FORM NG GLUTATHI ONE- CAPPED AND METAL- DOPED ZI NC SELENI DE/ ZI NC SULFI DE
CORE- SHELL QUANTUM DOTS | N AQUEQUS SCLUTI ON CROSS- REFERENCE TO RELATED
APPLI| CATIVGY 2p@a@ddo7Thi s application clains the benefit etTidcooopo@mMesi onal
application No. 61/006,863, filed February 4, 2008, the entire contents of
whi ch are incorporated herein by reference. FIELD OF THE | NVENTI ON [ 0002]
The present invention relates generally to quantum dots, and particularly

to glu d the
‘el at em@wqgwﬁzﬁ%@%@%@ S AR HEIALIDORELAANG SenergbmzNnd

(Cd) -free quHbFURE EOBESSHELAQUADTEIM OAVTSIN AQLEDISS SQMITI@Nped zi nc
sel eni de (ZnSe) quantum dots, or Cu or M doped ZnSe/ ZnS (zinc sul fide)
core-shell quantum dots can be prepared using organonetal lic synthesis-
techni ques. These techni ques involve heat treatnment at high tenperatures,
typically above 280 0C, and use expensive organi c solvents or precursor

mat eri al s. CHOFHREFERBNCEYENREDA TED MHPLACATIORSs for conveniently
prepari ng GSH capped, transition netal doped ZnSe/ ZnS core-shell quantum

dots i agueous .solution at a relativ 0 era urehsben
07 s o ov R 20000 This Bpblisin aitad Beianti ot Lo RiRvREre) Aagcos Noar ed
Wi th G@Ho@e%asnﬁre@%&uamuz@@s tH@‘éﬁflf@é&téﬁtsV@ftvﬂ‘ilcﬁrar%ﬁf&%é’r’a&&c?s bel ow

the boil'ing tenperature of water. The quantum dots nmy have a crystal size
as smahereisbyefarenteam The capped quantum dots may have a fl uorescence
gquantumyield of up to 15% or 20% depending on the dopant. The resulting
capped quantum dots may be free of Cadmi um [0006] Thus, in accordance with
an aspect of the present invention, there is '

FIELD OF THE INVENTION

[0002] The present invention relates generally to quantum dots, and
particularly to glutathione-capped quantum dots doped with a transition metal, and
the related preparation methods.

BACKGROUND OF THE INVENTION

[0003] ‘Cadmium (Cd)-free quantum dots such as copper (Cu) or -
manganeseA(Mn) doped zinc sélenide (ZnSe) quantum dots, or Cu or Mn doped
ZnSe/ZnS (zinc sulfide) core-shell quantum dots can be prepared using
organometallic synthesis techniques. These techniques involve heat treatmeht at
high temperatures, typically above 280 °C, and use'expensive organic solvents or
precursor materials.

SUMMARY OF THE INVENTION

[0004] A process for conveniently. preparing GSH-capped, transition metal
doped ZnSe/Zn$S core-shell quantum dots in an aqueous solution at a relatively low
temperature has been discovered.



provi ded a process of form ng a capped doped core-shell crystal structure.
The process conprises heating a precursor solution. The precursor sol ution
conpri seswa 2009we39¢ of a zinc (Zn) precursor, a sel eni urCTSERoGErOE@YL SOr, a
precursor for a dopant, glutathione (GSH), and water. The dopant conprises
atransition netal (M. The nolar ratio of Zn:Se in the solution is about

10:5 JUGHIOU., L0050y SHEn888Hbod shanfhrabe i o pisphest g 1115

perio ficien a zi el eni crystal core doped with
t he depdntorg@nid\reedrsboe nfaterialsin watersal tetripsmatusts belomhiberhailéig period of

heating, nore zinc pregursor and. H are added the S i on; and
t he s&?fﬂpﬁ@ﬁuﬁ@f%ﬁéd%a@ﬂ“&n&ewg i *&?d"?s%%s@eﬁl&e ?gg&éﬁ%sa% crystal
shel | t hdtea @obrdseendd @iantur yisld bf apeat anount

to ford'%ng' %réiﬁdun %%Oﬁg?‘?:ﬁ/stal astrqcture ?glrrpri siy?g.dthe Zn(M Se/ Zn

cryst dl5% or 20%n depbrdifigSrethesdepanthdlhe reaulting cepped sluapBing dotsH@Ys or ni ng a
GSH c%% ed Zgé%Se/ ZnS quantumdot. The first heating period may be from

about PEFTEHO TYB i nutes. The second heating period nay be from about
two to about four hours. [0007] In accordance with another aspect of the

pr esenpodgvent i oThug,heaecorianceuvitedn aspeciosithe predentrinventianctigreds and
doped core-shell crystal structure. The

< process, conpr,i ses, sequentially,
heat i mgovided esprocesscef fegpingsacappes deBad CPES-RQShCH 'Lﬁ%ré'cweaq?‘ler st zinc
(Zn) pr S ' (PTeT gl PET

conpr i%&%%%&é@%’?\%%ﬁ egéryngler% é@ﬁ@? 6'1%#%@{ hT@erlgFé(an‘géH?pécg{rJ\%m:Ag?g? to forma

zi nc seinidtingeofcx zigbiéZn):ptre@uﬁmred s&ietrﬁumr(selaipmn'sQIZﬁ(WP%)Spr fd@ ng aI second
i ] t ti .t . ti ;
Feat | HoPer ChdaRNSUPSEY NG WRKS nite Sedstt obidtise b fPMafof EASE By'se "
cryst ?MI)C%%, Tﬁ@??&idﬁoi P8 SESH the safldRM ik RbBuB 1O i tut 408 Bsuchasf orm a
a

| ayer oun e crystal structure conprising the Zn(M Se/Zn crystal core
and t lebobhS: X r e abluibrliis heatedHer arfifst pariassuificientito allowaAnGsi8Rd€apped

Zn(M Sel Zn uantum dot . . The .ol ar ' ; ' {BRUrA@gr sol ution
may bigﬁéng%fgaq@f%g%‘%%%w&%&Hg a?t?@ﬁé%%@%é? fq\ﬁ;%ni @htbgepsro g{:ﬂor sor sol ution
may bahdaniteskrioarof deatihg Lmot® zileprecGRonand/GSH aedidded tedoehdatedl uti on may
be heated for about 2 to about 4 hours. . -

solution; and the solution is heated for a second period sufficient to form a ZnS

crystal shell on the Zn(M)Se crystal core. The GSH is added ina sufficient amount

to form a GSH layer around the crystal structure comprising the Zn(M)Se/Zn crystal

core and the ZnS crystal shell on the crystal core, thus forming a GSH papped

Zn(M)Se/ZnS quantum dot: The first heating period may be from about 15 to about

30 minutes. The second heating period may be from about two to about four hours.

[00071] In aécordénce with another aspect of the present invention, there is
provided a process of forming a capped and doped core-shell crystal structure.
The process comprises, sequentially, heating a first, precursor solution comprising
a mixture of a first zinc (Zn) precursor, a selenium (Se) precursor, a precursor fora
dopant comprising a transition metal (M), glutathione (GSH), and water, to form a
zinc selenide crystal core doped with the dopant (Zn(M)Se); adding a second zinc
precursor and GSH to the precursor solution te form a second solution; heating the
second solution to form a ZnS crystal shell on the Zn(M)Se crystal core, wherein
the GSH is added in a sufficient amount to form a layer around the crystal structure
comprising the Zn(M)Se/Zn crystél core and the ZnS crystal shell on the crystal
core, thus forming a GSH capped Zn(M)Se/ZnS quantum dot. The molar ratio of
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[0008] In the processes described herein, the pH of the precursor solution
may be from about 10 to about 12. The precursor solution nmay be prepared by
addi ng t hEO2edmism precursor to an aqueous sol ution, WRETSGROMW/00gMEOUS
solution conprises a mxture of the zinc precursor, the precursor-for the
dopant, and GSH. The sol ution(s) rray be heated at a tenperature bel ow t he

boi | gﬁec%mfr@?aé{gt&rs%t Ui may68 aBdul 103 B 965 ucHPas b8 82, The

zi nc y-conprise zi de,” the sel eni um precursor may
conprirpe preciirdor Syldtios ehanbel heamrrblfor labopt 5 tor slooutfast mimaesopachtheray

conprise a netal chlori Th a rat Zn to the dopant in the-
precuﬁ@@@n%wim‘?'@ﬁ"%wgéa@w‘é{”g@u 2% Qﬂtéaayﬁg nore zi nc precursor and
GSH to the heated precursor solution, the zinc precursor and GSH may be

addedg?d rate ghe regeés‘ésfdiéé‘éhb% Wé]noﬂtezif@oﬁfhéipr@cﬂrm solhgtiozin( M Se

crystal core over gr free ZnS crystals. For exanple, the rate may be
about rrﬂaytkne&bnuab@utrﬁomaboumé tTmQFQqubﬁiﬂfrﬁ@ﬂléloﬁmﬁyaAesWe@éfﬁq P¥e copper,

Pﬁgg?ﬁﬁﬁr{\ggﬁéff% eadrtsoﬁgcglghLﬁ'g@egu%‘@gﬁrtrbﬂewhé?éﬁ'ﬁteté@;rbd@ts%luﬂo‘h copper,

[fUor estence el d of about

15% -EBﬁtptri%i-'}@ S ﬁwiﬁrﬁre@‘ttﬁé ZifRYpreeursurgeasrecursor fidrithé dopaat andeGBHecur sor
solution may further conprise a sulfur prgcggﬁs&g bé)a'ijrpg m)l ar rat I o of

Zn: Se Thei solution(p) meyhedieaed @t pdrmpgyaliEe A8 p%‘iﬁ' Y6 pr ecur sor

may CONRpLi se ap@%dﬁl géot may have
aflu gHE@%%Lﬂ‘%%% ;t’/lri g??gpgu out @20 ﬁ%@(r:ér@g?grl)m ?ructure may be
gener Qldd/crﬂ@r*‘@é Ithalse&'rmhmmremer mayi emnpme sﬂdratndwdrasel@nmoaﬂd théim The
GSH capped quantum dot nma ener al S er and di anmet er
of ab@ﬂ@ClG’S‘h'rrﬁorF'@@éQPa@'ﬁéY CRERNSESA m%alf l?ﬁ "t%%g \gznatpnvent i on
will abyuisso: hl wnem Bl d mur@zmcew ew of

t he f@ﬁ%a\%ﬁgﬁggég %‘%lﬁgétrﬁﬁgﬁacr T)ﬁb:é]enb%dr nment s of thegrt n r%r;é

conj upeétursomandh GSH tramﬁ)m@traylrmgctﬂrsgu selsligr thE ZISPIACHTSAN DRAW NGS

Ea?rtoaég? | npt %%d‘éa% o tate %@I’ec o t'al%rr SIIO%\Ith%Y ZWC@@B@M@ZH(N[I)Se
crystal core over growth of free ZnS crystals. For example, the rate may be about 1
to about 5 ml/min. The transition metal may also comprise copper, manganese,
europium, lead, or silver. When the transition metal is copper, the GSH Capped
quantum dot may have a fluorescence quantum yield of about 15%. The transition
metal may be manganese, in which case, the precursor solution may further
comprise a sulfur precursor, and the molar ratio of Zn:Se:S in the precursor solution
-may be about 5:2:3. The sulfur precursor may comprise sodium sulfide. The GSH
capped (Mn doped) quantum dot may have a fluorescence quantum yield of about
20%. The crystal structure may be generally spherical and n‘ray have a diameter of
about 4 to about 5 nm. ' The GSH capped quantum dot may be generally spherical

and may'have a diameter of about 6 nm.

