetite nanoparticle materials
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and R3N.  pcc-Fe nanocrystal assembly from the reduction of Fe,O, under Ar+H,(5%) at 400C for 2h.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS OF THE INVENTION

[0019] As mentioned above, a first object of the presgnt invention is to provide a method
for synthesizing Fe,O, nanoparticles, with controlled particle sizes and size distribution. As

shown in Figure 1, iron oxide nanoparticle materials can be made by mixing iron salt, alcohol,
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7. The process of any one of clainms 1 to 6, wherein said solvent conprises
one of ROH R-OR and RRN-R 8. The process of any one of clainms 1 to 7,
wherein said dispersion conprises one of water, alcohol, acetone, alkane,
aromatic solvent, and chlorinated solvent. 9. An iron oxide nanoparticle
mat eri al nmade according to the process of any one of clains 1 to 8. 10. A
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O A O T larger Fo.0, nanorystats éan slso be swide by seed mediated growth. Th
1304 rystals can also be made by seed mediated growt e

small Fe,O, nanocrystals, the seeds, are mixed with more materials shown in Figure 1 and heated
to reflux. By controlling the amount of small nanocrystal seeds, variously sized Fe,O,
nanocrystals can be formed. The method leads to Fe,O, nanoparticles in the size ranging from 4
nm to 20 nm, depending on the relative weight of small Fe,;O, and iron salt mixture used. For
example, mixing and heating 62 mg of 8 nm Fe,O, nanoparticles with 2 mmol of iron salt, 10
mmc)l alcohol, 2 mmol of carboxylic acid and 2 mmol amine led to 12 nm Fe,O, nanoparticles,
while mixing and heating 15 mg of 8 nm Fe,O, with the same amount of iron salts and other
organic precursors led tol16 nm Fe,O, nanoparticles.

[0021] Figs. 3-5C are TEM 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 spine] '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(111) = 4.86 angstroms



organic amne in an organic solvent to produce a m xture; heating said

m xture; cooling said mxture to roomtenperature; precipitating a product
fromsaid m xture; and dispersing said product in a solvent to produce a
nanocrystal dispersion. 16. The process of claim 15, wherein said heating
conprises heating said mxture to a tenperature between 200C and 360C. 17.
The process .of claim 15 or 16, wherein said nanoparticles conprise one of a
netal oxide, a_ netal,

ol [. T ocess,of cl al erein
said met ama!@ﬁéseewp‘vs aﬁa o é‘“‘iﬁF%aﬁeJl‘Sf Thevnieosh pegamm ﬁ‘" stﬁ
V, Ti, Mspifiédstriture %@lm%mslﬂhlcﬁgu@mﬁﬁﬁ%mmﬂhﬁlmd,?Flg\m&hbﬁ'h thesai d

nmetal conprises one of Fe Al The process
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pol yhydr opatdnPih) add sec]%dﬁfe@%ﬂﬁr&h ttefhd (B-D)EFRin £ta¥iliHe bidading irBig.6\¥her ei n

said iron oxide conprises one of FeOX and MrFexOy. 22. An iron ox| de coat ed
nanopart i @veéamverrqtemof}%aammwsqanévem’t@@&éimafsqbﬁverdfenwac| ains 15 to 21.
23. A process of making an Mﬁ gul fide nanoparticle nmaterial conprising:
14 mixing an iron salt W'th a organic «thiol, an organic acid, and an
organi ¢ aiim which b isthe evegegeicysabite/sivtalang tlprdndettoe ofitheiMiller iadicesdbkl),Ags thai d

m xture; (%\%(\)lleller?ggh gﬂhg x-rrgy)é ElyeﬁeKEs%cBgr(r)ems LSRG B4 'H5L4 value of about 0.9, € is the
Bragg angle, and P is the peak width at half-height in radians. The calculation confirms that the
particle dimensions match the average particle size determined by statistical analysis of the TEM
images, indicating that each particle is an individual single crystal.

[0022] Due to the small size of Fe,O, nanocrystals, they are superparamagnetic at room
temperature. Figs.7A and 7B illustrate hsteresis loops of two different Fe,O, nanocrystal
materials at room temperature. Fig.7A is from 4 nm Fe,O, nanocrystals, and Fig.7B is from 8
nm Fe,0, 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).

