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Transition Metals Background of the Invention Field of the Inven?i 14 iZQUB
present invention relates to nanoparticles of transition nmetals, and nore
particularly to convenient chem cal syntheses of stable, nonodisperse

el emental (such as hexagonal cl osepacked((hep), face-centered Cubic (fcc),
and a novel cubic phase of cobalt, alloy (ColNi, NlIFe, ColFelN), (where

rel ative concentr at iMethoa forRroducimgrilanopartictesyofctransition:Metalsand
internetallic (CosPt, Copt, Copts, Fe3Pt, Feet, FePts, etc, which are

di stinct conpounds with definite Lchi Nl .. and over coated magnetic
nanocrystals (e.g.) particles coﬁiﬁtkgh%ﬂa%gﬁteéﬁ@ﬁﬁ%%nt ric shell of material
of different chem cal conposition f{iedioftbelnvgntionseri al process) preferably
Doscr pti on.of TRETRETchid] BRI 15 neRBHTaE: ortaRton'néids T30 ore Bafilery o
di fferent feanieniandsheraieal mynthessaghistabled monedisparse falamantal {3usk asdrexagonal close-
o 1 el ok s e o ol 4 mpobiryast o b e i
L ot aCO/F ) ReTe TG concenraions gl IOGEENS e AaEninONY | a8 INeTEalc
beconme si ng{GesRioGaPY). CARY, eFdsPial FePn PFaPEatetad Nghichf armdistinchagmpdunds peitht tefinits

i ncl ude not : Ltra-high density recordi nanoscal e el.ectroni cs. .and
er manent  niigRsrasties) i oo S hahel Aol (SRR Sofisifb pER sh ke

| abel | i ng agehvbmataibl abdifarerd coamical eorsposiion prgiused ay e serishprocesispprefdrably havod of
t hese pot engial il o i hsperse magnetic domains with
hi gh dur abi %l?e[%iugsﬁﬁt%@%tg@{ézﬁdg}%gi?o&@%@gwggg@i ety of physical and

chem cal synthetic routes have been attenpted to produce stable,

nonodi sperse zero-val ent nagnet i RespEption0) ed?%a.tedl'gﬁse i ncl ude sputtering,
met al evapor at i Magnedid progeries, of il Sdrtickeslate difdtertt fro@NhosadAbuNesHipRls due to a “finite
organonet al |.i ¢ precursor deconposition. Conventionally, controlling the
particle si¥¢ SEGCﬁanost ructured metal clusters has been limited only to

| at e transiti onSpeetfiedlly, wihuibb fiaite dize effsgt, aPdheapaitidRt sipaist neddiced fromhmiceaetey to
transition ﬁ%ﬁ&letef?cr fe! {ﬁ\LAgéer&?ree}B:%éﬁﬂcr@é‘s%%&’}e'a& i Ha%ﬂﬁé%pﬁméo”a' met hods are
ei ther in aggrega ed powder Yormor are very air-sensitive, and tend to
agglonerate irreversibly. This is problematic because the air sensitivity
generates safety concerns when |arge quantities of the materials are
present, and results in degradation over tine due to oxidation unless
expensive air-free handling procedures are enpl oyed during processing and
the final product is hernetically sealed. The irreversible aggl oneration of
the particles makes separation processes which could narrow the size

di stribution inpossible, and prevents the ready formation of snooth thin
films essential in nagnetic recording applications. The aggl i .
reduces the chemcally-active surface for catalysis, and sermﬂmhﬁmmmﬂMﬂmﬁ
the solubility essential for biological tagging, separation 3
3 and drug delivery applications. Thus, precise control of parti &jogoz

di mensi ons and maki ng nonodi sperse nanocrystals remain inportant goals in
technol ogi cal applications of nanomaterials. Ferronagnetic uniaxial
Cobal t based nanomaterials (e.g., many of these materials are tetragonal
crystal structures which |[ike the hcp structure is uniaxial) (e.g.) such as
Copt inter-nmetallics, and Col Tal Cr alloy) have been used in hj i
recording nedia, while fcc cobalt-based nanoparticles or Nildmmmmmwmwmmw
particles are magnetically soft materials with | ow ani sotropy

advant ageous in the devel opnent of read heads and in nmagnetic shiw#isng
applications. It is noted that the terns "hexagonal cl ose-packed (hcp)" and
"face-centered cubic (fcc)" refer to the specific internal crystal
structure of the particles and is inportant determ ning the ani sotropy of
the magnetic properties. Additionally, these materials are anticipated to
di splay interesting, giant (e.g., very large) magnetoresistive properties
when organi sed in extended arrays, and thus are candi dates, for exanple,
for magnetoresistive read head sensors. Moreover, previously, the
reproduci bl e chem cal synthesis of magnetic transition netal nanocrystals
uniformto better than about 5% in dianmeter has been difficult or

i npossi ble. The inability to control nanocrystal size to better than 5% has
in turn frustrated any efforts to prepare 2and 3-di nensi onal ordered
assenblies of these uniformtransition netal and netal alloy nanocrystals.
Tradi tional nmethods for the preparation of netal nanocrystals include

physi cal net hods such as nechani cal grinding, nmetal vapor condensation,

| aser abl ation, electric spark erosion, and chem cal nethods included
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When any of these physical or chem cal processes is perforned dT9e9M$912903
the presence of a suitable stabilizing agent and a carrier fluid or the
netal particle deposited fromthe vapor phase into a Garner fluid
containing a suitable stabilizer, a nagnetic colloid (e.g., ferrofluid) may
result. Al of the above-nentioned techny ques have been practiced for many
years and have been unable to refine the |evel of control needed for the

producti on sk vwilér@ltﬁeepammwédome@m kdogainof transition netals and netal

alloys to the | str th nt ent tors
nave’ i mted t RO Salpae fenalhaoeigRERRY ool el Pl TFHESF el o
di fficul ty recowirgy eahoscalet dleztromcsl, atd pmhaneni hagnetsj lout alsb tltehelserasgnmmi aatatysts| ioi ds
is high, a I d f e
bor f or rranc@%o fbcul?cfébefﬂﬁi}i%éngé %ﬁ?i\“ C@@é basérg E%\n @é@rtén?ﬁoél%l?tre@r?&ﬁﬁch & O}hés@
devi ces narpotenkatiappicatiansds torinake menedjsperse mag@etrs dOfD@zlﬂQ with highedvrabilityzand icenrasiont
advant age. @gly the trenmendous growth in nagnetlc technol ogy in
medi cal and I ot echno* % i ndustries has o ene y new lic tloq
Thus, the convént&igial PRYEEH ANY) cremigehaidtnglice uaaﬁaﬁme@@ asrenied Q@radiee $talii r ed
control in nﬁdn@mweméuzetd mnphagmemblnanmmst lmew;dc?ﬂéi%pmknﬁg ;mﬁal telwau@ratm? al's
0 e,_convent i onal neta

d | al.l
Darti ol o g meElHRER iR, et Sanetatt aRcH e RN of o
i ncor por at ed ar@nventionatyo ogritrelinghel pariciasize of nenasfrudtured metaldiustexs ks been limited
nanopar i ol b b R ERMAAS BN G AG°RY % MRV RASES TRIEH SapURR Hhdhs

i nher ent
| nvent i on Ipartioleeprepared agsording é@mnwttamedj methpds arp edisr mrmg@gateﬁéowdenfmmor ¥hal
met hods an%ﬁfﬂ&éé’ﬁﬁ% afd t&al tscég Bﬁe?atbeurﬂav&%wt TH’!;V%”;Srblﬂé}nété Eéaad%eotﬁéféﬁ an

i nexpensi ve chem st ab sperse e
i nt er met al [SERSItiviY 9%99”&%“8%?“08@3%8‘? 'ﬁ@ﬁ@g?%‘isaﬂf&e lalﬁéfe Hﬁ?‘?@&@” 'ieSli'ﬁ%e
present i nuedegradetios over tmeodiel® Daduion Walkesd bxpeﬁsnvmtamreealhsmmg Idrossdeedssarey

Cont e o AT RRERF Bk i, G IBBRE bl AT TP
wite headsgglonerttianrodthepearticles meltes séparatien proeassed which/enldinamow thetsize diskibution
Lg;;?flFhgggéﬁg?%sﬁhﬁﬁﬁgmgﬁﬁﬁb&vf&ﬂﬁmﬁ{&%ﬁﬂﬁmtﬂMﬁ@EQ%ﬁﬂHQWﬁnﬂg%ﬁkﬂﬂﬁﬂmg
rmonodi sper SePligalipRs: The wgl@wemﬂ@n reglyrgs el 069mﬁdhcﬁﬁwetﬁuﬁﬁfés‘0f§@iﬁl‘:’3'§h%&d seriously

hi ?E gua:c i ]Enmltérme@@lummy éma?@rfFM@é®athggwgb@®?raﬂ@hl ]gaveg Mor e S|oeclt f : cally, a
nmet hod of form ng nanoparticles, 1ncludes steps o ormng a neta
precursor solution froma transition nmetal; introducing the netal precursor
solution to a surfactant solution; adding a flocculent to cause
nanoparticles to precipitate out of solution w thout permanent .

aggl oneration; and adding a hydrocarbon sol vent for one of redispersing and
repepti zing the nanoparticles. Thus, according to a first aspect of the
invention there is provided a nethod of formng



nanoparticles, conprising: formng a netal precursor solution F‘rngAN 2003
transition netal; introducing said netal precursor solution to a surfactant
solution, wherein said form ng and introducing are performed in an inert

at nosphere with the exclusion of oxygen, said surfactant solution conprises
a conbination of an organic stabiliser apd a phosphine to protect said
nanoparticles, and said organic stabiliser being a | ong chain organic
conpound ofanilrigfdelivaryRppi€ationeere R is a nenber sel ected fromthe group

SO hyer Seor bol e P B edbaBd AL ARG o T e
f1 uor ocar bamparteat goalsinstecraoigbical capplivations o dafamatarialso nFermaiagnetic woiarielaCdbalt
chai n- COMPIyshbhnfinbidhe (e1A A ofhQPma@ilh 10 HifBgdhal SytalsFEhEh gk b
group consi sting oAt I'r'c’aci d, %osp oric QC|d, osphini ¢ acid,

sul foni ¢ adicg strealure isrintaxial} {ectks,, sueinas @oFﬁ inter-metadlicagnd Cpﬂ@&t allayhbave degrausedin

hanoparti C'rﬁgﬁ\ Géhsity R ?{Hh%%e%ﬁ?%ilé)fccsc@béﬂﬂa@éh WéﬁoP%lesOSrr N?’beélm sparticles are

aggl onerati oh; and addi ng, a hydrocarbon saol vent for one of re ersi ng and

repept i zi ngnaghptsaly ﬁ%ﬁ‘?ria@w\éé.'°VA6'H$9tfaPM1‘@h"Efb'5 advantageris A fe develgpientof read

; nvention tr’fet@dfaridsin MagwétﬁgmeFin?@pMEﬂioﬁé. |ftanas}edghan?rmn@?ﬁst‘ih@*aggnat@m{-;iaﬁkem?:
ormng a recursor _sol u n_as .a,conmpl.ex 0 ransition etal .at a

i1 st Tempend ) s e ok loPh e 6 tecPReeinemar Ll sinire BEP4iciRe

hi gher t harandais dmportast determpringather eniscirapyd ofs thef meagreetic psopledies. o Mddiionally, staesea

conbi natio ; r [ TNE d S o Saldl
manonart | oI RacrRY oS aRRetd 18 Ae) iEfestB oSS B P ebiclrefiond fopertes
conmpound ofWheRergapisad R exiendedh airays Randsthis aremg@dlda%@, &t example, den magnelgrasisiive
consi sting @id Heall séhsBidr ocarbon chain in straight or branched formation

sai d hydrocarbon chain conprising 6 tg 22 - 9 ~a N Zoo 6 carbon atons,
and 2) a fl uor JUBYYEH REGMAURLY, Psﬁ‘esngfaf’l{fﬁﬂe ehemicah syniagsisr of magnedn tragsijoq metal
f | uor ocar boranednystale GifoPi tsbater thaih @bald 50ain fiumetdr vas be@ndificMhér impdesibl. The

sel ected fr.om. [ NSl St f r | i i has ric acid
phosphi ni ¢ | S8 Bt 3z Bhefter ) %f%s",‘ ?Lgﬁﬁusﬁrme@aﬁy Bt SR Zs i
met al pr ecuandod-digehsionab rordeseds sissembliess at ttase wrifbum itansitiano nfetat nand  mictat allay,
wher ei n sai g ST | LA it Al i hByei

port or med 1 GreHBIe Tratftond rhcfded T, ﬁ%ﬁér{aﬁdﬁf’ﬁﬁbﬁgﬁ%3’%@%&%@%‘%8@%3@ a
f1 occul ent Thads;sychakmeekanica! grindive, metalbyARPt sendensation, faselc attationt dlecyist spaf

sol ution Wdrbuint ap@r dRRMRAKE nREBHS NRIREd AdluticH Ghasdd rdddctdan Nafd meRArsAIR) thémbent
for one of fedispersin nd, repepti si ng sai d nanoparticles. According to a
third aspecec@?mgﬁ@1wﬁ@%ﬂfwgﬂwfhere i s provided a nethod of forning
nanoparticles conprising; formng a netal precursor solution at a first
tenperature, said netal precursor solution containing a surfactant solution
conprises a conbination of an organic stabiliser and a phosphine to protect
sai d nanoparticles, and said organic stabiliser being, a |long chain organic
conpound of the formR--X, where Ris a nmenber selected fromthe group
consisting of 1 ) a hydrocarbon chain in straight or branched formation,
sai d hydrocarbon chain conprising 6 to 22 carbon atons, and 2) a

fl uorocarbon chain in straight or branched formation, said fluorocarbon
chain conprising 6 to 22 carbon atons, and where X is selected fromthe
group consisting of carboxylic acid, phosphoric acid, phosphinic acid,

sul fonic acid, sulfinic acids, and thiol; introducing a reducing agent at a
second tenperature into said netal precursor solution, wherein said formng
and said introducing is performed with the exclusion of oxygen in an inert
at nosphere; adding a flocculent to cause nanoparticles to precipitate out
of solution without pernmanent aggl oneration; and addi ng a hydrocarbon

sol vent for one of redispersing and repeptising said nanoparticles.
According to a fourth aspect of the invention there is provided a nethod of
form ng nanoparticles, including: formng a netal salt precursor solution
containing a surfactant in a nonreactive solvent, said surfactant sol ution
conprises a conbination of an organic stabiliser and a phosphine to protect
sai d nanoparticles, and said organic stabiliser being a | ong chain organic
conpound of the formR-X, where Ris a nenber selected fromthe group
consisting of 1 ) a hydrocarbon chain in straight or branched fornation,
sai d hydrocarbon chain conprising 6 to 22 carbon atons, and 2) a

fl uorocarbon chain in straight or branched formation, said fluorocarbon
chain conprising 6 to 22 carbon atons, and where X is selected fromthe
group consi sting of carboxmic acid, phosphoric acid, phosphinic acid,
sulfonic acid, sulfinic acids, and thiol; injecting an agent into the
solution to reduce the netal salt in situ to produce coll oidal netal

