WO 2006/ 054952 PCT/ SG2005/ 000382 1 METHODS The present invention rel ates
to nmethods for formng core/shell sem conductor nanocrystals (NCs) or
guantum dots (Q@s); to NCs/ Qs forned using the nmethods; and to the uses
of such NCs/¢gJassmnspsai conduct or nanocrystals (NCs; al so pegfseBshsasagyt um dot s
(Qs)) are portions of sem conductor material conposed of a few hundreds
to thousands of atonms. Nanocrystal s/,,quantum dots have useful and

i nteresting optical properties resulting from quantum confinenent, which
occurs in particles which are smaller than the Bohr excitation radius of
the material they are conposed. Thgtrange of properties of

nanocrystal s/quantumdots is reflected in a range of technical applications
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simlar. A single |ight source can therefore be used for sinultaneous
excitation of particles of a range of sizes (and therefore em ssion
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and easy 19 SCahSe Peid! o example as discussed in WO 2004/039830 and WO

2004/054923. Luminescent semiconductor nanocrystals, for example, are currently

being studied extensively due to their size-tunable emission properties.” Varying the
size of the nanocrystals allows the emission wavelength to be tuned whilst the
absorption characteristics remain similar. A single light source can therefore be used
for simnltaneous excitation of pai'ticles of a range of sizes (and therefore emission
wavelengths).  Advances in synthesis of highly luminescent semiconductor
nanoctystals promote their applications in different fields including bioimaging.”®
There are two general strategies for NCs preparations, ie., the orpanometallic
- synthesis based on the high-temperature thermolysis of the precursors *!° and the
aqueous synthesis using various thiols as stabilizing agents.!"'? Although the high-
temperature organometallic approaches can yiéld high-quality NCs with better
crystallinity and higher luminescence quantum yields (QY), aqueous synthetic
Wjirnethods are sunple, séfé, inexj)ensive, reproducible, versatile; and easy to scaie up In |
“addition, ﬂ_ie aqueous synthetic approaches produce water-soluble NCs and are able to
modify the surface properties of NCs simply by changing the stabilizing mercapto-
pqmpound,s with appropriate free functional groups. These are important advantages
for biological applications as they require water-soluble NCs and versaiile functional
- ‘groups for biomolecule coupling. Since 1996 when the aqueous synthesis of CdTe

" NCs was first reported, ! significant progresses have been made in the preparation of




addi tion, the aqueous synthetic approaches produce water-sol uble NCs and
are able to nodify the surface properties of NCs sinply by changing the
stabilizing nercapto- conpounds with appropriate free functional groups.

These are iw@pahédaais2advant ages for biol ogi cal applicatgcqRga@sobdigy require
wat er - sol ubl e NCs and versatile functional groups for bionolecule

coupling. Since 1996 when the aqueous synthesis of CdTe NCs was first
reported, 11 significant progresses Rave been made in the preparation of WO
2006/ 054952 PCT/ S&005/ 000352 2 thiol-capped CdTe NCs. However, | acking of
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the both core. gr Wé and shell coating processes in agueous solution. W
report stﬂf’l’m&%é’? “in aqueous solution. We provide, for exanple, a sinple
met hod to coat CdTe NCs with CdS in aqueous solution to yield photo stable
CdTe/ CdS core/shell NCs with a photolife at least ten tinmes nore than that

of CdTe Recently, CdTe/ZnS and CdHgTe/ZnS were successfully synthesized by an aqueous-
organic hybrid approach.' In this method, the cores synthesized by an aqueous
method were transferred from agueous solution to organic solvents prior to coating
the shell. The ideal method would be to complete the both core growth and shell

coating processes in aqueous solution.

‘We report shell coating in aqueous solution. We provide, for example, a simple
method to coat CdTe NCs with CdS in aqueous solution to yield photo stable
- CdTe/CdS core/shell NCs with a photofife at least ten times more than that of CdTe
NCs. We consider that the CdS-rich pre-surface layer of CdTe cores, created by
favorable reaction conditions, could play a crucial role in promoting the CdS shell
growth by minimizing the lattice mismatch. The shell growth dramatically enhanced
~ both luminescence quantum yield and photochemical stability of these NCs compared
" to the cores. The CdTe/CdS core/shell NCs prepared by this method showed the
highest quantum yields (>50%) among all NCs synthesized in aqueous condition.
This method can also be applied to the synthesis of other II — VI semiconductor
~ corefshell NCs in aqueous solution. Importantly, by pre-modification of the surface
layer of core particle, this method can be easily employed to synthesize, for example,

'photostable, highly luminescence core/shell NCs in aqueous solution. These findings