[0009] Other aspects and features of the present invention will become
apparent to those of ordinary skill in the art upon review of the following description

of specific embodiments of the invention in conjunction with the accompanying

figures.



of the present invention, [001 1] FIG 1 is. a schematic diagram
illustrating a process for form ng capped and doped quantum dots, exenplary
of an enbwdizoevId’ t he present invention; [0012] FIG PCTSGR®Oh@ARt i C

di agram of a capped and doped quantum dot produced by the process of FIG

1; [0013] FIGS. 3 and 4 are line graphs show ng nmeasured absorbance and
fluorescence spectra of sanples prepared according to an exenpl ary

enbodi ment pHIEFBESCRIPHONWETHEPDRAWNGES FIG 5 and 6 are |ine graphs
showi ng the particie size distributions as neasured by dynam c |ight

scattering (DLS) in sanple quantumdots; [0015] FIG 7 is a line graph
showi 1801He powdbythe-fiawyes)iwhich diustiate, BYXRYRY phexamale orl¥sembadimeifsanpl e

guant ?ﬂ%ﬁb%ﬁwﬁ}"%ﬁg&?] FIGS. 8, 9, 10, and 11 are transm ssion el ectron

m cr oS ges of sanpl e quantum dots. DETAI LED DESCRI PTI ON OF
EXEMPLARY EMBODI MENTS [ 0017] An exenpl ary enbodi ment of the present
i nvenfo@t]r el at eBIG.0l & @ sols@natiSaiRgranorillystegtimgi angrogiess dhiooming GSH) - capped

and transitio t al - doped re-shel |l quantum dots as schematically
' us aRpetianh doned arign dite: exepmiencd i BTbodimaRRISNS HESRIt on 107 s
initi %}@hﬁ?ﬁepared whi ch contains a mxture of a zinc (Zn) precursor, a
precursor for a dopant, and GSH. The dopant may be a transition netal (M,
such as copper (Cu) or manganese (Mh). After the zinc precursor and the

dopan{0@tcur sor FKs.e2 jsra sthenatiadiagrami af @ ppesk ardideped ayaptredot o t he
aqueo ol ut,i recursor solution 14. The sel eni um precursor
may bﬁ%‘?@?@%@’%ﬁo&gﬁegfﬂ% gdded as a solution 12. The precursor
solution 14 thus contains a mxture of the Zn precursor, the precursor for
the deed8], GSH, FIGS. Senddeand ihergraphd shetvirig measuied albsdrbengs endr sor
solution 14 may be aboyt 10 . to about, 12, a,uc as about, 11.5, %erﬁendi ng on
t he r(ﬂggn@@ppogg spectra of samples prepared according to an exemplary embodiment

of the present invention;

[0014] FIG. 5 and 6 are line graphs showing the particle size distributions as
measured by dynamic light scattering (DLS) in sample quanium dots;

[0015] FIG. 7 is a line graph showing the powder X-ray diffraction (PXRD)

patterns measured from sample quantum dots; and

[0016] FIGS. 8, 9, 10, and 11 are transmission electron microscopy (TEM)

images of sample quantum dots.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0017] An exemplary embodiment of the present invention relates to a
process S100 for preparing glutathione (GSH)-capped and transition metal-doped
core-shell qguantum dots (QDs), as schematically illustrated in FIG. 1.

[0018] in process $100, an aqueous solution 10 is initially prepared which
contains a mixture of a zinc (Zn) precursor, a precursor for a dopant, and GSH.
The dopant may be a transition metal (M), such as copper (Cu) or manganese
(Mn). After the-zinc precursor and the dopant precursor are premixed, a selenium
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concentrations of the base and acid materials in the solution. [0019] The
precursors may be added in anobunts such that the nolar ratio of Zn:Se in

t he precuweanoswobisri on 14 is about 5:2 and the nol ar ratrco/Sckodroaapant in
t he precursor solution 14 is about 50:1. The GSH in the precursor solution
14 may have a concentratlon hi gher than the concentration of the Zn

recur
D 88 puple SR RO gddo UMY 8 T o B pelpdStdiand gapy oo sor
The anfi ma@munﬁpmyrsm naaidibe daasso@edamvmtesaud eddsdlastd solutien 1200be] The
sol utions 10, % ¥Eléust|rred or .ot her s tated ﬂh?amxthevrlous
i ngr e PIETHISOr sqigtios] 14 aus, coiigmssa MbgUR P Ee%%‘?{ BT L% Ui t abl e
t efmertﬁé H nﬁaﬁtOGsﬁH fthésse SHECUREIIE aR§ et ofhé bERof the ple@frsabevlttictp14C for -

about nut es forma zinc selenide (ZnSe) crystal core doped with
t he dcmpmnbe abbut10 t@abelnfoT%cBL@b FEnabydd 1ardgpending0n e espestive i on i s

heat | ROMCRRrA e (i Boap o 78 matpr QR it adUIST e hoat Ba sol uti on 14

wi t hout cooling the solution. The solution is heated for a second period

af ter (o691 i r st PRe ppsburbors wagibe stiiyd ihiaradurs, subheh@trtheunslar ratiwof i on is
referred _to as the first precursor solution 14 fo[?g (022 nore zi nc and

GSH, &méSadn iheeprgeewsebw@@u%&qb%ﬁtﬁ AR thes "ber! od of
heat i gy Pﬁ&g@ U\ﬁloﬂ fﬁ.&%ﬁ&&tfaﬂ Srh LtkgHti tﬁé’h%&ﬁsér”sdd‘@ﬁ 14 IRy zi nc

precurso ter I TSt perlo sane as t zinc
pr ecutmee aad:crmd&ratmnhighe‘rltham thos ecmcenbnatlsnlaitth@Zanfrecmsormy be a different
zinc precursor. The added zinc precursor and GSH nay be added in a top-up

sol uti 8. The respective t.otal nolar f sor and
GSH ad may beogﬁﬁﬁél éﬁ'tar?IBntsﬁch@s'BQX?’e\lae&#ﬁﬂ @thégﬁﬁ r§8r g&ﬁﬁéﬁm nc
pr ecunaBefaidhdating, fhd Benéfit dfivithicRWHEBSSorRe clddrdieldvi. Tﬂ'@(é}ﬁdm ¥bercet he
addi tional zinc precursor and GSH are added to the

may be added as an anion source solution 15

[0021] The solutions 10, 14 may be stirred or otherwise agitated to mix the

various ingredients.

| [0022] The precursor solution 14 is then heéted to a suitable temperature
_for a first suitable period of time, such as about 95 °C for about 15 minutes, to form
a zinc selenide (ZnSe) crystal core doped with the dopant, which is denoted as
Zn(M)Se herein. The heated solution is stirred during the heat treatment.

[0023] After the first period of heating, more zinc precursor and GSH are
added to the heated solution 14, without cooling the solution. The solution is
heated for a second period after the first period. For easy identification, the
precursor solut‘i‘on is referred to as the first precursor solution 14 before adding
more zinc and GSH, and as the second (precursor) solution 16 during the second

'period of heating.

[0024] 4 The zinc precursor should be solubleé in water. The zinc precursor
added after the first period may be the same as the'zinc precursor already in the
first precursor solution 14, or may be a different zinc precursor. The added zinc
. precursor and GSH‘ may be added in a top-up solution 18. The respective total
molar amounts of the zinc precursor and GSH added may be equivalent to the
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precursor solution, growh of zinc sulfide (ZnS) crystals is favored over
the gromh of ZnSe or Zn(M Se crystals. To favor growh of ZnS crystals on
t he Zn( Mo 200w core over grow h of free ZnS cryst alPsTisic2al/oasa2 f or med
separately in the solution, the top-up solution 18 should be added
gradually at a low rate, such as about 1 ta about 5 m/mn. The rate of

addi t r v, l.ution 18
'ré‘sg)(?’é‘,ggé éﬁelﬁpafﬂ%n% 57 the rr’i@br%cuﬁ raﬁlﬂa@ﬁ n th8nitifRadieot8

may b er continuously at the selected rate, or drop-w se such
t hat shikitiandi2age rate equals the selected rate. If the top-up solution 18
is added too fast, the forrration of separate ZnS crystal particles will be

favor er the,qro nsS, ¢ sta t rystal cores.
[0026f€qﬁt he pH ntvﬁqg aéjfgét l é‘b’?"&ﬁ% a?% %%g’%%‘g?ﬁ‘%w it may be
| ncr epsdslirsdrogol GHGHITRY réwtHof z?lﬁalsﬂﬂrdé (Basgcryetdts i@ﬁav@b@dloaertwe@rbwﬁhe pH of
the second solution 16 may be adjusted tao_about to about 12 to favor

t he gpbénBest é?(M)tSﬁmé‘éﬁ Tootaer Qwhﬁ&ﬂﬁcﬁﬁaﬁ pArhegn(M)$Rat ed at a

suita f bout 95

S BRI L or A8 BhBIE R B tolef' s Renspifieas about

Cflre sgmﬂaa] ’ch@}c foprug &ﬂuﬂmﬂstsheaﬂmb@taddwlggdt&wioz Iy_(li_ar’gmbul r'ralm, sighrasy be

allowed to cool to roQm t enper at e cr structure

f or re@bpyt 1 Heaﬁﬁk‘w Q@f”&'ﬂygmﬂ reéngpéaaalaovﬁ €% %\ey%‘feiﬁég h&et cﬂ{ it forns a
ant 1sd1ed d

hi ok SRatible. E LB slutbrts FRlhEaMed BRIt dnRaYash Rhé BRI o ri ool

and megtehawdrop-disenstcbrthat tmmmragemteaemais thersalegted3ate. Vllﬁére topsup f i ci ent

t th t d | ut |1
For m SPEAG s adpEP fe'r il orEatus essppalols 2gyatel PARElrERu BESS olng
the ZpdMr&§ ovel HePgroth ef ZHE ér?@tazgﬁerrérowﬂ@ Z5(MYSe erg¥taf bbids. gr ow bet vween
the GSH | ayer and the Zn(M Se crystal core during the second period

of heat i n&] The GSH caglped crystal structure is referred tg as GSH capped
quant 98281t 20 (Hdke pEpARe sPGORKBIRFUrSPIFOtItion 16)|s togdawrftaaybe

increased, for example, by adding a base material such as NaOH. The pH of the
second solution 16 may be adjusted to about 10 to about 12, to favor the growth of

ZnS crystals.