I Y - o - Y "




9 JA N 2003 7b trial kyl phosphine, \Wile preferable for the | on§ Qb&thUOB
di hydric al cohol to contain C8-C22 atons, favourable results nay be
achi eved using a long chain of C6-C22 atonms. This stabilisation is
effective such that the particles can be handl ed easily, either in solution
phase or as solid formunder air. Thedparticles are easily redispersible in
a range of common aprotic solvents (e.g., ethers, al kanes, arenes, and
chl ori nated hydrocarbons). Additionally, size-selective precipitation
(e.g., preferably by addi ng non-solvent (e.g., alcohol) to the non-aprotic
sol vent al kane solq%ioq ob$the1@a{ticles) i sol ates to nonodi sperse
nanocr yst AIHPEE PEhEqrsheRieal BiNE nal distribution, Besides cobalt- based
particles, the present invention also is useful in producing N, Cu, Pd,
Pt, and Ag nandphgmn anylafshesgphysienl enelicancad poetasses isenermed diregtiysnshd i ¢
conpounds (CoaPt) Copt, CoPt3, FesPt, Feet, and FePt3) and binary alloys
(e, 9,, CobhNsend¥idf&8uitablel stebilizi) agent dndranaryer Auidysthé tetal paftRid@dpdted The
i nvention al so produces over-coated (e,g., such as Co-Ag and Co-Pt)
nanost 1 UCL el RARIHh&Sintd e il bR AURLBALHRRRY| oS L ERLNIE ©f
t he present I nvention, an | nexpensive chemal process is pro%| &d ror
preparing stable nppodi sperse elenental, internetallic, alloy) and
over - coat 4G mray el Sl pEthe poeveriapntigngd frchpiues havedepmpweheds are
efficiently produced with controlled size and nonodi spersity for magnetic
r ecor di ng f@ppnycghisams lave beemsuriable toegme theleved of oty naettiddor thead and write
heads, and a ferrofluid is inexpensively produced. Thus, the present

i nventi on ,RLOUiSESE bl m&gﬁé‘cﬁ:‘i:o%%%@H&r%iti&{m%ﬁ%ﬂirﬁkgaln%?ll&%@tﬂé'ie'i/éls

magneti c gbIIO|ds (e.qg., Terrofluids) conprised essentially o

nanonet er -si ze e,d.) substantially within a range of about 1 to about
20nn) si n&F@OBM‘?‘%‘%’S&EQFﬁ?Pt ’ﬂYﬁﬁ’g%rF'yst als) of elemental cobalt, nickel, or
iron, intermetallic {e.g., CoPt and Feet) or alloys (e.g., binary alloys
such as Col Ni , Sew¢errkfacterrohane liruteddbeetfieaciaf theaxistipg terhotqugs First, heJ A N
2003 8 Co/Fe/N or the like), a colloidal stabilizer, and an organic caner
fluid. |ntéchaicabdiffamsty ddvovedia theigolaB@nair fivaton bothe snage et €HlIdHstio highe
present invention, several inportant innovations substantially inprove the
uni form ty,s, ﬁ%f‘&ﬁﬂr?ﬁl%'las% ldé&de RRAPBe t1ddn ﬁlfér_ttﬁé é%&&%&heé 8f mARriYfEahd as

i mproved resistance of the nanocrystafs to chem cal degradation ?e.g.,

oxi dation). .For. ex | e, some of. the innovations . nclude:..1 ). controlling
uc! eat | oHeHREHHTERGR B enSi e erip At AT TyronesS Pakbousimin RAEe  esont
application, "rapid" represents the total delivery of the reagents in |ess
t han fi ve bs@erchers 5%ecmndistimnt edvptdagaSegondly, tedrengengoungrowvtls seinagieticol ut i on
containing at | east one of the essential reagents for reaction into a fl ask
‘cont ai ni ngechnblogy #ivmedicsinndfbigttdhnoldge induetes hay ypened gainy siewdpplicaions.bei ng
vigorously stirred under an inert gas atnosphere (e.g., preferably Ar, He

or NZ); 2) addiﬂﬁs&hﬁ_@ér&dg fiéérha@'tééﬁfﬁgﬂm% BEerinaBleoRRAZRE iﬂﬁbereg&:é@&in%ﬁ the

nmetal particle gro angi ng the constitution of the reaction nedi um
to allow control led gr at tenperat ur hi.gher an t he standa

br ocedur edt i W08 obF g Bl anaanrae SR TasiBherekils SrdragieT ARSe Pt al o
and 4) enploying size-selective precipitation and centrifugation after the
initial strageshesticalytabdityphdgicenventioral mekalpagichuhasi lonigedsthe gelbdity kbuti on to
| ess than 10% (and optimally | ess than 5% standard deviation in dianeter.

The above-spgehi anedichnhevat irdporayd el lpreniped iwide-¥ialeadd of thomeiah
conbi nation, to inprove control of the conposition and performance of the

ferroflui dyjdd nanoparticles in many applications despite the weaker magnetic properties inherent

in the metal oxide particles.



addition to providing a nmediumfromwhich high quality magneti c"'g JAN 20U3

nanocrystals can be isol at ed. - 9 JAN 2~(?~ 9 Brief Description of the
Drawi ngs The foregoi ng and ot her purposes, aspects and advantages, as well
as the synthetic and neasurenent results of the present invention, wll be

better understood fromthe follow ng detgiled description of preferred
enbodi ments of the invention with reference to the draw ngs, in which:

Fi glﬁrg_ flf‘ is a graph illustrati ngSummafy obtheveritton anal ysis of the part i cles
theevapor at 1 orldF i RAT el ShhprolRHS BLPY ritFblendl bidH; ndiOREHSI ALY
(e.qg., (1009bjest df tha=prgsandinvertiion is ta prpwide lan inekpessivanchemicalkproeass fias\prhperingraidblesi s
of 8“”‘ di a”ﬁ&ﬁdrs&%r&&el&ﬂ%ﬂél nnt&%%%rd'ilbﬁrﬁ%vérfc‘ame&ﬂ%’c&stﬁl@r boxyl

deconposi tions ustrat powder pattern of
particles from %noywp@bjegmwelares@wwent@rm lsaﬁaroyH@\n@nO&rmtaHmeémﬁteaalwﬂhpre@lee>t he

z<-er3y d;fsf ;&@%I@H se and- ﬂb@ﬂ%ﬁé’r@nty%f‘%@ﬁ’eﬁi@ r@&d?dlnflébﬁli@atl@)ﬁﬁ%ﬁﬁegt@?ﬁgﬁo Etlche
o ohoselaauR el Fobidne Sidia g ts) 68 o ABOATB D Rsbhac s, hear i ng. at

bel ow 400C reSUYétlalmhermbjpcftedmepneem Inyeritioris tdmélk@ 4 fegofliidat i ng above 400C

preshces. b eCoraaBidt i, 6 g AT ) R o8,

whi ch wer e gonggniant dorappsseh efoeviag prapaiation of roanodisperssoimegnetic elemente! pad talley es
and dried “ﬁ%@ﬁﬂ(ﬁ?&‘éb‘éﬁtﬁét hgﬁ%@lﬁ?@ﬁﬁéﬂé@ %ﬁlsgﬁé{véﬁé‘en'a%g@v efEM i mage Of

nonodi sper se p- Bﬁb super hydride reduction; Pure
5is an i mage oflorg &ﬁﬁﬁ'iﬁé%@l"ﬁ of fpruing: pangpartiolesn dncluges sters of; dfming a meta

?gC?HEOZ't E 'r%}@c@d‘or dbI6tRR 3ok Qﬁér@ﬁi@ﬂ ReRY intrdfliing MeEAbRI FredudIof §61§!roﬁtt6 HGliHcRnHUe

hese arty Ui dind.a locailent o s %n%@o?%i@ﬁ%’tavﬁ 0l O st w@ioeRe Bareath

van der \\ahggldmeratiers)andi ddding feehysieotaiben kelieny fqrrr@paasfeddusnersmgoand eppstiziag e
from dodec%oéﬂc le on; Figure 6 is a TEMinage show ng the superlattice
whi ch forns du 0 the magnetic and van der Waals interaction of fcc cobalt
particles, indiThas]j agordingtto Iarfestmpedt of e ibweniibnt thereds rprdvrdxdigcmethod of forming

cl ose- packed ar s usi ng a.sanmpl e de os ted

ol ut T e FEARAEESRS; e SRR wBRTRREh sdited Jotse PETER Tl frodveng
with a snal éaldfmgtaﬁpreﬁurédr%bldtloﬂpt@'al ﬁﬁaﬂé\ﬂ%bhﬁﬂn WhereesafoRiin@ bR Mubdudielg are
evapor ation of dodecane at 60 where a stripe-like superlattice magnetic

field pattepgifomedinamipert atmpgmp@ vith the eacltmm qf rigen. said suagtanhspluion sampnersie (
sgr?n P(r)(r)]t gtcédr?rf)ﬁbnfr%ﬁ&ed? Qﬁaﬂgénlé’ﬁéﬁlﬂs&l & ah6HRME b e 488 RaHphRBed and Hif8I9anic
stabiliser belng a long chain organic compound of the form R--X, where R is a member selected
from the group consisting of 1) a hydrocarbon chain in straight or branched formation, said
hydrocarbon chain comprising 6 to 22 carbon atoms, and 2) a fluorocarbon chain in straight or
branched formation, said fluorocarbon chain comprising 6 to 22 carbon atoms, and where X is
selected from the group consisting of carboxylic acid, phosphoric acid, phosphinic acid, sulfonic
acid, sulfinic acids, and thiol, adding a flocculent to cause nanoparticles to precipitate out of
solution without permanent agglomeration; and adding a hydrocarbon solvent for one of
redispersing and repeptizing said nanoparticles.
According to a second aspect of the invention there is provided a method of forming
nanoparticles comprising: forming a metal precursor solution as a complex of a transition metal at a
first temperature, forming a surfactant solution at a second temperature higher than said first
temperature, said surfactant solution comprises a combination of an organic stabiliser and a
phosphine to protect said nanonarticles, and said organic stabiliser being a long chain organic
compound of the form R--X, where R is a member selected from the group consisting of 1) a

hydrocarbon chain in straight or branched formation. said hydrocarbon chain comprising 6 to 22



Figure 9 is a graph illustrating the size-dependent Zero Fiel d.So? Ngﬁ%%m
(ZFC)-Field f - Cooling (FC) magnetization versus tenperature o é% '

particles; Figure 10 is a graph illustrating size- and

t enper at ur e- dependent hysteresis | oops of hcp cobalt nanocrystals at 5 K;
Figure 11 Aillustrates a general chem cgl synthesis of nonodisperse
nanocrystals, and Figure 11B illustrates a graph of the concentration of
Precursors aufiohUstoriss aAd 'ZPB flubré®arbdni @dinan Sfai o@b%ﬂ%d%ﬂnfatlm gl aMdroéartn
apparatus for perform (R; he synt hesis, according R%esent i nventjon
and scherratoh@mqompm ¢ cs%cafbwtgms@andt wbereawgtsalegtécﬂnfromat geoup icensising of t h
t he nanopar r . fy

JA N 2005 1EreK G SEATB B AR RRpAINE a6 sl £l MEEEIO8 o o Hiecucing ©
surface); Fsagtmeialbaacusoresomdiretrmald surtaciagt salutia, toef(mt mmlxtuaq:) pherainsaid fasming the

perfornmng t rocess to th sent_i.nyention,..and nore

speci fi cal |§pﬁ@@{%\t§q§|§@n§gt§ ({lp{,g)%gp%@lpsﬁqr&@f@ﬁngprtta SBI?;\err? W@loé@h? gegnee Phe
sl ow dr opwi &ggenadgdifg @fﬂo&ﬁleﬁtﬁ@ sEi'dQﬁ&tuﬂeetBtca@sfé ﬁdﬁ?e@tﬁ:le's% Brdcipiits Bt 6 iseltion
causes the diSpersion to begin to floccul ate an recipitate, the

preci pi t at ewitheutrpermansat agglomerajion; @nd addlmggahvmgarbomsglmné Ror.one of rdspeusing anch
particles o r?(%garatus of Figure 13; Figure 15 illustrates a
fl owmchart O@b%%ni%éé?d&atngﬁa e inventive process; and Figure 16 illustrates
a flowchart of the Adcendingdé acthiot sspectrodtheoidventiont therei ia\pmv'td'ed@ mpetoastesf Sorming

now 10t he THERATRES iy SOB; 3 IR Pebrodd 3o oo 1Y Rbelich 4oL APl o

t he i nventigracupdor sllitlon sbritaibiegla smatrantedoluﬁon dohfpnmeasr@mbmatmnemn oariisstabiiiser

i nexpensive and effjcient proce
P and a phosphme to protect sal nanopartlcles and said organic stabiliser being, a long chain

organic compound of the form R--X, where R is a member selected from the group consisting of 1)
a hydrocarbon chain in straight or branched formation, said hydrocarbon chain comprising 6 to 22
carbon atoms, and 2) a fluorocarbon chain in straight or branched formation, said fiuorocarbon
chain comprising 6 to 22 carbon atoms, and where X is selected from the group consisting of
carboxylic acid, phosphoric acid, phosphinic acid, sulfonic acid, sulfinic acids, and thiol; introducing
a reducing agent at a second temperature into said metal precursor solution, wherein said forming
and said introducing is performed with the exclusion of oxygen in an inert atmosphere; adding a
flocculent to cause nanoparticles to precipitate out of solution without permanent agglomeration;
and adding a hydrocarbon solvent for one of redispersing and repeptising said nanoparticles.
According to a fourth aspect of the invention there is provided a method of forming
nanoparticles, including: forming a metal salt precursor solution containing a surfactant in a non-
reactive solvent, said surfactant solution comprises a combination of an organic stabiliser and a
phosphine to protect said nanoparticles, and said organic stabiliser being a long chain organic
compound of the form R-X, where R is a member selected from the group consisting of 1) a
hydrocarbon chain in straight or branched formation, said hydrocarbon chain comprising 6 to 22
carbon atoms, and 2) a fluorocarbon chain in straight or branched formation, said fluorocarbon
chain comprising 6 to 22 carbon atoms, and where X is selected from the group consisting of
carboxmlic acid, phosphoric acid, phosphinic acid, sulfonic acid, sulfinic acids, and thiol; injecting
an agent into the solution to reduce the metal salt in situ to produce colloidal metal particles,
wherein said forming and injecting is performed in an inert atmosphere with the exclusion of
oxygen; adding a flocculent to cause nanoparticles to precipitate out of solution without permanent
agglomeration and separating by-products of synthesis which remain in solution; and adding a



prepari ng nonodi sperse magnetic el enmental and all oy nanopart i-elgengme@hat
hi gh-qual ity magnetic nanocrystals are forned. As descri bed bel ow, ”
hexagonal cl ose packed (hcp) cobalt particles, for exanple, are synthesized
by I ong chain dihydric alcohol (e g., diol) reduction of cobalt acetate,
thereby to obtain face-centered cobalt (fcc) nanocrystals, for exanple, via
t hermal deconposition of dicobalt octacarbonyl Novel cubic cobalt ~~1 N

