FORM NG GLUTATHLONE- CAPPED AND METAL- DOPED ZI NC SELENI DE/ ZI NC SULFI DE
CORE- SHELL QUANTUM DOTS | N AQUEQUS SOLUTI ON CROSS- REFERENCE TO
RELATED APPLI CATI ON [ 0001] This application clains the benefit of U S
provi si onal application No. 61/006,863, filed February 4, 2008, the
entire contents of which are incorporated herein by reference. FlIELD
OF THE | NVENTI ON [ 0002] The present invention relates generally to
quantum dots, and particularly to giutathione-capped quantum dots
doped with-a transition nmetal, and the rel ated preparati on met hods.
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has been di scdvered.
61/006,863, filed February 4, 2008, the entire contents of which are incorporated

herein by reference.

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 -
manganese-(Mn) doped zinc séienide (ZnSe) quantum dots, or Cu or Mn doped
ZnSe/ZnS (zinc su!ﬁde) core-shell quantum dets can be prepared using
organometallic synthesis techniques. These techniques involve heat treatmeﬁt 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, fransition metal
doped ZnSe/ZnS core-shell' quantum dots in an aqueous solution at a relatively low
. temperature has been discovered.



[ 0005] Conveni ently, the capped quantum dots nay be prepared with GSH
and inorganic precursor materials in water at tenperatures below the
boiling tenperature of water. The quantum dots may have a crystal
size as small as about 4 nm The capped quantum dots may have a
fluorescence quantumyield of up to 15% or 20% depending on the
dopant. The resulting capped quantum dots nmay be free of Cadm um

[ 0006] Thus, in accordance with an aspect of the present invention,
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‘apparent to those of ordinary skill in the art upon review of the
wfollomnng description of specific enbodiments of the invention in
~conjunction with the acconpanying figures. BRI EF DESCRI PTION OF THE
"DRAWNGS [0010]In the figures, which illustrate, by way of exanple
only, enbodinments of the present invention, [0011]]FIG 1 is .a
schematic diagramillustrating a process for form ng capped and-doped
quantum dots, exenplary of an enbodi ment of the present invention;

[00 52] Fld C%n Bei Lrstha pﬁé‘d"u@é@"a?mtli:cﬁ"l gy amaggitg OcEipRbAuUatEs éacteaks aiTthBJZm dot
produced by t e SS O are

gr aphs shbiv #i§C %F %@ngﬁy&%ﬁ%@ %Hﬁbcf“}t Jé?sg%%gg 'étcef rAds t?@

sanmpl es piRpad SSluRArtREFbE Bedted it adsarPloahpueshogtsnent of the present
i nvention; [0014]FIG and 6 are |line graphs showing the particle

stz oSt op, dor 4 G RepRCaS P el e of R splben) 0,
X-ray difheapbe from HeMRO) to about 12. The precursor solution may be prepared by
adding the selenium precursor to an agueous solution, where the agueous solution
comprises a mixture of the zinc brecursor, the precursor for the dopant, and GSH.
The solution(s) may be heated at a temperature below the boiling temperature of
water, such as from about 95 to about 99 °C. The zinc precursor may comprise
zing chloride, the selenium precursor may comprise sodium hydroselenide, and the
precursor for the dopant may comprise a metal chloride. The molar ratio of Zn fo
the dupant in the precursor solution may be about 50:1. When adding miore zinc -
precursor and GSH to the beatéd precursor solution, the zinc precursor and GSH
" may be added at a rate sefected to favor growth of ZnS crystals on the Zn{M)Se
crystal core over growth of free ZnS crystals. For éxampie, the rate may be about 1
to about 5 ml/min. The fransition metal may also comprise copper, manganese,
europium, lead, or silver. When the transition metal is copper, the GSH capped
quantum dot may have a fiuorescence quantum vield of about 15%. The transition
metal fnay 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 may 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 invent;ou will become
apparent to those of ordinary skill in the art upon review of the following description
of speciflc embodiments of the invention in conjunction with the accompanying

figures.



patterns neasured from sanpl e quantum dots; and [0016]FIGS. 8, 9, 10,
and 11 are transm ssion electron mcroscopy (TEM inmages of sanple
guant um dots. DETAI LED DESCRI PTI ON OF EXEMPLARY EMBODI MENTS [ 0017] An
exenpl ary enbodi nent of the present invention relates to a process
5100 for preparing glutathione (GSH)-caPped and transition

nmet al - doped core-shell quantum dots (QDs), as schematically--
illustrated in FIG 1. [0018]In process 8100, an aqueous solution 10
is initially prepared which contains a m xture of a zinc (Zn)

precursor, a FRIEGNEHCRIBTIGN O6petiE PRAVYNGSH. The dopant nay be a
transition metal (M, such as copper (Cu) or manganese (M). After

thezinc plgsetrsor  aRthd frslo RAR IRERSK BPaRbPaRRAIR SAY, crfbdhets UM

(Se) precursor is added to the aqueous solution 10 to forma

pr ecur sor0fdle pepent Mventigme sel eni um precursor may be dissolved in -
wat er and added as a solution 12: The precursor solution 14 thus
contai ns @owiJxt ur e RIG. 1 Rea ddhoRfalE dizgfim illubifatiph @C3osews fhioormihg dopant ,

GSH, the Se precursor, an ter, Th H.of .the precursor solution 14
oy be 6Bl 854 BORishaEsT Sa sk B h e SRR P RFSBL ¢ he
respecti vigvargiogentrati ons of the base and acid materials in the
solution. [0019] The precursors nmay be added in anounts such that the

nol ar ratj f Zn: in.t i i : nd
the ol ar0BIal o°or P At iRty HBSrEBLE Libalh g\ Pedt en L
50: 1. Thepr@8kedbytthe pyacesuedd6. 0l uti on 14 nay have a concentrati on

hi gher than the concentration of the Zn precursor. [0020] Optionally, .

an ani on ggjce mw:@s%@ah{#@dﬁ?@[iﬂe@ PRESHTWHY mégébd#{ea 8BsckAakeffe

heating, the benefit o ich will gecorre clear bel ow, The_ anion
sour ce nHHOMRSCARRFIPESE2 ghsamplenPiepaiedacsding; te gn pxemplary embodiment

of the present invention;

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

[00151 FIG. 7 is a line graph showing the powder X-ray diffraction (PXRD}
patterns measured from sample quantum dots; and

[c016] FIGS. S, 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 fo a
process $100 for preparing glutathione (GSH)-capped and transition metal-doped
core-shell quantum dots (QDs), as schematically illustrated in FIG. 1.

[0018] In process 8100, 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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[ 0021] The solutions 10, 14 may be stirred or otherw se agitated to

m x the various ingredients. [0022] The precursor solution 14 is then
heated to a suitable tenperature for a first suitable period of tine,
such as about 95 C for about 16 mnutes, to forma zinc sel enide
(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]Afterthe first .period of heating, nore zinc

precur sor, same@%b;% ad@éad@@hé Bqidieis RemtietMe Rl ih @fbrééhrsdﬂsbhﬁ@ﬁ 14

coollngthe solution. The solution is heated for second erl_P
Fabiehdg, The
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addi ng nore zinc and GSH, and as the secand recursor) solu tion 16
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be sol ubligyy e ¥R€H0 toTélﬁ;u%wCs&h%%@@tw 1851@@ﬁeﬁém§6n tHeaebpdciie peri od
may be the 'sane as the zinc precursor alread the first precursor

sol ut i on ceaceryationsofe bass Fridsacithmaterials '%P@&W@@P The added zi nc
precursor and GSH nay be added in a top-up solution.18. The
respecti \[eo'm@t al nmhapre@msurﬁ masabetab@eczhrumq@mea:wcmhatamm@ﬁhraddﬁd

may be equi 0 the pec unt e zinc
precurso%aér/ﬁi %_Preﬁurtsw q ll’jfloﬂ-'l g3 % %D%%{h&tqq‘gﬂ”fgo O%%ﬁg%ﬁ%@n t he
addi ti onathe [znelars@rrmubaam aaabb@%la arkhes@itld ¢h the gréuirsqrselutios d4 may

sol ution, %] r% |nc.ﬁ dﬁ'\ (Zn%ﬂcr.ést S.Js favgr-ed over the
grow h tha %é:OB?e ﬁﬁ I@g FrR Hiegon ‘F‘Q P P HCBF " Zhs crystals
on the Zn(M-Se crystal core over growth of free ZnS crystals which
are for né@P29%par at Opijonallytaneanion geurenmay he added ipthesreatiss selgtighoul d

be added 4 gfb%%gé‘hbé(tl { de‘ﬂ\éfttr@w ﬁMﬁBe@cﬁné‘Q@HP béfowomggmonéomcém n.