[0027] * The second solution 16 is heated at a suitable temperature for a
suitable second period of time, such as about 95 °C for about two hours, to form a
ZnS crystal shell on the Zn(M)Se crystal core. '

[0028] After the heat treatment, the heated solution 16 may be allowed to
cool to the room temperature.

[0029] The crystal structure formed by the Zn(M)Se crystal core and the
ZnS crystal shell on it forms a quantum dot when the crystal core and the shell
have a suitable size and thickness. For example, the crystal structure may be
generally spherical and may have a diameter of about 4 fo about 5 nm. |

[0030] When a sufficient amount of GSH is present in the heated solution, a
GSH cap‘ping layer will form around the crystal structure. A GSH layer may initially
form around the Zn(M)Se crystal core but the ZnS crystal shell may still grow
between the GSH layer and the Zn(M)Se crystal core during the second period of



[0031] FIG 2 schematically illustrates the resulting capped quantum dots
20 formed in the heated second solution 16. As shown in FIG 2, the capped
guant um de0 28@/de®7a Zn(M Se crystal core 22, a ZnS cry®calscaomioboodz on t he
core, and a GSH cappi ng |layer 26 around the ZnS crystal shell. [0032] The
anounts of precursor materials in the solutions are selected to pronote

for mapi o pf TE{\%%S’R%‘&FF% %mﬁ%élaétru%wféqg eRPredft8as B8P fhpedy

| §eHBm
enbodi nent’s, erela ar ratios of certain materials in the solution
may ndei2q (ndisepacatebt sHonrciorklGol1, but sae Hl@eR).t o achi eve the opti mal
results. [0033] To optimze the quantumyield (QY) of the resulting

pr odu he Zn: | ar rat.lqg.i. ' | Ut oul d be
about fdg?'f bef or eﬁﬁcé‘g?isﬁé?mﬁg{ﬁ%t% 1[]?%’[%6(?%';‘[5?h%ﬂtgﬁ%as@#ecg&%éﬁtggﬂ%&? 0 reduced
QY. Hopgyreied imthai HdRe¢ BEcaesiLBNYS. Adishaln SEFIG) 2rtheaappeday vary by
about 20% or from about 10:3 to about 10:5, and still achi eveggood Qy.

[ 0034ugmEmoip20 hagiadm M)SeHrstaheosd A 0P srialselR4an iR st e rent s of

fluor 1,55, f |l e and a reference materi al
u th SR RaeHPPINE bR Re I B SR erie SRE Fonr ¥ < (Fs x Ar X
Qvr)/ (Fr x A8), ( 1) where QYSis the quantumyield of the sanple, Fs and Fr
are rp032ti ve i Thegnmunts 6f precasoemeatedaissnita solutiohe asasplesteth® t he

ref erence, and Ar_are respectiyv bsorbance of the-sanmple and the

ref er B%Otﬁt%frﬂég%&efﬁ&?%rm§@ﬁﬁﬁﬂ?tu% 2 refamp ﬁe'rlﬁr@ﬁ?um yield of the
ref er epERdirh8A35Ineeldtivel RBlar #htiss Bf QSrtHis Matenals Fths Bention eaypddedl af ter
the first period of heating so that the concentrations of free zinc ions
and std beacewiately controlied icerded ipackiere dhe optimal easulls. subst antial |y exceed
the concentration of free seleniumions remaining in the solution, so as to

aadecliBNTa sl o8 bRt MRt e e it hind PRARR AL P 170

d al so I Ci cappi n ayer can form or
remai An@e inotaraails tiathepfirst prdctssdrididior! shauddbecatimad b2 beforeitteating. be
advantDeel g?tﬂ?e }rgmat g reeaﬁg %? %Izzvl%ads to reduced QY. However, in different

embodiments, the Zn:Se molar ratio may vary by about 20%, or from about 10:3 to

about 10:5, and still achieve good QY.

-[0034] The QY of a given sample can be calculated based on
measurements of fluorescence emission and absorbance of the sample and a
reference material with a known QY, according to the following equation,

QY = (Fs X Ar x QY)/(Fr X As), 4))

where QY is the quantum yield of the sample, Fs and F; are respective integrated
fluorescence emission of the sample and the reference, As and A, are respective
absorbance of the sample and the reference at the excitation wavelength, and QY.

is the quantum vyield of the reference.

[0035] ‘ ’Sufficient zinc precursor and GSH should be added after the first
period of heating so that the concentrations of free zinc ions and sulfur anions in
the second precursor solution 16 éubstahtially exceed the concentration of free
selenium ions remaining in the solution, so as to favor the growth' of ZnS crystals

~ over ZnSe crystals. The amount of GSH added should also be sufficient so that a

GSH capping layer can form or remain on the crystal particles.
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GSH in the second precursor solution 16, as it may pronote crosslinking

bet ween the GSH nol ecul es within the sane capping | ayer, and nay prevent
excessi vewaggeegaioron of the capped quantum dots. [0037pCTise2a906042i ON

mol ar concentration of each precursor or GSH in the solution nay be about 2
to about 50 mM such as from about 10 to about 20 nM [0038] To avoid

possi quascﬁont am m%ﬁrﬁé‘ e?r%dgﬂeﬁ%, ft%gafbé@dpaﬁ@bbe% to bAg SABaisiyé eat ment of

the sblutrons may be carried out under an inert gas, such as nitrogen or
ar gonGSHin thessgriond peyarmsoer soltianiléaas drmaypremgie ¢rosslinking bed@an t he QY in

the regsultl roduct . [ 0039] The heati t erature and ing time for
the ik CoMAHRA e Mitbin e Hasas Facing Ve SHE ey W5 ey on ¢ he
desi r gggfdgetibalof he Bappdte qaanfupnlstsof the solutions, and the solution pH
As the ﬂeat ed solution contains water as a solvent, the tenperature of the

sol ution shoul d be kept below the boiling tenperature of water. Under a °
hi ghef0Q&Rli r onmehieRbppluten neolax eenasalialiag of sapk PEeGHEOTRIVORE RithRer due to

o SPCRAHTAS paRbOLEE 0 SPRR 30 Wl o IR Ron ol 1Y B SRR Ben

found that for at |east sone transition netals, such as Cu and M,

suf fi {0638] nucl €bd awaidgrabsijyle wohtarsinatomand hindasinéd eide reactonsitbei vel y | ow
tenperature, such_gs at, gbout 95 to abqut ;99 OC. The heating tenperature
ey, bECHHTRAMENT 06 e R IHHPNS alihs SaERd it UBGET 31 18Tt GRS uRYF 3T e, For
exanp &t dr Sn.h%ﬁ'ie%n'?ﬁé'w, EHCBniatninBAGH c8A sifpifidditlytrbaBcdrgrded to
conpl ‘g?léogf[éﬁe sa%g anount o c‘ryg?al growt h may doug)q;'e as gorrpar ed to the
time ABeteiewhsuiting®roducti ng tenperature i s about 95 to about 99 0C. [0040]
The heating time may be adjusted.to control the optical properties of the

o HORAIEr 2t Rl forh bRy i dngin ! B8 BN EelhRE BT, o0 L0

about edch prectirsdihsolbitert may targelependiag ltinethierdpsitesli orgstabgire cthle properties in

the dggﬁ’%ngjgf tﬂgyso?lﬁions, and the solution pH. As the heated solution contains
water as a solvent, the temperature of the solution should be kept below the boiling
temperature of water. Under a higher environmental pressure, the heating
temperature may be higher due to.increased water boiling temperature. Generally,
at higher temperatures, the rate of nucleation or crystal growth may be faster.
However, it has been found that for at least some transition metals, such as Cu and
Mn, sufficient nucleation and growth rates may be achieved at a relatively low
temperature, such as at about 95 to about 99 °C. The heating temperature may be
adjuéted to control the crystal nucleation or growth rate. For example, when the
heating temperature is about 80 °C, the time needed to complete the same amount
of crystal growth may double as compared to the time needed when the heating

temperature is about 95 to about 99 °C.

[0040] The heating time may be adjusted to control the optical properties of
the resulting product, such as its QY, crystal size, the core diameter, or the shell
thickness. Typically, the overall heating time may be ffom about 2 to about 4 hours.
The heating time for achieving desired optical properties in the doped QDs may be
shortened by increasing the pH in the heated solution. However, increasing pH

may result in reduced QY. It has been found that in some embodiments, heating



shortened by increasing the pHin the heated solution. However, increasing
pH may result in reduced QY. It has been found that in sone enbodi nents,
heat i ngt wopn@m9s®or sol ution for |onger than about 4 heorscae9lodooant
further inprove the QY. [0041] Wth the guidance given here, a person
skilled in the art would understand how to sel ect the heating tenperature

and hgaty ' ' Ytk G rtHERimpicvesthand the
desi rg%t%%t@}}iégﬂ%gl;@gg???@é@g? t he %gﬁﬁé[\l‘gf)ﬂrbﬁﬁje dopaﬁt may include Cu

or MQYor another transition netal. A transition netal is an el ement whose
atom has an inconplete d el ectron sub-shell, or which can give rise to

catio Lt h an Sub- I it ] s not include
zi nc, i@é I um o‘b’ﬂﬁg@%}ﬁ@%ﬁe@ﬁﬁﬁ%ﬁePﬁriéﬁgg‘ﬂ%?ﬂﬁéﬁ"f"gﬁ&net al s may

I ncl udad&rgtadl biew tEselect Brthegtingsehyy@ratur®8Adhebliagdimpafdr epgieenr sor nmay be
a metal chloride, such as cop?er chloride or nanganese chl gri de, dependi ng

on t heombisnation of reawrson meterjalsaad the desirat aplicR! Praperies 8f e cnl ori de
(Znd eod’ucPr any other suitable water-soluble zinc precursor. O her

sui tabl'e Zi'nc precursors may include zinc acetate, or zinc sulfate, or the
i ke. As discussed above, one type or nore types of zinc precursors may be
used [0042)e pr oCEmsdoparntrmoay ieludeCriardinorsanabeetansition metalud eat i on and

grom h of. .crystals at different stages of the process 0045 sel eni um
pr ecu{}%?'t'%ié"?;@, 'S & ?]ﬁmngwg@éﬁeaﬁ?% lascghEicog _'?%oé?lescblo@rﬁ“%?ﬁ%lecur sors
may abs@hRe cifSive TRE t6%AMBhS with A RicegPIete )l Qib-SRelaA thamsitm meed as the
sel eni um precursSor. A conbination of different selenium precursors may al so

be usddes pobineludesing Hadmium, os rrrcely ashesatsheraln.e Suitableiransitigic onpose i n

the precur i |1 | . s providing the sul fur anions
needeﬁ'#%ﬁ'?%‘(ﬁa%wet%gogw@elﬁtﬁ%ﬁdsw? ‘\té#]‘gfore, a separate sul fur precursor
IS not necessary. In sonme enbodi nents, a separate sul fur precursor may be
opt i ofe043] i ncl utedldowant precursor may be a metal chloride, such as copper

chloride or-manganese chloride, depending on the desired dopant.