NCs. We consider that the CdS-rich pre-surface |ayer of CdTe cores, created
by favorable reaction conditions, could play a crucial role in pronoting
the CdS shell growh by minimzing the lattice m smatch. The shell growth
dramat i cal o sadeaeed both | um nescence quantum yi el d prAdcRRRbasEEM cal
stability of these NCs conpared to the cores. The CdTe/ CdS core/shell NCs
prepared by this nmethod showed the Qighest guantumyields (>50% anong al
NCs synthesized in aqueous condition. This nethod can also be applied to

the synthesis of other Il - VI sem conductor core/shell NCs in aqueous
SO Ut 0Ny TRt ALY grdforP HENITRG hhBARY 10 syhibesistNACfor batteel of core
particle,. thi's net ogrcan be easily enployed'to synthesize, for exanple,

phot ost abfietechinplgliicet dpplitatiessence core/ shell NCs in aqueous sol ution. These
findi ngs WO 2006/ 054952 PCT/ S&005/000382 3 will help to use greener
chemi stry approaches to synthesize NCs for various biotechnol ogi cal
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The sem conductor nanocrystal can be a | um nescent sem conductor

nanocrystal .. The shell is considered to enhance considerably the opti cal
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enhance |'um nescence quant . The sh I's also considered to

enhance phmicoofetiraahosysidichi hoa luminesentrmplieondugeonangérysialof a CdS shel | on
a gradient alloyed CdTeS nanocrystal dramatically enhanced both

| um nescence quantum yield and photochem cal stability, as shown in the
Exanpl es.ThHoy slielles somddeidile t¢ hahdnce nooasidagblgots apmidhluprdpsitiennsf ther ed to

provi de an%xgcrll;rs% fa %o?\é)?gmple, the shell is considered to enhance luminescence quantum
yield. The shell is also considered to enhance photochemical stability. For example,
provision of a CdS shell on a gradient alloyed CdTeS nanocrystal dramatically
enhanced both luminescence quantum yield and photochémical stability, as shown in

the Examples.

Synthesis of the shell in an aqueous medium is considered to provide advantages over
synthesis in organic media, for example in relation to cost, complexity, ease of scale-
up and environmental acceptability. Further, synthesis of the shell in an aqueous
medimm is considered to produce water-soluble nanocrystals, with the possibility of
modifying surface properties by providing different free functional groups (for
example by using different stabilising mercapto-compounds with appropriate free
functional groups). Water-solubility of the nanocrystals and free functional groups

-aids the coupling of biomolecules to the nanocrystals..

In an embodiment the previously-synthesised core is also synthesised in an aqueous

- medium. Advantages of synthesis in an aqueous medium are noted above.

We consider that aqueous synthesis of the shell is aided by reducing lattice mismatch
" between the surface of the core and the shell. This may be achieved by, for example,

selection of suitable matched core and shell compositions; providing a gradient




synthesis in organic nedia, for exanple in relation to cost, conplexity,
ease of scale- up and environnental acceptability. Further, synthesis of
the shell in an aqueous nediumis considered to produce water-sol uble
nanocrystay? dbAdlobhe possibility of nodifying surfageREORSHiLES PY
provi di ng |-%erent free functional groups (for exanple by using different
stabilising nmercapto-conpounds with Qppropriate free functional groups).
Water-solubility of the nanocrystal s and free functional groups aids the
coupling of bionolecules tothe nanocrystals. |In an enbodi nent the
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reduced relative to the predicted lattice m smatch between the shell and
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shell and the interface zone is predicted to be less than the lattice mismatch between-

the sheil and the interior (centre) of the core.

The interface zone may be provided, for example, by synthesising the core using a
method which provides a gradient alloyed core ie a core in which there is a
continuous gradient of alloy composition between the centre and surface of the core.

| In this case, there may not be a distinct boundary between the interface zone and the
central material of the core. Aqueous methods may be partticularly useful in
synthesising gradient alloyed cores.

The interface zone may alternatively be provided by synthesising a further layer on a

- .core, for example a homogeneous core. For example, a core may be synthesised-
using non-aqueous technigues. An interface zone may then be synthesised on the
core, for example using aqueous techniques, to generate a lower predicted lattice
mismatch with the shell than for the interi(;r of the core.

Acceptable levels of predicted lattice. mismatch may be determined by testing
combinations of core and shell with different predicted lattice mismatches. It is

considered that the predicted lattice mismaich between the surface of the core (ie




shell and the interface zone is predicted to be less than the lattice
m smat ch between the shell and the interior (centre) of the core. The
i nterface zone nmay be provided, for exanple, by synthesising the core using

a nethod ' i des a gradient alloyed core ie a i L.ch there
s a contpﬂtgﬂggggédient of alloy conposition betmeenggﬁgc%@ﬁﬁggg%nd

surface of the core. |In this case, there may not be a distinct boundary
between the interface zone and the 5central material of the core. Aqueous
nmet hods may be particularly useful in synthesising gradient alloyed -cores.
The interface zone may alternatively be provided by synthesising a further
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synthesised core in an aqueous medium, wherein the predicted lattice mismatch
between the shell and the sutface of the core is less than 20%, preferably less than
10%, still more preferably less than 5%.

