CDTE/ GSH CORE- SHELL QUANTUNMDOTS CROSS- REFERENCE TO
RELATED APPLI CATI ONS [ 0001] This application clains
wo b@cheneiit of U. S. provisional application seer/aG2086/000003
60/ 666, 731 filed March 3 1, 2005, the contents of
whi ch are incorporated herein by reference. FIELD OF
THE | NVENTI ANENT gelates to
guant um dot Sgdé‘%%ﬁég%‘a%%wﬁvem 3?{0003]
Quantum dots (QDs) have w de applications and are
currently comrercially avail able. For exanple, QDs nmay
be useful in optoelectronic and photovol taic devices,
optical anmplifier nmedia for tel econmunication
net GRGSS-RFEERGNGE 0-0 REIATED ARRIAEATIONS al |y, a QD
is a nanocrystal particle having a seniconductor core
a sem conduct or shel | out e core.
(06T, poftpappicatipp: it the kRO 0E U5 ipvisiine) gplielian seria
NoS BBlde6St #Efiled %rchaé‘fe 2B0%eide é’(ﬁrftéﬁ%doffvl/h’i@h € MiPporated herein
em ssi on spectrum Cdnvention can have a
by réfieodncehel | and are often coated Mﬁth a suitable
mat eri al, such as polyners and silica. The shell and
t he I ' typically used to inprove or
aItgﬁgk%gﬁiwggibhﬂg§?gﬁNthe @Ds, such as the optica
properties, stability, and affinity to another object

[00D2]t heT r@ﬁreséﬂt inveatiom eslatdstte qiagltlmatuis.coati ng may
i nprove the fluorescence quantumyield of the QDs.

abe bRtk ok e WPERTaNE Tt oal “proper t . such
as when the QDs are used as | abels. [0005] However,
[Oddiﬂ CanusRuPadls (EP3s)hane \ﬁl@@%@l@ﬁ%ﬁénd are currently

Pol'yner - coat ed are |lar in size and thus have
comnmercisdly appilallat Fonexanplel Elgﬁwamhaquwfuymaontﬁe@ptromc and

phﬁ{(})%%)h?ﬁsq%gf&%r bg{mél% CE%& ma é(f@rrtglqtcémgﬁgh{c&lbﬁ‘ va‘/@rﬁ(s and

€sC ntumyie ong-

foryiedmbding. as conpared to pol yner-coated QDs. [0006] For
exanpl e, Thiol -capped CdTe QDs can be forned by an

[Oo%qﬂeou?ypically, a QD is a nanocrystal particle having a semiconductor core and
a semiconductor shell outside the core. The size of the QDs is typically from 2 to 20

nm. Due to their small sizes, QDs have a well-defined fluorescence emission
spectrum. Conventionally, QDs can have a thiol shell and are often coated with a
suitable material, such as polymers and silica. The shell and the polymer coating
are typically used to improve or alter the properties of the QDs, such as the optical
properties, stability, and affinity to another object of the QDs. For instance, the shell
and coating may improve the fluorescence quantum yield of the QDs. Quantum
yield is the number of photons emitted per absorbed photon and is often a critical

property, such as when the QDs are used as labels.

[0005] However, the conventional QDs have some drawbacks. Polymer-coated
QDs are larger in size and thus have limited applications. While QDs with only a
thiol shell are smaller in size, they are typically inferior in terms of fluorescence
quantum yield and long-term stability as compared to polymer-coated QDs.
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synthesi s techni que as disclosed in N kolai Gaponik et

al. ("Gponi k"), "Thiocapping of CdTe Nanocrystals: An
wa@\kdosnnsbi ve to Organonetal lic Synthetic Rout eBCT/SG2006/000003

Journal of Physical Chem stry B, vol. 106, pp.

7177-7185, 2002, the contents of which are

i ncorporated herein by reference. However, a problem
[0006]h ti@sexdrhple) fhppedpm CdFet@BS dandye foamed lyinan aqueous

symhenidgriniaue s dainrsd i il Qe L ae Gl oTbic-

cag;?lﬁh Ji T Ed NaRoLiyRBISTEN AlteHiveSo @@bﬁ@ﬁ%lﬁ@Byntheﬂc Routes,”

g, slze selective precipitation and | ong-tferm
Joumamf FAlsical CtzhmzqﬁlfyrBfVCddWﬁ i 7 VAt £ 5Q390Rathe eontents of

W fengetosarEiuTe hhr piere: HEBRSe]. EatRiluinh figse triok
caE?@@ C?TJ ZH}{%%E 2Ry Haveelvaduartiimgyiglauypichilprethasaage of 1 to 10%.

nol écul e, as reported in _Mnika Baunl e et
Althbugh tlmcm’aetwn yield gan pepmpop\estiyarious post-formation treatments

oo ST S AP R BB s St

llldnﬁ*lﬂgﬂbhh Tthe\RIrified @r aefivated3BD8ddle aZtaaMenbylm aggibererate during
whi ch are incorporated herein hy reference.

thmﬁe@ﬁmelﬁspﬂﬁwIf@rrW'ﬂBtlﬁrQ@ﬁé'Z@QOQﬁﬂ' g8 disclosed in
Baum e is that the CdSe QDs have a relatively | ow

[Oﬁb’gﬂt u%éb%@sﬂavé%@er%ﬂﬁ@sﬁzﬁ phlvaBr sty Ihteﬂhlone as a

ue is that prepared are tunabl e onl n
stabilizing ovoleamgeas fepateas iergdonika Bistwalese! alhEBamalg dr

FIGEBEeE e PIOURE CARRL- ok Y otk ge BRI e ng W%f

Cﬁa?ﬁcfe'ﬁ%étlé‘ﬁ earsa‘ Mﬁcﬁ‘bééﬂté’rﬁlir)g snahdmairzes. 200ohi IPB8- 3831 2004 the
guantumyie here is also a need for a nethod an

costenis |oebwhﬂqh ai@r :apgmqn@te@[bserﬁm;h@ef@'f%@@ PPYSHPE i RO e with
d
B Y N o e
quadit@i Qeifﬂ 696. Agther probngmivwithethts tm:hntctn,@rle that the QDs
provi a met hod of synthesi zi uant u
Prﬁh?@drﬁ!ﬁﬁéaablé i i FABHEe g B erAdt eqUsghe QDs
&§ 'tEn%Ofo f‘gﬁ’re@afe&\ﬁﬁbf# Mhdy-lovPiLsives %rgéﬁtrﬁfnoé’bcﬂﬁds nm.

nocrysta

[0008] Accordingly, there is a need for QDs that are of relatively small sizes and
high quantum yield. There is also a need for a method and a solution for preparing
QDs having these properties, and QDs that are tunable over a wide range of

wavelengths.
SUMMARY OF THE INVENTION

[0009] According to an aspect of the present invention, there is provided a
method of synthesizing quantum dots. In this method, a solution comprising a
telluride (Te) precursor and a cadmium (Cd) precursor is provided. Nanocrystals
comprising CdTe are grown in the solution. Glutathione (GSH) is also introduced to

the solution to form shells covering the nanocrystals. The nanocrystals and the



conprising CdTe are grown in the solution. d utathione
(GSH) is also introduced to the solution to form
WG b@bl1s4460veri ng t he nanocrystal s. The nanocr yBCEBG620a6/000003
t heshel |l s form quantum dots each having a core
conprising CdTe and a shell conprising GSH [0010]
According to another aspect of the present invention,
shellsefogmi quasTtemi drdd egch haningra dete edmprisiag e te and a shell
o ﬁnig%r ﬁ%ﬂ core and a shell covering the core. The
cortbf (0 "ses cadmumtelluride (CdTe). The shell
conprises glutathione (GSH). [001 1] According to a
[0010]t heAcaspmgtioaotier gepestot thierp/resdarhtdnvemﬁm‘r, ghere is provided a
provided a saol ution for formng f_lﬁndotsec
aenpiic

h
quaBi e FRMaNegE Barenatal eoremn PHe b MR pyf- The core
)
R T UL SRRy
for formng shel | s covering the CdTe cores.