The rate dition refers to the average rate. exanpl e,
top-up saathearded agep anionanese wutivertSeont | nuousl y at the sel ect ed
rate, or drop-wi se such that the average rate equals the selected

rate. |f [d4dpa]t Op- UPh& Sbiltidrent 0] 84 infayastdaithet! @0 ofeslise bjitatédtoraikition of
separate ZnS QI’%_S'[GJ particles wll be favored over the growh of ZnS

crystal YASYSINGRABHE- zn(M Se crystal cores. [0026]1f the pl-1 in the

second precursor solution 16 is too low, it may be
f0022] The precursor solution 14 is then heated to a suitable temperature

for a first suitable period of time, such as about 85 °C for about 15 minutes, to form
a zinc selenide (ZnSe) crystal core doped with the dopant, which is de_noted as
Zn{M)Se herein. The heated solution is stirred during the heat treatment.

[0023] Afterthe first périod‘ 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 soluﬁon is referred to as the first precursor‘sciuﬁon 14 before adding
more zinc and GSH, and as the second (precursor) solution 16 during the second
.period of heating.

[0024] ~ The zinc precursor should be solublé in water. The zine pregursor
added after the first period may be the same as the'zinc precursof 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 fo the
5



i ncreased, for exanple, by adding a base material such as NaOH The
pH of the second solution 16 nmay be adjusted to about 10 to about 12,
to favor the gromh of ZnS crystals. [0027] The second solution 16 is
heated at a suitable tenperature for a suitable second period of
time, such as about 95 C for about two hours, to forma ZnS crystal
shell on the Zn(M Se crystal core. [0028] After the heat treatnent,
the heated solution 16 may be allowed to cool to the room

t enper at UrRpedti Zidhendinsdfahe Bhé Eféfcws@r Al Gspll iR¥hel iffalatubbse-

crystal core, and the ZnS crystal on it forms a quantum dot when
t he cryst%‘?“@é“'@ and the shell have a suitable size and thickness.
For exanple, the crystal structure may be generally spherical and may
have a di ams]er of Whenthehdtitioadlairc fresunor (200 &Y Ve adiedud theci ent

t of t t he heat I
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: . .sche C es e
resul ti ngékoﬁjg%aé%ﬁtrﬂﬁlgoﬁge%esgﬁﬁgioq rﬁ%?ﬁg)bﬁ 5%’8@95& %Sol ution
16. As shawample) the Bp-ud, sdmmndapmdbmataiwmdmonﬂﬁuchm at tﬁmémm

t al 4 t d
ool na | Bysef BienddReT ' Bh a0t odF o8t 18 0% 0 T o
pr ecur sorsahoerigds adiet tbb éass,dhe formatorasfesepatatr Zu@ ctystal particles wiil be
favored over the growth of ZnS crystal shells on the Zn(M)Se crystal cores.

[0026] if the pH in the second precursor solufion 16 is too low, it may be
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
ZnsS cwstals. '

[0027] * The second solution 16 is heatfed at a suitable temperature for a
suitable second period of tame, such as about 85 °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} Th;a crystal structure formed by the Zn(M)Se crystal core and the
Zn$ 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 to about & 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 stil grow .
between the GSH layer and the Zn(M)Se crystal core during the second penod of



pronote formati on of the desired crystal structures. For exanple,’ in
sone enbodi ments, the relative nolar ratios of certain materials in
the solution may need to be accurately controlled in order to achieve
the optimal results. [0033] To optim ze the quantumyield (QY) of the
resulting product, the Zn:Se nolar ratio in the first precursor

sol ution should be about 5:2 before heating. Departure fromthe ratio
of 5:2 leads to reduced QY. However, in different enbodi nents, the
Zn: Se noltratingt Tite GBI cappyd brystabsitictu2® ¥ refarretine oy @isdlitaphad Juatumbout

10: 5, and i1 achieyv ood .Q [ 0034 Y of a given sanple can
be cal cul@?é{ﬁ(‘ﬁﬁﬁarﬁﬁ?yn%‘é’?ﬂr' E@‘lt'lsgﬁ S%I‘ﬂ@r cence em ssion and
absor bance of the sanple and a reference material with a known QY,
accor di ndo@d]t he f dflGoRisnigerestivally ibustra@écthe rédalting cAPped q¥nfuUnt Bptsx
As), (1) XS | h yield ' E FT are
respecti \\%Q%ﬁ'%egg[ il?ee@e%t?(ﬁg%@g%ﬁ@hg%ﬁr#'ségélﬁé@fmfﬁgpggﬁﬁIcép‘gér%]g t he

r ef er enc eyuapisimeaat 20 haarseZn(b8Pecrystabocab 221 9AnS erysial shall Zlampihe cared t he

of the r PEAREE HPaBaEYeER MR IR YR TR or ana csi shoula be

added after the first period of heating so that the concentrations of
free zi nd0§3s and Thalameuntsrsif eresurser fageriglsdo e seions o3 seletied foon 16
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remaining in the solution, so as'to favor the#ﬁ%, ZriS crystals
over ZnSémhogiments therrriatiyadumiar refiosadiqertal deaiedats I the spiyommmay neéd
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crystal particles. 036] I n sonme enbodi nents, it may be advant ageous

to add e ive Hip the.second pr or..solutjion 16, as it may

bromot e STERY | ki 18 CBUTHREAE Firtapiard (0 e S e e e e

cappi ng. |Zaysss mokA datiﬂi&% thar fgmécwmﬁjtimesm bg abbmrs:mbeﬁfal‘mheagipg.ed

gquant um dot s. 037]. The.absol uti.on nol ar nt rati.on. ac '

o ecur soPeGRitus R et S B e i o FREb e 6T MBI BBregt oy sucn

as from abdotinkhtd, theabo:Ge rflamdstio 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/F: X Ag), ' (1)

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

[0035] ) ‘Sufﬁciant zinc precursor and GSH should be added after the first
period of heating so that the concenirations of free zinc ions and sulfur anions in
the second precursor solution 16 éubstariﬁa!iy 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.

7



[ 0038] To avoi d possi bl e contam nati on and undesired side reactions,
the heat treatnent of the solutions may be carried out under an

i nert gas, such as nitrogen or argon. For exanple, oxygen

contam nation can significantly reduce the QY in the resulting
product. [0039] The heating tenperature and heating tine for the heat
treatnment of each precursor solution nmay vary dependi ng on the
desired crystal size, the contents of the solutions, and the sol ution
pH. As tHeo08&lat ed dwbarte embodinmenia i nwytberadyaniagsalsiemtid extassive

t t i | . t L]
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heating tenperature nmay be adjusted to control the crystal.nucleation
or growth rate. For. exanple, when the heating tenperature is about 80
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control tHEPSSHF 850N, MG BXIME. BPoeheciBINAHPH GahtigHiican EReits
QY, cryst@y irfthad essultimg peeduet.di aneter, or the shell thickness.
Typically, the overall heating time may be from about 2 to about 4

hours. T ating-4] LoVl | ' ' in
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proper t i é8MBrafiremay 1er g0 L2 NTResSHopaer POINRE ST (UE- GFfT G , or
anot her i Afafid teRPePRiS, thé rdtk %F‘ﬁlhéléa@i{in 6@%@\%\}?? §rﬁ% Rlaf BBRAstihOSe at om

has an inconplete d el ectron sub-shell, Ch can give rise to
cati ons WMHFVEh A HrAN Euaddhalieral frast some raafition mefismave asd%%é“?loft
i ncl ude MMGuficRAMMULBaLER aRB GFOWY rass HaeBeRRhRYEd aldIARER Idw ansi tion
metal s may inc) ude europi um Eu%ﬁe I ead, ar BI | ver: ‘{?0043 The dopant
pr ecur sof e aBER: SURRRBAL UG PP abayt 89, G5 Thehaing RIMperaigespay be
manganes e dgitedrtb dontrdl eReiditahRRatiheotgsivireditd] OPddxample, 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 85 o about 99 °C.