Z003 , 2 na b AFtS thY RPBpaRtbids! preciitatid ButsteRmie Y didisperse @Ad fdpesiRe BHe
cobalt sal ?Q.B@Sé’rt(ﬁ{ fbﬁvee i n\}ent i gél, al Iﬂﬁ%es o? cobal t paS(rét i cl es'?er(tl)r‘set

stabilized ngpopartislesbi nat i on of oleic acid and trial kyl phospl une, which is
effective such Acg&?iné "G apgi'ftﬁ 'é*\shgc?_lﬁrtﬁe hﬁ\}éﬂfiq‘ﬁdthgfés s éro%a%d"%r mgfﬂoé%lf 4b
0 er al. ep e easily re

phase or as soli m un articles ar r I Spersea In
aproti c solnasogarticlddéonmipdsiag: forming i azmetalepresursor solytior diopi a tiénsition (meta .introducing

preferably by addi ng non-sol.vent al cohol . 1 he al.kane .sol utian of t.he.
arti ol es) TAlaee, BoHBRE LI Ber AUFERR, widlpl kit 388 Ml g e s
thereto, therbiRAENtani iRt BlMoSsher Fith ke eieRbbA of BxyRERdaddingth MbcculbAt, to ReusePt
and Ag nanoparticles, as described bel ow. The invention produces

i nt er et al | hagapartisles. to prpdinitatereyb of saltinm witheyt| Reyraaneat gogloregsatian; aesh pdding g

Fe/ Ni d ok i), . Over . ;

Co- hg) - ABroBahoh. Syl By oo b red i tnd netiifi G RARDERORS. Snerphiiall 20
i s provi dechahopariisies pramiprige pobalihased steabpagticlesnanti 8 pembinatisheofesarbakylic acid and

et RS 58 G b oSl e O e BB s anc
TN ahe SAaty st atctonssel toommim e sk R MR
orbodi ment . CHUAL G AT Skt 3 Bk Yo T BRasBiing barp ARG
it is a velgpippure of PREHYCCS Bs, 8 ADIahd 2gHgero valent netal due to a
Q donati ng and ~-back bondi ng characteristics. In the present invention, a
plurality of differkogerdivgdes prsixteaspeelrof e invaationsthere isproyidashat metaod: &frfemingy
phosphi nes (6. Ohrticids "@hbhisin: FarRnG 4 methPEGHRY! soltbt af'a At BRYEEGR" dpbroximately
240 degree C; introducing a reducing agent at a second temperature less than approximately 240
degree C into said metal precursor solution, wherein said forming and said introducing is performed
with the exclusion of oxygen in an inert atmosphere; adding a flocculent to cause nanoparticles to
precipitate out of solution without permanent agglomeration; and adding a hydrocarbon solvent for
one of redispersing and repeptizing said nanoparticles, wherein said nanoparticles comprise cobalt-
based nanoparticles, and a combination of carboxylic acid and trialkylphosphine are used to protect
said cobalt-based nanoparticles, and wherein a particle size is controlled by changing a ratio of said
acid and said trialkylphosphine, the acid being RCOOH with R equal to one of C12 Hz4, C17 Has, and
C21 Haz and the trialkylphosphine being organophosphine with R being one of Phenyl, C2 Hs, C4 He,
and Cg Hy.
According to a seventh aspect of the invention there is provided a method of forming
nanoparticles, comprising: forming a metal salt precursor solution containing a surfactant comprises
at least one of a tertiary alkylphosphine and oleic acid; injecting an agent into the solution to reduce
the metal salt in situ to produce colloidal metal particles, wherein said forming and injecting is
performed in an inert atmosphere with the exclusion of oxygen; adding a flocculent to cause
nanoparticles to precipitate out of solution without permanent agglomeration and separating by-
products of synthesis which remain in solution; and adding a hydrocarbon solvent to the
nanoparticles precipitated out, to one of redisperse and repeptise the nanoparticles.
According to an eighth aspect of the invention there is provided a method of forming
nanoparticles, comprising: forming a metal precursor solution from a transition metal; introducing



phosphi nes (e.g., dunethyl octyl phosphne). These phosphnes rraygb‘éwm,asd
singly or - 9 JAN2003 13 if the situation warrants can they be used

t oget her, However, the inventors have found that trial kyl phosphi nes reduce
the particle's gromh rate, but do not prevent the particle fromgrowing to
undi spersabl e aggregates (e, g., greater 78han 20nm at tenperatures between
100C and 350C). In general according to the invention, the surfactant
conpri ses sail ‘metayanécarsert adlition tera’ swfectaht sautian) wheyeio hesich foomiggrend ivteodpcinghd
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particles as they are produced are insoluble in the diol and aggregate

i mredi ately, The nethod and process according to the present invention
avoids this by using an inert solvent and a | ong chain diol, Thernal

deconposition of dicobalt octacarbonyl is another known synthesis procedure
used for fcc cobalt A varlety of polyners and surfactants have been used
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16 particle growh. However, oxidation of the particles readily BCJAN ng
cobalt oxide particles are usually obt ai ned. Super-hydride (LiBHEt3) has
been used to reduce netal halide in tetrahydrofuran in the presence of

al kyl amoni um brom de (RaNBr) at roomtenperature to give smali particles
(< about 4 nm. Wth the present inventi7dn, reduction at approximately 100C
- 240C in high boiling ether (e.g., octylether or phenylether) has been
used, and ftieldehosphire. Weénile prbddrabies i Xherlayg chainddinydpia alceah ta oonmvéa-ICZa atoans,
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hcp cobal t anddirer ansittethary ploysisob@dswi t h t he above nmet hod according to the

i nvention. The peaks that appear at 20 = 49, 52, 55 and 91 degrees
correspond to d~oo0 = 2.17 ~, doo2 = 2.02 ~,, d~o~ = 1.91 ~1, and d~~o0 =
1.25 ~,, respectively, and are matched with those of the hexagonal

cl ose-packed (hcp) cobalt crystal phase. The broadening of the reflection
line widths as the sanple size decreases is referred to as a "finite size
broadening." A detailed analysis of the line widths is commonly applied to
determ nati on of the nanocrystal size. Figure 1 B shows the X-ray
diffraction pattern of a fcc cobalt nanocrystal sanple confirmng the bul k
fcc lattice spacings. The X-ray pattern of the particles from superhydride
reduction do not match either hcp or fcc cobalt phase, as shown in Figure
2, but display the same symmetry as the uncommon ~ phase of Mh netal. The
pattern fits well to symretry of the ~3-WVnh structure scaled for the
difference in the size of the Mh and Cobalt atons. However, this structure
is ~- 9 JA N 2003 18 not stable at tenperatures above 300 C This thermnal
instability can be exploited to provide a sinple route to convert the
nanocrystals' internal structure to either the fcc or hcp forns, thus
changi ng the nagnetic ani sotropy. Heating this novel cubic phase can be
changed to hcp cobalt phase at 300 C and fcc cobalt at 500 C. No distinct
peaks corresponding to Co0O and CoP phase are detected from X-ray anal ysi s,
and el emental anal ysis shows phosphorus incorporation is bel ow 3%
Depending on the ratio of stabilizing ligands, different particle sizes can
be prepared with smaller particles favored by a high ratio of the
stabilizer/surfactant to the netal precursor solution. For exanple,
reduction of two equivalent (e.g., nolar ratio) of the cobalt source in the
presence of one equival ent of trial kyl phosphi ne and one equi val ent of oleic
acid (e.g., a l:1ratio of triallcylphosphine to oleic acid) leads to
particles up to approximtely 13 nm whereas in the presence of nore

equi val ent of oleic acid and

al so



trial kyl phosphine (e. g., a greater than 2:1:1 ratio of the net hJAQWQﬂﬂg()
the trial kyl phosphine and oleic acid), smaller particles are obtal ned.
There is no specific lower limt of the particle size but the snall est
cobalt containing species have too few atons to a have a well-forned
internal lattice and nore closely resenmble nol ecul ar species. The inset 100
of Figure 1 illustrates a series of X-ray patterns of hcp cobalt particles
t hus prepared. Annealing the particles at 300C in vacuumresults in the

| oss of stabilizing |igands yielding an insoluble nmass of |arger

t i f. ti i s displ d i f f of i t
100 The paeliearee G bHOSE SR it i o Al St AR L on as shown i n

the X-ray diffraction patterns (e.g., see inset 100 of Figure 1), and
become very ai o §©dssthedseof|preneriag smagpstis qotlowlspoensdingdo gierpreseobmvention; de
particles are 9 ~ AN 2003 19 obtained instantly. To determ ne the
particl e seweal angosait gnrdivaticrisBubitaitially tipave dle wifoaméy of ndtdacansizs,0l uti on
cont ai ni ng 500 ppm of the product is dropped onto a carbon-coated copper

grid. Spegjfi.C . § oL -coat ed
Qopper TERTGET o SR CRRE oChiclilR o) folcfk BP0 B0 B CH AR GES
tenperature and. pressure. The grid is finally dried in a vacuum chanber at
r oom t enpSPHEIRUON (Ride OXPaHAMM The TEM (transmi ssion el ectron m crograph)

i mge of about 6 nm hcp cobalt nanocrystals is shown in Figure 3. A TEM

i mge of about F8r &xammle, s8mbtof thepencabahs inplade:i 1)lcestroling hosleation Fi gure 4.
The nanocrystals in each case are very uniformin size and the particles

are separ %g@fﬁmie&]@_ ea5h gg&aﬁﬁl (p.g,@oﬂpg%@;e%f_tﬁé gieggrﬁ%gn&a@l%,diraﬁaed on the

surf ace. conposi fion cobal U car | gives high quality fcc cobalt

nanocrystal s. ho in Fi e 5, terrace-Il.i ke nultilayer is.shown of 8
m nonoci S Bt QU ghitveny 8168 rpee e LT o i Pt endFinofnel o
roomtenperature. This three I  .: dinensional ordering is only possible

wi t h mono&eBysen Se g see) ef spfiioarpeniainivgetrleans pye of the essential reagents for

reaction into a flask containing a hot solution of all other necessary reagents which are
being vigorously stirred under an inert gas atmosphere (e.g., preferably Ar, He or N,); 2)
adding a tertiary alkylphosphine or arylphosphine to mediate the metal particle growth; (3)
changing the constitution of the reaction medium to allow controlled growth at
temperatures higher than the standard procedures to improve crystalline quality of the
individual nanocrystals; and 4) employing size-selective precipitation and centrifugation
after the initial stages of the synthesis to narrow the particle size distribution to less than
10% (and optimally less than 5%) standard deviation in diameter.

The above-mentioned innovations may be employed individually, or m
combination, to improve control of the composition and performance of the ferrofluid in
addition to providing a medium from which high quality magnetic nanocrystals can be

1solated.



uni form si ze and shape. The particles have a tendency to self aZ<ErdhAdN 2808
mul tilayer terrace superlattice structure due to attractive nagnetic and
van der Waals interactions anong the particles. If a grid is prepared at 60
C, the added thermal energy allows the particles to diffuse to | owest
energy lattice sites during evaporation and to produce a well-defined
faceted superlattice. A hexagon pattern of this superlattice is shown in
Figure 6, and is indicative of nhere P\y opal packing of the

i ndi vi dual nanocrystals mthe §f ?sﬁF'%tm" of X@ WN95003 Zo I'f the sanple
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uni form mafﬁ{ CP9|S%”E%¥'M%PH§“3&L’(§96L g)(lgm c andl or magnetic properties

suitable f vari e l'ications including recording and
r epr oduci ng rrecﬁlgur%tsmw@l B giaphr Buslratingd Xvipy tpewdatnanalysis (of. 8nm diameler, feeatpalit c.
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particles and dried under vacuum at room temperature;
Figure 4 is a TEM image of monodisperse p-Mn type cobalt particles from superhydride
reduction,;
Figure 5 is an image of 8 nm monodisperse fcc cobalt nanocrystals from decomposition of
dicobalt octacarbonyl and reveals a terrace-structure due to the attractive



surface should be possible sinply by varying the | ength of the"agky’lANrZﬁ(j&
of the carboxylic acid. In pursuing other possible applications such as
using the particles ma biol ogical - 9 Ja N 2003 21 system

pol yvi nyl pyrrol i done (PVP) can be chosen as anot her kind of stabilizing

| i gand because it contains an acetylah@de group that is a basic unit in
DNA, pol ypeptide or other bionolecules. Results have shown that PVP can
readily replace oleic acid to form PVP-protected particles. The
superlattice formed with the oleic acid as a hgand now di sappears. The

particles fdé“@éseoe\f@één tfle BB‘EEI%@‘{'% g‘r, fheE%’BtrE&ive PRLIITRE o |sLAKAYE a’ﬁ’g e(:ﬁc?iﬁ) fl‘%es hown

in Fi gure o, i ndi catin es prepare |n accor

pr esent |nventlon ve i n bi ical |abeling and i magi ng
Addi t i onaffi§raciqen Vé&;}gé g‘?ﬂ%‘ip ﬁo OF 3% %’?‘h {f}?éaE‘Bg}tt?e el epy e é‘s‘iOP'g‘t}F‘@P?réPure
magneti c separation of biological products. Magnetic studies were perfornmed
usi ng an KPS deanstsemtbesi gn super conducting quantum interference device
(SQUID) magnetoneter. First, the sanple was di ssol ved either with pentane

or hexane (e. gFigi#skhga TERK ﬁng@ ﬂxo@%@h@gaﬁnw%b MhidH BANSHufo tié t h
di chl or onet hane %e g , using P as a stabilizing ligand) and | oaded into a

hi gh- qual i t uar tu The. ent dt ro was
i P od unc@i g b B S e Sr PR o R GOl S e B T 4B g
nagnetlzatlon mas neasured ina 10 Ce field between 5 and 30D K accordi ng
to the zetewdstp &ren bayopensg clozegycket iaahyh using 4 sanpledypositeels®e®C figimce the
critical sizes for cobalt is of the order of tens of nanoneters, the ,.
parti cl es dpdepa¢ &udi@i:e were a group of magnetic single domains. In this
ultra-fine reginme, thermal fluctuations will overcone nagnetocrystalline

ani sotropy, malg e%h@aﬁ%ﬁhﬁb%ﬁ%hgg%@%ﬁp&%@ offh}é;& &‘é‘z{l ng‘aﬁe magneti c

easy axi s as superparamagneti s S 1s typi omn I'n the

t enper ature depe netization of th rticles ovvn | t he graph
of Fi gur e pgn %‘@%‘3&5#8&%@@%6& g‘eéu@ﬁ@%g\’l‘g%%‘fapﬁ@fl%ﬁ %‘H?att Ap&rature

of

where a stripe-like superlattice magnetic field pattern is formed,

Figure 8 is a TEM image of polyvinylpyrrolidone ( PVP)-protected fcc cobalt
particles prepared by evaporation of butanol solution at room temperature;