[qu12]A¢’mrdrrﬁ| tog ﬁmthjaeaslazfdgdfélne Rt infentins, these énprovided a
ol o Rl Gty 88 HatB oy TERD 1 T CAlLERY A @RH shell

Thb%oﬁltﬁﬁi éﬁmeﬂsé@ﬂﬁémﬁidégﬁé) bﬁldLMﬁbrOtﬂ]c( d ShdATieRUC) rp,reéursor for
cadm um recursor §-|Ut at hi one (GSH), such

fortiag C@H@C@e& ied ql}mﬂmﬂe@(& hig farngipg shelssevaiingthe CdTe

Te and a shell conprising GSH [0013]

vant ageously, the quantum dots can have fluorescence
quantum yi el ds hi gher than about 16% such as up to

[oGdR]ut Mﬁ@érdﬁgetowmmothad@ssecmf the puedanvandirdion, éreye is

pr%\gg)%céﬁgﬂg{l;@g] %’gtygi & lzgl?gn%nHér?tH%gagfﬁ ?n ﬂvﬁﬁ{qqgﬂéqun%m dots are
forfR&PHE: 8BRADA %rﬂpﬁls'irﬁfé ClRfridar %5‘@@@@5@ |a deﬁinﬁlbﬁh (Ud)

upon revi ew of th | ow ng eSCTI tl on of speC|
presusol, adtgutathiohe (Gﬁwmuthahea@lm pﬁthﬁ qeantim ﬂoﬁSHtﬂS a core

coaccmﬁ?ﬁ%ﬁg%gfﬁ%ﬁﬁl gﬁg%ﬁﬂmﬂ\“ I(Jljs;rllr_lgt e, by

way of exanple only, enbodi nents of the present
[0018fent A@vantageously, the quantum dots can have fluorescence quantum

yields higher than about 16%, such as up to about 45%. The quantum dots can

cor,

also have diameters ranging from about 3.8 nm to about 6 nm.

[0014] 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.
BRIEF DESCRIPTION OF THE DRAWINGS

[0015] In the figures, which illustrate, by way of example only, embodiments of

the present invention,
[0016] FIG. 1 is a schematic diagram of a quantum dot;

[0017] FIG. 2 s a line graph of absorption and fluorescence spectra;
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[0016] FIG 1 is a schematic diagram of a quantum dot;
[0017] FIG 2 is a line graph of absorption and

wo bmwernesicence spectra; [0018] FIG 3 is a graphrof/sG2006/000003
fl uorescence em ssion peak wavel ength as a function of
heating time; [0019] FIG 4 is a graph of quantum
yield and bandwi dth as a function of wavel ength;

[001@)20]FIG. @.is @ graph of flapressiense 2migsion midalitwavelergth @scai function
€¥ Mmc Light Scattering (DLS); [0021] FIG 6 is a

of pea § on electron m croscopy (TEM inage of sanple
guantumdots; [0022] FIG 7 is a line graph of X-ray

[0d3d]f r G, qris@ég?i@bhnﬂ hiim 9leld WadtbarRvidh siiafiingtion of
dgf]s [ 0023] G 8 fdé@a Iltr?e graph of fluorescence

wavalesgdiity as a function of pH, [0024] FIG 9Ais a
confocal fluorescence imge of cells |abeled with

nt S [ . ] i .
m%g o Mg |35%§Qeﬁ%ﬁv\? 'Fk%“ﬂgﬁm%a%"ba by iR ot
SchEsSay LN [0026] FIG 1 il I ustrates a quantum dot

(Q) 10, exenplary of enbodi nents of the present

rod BT, B AR L8l A5 B RS ohy EFERD iRkge of sample
qugﬁpt@(pabfsl cles, and quantum bits. [0027] Quantum dot 10

conprises a core 12 and a shell 14. Core 12 includes a

sem conduct or nanocrystal, such as cadmumtelluride
[0023 T1e)FIGA isia g fX$awBiffiastiere (KRPY) pattens of two types of

Core 12 has a dianmeter fromabout 2.8 nmto

québ@j‘?bé{nm Shell 14 includes a stabilizing agent

gl ut at hi one (GSH) and has a thickness of about 0.5 nm
[0028] exFIE. r&is aliregtaph afffluQbeddenice inteasity ase finotion 8f BH;

to about 6 nm [0028] As can be understood by persons

0340 N % b o 8 Bl P R B0

dofseglﬂal ques such asX-ray diffraction (XRD). The sizes
Qs can al so be estimted based on the

[0025] FIG. 9B is a transmission image of cells labeled with quantum dots.
DETAILED DESCRIPTION

[0026] FIG. 1 illustrates a quantum dot (QD) 10, exemplary of embodiments of
the present invention. Quantum dots are also referred to by various other names

such as nanocrystals, nanoparticles, and quantum bits.

[0027] Quantum dot 10 comprises a core 12 and a shell 14. Core 12 includes a
semiconductor nanocrystal, such as cadmium telluride (CdTe), which can have a
zinc blende lattice structure. Core 12 has a diameter from about 2.8 nm to about 5
nm. Shell 14 includes a stabilizing agent glutathione (GSH) and has a thickness of
about 0.5 nm. The external diameter of QD 10 is therefore about 3.8 to about 6 nm.

[0028] As can be understood by persons skilled in the art, the sizes of QDs can

be measured using various techniques, including conventional techniques such as



known rel ati onship between fluorescence em ssion peak
wavel engt h and nanocrstal size. Wile the XRD approach
woyechewsbr e accurate, the eni ssion peak appr oRCHSGz006/000003
al so be reliable and can be nore convenient. Exanple
techniques have been described in X. Mchalet et a/.,
"Quantum Dots for Live Cells, in Vivo |Imagi ng, and
raz@ﬁlﬂn@&tm@$XRD$CTMSE63\O®IQD§O§n ajso. b& 8gtimated bawsi on the
e contents, o ﬁh are incorpor.ated

knewn selafieaship bg HoraSeaRCce §IILPIAN pea R %eﬂef}@ﬁ'é g e
naﬁ@&s{éﬁ”s}éef V\‘Prmea{%%R@Zag) prodéh ﬁ@@r%e ﬁno’i’e Becurlié theaniesion

W th core si For exanpl e, when the core
peblaapproiamWIS@bea‘ebableéandmart be nerei Q@nv§nw6LEX8&InBlel

{
b el o SO Qo Live
CeTQeinqyi@mMagmgebﬁdwj;a@%sltf&smc@@cé rain 30TQ ph. BOJ634d, 2005 the
bout 25% W th an em ssion peak wavel ength in the

con@ngeobwh@b@je irypemied bateis by rAfATEBERN as when it is
formed with NaHTe as the Te precursor. The quantum

[O(Xéﬁlhd Phe %Igrora'ﬂﬁ)bf os‘?elﬂ‘? ﬁé’ h i t%err@rﬁ %b%g t5 f8&8bout

an emssi on TeVL| range o from
3. Eaboﬂhls&'raﬂo ey \zﬁmuﬂtrﬁé’cﬁreme tRoreéxauhpléZ@hemthe; gote has a

when it is forne V\/lthH2 he Te precursor. As
diggnefies fEAPPYBM. MR FRIMSA BQL@%é Tthe nunber of photons

emtted per absorbed photon Quantum yield may be

[06@@3 ur @glaHgiM Bof Y hadid RiireséatdengeattumSyeldatigRer than about

hni ques are known to persons skilled 1n the ar
16%1rsm7klaamumo abodrdide e he iqsaptm ¥iald 6h A0 J0@mRay bﬁémm gbout

20£ 9%’[ BJY'H!‘S?'Q ﬁmwﬁgﬁ ?gékbe oy ﬂj% 'Jé ?I’le%Fé?ﬁea&Qéﬁout 520 to
abaaﬂe%/’g @hﬁaqh §L@g\%itfsﬁ/vh@n ttE§fd?gioel§1W§NamTe blaltfﬁe Wamrfmmsor The
roun e ea
quERBHP YIS OB LB S Ao SROT DB AOTh S phoufe it an
nﬂggﬁﬁgﬁgﬂgk%\/eﬁ)nﬁﬁ@n lﬂf‘erf d@&ffdrﬁ@kﬁnu%@bgtbpé‘bom%ﬁhm to

I NC I de pr ecursor a cadm um
abpue6R0 $or, sushdsgivbemittis foregdasith HilTe asihe Expranuasgr. As

af r[g(r)rﬁtﬁeqsf%eﬁjgﬁugniumnyle%jls%g AUEr of ph%tcﬁw Oé’ﬁwﬂ?e% [.')& e‘l&%rbed
photon. Quantum yield may be measured using any suitable technique. Suitable
techniques are known to persons skilled in the art. For example, fluorescein is
conventionally used as the reference standard. The peak bandwidth is from about
30 nm to about 52 nm. As can be appreciated, the peak bandwidth refers to the Full
Width at Half Maximum (FWHM) around the peak.