[0044] The zinc precursor may be zinc chioride (ZnCl), or any other
suitable water-soluble zinc precursor. Other suitable zinc precursors may include
zinc acetate, or zinc sulfate, or the like. As discussed above, one type or more
types of zinc precursors may be used in the process to provide the zinc ions
needed for the nucleation and growth of crystals at different stages of the process.

[0045] The selenium precursor may be sodium hydroselenide. Other
suitable selenium precursors may also be used. For example, a hydrogen selenide
gas may be used as the selenium precursor. A combination of different selenium

precursors may also be used.

[0046] Conveniently, some of the GSH molecules will decompose in the
precursor solution during heating, thus p'roviding the sulfur anions needed for
forming the ZnS crystals. Therefore, a sepérate s‘ulfuf précursor is hot necessary.
In some embodiments, a separate sulfur precursor may be optionally included or
added in the first or second precursor solution. For example, potassium sulfide,

lithium sulfide, or the like may be used.



added in the first or second precursor solution. For exanple, potassium
sulfide, lithiumsulfide, or the like my be used.[0047] In different
enbodi menwe,2088i903v8y be repl aced with another thiol preearsoergosfoososzxanpl e
mecar pt oaceti c acid. However, as discussed herein, GSH nay provide better
QY in the final product as conpared to other thiol precursors. [0048]

Tr eat m-gcondi t | Paifre PSR Ot REs fnhdy P& Feplaéad WhAlariBieratiol ncl uded in

the p s depending on the particul ar dopant used, as will be illustrated
bel owpré@04®), fathexaneslel mecayptuacetic Bsidor Hpaever, As disaussed heveinpestess are

d t d .th th t. Th t -shel |
St T o MNP RBER AT I g Gemarogu e Byedind 1 SR B 2rar®Sef T on the
core. The Zn(M Se crystal core is doped with the dopant M A GSH cappi ng

| ayer [ae4gJor med FraUtRfént BEndiRees AiZE be Gariatband furtiBraramimant redyiee of ~Zn to
the dopant” in the crystal core may be about 50:1. The core-shell structure

may bédeged W the prpRess depensdinn payihe padiculalidopent psed. aHwiltbe to about 5

nm Tk ntum dot nmay have a generally spherical shape and a
di anepﬁﬂsﬁ%?&zg%@WG nm The fluorescence quantumyield of the capped .

guantum dot nmay be up to about 15% when doped wi th copper, or 20% when
doped [0049] mangafheeesitd ptodutts peepambad fonethe, alidve hoSess ayastappasore is to

oo ut AoAon doft Bbmed Wit depiok Ee BHanembanhedd Gorg kel selIR L o
After férﬁ?e&ﬁaﬁﬁzm\/pgecé?&ah Bbid Athd BRHDES sERLHEN BA tAE cBFs FHEficiently

m xed, a solution ontai ning sodi um hydrosel eni de (NaHSe) is added to
t he adnédi)Se soysialicare iHdoped viththadopantM. pA &5 sepping layenis feunedrhe

precur.sor |ution 14 i.s heat t t. ' es. At
this taf‘ﬁlénds %t é@%n@é’m@rﬁsﬁg\e{%oﬁ%ﬁ? ggzﬂg? @9%[8?&3%@ 'P#ﬁ?h lt'éelat ed

sol ut icafe Arhy HPABAL 5011 AThacreshel @tuicture mdybe diensralfyaiphenicalarst ant  ( Kd)
of CuSe is 3.2c 10 56 and the Kd o nSe is 1.7*10 24. Thus, incorporation

f ZnS 0
of CumahBayaadsiametenptabekl 4 tarbatlS nake The £8BPEH aHaRIuWR dobmay
have a generally spherical shape and a diameter of about 6 nm. The fluorescence
“quantum yield of the capped quantum dot may be up to about 15% when doped

with copper, or 20% when doped with manganese.

- -[0050] In one embodiment, the ZnSe crystal core is to be doped with copper
(M=Cu). In this embodiment, the initial aqueous solution 10 contains a mixture of
suitable amounts of ZnCl, CuCl, and GSH. After the contents of the initial aqueous

- solution 10 are sufficienily mixed, a solution 12 containing sodium hydroselenide
(NaHSé) is added to the aqueous solution 10 to form the first precursor solution 14.
The précursor solution 14 is heated to about 95 °C for about 15 minutes. At this
time, Cu-doped ZnSe crystals, Zn(Cu)Se, are formed in the heated solution 14.

[0051] In an aqueous solution, the dissociation constant (Kg) of CuSe is
3.2x10%® and the Ky of ZnSe is 1.7x10%. Thus, incorporation of Cu ions into the

ZnSe crystal may take place on nucleation.

[0052] More ZnCl and GSH are added to the heated solution 14, in a

solution 18, to form the second solution 16. The second solution is heated at about
95 °C for about two hours. After the heat treatment, ZnS crystals are grown on the
Zn(Cu)Se crystal cores and form Zn$S crystal shells. A pair of ZnS crystal‘shell and
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[ 0052] Mbre ZnCl and GSH are added to the heated solution 14, in a solution
18, to formthe second solution 16. The second solution is heated at about
95 0C f orwalwesoovso hours. After the heat treatnent, ZnBCTrSgom@liogsodze gr own
on the Zn(Cu)Se crystal cores and form ZnS crystal shells. A pair of ZnS
crystal shell andzZn(Cu)Se crystal core forns a quantumdot with a

cor e- spp{CGu)Serairgstarl oreMoFhser ot d S crystal
shel | tg&_is;ygi(igng three core- s(?lueeﬁt&@d ruyﬁ%béﬁgﬁ@ﬁrﬁtaﬁgé@ﬁ%%%on t hus’

servesG lfpfm%ral’ opd 88 Zmb crysiphshellibas cappiay teacomd-shéle second
sol ut r ore be dyally covered by a fe
I aygr ;é}ﬂ#c}@‘es crystal ﬁﬁk)% %cﬁu%ﬁau?ﬁﬁ@/sy%? Q%télﬁ g y[ 00\5/4] I n %/he "

resul ti ng GSH capped Zn(Cu) Se/ ZnS quantum dots, the band edge em ssion of

ZnSe cjo@s8hl s at mﬂmmmtb@méﬁﬁ@fﬁhe%bbuna%@ﬁmbﬁdlﬁ RUEh@U)S @J dopi ng
em ssi gn rr]a{y) be ob rvagl e at about 450 nm [0055] Wen the do

concent Ve G3re may uglly sayesad by sl layereef ZnS crysial, which mntum dot s
al so cihgnregsial S, exarrpl e, at less than 1% (by nole) of Cu doping, the band
edge em ssion of ZnSe crystal may coexist with the Cu-doping enission. Wth
2 wt%%we ht percent) of Cu doping, the band edge em ssion of ZnSe crystal
may bd %ﬁl et el YN fircrastiling(E8 H-eap pedetn(Bu)Se/Zh togntem Esispthe BAsd quant um

yield m dot s na al so v For exanple, at 2
ot o6 QLo issloor 2 LS S B0 Pt Bisb ety SuBrEriBdianhotiotbni ny oy

Iead tCm-dopmgmtis@‘xmﬁb%%éﬁ%&@@?ﬁﬁé&@%@ﬂﬁmy be measured using

el enental analysis, and can be carried out by one skilled in the art.

0056 d be det d by elenental anal f th
pr ooudPOREk o Ml é@rﬁ@?éa@e@etm?anﬁé%Qéede%m%&"ﬁx%aegmas“&%"‘?é{faﬁd the
total reguiahd qBhnidin 8BEk 5 haAgdd. kor %ﬁ.ﬁpf‘e”’{é?ﬁérsg%ﬁ%g 19 (b rliidy fecessary

to add the optional anion sour In't
it is Giederiag, the band edge emission of ZnSe crystal may coexist with the Cu-doplng

emission. With 2 wt% (weight percent) of Cu doping, the band edge emission of
ZnSe crystal may be completely quenched and replaced by Cu-doping emission.
The quantum yield (QY) of the resulting quantum dots may also vary. For example,
at 2 wt% Cu-doping, the QY may be about 15%. Further increasing Cu doping may
lead to a reduced QY. The doping concentration may be measured using
elemental analysis, and can be carried out by one skilled in the art.

[0056] The doping percentage may be determined by elemental analysis of
the product QDs. The doping percentage may be based on the weight of Cu and.
the total weight of Zn and Se.

[0057] In this embodiment, it is not necessary to add the optional anion
source in the first precursor solution 14 before it is heated.

[0058] In another embodime.nt, the dopant is manganese (M=Mn).

[0059] In this embodiment, process $100 is followed with an anion source
added to the first precursor solution 14 before heating the first precursor solution
14, SUCh. as by way of the anion source solution 15.