Lattice mismatch may be predicted using lattice constants of the core and shell. See,
for example, Terheggen et al (2004) Interface Science 12, 259-266. Lattice mismatch
can also be calculated by determining the lattice constants of core and shell,

respectively, by using routine x-ray diffraction method.

The combination of core and shell may be ;letermined by whether it is possible to
achieve a low enough level of lattice mismatch fo enable the shell to be synthesised
and to provide desired properties, for example in relation to luminescence QY and
photochemical stability. ‘

The core and shell may comprise or consist of the same elements. The relative
proportions of the elements typically differ in the core and shell. The core and shell
may differ in relation to their lattice structure. The shell may have a higher band gap
than the core for generation of strong luminescent nanocrystals/QDs, or a lower band
gap than the core for production of nanocrystals/QDs suitable for other optoelectronic
applications. Typically the core and shell may have different compositions.



nanocrystal) core conprising the step of synthesising the shell on a

previ ousl y- synthesised core in an aqueous nedi um wherein the predicted

| attice m smatch between the shell and the surface of the core is |ess
than 20%), preferably less than .10% still nore preferably |ess than 5%
Lattice ni?ﬁ&@@ﬁﬁﬁﬁ§ be predicted using lattice constafCdSGr%Eor e and
shell. See, for exanple, Terheggen et at (2004) Interface Science 12,
259-266. Lattice msnmatch can also Ise calculated by determ ning the

| attice constants of core and shell, respectively, by using routine x-ray
diffraction nethod. The conbi nati on of core and shell nmay be detern ned by
whet her i {® fsemprdunent dhe cpre gemprisgrea Grovgvil-¥A sergisondugtar. fnumbet PEE- ni smat ch
to enabl e_the shell to be synthesised and to provide desired properties,
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The core and shell may conprise or consist of the sane elenments. The

rel ative cgmespeiGdSoRdSeCdllesZns en@nfes Thy shabbhhy cathfrise CdSnZateCdsey e and
shell. The core and shell nmay differ in relation to their lattice

struct ureZnShe shell may have a higher band gap than the core for
generation of strong | um nescent nanocrystal s/Qs, or a |ower band gap
than the core for production of nanocrystal s/ Qs suitable for other

opt oel ectronic.. |ications. Typically the core and shell nay have
di ff erent A@%‘Hﬁ%ﬁf B@r?QFe %%waﬁwgmﬁw SEEodnde0 Fop exagple e

enbodi ment the core conprises a Goup Il-VlI sem conductor. A nunber of I1-
VI seni co%ﬁ&%?%%@@E%hT%ﬁﬁlemm geactoimprise a @otien (FliQdHgLhadeor € may
conprise CdS, CdSe, CdTe, ZnS or ZnSe. The shell may conprise CdS, ZnS,
CdSe, znaion (8, Ses et i 48| Gd, H &, Ser andcCBen The rprel mey aogpinsCds, Bdgk,

sem conductor. For exanple, the core can conprise Cd and Te. The core can
conpri se @dEmZnHnSZor mbyrebidiereofiNThecore can be-a ternary or quaternary alloyed

' panocrystal comprising the above elements. The core can comprise, for example, a
gradient alloy of CdTeS. The shell may comprise CdS, ZnS, CdSe or ZnSe or

mixtures thereof.

As an example, the previously-synthesised core can be synthesised using a method
comprising the step of prolonged refluxing in an excess of thiols in basic medium. It
is considered that the prolonged refluxing may lead to partial hydrolysis of the thiols
and subsequent incorporation of the sulphur from the thiol molecules into the growing
nanoparticles. This may lead to formation of a gradient alloyed core, for example a
gradient of sulphur within the core, with increased sulphur levels at the surface
relative to the centre of the core. The longer the reflux time, the greater the sulphur
_content may be. The reflux length controls the size and optical properties of the
nanocrystal cores, but the reflex length required to achieve a given size of nanocrystal
may vary greatly in different synthetic systems, for example with different stabilising
“agents or different pH, from -éeveral minutes to days. The reflux time is chosen to
~ provide cores on which it is possible to coat 2 shell. ' If the reflux time is not long
- enough it is not possible to form a shell (as measuted by elemental analysis or size’