[0031] According to a process exemplary of embodiments of the present
invention, quantum dots 10 can be formed from a solution, which includes a
telluride (Te) precursor, a cadmium (Cd) precursor, and glutathione (GSH). In this
exemplary process, the Te and Cd precursors are provided in the solution for
forming CdTe nanocrystals, and the GSH is introduced to the solution for forming
shells covering the nanocrystals. The solution may be aqueous, i.e., having water

as a solvent. The solution may be heated to accelerate the growth of the
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form ng CdTe nanocrystals, and the GSH is introduced

to the solution for form ng shells covering the
woaeandsst al s. The sol ution may be aqueous, i .PBCT/SG2006/000003

havi ng water as a solvent. The solution may be heated

to accelerate the growmh of thenanocrystals, as wl|

be further discussed below [0032] The nolar ratio of
nafidcrydeals, asowitdte funthendiscubsed balovan vary. For exanpl e,

the nolar ratio of Cd: Te may vary fromabout 3:1 to

apQut ;1 and..th lar ratig of .Te. v,
ofEn aBatretihag 6B 208 GSHan HiF speftan @, For
exanbRS tthé ol BF RRRIdf BB TeimaNeafeFomtattwit @6 taablowtie 1, and the
can be advant ageous

time required to formthe (%s It .
malar e ofdleie SHETRY Vesy §BByEbeut 1280 @beutd:Sotine rRgler jatios can

[ L t] X i i ' i
o SEME T P LB 8 B RO i s s
ca? %@ﬁ&@nté@f}%@iﬂﬂ& morarwiaﬁt@is' ﬁlgou_l'yi 5: 1h: 5e(@rh Tet@@k), tas the resulting

ormcores 12. For exanple, the _Te precursor ,
Qhsepnbave 6@@9\4@%3@9%%&5’@m wielq. &m‘ﬁ? p&éjctﬁ'?‘afr%%gﬁd precursor
| uri ' g

caé?\/eaén‘ri)} S&itddr2 LRémici ﬁéﬁ@%@ﬂ? ﬂ‘éer‘ %c@ﬁg%ﬂ%adﬁ oﬂ;\éﬂ gg’ﬁ)rm cores

ageous to use cursor as t
12r EspbkamgieQiise Tarpreawsoncheinaudesadiuny hydwottluside (NaHTe) or

nydiotenacli s BTie)cet 4 shE AT B 1 62R Ao RILAGOUS to use
H R the0f 1Bt ufsbred) theSHENItiAg GBS BhHMAB! PhEEE QG Buch as

, cadm um perchloride, cadm um acetate, and the |ike

higher apuantontyiields than @Be syothesizes with Natbie asthey Tgrectrsor. The

| b .ab .
By N Y
(Cabayt cadmitim peRhdridE) eagmiiurhi zvetarey ahe tins s rerdariyycombination
m Xi ng t recursor sol utions each ag.sagfctlve y

I
th@@ﬁf-aﬁihe\fi\‘rg’h&% has 3 RE \Gine AbRYE BREUL @iy o rdvarigpeous to
haid II—IQraIJ@ﬁPﬁfét%dtoﬂ df?d’ %BSUPT £Bag&h BY aBbyt 1952 Cd

pr utron and a Te

ecursor so precursor solution. One of
the precursor solutions may al so contain GSH, so as to
[0038] odTbe sGBiHonananbepespdtesdriyy Bbting twa pratiyspr selutiers each

| yti . b i by,, " ~shot" i xi
b T R N
soRfionsAdy bEq¥eBSfed by nilg ReCaPreairagesniation anprl Ye necursor

“one-shot" m xing technique as it can result

in _
sojutiono Pae ofdbalnrecwsenselytiangmay alsa koAl dssuag to introduce
G@Iqrt{)?ﬁgpesulﬁng solution. The precursor solutions may be mixed by “one-shot”

mixing. Other mixing techniques, such as drop-wise mixing, may also be used.

However, it may be advantageous to apply the “one-shot” mixing technique as it
can result in improved results such as higher quantum yields and narrower,
bandwidths. It has been found that “one-shot” mixing can result in narrower initial
particle size distribution than drop-wise mixing. As can be appreciated, narrow size

distribution of the nanocrystals can be advantageous.

[0034] As can be understood by persons skilled in the art, mixing of the
precursors can also be carried out by bubbling a gas comprising a precursor, such

as H,Te as the Te precursor, through a solution comprising another precursor, such
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bandwi dths. It has been found that "one-shot" m xing
can result in narrower initial particle size

wale@bnodaet i on t han drop-wi se m xi ng. As can bePCT/SG2006/000003
appreci ated, narrow size distribution of the
nanocrystals can be advantageous. [0034] As can be
under st ood by persons skilled in the art, m xing of

as ahed prmmsmorls meyrbebdvariegeous teeprapare Bye mixbre agthe

S co a pr SOor. such H2 as the Te
pre%n“é?ﬂf?é h|s %\‘@Lﬁ’%ﬁqr% a@Bﬁ{)‘?’TtgelﬁN‘an ot her
precursor, suchas a Cd precursor. It nmay be

[00B%Y ANtRDRAUSe LRdOIseIs, ©dTenahsdrys@ldéan fgmpaed graoby self-
inthis manner, as wil|_ becone apparent bel ow. [0035]

asgemblylin the solEen $pesdNiXingrel tharseeyisres 3t @AARPPEIHAJ
tentg;?]é]r\gtﬂé A ATHEHE SHeh Bal R&n§ d%ﬁn%g/ r'B éHX@ r&hocrystal

reécursors at an appropriate te
corg lstf@mimd)rlﬁ/ Isindinlg togthe fsarface miradivit- ﬁirynmlf mmomysrdn'é' yp|cally, the

Shi)f CBRli5e4 8 HEMD AU SBtiondRhichi1ap  fiekasdigr abott 0.5 nm.
Aft%ﬁfﬂ?—{(éﬁé?lslsaf? 'tﬂé"c"o é’f:atg k%ﬁér@r@%ed@ds@%@ 3hdde ions can

ness o ter” the shel is forned,
pen@fteatemrqaermaﬁejthrbegh @n@&h@écﬁhsa the rengcTystals wéll canfinue to

o BEPG S iatle BRnATRnS VG <8 tf Sosteltnsd RUPRtashE Skilled in the
art® Pafiékérﬁﬁﬁa wWithir£ 8 1670 P Bighed @émb@ﬁﬂui@s m@rr@@mrﬁwlblmm grow

inthe art. For exanple, within a limt, at highe
fastt@nﬂ@uat oy edjustiag gEemt ipatnaratuse Andgrewth Hges fthe w9§ of the

Q[&y fé)égJeg eilﬂge @t\%ﬁé& %Wﬁroefﬁ \ﬁo?oféd tlge% ﬁLe"l‘%rl’%s%?H@ei ﬁH‘sesmn peak

or red can cont
capbeauny®r ds, the fl uorescence em ssi on peak can be
tuned. [0036] The solution can be heated at a suitable

[oQSaThor B a1UHE0 680 D GTaIEN o ScHRRI P o aTaiTar 8 sglected
pelib§ ogﬁrr‘%; g{?)g%%t@@p?é"éﬁ é(gjb(ﬁ&dso-f@tlcm B6Mtafffg aghixturernf the Cd

can about for up to about 90 m nutes
pretcmlr$@”rsnlla][§m anmthd ema"acwﬁgr selien senrke baateddpyabmuig 965n for up to

a5 SRR TP GRS 1 B B BRSSP e

reécﬁm&é’téﬂmlih@dwm al pdi‘ﬁcubﬂh;byﬁii:ahﬁnﬂd?ﬂoél@bhss B@llleempﬂ”feﬂam Eor
of "the solution. For an aﬂueous solutio

t he he
exappise the heating tRmperaiulisayi wedbpited by the bomng temperaturcje of the
solution. For an aqueous solution, the heating temperature should be below about

100°C at normal conditions.