Figure 9 is a graph illustrating the size-dependent Zero Field Cooling (ZFC)-Field

Cooling (FC) magnetization versus temperature of hep cobalt particles,

e
(u
)

Figure 10 is a graph illustrating size- and temperature-dependent hysteresis loops
of hep cobalt nanocrystals at 5 °K;

Figure 11A illustrates a general chemical synthesis of monodisperse nanocrystals,
and Figure 11B illustrates a graph of the concentration of precursors
versus reaction time;

Figure 12 1s a schematic diagram of an apparatus for performing the synthesis,
according to the present invention and schematically depicts a blow-up of the constituent

nanoparticles (with the nanoparticle schematic showing the critical structure of a dense



t 9 ~aN Zoo3 22 different size cobalt particles. As shown in Fi-ggrg'QN 2063
particles with size ranging fromabout 3 nmto about 10 nm are

super - paramagneti c at room tenperature However, the super-paranagnetic
properties are blocked at | ow tenperature. For particles having a size
about 9 nm the bl ocking tenperatureaccurs at TB= approxi mately 255 K

whil e for about 6 nmand about 3 nmparticles, their TH | ocate at
approximately 47 K and approxi mately 15 K, respectively (e.g., see Figure
9), indicating the size dependent bl ocki ng behavior. The ferronagnetic
propertie rticles can be exam.ned..via their hysteresis behavior.
The MH (ggogé.anggr:%é%gﬁ%gaty?r()%tco\g%a.nmrr%agsﬁlé’??tg Of’iﬂéel S&Ilrftgfer engt h) hysteresis | oop
is recorded at _ 5 Kunder a field up to 1.0 T. Size-and

t enper at ur e- de PR hi 154 schemats diagigmefangther gpnasade for perfprmteg,the preresFor
approximately 11 nmparticles, the coercivity reaches 2000 Ce, whereas as
the parti ateerding & tile pre3amasvdntion) and P spaxifehily thersinetseleatii gredipRatRInof6 nm
and fi.~rther to ,~ approximately 3 nm their coercivities are reduced from

appr OXi il ki 05, e Fok BR8] B Ehr AN CBuBAdodaun Lo appr oximatel y

219 Ce, respective roomtenperature, the hysteresis of particles with

sizes less th appr oxi mat el . nm.di s ears ile particles having a

si ze of aﬁ?)lﬁoé‘%q Efsipnl%“?ﬁ‘?]%? ‘i%PPer?ﬁ’E)Wa}?%“P g f‘ﬁe(?naé’FFé’W@Fe’ & h an He of
approximately 13 5 Ce (e. g , see Figure 9). These val ues correspond well
Wit h ear | pecipgrisdreingsrepatateddydentsifugatidin)gat i ng t hat above the

super paramagnetic limt (e.g., around approximately 11 nmfor cobalt), the

coercive forcepghuré NeiPATEMCREe fArfBSs Shthiiom Meldpphiatisdetigasing particle
volume. It has been predicted that for future ultra-high-density recording

di a, i f . 5 003 23 i cl it h. di f
ppr oxi mat el y it hifpbeeee oddnd i dioER b uffrteToas Sham™ e ©

Figure 16 illustrates a flowchart of the steps of another method of the inventive

process.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

OF THE INVENTION

Referring now to the drawings and more particularly to Figures 1- 16,
embodiments of the invention are illustrated.

Generally, the present invention is an inexpensive and efficient process for
preparing monodisperse magnetic elemental and a.lloy nanoparticles such that high-quality
magnetic nanocrystals are formed. As described below, hexagonal close packed (hep)
cobalt particles, for example, are synthesized by long chain dihydric alcohol (e g., diol)
reduction of cobalt acetate, thereby to obtain face-centered cobalt (fce) nanocrystals, for

example, via thermal decomposition of dicobalt octacarbonyl Novel cubic cobalt



+Ce will be required. Al though elenental cobalt particles are?hgrd¢¥Nd§yﬂ3as
such a nedia at roomtenperature due to the super-paramagnetic limt, the

i nventive synthetic approach shows ferronagnetic materials that can be
applied to high density recording applications (head, disk, etc. nedia).
Specifically, the present inventors Hdve been successful in extending the

i nventive synthetic nmethod to other netal systens. For exanpl e,

nonodi sperse fcc NI nanocrystals, and nore inportantly, ~e nonodi sperse,
Co-Pt internietallic particles and all oy nanoparticles such as Co-N and

Ni - Fe par hhsdpastiole.age prepiret dhrapgl o xipeetyalide 2ustion ¢f cdbalejaltshave been made
by the reduction of relative netal acetate, or netal acetylacetonate. N -Fe

particle mater el uligveRies. diftyBkAteoBRORGLAL ﬁ%gubﬂae%g%o gpﬂa'f’anfak' oy

particles are known as partlc ensity recor ng medi a" .

Maki ng nDr uni, i sol.ated Pt aII ar es i npor t ant
obj ect of © Ffea%‘ﬁ @%@Wﬂﬁ%ﬁﬁblﬁﬁ Whighyise ECt}Vﬁ\?B?'h %bﬁﬁé’f’ﬁ@ S@5h ‘”’rf} es to
maki ng nonodi sperse Co-Pt nanocrystals. Thus, as descri bed above, the

present i easlyteither iachivkor phasel antas emiiﬂoaaemdctﬂayh Trempetrddsiareeasdguct i on of
nmetal salts and deconposition of neutral organonetallic precursors mhich

lead to MedddpeRAAYPAPLLE b&sem ShadtibhARt gl,@@s&écuw?m@&ﬁ&h&& ) SrefeBAHEY b

conbi nat i on, for exanpl e, of oleic acid and tri al kyl phosp nhe. Monodi sperse

Pt B PR BRL o STE  LESRRAS Pentlre 1 ayer.

Thus, intergranul ar _exchange anong t hese Eal’tl cles is greatly reduced. -
9 JA N 200aagaystlguPdule nopbeing himitgh therateydhe presont innsnpieragleo tysefubéi s

techni que enploying an injecting of reagents to control the nucleation of
nanoparti gteimcingNjyCe, Bd,Bt] shdoA g hatvparidles Sprdesaitiedtbeloiv. ofhd iigerg@ndi t i ons

necessary to produce nonodi sperse colloids to describe the growh of
monodi s peb?o%u@scﬁl%ﬁnééaﬁﬁg (ég.l, @BP{, FePt), binary alloys (e.g., Co/Ni, CoFe, and Fe/Ni) and
ternary alloys (e.g., Co/Fe/Ni), and over-coated (e.g., such as Co-Ag, Co-Pt, and FeNi-Ag)
particles.

Thus, an inexpensive chemical process is provided for preparing prepare stable
monodisperse elemental, intermetallic, over-coated and alloy magnetic nanocrystals.
Further, nanocrystalline materials are efficiently produced with controlled size and
monodispersity for magnetic recording applications such as for disk and head media, and a
ferrofluid is inexpensively produced.

Tuming to a first embodiment, trialkylphosphine is chosen as one stabilizing
ligand because it is a well-known ligand to stabilize zero valent metal due to a o-donating
and m-back bonding characteristics.

In the present invention, a plurality of different phosphines can be used such as
symmetric tertiary phosphines (e.g., tributyl, trioctyl, triphenyl, etc.) or asymmetric

phosphines (e.g., dumethyl octyl phosphine). These phosphines may be employed singly or



colloids. Its critical feature is the tenporally discrete nucleai
foll owed by slow growh on the nuclei. By designing a series ofags “ggir\ﬁzﬁm

chem cal procedures which conformto this general reaction outline, the
present inventors have optim zed the conditions for the growh of

nonodi sperse magneti c nanocrystals. Figude 12 depicts the basic steps in
size selective precipitation as described below in the Exanples. Figure 13
schemat i calfltye situatiort Wwerrdnter camt they befused thgether. aHowausr, diie insendgrarhiave foped hat t he

evapor ati og. j [ [ 0 ' ; '

i opl s ¢ RaRupbefftcsledtBs el rRREES RAPRIE LA & Rl SRS bald o A, |
1 from t heundispersable eggsegaies{ept geaterthan 20ngtat iengerefurasdeiween 1905etapd 3%0°Che TEM
| mage of Pl our f dehefel &36tihg WA ivBIRioR ALRARENCoRAREB 3 drihicatildg” which
nanocrystals, and di splays”one vacancy In the superlatticé which confirns
the t hr ee- §idi@n%SNain Argagic corpraypd thatmaye expreesedintheiprm Bvewhareig t he positions

of the underly{)g Ras &tal dup’ I i€ eithePa islraigHs oF %%e@hf}dr%béfﬂ@ﬁb&fl@frocbfb@n 1
ods, and Figure

inventive proc 150, [ C esent s e of the net

1) et r ac cEhan S beRasetiRbee22 Rl E RN R F St in i qure 1S, ¢ he
inventive neth{@ oK ifatheadgroup whivhrid a mbiety (X)rwhichgeawidas speciit creigal dtta0ment
formng a I JkSQr | ut {-an e i . t 0} &b AN,
The metal 0 DRuFRRRitle Birel (ACRDoRBRCTolE! bt TE0RA, AichaBilSO0R)
descri bed amfsvhi_ﬂamGPB@Hb\nhC;SphatQ—QEﬂONFQﬂ%b%laienarldht@dExarrpl e;cs, th he netal
precursor solu - m iRBX Orp t of the transition
nmetal. In for n?p%hﬁgbuﬁg?ﬁkg?%%?@brﬁlggrﬁﬂﬁlogn an%gsoﬁ actants sol ution
together, the metal precursor sol uti onSUfiif agids i nj &BE&H nto the surfactants
solution or vice versa, as described afpysimdatidael RPOOM t he Exanples. The
surfactant solution may be preforrned at redet ' t enperature (e.qg.,
optimal Iy higher than room tenperat ure?a}‘.osél?ﬁﬁ??fg %&%&3}? pr ecur sor
solution and the surfactant solution negbdagicpeids orREQCHK room tenperature
or at an el evated tenperature of bet wegn . appr oxXi maé_ghy 100 Cto 3 00



C and nost preferably about 240 C. In step 1502, the m xture (EQJJANQU[B
nmetal precursor solution and surfactants solution) is heated to a
tenperature of between approxinmately 100 Cto 300 C, and nost preferably
about 240 C. In step 1503, a reducing agent is introduced (e.g., rapidly
injected) to the metal precursor solutiof and surfactants solution. In step
1504, the mxture is cooled and a flocculent is added, as described above

... f t af§esraciiapieferen ehaisephpnoanic stakiiseriateril is 8lelgaciddi spersion, to cause

nanoparticl es DRidscRGs Biwelkfovduriatans Bl stbilisiy viibinOsid R HEBN@RY to protect iron
aggl oner ati on.

. 505, ) |
St cd. nafboaties) ERuARE 1os )€ aPOciE agd hat i 1€ poon SRlctEs b ah Snastoms

is added~2I tong rodeiqaoktis pottatipetic ardat kel wnedaibleibond) tchain piratas aoid mﬁ&entsm sigedficag ol ve

.g., T 5 .
Got 2 i ned Stuicyate M obBREAE Sichy o BRAE RRFclier Eileen it ot Sihfridrochiin .
ends. |f t harbeiyliceaaiisssuch@aterusic acid anddinaiaic agid, alsb davesbasp usadbbaddiov(emgayanpe
‘ed . ; . : Dot ibutL o F

L6 T T ot r i el e & A BEREHEE o 2NN deifls Biaf o byl drofbrh0uT ©
f or mi ng nafeptinatice)l telaihpdh Offia ekl Ypigally srefesabigrbecause ibis gasihhrvalialie fiemal
precursor §akpehsigd nAthRMscurdes 36§ bive rbimEHé\heveA%aﬁg&aﬁé b@@gloﬁ@%ﬁoﬂﬁ:@te@eﬂhé’w in

- sal 1 of GG RS AR OMBN & stop may be performed st room .
tenperature or Thé combiratioratcbdthe eaformeniioned ofhdsgiings e andpgrganid nstdbitisers 1. C to
200, non oSl et B Aok R BB B PRbeP e "
sur f act ant ostylether asen prefeyatiyeused @b thersstvenrttdua tptheid lewenoati and dighdojiieg paintratthqughg. |,
optimal Iy Qi frank MrdodeOfidthdr RIPEE 3plofed. The reaction can be performed at temperatures

ranging from 100°C to 360°C depending on the nanoparticles needed and boiling point of the

solvent, and more preferably at ~240°C. If the temperature is lower than this temperature range,

the particles do not grow. If the temperature is above this range, the particles grow uncontrolied

with increased production of undesirable by-products.