“analysis, for example using transmission electron microscopy (TEM)). It is




anion (S, Se, Te). Zn, Cd, Hg, S, Se, and Te. The core may conprise CdS,
CdSe, CdTe,.ZnS, ZnSe or m xtures thereof. The core can be a ternary or
guaternary al l oyed nanocrystal conprising the above el enents. The core can
conprise, wajweyeawshe, a gradient alloy of CdTeS. The pghal:hosdBosgonpri se
CdS, ZnS, CdSe or ZnSe or mxtures thereof. As an exanple, the _

previ ousl y-synt hesi sed core can be sypthesised using a nmethod conprising
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mercaptopropionic acid) is used (as in the Examples), then a CdS-containing CdSe
core would be obtained. We consider that under alkaline conditions, as used in the
Examples, a small amount of § is released and reacts with Cd to deposit CdS. If the
MPA is replaced in this reaction with the correspon&ing selenopropionic acid, then a
- CdSe core is obtained. However, selenopropionic acid is very toxic, and has poor

stability in water, so it is not recommended for use as a stabilising agent.

As an alternative to a sulphur-containing shell, a Se-containing shell may be formed.

It is considered that an Se-containing shell can match the lattice of the core.

. To make a CdSe shell, methods similar to those used in the Examples may be used.
The Na,8 can be replaced with NaySe (sodium selenide). It may also be desirable to

.. 1eplace. the MPA used in the shell-forming step - with -the cotresponding
selenopropionic acid, though this is not essential: because CdSe can be formed much
faster than CdS, there will be only a litile sulphur content using MPA as a stabilising
agent). If MPA is used there will be minor sulphur content in the shell. The
selenoproprionic acid can be used if no S content in the CdSe shell is required.

‘However, replacement of MPA by selenoproprionic acid is not considered to be
essential. |




Simlarly, for making a Sel eniumcontaining core, for exanple a CdSe core,
NaHSe can be fornmed by reaction of sodi um borohydride and sel eni um powder,
which is - available fromAldrich. This reaction can be carried out in an

anal ogous \&yeh&osh reacti on of sodi um borohydride w H([ %éim powder .
The NaHSe can tﬁen e reacted with CdC 2 in the sane \}\’g?"s{a;gdo%\/lao e/Cdd 2 in

the Exanples. If MPA (3- nercapt oprogi onic acid) is used (as in the
Exanpl es), then a US-containing CdSe~ core woul d be obtained. W consider
that under al kaline conditions, as used in the Exanples, a snmall anmount of
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Na2Se (sodium selenide). It may al so be desirable to replace the MPA used

in the shell-formng step with the correspondi ng sel enopropionic acid,
t hough t hTB¢ Goge prgy compsise e alloy proseh 0ubinCHE2W04105AR2 Y oFlmedihegate cahast er t han

CdS, ther s | nt ent ' A.as.a stabilising
-agent) . (ﬁdﬁﬂnv%a\a F%n%g%o@ﬁ%%lgﬁﬁ?fﬁ%vm%go%léogﬁﬁﬁ u“’?flglg‘%"f\grﬁh"feﬁ“t he shell.
The sel e df aprMBricindepeddadly sklectad frdmi4n alwndst obsubgidup [Ib, subgroggSe shel | is

Consi dor S U8, VIAF, FEEEER 5 Sr st eiiaal of Heceal Teemest B8 A fur t her
aspect ofeldniwats (RSE)) twhei Axepréietantdendas 6f 1B mABHGAPE SIROPEMREC aci d (VPA)
'n the S)i)r)]tl\/lfleasullds Mg.farg bc?cﬂ-ls_glgag)ed Prgrrrlxoa%re esntle(:inlt of the main group (IIT) of the PSE,
when A represents an element of the main group (V) of the PSE,
obtainable by a process comprising
i) forming a binary nanocrystal M1A by heating a reaction mixture contaiﬁing the
element M1 in a form suitable for the generation of a nanocrystal to a suitable
temperature T1, adding at this temperature the element A in a form snitable for the
generation of a manocrystal, heating the reaction mixture for a sufficient period of
' time at a temperature suitable for forming said binary nancrystal M1A and then
allowing the reaction mixture to cool, and ‘
ii) reheating the reaction mixture, without precipitating or isolating the formed binary
nanocrystal MLA, to a suitable temperaiure T2, adding to the reaction mixture at this
temperature a sufficient quantity of the element M2 in a form suitable for the
generation of a rianocrystal, then heating the reaction mixture for a sufficient period of -
- time at a temperature suitable for forming said ternary nanocrystal M1,,M2,A and
- then allowing the reaction mixture to cool to room temperature, and isc»lau:in,cl;ar the

ternary nanocrystal M1, M2,A.