[0060] As the dissociation constant (Ky) of MnSe is 2.3x10™%,.which is much

higher than that of ZnSe (1.7x10*%), the additional ingredient is added to promote
11



[ 0058] In another enbodi ment, the dopant is manganese (M=Mnh). [0059] In
this enbodi nent, process S100 is followed with an anion source added to the
first preworseovossruti on 14 before heating the first precusseo09goddi on 14,
such as by way of the anion source solution 15. [0060] As the dissociation
constant (Kd) of MiSe is 2,3x1 0 13, which is nuch higher than that of ZnSe

(1 .78 %9 ofl‘i\}i}?urﬁ&mé ZHB@'cryétgr afhegbekbh fage thdtvireaedueihfendopi ng of
Mh into t nSe crystal. been found that while reducing the

rel at reletlvmncm&n’cwtloomfa‘n lnrthe rsdtﬁ@ns'nawfaczblﬁa’?ﬁa’sﬁer%ﬂral fosmationdf cryst al

format | of MNhSe a o] ting
doped %?%QOBWSﬂ%gﬂﬁgqﬁe%@%’é’a‘fﬁ'@éﬁg%ﬁ%&ﬁ ?&Mhﬁ Fy%g%l W t hout
bei nghhi & ieeh red@cdeqY] sutitbstiégthan 1%. Wshdmemm@ﬂmubatt@d that a |ayer
of Znthi ol conplex nmay be fornmed on the surface of Zn(l\/h) Se crt{ﬁstal core

dur i ngatticelajtoeeny, ttéwﬁrbﬁﬁnap%éuiaﬁﬂisma@ atayerA (4 ihirl camepiex may
exces?cgﬂ‘f%ds(sﬁtﬁeogﬁ’fé an@ﬁ’n#)%‘e' HstaP rfe*H{?nrirg‘tfh ir‘él(l\[fh ‘ﬂﬁv@%}l db REwbRr mﬂt hon of

the Z cryst ont core crys uor escence
quenc basgva{e@Q&i(Mri)Se)‘EnS btractude. sAn\eaaceds bﬁSe tleS i theesudeticof maycess ani ons

other than Se2 in the first sol n. .14 ronote t dopi ng of Mh
into thisin r@r‘"ﬂ?ﬂ&‘ﬁ fOFfB?%‘?"I‘]Pﬁ %%eﬁ E(QWSE?EI an ong ot her

t han }&qﬂﬁﬁé} p&%enggq? i um sul fide (NaZS) may be added to the first
I on o

sol ution ter a "NaHSe and before the first .solution 14 is
heated. The ani on source should be added slowly. The ani on. source nay be
added[@261]hat t hié haslbeenrdis¢aveased thatthe gresenceefigxcess apjamsiaiherithapef or e

et e ndRe St sl bR o4 Ay BramdiE Mt borRR BN IRothe 20SeR Bl o meel 5
and NFSﬁﬂﬁ% pufpssd, ahrafiﬂcbtﬁ?%b@ﬂmqbr gRionemiherathanlthe Seicnohsl siloh ade later

gromh of a layer of_ZnS crystal on the surface O Zn s in the
seconéog'é'mwmﬁe1@32§m61]ber%‘éd%'(q\}lh§é'" réf(ﬁ%u@‘ilgﬂzﬂf@rggg fi cﬂ%ﬁﬁ'&ﬁ% he first

b5c.  pod et hadscbictiel 8 Reath: ?‘#ee“i‘fn%@%°%k%§’?%“'§?b§§%d§%@§tciﬁ b
conf i sioedy b{Thetenign ssemmeenay be added so that the molar ratio of Zn:Se:S in the

first solution 14 before heat treatment is about 5:2:3. As a result, an excess of S

ion is present in the first solution 14, which facilitates crystallization of both ZnSe(S)

and MnSe(S). The introduction of‘S?‘f ions can also facilitate the later growth of a

layer of ZnS crystal on the surface of Zn(Mn)Se crystals in the second solution 16.

[0062] The Zn(M)Se core crystals are grown in the first precursor solution
14 during the first period of heat treatment at about 95°C, for about 30 min.
Formation of the Zn(Mn)Se core crystals can be confirmed by the presence of a
prominent Mn emission at about 570 to 600 nm, such as about 580 or 590 nm, and

a QY of about 3% from the crystéls formed after the initial heat treatment.

[0063] When the relatively strong basic precursor solution 14 (with pH
higher'than about 10) is heated, some GSH molecules in the solution will be
fhermally decomposed, thus releasing S% ions into the solution. To promote the
formation of Zn(Mn)Se/ZnS core-shell crystals, an excess of Zn?* ions, as
compared to S%, should be present in the second precursor solution 16. An excess
of S* jons may hinder the formation of the ZnS shell crystals. Thus, more Zn
precursor may be slowly added to the heated solution after the first period of

heatmg to produce more Zn2+ ions in the second solution 16 durmg the second
12



prom nent Mh em ssion at about 570 to 600 nm such as about 580 or 590 nm
and a QY of about 3% fromthe crystals fornmed after the initial heat

t r eat mrentwo20068)39When the rel atively strong basi c prececIsGewlootudn 14
(wth pH higher than about 10) is heated, sone GSH nol ecules in the
solution will be thermally deconposed, thus releasing S2" ions into the

sol ut | ) M&&q @-’émff ginshkocthgst al s, an
exceségﬁ?d §ﬁ9§é@ﬁgﬁugﬁ%@%@ﬂﬁlﬂ%ﬁ%sho é p'?%ggnt |hn the second

pr ecufisairpredliett i on 16. An excess of S2 ions nay hinder the formation of the
ZnS shell crystal s Thus, nore Zn precursor may be slowy added to the

heat e ution fir r,o heatl o pr.aodu n2+ ions
in th&’@éﬁond so moafge&lﬂ% H q%aggg{gﬁ, iod (gj}dq%&egﬁﬁg 3

| DT oM @ ecARior @bKJtIBE cbhﬁreﬁéb{%\baht E(D%V\Whldrpl@@lémﬂélaﬁt@rhi hér thianahe pr oduct .
[0064] The QY of the final product after the second period of heat

treat B%QYoﬁromﬁberﬁréNun)S@prﬁwlunihaW tumedeach about 20% which is
significantly higher than the 3% QY fromthe Zn(M)Se crystal initially

of onit0eed’r ! i nAEReBATuTHEA the Bpuany AR ofBhe HIAHTERD dZRERRTL 1% 1 ©

t he ampwetfiref sdlbgors Y4 fisiaboutes:Ardorthisrerbedifiertt Ifshewrnomtbf the sulbaduced, the
Mh em ssion in the forped product V\nédhemeduced be doped

as [ess W, | |
into PF@UZWSén6‘??@f§$l30'qtp”t%'sd'ﬁﬁ%ﬁ eQUFHYs '%ﬁ’@c@@@%@dq%o hi gh,
the e e“@’djp Heeshn |
enbod?msa% Péh‘ﬁdee%%hl%% 'E)Apglglﬁrsor sﬁ)@%&% Z‘g%%gﬁ%tﬂgﬁ t hat ??}Qt 6r$|l1§ir ratio
of Znsﬂ«ﬁ.]r?p)renumslmelsf foodiigk,adhetdroissivn signatdn the fmmedmrqciust \lzrﬂzbeand | ess than

about 5:2: rati.o of Zn2+: tion 14
may vaH§ ‘?'?edjm g‘b‘g’é e’?ged'f"‘? tgﬁoiﬂlfo%@rq_curs%%ﬂq h??é;] tgép{h e final
pr Oduﬁ‘?olaﬁﬂé\'tlé JfHAA: Qe tﬁé fisdt@diut 14 is MBretHer abywutds2: 4Iah1ﬂ lepsitad dopant
nol'ar concentration in the Zn(MSe crystal is about 2%in this enbodi nment.

| f t habdwiiRi2.concentration is too high, the QY of the final product will
be quenched. In different enbodinents, the

[0066] The molar ratio of Zn?*:Mn?* in the first solution 14 may vary from
about 200:1 to about 20:1. To optimize the QY of the final product, this ratio may
be about 50:1. In other words, the optimal dopant molar concentration in the
Zn(M)Sé crystal is about 2% in this embodiment. [fthe dopant concentration is too
high, the QY of the final product will be quenched. In different embodiments, the

optimal concentration may vary.

[0067] While other thiol ligands, such as mercaptoacetic acid (MAA),
mercaptopropionic acid (MPA) or cysteine, can also work as a capping agent; it has
been found that GSH capped, Mn-doped ZnSe/ZnS QDs exhibit much higher QY
than Mn-doped ZnSe/ZnS QDs capped by these other capping agents. For
example, when the doped QDs are capped with MMA, MPA, or Cysteine, their QY is
only less than 3%.

[0068] GSH capped QDs are also water-soluble and biocompatible, -and
may be suitable for fluorescent iabeling and imaging in biological applications.

[0069] The exemplary synthesis processes described herein may be
relatively simpler and more cost-effective, as compared to the conventional
organometallic processes for preparing transition metal doped QDs.
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optimal concentration may vary. [0067] Wile other thiol |igands, such as
nmer capt oacetic acid (MAA), nercaptopropionic acid (MPA) or cysteine, can
al so wor kwaeo@/meppi ng agent, it has been found that GSHCTsoped/ oMz doped
ZnSe/ ZnS Qs exhi bit nmuch higher QY than Mi-doped ZnSe/ ZnS QDs capped by
t hese ot her cappi ng agents. For exanple, when the doped Qs are capped with

MVA, or cy Qe gela((?' Yid v UscribPBdresomssapped QDs
are adysszo!/vat er - ?(t)ﬁe(ﬂgﬁ%s an tfﬂ@é?r%%ﬁ}h?lgwgﬁ)ﬁggs gg%grﬁu t abl rg fora(ya'l

f | uorlesadaptedairehodified ol prepeye wtherddpied aystabstragipresciataroaguequic9] The
exenplary synt hesj L QCESS escribhed herei.np may be relatively sinpler
and ecéé?b @F%@Mor\}g,&j%%%ﬂz’g%ﬁ% otrﬁéegg?went i onal organometallic
processes for preparing transition nmetal doped QDs.[0070] As discussed

abovegoyhp exenminel GSPI RRRTIRS ifl 2R GI1 tayRay beryosslinkéapTedd®so,modi f i ed
to prepare other doped crystal structures in an aqueous phase, such as

Zn( Mrgreacigtionragent seaydoe inchidedde the isecond eragurspiesiphsirdoay 88 in t he GSH

| ayer | i ; ; | | be i ncluded i
t o <ol bR XY 5405 128 (R AHBAEH (8 he ReatERHEN, 00 ' 10 LG "
lhaS b@msﬁmhgftﬁ@GSPﬂc‘abpingﬁiayertrﬁayfatmmh se tﬁenstability(d)frtgegbsulmgi cagpiqg%

ayer may increase the stability of the re i ng capped, and. dope :
Crgsﬁﬂﬁﬂ@@@%@&ﬁ@oﬁﬁk&%ﬁaaﬁeam%ggnw&ﬁq‘?ﬁgpga d in vivo
bi oi NGz They: gj@ﬂ f tection
of D@\ggf‘ng{trgra{ﬂ/{?ﬁ@?o enaQ@ﬁ}Jﬁgg){ g%”v%‘ﬁﬁﬁgjggghsgr dr?ﬁﬁ%"gé? ;b iré:l?%stéet heyI can
f or m therdstectinrsoft RNAcahpioteing. Bihen comjugated with mbghetignanopartielgbng, cel |

sortipng, targeting and separatiqn. [007 The ca d.and.d uantum dot s
o1 el cHB g Ao REPREbo Conalie ot BT lanepEs iBBRIER B RREAY A o ous
appl i cAtddrtisg, taRjet®amt SepdrBfdn.may be used for |abeling or imaging various
targets .in d?fferent applications. They may be conveniently used in
mul ti - photon fluorescence imgi ng. The capped : .