[0037] When the growth temperature is maintained at a sufficiently high
temperature, such as about 95°C, nanoparticles can continue to grow at a relatively
high rate. When the temperature of the solution is reduced, such as to below room
temperature, the growth rate can drop significantly. Thus, the heating time can be
selected to control the resulting sizes of the formed quantum dots. In some
embodiments, a heating time of less than about 90 minutes may be appropriate.
The particular heating time in any particular application can be assessed depending

on various factors such as the heating temperature, the contents of the solution, the
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1000C at normal conditions. [0037] Wen the growth
tenperature is maintained at a sufficiently high

WO eovpaoetur e, such as about 95C, nanoparti cl eSPCEREG2006/000003
continue to grow at a relatively high rate. Wen the
tenperature of the solution is reduced, such as to
bel ow room tenperature, the growh rate can drop

desipa sizesof the. finkh GDs, tamel thedikenFhe iheeting timkensg| recésidcted to
ormed quantum

.t th t ft
irt oSy ot abonRETatais Rl itiag resudling Auagh dat havencore
diaRRirs Qi et iLSf thBYcdPss) ;’J\‘Eﬂﬁ%‘b’du@?% n® &t 55h3 he heating

heating time in any part ar application can be
tivge m;selaod@m@msg S@dhahmeocmefchameters davb asavdrage diameter of

g, A, SRR ForiaiSie IS Bt e pileahavrary from

athrAUY taboute myd@&r&ﬁh?@h&ﬁe 'h%ahh@tlt‘neg nedh BE o ?Bﬁec:ated the

nanocryst al s such that the resulting quantum dot

heafing tine fan &lsp besalestast to limit grewihoedbp ranoerystalatsozhat a
foftfbd SRRk opt AFS aiectFd FlyBHhacelPs BRs 8ol RraSupmyuhion is

defiemtlenton tie size wif tHe guaniling dext As fiaé h8hane tiicSakd tHJéethe sizes
dots may vary from about 4 to about

Ofrﬁﬂﬂm%gﬁg%gﬁﬂtﬁg Bis \tane W@&tﬂh@@e%q%e sRectiannay peak at different
éﬁgﬁhé‘r m%?r%n'i‘%%bf‘goét rbﬂj AL ?g vﬁﬁlb%ﬁ@%qrattgd in the

I|mt gr owm t he nanocrys s SO tha
follpwingexadytlehas a sel ected f uorescence eni ssi on
spectrum which is dependent on the size of the

t he_h [ t th
Of 8T AlHbheatiftsd End SRl clet oS Blfmbntti dfugh be% 52 rapialy
coohed feasrsvant Q%ﬁfl@é@ﬁbmﬁ@ﬂ@r‘@ﬁﬁt&%hé ﬁ@ﬁbﬁ@rt‘@fé%”ﬂﬁ}%oﬁé?mmg
500 to about 620 nm as wl lustrated in th

queatyra oty 1@ vailesirgdogzes, oswib sireain agelented mnge Cooling can
h [a
oSSR PR Bl s P o P 8 oo
bemmmmetsadl lesan itk uatH. d%apldg:chUa@bamt@JédNalﬂagMds for obtaining
esi. f%@@ or wth sizes in a selected range.

Bt sef r%%qeﬂcs@re@ﬁ'owmﬁ@c@uasts%|F@r.mmqae thesizes of

th@f@ﬁ@deQDtsh%nS\FHrg{a nﬂﬁwﬁﬁi’h PRaFOQ r%@g@”v rff:sdcooled
vant ageous

in an ice bath cool i ng can
rapjglyaHoweyeqDuhe tths detshe@&‘ﬁsamm kaweacaren sigedaistribution, the

softBBR3FESbE Thbfis iRy, | nstance, the sizes of

[0039] Additional information on synthesizing QDs can be found in the literature,

such as in Baumle and Gaponik.
EXAMPLES

[0040] Sample QDs were prepared with the following example procedure, where
all reactions were carried out in oxygen-free water under an argon gas

environment.

[0041] Step 1. A Te precursor was prepared, according to one of two protocols.

According to Protocol One, a precursor solution containing sodium hydrotelluride
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the formed Qs can vary only within a narrow range
when the solution is cooled rapidly. However, when it

WO 3o0aab44necessary to have a narrow si ze di striBOI/BGI06/000003
the solution my be cooled slowy. [0039] Additional
informati on on synthesizing Qs can be found in the
literature, such as in Baum e and Gaponi k. EXAMPLES

(Npbid40) wasSaprebaredisy vaaoéinlrseqdarredbqnthYdrtdee(NaBrH@\mviﬂrgtellurium

PO S, RIEC 1 TS T poulei s o oa i3 s1568 pify BRd 200 mesh.

TMQBH”WSHQBQQ@%%%\?@ Acco?dr-ﬁ@ t8TFBHCRPTWARAN H,Te gas was
prepared according to one of protocol s. Accordi

prepareddlyor@@btmeluranprretajusde (ébﬂ'ei)rwjli‘h @ ol uipimgric aCId (H2S0y).
sodi um hydrot el l uri de(NaHTe) was prepared by reacting

0g88, TS DS B TS Bf ds w

a rﬂﬂ@fabaumzsﬁ wddprdgaipbd was slightly excessive.
According to Protocol Two, an H2Te gas was prepared by

cti % numtelluride (Al 2Te3) wth
00 hupiep K "@Hz%éﬁgu tion vRsvprEPef Pfcordxngrtearra@@pl One, the
2
tw Predirasr ﬁaurlrawrrggrs% epragnd z%%%@iuegr@ (deHinat hlxifg.
Acspxding éo Podtocolofwethep SeagasifromcStapd n@sthubibled twolgh the
l.ut f 1 and 2
O T Tk R o
solliten waevigdidusgpstirte® Mzt ﬁiibd&ré"@@luﬁé‘rb hbé% fold| Yelliné '3)? 300 ml.

precur sor solution fromsS p , for a few m nutes.
Theireppectivgsaolar isentanis of @ds deuand Sl dn theymduss §olutlon were 3,

t e m xture solution had a total vol une of
0. &t f frrnglh

€ respective nolar contents of Cd, Te, and
GSH in the mxture solution were 3, 0.6, and 3 mol .
[0Q4)4‘_]44] Steipeh Fhe m'ﬁhereﬂodunmrevmelhﬁat@dr abtadempatatdreadf aoout 95°C

for, GERR U R PElIEESTh okhayt Ruad IpHESSBINGE e PPGHOP i room
terhuﬁgﬂr%]:\Qd%ggL?SnSO GCB1 ecapEhtCARPH G &Q%kl?rdp‘ﬁn%bﬁmné the
temperature of about 95 C

[0045] Step 5. After the selected heating time, the heated solution was
immersed in an ice bath to stop further growth of QDs. For different samples,
heating was stopped after different lengths of time to obtain QDs of different particle

sizes and fluorescence emission spectra.

[0046] Step 6. The prepared QDs were precipitated and washed several times in
2-propanol, forming pellets of QDs. Excess salt, such as NaCl, NaOH and excess

GSH, was removed by washing.