Alternatively, the core can comprise a homogeneous ternary alloy (és also described

- in WO 2004/054923) having the composition M1 1xM2,A,B)_ wherein
- a) M1 and M2 are independently selected from an e.lemént of .the subgroup Iib,
~ subgroup Vlla, subgroup VIIIa, subgroup Ib or main group I of the periodic




In a further alternative the core can conprise a group I11-V sem conductor,
for exanple GaAs, &GP, InGaAs, InP, InAs or m xtures thereof. The core can
conprise an alloy as set out in WD 2004/ 054923. Thus, the core can
conprise a nequs ternary alloy having the conposit.i - XM2XA,
wherein awg‘% g/lz are independently selected from g#@?@%ﬂ‘f"" f
subgroup Il b, subgroup Vila, subgroup M Illa, subgroup b or nmain group 1|1
of the periodic systemof the elenghts (PSE), when A represents an el enent
of the main group VI of the PSE, or b) M and M2 are both selected from an
el ement of the main_group (I11) _of the PSE, when A represents an el enent
of the main gFBiEm efAhesfenants FSE) wWsnAhawl B hojh spmsertaaciememofsing i)
formng a bi N@emBRBREH X3 bithesh Ly heating a reaction nmixture containing
the element ML in & formsuitable for the generation of a nanocrystal to a
suitabl e tehpér andiM2 a4 indegetidantliaseltckrdsfrore mpesleent ef thremelvegonp A in a

form sui table r eratl f .a _nanocryst al ting the reaction
m xture for adcsnﬁf0 F {tﬂ(:l&ésn %%8??1031%2]?%0{111 rﬁ%re%?lggxffgﬁ%@r%ﬁ? glaghg’iog%l e for
form ng said ifVnefithe PEE)obiskiable biadrevask dohgprisingl | oW ng the reaction mxture
to cool, and ii) rgheating the reaction mxture, w thou recipitating or °
i sol ating the f&nﬁ‘@vﬁf%érgrﬁamﬂﬁmﬁﬁ ,eﬁlsmgntgg'&,%ﬁé\ erature T2,
adding to the reacéécﬂﬂlﬂoﬁh%ﬁi@abi’etfoﬁﬂﬂe%enérﬁf&%rfﬁhﬁtﬁ&rﬁteﬁyffiCi ent quantity
of the elenent M2 in a formsuitable for the generation of a nanocrystal,

t hen heating thé- rBeating dhe rpaction anfpire fors af ifEcientt pesiedi ofdtioe altfne at a
t t i tabl g, ] - ' J A d th
1w gt he react CEpOARE Shile e el Yl WARGERNSbilocl(by MIFCS BOE, CRe

al l owing the reactioh mxture to coo ﬁsolating
~the ternary nanociMZAah: Nihd thenxwing Ahd readtioh imietuye totchel, aml e can conprise a

honbgeneous ternar . | as_al so descriped , i n 2004/ 054923) having the
conposition M %1 x%ﬁl%gig%%? %%%Pﬁmﬁfys{ﬁ\ Eghmyﬁfé | ndependently sel ected

froman el ement of the subgroup |Ib,

Preferences in relation to these core compositions are as set out in WO 2004/054923.

When the core comprises a group [I-VI semiconductor, the shell may comprise Cds.
In this case, the method may comprise the step of combining in an aqueous medium
the previously synthesised core, a2 Cd salt, a sulphide and a thiol. The order of
addition is not critical. The reaction mixture may then be refluxed until the desired
shell thickness is achieved. This may be measured by TEM or by assessing optical
properties, for example assessment of quantum yield (QY), photoluminescence
stability or emission wavelength shift. Examples of such assessments and suitable

measurement techniques are indicated in the Examples.

Alternatively, the shell may comprise CdSe, ZnS or ZnSe, in which case the Cd salt is
* replaced with a Zn salt and the sulphide is replaced with equivalent Se compound(s).
A thiol is necessary to provide a functional grbup for coupling with biomolecules (if
~ required). The thiol is considered to be connected to the shell (on the outside of the
| shell) but is not considered to form the integral part of the shell.

._'Ihe thiol can be 3-mercaptopropionic acid (MPA). In general water-soluble thiol
molecules can be used as a stabilising agent. Suitable examples are indicated in
Gaponik et al (2002) J Phys Chem B, 106, -7177-7185. Different thiols with




subgroup VIila, subgroup Villa, subgroup Ib or main group Il of the periodic
WO 2006/ 054952 PCT/ SG005/ 000382 9 system of the elenents (PSE), when AS
and B both represent an elenent of the main group VI of the PSE, or b). M
and M2 arewoshepengrnt|y selected froman el enent of tlpermsardsgioesp (111)
of the 'PSE, when A and B both represent an elenent of the main group (V)
of the PSE, obtainable by a process ggnprising a: Providing a reaction

m xture containing the elenents M, M2, A and B each in a formsuitable
for the generation of a nanocrystal, b. Heating the reaction mxture for a
suf fi ci enappeyriataifier funttiomabgroaps daartpaiseal rad satiplial o€ bfoRloldesi per sai d

quat er nar y, NaROCHMS = XWX -y and then allow ng the reaction
mxture t éxag%%?’, béﬁ(é&g%é@@ﬁ"ﬁg() %%W&Wm@@o@ﬂy&@ﬂﬂ?ﬂ&