[0040] The heating time may be adjusted to control the opfical 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 f-rom about 2 to abdut 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 resu!t_ in reduced QY. It has been fdund fhat in some embodiments; heating



[ 0044] The zinc precursor may be zinc chloride (Znd 2), or any other
sui tabl e water-soluble zinc precursor. Qher suitable zinc precursors
may i nclude zinc acetate, or zinc sulfate, or the like. As discussed
above, one type or nore types of zinc precursors nay 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 sel eni um
precursor may be sodi um hydrosel enide. Ot her suitable sel enium

pr ecur soke HRa¥urBbSHILen B 9shger Han@ka (i Bourd WoMHINRE Qe ingRbRaheas may
be used as the sel enium precursor. A conbination of different

sel eni umCB(r-ecursors may al so be used. [0046] Conveniently, sone of the:
GSH nol ecul es will deconpose in the precursor solution during
heati ng, [edad$ pr ovingthiige dliearsel diven Hené, enserseesididdiivthd ot woilg t he ZnS

crystals. Therefore, a.s rate, syl fur precursor.is. nof necessary. In
Soms. ombHBRFEAR Mog ta BeEciaRe Rediinpmitralii 807 ReRPORT R F GNET 5

i ncl uded combmdiiatiof pleduisbr imdisial®andhededirg @sticalsoropatésiviithe.  For
exanpl e, 83%%*? siumsul fide, lithiumsulfide, or the like may be used.
[0047] | nP rent enbodi nents, GSH may be repl aced wth anot her
thiol precursor, for exanple necarptoacetic acid. However, as

di scussefPHel ei n, TsHiopant mayinatleedet ordyin,QF annthehtrafditical meiebdict as
conpar ed . il ' 48] . e may be
vary od aer el @8l £ WhE e Bont N E REGARERNY SRBAH SRR, 02
on the parwhichican gitepiamto cafieds with aniindompdete Hisubishal.ed ttapsiten metal

[ 0049] Th l: £ i S - _abaye;

tre. chppad SR A CAh Enp LFRRREH ¢ S ol URBEREATN has a
cor e- shemetals may hpluslefeproniem (Forisad(mBeercryst al core and a ZnS :
crystal shell on the core. The Zn(M Se crystal core is doped with the

dopant Ivtooa%FH Capgi dihahay@Eulssr inay BB E rastaliMbridees e £ hpéd

structure. e nolar ratiQ o n to the dopant |n the crystal core
may be aBYBH e RenopE e dPpegina pEeRiEs thPaiEner 41 | y

spherical and may have a dianeter of about 4 to about 5 nm The
capped gl#@d44Lm dot Themgindareeumogmag bakzing chiphide (£rdli:)s biogry addmet a

di anet er ) ; e . n.vi el, apped
quant um SabRRHE AT 2HE Brec s SRR e At Brokl ot by s O5!
when dopd@dc akethtenargamediate, of JeIbE! Asdissussegothionerne prOZNSE cryst al
core is {8:06f HPHLcsEA fi&PHE lised in the process to provide the zing ions

needed for the nucleation and growth of crystals at different stages of the process.

[c045] 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 molecuies will decompose in the
precursor solution during heating, thus p'roviding the sulfur anions needed for
forming the ZnS cryétals. Therefore, a sepérate slulfuf précursor is not 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. |



(MeCu). In this enbodinment, the initial aqueous solution 10 contains
a mxture of suitable amobunts of ZnCl, Cud, and GSH. After the
contents of the initial aqueous solution 10 are sufficiently m xed, a
solution 12 containing sodi um hydrosel enide (NaHSe) is added to the
aqueous solution 10 to formthe first precursor solution 14. The
precursor solution 14 is heated to about 95 C for about 15 m nutes.
At this time, Cu-doped ZnSe crystals, Zn(Cu)Se, are fornmed in the
heat ed sol00¢¥bn 14.In[ditsant embagimeniss Gf1 ey heiremacedidthroanpiire ttieli on
const ant ' E d HRe: : [ in BX%9- 24.
Thus, incér%ggl%sgﬁfog%*g@ p@n?%a?nﬁ;ag?%t@ c?%i{ahe Znééé?gfg;fc/“sstg g ga'?r%%ke pl ace
on nucl eamapprojdzostiene en tedinahprodasiasaompaiddd oiher tirel fereas.
solution 14, in a solution 18, to formthe second sol Uion 16. The

second SO{ME n i s figahftht BdndkReY mbevakion apl AiHhek Woathut may Bbt er

the heat treatnent, ZnS crystals are grown on the Zn(Cu%lﬁ; crystal
cores andnElEad Prike propesaferapdinoen the paricuigt dopqat sefs paWildfel | and
Zn( Cu) Se qusedied p&gke forms a quantum dot with a core-shell '
structure. Further, A GSH layer is forned around the ZnS crystal

hel | thug i 1.h e-shel |, st t ..Jhe GSH in th i
thus servROHEE”." o, His R lNG roiein Bsrind T (v ReR oA PERARTEPH ¢ e
E econ ]g S ofjuHrit@n dibf&, do@eé[lm(itﬁlﬂ?esi&ma\% sTiad qucw? Eafyhdm ?pvrlad;mﬁll Istlyum:lwer ed

a few Jayers o Crys : i,ch, f.orm rystal s : :
[36054] I %Hée‘i’ EfEﬁ‘l%W@}?ﬁ&ﬁ%g‘f?ﬁ%8“%%@%%@*%53@8% eu?%r%fo‘t?é? the band
edge ﬁm'd sEri;)(WPSeﬁ:nEf&eomriyd&;ﬁds_wiﬂt t_haiaiﬁpmhmg:aﬁ GzH saqiz]:i?gmy'eaails rfqzmed450

ed, _hu , - i,ng, enissi on . LV
o 00557 et sererait i e e BPIeD o2 A5 By R Brngbosa
propert i esorefmayte atesiti50:1nJhe vamtshall douctus vay bdhgengrslly siheriestangl e,

t | t o I t 1 | f
Snse orystay il & dbuite By A e BRUl ot heRaPtafamaRRELRP, o
(wei ght pleavesngdnesdllyGpheiigal sltgpetand ddinceted géakaut SginonTlo# flgaiscepes st al

b . = ™
may be Coé%ng.;n?g@@%ﬁﬂ% E@&beﬂ%@:ﬁ@ﬁm @&%ﬁ{ye P eclARUD s R RPed The

quant um yr res ing quantum-dots may also vary. For
exanpl e, wWith oppeyan#0towherydonedavitiymargargée.about 15% Furt her
i ncreasi.ng Cu doping may lead to a reduced QY. - The dopi ng

concent r afobgo] Nay hA ofBaFboEEhdSithE ZnSe crystal core is to be doped with copper
(M=Cu). Inthis embodimenf, 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 sufficiently mixed, a solution 12 containing sodium hydroselenide
(NaHSé) is added to the aqueous solution 10 to form the first precursor solution 14.
The precursor solution 14 is heated fo 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 (Ky) of CuSe is
3.2x10°% and the Kq of ZnSe is 1.7%10%% 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 44, in a

solution 18, to form the second solution 16. The second sofution 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 ZnS crystal shells. A pair of ZnS crystal'shelt and

10



el enental analysis, and can be carried out by one skilled in the art.
[ 0056] The dopi ng percentage may be determ ned by el enental analysis
‘of the product QDs. The dopi ng percentage nmay be based on the wei ght
of Cu and the total weight of Zn and Se. [00571In this enbodinment, it
i's not necessary to add the optional anion source in the first
precursor solution 14 before it is heated. [0058]In anot her

enbodi ment, the dopant is manganese (M:=Mn). [0059]1n this enbodinent,

process $Z0(CH)Se tofstaboers foimsha quuaraun: dot BitHE 66reashds dirlQuichEuttheis i