[0047] Step 7. The pellets were dried at room temperature in vacuum overnight,

forming powders of sample QDs.

[0048] Absorption and fluorescence spectra of the sample QDs were measured

at room temperature using an Agilent™ 843 UV-Vis spectrometer and a Jobin Yvon
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tenperature of about 95C. [0045] Step 5. After the
sel ected heating tinme, the heated sol uti on was

WO ovenedes in an ice bath to stop further grow PCDRGEIDe/000003
For different sanples, heating was stopped after
different lengths of time to obtain Qbs of different
particle sizes and fl uorescence em ssion spectra.

Hotiba #8jordloed™ Gluciéecepce spretio@Béceespastively pl ha flogresegnce

Q\Aﬁah‘%g%sgég"%ﬂ {DSI’ gg%@ngirq%&%gﬁnm 5:_:7% glgg Jéo%ﬁ é);c;ltatlon
Th&@lﬁoFﬁE}é\ﬁ?@olgy deRadBom BRsdAmsiteRDE changéed pei ﬁtéen (after

ed at roomtenperature I n vacuum over ni

abéuatr 1 n'gntptemléhgablﬂg)siérfﬁﬂéaﬁ;@Saleﬁ(%Bmlmﬁg%thﬁ%’&'ﬂ@n&xemplaw

fl t
g B LA oD PR i By are
shéd@ﬁ% FRIED ETh@ BdsiRed édreptesdiirthd absbrmionl spgitra)and the solid
fl uorescence spectroneter, respectively. The

lmes enreseniribe ﬂslgmceacaépscfé@t‘ah%éae@pa Lhann A ferrsample QDs
form oé‘in%rcg}‘lt X ﬁHTQWrﬁFut‘ég a% tL ’p'e%"v«?gh&t abOLH: 400 nm, the

For §e ecte e sa ange
ab§61@anGE Hedtebséd as hehting tlm lmnreases Bhe Ieaeasssmg)oeta&i shéfts to
g%@ ter about 90 mi nut es of heating). Exenplary
highes y@velrniath whem heatiho e InB88%YT i on and f1 uor escence

em ssion spectra are shown in FIG 2. The dashed |ines

[0 ﬁar esad. ﬂﬁ?o\ﬁsf)ﬁ%déhkéd“dé Pesddriteddtbrhieionqidak Wavielength on

resent t uorescence spectra. The spectra shown
heatirg fiore. dsngareb@Bech ohedeakiwaveleogthdocregages from ﬁg%g520 nm to

o AR B P ETRE e B R BopdO% et apput 120

miB{fie&S A8taPed¥o BBideked, the m@hgmnftmvtel aftgtdbort €0 mizatésgf
time increases. [0049] FIG 3 shows neasured

hegip@ndence of em ssion peak wavel ength on heating
time. As can be seen, the peak wavel ength increases

[065 :ne:g@és‘ ?ﬁ%ng gletl& éﬁ@%ﬁﬂﬁ@s’tﬁ%ﬁgﬁgg{ﬁ (112% \Xrﬁ{]éﬁ?lgcs) measured.
So@ﬁe oaemnm are sheveeiarfG Me Theauantiimiyieldiwasy detgfmined by
measurlng tPle tegraeted ?Iuorescencg intensities of the sample QDs and a
reference solution which was a fluorescein solution in basic ethanol and had a
quantum vield of 0.97. For these measurements, the QD samples were diluted to
yield absorption of 0.1 at 470 nm. As can be seen, the quantum yields varied from
about 10% to about 45%, and the bandwidth varied from about 30 nm to about 52
nm. The maximum quantum yield measured is about 45% at about 600 nm. The
quantum vield is above 16% over a broad spectral range, from about 500 to about
625 nm. The guantum yield is between about 30% to about 45% over the range of
about 510 nm to about 620 nm. These values are much higher than CdTe QDs
capped by other thiol ligands, which typically exhibit quantum yields in the range of

110 10%.

[0051]  Without being limited to a particular theory, it is possible that the
glutathione shell stabilizes the geometry of the CdTe nanocrystal core, thus leading

10



[ 0050] The quantum yi el ds and bandw dt hs of sanple QDs

were al so neasured. Sone results are shown in FIG 4.
wab@eqosst um yi el d was determ ned by neasuri ngP¢T8G2006/000003

integrated fluorescence intensities of the sanple QDs

and a reference solution which was a fluorescein

solution in basic ethanol and had a quantumyield of
tognoreased quentiye Vialdsts insmwn, @Be ngly bavekeaeedefects which can

ol S B RBRRRIR Dhe oo il oS change

asithemantitystaldcHangeltaBr Wizt At arth Wcéré@'&eﬁ Qﬁé‘%uﬁ‘gcé‘ @bometry
to about 52 nm The maxi mum quantum yi el d neasured

Mgy Sgtoniisaglder, depexarspte. the Gﬁthqluatqraﬂﬂqn éiojNe\earaiBMCore size
I 500 t
R S T L
agemt abddhet‘sﬁ%aoee;r)ré htorn sngle aﬁf%@bﬁiﬂm ?ﬂﬁb mé@drhrgtcgt&faﬁ result in an
muc i gher an
url’.sgb?)‘gg] %%I%BFG %lﬁqql%%gltallﬁﬁe@&@@éce%wwuw}ﬂ?@al |y exhi bit
quantumyields in the range of 1 to 10% [0051]

[OWQ]WOUExbéhﬁﬁnkélrfééLﬂ% él@ 3hBR tthFb]'D%r pr%ESﬂ%cY acécﬁrﬁln@ to Protocol

possi bl e that the gl ut at ione s sta zZes
O s¥pibityower qh@ntamnemtbanyhmsae ot@Ds, prepaged ambrdgﬁgdo Protocol

NSRRI SIS oSBT
cluptarst aren fpirakd in FHEnﬁb&Qf@édlMtl&f irsEfdtass Ghe ﬂ’ﬁaﬁ"l‘n‘ rotocol Two,

change as the nanocrystals change their size.
a eRrasersieokl o clulers lmcr%af@Sgctefﬁeiﬁrlv th@mlmﬁlydptmedICdTe

nafn%rysieﬂé PHNREFF Egﬁ?g??&a%ifor : ggrﬁcﬁ% cﬁﬂg tttgg\f@t\égrgmwg may

core siz78 18 ¢ ge or
cogemmsewgr defeotst thhnikose forniddeactording ita iPrgtoageOineand
the surface core atom such as Cd atons. The nlﬁnatch
h, def t hus a

[0§&H, c T SierdARpURA o shesTo ks pBi el Beabwisdt wih Dynamic
light seatthiny (D1.E) t&EMnigLe Wéﬁ@qﬁé@@é gb!ﬂﬁoﬁ OTﬁ’é %%Sﬂﬁﬂ’é dB'Bowder

exhi bit | ower quantumyields than those of
was Eipseiwed rdeiodized W@tepw@&malmcew«amnmp tﬁma@@ mg/ml. The

t hat
L g S T LT S
providédt by @robkitanent Inatrumenty Coasarhtidi®. The measured external
diameters of the sample QDs vary from about 3.8 nm to about 6 nm.

[0054] The data shown in FIGS. 5 to 8, 9A and 9B were collected from QDs
formed with about 90 minutes of heating. These QDs had a fluorescence emission

peak at about 600 nm.