1- X V2x Ay BRDYCOBER { BN B@atS molbciile], YD-NL AR O OSS/IGRERFYTPOSI tions are as set
out in WD 2004/ 054923. When the core conprises a group H VI sem conductor,

the shell may conprise CdS. In this case, the nethod may conprise the step

of conbi NnpNguhe: S0MC NS i . revi |y _syn ised core, a Cd
salt, a sul phi deasg’ﬁd_ et Brotis Pt Sh et RS Empl o The
reacti on hnipegeeat seyicenswatob mancefysialechtaimdbld by e weihbd @€ thesiedionhi ckness i s

achi eved. i red by TEM or. by assessi opti cal roperties,
for exanp?‘%@gérg&@%ﬁﬁ&%@%ﬁ?ﬂ ?f?/ﬁ"iPF%F‘B]‘T nt ??ﬁﬂ‘f‘%qgﬁ?hé%@@ﬁ’@ stability
or eni ssidrainablebythg nettaidi dfthe ibveiph ety 0bmpieh @GR SNBRHIToRA IRV t abl e

t echn%%ues .are indicated in the Exanples. ternatively, the

neasur ene rlllt €
shel | may ™ &bng 2% cenipse & hemogenequs, corpaniterfice goe and achelal Thei s

repl aced osird/éhel rdRociaidls @B@idk Hheh G6od ] lyal ent Se
corrpound(%zls.[tﬂleA thidgfdtisé neceglga@py{h??lég%gv?fdéggh%ﬁg?}Mf)a%&a%g?%‘xu% for

coupl i ng PG eergishall panperystals obtained using non-aqueous techniques, but
the quality of nanocrystals/QDs (for example luminescent semiconductor

nanocrystals) obtained by the aqueous method is considered good enough for most

applications, if not all.

The method or core/shell nanocrystals (typically luminescent semiconductor
nanocrystals) of the invention may be used in many biolabelling and bioimaging
applications, as will be apparent to those skilled in the art. The acqueous sheil
synthesis aids coupling of biomolecules to the nanocrystals, as noted above.
Examples of biolabelling and bioimaging applications are described in, for example,
US 6,207,392 and WO 2004/039830 (for example in paragraphs 0018 to 0020; 0070
to 0082). Further examples are described in WO 2004/054923.

Thus, in an embodiment, a method of the invention further comprises the step of
__coupling to the core/shell nanocrystal a molecule having binding affinity for a given
analyte. "The invention also provides a core/shell nanocrystal obtainable by the
method of the invention wherein a molecule having binding affinity for a given
' analyte is coupled to the core/shell nanocrystal. By conjugation to a molecule having
binding affinity for a given analyte, a marker compound or probe is formed in which
the core/shell nanocrystal of the invention serves as a label or tag which ermits

 radiation, preferably in the visible or near infrared range of the electromagnetic



required). The thiol is considered to be connected to the shell (on the
outside of the shell) but is not considered to formthe integral part of
the shell. The thiol can be 3-nercaptopropionic acid (MPA). |In general

wat er - sol u ' nol ecul es can be used as a stabil iyg Sui t abl e
exanpl es a?&e&%ogg{iys?astzed in Gaponik et al (2002) J Phys P%Eg’%ﬂ%%'%%
7177-7185. Different thiols with 12006/ 054952 PCT/ S&2005/ 000382 10
appropriate free functional groups ctan be used to aid coupling of

bi onol ecul es. For exanple, QD COOH H2N- protein, QD NH2/ HOOC- prot ei n,

Q@ NH2- HE%’ ]g&ggg{l E[—g#\g I I : QG [amal |

nol ecul (%H.g urstf?'u]%% asp c% to c%r e ?lﬁiventrﬁ%ﬂ Og]ﬁ?vl%sb@ core/ gﬁel I

nanocr ystsatl fifilr detactompbien givemamalydeent seni conduct or nanocrystal ) obtai nabl e
by the nethod of the invention. The core/shell nanocrystal (for exanple

| um nescent sem conductor nanocrystal) obtainable by the nmethod of the

i nvent i onetﬁﬁwof:mmbma@tegraﬁdispemﬁabm?mg¢mes vﬁlldjeaapp&’ﬁlﬁﬂl ﬂo;ﬂlﬂere may hel |
conpri se qQnogeneous cqre,. i nterface_zone an shell . The core/she
nanocr ysftkgm‘{‘l‘ g e | 3k GSsoribRd, St rampisn t"éfg zﬁg‘%ﬁ"{g&@rﬁﬁm B | over