A polyol process, a commonly known process in the art, involves the reduction of



In step 1603, the netal precursor solution is introduced (e.g.f'gaﬂﬂmﬁﬁﬂﬂa
injected) to the hot surfactant solution. It is noted that instead of
introducing (e.g., rapidly injecting) the netal precursor solution to the
surfactant solution, the surfactant solution could be introduced (e.g.,
rapidly injected) to the netal precursorl¥olution. In step 1604, the

m xture (e.g., colloidal dispersion) is cooled, and a flocculent is added

t heret o, agneia§elta liyediols, b Bhvescammnipeacadure invelves disseliipg &e, mata)presuisaiisdn thageathe

preci pi tat g Eﬁt{]ﬁéa‘ﬁhfﬁa)lmflété‘ repu&ien %F’H@tal sfehé’ amd @‘Balﬁbtg%ﬁ@leé STﬁé?@%rrﬁ)t t@@porally

Speci ficall nanopartic Itated

sol ution w¥%m n%@amm ar@d@lecnrr@pastzp&ﬁntr i his) e nowosqr@c@ss B@ebeea uged tpent
(e.g. prefr@d@b'nﬂétaﬁt@alﬁﬂﬁ&idu@ douslt m@@%&&'p&mb% lEsmy@dsl@wcdlqs thBenost often

ﬁéﬁgbglif‘&t@@é’ 5166 S0TG ep. 1 s, o Bdriuie et el do ocour and
?ihzt ;: ggt :j I(Btablllsatlanoemb@lahleles Isfdlfﬁcmlt ekdept for the Jatd Aansitidd Otal suph as Ag, fPtesmdsPddl ; .
0822 SRl SORRBEHEE B B OHT Abde apach
i nventi on dihglgraduet cantaingibotinhep and fophanes Obqobalbach to producing rmnodl sperse
transition met 4‘{()@{5?%9%&3%%345@3 gc%sloﬂr\ﬂsﬁﬂaliﬂ WS, rs eé!s by. o&tﬁﬁedf ?'1' P&Bd@ébnedloi

exanpl es. EXAMP nanoparticl' es

synt hesi zednds! 4-kaxpdaranedol P%\te h'Qf@bB‘P“ﬂnga{@é‘ﬁSa@é vt?@pTaQQ AR e@mpares t@ltﬁe aeiing /
PR3 | phenopt fopeinjieneyfodct 200°C) andTal RrefR thlord s GER oy YA ke

T e G a5 o 5l e 3o B el mﬁ@gf&%sbesnva{h&%t hat
a conpl et e mingten| The most afgnifitent mpravempntatovided by iusing trei lorg efvainoyiols eethbtothesat | on
o2 2 i B Rl T O B 68 DB B0 B o,
seconds) t Ifyuihesisa I8 dstaonventionel meshed. eppleying rest gl suth asrethiyanaglycol or propylene
glycol fails in large part because the particles as they are produced are insoluble in the diol and
aggregate immediately. The method and process according to the present invention avoids this by
using an inert solvent and a long chain diol. Thermal decomposition of dicobalt octacarbonyl is
another known synthesis procedure used for fcc cobalt.
A variety of polymers and surfactants have been used conventionally, to control



vigorously stirred (e.g., with either a magnetic stir-bar or a-ngchNcZO[]a
device) to initiate the reduction of the netal salts. The color of the
sol uti on changed fromdark blue to black over a period of 5 mnutes as the
bl ue cobalt salt species was consuned and the bl ack cobalt netal particles
were formed. The black solution was stirieed vigorously at 240 C for a
total of approximately 15 mnutes, to conplete the growh of the particles
and t hen t particlegrowtho rHaviexdrpoxid atiensof dkeopastitlesgeaddyp accuesiprd eabak exideoparﬁnlestane

reaction ”h%}aw&otéf\%% ggggrw{rtasgmqég h%}bé@ﬁw&@f?lred%érfgzﬂﬁﬁq% |ﬁ té?rahydrof@ra

|V 2003 28 W se mann _ & bI
magneti ¢ binab& ptﬁsememf lsylamiberjum bramideeiRaNBr) @t rqomrﬁemn@ ] t@tgl\@rsma\frp@ﬁlcles he
pr eci pltatf‘< arated by centrifugation (e.g., as shown in Figure 12)

R AR R X MR
appr oxi {m': (ﬁ q, ol:%tﬁeﬂor‘fﬁh@ny@tlﬁerrﬂias bednsused, and Rbds BRIl d&iné@?(&@} piﬁﬁd;ei’ﬁphttern to
reC||a|on I,Nn ne .so n w

Chai ' al coftiPe Gy SYAR PR N N A

pC:) g]l;ter abIt yna‘tobamaésl) is dtagimeeit by ther consbinatiamnofmeéiedl acidnanelr tmatkMHoKlpime( eThe ,sam‘eﬂ]
etc ! e

ke, can: BB A pPleshs bhbndd siutits, 3on sl G PP Ags o end Qheasy By

metal “sal t sanpperticleearetpartisles phick ardeelativelnchemicatyiineds el finel xamductraleo pambe of

the interr Bé‘énlggﬂegﬁed’%ﬂ @'&%@B‘Eekf?&nct?@ﬁ’@&mhérﬂykkméd ke 5}1 lhﬂyht6ﬂﬂ?<§nl%sé*‘r@5' Iy

adj usted by c Ing the'nolar ratio of starting netal NI c
acet at e t eBResiiGaPRt e, iron acetate, and plati num acetyl acetonate were used

as N, Fe, andTﬁhmng‘W(t@én eie@@@qcﬁrbcésé Yecoldblite |Rve|ivfﬁb?10d1esslwth§s¢s Begamwitls C

cobal t nanocr r,anitr
e hosphor 681 BIEEHE o FdusndAgER ;b 3R sy sg@hmg*%wo?«w S S B A% e
/20 ni, r elsgirecarboxglicyacidverge 06-822) and dridkgiphsoghine ZH® (troduetionaofpthe readent$ by-30
mn. A phe . et | KL} L Lt ( I dto
min. A Phemyde! D6caB0 shiiPR SLRGP ARG RO Meh s(ceSR'dr cHPBildh} SFhE

entire contents.

The reduction or decomposition occurred in a short time (e.g., about 10 minutes), leading to

a temporally discrete homogeneous nucleation. The growth of the particles was finished in less

than 30 minutes such that cobalt or other metals and their alloy particles could be handied without

inert atmosphere protection. As compared to the conventional methods described above which

took several hours, the method of the present invention in



under goi ng vigorous stirring (e g., with either a magnetic stir®adAdy 2003
mechani cal device) A black solution was fornmed instantly, indicating the
deconposi tion of the carbonyl and ~ JA N 2003 29 the formation of cobalt
particles. The solution was stirred vigorously at 200C for a total of 15

m nutes, and then cooled to roomtenperdtf/ure. Dropw se addition of nethanol
(e.g., as shown in Figure 12) produced an air-stable magnetic bl ack

preci pi t at growifigdheahanopartididsds ey refficient (plgack the erderpdf tauck lgss dindbel cotentional
separ at ed %h%gﬂtrifugati on or filtration, and the supernatant was

di scar ded. F1e lack magnetic waxy product was redispersed in hexane in the
presence of appeexdingdo leypraseot Im\@némomzﬁ-sﬂaswetme@lta&onmaéip@rfoimis@l by titrating the

By esence o Al y
I ze-se eCthéﬁ? PloRBdrPiof ahd PRArWES v A dBRENt gthglxgle&\}al Al m&.&@gg@&aﬁ%wo;on

w th et hano n contrast to the Fro&g?ure ? 1@ e 1, the
Exanpl e 2 ploaodigpese sehalt aanaceysiglsvnica ceusd bg qasilvapdisnsrsein dkape sal¥enbhases.
Addi E i fmalt ly, t The cﬁﬁblhﬂgas?fof E?éaﬁhﬁ![ Qoffucp ms{!ddti%ﬂniﬂe_@w D(_era){ p@.gdecf_dlifmaogdr)]rf, fapd ent
crystal structures an er. i | a rtic si,.ze distributio
B e 1. SHAEAER Aadion Eitzcliar etece B Msrerbledisaseskngit lof Sbin8aledbd
recursi ve ambipst ppésseeg eThedicp ddrmiestpbie ef tempexttues beldh d25°0p whilecthe fenifdrinad thei ze
di stributi i I he carbonyl O deconposition route nore
cl osely ap8@8@3%@%h$hﬂﬁﬁ8@§@ﬁ¥@ﬁm Towm h curve for nonodi sperse coll oi ds
depi cted in Fi figne tALilBiratehen ki-rap pattesn of hoptnebalandnoerystalsl produgedsiithi tamakove
much fast e%ei%@%céd?&rggo@' tMé"invérﬁiQh!Ct'rhé’peészQ@f“a pr @t ?@r:e49t, eoey Sl 91 GHgRees et ©
t, and bett on of t nucl e an

nucl eati on event, % separ at e at1 o d growt st ages
of the rea6PTesRONdTAd0eR2r1éme dunt ROP b flpr Dl .9 e afehten T AR5 pr GaRREBVElYs PRLRE he

carbonyl depenBP#it hes d?fthéciféiihggoﬂalicﬁ)s@-)éédli@@(hcb)fbobﬁlﬁc d6¥\phageg eThe brdatighiigeof 14
In Figure i 4,ﬂapq!§ns%&m e OE - nm .dl&l’qﬂi‘t er .fc? cg al t pfar.t i cl Ss LS. seen
organi zed M BIEIONJINE Wdins; 35 the SaMRIR.Fics dRoraases i IRjered 10as ainte sice PRAYRING, o as
a col | oi dalA detajlsd aalysis of the line widths is commonly applied to determination of the nanocrystal size.
Figure 1B shows the X-ray diffraction pattern of a fcc cobalt nanocrystal sample confirming the bulk
fcc lattice spacings. The X-ray pattern of the particles from superhydride reduction do not match
either hcp or fcc cobalt phase, as shown in Figure 2, but display the same symmetry as the
uncommon 3 phase of Mn metal. The pattern fits well to symmetry of the B-Mn structure scaled for

the difference in the size of the Mn and Cobalt atoms. However, this structure is



9 JAN 2003 30 nanocrystal superlattice) A statistical analysis ’6fg tJAN 2003
particles in the images places a neasurenent limted standard deviation in
particle size to be less than 5% in dianmeter. The striking regularity of
the assenbly is a clear indication of the unifomity of the constituent
particles. EXAMPLE 3 Mnodi sperse 10 ¥m cubi ¢ phase cobalt nanoparticles
were produced as follows. First, Cod 2(anhydrous) / oleic acid /

tributyl phosphine / n~ctylether in aratioof 1 nmol / 1 mmol / 3 mmol / 20
m., respectively, were m xed under a nitrogen atnosphere, and heated to 200
C. Li BHEL 3of kP hhdapbifded shol8BHQ @bk Merfifl iGSabilitloan e eQPfoxthlﬂbe sol ution
under vigorous stirring. A black/brown solution was foaned I nstantly,

i ndicating the reduction of CoCl2 and the, formation of cobalt particles.
The sol ut BV SRS Toll 18 £omg hechangeryaly Sitrk Ly Mie o Riiet 8 oy FeBol e
to below 60 C._The addition of ethanol produced an air-stable nmagnetic

bl ack pr edorpist e changingibamaghaic anxstrppye, Heatingi thigmeval Zubis-phase cande
precipitate was separated by centrifugation or filtration, and the

super nat ahad t6 HISEMUR Phisk 8BOCTT GiRbicc THRIMRG0OLE C NoatistinRt pshitst was
redi spersed in hexane in the presence of approximately 100-500 mcro-liters

of oleic j h.ze-sgl act i preci pit.ation.wa erforned itrating the
hexane s ol%g#nlg%rol §§\n15§ Fﬁ@?ﬁg n 8@1)'?%133%&8 8 fgtg%te%]ﬁ O’I%S()é%?)‘f aen%ysglsl’ 3ng glteglgfl%i\not her
crystal phase of_ cobalt particles, thereby allowing nore materials choices
for vari od8alypipshevss physphorningorpatatipn # bedpw p¥ays a crystal symetry of the
(i -phase of manganese. This novel phase of cobalt can be transforned
subsequent | y i rMdeperdibfen thehetihofstabilifiag liganB] diffesht paticle axebyarciont r ol | ed

- 9 ~a N Zoo3 31 annealing, Heating the (~i-nmanganese) nanoparticl es at

t enper at ur, i : ] hcp
par i cf o F g2 i sl B AR {IBR RIS R s BLGEAARIb e
annealing is performed at tenperatures above 400C, the nanoparticle

o bauced BTt saubln Fo Brpie SR hRR bt e e oL i PR Fastoy of thene
stabl e bul k phase at tenperatures above 425C). The diffraction patterns of
figure 2B cdbudlismmee infilee presenes efrcak epiarlsnt af dnalkylphesphingeni oge efuivaient of

al kyl bor ohydri de reduction and rate are simlar to the carbonyl

deconposi tdl@dadides. 508 10f ralix aftpiatkybhosphitie @roteitdeill) feadd ©r pdrticles tpe pol yol
reduction (e.g., nethod of Exanple 1 ), thereby producing a tenporally

discrete 'L'I;BE}o?xﬁhiit 18R Lyheddd irgﬁl‘r%g)rés%?&r&&néhc%?g eﬁiv%lﬁ@ dﬁ%%f?%‘? Qfy and growt h

st ages of e reaction. e extre uni for pr oduced

usi NGt he O RN % o LR O 2T TS of B S SBlrol b e TEM 1 00 o

trialkylphosphine and oleic acid), smaller particles are obtained. There is no specific lower
- limit of the particle size but the smallest cobalt containing species have too few atoms to a
have a well-formed internal lattice and more closely resemble molecular species.

The inset 100 of Figure 1 illustrates a series of X-ray patterns of hep cobalt
particles thus prepared. Annealing the particles at 300°C in vacuum results in the loss of
stabilizing ligands yielding an insoluble mass of larger nanocrystal whose diffraction
pattern is displayed in waveform f of inset 100 The particles diffuse and grow at this

annealing condition as shown in the X-ray diffraction patterns (e.g., see inset 100 of Figure

1), and become very air-sensitive If the sample 1s exposed to air, cobalt oxide particles are



In Figure 4) an ensenble of 8-nmdianeter cobalt particles is s§uAN 2003
organi sed into a regular three-dinensional array (e.g., also referred to as
a colloidal crystal or nanocrystal superlattice). The statistical analysis
of the particle in the inmages pl aces measurenent-1limted standard
deviation in particle size to be less than 5% in dianeter. Once again, the
striking regularity of the assenbly is a clear indication of the uniformty
of the constituent particles. Exanple 4 For Ag-coated cobalt particles, the
process was as follows. First, cobalt particles synthesized as above (e.g,,
as in any @ha iR hedaupf Examples 1, 2, or 3) were Y0998-169 9 JA N 2003
32 redispersed in phenyl ether under N2. AgNGa 1, 2- dodecanedi ol (one

equi val ent of was ,added,t o the di sper.si.on. The m xture stirred
rachan cal |y or AhRHBETEURRITG SrcitedmBRaPURE: ¢ e siter g HhRabi " { o
ensure conplete dissolution of the reagents. Then, the tenperature was

sl owl y raisobiiopsongomg nSQP pren pbidre prodpat iidrpped onfiotacagkam¢aatedpoPREiENd ng
and held at 100C for 10 minutes. After being cooled down to room

t enper at ur$pecificellyTithd dtop oM chlldadteplasididhtd®tarbovboatvdésppePTENLGEL Ble
ai r-stabl e bl ack-brown precipitate, and the m xture underwent

centrifugaf. - r i i 1.0 :The
b oduct e lais BoRnSisNAHE thatRRe AL TR AEEIHETH Bt
mcrolitre f oleic acid. Size-selective precipitation was perfornmed by
titrating YiEied Hba oAU SRMAEE # TePIAFIBPCTaMIGHnACT XaCUAbcedur e can be used
to prepare Pd- and Pt-coated Co particles and other ferronmagnetic

nmet al - based ( e. the TEMO(ransnisbiot alsetd)n mewegraph) amhege oaboat § atndicp.cobdt el y by
substituting the AgNGs for Pd(acetate), Pt(acetate) and nickel acetate,
respect i veloody R1shie shdvid AAripak Bl ¢ EENERG e MRYBoR 859 haB M5 AGlelcobilt t he | ess
chem cally-active netal which inproves the corrosion resistdnce of the
particles agﬁ allo ne\/\gfcherq cal groups to be bound to the surface. This
ability tPEHURYS SPREN OB  Chenistry of the particles facilitates the
attachnment of new biologically active groups through a sul phide |inkage.
The use of Au ahlir maopBlelsaR el case e vhry Jumiiormn desize andthetpadinbiseeel es i s
wel | established and, with the procedure outlined above, all of the

exi sting tephratdddgym eqchtdthe byradayet anolbie aeixidooidigded on thersudfadee t he surface
of the magnetic core-shell structure for biological tagging and separation

applicati Ol'f)écomopoisiﬁgn%c%aftgsagooggl gﬂ)éésln%ﬁ@.ldlﬁy feb @8balf ABLLLGIsabove

description an e Exanp e pres I nvention provides a nethod for

t he chem cal synthesis.of. magnetic tr.ansiti.on netal n crystal.s (col.l oi ds)
and hei r assenBP LT B HHEE AR RS B R ot i B RS G
nmet hod for the use of the dispersed colloids and ordered | attices. Mare
speci fi cal $9pak Raneesysids en pp agombeyEcarkgRdilyr dgeem tmpEAtFronl s BUedes a
pethod for the chem cal synthesis of magnetic transition netal colloids
(‘e.g., sucdinensiGngl orderinyiis anlgl passitdy svithiesredispense padicleGyXensof xtrenfedXNi ~, . x~
and FexNi ~l.x>, wherein x is within a range of 0 to 1 nole fraction, and