[0055] FIG. 5 shows the measured results for sample QDs having a
fluorescence emission peak at 600 nm and quantum yield of 26%. As shown, the
external diameters of the QDs vary from about 4.3 nm to about 6 nm and the
average external diameter is about 5 nm. With a shell thickness of about 0.5 nm,
the core diameters are from about 2.8 nm to about 5 nm, and the average core
diameter is about 4 nm. Only about 1 v% (volume percent) of the QDs was
aggregated to form clusters of the size of 10 to 20 nm.
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and the presence of Ten 2 clusters increases defects

inthe initially formed CdTe nanocrystals. Thus, CdTe
wmaveandsst al s formed according to Protocol TwoP@EYG2006/000003

contain fewer defects than those forned according to

Protocol One. [0053] The size distribution of the

sanple Qs were neasured with Dynamc |ight scattering
[0088]S) Terisniisgien ieteciroramiczoseopso(Tl lEMpmag'BwofsthemammE QDs

WS TR WIHAR B g o5l 20 HiesbSmissian biabesoludPp TEM (200

KVYEAh KBRS TEM Bhadd c{(vm il BRS'6, 918k llﬁféﬂ‘aﬁéas" {R%rystallinity of

System provi ded b Br ookhaven Tnstrunent
thecsamplteaDm (ﬁhne)mseum the depright exner isad nmhtgmﬁaecérmagé of the
r.om about 3.8 nmto about 6 nm

h
po?t&%lséﬁ?qgﬁ%d i Bhtle iRE 2ree & 0o 8, 9A and 9B were

collected from Qs forned with about 90 mi nutes of

[0087t i NG-rayf fderﬁacﬁm mg? afténp@faﬁa‘&ﬁuﬁe-dﬁeu%%hwe B odlder was

about 600 nm [O shows the neasured results

obfajped with %F’élbbalmr\ﬂl eyt H%W@ﬁ@%l@n SYBtam ofn sxarpie image is
sH9A P18, SHEREHP ) o BihpfBu BiXR ey 27 002

antlga biwadlt bahchat ammh tt47<r§] dueelbﬁg@lzlaptcﬁr(m?d)) gﬂmnﬂ (1"&) diffractions.
about_ 5 n ith a t hi ckness of about O.
THi SO i SapBrGDR A BE PITOR RIS CaislalStyoture, ke
C I
{2008 UErOsE Tl Py HIFeh, g AR barkafr E0 quantum
dOtSJISfaBCWdeJ\NBIWh&hcﬁretmarl@dzas ‘@dF0 to 20 nm [ 0056]
Transm ssion el ectron mcroscopy (TEM inmages of the

O B HESE B R e
QOGQHFRJCE"" Wﬁfﬂd‘cﬁé@&)@@lédj%ma MRds Sﬁecwméﬁr ICP- MS) The

IY ustrates the crq)(]stal l[inity of the
anpiysistregyits gRowdpat ingrnoles Fafig of Gdd emagth?fn%kﬁlem@@é L°o1abou’r

3.3:hewRRhtis %&a?l%&ﬁ%?ﬁle%owz f9bt 89 .h R§- m.&QQEB]utPé ray

diffraction tern vacuum r| ed sa

owder was obtained with a PANal ytical X Pert
[0&)5%“ n Basfoadilated, basedon the neasuped coregjgeiaf about 4 nm and

the zinc blende lattice structure, that the molar ratio of Cd:Te:GSH in a single
sample QD is about 10:3:7.

[0060] It is also calculated, based on the grain size analysis, eleméntal analysis
and absorption measurements, that the sample QDs with a fluorescence emission
peak at 600 nm have a molecular weight of about 180,000 Dalton and a molar

extinction coefficient at 470 nm of about 2 x 10° M'ecm™.

[0061] The sample QDs were further studies by ligand exchange with other thiol
ligands. It has been found that the size and structure of the QDs were not affected
by ligand exchange. However, the fluorescence quantum yield of the exchanged

QDs was smaller than the sample QDs.

[0062] It has also been found that the sample QDs were stable in either pellet
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shown in FIG 7. The sanple QD powder exhibited an XRD
peak at about 27 (002) and a broad band at about 47
wale@etioidever l ap of (1 10), (103) and ( 1 12) PCT/SG2006/000003
diffractions. This confirns that the sanple Qs have a
zinc blende cubic crystal structure, |ike other
t hi ol -capped CdTe QDs. For conparison, the XRD pattern
foifoior @d 8n quoairbussdhttisnifer sdverabinonths wher Btared imairketdbout 4°C

in 3‘? %Cﬂfwh%%%% Th(% @ﬁgpl eﬂ%@r\gg‘%?ﬂ %%gitﬁ%\ethelr stability is

déP%ﬂHéh‘t Y& ke Eﬂ%lt‘féjofa { utﬁ}@rt? 98@5@4 m@ét%]ﬁyw)the sample

he analysis resu ow ratio
Qs irreolution ldeppod$ bindbe @Blsvalaeaiﬁd)m sBluﬁoﬂ as lostrhtadsin FIG. 8.
ratio

TRy acn?déé?t%%%"%Semi%%+r'sgééﬂbw‘?%rtﬁ?iutlon The
trigHRAS Wotts 06 Bafd B6ing n@%@HFeddfmrb\TbﬁGébHdié b%l'ﬁ‘@? sQiuﬁ?geAs shown,

tice structure, that the nolar ratio of
the fugresicegre infangityeis Qougkly Dopstant @t pH7abq\&0% @pdlcteqreases at pH

B R e T —

the sanmple Q@Ds with a fluorescence em ssion peak at

[066)3)_] nnithaeebeenifolind thatrthesiagigle GDa dRUbotldgyre§Qtelatdr@days of
a nol ar. exti nctb %qcoeffl cient at 470 nm of about
in§Batigpg variews saling BN sotions-apd eethoultueraesiar Thup, these

QII§% Hﬁ%gég}&ablb%{bda%h%fd’?ﬂéeh IQE)%]FH& Ay Plonlnbgﬁﬁ@dﬂoebhcatlons

_ en found that the size an ructure
Sings theecenaeotratioh of free GSHI in gamny ealisheanybe dddvigh ais, 1 -ti@enM, the

RGBT B T e Y SRR S bty of
thé ednpld LTs $HIG BBRIRy GBBdVer e st abl e in either

pel letformor in an agueous solution for several
nont hs when stored in air at about 4C in the dark.

(094 tﬁ’@'dé%ﬁ@ﬁ thegainpie L5 afser shawed that de gample Qlehave very
IOVZY él 3) (t)ﬁ’lnﬁféii?ﬁ@é‘%ﬂtcew\néﬂﬁt Wfb’ﬁi:t%‘?‘, %}lﬁw}g‘g&tha\t th%ﬁ%mple

Uorescence 1 ntensi
Q[Dmcalmlbetsmtabtdaefpehds celimbgingH val ue of the sol ution,
as iIIustrated in FIG 8. The round poi nts are data

[od¥H10 STHE SIS At ek aRpiShei B Wit pidBa Scas MtfS-biotin. The
bid@ihqabB@UGQbﬁfWé?é (RRUUbI18he] ARENTHPIME: skeleton of NIH3T3 cells through
standard immunostaining procedures and were used successfully to image the
NIH3T3 cells. For this study, the QD powders were re-dissolved in phosphate-
buffered saline (PBS) buffer and incubated with N-hydroxysuccinimidobiotin (NHS-
biotin) for two hours. Free NHS-biotin was removed by ultrafiltration. NIH3T3 cells
were cultured on a cover slip, fixed with ice-cold methanol for 5-10 minutes, and
blocked with 1% BSA in PBS buffer for one hour before immunostaining. Fixed cells
on the cover slip were incubated in consecutive order with anti-actin monoclonal
antibody, biotin-labeled goat anti-rabbit secondary antibody, streptavidin and biotin-
labeled sample QDs. The cover slip was washed several times with PBS buffer
after each incubation step. FIGS. 9A and 9B show two exemplary images of

NIH3T3 cells which were actin immunostained with biotin-labeled QDs. The image
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the fluorescence intensity is roughly constant at pH
above 9 and decreases at pH below 9. Wen pH value is
whedemosabout 6 , fluorescence is substantial | yPCT/SG2006/000003
gquenched. [0063] It has been found that the sanple QDs
di d not aggregate after 3 days of incubation in
various saline buffer solutions and cell culture
infdGiL 8A Slausonfoba feiotscenice imaly idatblednaye inMG. 9B is a
suitabl e for c | abel i ng and bi oi. magi n