Do e L0 e e 728 BTl it it parcel "

di ssoci at istiuctaenJhardsk Enmd)sohlﬂorMhﬁeseﬁeQa@é%@bbﬂﬁer.Wﬂ' ch i's much
hi gher than that of ZnSe (1.7x10- 24) the additional ingredient is

dded t te 1 ' t S It h
een 1 o Tha: i PuBRnE BBLARR oMy L BebBErRR & Foitomsn ['n°
t he sol ut FoRtahenye mayibe; Ql’afdlﬁlfvhevaretyby alfev tayert df@nSakyddl Sehianebrahopi ng

of M int getdngtARRe . Crystal, the resulting doped Zn(Mn) Se crystal has
a nmuch reduced QY, such as Iess than 1% Wthout being linmted to a

particul a ;5 eory, it has been ﬁ_stul ated that a | ayer of Zn:thiol
conpl ex n&&? f or MBdrerestifiey SorFeepped ZniGi)ReiZe8 quaytsedots,dhe beud i ng

the 0 owt briganseission ot Biald 9ake RbETnAMAPIEULAT S HEkHAEy AP exCess

of Se2- ﬁ‘% solution may thus i1nterfere w i on of
the ZnS sH¥ PP'BWE’ESEFO”dHaXh%OEwbéer@tﬁbauM%mmr esult in fluorescence

quenching. [0061]1t has been discovered that the presence of excess
ani ons otl8@sSkt han When the doping concentration is varied, emission properties of the

resulting quantum-dots also changes. For example, at less than 1% (by mole} of
Cu doping, the band edge emission of ZnSe crystal may coexist with the Cu-doping
emission. With 2 wit% (welight percent) of Cu doping, the band edge emission of
ZnSe crystal may be completely quenched and replaced by Cu-doping emission.
The quantutn yield (QY) of the resulting quantum dots may also vary. For example,
at 2 wi% Cu-doping, the QY may be about 15%. Furtheri increasing Cu doping may
lead fo 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 dopmg percentage may be determined by elemental analysis of
the product @Ds. The doplng percentage may be based on the weight of Cu and.
the iotai weight of Zn and Se.

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

[9058] In another embpdiment, 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 dissaciation constant (Ky) of MnSe is 2,3x10°'3,.which is much
hlgher than that of ZnSe (1.7x10), the additional ingredient is added to promote
11



3e2- in the first solution 14 can also pronote the doping of Mi into
the ZnSe cry- stal. For this purpose, an anion source for anions

ot her than the 3e2- ions, such as sodium sulfide (Na2S) nmay be added
to the first solution 14 after addition of NaHSe and before the first
solution 14 is 'heated. The anion source should be added slowy. The
ani on source nmay be added so that the nolar ratio of Zn:Se:S in the
first solution 14 before heat treatnent is about 5:2:3. As a result,
an excesshefogay of Mdn irite therZrSentrystal. itthesfiees founal thet vdie Teduoiigi o
facilitat

|t roduet P PR Y 28 1P 8h o el A I BRE bl o

| ayer of N andydiping afivint indo therdnSeerystal zh¢ kepuitingaiopsd &h@ﬂﬂ)ﬁetc?’vé’fal
second s I ] &N r rown in the
first prg’lcgtras'ﬁgohigf’u%e%qg%lpgﬁur|érgg¥’tll§1ﬁ1‘n %r ?‘é‘ﬁ“ﬁ?‘?‘h@“@?ﬁg’ t reat nent
at about paBicylaf theonhtbas BeempostulBtedritiadayayfol Znéhizh(omv)@'enmob@

ot about "B EEEUIHEE AiE IR SR Bino B LRI Earddy fBEDS! O
about 3%pbegivatetZn(@Mn)SeZns stocivesl Al exaess hESETionsan theeatution cmyrrent
[0063] W‘%hsr @'@MMS%& a@ggﬂthg%ﬁ's%&gw%faﬂ?ﬁ FRPL brygtar%n wi th pH

hi gher than sone ecu es 1n e solution
will be trwmﬂwemmo@m;ng; hus rel easing 82" ions into the
solution. To pronote the formation of Zn(WM) Se/ ZnS core-shel |

crystal sy om%excesr% heh bEBL dfschRINGd thathe PREXRNBE of Exceds anr§ﬁ‘§’é‘ﬂ1@r t’ﬁ@n
present in,the second precursor solution 16. An excess of

hay hi nd&e” iR e 59 elHton 14/0an RisomtemeRdng dening PEMS. m’ftrﬁirszﬂ%wsf%

precu (r]I so]rcrroarrmrsi rﬂﬂp%eo%ﬁnihﬂ%drde%rtérﬁaﬁéQﬁﬁ&QhérﬁHtétsﬁﬁoﬁé ts@kh bére fir st1 6

period of heating to produce more Zn2+ ions .jn the se on

during t§&d ’E@"c%’r’f%' (Nez)deeore pedad R e fraiRo "i'tWﬂrW\ﬁfW(jag&‘%?ﬁYﬁ

tEe fcrysraah befopavihe f?ﬁ@dldr%@ﬂclfs)heétd&ﬁ Thd'@‘lror?écﬂﬂveﬁbhodl@@@ﬂba'éte QY of

the fina t after the seco er eat .tr

precur sorSl %W'%WW%%EWVE’E%QQ a&mecrﬂdia‘%raé'?é’ﬁgf‘rg%;%ﬂ% hi gher

Fr hanbt he ﬁ?‘%’@@a\fndr{] mbéfﬁ& FE:0 h’eéﬁﬁan@ rsmbai 5: Qm tAsd rasuftcameaess O0F5] | t
as been. found that .t timal, va  rat]

oS et s esklifh i et SR AR RitE kB aVBladizalic hthe 260E .5

anount ofnd MnSe(S)t Uhepintesducton of 37 ohe céii alst faitatsi the latet grevthedaced,

w11 Do opcar s viEer REFEl L Ao s i Bend Eolufir”

precursor is too high, the em ssion signal in the forned product wil |
be quencE¥$2]| n t hike EnidbSermera crysia atgmoMN ip ke et RCUREAAUBE added
such thatlﬂdhﬁné"?r'e@frstrp%hb@of)ﬁeaq'ﬁ‘e%ne%t hf‘aﬁ&ﬂ@gé"@ Sor SIS0 R, 14 1S nore

than about 5:2:4 and | ess than about 5:2 0066] The nol ar ratlo of

Zn2+: Nn2Formationef fher%ﬁ(“@rb“ﬁ%ﬁ”@rmﬂa’%@}" %rsfgp rm&ﬁwbaﬁfeﬁr?rezwelo fio about

20:1. To R@ﬁrhéﬂt% éﬂﬂgs@?{ a@fabé&t%mlt@@d)o %O%Mas érkbu?ésa@br SO0TRY, &1
about 50 ...In other words, the aqptinal do ant nmol ar concentration in

the Zn( IVF%Y et ghouhp% fEO“&B%ﬁJ‘fW%t%srfW“Teﬁlaﬁeéﬁ@dﬂlﬂ'ﬁHrﬁat rpatMale dopant
concentration is too high, the Qy-of the final product wll be
quenched[odies] di f f evveeh t[wtmmtivﬁwmtrﬁng bisic preictirset solattered (véithi ghh  may

var . [OGRTLYRLL 5, QNGS  Rlca CoHENEH oSt S SARLRAGFBLS 2010

thermally decomposed, thus reteasrng S% ions info the solution. To promote the
formation of Zn(Mn)Se/ZnS core-shell crystéls, an excess of Zn?* ions, as
compared to 8%, 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 Zn"’-‘“ ions in the second solution 16 durang the second
12



mer capt opropi onic acid (MPA) or cysteine, can also work as a cappi ng
agent, it has been found that GSH capped, M-doped ZnSe/ ZnS QDs

exhi bit much hi gher QY than Mi-doped ZnSe/ ZnS Qos capped by these

ot her cappi ng agents. For exanple, when the doped QDs are capped with
MVA, MPA, or cysteine, their QY is only less than 3% [0068] GSA
capped Qs are al so water-sol ubl e and bi ocornpatible,.and may be
suitable for fluorescent |abeling and inmaging in biol ogical