[0072] The capped and doped quantum dots prepared according the above

hrocesses may be conveniently used in various applications. For example, they

- may be used for labeling or imaging various targets in different applications. They

may be conveniently used in multi-photon fluorescence imaging. The capped

quantum dots prepared by the processes described herein may be free of

cadmium, and may thus be more biocompatible with various biomedical

-applications than quantum dots that contain cadmium.

[0073] - The exemplary embodiments of the invention and their applications ‘

are further illustrated by the following examples.
[0074] EXAMPLES

t0075] The materials used in the Examples were obtained as follows.
Sodium hydroxide, zinc chloride, manganese chloride, and 2-propanol were
purchased from Lancaster Synthesis™. L-glutathione, sodium sulfide, selenium
powder (200 mesh) and sodium borohydride were purchased from Sigma- '
Aldrich™,

[0076] The reference material for deterrhining sample QYs was a quinihe
sulfate solution in 50 mM of H,SO4. The QY of the reference material was 54.6%
at 310 nm excitation wavelength.
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guantum dots prepared by the processes descri bed herein may be free of
cadm um and nmay thus be nore bioconpatible with various bi onedi cal

appl i cat iwo=otdmmoquant um dots that contain cadm um [ O@C3|SGTomw/0ec0anpl ary
enbodi ments of the invention and their applications are further illustrated
by the follow ng exanples. [0074] EXAMPLES [0075] The materials uséd in the

Exanpl [gO7®pr & ObENAAPLES| 1SYntivists oFCSHERBNEY P(sIPsef2 S (il Or | de,

manganese chl oride, and 2-propanol were purchase rom Lancast er
Synt h?@i %jrr) L-gl ut at hi one, sodi um sul fi de, sel eni um powder (200 nesh)
and sdd%4# bor oh Ythesis praeshis iuthis exarsplgrialiowed the bkemplary 0076] The

refer ' f ] I I YSs was a gquinipe sulfate

ol ut | eoe ugefiod Moyk3hF R B QP b e edsiend WpSealisl. ov6 a
310 nmanskihiet selémiumypreeliesoyiwad S8UiUh H¥Pd&IEnide SYTHE@SsntThr fAaH capped

Zn( Cu) Se/ ZnS .&0078 The synthesis procedure in-this exanple followed

t he e@ﬁﬁﬁ‘@f’&%ﬁg BRI W §5V9@é&e§bﬁﬁ§r’f%d@@%ﬁmmfe subiectedhdo pr ecur sor
used %t%@tmeﬁﬂ%dé}%iﬁ%&{” um precursor was sodi um hydrosel eni de. The
sol vent for the precursor solutions were oxygen-free water, and the

solutions were subjected to heat treatnent under nitrogen. [0079] An
i ni ti dP0%¥eous AwlintinbaquesuspseptoredabyprapaicddyZmiting ZnCl,aneCISSHdi n

oxyge . of At hi ol ution contains.0.5 | of Zn, 0.01
ot T oG8k st fler.opo'aal 5478 <51 Giefisdimmmebaoin. Svaf i

hydr oseinehofiGuyasd prepais bflBe, End 006 nwfdl gneie ohydri de NaBH4 and sel eni um
powder in water. After the selenium powder was conpletely reduced by NaBH4,

10 m he freghl,) epared NaHSe solution (0.02 M were added to and
m xed [@%(h 50 m §871M5y§'[9§9@m¢ﬁ vegIPrepRied Ry miling sodiunt berohydridée fir st

pr eCUNeBH Sohd'seRRAiun] 'b%w‘cdie'i'?ﬁ WRHGC W thS Sbhni B Jhe? Wi &)rm;%%teﬁy and was
reduced by NaBHs, 10 ml of the freshly prepared NaHSe solution (0.02 M) were |
added to and mixed with 50 ml of the above initial aqueous solution, forming the
first precursor solutipn. The first precursor solution had a pH or 11.5 and was
vigorously stirred.

[0081] The resulting first precursor solution was heated to about 95°C, and
the growth of crystals was initiated immediately at this tem perature. After a period
of about 15 min of heating, nanocrystalline Cu—doped Zn(Cu)Se crystals were

- formed. About 30 mi of a top-up solution containing 0.1 M of ZhClg and a slightly
(by about 10 to 20 %) higher concentration of GSH was added drop-wise fo the
heated first solution. The rate of addition was about 1 to about 5 ml/min. The pH in
the resulting second solution was adjusted to about 10 with the addition of an
appropriate amount of 1 M of NaOH solution. The NaOH solution was added drop-
wise to the second solution. The second solution was then subjected to further
heat treatment at about 95°C for a period of about two hours. The QY-of Cu
emission from the QDs in the solution was graduélly increased from about 1% to
about 15% at the end of the heat treatment. Heating was terminated when a stable
fluorescence emission was achieved.

[0082] ~ The QDs in the heated second solution were precipitated by adding a
minimal amount of 2-propanol to the heated second solution. The precipitated QDs
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vigorously stirred. [0081] The resulting first precursor solution was
heated to about 95C, and the growh of crystals was initiated i nmediately
at this twoperamese. After a period of about 15 mn of ReAISGREI/000042
nanocrystal l i ne Cu-doped Zn(Cu)Se crystals were forned. About 30 m of a
top-up solution containing 0.1 Mof ZnCl2 and a slightly (by about 10 to 20

% hi : . o first
bt ut RTE RSt h L e BpAEneaeter P ExBoog Pl RORE ST e
r esul tamgvexkfrondtheddDSi mrepastingjths pestigitatiabeauspesiontproceduradiesi on of an

appropriate_amunt of 1 Mof NaCH sl ution. The NaOH so] uti,on was,added -
dlrogpvﬁ@gst ﬁwrg@@ofﬁﬁswretwa&w 'ée‘gi%ﬁlﬁ’ﬂ’ y Lﬁ?ﬁ’%ﬁ”ﬁ!&é%ﬁ@\wg tected to
furth t 3 ' i i . The QY
o o g, BB g8 B e e g e ¢ om

about 280m@dabdathel adsarptiomef waterof the heat treatnment. Heating was
term nated when a stable fluorescence em ssion was achi eved. [0082] The QDs

of 2 PRl ©ortneeniy ln A tEh B REMRTHERY CCT Tl ed Comere

re-suspended in a mninml anount of deionized water. Excess salts were

r emovEgbg4qom t heEXRGIRLE [e@yathars bheSH eapped Zh(n)SaiZp8BDen procedure
three tines. The purified QDs were vacuumdried to a powder form which had

a weight of 160 . Upon storage i-n open atnos r it he,_sanmpl e, wei ght was
o ol8EST: o' 5501k SaIBlsI (NG EASIeR PSP dP IO BEdsE SHRTD &l ¢ | <
refer @gfﬂ)és ReNEH Bopb§@fids. EXAMPLE Il Synthesis of GSH capped
Zn(l\/hg)geé/e%%g%%%s 0089:>\i,e The sa(r%BI es In this exanple were prepared foll ow ng
the exenpl ary process described above for M doped @s.b&_0086] The initial
aqueol(0863] ut i onThainitish @qtipeus spludien asgrthe dirsttnreaurser SOWIBPAYRE as in

o e BT R SRR et RS Ry /> The

CuCl,. The pH of the first precursor solution was 11.5. :

[0087] Before the heat treatment, 0.3 ml of a sulfur source sdlution
containing 1 M of Na;S was added to the first precursor solution under vigorous
stirring. The amounts of Zn, Mn, Se, S and GSH in 50 ml of the resulting first
precursor solution were 0.5, 0.01, 0.2, 0.3 and 0.6 mmol, reSpectively.

[0088] The first precursor solution was subjected to heat treatment at 95°C
for about 5 minutes. The nucleation and growth of crystals were initiated on
heating. The fluorescence emission of Zn(Mn)Se crystals at 590 nm was

observable after 15 min of heating.

[0089] 10 mi of the top-up solution as prepared in Example | was added
drop-wise to the heated first solution to form the second solution at a rate of about
1 to 'about 5 ml/min. The pH of the second solution was reduced to 10 by adding-
dropwise' an appropriate amount of the NaOH solution described in Example 1. .

[0090] The second solution was then subjected to heat treatment at 95°C

for two hours.

[0091] The QY of Mn emission was gradually increased from 1% to 20% as
the ZnS crystal shell and the GSH capping layer were formed on the Zn(Mn)Se
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[0087] Before the heat treatnment, 0.3 ml of a sulfur source solution
containing 1 Mof Na S was added to the first precursor solution under

vi gor ous wOi2009099397 The anounts of Zn, M, Se, S and GSHpCm/S&oastoo@is2t he
resulting first precursor solution were 0.5, 0.01, 0.2, 0.3 and 0.6 nmmol,
respectively. [0088] The first precursor solution was subjected to heat
treat mdtaflord Mehtrg %@%m’%nﬁ’[é@}‘\hﬁén aldigbRURIgPasditeadifisSiopWids of crystal s
were initirated on heating. The fluorescence em ssion of Zn(Wnh)Se crystals
at 59@chiaveds observable after 15 min of heating. [0089] 10 m of the
top-up solution as prepared in Exanple | was added drop-w se to the heated

ot 1 o AO0SE oy oo iaed SRR eREactia ForEingnAbg S3hofld Shubn 4 oow s
an appinesuriied sxndeEtribet! Exzgnpie PH Thel resuiting diieclr povederi of tha aeguliing . [ 0090]
The second sol ution was _then subjected to heat treatpent at 950C for two

hour s .QPdBeighethB6@Mbt Afer %@mgﬁtqmdwwpgﬂéam&ﬁwerer{eréaf@\@/od%so ®0% to 20%
as th(;,g;%g Y ol . on the
Zn(.Mn) ﬁt&”“ orpiélwﬁesa{ﬁ%s\%&t@? gltug \}\%EE’%&@EIS uor escence

em ssi on was ach| eved. [0092] The forrred @s were extract ed fromthe heated
second0893]ut i on Fhis sampieiie defasredde asi Paiplexhinprainl . The resul ting dried
powder of the resulting QDs weighed 160 ng. After being stored in open

t f ht. of | d to 250
Gue s IB09E Lot or BRI s ittt P e L e ST e aanpl e

Il herein. [0094] Exanple Il Sanple Characterization [0095] Absorption and
f 1 uor qeoesICce SpeAbS@rp@ibn%rmmmr@asende spechausfamn e IQDs imanaaeobs ai ned at
roomtenperature with an Agilent(t: Vi s spectr r and a Jobin
Yvon HOMteR wereatiripgdiahropmismpssa %@1 Heater 845%352 '$vely. The QD

sanmpl &3eEREmeRG Hrid?h JHBﬁchﬁ{rﬁBhbW@orﬁidg il &t eNcb Rpdetrdmeter,
respectively. The QD samples for spectral measurement were all diluted with 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (pH 8.5) to yield an
absorbance of 0.1 at the excitation wavelength.