I
rafjiseigp; igRge- EliosetRince dirgenraipitare i AL ObeRpys:Fluoview
SW“ycdh%éa‘-I |5 s@gnﬁﬁg@ﬁférﬁ%«fuﬂﬂb@ AM a@gﬁ Ih@é@é)&ﬁ%ﬁBﬁeQD

from ot her thiol
emnisaipnt ar6a0 mwaﬁ)dstee;tﬂd with teb chihemadavifl-emQbegsassudptical filters.
be very good. [0064] Studies of the sanple QDs also

d I h
0B bkl 48Ee BB PR S i 85 Mol et
parhiele ﬁi@aﬁ@ﬁl@rﬁq@ﬁuﬁﬁﬂeﬂeﬁé'm@bh@aﬁﬁh Vie¥e caf bk achieved
[ 0065] The sampl e were al so | abeled with

W'm%gumst-ﬁqm@ﬂa@ t%ﬂ@nbﬂhﬁ% 8%S$ecaﬂ aispriavathigle goigbdity in solutions

o5 B g Sl ML g o

wer e used successful ly to image the NIH3T3 cells. For
[0067F sBinbe eadieGQH molaters haemeerasmﬂb&ﬁohp ethditvo carboxyl

iR RE Ky BP Sy S e PRt Ve T raashi by PCr a¢ g be
urfdR¥stdod byaserbbits Skifdd th N%Sar'i QHB‘CS@S Q}‘sdﬂsteﬁ"ﬂ refrf ?d Ba. bio-

Nl H3T3 célls were cultured on a cover slip, |xe
palweedzgdiane stabilizediwith B-matrixiatua esrfaeedl g ockre dlsel hah/e high

Sti&b/nﬂlgr?@gt@w;s&%&%t%df gcral logeotrwlo?rhebggs(ra? slip were

i ncubated in consecutive order with anti-actin
[0088joc| PhalQRe disehded I’(Brel'nl cfari bdeked iy oatio@hpplicibibht, such as

forS eﬁgpg&&%ﬂhﬁgggé@@%éﬁ a,g I|QN59§|§efn and@?Igﬂg%llérgiﬁir%:vﬁggblmmagmg,
R f r t FI GS. 9A
an\g‘néﬂé%ﬁgsgévﬁtt%b%E&&pqeg%ﬁdnggg@% ?IO%I %ﬁ}% cells which

were actin i munostained with biotin-|labeled QDs. The
[0068igei As FRGPeyundarsipodo Mdedn flsedressenh eoihenfieldsraiich as in

b Tl B o 0] 1 B crori an

phbBtaveitarvdSAEHS, wpticairdmpifler nedin, S6Q R Mge.Syst em Wi t h
488-nm argon | aser excitation.

[0070] Other features, benefits and advantages of the embodiments described
herein not expressly mentioned above can be understood from this description and

the drawings by those skilled in the art.

[0071] The contents of each reference cited above are hereby incorporated

herein by reference.

[0072] Of course, the above described embodiments are intended to be
illustrative only and in no way limiting. The described embodiments are susceptible
to many modifications of form, arrangement of parts, details and order of operation.

The invention, rather, is intended to encompass all such modification within its
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em ssion at 600 nmwas detected with two chroma 570- nm
| ongpass optical filters. [0066] As discussed above,
w0 b@e@Deic4li scl osed herein can have rel ativel y BoBBG2006/000003
particle size and high quantumyield. The high quantum
yi el d can be achi eved w thout post-formation
treatnment. The QDs can al so have high solubility in
scepé,LaS definaxf bythe daimsange of pH. I n addition, the QDs
can exhibit high stability in cell culture. [0067]
Si nce each GSH nol ecul e has one am no group and two
carboxyl groups, GSH nol ecul es can be cross-linked to
each other. Thus, as can be understood by persons
skilled in the art, the QDs disclosed herein can be
bi opol yneri zed and stabilized with a matrix on a
surface. They can al so have high stability and | ow
cytotoxicity. [0068] The Qs discl osed herein can be
used in various applications, such as for
bi o-1 abeling. The QDs can be used as bio-tags for in
vitro or in vivo bioinmging, and as fluorescent probes
for detection of DNA or proteins. [0069] As can be
under st ood, QDs can al so be used in other fields such
as in light-emtting devices, photonic and core-shel
structures, optoelectronic and photovol tai c devi ces,
optical anplifier nedia, and the like. [0070] O her
features, benefits and advantages of the enbodi nents
descri bed herein not expressly nentioned above can be
understood fromthis description and the draw ngs by
those skilled in the art. [0071] The contents of each
reference cited above are hereby incorporated herein
by reference. [0072] O course, the above descri bed
enbodi nents are intended to be illustrative only and
in no way limting. The described enbodi nents are
susceptible to many nodifications of form arrangenent
of parts, details and order of operation. The
invention, rather, is intended to enconpass all such
nodi fication within itsscope, as defined by the
clainms. WHAT IS CLAIMED I'S: 1. A nethod of synthesi zing
quantum dots, conpri sing:
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providing a solution conprising a telluride (Te)
precursor and a cadm um (Cd) precursor; growing, in

wa@anod/1sabut i on, nanocrystals conprising CdTe; BOTSG2006/000003

i ntroducing glutathione (GSH) to said solution to form
shells covering said nanocrystals, said nanocrystals
and said shells form ng quantum dots each having a
core conprising CdTe and a shell conprising GSH 2.

WHAG 5eChAMED I8:ai m 1, wherein said telluride

1.

2.

precursor is selected from sodi um hydrotelluride
(AahEtepdar dyhihasstzrenquiahtunr doe, coipeising3. The net hod

of claiml1l or claim2, wherein said cadm um precursor
CONp-d - (I £ o

ol i had 45L660 e E e ) Rttt Racmium
chl ¢€Cdpprecd€dr2) , cadnmi um perchl ori de, and cadm um
acetate. 5 . The nmethod of any one of clains 1 to 4 ,
whegeowingalrdssialselution, aanbeiysess @@hpﬁsmg CdPel Nt . 6

. The nmethod of any one of clains 1 to 5, wherein the

Mol @HtrdcRich P ' ' iR t i i
T ISR Skl (TP LA o3t g BMering s
sai fageriysials said neoacybials and saidoshaisformingoyuantumidots each

ca: 18%e8a o R B oA st oriTiao Bsre

met hod of any one of clains 1 to 7 , wherein said _
sbreimedhodakclairpH, waieneinfsaighieliboide prec@rsovisataiected frogn sodium

S ARUIRG PaTer o Bl d e Thllo g BT any one of -

claims 1 to 9, wherein said grow ng conprises heating

3. skhalmathed bbolatr laorostbien af whgramishidogadraiugh precursor comprises a

nanocr ls., 11. The nmethod of claim 10, wherein said
h%%ttef'ﬁéF“i)Z?r&di %Eé‘é heating said solution at a
tenperature of about 95C. 12. The nmethod of claim 10

4. OThehitiod &f clalte RelvReiei Jaid Watis @BIdted fiBhEEadrAlun? chloride

(CdCl,), cadmium perchloride, and cadmium acetate.

The method of any one of claims 1 to 4, wherein said solution comprises water

as a solvent.

The method of any one of claims 1 to 5, wherein the molar ratio of Cd:Te in said
solution is from about 3:1 to about 7:1, and the molar ratio of Te:GSH in said
solution is from about 1:2 to about 1:10.

The method of claim 6, wherein the molar ratio of Cd:Te:GSH in said solution is
about 5:1:5.

The method of any one of claims 1 to 7, wherein said solution has a pH value
from about 11.2 to about 11.8.