appl i cat ip@ﬁsd o[ A6, Thes ienpedgipdnopgiiidifehe Srysta grsal sontiiarfobibe
herein - %i cgl atively sinpler and nore cost-effective, as

conpar ed ip F{fﬂ% 'onvent i onal organonetal lic processes for preparing
transition netal doped ODs. [0070]As discussed above, the exenplary
processes0@dgcri bedha&Yedfrihartnal bmdadbqﬁaemecﬂecnmﬂbéricmicbfmaﬁr@ﬁa@ﬁ

s, zn( Ehgrecirigreir BT Bach Bndl A SR PHBReery AP AR )
| ayer mayB%@Ydrans el Zﬂ(b‘id)Sechrysiai igitiallydornzeat i vat i on agent may be
i ncluded 'in the second precursor solution, or may be added after the

second s@ghggsion hag h*a%eeﬂé*ahﬁm%etébnhﬁ?véléébf mé%@%ﬁo of Zn:Se:S

Crosslinking the GSH capping |ayer niray increase esablllty of the

resul ti ndn GagipEgokiion dé weabogﬁ2 @ s EmﬁR‘é‘H‘e@l-ﬁ tt@pﬁswrmhe sHfge
used as ?’r&h?&% irf 9 firdd sé!fhﬁér%@!%%di&be‘d' %8 N &hkB8hH wtheﬁbwemadm so be

used as fluorescent probes for the detection of pr ot ei

Wien conjnilbg eguepd. @siesgidn wil headwsaﬂrtt@ HeefnSe w;iab a\h’fhﬁ Wnt of the

NanoconpgiirPredifitii f%o‘?ﬁghstH@Hrﬁ:@Q&Qbﬁgné}'W{r@%Mé&meBb&Wﬁﬁlﬁé ng, cell
sorting, targeting d separation 72] The capped and doped tBuantum

dots prefHf eac@bwﬁ PaPad) e%%\?éﬁﬁvrd&@@g%%r eﬁ'ay!dtb@ Wﬁ@éH‘FVé‘ﬁ‘F‘l Sused

in vari owglarald 602H:98S-in HRIfirSORNEbE 14t @l rd M¥n BBowtseE 4 b [dsalBeini ng
or |mag| ng various targets in different applications. They nay be

conveni ef P@ﬁ%gd in nmulti-photon fluorescence i mgi ng. The capped
guantum dots prepared by the processes described herein nmay be free
of cadm (@A66hnd Mayhe hotar betiondZa® Vot imthetfirst selufibb M4 veayi vagsfrom

bi oredi caj, l?t%bhcf?stdb‘&[] on‘ai‘o ﬁgﬁﬂ%&gﬂ]e | n\f/%ﬁé%a?&ﬁ&ﬁ@ét“ﬁféargfﬁ Hy

[0073] The exenpl ary enton"an
appl i cat bgratboutr@ 1. uintcﬁlmf wdrdimﬁnef ontienhl bypantendia dopesnitptior imtbees.

Zn(M)Se crystal is about 2% in this embodiment. I the dopant concentration is too
high, the QY of the final product will be quenched. In different embodlments, 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 agenf, 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 biocompatibie, and
may be suitable for fiuorescent labeling and imaging in biological appiiéations.

[0069] The exemplary synthesis processes described herein may be
relatively simplér and more cost-effective, as compared to the conventional
organometallic processes for preparing transition metal doped QDs,
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[ 0074] EXAMPLES [ 0075] The materials used in the Exa.nplee were
obtained as follows. Sodi um hydroxi de, zinc chloride, manganese

chl oride, and 2-propanol were purchased from Lancaster Synthesis TM.
L-gliitathione, sodiumsulfide, selenium powder (200 nmesh) and

sodi um bor ohydri de were purchased from Sigma-Al drich TM [ 0076] The
reference material for determning sanple QYs was a quinine sulfate
solution in 50 MM of H2SO4. The QY of the reference material was

54. 6% at [BT0] nm exAs tiatissad abovel tegxempldrp ptpEdaNesEibed Deraimewys of

GSH ca S T re | hi s
exanpl gpg%laf?%é\/\%%)} ﬁgéﬁé%%rs %78 %5g§%g%&g%rg|?%&[3 %@%ﬂfaﬁub%§ doped
QDs. Thephzdsec syuhessU 2 g bin )8 08, KaEuBedhDs aordhé e, sel eni um precursor was
sodi um hydrosel eni de. The sol vent for the precursor solutions were

oxygen- f [0%? ter O'B@é‘?imﬁ éétlh HSCURI &yer Wy AR GlsdifidiE 2o 86 §@t ment

under nitrogen. aqueous sol ut’ion was prepared by
m xi ng zam:actwatm agenithagdie rnﬁud@dygme&acead WERCHPSOr 5®utﬂﬁn er m@mbg

sol ution t nmol of

Se, and 8&%3 ﬁiefﬁjeoseégm% Btg%ld% %gggﬂgn& %Eré gg@fhgﬁégg%mﬂgn%ntrzepar ed by

m xi ng setisainkiierbh R cappingsyer naavdn@ea%mth@mtqmltmgﬁhe me%tmér Af ter
the sel egl he
freshl y r'g ar gﬁgﬁgﬁﬁgﬂﬁ?%ﬁhﬁé%%g ﬁ%&g:@e{) {%%gadr%i 1:%&9(%(1 W th
50 m of M‘ewﬁ@év@fm iva higimegijge Siey csol alse ba usqct)@%fﬁluﬁ@e&qa@t ppbeg for
\erigcur S Ofhe $fRkbQ Bf DNAGNH rStbinPI A& QGRS Wil thaldRbticndtdpgficikd, S and

they can form nanocomposites capable of simultaneous biolabeling, bioimaging,
‘cell sorting, targeting and separation.

[0072] The capped and doped quantum dots prepared ‘according the above
ldrocesses may be conveniently used in various applications. For example, they

- may be used for labeling or imaging various fargets 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 maore 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

[500751 The materials used in the Examples were obtained as follows.
Sodium hydroxide, zinc chloride, manganese chioride, and 2-propanc| were
purchased from Lancaster Synthesis™. L-gh.itaihione, sodium sulfide, selenium
powder (200 mesh) and sodium borohydride were purchased from Sigma- '
Aldrich™,

.[0076] The reference material for deterrﬁining sample QYs was a quiniﬁe
sulfate solution in 50 mM of H2804 The QY of the reference material was 54.6%
at 310 nm excitation wavelength.
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vigorously stirred. [00811The resulting first precursor solution was
heated to about 95C, and the growh of crystals was initiated

I mredi ately at this tenperature. After a period of about 15 mn of
heati ng, nanocrystalline Cu-doped Zn(Cu)Se crystals were - forned.
About 30 m of a top-up solution containing 0.1 Mof ZnC 2 and a
slightly (by about 10 to 20 % higher concentration of GSH was added
drop-wi se to the heated first solution. The rate of addition was’

about 1 tP6IBbut 5 BXAMPLE | Thwentipddis of G3H cammud 2n(00)SeEE@DSs ol ut i on
was adjusted to about 10 with the addition of an appropriate anount

of 1 M of jgyagH sol ufy ol ded.drop-wi se to the
second soF ut ia;n. THEHE‘;%@EIESE ol Ut H%ﬁhwéésg??{ﬁﬁgéﬁ j‘”&gtﬂ?eede CTHAY t her
heat treaPiP68RS ¢ascrlnsiaboys DriGr depeg i dTtef zinb pretutsaoudeduss. Znlhe

Qr-of Cu g#A Ssisaknf oSS 4 .on was_qgradual |

I ncr eased fromsabgt?_?p I?L%?L?go abou%cnji"&-ﬁ]/gq %%8%%%ﬁ'g%d¥@?3(ﬂﬁeé‘%%§?g

t r eat ment PreprEeT Sodtings wesr pHygan-Sde watar, andsthalsbetibhereeresubeced i s sion

was achi enad reb@RBLLIRS nfldgehn the heated second sol ution were
preci pitated by adding a mninmal anount of 2-propanol to the heated

second s l.on. The precipitated QDs were re-suspended in a m ni nal
amount o?ﬂogé]oni ze@%ﬁ?‘@r@q”@%%%Ut!?éIW@ Rigpared bonigog EnGhCublk agdS by
r epeat i ngG8Hen pryeehMichalHdie SOUSITATE SElul) ; ' The
purified c\éy%}g vaué umdried to a 0\‘7{\der g&#ff&%@ﬁc&g '[ZO?NEi ght
of 160 nd%%@p % B éemi“ﬁ[?fp%aaﬁfj Hetef G8He sanpl e wei ght was

i ncreased to -250 ng due to the adsorption of water. [0083] This
sanpl e | 409&er r ed SodiuashyBaraalanide ey Briepark B§4hikiH B4 Horshyakidesi s

or epar ed ol ag s e EJRIe e terdEe BERL Faeiss vk cPoPIml doped
CDs. [ 0088fupre byiNaBital 1Guplietths freshiybreparaaindaiibe sbiltict (OU2aRIKNSEr
sol uti on AWBE®to and mixed with 50 ml of the above initial agueous solution, forming the

first precursor solution. The first precursor solution had a pH or 11.5 and was

vigorously stirred.