[0096] The fluorescence QY of the sample QDs was determined from the
integrated fluorescence intensities of the sampie QDs and the reference material,

according to Equation (1).

[0097] FIGS. 3 and 4 show Representative absorbance (dotted lines) and
ﬂuoresbence spectra (solid lines) of Sample | (FIG. 3) and Sample |l (FIG. 4). The"
spectra of Samples | and |l were shifted towards the higher wavelengths relative to
a comparisen sample, which were un-doped ZnSe/ZnS quantum dots. The
observed fluorescence band edge emission peaked at 490 nm for Sample | and at
590 nm for Sample Il. In comparison, the emission peak for un-doped ZnSe/ZnS
QDs (bandgap) was at about 370 nm. ‘

[0098] The QY determined based on the emission measurements was
about 15% for Sampie | and about 20% for Sample Il.

[0099] -  Dynamic light scattering (DLS) of the sample QDs in aqueous

solutions was conducted on a BI-200SM !éser light scattering system provided by

Brookhaven Instruments Corporation™. The particle size distribution of the sample
17 '



hydr oxyet hyl ) - 1- pi per azi neet hanesul fonic acid (HEPES) buffer (pH 8.5) to
yi el d an absorbance of 0.1 at the excitation wavel ength. [0096] The

f | uor escewoeo®@9afo7t he sanpl e QDs was determ ned from t IReTISGREYrat0az
fluorescence intensities of the sanple Qs and the reference material,
according to Equation (1). [0097] FIGS. 3 and 4 show Representative

b ban: .d | i d fl , | i | f S I
B earafesiRcasiiigp 4 300 1| WPe deigtiSEE BESEL R TS Pgdiraietlslnd | T werer
shi f t pdnicientArectrBsulid gREshRN # FIGS S (Sahpld Nands eampledr)i Sthe sanpl e,

whi ch were un-doped ZnSe/ ZnS quantum dots. The observed fl uorescence band
edge eampls partiplesveeregentgalinaphasicabamtiapel anththesdianmtersaitios s8aR®e 1. In

about PaTBsIESEERY 1 Re ARl hat el SRS dametinciam e T o
was appes. 5 abdeoaressvarhl diamerahelidcting thé sunbentheadiametdrafiavg coysram c

| ight scatteri ng (DLS) of the sanmple QDs in aqueouys sol utions was conducted
on a shelboysial sdeitre pydithe dhickrassiay thy GHACAPBIRGJBYEhY Br ookhaven

Instrunents Corporation(tm. The particle size distribution of the

sanpl kcl es ¢ §2‘% : ' i
neggumdr?{l S. Re-mées nt g? ﬁ?/@‘(?g%m%tes&gﬁéﬁgﬁgm I?EII?:%)WG%%jg%? Sdz?amrr%lngdl) and 6
( Sanplsinglan ulFafitratiop techrdque.c Sample and eampié IyQBpIcovidcpass thredgipe and t he

di ameters of the sanpl rticles were fo t. o be about op_aver age.

The. partsEPians i ur, Tafl e Erar Helohs cA s Coferitindéd 0 £Part

refl egibng abbat §ww.of the dianeter of the coreshell crystal structure and
the thickness of the GSH capping |ayer. [00100] The hydrodynam c di aneters
of the sanple QDs were al so obtai ned using an uItrafiF@IJ&{ration t echni que.

Sanpl 00104hd sarPameples lgnd U &Ps wese Eesuspengad angetiviethiv Water & PRPt h 100K
mol ec ' iV 0 | ErHaRget 6 nm
o010 eLiehEIaHental aihpis i AT MR Bhg SRE TS QBRI OSLAREY" 3 pob

extrapolated from the known weight percentages of other elements in the samples.

The elemental analysis of QDs was performed on ELAN™ 9000/DRC ICP-MS

system. The results of the elemental analysis were used to determine the molar or

weight percentages of the elements in the sample QDs.

[00102] - Powder X-ray diffraction (PXRD) patterns of the dried sample QD
powders were obtained with PANalytical X’Pert PRO™. FIG. 7 shows ‘
representative PXRD patterns for Sample | (top) and Sample Il (bottom). The
PXRD patterns indicate that the sample'QDs had a zinc blende cubic crystal
structure.  The PXRD peak positions of Samples | and Il were shifted from those of
‘pure ZnSe and ZnS crystals, which are also indicated in FIG. 7. The grain sizes of
the nanocrystals in Samples 1 and Il were calculated from the PXRD to be about 3.5
nm (Sample 1) and about 4.3 nm (Sample 1) respectively, from the (111) peak width
using Scherrer's equation. Considering the effect of composite nanocryétals on
PXRD peak broadening, the actual grain size of the sample QDs should be slightly
larger than the calculated value (which was based on the assumption of |
homogeneous‘ crystal lattice). The actual average crystal grain size in Samples |
and 1l was thus estimated to be about 4 to 5 nm. This estimate is consistent with
the results determined based on the TEM images (see'FIGS. 8,9, 10, and11) and
DLS measurements (see FIGS. 5 and 6), taking into account of the thickness of the

GSH capping layer.
' 18



| evel for elenental analysis of Zn, Mh and Se. The wei ght percentage of GSH
was extrapol ated fromthe known wei ght percentages of other elenents in the
sanpl es. Wheo@lmomnt al anal ysis of QDs was performed onPELARRM900@390/ DRC
| CP- M5 system The results of the el enental analysis were used to determ ne
the nol ar or wei ght percentages of the elenents in the sanple Qs. [00102]

Powde y di ffiractl @ wder s

wer e TSR Mo RGP R R ROF VBB i MRl P TRER® B0 ETS, e
PXRD ﬂaht@nrssxdrdnxg&emiatubn (ransinissich Seetror nhicrdseobed@P0 Khe PXRD patterns

i ndi cate that {he ucture. The

PXRD ke ??Y%ﬁéwg%wfégg%a%glgrﬁ?\g&?‘gFﬂc%&ég gKéStakﬁﬁge of pure
ZnS T
of ¢ hEAmBRCAY EbahBie (ST 1R Baripke | o etk mBobliEatdne ¥ 3" B t o be

about 3 5 nm(SarrpIe 1) and about 4.3 nm (Sanpl e II) respectively, fromthe
( 111j005048 wi dt BExarsplegVs&edlrViabllity equati on. Consi dering the effect of
conposite nanocrystal s on PXRD peak broadeni ng, the actual grain size of

was bR CHBHGE A SN ki GBREATRPgt e REERREAGEH e 2t U

aver a@@mmstsaﬂnodif@dméglée rhadiGaNIAEM) it 10% slfetdimeviresééromt ed to be
about nm This estimate is consistent with the results determ ned

based Eﬁlsl ﬁ@d tenof ﬁ%@@@"”(%"é@mmm ghegells wergsgedey I8 9§-WeS neasur enent s
(see EhiGg Ia?e%Fgé%gj&ﬁHqu B& u A5t @éﬁ%' %M‘étﬁﬁﬁ‘@ cﬂ{lmt BRg CSH

cappi ng | yer | gh-reso was per orrred on FEI
Tecnaképimt 3MC2and b df @@e svemight. Jhersesple tQbs V\tererisaﬂaismeam well r on

00 k T h
Fl g iR Bl eonf s hirafiarighin) 12,5y 25 550, i 200 Sl B SLE T ERemar ey 1) |
di ffebBﬂé‘inéﬁiﬂﬂ'é‘dcﬁ%h@Qﬁtraiﬁ&pm@r i oA be4§‘P|b'uréf 1593!1!' cbf'f1¥ [00105] Hep&

and NIH3T3 cells were tr‘lYESI ni zed and resuspended in | becco' s nodified

Eagl emsthigtiazolenhtivp! (WMTH) (@%gdmi)fveer@l adsted taccanty wail. The medium was
discarded by aspiration, and the purple MTT-formazon crystals were dissolved with

200 pl of dimethyl sulfoxide (DMSO). The plates were read for absorbance at 550
nm. The cell viability was calculated by normalizing with the resulis obtained with
no QD loading.

[00;106] - For comparison purposes, MTT assay was also performed on GSH
capped CdTe QDs, GSH capped Zng.7Cdo 3Se alloyed QDs.

[00107] . Test results showed that Sample | and Samble It QDs were less
cytotoxic than GSH capped CdTe QDs in the concentration range of 5-50 pg/mli,
which may be of relevance for bioimaging applications.

-[00108] Example V Cell Staining

[00109] ~ The sample QDs Were used for fixed cell stéining. Some sample |
QDs exhibited a fluorescence emission peak at 450 nm; some sample | QDs
exhibited emission peak at 500 nm; and Sample 1 QDs exhibited emission peak at
590 nm. At physiological pH, the negatively charged GSH-capped QDs might bind
to the positively charged basic proteins of fixed cells. The macrophage RAW 264.7

| cells were pre-fixed with the ice-cold methanol protocol, and th'en incubated with
'Sample | and Sampile I QDs. ‘After two hours of incubation, the cytoplasmic regions
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(FBS) and 1% of penicillin/streptonycin. The cells were seeded in 96-well
mcroplate at a density of 1 104 cells in 150 m of full DVEM cul ture

medi um awo kepvar 37C and 5% of CO2 overni ght. The samrprsc@w/owene | oaded
in each well with a final concentration of 0, 12.5, 25, 50, 100 or 200

ng/ mM; 6 duplicates were obtained for each concentration. After incubation
for 4 : = t i glof were '
addedétt%@et;e?ﬁ Nw%?ﬁ{&alﬁég%ngg{é Ogyé\%fég?@éﬁgg%é%b’@gég?@ghoﬁﬁédag{ﬁd t he purple
MIT- f thesazupedrQBs atas veyestable ©vkrad onet iow@Xpesuksf pefiatet hyl sul f oxi de
(DMSO) . The plates were read for absorbance at 550 nm The cell viability

was c l.at ed by, nornalizi .t h the S i 1 | oadi ng.
[0010@0%58 conpéme&g‘?ngtﬂ[ﬁspﬁgag,’tsl\ﬂﬁﬁ %%\}éég%ssoﬁégjrgg%t\gb\%‘%&%@n H capped
CdTe ElSresEiPihemiird diie/aPbs BadatdicutflofDhis HE8HPTbn.anbethie resul ts
showed that “Sanple | ‘and Sanple Il QDs were |ess cytotoxic than GSH capped
CdTe dwvings byéhessheldied mxtherrt.ange of 5-50 ng/ ml, which may be of