{0023] The process shown in Figure 1 can be readily extended to the synthesis of more
complicated nanoparticle materials, such as MFe,0, nanoparticle materials. This involves
mixing M (or R) salt and iron salt in a solvent with alkyl alcohol, alphabetic 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 salt can be any of
Fe(OOCCHj),, Fe(acac),, Fe(acac),, FeC,0,, Fe,(C,0,);. Some non-stoichiometric
nanomaterials such as FeMo,O, CoSm,Fe,0, 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 alcohol,

alphabetic acid, and primary amine in a solvent and heating the mixture to reflux will give Fe,O,



precipitating a product fromsaid mxture; and dispersing said product in a
sol vent to produce a nanocrystal dispersion. 24. The process of claim 23,
wherein said heating conprises heating said m xture to a tenperature

bet ween 200C and 360C. 25. The process of claim 23 or 24, wherein said
thiol conprises any thiols froma basic fornula: RSH 26. An iron sulfide
nanoparticle material nade according to the process of any one of clainms 23
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M xture t grdcethi BeP@endéd ogrodncesthed coraplicagd Aandmatials af wellnihidthgiiont ur e;  and
di spersing said product in solvent to produce a nanocrystal dispersion. 32.
The proce§§’“‘(9PmEtF‘5FﬁMS§x’ angh{eaMoS, nanomateridst i ng conpri ses heating said

mxture 10 a tgERET Fie¥ed, Baicthtibes AR mALKhIsaR be used as starting materials for other
iron oxide nanocrystal materials and metallic nanocrystal materials. Figure 9 shows an
example of various transformations of Fe;O,. For example, passing oxygen through Fe,0,
nanocrystal assembly at 250C gives y-Fe,0, nanocrystal assembly, and at 500C, yields «-Fe,0,
nanocrystal assembly. Passing reducing gas [Ar+H,(5%)] through a Fe,0, nanocrystal assembly
at 400C leads to bee-Fe nanocrystal assembly. The transformation is illustrated in Fig. 10, in
which line A is from starting Fe,0,, Line B is from the annealed Fe,0, under O, at 250C for 2h,
and Line C is from the annealed Fe,O, under Ar+H,(5%) at 400C for 2h. Line B matches with
the well-known y-Fe,0,, while Line C relates to typical bec~Fe. Similarly, other oxide
nanomaterials such as CoFeQ,, NiFeQ,, or SmCoFeQ, etc nanomaterials can also be used as
starting materials for the synthesis of some metallic nanomaterials, CoFe, NiFe, or SmCoFe,.

(0027] The following shows how the invention is useful with the general synthesis of 4

nm Fe;0, nanocrystal materials. Iron (1II) acetylacetonate (706 mg, 2 mmol), 1,2-hexa-
decanediol (2.58g, 10 mmol), oleic acid (6 mmol), oleyl amine (6 mmol) and dioctyl ether (20
mL) 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 mxxture 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



15 33. An iron-sulfide coating nanoparticle material nade according to the
process of claim31 or 32. 34. A process of making Fe203 nanocrystals
conpri sing: oxidizing Fe304 nanocrystals with an oxidizing agent, at a

t enperature above 30C. 35. The process of claim 34, wherein said
tenperature is between 200C and 500C. 36. The process of claim 34 or 35,
wherei n sai d oxidizing agent conprises one of oxygen and peroxide. 37.

Fez03 nanwoductdigpessedin bexaneinthi presenas of hisignciskand oleyt aning Ampunsglvest ai s 34 to
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nanocrysta onprise on
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R T T B T SN T MR RN T e
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(2 70g, 10 mmol), oleic acnd [ mmol), ole;l amu(l)e (2 mmol), phenyl ether (20 mL), and 8 nm
Fe,O, nanoparticles (15 mg) dispersed in hexane should be mixed in a glass vessel under
nitrogen, stirred and heated to 100°C to remove hexane. The mixtpre should be then heated to
reflux for 30 minutes. The heating source should be removed and the black-brown reaction
mixture 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 Fe;O, nanocrystals should be
precipitated out by adding ethanol and centrifugation. They can be easily re-dispersed in alkane
solvent, aromatic solvent and chlorinated solvent. Such seed mediated growth method can been
used to make variously sized Fe,O, nanoparticle materials with sizes ranging from 4 nm to 20
nm.