crystall ﬁd@ﬁéﬁbb’sh%tﬁ@b@éFﬁ&lqborﬁl@cﬁ‘ﬁér%m%%ﬁreﬁ@é ai ned usi ng non-agueous
techni ques, but the quality of narocrystals/ (for exanple | um nescent

sem conductor nanocrystals) obtained by the agqueous nmethod is consi dered

good en r . ' 8y I.f t. .. The or e/ shel |

nanocr yg%g%s‘ﬁ e?’t ‘%?@‘QI‘% %%%énqﬂgé}ggﬁ? bge?r%agolﬁtajgké?ncﬁq %’%ﬁ%@%s aF%) of the

i nvent i cinversign bethe sedecule mbing bndihgdodlvity foy tnghabiltoamalyp describghini cat i ons, as
will be D those skilled in,t art he,.agueous shell synthesis
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Exanpl esagehts ity Bdadell] MRbrareimplepbsBGedin VO |I008/059835 adleRarfisle @fiabed in, for

exanple, .US 6,207,392 and WO 2004/ 039830 (for_exanple in pt%ra,)graphs 0018
to 0020:5uably |lnking agent is the bifunctional linking ~ agent e yl-3-

dimethylaminocarbodiimide (EDC). Coupling using EDC can be perforined at room

temperature.

The nanocrystals of the present invention may also be used in compositions or devices
as described in paragraphs 0070 and 0071 of WO 2004/054923. Accordingly, the
invention also provides a composition (for example a plastic or latex bead) containing
at least one core/shell nanocrystal of the invention. The invention also provides a
detection kit comprising a core/shell nanocrystal or a composition of the invention.
The invention provides a kit of parts ccmpriéing 1) a core/shell nanccrystal or a
composition of the invention and either or both of 2) a linking reagent (as discussed
above, for example EDC) and 3) a molecule having binding affinity for a given
analyte (as discussed above; exaﬁples include an antibody or antibody fragment or a
~nucleic acid molecule). 'The kit may, for example, comprise more than one type of
molecule having binding affinity for a given analyte, for example several types of
molecule each having binding affinity for a different given analyte. The kit may also
~comprise more than one type of core/shell manocrystal or composition of the

invention.

The invention is now described in more detail by reference to the following, non-

limiting, Figures and Examples.




to 0082). Further exanples are described in WO 2004/ 054923. Thus, in an
enbodi nent, a nethod of the invention further conprises the step of
coupling to the core/shell nanocrystal a nolecule having binding affinity
for a giveRyo #aghNéL- The invention also provides a conpii8blsohagocr yst al
obt ai nabl e by the nethod of the invention wherein a nol ecul e having
binding affinity for a given analyte is coupled to the core/shel
nanocrystal. By conjugation to a nol%ecul e having binding affinity for a

gi ven anal yte, a marker. conpound or probe is formed in which the
core/shell nanocrystal of the invention serves as a |abel or tag which
emts radiation, preferably in the visible or near infrared range of the
el ect r onAlrletuneniBeR006 {dah Are REEb PO AAIARGRferchde.Spect rum (as for an
unconj ugat ed core/shell nanocrystal of the invention), that can be used
for the detection of a given analyte. Details of suitable anal ytes and
speci fi crigupdicpghdgartners will be apparent to those skilled in the art and
are described, for exanple in WO 2004/054923, for exanple in paragraphs
0065 to 0068 (incorporated herein by reference). Exanples of |inking agents
whi ch can be used in joining a nanocrystal of the invention to the

2004 058535 ForBUIehRa? bt CHEEaD o+ GLeR ARAER Mhs T B REREE oW 1 ki

agents $§?§§§Sc Egr exanple, as noted in WO 2004/05923, an exanple of a
suitabl e T1nking agent "is the bifunctional |inking agent ethyl-3-

di nmet hyl am nocar bodi i m de (EDC). Coupling using EDC can be perforned at
room tenperature. The nanocrystals of the present invention may al so be

used in conpositions qr .devices as described in paragraphs 0070 and 0071
of WO 2(#)‘3%5%‘3‘?"&%%1 dhahiiEx of Gl angd Gad pGAS NGy %Qﬁl%g?f\ﬁia@égmhmc onposi tion

(for exanple a plastic or |atex bead) containing
ar,

Figure 3. Temporal evolution of powder X-ray diffraction patterns of CdTe and
CdTe/CdS NCs. (a) CdTe 24-h refluxed; (b) CdTe/CdS 24-h refluxed; (c) CdTe 96-h
- refluxed; (d) CdTe/CdS 96-h refluxed. The linf_: spectra indicate the reflections of bulk

cubic CdS (top) and cubic CdTe (bottom).