{o081] The resulting first precursor solution was heated to about 85°C, and
the growth of crystals was initiated immediatél'y at this temperature. After a period
of about 15 min of heating, nanocrystailine Cu-doped Zn(Cu)Se crystals were
-formed. About 30 ml of a top-up solution containing 0.1 M of ZnC!z 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 mli/min. The pH in
the resulting second solution was adjusted to about 10 with the addition of an
appropriate amount of 1 M of NaQH solution. The NaOH solution was added drop-
wise o 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 graduéi[y increased from about 1% to
about 15% af 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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prepared as in Exanple |, except that the dopant precursor was MO 2,
i nstead of CuCl2. The pH of the first precursor solution was 11.5.
[0087] Before the heat treatnent, 0.3 m of a sulfur source solution
containing 1 Mof Na2S was added to the first precursor solution
under vigorous stirring. The anobunts of Zn, M1, Se, S and GSH in 50
m 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
subj ect edvare réreuspendedinreeminieal 2@BONE off deidiized Veated. rkncess sdfilsavere

nucl eat i Ll ] il%}nnﬁgg'

fl uor escgg@g@mgé@%@nQQE %%ﬁﬁé@ tI’((:é?é/rgeg igﬁéstbgfgu Eg nm wasédggestggé\ibl e
after 15 timas. dihelperifiech@Ds x@0B8@dcLamadriastio whevidep fonp, whichthiada weight
prepared | W ' b

Bor b1 on 4fqoF STy 14830 AR Bl g CabiIE degR R rShedfo |
m/mn. B% mited tothe aderpling efelateri on was reduced to 10 by adding
dropwi se an appropriate anmount of the NaCH sol ution described in

Exanpl e ljgogajl 0090k hERampROS Réteied 14 4L8aMBIE [ hBfh.Subj ected to heat
treatment” at "95C for two hours. [0091] The QY of Mt em ssion Was

gradual ly _| ncrease %t0,20% as I?e ZnS crystal _s and the

GSH cappi[ﬂgéhl ayer %@@%&%@W?ﬁ%% RpRE f‘?{x@"i§?ﬁ“€§% Heati ng

was term nated when a stable fluorescence em ssion was achi eved.

[ 0092] Thq0885] ned QDbe semplesit thiscb@ohple wenet repared falldwingdba dxaropiatyi on
process described above for Mn doped QDs.

fo086]. The initial aqueous solution and the first precursor solution were
prepared .as in Example I, except that the dopant precursor was MnClg, instead of
CuCly. The pH of the first precursor solution was 11.5.

[0087] Before the heat freatment, 0.3 mi of a sulfur source sﬁlution
éontaining 1 M of NazS was added {o the first precursor solution under vigorous
stirring. The amounts of Zn, Mn, Se, 8 and GSH in 50 mi of the resulting first
precursor solution were 0.5, 0.01, 0.2, 0.3 and 0.6 mmol, reépectively.

- [0088] - The first precursor solution was subjected to heat treatment at 95°C
for about 5 minutes. The nucleation and growth of crystalls- were initiated on
heating. The fluorescence emission of Zn(Mn)Se crystals at 590 nm was
observable afier 15 min of heating. -

[0089] 10 ml 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 mi/min. The pH of the second solufion was reduced fo 10 by adding
dropwise' an appropriate amount of the NaOH solution described in Example |, .

[oog0] - The second solution was then subjected to heat treatment at 85°C

for two hours.

[0091] The QY of Mn emission was gradually increased from 1% fo 20% as
the ZnS crystal shell and the GSH capping layer were formed on the Zn(Mn)Se
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and purified as described Exanple I. The resulting dried powder of
the resulting Qs wei ghed 160 ngy. After being stored in open

at nosphere for a few days, the weight of the sanple was increased to
250 ng due to the adsorption of water. [0093] This sanple is referred
to as Sanple Il herein. [0094] Exanple Il Sanple Characterization

[ 0095] Absor ption and fl uorescence spectra of sanple Qs in an agueous
solution were obtained at roomtenperature with an Agilent Tm 8463
WV- Vi s speaystalowss. éleatingiwas SoininatedweimenHin siabke fltiotescancegnisibuioaescence
spect r onmet %ev respectively. The OD sanples for spectral measurenent
were al |l uF%‘d wi th 4-(2- hydroxyethyl)-1-pi perazi neet hanesul fonic
acid (HEPES) buffer (pH 8.5) to yield an absorbance of 0.1 at the
exci t at i ol§092lvel endhi forGoidePTerd e xiracied feme Bedeatstl sependsgalioa QDs

was det ermn L d i it t he
Sl o ou e SUERALLE ERARGLS he ?%*@@%?@%ﬁgb‘?%&%éhﬁ %%ﬁ%_
[ 0097] FI G8Ds weighed 168 maw Altgpbeivg staied Neorehsmd Poafewdays. Hés) and.
fl : t ' ' : le I
(F1a ©ay SPERRE B dele flag heidaBB o 260 g eto tneldlsfipcht oBREteRA DL 11

hi gher wavel engths _relative to a conparison ?arrp,l e, which were
un- doped PR%} Zns dhisamnrieisiefered & apSampied! BB escence band edge
em ssion peaked at 490 nmfor Sanple | and at 590 nm for Sanple I1I.

| n conpar[ie®d], theExampi linSaepk Charadigrizdtiped ZnSe/ ZnS ODs ( bandgap)
was at about 370 nm [0098] The QY determ ned based on the em ssion

measur e was a .59 ' Q .
[ 0099] Dy a?ﬁésé i gh?‘%g@‘gg'?re(%ﬁﬁﬁguof%g%%pﬁ% @g%hee?%gs{q énrl a uegﬁs
sol ut i onssolidion weraiekiningd @hrapreienpecdivelvithean Agilght™ £458 LBf+Visg system
provi ded ; [ j si ze
oty butélbgﬁtﬁ%rﬁé’ct&::é%ee Sé;#%tﬂgk@&;ﬂﬁ%éa FRERGH 113BrEN e nER&pRAFIH GEE
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 sample 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 Il (FIG. 4). The'
specira of Samples | énd'll were shifted fowards the higher wavelengths relative to
a comparison sample, which were un-doped ZnSe/ZnS quantum dots. The
observed flucrescence band edge emission peaked at 490 nm.for Sample | and at
590 nm for Sample ll. In comparison, the emission peak for un-doped ZnSelZnS
QDs (bandgap) was at about 370 hm. ) '

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

[0099] -  Dynamic light scattering (DLS) of the sample QDs in aqueous
solutions was conducted on a BI-200SM géser light scattering system provided by