{0029] The following shows how 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 amine
(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 CoF <;204 nanocrystals should be
precipitated out by adding ethanol and centrifugation. They can be easily re-dispersed in alkane
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precipitated out by adding ethanol and centrifugation. They can be easily re-dispersed in alkane
solvent, aromatic solvent and chlorinated solvent. The process can be readily extended to other
types of iron oxide coated nanomaterials with core including magnetic (Co, Ni, Fe) and
nonmagnetic (Ag, Au, Pd, Pt, Cu, or other polymer based particles) nanoparticles.

{0031} The following shows how the invention is useful with the general synthesis of iron
sulfide nanocrystal materials. Iron (III) acetylacetonate (706 mg, 2 minol), 1 -hexadecane thiol (6
mmol), oleic acid (2 mmol), oleyl amine (2 mmol) and phenyl ether (20 ml) should be mixed and
heated to reflux for 30 minutes. The heating source should be removed and the black-brown
reaction mixture 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 iron sulfide
nanocrystals should be precipitated out by adding ethanol and centrifugation. The process can be
used to make other metal sulfides, such as cobalt sulfide, nickfel sulfide, etc., as well as metal

sulfide coated nanoparticle materials.
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magnetlte nanoparticle matenals by mlxmg lron salt w1th 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 witha
narrow size distribution are obtained with the invention. The invention can be readily extended
to other iron oxide based nanoparticle materials, including M Fe,OQ (M = Co, Ni, Cu, Zn, Cr, Ti,
Ba, Mg) nanomaterials, and iron oxide coated nanoparticle materials. The invention also leads to
the synthesis of iron sulfide based nanoparticle materials by replacing alcohol with thiol in the
reaction mixture. The magnetite nanoparticles can be oxidized to y- Fe,O;, or a-Fe,0,, or can be
reduced to bee-Fe nanoparticles, while iron oxide based materials can be used to make binary
iron based metallic nanoparticles, such as CoFe, NiFe, and FeCoSm, nanoparticles.

{0034} While the invention has been described in terms of preferred embodiments, those

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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organic solvent to produce a mixture;

heating said mixture;

cooling said mixture to room temperature;

precipitating a product from said mixture; and

dispersing said product in a solvent to produce a nanocrystal dispersion.

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(OOCCH3;),, Fe(acac);, Fe(acac)s, FeC;04, Fey(C204)s,

where acac = CH;COCHCOCH;.

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.

5.  The process of any one of claims 1 to 4, wherein said organic acid comprises
an organic acid having a basic formula of RCOOH, RSOH, RPOH.

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

7.  The process of any one of claims 1 to 6, wherein said solvent comprises one
of ROH, R-O-R, and R-N-R.

8.  The process of any one of claims 1 to 7, wherein said dispersion comprises
one of water, alcohol, acetone, alkane, aromatic solvent, and chlorinated solvent.

9.  Aniron oxide nanoparticle material made according to the process of any one
of claims 1 to 8.

10. A process of making a metal doped iron oxide nanoparticle material
comprising:

mixing an iron salt with a metal salt, an alcohol, an organic acid, and an organic
amine in an organic solvent to produce a mixture;

heating said mixture;

cooling said mixture to room temperature;