CoXFe" Nz WGP st wid shiap® | Thef aﬁfcgéﬁqme @&q&dmyho elflh ARRIK intdmbifayernge  of

approximately 1-20 nor i'n size w a standard deviation in size of 5%in
di ameter oy less. As .described apoyve, .the inventi,on these unusually
it for m i EBBTTReARG T e A e Py rieHte oBRet Ak PP A A B RFEGeNY - r ange
of applications where currently |less uniformcolloidal or granular magnetic
materi al iamenrgpihgypeadicleghi | e the i nvention has been described in terrors of

several preferred enbodinents, those skilled in the art will recognize that
the invention cim @&l Rpadataied 60i°ChtHeadidd ¢aimdRnergy allows the particles to

diffuse to lowest energy lattice sites during evaporation and to produce a well-defined
faceted superlattice. A hexagon pattern of this superlattice is shown mn Figure 6, and 1s

indicative of an inherent hexagonal packing of the individual nanocrystals 1n the structure



within the spirit and scope of the appended clains. For exanpl e‘,gthMN 2@@3
many useful applications of both di spersed magnetic nanocrystals and

organi zed thin filnms of the nanocrystals, and thus the uses described above
shoul d not be construed as limting the invention in any way. Specifically,
t he uni form magnetic colloids can be?3tilized in the di spersed state as
magnetic ink or in engineering applications including nagnetorheol ogi cal
fluids (e.g., ferrofluids), as electromagnetic tags for interrogation of
conposite materials, as renote - 9 JA 1V ZOp3 34 heat sources when under

the i nf| uapag sofRl BETEOMBANCLIEps Al AbOMARANWIRG fSEiAIRRNEK lipphespnance

frequency of the’individual ‘particles, and as the acti i ght ulator in

a magnet opheretic.di spl,ay. Seyeral .i nportant appl.ications in t | J

o ences. dnenihs & Gk 3R e ol PhaesTPab b S abhas the Wit 2 sl
contrast-enhanci ng agents in magnetic resonance i maging (MRl), renote heat
sour ces f gesuljmgemn-striperlited supedatherstaf opbadifparticiesu s shevar intlfigurierft | uence of an

external electromagnetic field, an externally-triggered drug delivery

vehicle, sel e_CtSe\HEas_@@ﬁBlgf[dfﬁaxﬁcﬁbﬁ&tﬁreﬂﬁndﬂél%ﬂgﬂéﬁcﬁxﬁuid@ﬁﬂ‘ﬁ&biix@oﬁ*léﬁ@r ation of
purification/isolation bionolecules and cellular products, and for use in

medi cal di i i i j . | neal cts
whi h ar e ‘SoRrs sebiRER Shfe IR AR AB A Wil KB WA e
dysfunction. Organi zed _assenblies of the pagnetic nanocrystals have

si gni fi carftressat dxention. JhisghgHengsds dryenhydhe prospect eblagnesjingedtugturallyy. |
tapes, flexible disks, rigid disks, magnetic smart cards and the |ike).
C ose- packedfoas seattrialekaviiig tigeeel aagnet and/on arapneys popertias suitabld for aned as
the active magnetoresistive nediumin two conmponents of nonvol atile

magnet i c s;ag@ggg gg%qﬁg ggg@'aaanﬁ i?iéluhﬂlg r?%g&ﬁngﬁﬁ@%ﬁédu\éﬁlﬁ%ggée inwguweg&at ic

sensors (e.g., exploitin dulation s ent
Todul &t ed B RAPRRIREEER. B TSR oxi 1ty Lo A magnet|c encoded
pattern. Cobalt particles prepared in accordance with the present invention have shown a
high degree of ordering. The nanocrystals tend to self-organize into a hexagonal close
i)acking (hep) structure. The TEM images of the particles shows that the distance between
the centers of the cobalt cores amount to approximately 3.5 nm. The chain length of oleic
acid is approximately 2.5 nm. Thus, an approximately 3.5 nm separation represents that
. the protective mantels on the particle surface entangle each other. Oleic acid around the
particles can be replaced by a variety of other acids such as 1,2-hexadienoic acid and
polybutadiene dicarboxylic acid.
It would be obvious to one ordinarily skilled in the art given this disclosure and
within its purview that nanoengineering spacing of magnetic quantum dots on a solid
surface should be possible simply by varying the length of the alkyl groups of the

carboxylic acid.

In pursuing other possible applications such as using the particles in a biological



Assenbl i es of unifornl nmagnetic nanocrystals also are envisi onEcg aJ;AMQUUS
active elenents in the channel of transistors for non-volatile magnetic
random access nmenory in which the spin-dependent (magnetoresistive) and
hysteretic properties of the nanocry§ﬁals - 9 JA N 2003 35 are

si mul t aneously exploited. For exanplé, a strong magnetic field (e.qg.,
produced by wite pulses or the like) is generated by on-chip current flow
‘'which is sufficient to orient the magnetic polarization of the nanocrystals

in the channel. © 9 JA ~I 2003 36 CLAIM5; 1. A nethod of form ng
nanopart i efsesn, goBREiSirRUidofOMPVHSaR bEBldkn RE SEHhG Kind6H st @ind [HEMEP
transition netal; introducing said netal precursor solution to a surfactant

sol ution, el id formmng.and introdugi ng are orned i.n_an _inert

2 ros pher RRATRE BRAS an AEAURRR oWt bhOR £ ol BRIA P LR al e Ao | ses
a conbination of an _organic stabiliser and a phosphine to protect said
nanopar t i Blosiolecalsy. &ﬁ@t%aﬁhmmww@é@ 1496y Eppdace ekie endinfosmgani c
conmpound of the formR--X, where Ris a nmenber selected fromthe group
consi st i ngVkprbtepted panitiesc ahbeiipeslaaica forhedtwith BB bleds adid ang hgshd aswrat i on,

sai d hydrocarbon chain conprising 6 to 22 carbon atons, and 2) a

fl uorocar | Rry i _ : I 1d f ogcar bon
chain congg?@?%gignkgmé“ﬁﬁﬁgggngﬁgﬁgg%gﬁga&ﬂ%%ZEQS|srgg*g%égg f%ﬁlthe
group consj sting_.of carboxylic acid, phosphoric acid, phosphinic acid,

Sul foni o SRR eKigpser encdicating hak Rarticlsd Srepasdan AGCoRdANCE) BatbrBRpresentcause
nanoparticles to precipitate out of solution wthout pernanent

aggl oner atniventiorale agiciit potentidiyul bvdewidad tnbsbhy &t infagingy nieddifiomadlyi dpeeslyng and
repeptizing said nanoparticles. 2. The nethod according to claim1, wherein

sai d for naabity Bt Bk ptisey [Sdsirfnb mrirﬁgnw&éérﬁﬁ%oﬁ @F Blolical pRIdabtsPr ecur sor
solution as a conplex of the transition netal at a first tenperature, said

first tenperatyre being.roomtenperature. 3 t hod according to claim
2 herein sai digTs st A RERRRE) Wi R b2 SRapfin BRGE b
n-octyl ether, said nanoparticles being cobalt-based nanoparticles, and

wher ei n_aceidyging guaing miprereneecioyiop ESQUED) magnasemelat Fap , thesampbe was
approxi mately 100C to approximately 300C. 4. The nethod according to claim
1, wher ei dissalived &itliemwith pentme at hgxaee (1.6 pusitgDbluiciaoil sangabiizag digahd)prof
formng a netal precursor solution froma salt of the transition nmetal, an

i oni ¢ sur {36t @BlorcAMhAB (& BElling PVLORt: RibIRARE A¥AIIILRA Yoadd@fto 3. The met hod

according to claim1l, wherein said formng a netal "precursor sol ution

i ncl udes E’P%lﬁm‘fl‘ga%&aﬂ?%%?g%‘{” ecursor solution froma salt of a transition

metal, an’i and an inert high boiling point solvent at a
first tenperature. 6. The nethod according to claim5, wherein said formng
a metal precur S&€ selyFRitWanPVRPRIpiGdcndrthe progHCtavasinigr UBHYICREYWR A KM i on from
fawsalt of a transition netal, an ionic surfactant, and an inert solvent at
appr oxi matehperdfsCThe tenfieeature tdepehdaneaf diaggetizatioh siasmicaswhe irea h0 24 field
formng a netal precursor solution is perforned at a first tenperature and

sai d st epbefwdeRS HAWOLEK SRbMidEbahe RES-EHIFSRbI] ,\%m'z)d/ﬁamo%ﬁhg ptcpol ution
is perforned at a second tenperature. - 9 JAN 2003 37
processes. Since the critical sizes for cobalt is of the order of tens of nanometers, the
particles prepared here were a group of magnetic single domains. In this ultra-fine regime,
thermal fluctuations will overcome magnetocrystalline anisotropy, making the particles
magnetization fluctuate along the magnetic easy axis as superparamagnetism occurs. This -

1s typically shown in the temperature dependent magnetization of the particles, as shown

in the graph of Figure 9. Specifically, Figure 9 shows magnetization versus temperature of



8. The method according to claim7, wherein said first tenpe uﬂaew?gﬂs
roomtenperature and said introducing is perfornmed at a tenperatur
substantially within a range of approximtely 200C to approxi mately 300C.

9. The nethod according to claim8) wherein said step of introducing is
perfornmed at a tenperature of about Zabst ant | ally 240C. 10. The net hod
according to claim7, wherein said first tenperature is a tenperature
substantially within a range of approximtely 200C to approxi mately 300C,
and said second tenperature is |less than 240C. 11. The nethod according to
claim 10, wherein sajd first tenperature is substantially about 240C 12.
The net hodksen sHesgbalbrattigesn 7, wherein said forming a nmetal precursor
solution includes form ng a netal precursor solution froma salt of a
transiti on net s shawniinbigurs @y thaptmictes wathdsizerangiag tfrosodboein 8 nnd ®. abble 1Gret hod
according to claim1l1, wherein a long chain diol is used for reducing cobalt

salts to I%Er?é(ﬂe@ﬁpé}eﬁs?zﬁﬁé'@!e{ié’apﬂo%Qérlﬂﬁé‘rKﬁge (I@G\Q%ve?,qgg%\%peg%ﬁﬁ% b s,

wherein the diol includes one of 1,2-octanediol, 1, odecanedi ol and

1, 2- hexadecanedi ol erein cobalt acetate t.etrahydrate anpd bal

2ot yI accperies areblhOe i dod Rt i Raticled ATNRG e ABREERE Beng o
claim1l, wherein said netal precursor solution includes a netal system
essent i al Ibjockingdeinpemproaeurs atNistAppxianatsly 258i°E whilcfer Abyut 6H¥0 andabewtac) 2,
Pd(Ac) 2, Pdd z, Ag(Ac), AgNGs) and Pt 2. 15. The nmethod according to claim

1, wherein éﬁF@nﬂ&%%@i&%%cﬁ& £ pproktatdlPAAlK- hsgshraiamersr 15 ekes, and said
surfactant solution includes dicobalt octacarbonyl, a deconposition of said

di cobalt qcta onyl vi di pg..f -cantere ubi t

nanocryst é?sé).e&%.g' (r‘%tge’ Sﬁé?}%‘aﬂ @gﬁnﬁ(’%ﬁﬂ% eos%l&aipgrﬁc%n{;aﬁé%% rll)&gagﬁ% addi ng a
hydr ocar bon sol vent includes reduction of cobalt chloride by superhydride
resul ting in fdmsifergoregnetic prapsdics ghiir partighes sap Pe exarained s tBeip hyyergsis
superhydride is one of tetrahydrofuran, phenylether, and octylether. 17.
The met hobehodar dhedVttd (. amagdstizatier ei magadtit fadd stngngth)hystersssrlbamiss ol vent
i ncl udes reduction of a metal system by superhydride resulting in formng

sai d nanopaidriddl £, “RMEAE 2 TickPhsitoSLO &7 @Yiifdrﬂ%x;&,\lﬁer‘ﬂhﬁé-ﬁbﬁ&@eﬂtm Fesdf

t et rahydrof uran, phenylether, and octyl ether, erein sard nmetal system
i ncl udes one of Co%Acg %..a H20é 1(glli C 2(Hz0), Ni(Ac)z-a.H20, Cud z(Hz0),
PdCl 2, PdCREFS areAesRRied MEgHEe 1%ng Ptz 18. The nethod according to claim
1, wherein a sequential reduction of a nmetal salt and a noble netal salt is
performed to prisyiaperoxseately e mm patieles dharperdidtyagaches §00NOR vhersas®s the. The
met hod according to claim1l, wherein said phosphine conprises a
trial kyl plpagjdie sige devgeaskrefi@h npprakinatdle 9 hin? & fpraxamedteiya omeanidi foftker to S
controlled by changing a ratio of said organic stabiliser and said
trial kyl phosRiififtely 3 nm, their coercivities are reduced from approximately 897 Oe to
(1

approximately 291 Oe and down to approximately 219 Oe, respectively. At room

temperature, the hysteresis of particles with sizes less than approximately 9 nm disappears,

while particles having a size of approximately 11 nm still show ferromagnetic behavior

with an He of approximately 135 Oe (e.g , see Figure 9). These values correspond well

with earlier experimental results, indicating that above the superparamagnetic limit (e.g.,

around approximately 11 nm for cobalt), the coercive force of the particles drops sharply

with the decreasing particle volume.