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



particles in Sanples | and Il was determ ned based on DLS
measurenents. Representative results are shown in FIGS. 5 (Sanple 1)
and 6 (Sanple Il1). The sanple particles were generally spherical in
shape and the dianeters of the sanple particles were found to be
about 6 nmon average. The particle dianeters shown in FIGS. 5 and 6
are overall dianeters, reflecting the sumof the dianeter of the
core-shell crystal structure and the thickness-of the GSH cappi ng

layer. smsaww%mwa% &at@rn%%rb%sea ohfm_%a&@e@%swer e al so

obt ai ned usi n trafiltration techniq I and sanp I

|
QDs coul ﬁ%@@nm% iRy tnareesievanie FIGS. ﬁésamehl) M) R (%@m@le - aTh%ve. ght
cutof f, S&{?ﬁ&é‘sﬁﬂ?ﬁ%‘b%s efefly SpRMel it lsﬁé‘p(?oédmath@ 'dﬁan%té}g‘of the sample

[00101] Sarrp Wer e resuspen and diluted in waterto

ppb | evelpafipiesaraspinngdlio e &byt Gnpon zﬁerag,ﬁ ahe psélclewﬁéﬂ%teiwwn in
per cent agge8f 5 %%‘b‘é(?éo él[ éﬁ‘HRl'e?etrﬁ'efLeﬁmiq %B%um‘tﬁe &Ehﬁ{f&r oPBeC®-ages

of other elenents in e sa enent al - anal ysis of QDs was
per f or ne@h@ihCIEﬁfﬁi\WUC’%@@WDﬁl@ th@hﬂ%oﬁﬁhﬂ%ﬂﬁ cFpRing Y6l t s of the

el emental analysis were used to determ ne the nolar or weight

per cent aqemtm t heTré pYEBENmIc HRfetRsBE tﬁe@Dﬁmld Q04 Q1P aws ebtafetiay
atterns. of the drie ers . wer

diffraction

bt ai nod UAMGITTARTIGAPE HORD: SIPRE | PR ETPISH IS G HTaI o
PXRD pat thasbiadé fifaratiel doK hertulangei@amntsr, Whichpirtsinded tea BEiD
patterns.indi ég@; that the sanple Qs had a zinc bl ende cubic crystal

st ruct ur 76 "beak positions of Sanples |I and Il were shifted
fromthose of pure ZnSe and ZnS crystals, which are also indicated in
FIG 7. To@iddiai n Sameksdand Hiealawemrly&lwlesdema&(mﬁ@sunlwmdo IPPbwer e

| cul at 4.3
o Sy o] o BB A0 o AP & Sy MAGRBY ColapelitbAPaMS
Schener' sxtapedatedfromdbs kn@m vaight m&rc@ﬁaga@tof@rchar@iﬁﬂms 'S th%m@npl?gt al's
on PXRD 0 Ligs Qs
shoul d b?‘%‘%ﬂ%%@%ﬁ?@ﬁﬁ%ﬁﬁ ?%F%ﬁﬁ Poéd??mﬁ;ﬁgﬁ e based
on the. a§§%¢ﬁ@t A r@sulm@ﬁﬁwl@aa@awwﬁlwaram?@& detqiungheyadlabier age

crystal HR peicéRabss SRR bRMdntPAGhd danifis diiyis estimated to be about
4 to 5 nm hIS estimate-is consistent with the results determ ned

eseur omibfBa] Coy Pt 5 iigyion, GYRE) refenR Bt i e armpaD

t hi cknes poatiershverEshtatappiithPANgigtical X' EOA IR M. gHet Bshbws i on TEM of

i gh- r e STATETIRLLR SAETH R ERF B SBmbls (el pBY Sof IS BB Ry, The

Repr es enPaﬂD/mthEM intlagieshaifthe bemgla Qi selsacha emsrmdnndelcnblélc%ta! 8 (Sanpl e

mmgni | 1 oaTVaH! Thed oy BRE eratioe BESahbh TR 1 fyere Bl R HESE
NI H3T3 ceurasanrmdtZrﬁ)wsmIBethh@re alsupatetiniMGIN| Dee grairssizesioff | ed

Fagle s FRAAILUONEND Sa e LOST  LE' Bl A RS ERESS B 380 of

penicillin S were seede m-crop
at a densin {paoilelly 26d abeuil4s3 nrm (Sempplll)mésp‘aatf'velf)mm el (1 ih)eeats aNidim

" each dehp SefeRs illin. SR dreariGoRARIS ndigRngRl€ep 0205
200 pg/ nPXPﬂD m&aﬁlhrw:tmmgv\meeaaukﬂlarmdzé of theaampizn@be should besligiivt er
| ncubat i p rcfléad'\ tﬁe'&%f&h&t lP% (vﬂ{ﬁ!]quas”lgésgé] @Eé%%&lrﬁ'pt@ g)t?' ol (MIT) (5

ng/ m) WET B 8 each Iscar
aspi r at i 6omogerkoukerystal fattszeMTThé ectual average\csysid graie sizedn §smplaed with

200 pl o I a

absor ban%ggja{{m%g%us gé{gr&ﬁ(ge ce ‘:1( % i g?'ﬁ" \%@g %gﬁ' F}%t 603%%&? with

nor mal i zihegesiltshigidraninaihdsed ouﬁhaTEﬁldnmgedn(m RBSL B,aﬂjrlﬂgand 11) and
DLS measurements (see FIGS. 5 and 6), taking into account of the thickness of the

GSH capping layer.
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[ 00106] For conpari son purposes, M assay was al so perfornmed on GSH
capped CdTe Qs, GSH capped Zn3. 7CdO. 38e al |l oyed Q@s. [00107] Test
results showed that Sanple | and Sanple Il QDs were | ess cytotoxic
t han GSH capped CdTe Qs in the concentration range of 5-50 pg/m,
whi ch may be of rel evance for bioi magi ng applications.

[ 00108] Exanpl e V Cell Staining t00109] The sanple QDs were used for
fixed cell staining. Some sanple | QDs exhibited a fluorescence

SBnOSSI on [petid] at 45ﬁbmﬂsoismm%;aimc@slw£3&r@nhe@tihef{:¢i ¢€¢|ﬁ$WCIIFA%IBak at

nn exniplitied, e I on eakK a nm

oyt o og PRSP b TRaAER ey Rion i TR S atue @A ght bi nd to

H& Sv ggz | ﬂ’tepesﬁ,entdﬁ&é fedy !h@@é@oﬂh@fsgmﬂFS @fe éhd@.ﬁ‘dlnaﬂﬁsss (%ﬁpi@amtx Ophfage
ce coO nme ot oco

and then *83}3@(%“5 I%Qﬂgq%%a‘gﬂlﬁq@ f’;@’eﬂt “@?@‘fgﬂﬁr\?r IOtwo hour s

of |ncubat|on the cytoplasmc regions 19 of the cells were stained
in blue, [Qﬁ’!@d]\ andEradple 1¥spalcinbitilyy. The fl uorescence of these doped
@s was very stable over an one hour exposure period. [00110] O her -

expr ool 1L oBT1 onofloag3 o AS RSBl g Pyl TR ind RXEEA P on and

t he draw CBy'S Musdied Heglel scmedinm (RMEMY with U4 pi fetaltievingtzenm y

exenpl ar Yreshad 1% 3¢ sorfdinhRirSptbMYaR! T bdi@Werds&ked in 95-well
microplate at a density of 1x10* cells in 150 pi of full DMEM culture medium, and
kept-at 37°C and 5% of Cbg overnight. The samplé QDs were loaded in each well

_ with a final concentration of 0, 12.5, 25, 50, 100 or 200 pglml;AG duplicates were

obtained for each concentration. After incubation for 48 hours, 15 ul of 1- .
methyltetrazole-5-thiol (MTT) (8 mg/mi) were added fo each well. The médium was
discarded by aspiration, and the purple MTT-formazon crystals were dissolved with
200 yl of dimethyi sulfoxide (DMSO). The plates were read for absorbance at 550
nm. The cell viability was calculated by normalizi'ng with the resulis obtained with

no QD loading.

' [00106] . Forcomparison purposes, MTT assay was also performed on GSH
capped CdTe QDs, GSH capped Znp.7CdysSe alloyed QDs.

[00107} . Test results showed that Sample | and Samﬁ!e it QDs were less
cytotoxic than GSH capped CdTe QDs in the concentration range of 5-50 pg/mi,
which may be of relevance for bioimaging applications.