rel evance for bioimging applications. [00108] Exanple V Cell Staining

[ 0010 sanp i AL QA SHB nple | QDs
exhi bﬁoé‘ng fl uOél@go?ﬁnc%ﬁg%xlé@\:ﬁgan&%;r%édd;ﬁgﬂgbfnt%g @g?rgﬁkgqaprpl e ?é%Ds

exhi bdésatibea sisve) thesskskile bipGhe rart witideSdilphppiecia®shaixhaby t ed em ssi on

it MoHISaBNE REs PBSHPIE/RgPie R GLhmASr s A O PRt [ 5. e
macr o%g%ﬁfgévgntggﬁg of W BivBhfiod.| Xed with the ice-cold methanol

prot oc en 1 ncubated wth Sanple | and Sanple Il QDs. After two
hours of incubation, the cytoplasnc regi onsof the cells were_stained in

bl ue, [AME@h and Thelinvestipedaiier is. intemded|to @neerwase alisuchdBedifiealid QDs was
very s l.e over re period. [001 10] O her features,
benef M@@ﬁsds%o_ﬁ}?a%gacgeg@egﬁﬂtﬁg@&zn;éént i nvention not expressly nentioned

above can be understood fromthis description and the draw ngs by those
skilled in the art. '
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[001 11] Although only exenplary enbodi ments of this invention have been
descri bed above, those skilled in the art will readily appreciate that nmany
nodi f i catworsoswmesdpossi bl e therein without material |y deparsceeny/obecam t he
novel teachings and advantages of this invention. [00112] The inventi on,
rather, is intended to enconpass all such nodification within its scope, as
defined by the clains.Wiat is clainmed is: 1. A process of formng a capped

and dopgdt B &Snsdelsl crystal structure, conprising, sequentially: heating a
first, precursor solution conprising a mxture of a first zinc (Zn)

pr ecursor | . e I recur sor for dopant conprising a
transi?i 0¢‘1 pf%fé%sﬁ?ﬁ#r%néﬁﬁ %ﬁﬁeglﬁ%ﬁcfgggéd Bgﬁ?d&@f@"ﬁ’?t% 5%1"'8 qa zinc sel eni de
crystal cmmeprisipgdeyuchtisy:d dopant (Zn(M Se); adding a second zinc

precursor and GSH to said precursor-solution to forma second solution, and

dj usti f ' Ut to favor, gro of .Zn rystal s;
heati ng sasound ek SrSARERr sateh pPrakeA RkurE Shafrdwe@n Tn( v se
crystal compeecurser,a selsaiuth (S#) prac@edr precarsiifol §idopanfbBpFisihg f orm a
| ayer around the cr {sai | structure conprising said i%?l\/p Se/ Znh crystal core
and said zHEnsf S%‘t'ﬁg mD:IQIBﬁ@t@aﬂ@I(@ : and water, ta farm a@ind sejerid€SH capped

Zn(M SeZzZng élfﬁd%@,o%%bd W‘trgs?‘g:&%gﬁhpfﬁﬁﬁ")%)?CI aim2, wherein said

precursor solution is heated ou about -30 m nutes, and said

d sol i, i f bout, 4 hours. 3. T f
crarm 1 or SEHRY & 5e86 o RecdSbind Gt BB preBiiser sefopda e ° °
sol ution i setondrsakution, 44 AdiustiadeusH bPsidbectnBisRRRIh, & Rk GraWtra capped

doped coreb?Ere]glcr%t\éFSt;al structure, conprising:

heating said second solution to form a Zn§S crystal shell on said Zn(M)Se
crystal core,

wherein said GSH is added in a sufficient amount to form a layer around the
crystal structure comprising said Zn(M)Se/Zn crystal core and said ZnS
crystal shell on said crystal core, thus forming a GSH capped Zn(M)Se/ZnS
quantum dot. .

2. The process of claim 2, wherein said precursor solution is heated for about 15

to about 30 minutes, and said second solution is heated for about 2 to about 4
hours.

3. The process of claim 1 or claim 2, wherein a molar ratio of Zn:Se in said
precursor solution is from about 10:3 to about 10:5

4. A process of forming a capped doped core-shell crystal structure, comprising:

heating a precursor solution comprising a mixture of a zinc (Zn) precursor, a
selenium (Se) precursor, a precursor for a dopant, glutathione (GSH), and
water, said dopant comprising a transition metal (M), a molar ratio of Zn:Se
in said solution being from about 10:3 to about 10:5:

adding more zinc precursor and GSH to the heated solution,

wherein before said adding, said solution is heated for a first period sufficient

to allow a zinc selenide (ZnSe) crystal core doped with said dopant
21



heating a precursor solution conprising a mxture of a zinc (Zn) precursor,
a selenium (Se) precursor, a precursor for a dopant, glutathione (GSH), and
wat er, sawo 2depam97conprising a transition netal (M, aPeBIS&aDId2 Of

Zn: Se in said solution being fromabout 10:3 to about 10:5; adding nore
zinc precursor and GSH to the heated sol ution, wherein before said adding,

el eni de. ( A)Se) FEISH iciaid sblyih,RE Ry SbS e e RS m i
sai d sol ut heateda#df aaldcohd priddiguffidiertas ot saZsb eplstdlisheliion sgat ed for a
second period sufficient to forma ZnS crystal shell on said Zn(M Se

crystal cofB(M@BRICMSE&0fe.M% GSH is added in a sufficient amount to form
a GSH layer around the crystal structure conprising said Zn(M Se/Zn crystal
core and swheremn said GSHhis adagd inghsufficient ayxuat te fore a GRIH layerni ng a GSH

Firor peri BTG s agLHAE gl SeR ARtV ZaT e 888 ha per o
i s from abgsid Zn® ciytabiel] dnostid kAsta-cobe, thie fordingsGeH eapperne of cl ai ms
3to 5 wherein said nolar ratio of Zn:Se in said precursor solution is

about 5: 2. Zn(M)iZpPstuasiugidainy one of claims 1 to 6, wherein a pH of said
precursor solution is fromabout 10 to about 12. 8. The process of any one

of cl 8i msTHe pcéss Wil Sahstelt 41d fisstpetidlibifm iabolt €pes aboby3®ddi ng
sai d sel enium precursor to an agueous sol ution, said aqueous sol ution
conpri si n@inkites, ans saidsesand periad ipfraaiakent Wodp AhaUE QU NOUrs.or sai d
dopant, and GSH. 9. The process of any one of clains 1 to 8, wherein said

heat | By CPHIDpHRSS M B Uhelt AahRBE B! WhErdRlAM ABfariaiib bhgnisumer at ure of

wat er. 10. The process’of alm?9, erein said tenperature 1's from about
95 t o abosaid pge@Esor solution is about 5:2. . .

7. The process of any one of claims 1 to 6, wherein a pH of said precursor
solution is from about 10 to about 12.

8. The process of any one of claims 1 to 7, wherein said precursor solution is
prepared by adding said selenium precufsor to an aqueous solution, said
aqueoUs solution comprising a mixture of said zinc precursor, said precursor
for said dopant, and GSH. | ’

9. The process of any one of claims 1 to 8, wherein said heating comprises
‘heating at a temperature below the boiling temperature of water.

10. The process of claim 9, wherein said temperature is from about 95 to about
99 °C. |

11. The process of any one of claims 1 to 10, wherein said zinc precursor
comprises zinc chloride, said selenium precursor comprises sodium

" hydroselenide, and said precursor for said dopant comprises a metal chloride.

12. The process of any one of claims 1 to 11, wherein a molar ratio of Zn to said

dopant in said precursor solution is about 50:1.

13. The process of any one of claims 1 to 12, wherein said transition metal is

copper.
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11. The process of any one of clains 1 to 10, wherein said zinc precursor
conprises zinc chloride, said selenium precursor conprises sodium

hydr osel emodeq/m@md7sai d precursor for said dopant conpriPSESGRMYBDENM2
chloride. 12. The process of any one of clains 1 to 11, wherein a nolar
ratio of Zn to said dopant in said precursor solution is about 50:1 . 13.
The pjpcefise f & i ption netal is
coppe?@ ﬁéo%?%ggg?rgfwcc@%T&Sé@%éfﬁbgl gugg%mggggg?quant um dot has
a fluor esfhmnescenmrquamtlymejleidmﬁa@butlﬁ%ﬁ% 15. The process of any one of

cl ai s 1 to 12, wherein said transition netal is nmanganese. 16. The process

o oo P S5 o P HpR SARET 94 Bt S BIRPRERER 2 o) T

5:2:3. 17mafll' gnddencess of claim 16, wherein said sul fur precursor conprises
sodi um sul fide. 18. The process of any one of clainms 15 to 17, wherein said

GSH capped quantum dot _has a fl uorescence quan um%ﬁle d of “about 20% 19.
The pf®cebe BrOC&Rs obREIMT % MIaFRINISAIG PISCUrSRr: e o CINEIEPRA net al

conpri 5 e P RPdour ST 4RO 2P m}]{fﬁéﬁ‘ﬁ’ogg}‘ déeesqn s8fd Sidctiidor soflitiohN§ process of

any one o crystal structure Is generally
spheri calabowt 828. a di aneter of about 4 to about 5 nm 2 1. The process of
any one of claims 1 to 20, wherein said GSH capped quantum dot is generally

clai b1 T BroFesaaLPEA v eain o sorrvebdronh e BERBsaRim oY or "ang.

GSH at a ¢ ige.sel ected to favor growth of ZnS crystals on said Zn(M Se
crystal core over growth of free ZnS crystals. 23. The process of claim 22,
wherein said rate is about 1 to about 5 m/mn.

18. The process of any one of claims 15 to 17, wherein said GSH capped

quantum dot has a fluorescence quantum yield of about 20%.

19. The process of any one of claims 1 to 12, wherein said transition metal

comprises copper, manganese, europium, lead, or silver.

20. The process of any one of claims 1 to 19, wherein said crystal structure is
generally spherical and has a diameter of about 4 to about 5 nm.

21. The process of any one of claims 1 to 20, wherein said GSH capped.qua'ntum

dot is generally spherical and has a diameter of about 6 nm.

22. The process of any one of claims 1 to 21, wherein said adding comprises
adding zinc precursor and GSH at a rate selected to favor growth of ZnS
crystals on said Zn(M)Se crystal core over growth of free ZnS crystals.

23. The process of claim 22, wherein said rate is about 1 to about 5 mi/min.
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