It has been predicted that for future ultra-high-density recording media, uniform



20. The nethod according to claim11, wherein said nanoparticl es $ngIAJ@ez[m‘3
acid and an acetylam de ligand there around. 21. The nethod of cFa

further conprising varying a ratio of the organic stabiliser and the
phosphine in order to produce the nan?Qarticles with a desired particle
size. 22. A nethod of form ng nanopartricles conprising: formng a netal
precursor solution as a conplex of a transition netal at a first
tenperature, formng a surfactant solution at a second tenperature higher
than said first tenperature) said surfactant solution conprises a

conbi nat i gartflesanit b arggsdiaiblel SPippaREnAcRBSPHNNG 168 apd Qe HS 3F 91500
nanoparticles, and said organic stabiliser being a | ong chain organic

conmpound r - r i 21,..Sel ro e._graqup
consi st ngﬁ%‘?”nﬁ?g fa%qﬁ%/r%‘ oélaﬂr] ec%ng%nr@ icﬁbagfé%ﬁcglﬁst arg‘r:ﬁ i)‘ﬁgﬁgceﬁiea Sbglr ?Tg}ela{?n,

sai d hydrocarbon chain conprising 6 to 22 carbon atons, and 2) a

f 1 uor ocar R&FPEH EMpPerafuistdugitey the syperthansipagagtie bmtathednvensiye synthefisappraapton
chain conprising fi to 22 carbon atons, and where X is selected fromthe
group conshetvs figronfiagnatidmmalerials thaticdn bp beslizdas highatehsity feberay applicading)
sulfonic acid) sulfinic acids) and thiol; introducing said netal precursor
sol ution t(Hea%ahgksé{E.frﬂ&ii t solution, to forma mxture, wherein said
forming the surfactant sdlution and said introducing is performed in an

i nert atnospher ] t. the presence  of en; jng a flocculent to
ot et or o ehioaY b s ErERordays BanabpirsUbiR Skihcing B8 ERRGTS hout

per manent aggl oneration; and addi ng a hydrocarbon solvent for one of
r edi sper sispthateimethod ¢ pthenmethsydtanamoparti cl es. 23. The net hod accordi ng
to claim22, wherein said first tenperature is roomtenperature and said

second t enper atpgr@xhmpRPR0ASiSFR! fic RifnockStals] Bsd ARt Mthboa@ady,di ng to claim
22, wherein said surfactant solution includes an inert solvent conprising a

hi gh boilin ol nt sl vent having a.hoili oi nt _suhstanti al within a
fange of  dpmRrRizeary B RR R RaRR andilo Saftes P Shat Catigrind
tenperature i s approximately 240C. 25. The nethod according to claim 24,
wher ei n s3VidFepariielss (&2 npp fsappraximelely 20mm mezeyebavsbear made by ghetredudtionm 25,
wherein said netal precursor solution is forned at roomtenperature. 27.
The net hodfadetivadietyl actaté, air meRi? acatlecetinates aVidF spartiele nanéridohnetusedin ncl udes
at |least one ionic surfactant, one neutral surfactant, and an‘inert

solvent.  giant¥naphefiredBide BadsS CoTﬁeaH@?bﬁ&%@le@ﬁw&st&rﬁéléfd?‘“alzm:ﬁg@?r ein

sai d solvent conprises ether, and wherein said first tenperature is room
e U e SRS NGRS B AR Lo By BT
Cfbal t basa%dimportant object of the present in\}ention, and the inventive method contributes to
¢ making monodisperse Co-Pt nanocrystals.
Thus, as described above, the present invention achieves solution phase, high
temperature reduction of metal salts and decomposition of neutral organometallic
precursors which lead to metal nanoparticles. Stabilization of the particles is reached by
combination, for example, of oleic acid and trialkylphosphine. Monodisperse nanocrystals
can be separated by size selective precipitation. The individual particles are well-isolated

from each other by an organic layer. Thus, intergranular exchange among these particles is

greatly reduced.



nanoparticles. 30. A nmethod of form ng nanoparticles commﬁsinﬁ?gfdzwyé@UB
nmetal precursor solution at a first tenperature, said netal precucsor

sol ution containing a surfactant solution conprises a conbination of an
organi c stabiliser and a phosphine tg,protect said nanoparticles, and said
organic stabiliser being, a |long chain organic conpound of the formR--X
where R is a nenber selected fromthe group consisting of 1 ) a hydrocarbon
chain in straight or branched formation, said hydrocarbon chain conprising
6 to 22 carbon atons, and 2) a fluorocarbon chain in straight or branched

formation, sai FifidQnAcaghhtCRBinveaQEBHaSE HtiesisQechbifRlRPloah®a®, and

where X is selected fromthe group consisting of carboxylic acid,
phosphori ¢ _.aci d, i.ni Ld, .oNnj id.. | finic acids, and thiol;
i ntroduci E@g%h%eoﬁ%%ﬁgﬂéggﬁq&gp %anu?eé(%{%ér)fgbftcrg?}%%&é?léérj'e into said netal
precursor solution, wherein said formng and said .introducing is_ perforned
with the excl udiigiediBdx g gendard repfesepiaiion gf ths sprditiens negersary t Predeul ent to
cause nanoparticles to precipitate out of solution w thout permanent

aggl onmer amaedispade aclibidgtoalebyibe dleagionth strusslispese mio®naizedediphper si ng and
repeptizing said nanoparticles. 31. The nethod according to claim 30,

wher ei n sajd.fiir - i i: gaﬂ% i '
tlerrper gg u?\%ﬁ ?{éé'! ggsgﬁt? a?aggggsgil% ?reatitel %}8)2%1%%&@%01 Ig e?r’e&?htg%é‘g%%@fﬂpgg to

cl ai m 30, erein, said ; ng a net al ecur.sof so i on includes forning
a metal prgé‘&‘i‘j‘ihs%’rthEBP%F‘i- di desiming wases pf speoipg wpﬁwomawaﬂhi oni ¢

surtactant, and an inert solvent at a tenperature in a range of
appr oxi matcehfpri 00 (s gerepyd repctinmoetliye, I0OGes@B invEhtershmvh ogtimezedithié ng to cl ai m
32, wherein said solvent conprises ether. 34. The nethod according to claim

32, wher eicBn@ifibas Y HeQiawOt icHodRPErsé HabhdtRSna8B&y&hlsphenyl et her and
n-octyl ether, said nanoparticles being cobalt-based nanoparticles, and

wherein a range..of idfirst. temperature is substantially bet

Appr ox! mat ety F98uea GRStRP RTEREPThoted ssBotRIe ARty X dBEHIRAR ey o1 ai m
30, wherein said second tenperature is roomtenperature. 36. The nethod
accor di ng IR &edixamplen, wherein said netal precursor solution is forned at
roomtenperature. 37. The nmethod according to claim 30, wherein said
nanoparti cl es ddpmeilSechahaticallpsizedthedornationsf orderedhrthps df 2M0PardioleSBy A

met hod of form ng nanoparticles, including: formng a netal salt precursor

sol ution QH@&\%&)B}a'ﬁgn%ﬁHélﬂé}&atlﬂ%pe}sibn%nﬁ%‘sélﬁ?&ﬂ)isﬁ‘ﬁe.,s0! vent, said surfactant
sol ution conprises a conbination of an organic stabiliser and a phosphine

to protect said..nanopay.ti.cl nd said or fc.stabiliser . being a |l ong
chai n organic g"dﬁ%ﬁﬂa‘{%ﬂsﬁ@é?’%ﬁﬁ% --M%‘e |°§B§L§§ﬁ‘§ T ‘glg?léﬁsg from
the group consisting of 1 ) a hydrocarbon, chain, in straight or branched

f or mat i on,frosathe iRyeNatiens prerentadaihe Righmragaificgtien sets n therlddy imaeeet Figher 2) a
f luor ocarbon chain in straight or branched formation, said fluorocarbon
chai n conpldi deanly shotwathe Rexagotd oloa¢-packingofthevharoeryxtals; asd msplaysl ohe vanantye
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Figure 15 illustrates a flowchart of the inventive process 150, which fepresents one

of the methods, and Figure 16 illustrates a second method in the flowchart 160.
In Figure 15, the inventive method of forming nanoparticles includes a first
step 1501 of forming a metal precursor solution together with a surfactants solution. The

metal precursor solution is formed from a transition metal. As described above and below
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In step 1607, it is determined whether the size distribution is acceptable. If so, the
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as desired to narrow the size distribution.
Thus, the method of the present invention offers a unique and unobvious approach
to producing monodisperse transition metal nanostructures, as is tllustrated by the

following examples.

EXAMPLE 1
Monodisperse 6 nm hep cobalt nanoparticles were synthesized as follows. First,
cobalt acetate tetrahydrate / oleic acid / PR, / phenylether in a ratio of 1 mmol/ 2 mmol / 2
mmol / 10 mL were mixed under a nitrogen atmosphere in a sealed vessel (e.g., as shown
in Figure 11A), and were heated to 240°C over a period of ~3Q minutes. It is noted that a

complete dissolution of the metal precursor is indicated by the formation of a clear, dark

blue solution.

J

An 80°C phenyl ether solution of 1,2-dodecanediol (2.5 equivalent of cobalt was

-
—

injected rapidly (1-2 seconds) though a septum into metal precursor solution being

. vigorously stirred (e.g., with either a magnetic stir-bar or a mechanical device) to initiate
the reduction of the metal salts. The color of the solution changed from dark blue to black
over a period of 5 minutes as the blue cobalt salt species was consumed and the black
cobalt metal particles were formed. The black solution was stirred vigorously at 240°C for
a total of approximately 15 minutes, to
complete the growth of the particles and then the reaction mixture was cooled to room

temperature. After the reaction mixture was cooled below 60°C, methanol was added in a
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centrifugation (e.g., as shown in Figure 12) or filtration after which the supematant was
discarded, and the black waxy magnetic precipitate was redispersed in hexane in the
presence of approximately 100 to 500 microliters of oleic acid. Size-selective precipitation
was performed by titrating the hexane solution with a short chain alcohol (e.g., methanol,
ethanol, propanol, and/or isopropanol, but preferably ethanol).

Magnetic transition metal intermetallics (e.g., CoPt, Co,Pt, etc.) and alloy particles
such as, for example, Co/Ni, Ni/Fe or the like,.can be synthesized in an analogous
procedure in which a mixture of metal salts are used to prepare the metal precursor
solution. The phase of the intermetallic particles and the composition of the alloy can be
easily adjusted by changing the molar ratio of starting metal salts. Nickel acetate
tetrahydrate, iron acetate, and platinum acetylacetonate were used as Ni, Fe, and Pt

sources, respectively.

EXAMPLE 2
Monodisperse 8 nm fcc cobalt nanocrystals were prepared as follows. First, under
a nitrogen atmosphere, oleic acid / PR3 / phenylether in the ratio of 1 mmol / 1 mmol / 20
mL, respectively, were mixed and heated to 200°C over a period of ~30 min. A phenyl
ether solution dicobalt octacarbonyl (1 mmol) was injected to the hot mixture as it was
undergoing vigorous stirring (e g., with either a magnetic stir-bar or a mechanical device)

A black solution was formed instantly, indicating the decomposition of the carbonyl and
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approximately 100 to 500 microliters of oleic acid. Size-selective precipitation was
performed by titrating the hexane solution with ethanol.

In contrast to the procedure of Example 1, the procedure of Example 2 provides
access to particles with different crystal phases. Additionally, the method of Example 2
provides a better route to different crystal structures and better initial particle size
distribution than Example 1, which allows the isolation of monodisperse particles in fewer
recursive steps of size selective precipitation.

The improved initial size distribution is attained because the carbonyl
decomposition route more closely approaches the idealized growth curve for monodisperse
colloids depicted in Figure 11B. The kinetics of the carbonyl decomposition are much
faster than the polyol reduction producing a more temporally discrete nucleation event, and
better separation of the nucleation and growth stages of the reaction. The extreme
uniformity of the material produce using the carbonyl decomposition procedure is evident
in the TEM image of Figure 14.

In Figure 14, an ensemble of 8-nm. diameter fcc cobalt particles is seen organized

into a regular three-dimensional array (e.g., also referred to as a colloidal crystal or
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EXAMPLE 3

Monodisperse 10 nm cubic phase cobalt nanoparticles were produced as follows.
First, CoCly(anhydrous) / oleic acid / tributylphosphine / n-octylether in a ratio of 1 mmol /
1 mmol / 3 mmol / 20 mL, respectively, were mixed under a nitrogen atmosphere, and
heated to 200°C. LiBHEt, (superhydride) (2 mmél) was injected into the hot blue solution
under vigorous stirring. A black/brown solution was formed instantly, indicating the
reduction of CoCl, and the formation of cobalt particles. The solution was stirred at
200°C for approximately 15 minutes and cooled to below 60°C. The addition of ethanol
produced an air-stable magnetic black precipitate, as shown, for example, in Figure 12.
The precipitate was separated by centrifugation or filtration, and the supernatant was
subsequently discarded. The magnetic waxy product was redispersed in hexane in the
presence of approximately 100-500 micro-liters of oleic acid. Size-selective precipitation
was performed by titrating the hexane solution with ethanol.

The product of Example 3 yields yet another crystal phase of cobalt particles,
thereby allowing more materials choices for various applications. This material displays a
crystal symmetry of the p-phase of manganese. This novel phase of cobalt can be

transformed subsequently into either the hep or fce crystal structures by controlled
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of Example 1), thereby producing a temporally discrete nucleation event, and good separation of
the nucleation and growth stages of the reaction. The extreme uniformity of the material produced
using the superhydride reduction procedure is evident in the TEM image of Figure 4.
In Figure 4, an ensemble of 8-nm diameter cobalt particles is seen organised into a regular
three-dimensional array (e.g., also referred to as a colloidal crystal or nanocrystal superiattice).
The statistical analysis of the particle in the images places a measurement-limited standard
deviation in particle size to be less than 5% in diameter. Once again, the striking regularity of the
assembly is a clear indication of the uniformity of the constituent particles.

Example 4

For Ag-coated cobalt particles, the process was as follows. First, cobalt particles
synthesized as above (e.g., as in any of methods of Examples 1, 2, or 3) were Y(0998-169
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After being cooled down to room temperature, the mixture was freated with methanol, which
produced an air-stable black-brown precipitate, and the mixture underwent centrifugation. The
supernatant was discarded after centrifugation. The product was redispersed in hexane in the
presence of about 100 — 500 microlitres of oleic acid. Size-selective precipitation was performed by
titrating the hexane solution with ethanol.

A similar procedure can be used to prepare Pd- and Pt-coated Co particles and other
ferromagnetic metal-based (e.g., such as Ni-based), over-coated nanocrystals. Merely by
substituting the AgNO; for Pd(acetate), Pt(acetate) and nickel acetate, respectively, the resulting
particles each have a surface shell of the less chemically-active metal which improves the corrosion
resistance of the particles and allows new chemical groups to be bound to the surface.

This ability to change the surface chemistry of the particles facilitates the attachment of new
biologically active groups through a sulphide linkage. The use of Au and Ag nanoparticles with
sulphide-linked biomolecules is well established and, with the procedure outlined above, all of the
existing technology in this area can be exploited to derivate the surface of the magnetic core-shell

structure for biological tagging and separation applications.
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Thus, as 1s clear from the above description and the Examples, the present

invention provides a method for the chemical synthesis of magnetic transition metal

nanocrystals (colloids) and their assembly into two- and three-dimensional ordered lattices

and a method for the use of the dispersed colloids and ordered lattices.

More specifically and as described above, the present invention provides a

method for the chemical synthesis of magnetic transition metal colloids (e.g.,

such as Co, Fe, Ni and alloys thereof such as Co,Fe, 5, Co,Ni,,, and Fe,Ni ;

wherein x is within a range of 0 to 1 mole fraction, and Co,Fe,N, where x+y+z=1 (mole

fraction) and with a diameter in the range of approximately 1-20 nm in size with a

standard deviation in size of 5% in diameter or less. As described above, the invention

employs these unusually uniform dispersed magnetic nanocrystals with significant benefit

in a range of applications where currently less uniform colloidal or granular magnetic

material is employed.