The method of claim 8, wherein said solution has a pH value of about 11.5.
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sel ected period of tine. 13. The nethod of claim 12,
further conprising cooling said solution after said
waedodtidaand has been heated for said sel ected pePCDEGHIN6/000003
time. 14. The nethod of claim13, wherein said cooling
conprises imersing said solution in an ice bath. 15.
The nmethod of any one of clains 12 to 14, wherein said
1G dihednethodefiany afe of ctainis 1 te §s whisesin sailigradngiconipeses

16, t hod. of, an ne.of claim112 to 15, erein
sgﬁaﬁiﬁg@ts&@ 0} Hog cg?erﬂ%rqv\gﬁgg}ség BQALY$EIF t sai d
grow h of said nanocrystals, such that said quantum

11dThe rmethedasdictaigi FOTRVIRS@I 8 RBEAHY cdntbrivdstieARgWaiPsolution at
nm 17. The nethod of claim 16, whérein said coré

dAdREweraiuimobakeptaPage di aneter of about 4 nm 18.

The nmethod of any one of clains 12 to 17, wherein said
12 Fh8FHh&HoR &S b BBirh S 15 i Psbiihh iSAl

o Do TR ROl bF Bt > RERCH RS s iE Bk ror 2

deelecteaheerivdsefl timeed fl uor escence eni ssion spectrum

19: The nmet hod of claim 18, wherein said fluorescence
18 Fh& HhoRRE Cldi a8 TohiRe St ndSG coalie shi Sanper said

t Solliflon Washee Heritéd Piradidl s8R cERPEHGEST fhgPar i ng said
solution by mxing a first precursor solution

C%Hpri S| ng said Te precursor and a second precursor

145 hhamethod ehslaisi 1wy Wharaingrig ceeling sempsises iagiersing safd
sabidf cond precursor solutions further
c%érrlgtrl{)gﬁégn%%ﬂl.me nmet hod of any one of clains 1
to 19, wherein said providing conprises preparing said

15s bhemeihothpf Boploneraf caiges! Z topt,i whergirhyaidagtected period of time

tellurjde (Ha t hrough a sol ution conprising said Cd
p@é%%ﬁ%n %’r?d‘-{?bira"‘é‘?—fg 22. A quantum dot conprising: a
nanocrystal core conprising cadmumtelluride (CdTe);

16aTkle methed bf any ehend ckAMMZ &S €5, WAERIS B8l sctoGBA IpEhiBE of time is
gl ut at hi one (GSH). )
selected to limit said ‘growth of said nanocrystals, such that said quantum dots

have core diameters from about 2.8 nm to about 5 nm.

17.The method of claim 16, wherein said core diameters have an average diameter

of about 4 nm.

18.The method of any one of claims 12 to 17, wherein said selected period of time
is selected to limit said growth of said nanocrystals, such that said quantum dots

have a selected fluorescence emission spectrum.

19. The method of claim 18, wherein said fluorescence emission spectrum peaks at

a wavelength of about 500 to about 620 nm.

20.The method of any one of claims 1 to 19, wherein said providing comprises
preparing said solution by mixing a first precursor solution comprising said Te
precursor and a second precursor solution comprising said Cd precursor, at
least one of said first and second precursor solutions further comprising GSH.
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23. The quantum dot of claim 22, wherein said core has

a dianeter fromabout 2.8 nmto about 5 nm 24. The
waee@atiossgdot of claim23, wherein said di anet ePCT/SG2006/000003

about 4 nm 25. The quantum dot of any one of clains

22 to 24, wherein said shell has a thickness of about

0.5 nm 26. The quantum dot of any one of clains 22 to
2P Fhelagihog of drnyumreesicelaines ¢ gaﬂ@u?mlmreihéaﬁd gh:\t;ﬁlk']dihg@bmprises

about 16% .27., The quantuym dot of clajm 26, erein .

< BfepatiaraaicSplben o oas comwERamilipsn slisie (H:Te)

T . . . m

B e G ey B S

dot of any one of clainms 22 to 28, having a

27 Auiarduendd comising spect rum peaki ng at a wavel ength
of about 500 to about 620 nm 30. The quantum dot of

any HAaneérystaftofe damplsirg cathfi® B -Lagi o of
Cd: Te | ?1 srgi o? core i sbf rlo%cgbout 2. 5&% pgg%)ﬂt%ﬁg. 5:1

3.&3%‘1%6*&%%%3@%& isafd ShaN @%ga}‘]@@b%lqtawéag?é%l)

iratlo of Cd: Te™in said core IS a
ntum dot of any.o of claing 22 to 3 1, wherein
218 R it of O chn 86 T8IN SRS Gbr0heS Afiaeter Trom about 2.8
SAhHY &bt nhor M ng quantum dots each conprising a

CdTe core and a GSH shell, said solution conprising: a
telluride (Te) Erecursor and a cadm um (Cd) precursor
[

24 bhefayent iy dot PEclebm &3, whedeigl aaictidnoeter [SGRputionm.
form ng shells covering said CdTe cores. 34. The

, . . . U e
26t ISl B e B 7 PR Rl G '
hihiclogss df @abbut 0dentaH2Te) . 35. The solution of claim

33 or claim34, wherein said cadm um precursor

26. The quantum dot of any one of claims 22 to 25, having a fluorescence quantum
yield higher than about 16%.

27.The quantum dot of claim 26, wherein said quantum vyield is from about 20% to
about 25%.

28.The quantum dot of claim 26, wherein said quantum yield is from about 30% to
about 45%.

29. The quantum dot of any one of claims 22 to 28, having a fluorescence emission

spectrum peaking at a wavelength of about 500 to about 620 nm.

30. The quantum dot of any one of claims 22 to 29, wherein the molar ratio of Cd:Te

in said core is from about 2.5:1 to about 3.5:1.

31. The quantum dot of claim 30, wherein the molar ratio of Cd:;Te in said core is
about 3.3:1.

32.The quantum dot of any one of claims 22 to 31, wherein said shell has a

thickness of about 0.5 nm.
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conprises a water-soluble Cd salt. 36. The sol ution of
claim 35, wherein said salt is selected fromcadm um
wa@ béoenoges4 (CdCl 2) , cadmi um perchl oride, and crOSEGE06/000003
acetate. 37. The solution of any one of clains 33 to
36, having a pH value of from about 11.2 to about
11.8. 38. The solution of claim37, having a pH val ue
330A sulhatian fbt fGrmidg quahturs dots each edmpigingre CallTecdaehd a GSH
33 to 38 V\P?reinth_e.nplar ratio of Cd:Te is from :
aB'&?JE s6ich s@lytign 6AMPHSNY: and the nolar ratio of Te: GSH
is fromabout 1:2 to about 1:10. 40. The sol ution of
any aptefiurifie (Ta) precdsor @andd cadr@iueh (CHhprewirssr foaforming CdTe
Cd: Te: GSH is about 5:1 :5. 4 1. A nmethod of
syntd9E:¥: Ay quant um dot's, conprising: forning quantum
dots in a solution conprising a telluride (Te)
pr edliyiadiong (gghrfanforeng phallsueayveringsaid gidiieadiedne
(GSH), such that each one of said quantum dots has a
34cThe seltiohi ¢fl diin(8T aviear@irts st ek lufdprdcairdtd i$8blected from

sodium hydrotelluride (NaHTe) and hydrogen telluride (H.Te).

35.The solution of claim 33 or claim 34, wherein said cadmium precursor

comprises a water-soluble Cd salt.

36. The solution of claim 35, wherein said salt is selected from cadmium chloride

(CdCly), cadmium perchloride, and cadmium acetate.

37.The solution of any one of claims 33 to 36, having a pH value of from about 11.2
to about 11.8.

38. The solution of claim 37, having a pH value of about 11.5.

39. The solution of any one of claims 33 to 38, wherein the molar ratio of Cd:Te is
from about 3:1 to about 7:1, and the molar ratio of Te:GSH is from about 1:2 to
about 1:10.

40. The solution of any one of claims 33 to 38, wherein the molar ratio of
Cd:Te:GSH is about 5:1:5.

41.A method of synthesizing quantum dots, comprising:

forming quantum dots in a solution comprising a telluride (Te) precursor, a
cadmium (Cd) precursor, and giutathione (GSH), such that each one of said
guantum dots has a core comprising CdTe and a shell comprising GSH.

19