-[00108] Example V Cell Staining

[00109] . ‘The sample QDs were used for fixed cel[ stalnlng Some sample t
QDs exhibited a fluorescence smission peak at 450 nm; some sampie | QDs
exhibited _emlssmn peak at 500 nm; and Sample Il 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 ’ch'gn incubated with
-_Samp[e I and Sample Ii Qbs. ‘After two hours of incubation, the cytoplasmic regions
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descri bed above, those skilled in the art will readily appreciate
that many nodifications are possible therein without materially
departing fromthe novel teachings and advantages of this invention.
[00112] The invention, rather, is intended to enconpass all such

nodi fication within its scope, as defined by the clains. Wat is
clainmed is: 1. A process of formng a capped and doped core-shell
crystal structure, conprising, sequentially: heating a fir'st,

precur somhf §1@loalls warecsza‘ng@ 81 BIge, Yrévrxdndrred obspedtivelpt The fmoreésﬁeﬂce of
precursor, e ur sor recursor opant :
conpri si H& ﬁ@ E}Si\% Yﬁ%’(gtﬁgl(al\%"er@ﬁﬁ?%ﬁ?ﬁrc?ﬁ@%?ﬁr'o nd water, to
forma zinc selenide crystal core doped with said dopant (Zn(MSe)
addi ng a[@Hdehd zi Othgyiesturesdrenafid amlddtremtmsd)fmeem'essrﬁnn\@otmt n¥n to

forma s i | ution,

to favor%g&ggi[%%h?ﬂeg%b%ggt %‘P‘ég%h%&g‘ ﬁg sal hrsgogegg gtﬂ?éc))n to form
a ZnS cr ystvahgssineihbs® akiksal id &g Se crystal core, wher er n said GSH is
added in a sufficient anount to forma |ayer around the crystal

SLT UCH U GogQpr | Si g h%@ﬁ%@gemamﬁ%{s& REShyaRlch B3 ety stal

shell on"said cr ysta ore rmn capped 2Zn(M Se/ ZnS
quant um described abpes, raseskedin tbe @ﬁr‘ﬂﬂimaﬁﬁi\é@@"ﬁCIQEffHatp'ﬂ@Wur sor

sol utiong d second
sol ution | S fEeat ega %gBSﬁggﬁer&ﬁﬁmgﬁ%ﬁﬂéﬁﬁp@ﬁ@Ffm"mg]go‘r% g%less of

cl ai m 1 tgackings ang advgrdagsasef thisvertionat i o of Zn: Se in said precursor
solution is fromabout 10:3 to about 10:5 4. A process of formng a
capped degmedapor e- $h@idve@ﬂey;sraarkersbrnt§ﬁwd&o eROBFAPAS dligsuch eddifiegtion
precursor ol, utr on co ) m.xture of a zinc (Zn) precursor, a
sel eni um{iBEt Srﬂ"@ﬁ%r@ %fi&? Le YR for a dopant, gl utathione (GSH),
and water, said dopant corrprr sing a transition netal (M, a nolar
ratio of Zn:Se in said sol ution bei ng from about 10:3 to about 10:5;
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addi ng nore zinc precursor and GSH to the heated sol ution, 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 a. (Zn(MSe) to formin said solution, and after said

first pefhQd.sai ytion is heated for a second period sufficient
to forfnwt%ggs@?eg%gls'shell on said Zn(M Se crystal core, and b.
wherei n aigGSHis ded in a sufficient anoun o forma GSH | ayer
ar ound ti‘e RISEEFS St PHENS & CR fa ﬁ’8p§gi°9r?ﬁ%ﬁ}k Systyl glipgiuréor e and

said ZnS crgéﬁ-,?l-;smg,egéq‘ggh@ﬁyd crystal core, thus formng a GSH
capped Zn(M Se/ ZnS"quantumdot. 5. The process of claim4, wherein

said first periaod is_from about 1@1 to about .30 m nutes $nd sai
second per i od"$3NG B ATSHIFCUISRE SPLUQBSOMATSING Adtikdire 6 afire AnGEays
of any one of } } jrd i :
sai d precur so?l%lggﬁﬁ?i %r?bgésnﬁ]ar%\c()\%féy g’lé%u %7%.“ %ﬁéﬁrgﬁﬁggoﬁpﬁgcéﬁgklgpg a
clains 1 to ocirangiereimetal (M), glutathiomedGsid), sod watkotto dorn 8 Ainoselabidet

10 to about 12, The, proce of , an f..claime 1 to 7, wherein
sai d precur so%ryééﬂ ﬁ?feo%g‘?esﬂcWﬁé63%%)@(%228&4&0@& d sel eni um precur sor
to an aqueous | ution, said a%%eous solg%_&g conprising a m xture of

said zi nc pre@if1892 second FRGRIFCSFOr oﬁ%ngf‘?cué% sfyiiongto fopm a
process of - anyecaii Sllufdrilai obidetin a HPRsYai S8echdsatklial] 16 95 Gi6ith
heating at a tenperature below the~bolling tenperature of water.” 10.
The process off ZnQicrpstalswherein said tenperature is fromabout 95 to
about 99 C. 11. The process of any one of clains 1 to 10, wherein

sai d zi nc pr eeatsy saidspeose solution te fdror a @nS skl skeleoh waidZ e@liySzor
conpri ses sodi uml? drosel eni de, and said precursor for said dopant
conprises a ngvaid gﬂﬁemri de. 12. The process of any one of clains 1 to

11, wherein a nmolar ratio of Zn to said dopant in said precursor
solution is aNpeieimgai GSH is added in a sufficient amount to form a layer around the

crystal structure comprising said Zn(M)Se 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 1, 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



13. The process of any one of clains 1 to 12, wherein said transition
metal is copper. 14. The process of claim 13, wherein said GSH capped
quantum dot has a fluorescence quantumyield of about 15% 15. The
process of any one of clains 1 to 12, wherein said transition netal

I S manganesg. F]ZirﬁMg§@ tcPfo‘Pﬁﬁﬁ%a?:f ?&Ihﬁéﬁf‘é]r@ affdldd ﬂrs?%'eﬁf)ars%ﬂijéﬁeﬁo is
solution further conprises a sulfur precursor, and a nolar ratio o
Zn: Se: S i n sahéateddoua secosd petivd suffeiat dufortr 2 Z8iS drystalbeelpoonsaiks of
claim 16, V\he?eg\ﬁ ai_ d | fur precursor conprises sodium sul fide. 18.
The process of" %;’s%ﬁré(s CRI%iFME 15 to 17, wherein said GSH capped

guant um dot, has a .fluo ence antumyield of about 20%. 19. The
process of thnviﬁFF’é”&P'cﬁééiﬁ@ aﬁdgé n2 s @ea @{"Qﬁi‘ﬁotfpﬁ”ﬁsﬂ Ebhiaygr al
conpri ses cop 4 - : :
P ocese of - angund At Y BR U  B aic (M) SERyste oo M said
i s general | y gpBarystal shalibrhaaidargstahedrer thoks falming sAGSH edoped 5 nm

21. The process one of clains 1 to 20, wherein said GSH capped
quant um dot .2”9‘@1?@‘?35?%“@5&%%@ and has a dianmeter of about 6 nm
22. The process of any one of clainms 1 to 21, wherein said adding
conpri se8. adthengraniess ab ceiard evheaaih E8Hfiet pericdtie freel abtdd & o dowudi30

grom h of ZnS.crystals on said, Zn(M Se. crystal ,core ove row h of
Proe 7 of yBITHES. B sei a8 5ot BEUON B e oS e ABPH B ROV 6 i s
about 1 to about 5 m/mn.

6. The process of any one of claims 3 to 5, wherein said molar ratio of Zn:Se in

said precursar 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 precursor 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.
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

The process of any one of claims 1 to 12, wherein said fransition metal is

copper.

The process of claim 13, wherein said GSH capped quantum dot has a

fluorescence quantum yield of about 15%.

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

manganese.

The process of claim 15, wherein said precursor solution further comprises a
sulfur precursor, and a molar ratio of Zn:Se:S in said precursor solution is
about 5:2:3.

The process of claim 16, wherein said sulfur precursor comprises sodium

sulfide.

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

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

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

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

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.

The process of any one of claims 1 to 20, wherein said GSH capped quantum

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

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.

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