precipitating a product from said mixture; and

dispersing said product in a solvent to produce a nanocrystal dispersion.
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Zn(oxalate), Mn(OOCCHj3);, Mn(acac);, Mg(OOCCH3),, Mg(acac);, Ba(OOCCHs;),,
Ba(acac);, Sm(OOCCH;)3, Sm(acac);, MoOs(acac);, where acac = CH;COCHCOCHs.
13. The process of any one of claims 10 to 12, wherein said nanomaterials
comprise one of stoichiometric MFe;O4, non-stoichiometric MFe,O,, FeMo,Oy, and
CoSm,Fe,O,.
14. A metal doped iron oxide nanoparticle made according to the process of any
one of claims 10 to 13.
15. A process of making an iron oxide coated nanoparticle material comprising:
mixing nanoparticles with an iron salt, an organic alcohol, an organic acid, and an
organic amine in an organic solvent to produce a mixture;
heating said mixture;
cooling said mixture to room temperature;
precipitating a product from said mixture; and
dispersing said product in a solvent to produce a nanocrystal dispersion.
16. The process of claim 15, wherein said heating comprises heating said mixture
to a temperature between 200°C and 360°C.
17. The process of claim 15 or 16, wherein said nanoparticles comprise one of a
metal oxide, a metal, and a polymer.
18. The process of claim 17, wherein said metal oxide comprises an oxide of one
of Fe, Co, Ni, Cu, Zn, Mn, Cr, V, Ti, Mg, Ca, Ba, and Sm;0s.
19. The process of claim 17, wherein said metal comprises one of Fe, Co, Ni, Cu,
Ag, Au, Pd, and Pt.
20. The process of claim 17, wherein said polymer comprises one of silica and
polyhydrocarbon.
21. The process of any one of claims 15 to 20, wherein said iron oxide comprises
one of FeOy and MFe, O,
22. Aniron oxide coated nanoparticle material made by the process of any one of
claims 15 to 21.

23. A process of making an iron sulfide nanoparticle material comprising:
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10m @ cooling said mixture to room temperature;

precipitating a product from said mixture; and

dispersing said product in a solvent to produce a nanocrystal dispersion.

24. The process of claim 23, wherein said heating comprises heating said mixture
to a temperature between 200°C and 360°C.

25. The process of claim 23 or 24, wherein said thiol comprises any thiols from a
basic formula: RSH.

26. An iron sulfide nanoparticle material made according to the process of any
one of claims 23 to 25.

27. A process of making a metal doped iron sulfide nanoparticle material
comprising:

mixing an iron salt with a metal salt, an organic thiol, an organic acid, and an
organic amine in an organic solvent to produce a mixture;

heating said mixture;

cooling said mixture to room temperature;

precipitating a product from said mixture; and

dispersing said product in a solvent.

28. The process of claim 27, wherein said heating comprises heating said mixture
to a temperature between 200°C and 360°C.

29. The process of claim 27 or 28, wherein said metal salt comprises one of the
following and their derivatives: MoOx(acac),, Mo(OOCCH3),, Co(OOCCH3),, Co(acac),.

30. A metal doped iron sulfide nanoparticle material made by the process of any
one of claims 27 to 29.

31. A process of making an iron sulfide coated nanoparticle material comprising:

mixing nanoparticles with a metal salt, an organic thiol, an organic acid, and an
organic amine in an organic solvent to produce a mixture;

heating said mixture;

cooling said mixture to room temperature;

precipitating a product from said mixture; and

dispersing said product in solvent to produce a nanocrystal dispersion.

32. The process of claim 31, wherein said heating comprises heating said mixture

to a temperature between 200°C and 360°C.
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35. The process of claim 34, wherein said temperature is between 200°C and
500°C.

36. The process of claim 34 or 35, wherein said oxidizing agent comprises one of
oxygen and peroxide.

37. Fe;04 nanocrystals made according to the process of any one of claims 34 to
36.

38. A process of making Fe-based nanocrystals comprising:

reducing one of Fe;O4 and MFeO,, nanocrystals with a reducing agent at a
temperature above 30°C.,

39. The process of claim 38, wherein said temperature is between 250°C and
500°C.

40. The process of claim 38 or 39, wherein said Fe nanocrystals comprise one of a
bimetallic FeM, where M = Co, and Ni, Cn, Zn, Cr, and a multi-metallic CoFeSm,,
CoFeMoy.

41. The process of any one of claims 38 to 40, wherein said reducing agent
comprises one of hydrogen, a metal hydride, and a unit adapted to give out electrons.

42. Fe-based nanocrystals made according to the process of any one of claims 38
to 41.