While the invention has been described in terms of several preferred embodiments,

those skilled in the art will recognize that the invention can be practiced with modification

within the spirit and scope of the appended claims.

For example, there are many useful applications of both dispersed magnetic

nanocrystals and organized thin films of the nanocrystals, and thus the uses described

above should not be construed as limiting the invention in any way.

Specifically, the uniform magnetic colloids can be utilized in the dispersed state as

magnetic ink or in engineering applications including magnetorheological fluids (e.g.,

ferrofluids), as electromagnetic tags for interrogation of composite materials, as remote
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resonance frequency of the mndividual particles, and as the active light modulator in a
magnetopheretic display.
Several important applications in the life sciences also are envisaged for the
dispersed magnetic nanocrystals as contrast-enhancing agents in magnetic resonance
imaging (MRI), remote heat sources for hyper-thermal destruction of tissue under the
influence of an external electromagnetic field, an externally-triggered drug delivery vehicle,
selective magnetic labels in high gradient magnetic separation of purification/isolation
biomolecules and cellular products, and for use in medical diagnosis through the selective
isolation of biological products which are considered indicative of the presence of disease
or bodily dysfunction.
Organized assemblies of the magnetic nanocrystals have significant potential as
high density magnetic recording media (e.g., tapes, flexible disks, rigid disks, magnetic
smart cards and the like). Close-packed assemblies of these magnetic nanocrystals are
3
¢ envisioned as the active magnetoresistive medium in two components of nonvolatile
magnetic storage technologies, as the magnetoresistive medium in magnetic sensors (e.g.,
read heads) exploiting the modulation spin-dependent hopping/tunneling between
neighboring nanocrystals in the presence of a modulated external magnetic field or in
proximity to a magnetic encoded pattern.
Assemblies of uniform magnetic nanocrystals also are envisioned as the active

elements in the channel of transistors for non-volatile magnetic random access memory in

which the spin-dependent (magnetoresistive) and hysteretic properties of the nanocrystals
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are simultaneously exploited. For example, a strong magnetic field (e.g., produced by
write pulses or the like) is generated by on-chip current flow which is sufficient to orient

the magnetic polarization of the nanocrystals in the channel.
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1. Amethod of forming nanoparticles, comprising:

forming a metal precursor solution from a transition metal;

introducing said metal precursor solution to a surfactant solution,
wherein said forming and introducing are performed in an inert atmosphere with the exclusion of
oxygen, said surfactant solution comprises a combination of an organic stabiliser and a phosphine
to protect said nanoparticles, and said organic stabiliser being a long chain organic compound of
the form R--X, where R is a member selected from the group consisting of 1) a hydrocarbon chain
in straight or branched formation, said hydrocarbon chain comprising 6 to 22 carbon atoms, and 2)
a fluorocarbon chain in straight or branched formation, said fiuorocarbon chain comprising 6 to 22
carbon atoms, and where X is selected from the group consisting of carboxylic acid, phosphoric
acid, phosphinic acid, sulfonic acid, sulfinic acids, and thiol;

adding a flocculent to cause nanoparticles to precipitate out of solution without permanent
agglomeration; and

adding a hydrocarbon solvent for ane of redispersing and repeptizing said nanoparticles.

2. The method according to claim 1, wherein said forming a metal precursor solution
includes forming a metal precursor solution as a complex of the transition metal at a first
temperature, said first temperature being room temperature.

3. The method according to claim 2, wherein said hydrocarbon solvent includes one of
phenylether and n-octylether, said nanoparticles being cobalt-based nanoparticles, and wherein a
range of said first temperature is substantially between approximately 100°C to approximately
300°C.

4.  The method according to claim 1, wherein said forming a metal precursor solution
comprises a step of forming a metal precursor solution from a salt of the transition metal, an ionic
surfactant, and an inert solvent at approximately 240°C.

5. The method according to claim 1, wherein said forming a metal precursor solution
includes forming a metal precursor solution from a salt of a transition metal, an ionic surfactant, and
an inert high boiling point solvent at a first temperature.

6.  The method according to claim 5, wherein said forming a metal precursor solution
includes forming a metal precursor solution from a salt of a transition metal, an ionic surfactant, and
an inert solvent at approximately 240°C.

7. The method according to claim 1, wherein said forming a metal precursor solution is
performed at a first temperature and said step of introducing said metal precursor to said surfactant
solution is performed at a second temperature.
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9.  The method according to claim 8, wherein said step of introducing is performed at a
temperature of about substantially 240°C.

10.  The method according to claim 7, wherein said first temperature is a temperature
substantially within a range of approximately 200°C to approximately 300°C, and said second
temperature is less than 240°C.

11.  The method according to claim 10, wherein said first temperature is substantially
about 240°C.

12, The method according to claim 7, wherein said forming a metal precursor solution
includes forming a metal precursor solution from a salt of a transition metal, an ionic surfactant, and
an inert solvent.

13.  The method according to claim 1, wherein a long chain diol is used for reducing cobalt
salts to provide hexagonally-close-packed (hcp) cobalt nanoparticles, wherein the diol includes one
of 1,2-octanediol, 1,2-dodecanediol and 1,2-hexadecanediol, wherein cobalt acetate tetrahydrate
and cobalt acetylacetonate are used as a cobalt source.

14.  The method according to claim 1, wherein said metal precursor solution includes a
metal system essentially comprising one of Ni{Ac)24.H20, NiClz, Cu(Ac)2.H20, Cu(acac),, Pd(Ac)z,
PdClz, Ag(Ac), AgNO3, and PtCla.

15.  The method according to claim 1, wherein said nanoparticles comprise cobalt-based
nanoparticles, and said surfactant solution includes dicobalt octacarbonyl, a decomposition of said
dicobalt octacarbonyl providing face-centered cubic (fcc) cobalt nanocrystals.

16. The method according to claim 1, wherein said adding a hydrocarbon solvent includes
reduction of cobalt chloride by superhydride resulting in forming cubic phase cobalt nanoparticles,
wherein said superhydride is one of tetrahydrofuran, phenylether, and octylether.

17.  The method according to claim 1, wherein said adding a hydrocarbon solvent includes
reduction of a metal system by superhydride resulting in forming said nanoparticles, wherein said
superhydride is dissolved in one of tetrahydrofuran, phenylether, and octylether, wherein said metal
system includes one of Co{Ac)24.H20, NiCla(H20), Ni(Ac)e4.H20, CuClx(H20), PdClz, Pd(Ac)s,
Ag(Ac), AgNOs, and PtCla.

18.  The method according to claim 1, wherein a sequential reduction of a metal salt and a
noble metal salt is performed to provide noble-metal coated particles.
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19. The method according to claim 1, wherein said phosphine comprises a

trialkylphosphine and wherein particle size of said nanoparticles is controlled by changing a ratio of
said organic stabiliser and said trialkylphosphine.

20. The method according to claim 1, wherein said nanoparticles include an acid and an
acetylamide ligand there around.

21, The method of claim 1 further comprising varying a ratio of the organic stabiliser and
the phosphine in order to produce the nanoparticles with a desired particle size.

22, A method of forming nanoparticles comprising:

forming a metal precursor solution as a complex of a transition metal at a first temperature,

forming a surfactant solution at a second temperature higher than said first temperature, said
surfactant solution comprises a combination of an organic stabiliser and a phosphine to protect said
nanoparticles, and said organic stabiliser being a long chain organic compound of the form R--X,
where R is a member selected from the group consisting of 1) a hydrocarbon chain in straight or
branched formation, said hydrocarbon chain comprising 6 to 22 carbon atoms, and 2) a
fluorocarbon chain in straight or branched formation, said fluorocarbon chain comprising 6 to 22
carbon atoms, and where X is selected from the group consisting of carboxylic acid, phosphoric
acid, phosphinic acid, sulfonic acid, sulfinic acids, and thiol;

introducing said metal precursor solution to said surfactant solution, to form a mixture,
wherein said forming the surfactant solution and said introducing is performed in an inert
atmosphere without the presence of oxygen;

adding a flocculent to said mixture to cause nanoparticles to precipitate out of solution
without permanent agglomeration; and

adding a hydrocarbon solvent for one of redispersing and repeptizing said nanoparticles.

23.  The method according to claim 22, wherein said first temperature is room temperature
and said second temperature is approximately 240°C.

24.  The method according to claim 22, wherein said surfactant solution includes an inert
solvent comprising a high boiling point solvent having a boiling point substantially within a range of
approximately 200°C to approximately 300°C, and said second temperature is approximately
240°C.

25.  The method according to claim 24, wherein said solvent comprises ether,

26. The method according to claim 25, wherein said metal precursor solution is formed at
room temperature.

27. The method according to claim 22, wherein said surfactant solution includes at least
one ionic surfactant, one neutral surfactant, and an inert solvent.
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30. A method of forming nanoparticles comprising:

forming a metal precursor solution at a first temperature, said metal precursor solution
containing a surfactant solution comprises a combination of an organic stabiliser and a phosphine
to protect said nanoparticles, and said organic stabiliser being, a long chain organic compound of
the form R--X, where R is a member selected from the group consisting of 1) a hydrocarbon chain
in straight or branched formation, said hydrocarbon chain comprising 6 to 22 carbon atoms, and 2)
a fluorocarbon chain in straight or branched formation, said fluorocarbon chain comprising 6 to 22
carbon atoms, and where X is selected from the group consisting of carboxylic acid, phosphoric
acid, phosphinic acid, sulfonic acid, sulfinic acids, and thiol;

introducing a reducing agent at a second temperature into said metal precursor solution,
wherein said forming and said introducing is performed with the exclusion of oxygen in an inert
atmosphere;

adding a flocculent to cause nanoparticles to precipitate out of solution without permanent
agglomeration; and

adding a hydrocarbon solvent for one of redispersing and repeptizing said nanoparticles.

31.  The method according to claim 30, wherein said first temperature is approximately
240°C and said second temperature is less than approximately 240°C.

32.  The method according to claim 30, wherein said forming a metal precursor solution
includes forming a metal precursor solution from a salt of a transition metal, an ionic surfactant, and
an inert solvent at a temperature in a range of approximately 100°C to approximately 300°C.

33.  The method according to claim 32, wherein said solvent comprises ether.

34, The method according to claim 32, wherein said hydrocarbon solvent includes one of
phenylether and n-octylether, said nanoparticles being cobalt-based nanoparticles, and wherein a
range of said first temperature is substantially between approximately 100°C to approximately
300°C.

35. The method according to claim 30, wherein said second temperature is room
temperature.

36. The method according to claim 30, wherein said metal precursor solution is formed at
room temperature.

37.  The method according to claim 30, wherein said nanoparticles comprise cobalt-based
particles.
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chain comprising 6 to 22 carbon atoms, and 2) a fluorocarbon chain in straight or branched
formation, said fluorocarbon chain comprising 6 to 22 carbon atoms, and where X is selected from
the group consisting of carboxylic acid, phosphoric acid, phosphinic acid, sulfonic acid, sulfinic
acids, and thiol;
injecting an agent into the solution to reduce the metal salt in situ to produce colloidal metal
particles, wherein said forming and injecting is performed in an inert atmosphere with the exclusion
of oxygen;
adding a flocculent to cause nanoparticles to precipitate out of solution without permanent
agglomeration and separating by-products of synthesis which remain in solution; and
adding a hydrocarbon solvent to the nanoparticles precipitated out, to one of redisperse and
repeptize the nanoparticles.
39. The method according to claim 38, wherein the surfactant comprises at least one of an
alkylphosphine and an organic stabiliser, said organic stabiliser comprising a long chain organic
compound of the form R--X, where R is a member selected from the group consisting of 1) a
hydrocarbon chain in straight or branched formation, said hydrocarbon chain comprising 6 to 22
carbon atoms, and 2) a fluorocarbon chain in straight or branched formation, said fluorocarbon
chain comprising 6 to 22 carbon atoms, and where X is selected from the group consisting of
carboxylic acid, phosphoric acid, phosphinic acid, sulfonic acid, sulfinic acids, and thiol.
40. A method of forming nanoparticles, comprising:
forming a metal precursor solution from a transition metal;
introducing said metal precursor solution to a surfactant solution, wherein said forming and
introducing is performed in an inert atmosphere with the exclusion of oxygen;
adding a flocculent to cause nanoparticles to precipitate out of solution without permanent
agglomeration; and
adding a hydrocarbon solvent for one of redispersing and repeptising said nanoparticles,
wherein said nanoparticles comprise cobalt-based nanoparticles, and a combination of carboxylic
acid and trialkylphosphine are used to protect said cobalt-based nanoparticles, and wherein a
particle size is controlled by changing a ratio of said acid and said trialkylphosphine, the acid being
RCOOH with R equal to one of CHas, Ci7Has, and CatHaz and the trialkylphosphine being
organophosphine with R being one of Phenyl, CaHs, C4Ho, and CeHyy.
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adding a flocculent to cause nanoparticles to precipitate out of solution without permanent
agglomeration; and

adding a hydrocarbon solvent for one of redispersing and repeptizing said nanoparticles,

wherein said nanoparticles comprise cobalt-based nanoparticles, and a combination of
carboxylic acid and trialkylphosphine are used to protect said cobalt-based nanoparticles, and

wherein a particle size is controlled by changing a ratio of said acid and said
trialkylphosphine, the acid being RCOOH with R equal to one of C12Ha4, C17Ha4, and Ca1Hs42 and the
trialkylphosphine being organophosphine with R being one of Phenyl, C2Hs, CaHsg, and CgH17.

42. A method of forming nanoparticles, comprising:

forming a metal salt precursor solution containing a surfactant comprises at least one of a
tertiary alkylphosphine and oleic acid;

injecting an agent into the solution to reduce the metal salt in situ to produce colloidal metal
particles, wherein said forming and injecting is performed in an inert atmosphere with the exclusion
of oxygen;

adding a flocculent to cause nanoparticles to precipitate out of solution without permanent
agglomeration and separating by-products of synthesis which remain in solution; and

adding a hydrocarbon solvent to the nanoparticles precipitated out, to one of redisperse and
repeptise the nanoparticles.

43. A method of forming nanoparticles, comprising:

forming a metal precursor solution from a transition metal;

introducing said metal precursor solution to a surfactant solution, wherein said forming and
introducing performed in an inert atmosphere with the exclusion of oxygen, said surfactant solution
comprises a combination of a nonionic surfactant and an ionic surfactant to protect said
nanoparticles;

adding a flocculent to cause nanoparticles to precipitate out of solution without permanent
agglomeration; and

adding a hydrocarbon solvent for one of redispersing and repeptizing said nanoparticles,

wherein said nonionic surfactant is a phosphine and said ionic surfactant is an organic
stabiliser being a long chain organic compound of the form R--X, where R is a member selected
from the group consisting of 1) a hydrocarbon chain in straight or branched formation, said
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