Figure 4. Schematic diagram of a gradient alloyed core and shell, exemplified by a
CdTeS core and CdS shell.

Figure 5. Schematic diagram of a homogeneous core, interface zone.and shell.
Figure 6. Nanoparticles of different sizes synthesized by aqueous methods.

Example 1: Aqueons Synthesis of CdTe/CdS Core/shell Nanocrystals with High

- Luminescence and Photochemical Stability




at | east one core/shell nanocrystal of the invention. The invention also
provides a detection kit conprising a core/shell nanocrystal or a
conposition of the invention. The invention provides a kit of parts

conpri si Ngwlg 2086/652658/ shel | nanocrystal or a conpositi @grRE200860es83vention
and either or both of 2) a linking reagent (as di scussed above, for

exanpl e EDC) and 3) a nol ecul e havi@g bi nding affinity for a given analyte
(as di scussed above; exanpl es include an anti body or antibody fragnment or a
nucl ei caci d nol ecul e). The kitmay, for exanple, conprise nore than one type

of ol eoyleerehay Lt il 49 oA ShibRr e BloVRR ARk Ble hYmfamnl e

several type no avi ng g artinity r fferent
given analyte. Th i al.so QNpPrise no t han .qne .t ype,_ of core/shell
nanocrysta O‘grto ¢ S%pégh %S 3?tﬁt %%§ RtV c?ﬂl.ru%%e‘) |yﬁé\}g rRI}O)oloﬁ Sﬁa@enow
descri bed i re detail, by reference to the foll owng,,K non-.,limting,
Fi gures gﬁtﬁ%%ﬁg’@% ?’éb@/%&g'gezatﬂ@ﬁ SRS Y0 thf’][‘é)ql,&fdilﬂedocument s
referred to herejn are herehy incorporated by reference. ' e | egends
Figure 10 C¢é@eo@ﬂé@ﬁoweﬂr syoffirelresin Weisr Ryainjeg ﬁﬁbéi\meﬁ%@%ﬁ@%ﬁ‘reof a single
CdTe/ CdS nanocrystal . Figure 2. Photochem cal stability of CdTe and
CdTe/ CdSotwtionype rNxaaturated o€d6ln solutioni at pH it dn3theTomsencal oBvol uti on of
powder X-ray diffraction patterns of CdTe and CdTe/CdS NCs. (a) CdTe 24-h
r ef | uxednertiptopBepletCaBiR AMPA)ehs ux stabiliciny e W6 ntodificafidpnaddthe( d) CdTe/ CdS
96-h refluxed. The line spectra indicate the reflections of bulk cubic CdS
(top) anstevioislcrefoifal {ipoddchn)'. Cdegenres with Siffeeemtsizes dvepgulmined b gr adi ent
al | oyed core and shell, exenplified by a CdTeS core and CdS shell.

controlling the refluxed time. In a typical experiment, we precipitated the CdTe cores,

which are approximately 3.4 nm in diameter, with 2-propanol after refluxed for 12 h.

The cores were then washed, and then redissolved in water for coating a shell. For

shell synthesis, a solution consisting of CdCl;, Na;S and MPA was injected into the

aqueous solution containing CdTe cores; the reaction mixture was then refluxed until

the completion of the shell at the desired shell thickness.

* The TEM images of CdTe/CdS core/shell NCs (Figure 1a) show that these NCs have
" parrow size distributions with a relative standard deviation of 15%. When the shell
growth reaction was allowed for 24 hours (h), the particle size increased from 3.4 nm
to 5.0 nm in diameter, suggesting a 0.8-nm CdS shell coated the original core. The
—HRTEM images indicate that CdTe/CdS NCs have well-resolved-lattice —f;inges—and—
| remain fully cwﬁline after shell gm% (Figure 1b). The quantum yield was
| inﬁreased from 30% (core) to over 50% (with shell) in nearly identical sizes of 5 nm.
. Accompanied with the increase of QY, the emission of CdTe/CdS was red shified by
40 nm from 550 nm to 590 nm upon shell growth, which is 17-nm less than that of the

- same sized CdTe NCs (607 nm). However, the full width half-maximum (fwhn) of




Figure 5. Schematic di agram of a honbgeneous core, interface zone and
shell. Figure 6. Nanoparticles of different sizes synthesized by aqueous
nmet hods. Exanple 1: Agueous Synthesis of CdTe/ CdS Core/shell Nanocrystals
with H gh yashgasssnce and Photochem cal Stability 4 Wo,20085004852

PCT/ SG2005/ 000382 13 W report shell coating in aqueous solution. W
provide, for exanple, a sinple nethpd to coat CdTe NCs with CdS in agueous
solution to yield photo stable CdTe/CdS core/shell NCs with a photolife at
| east ten tines nore than that of CdTe NCs. The CdTe core was synthesized

in wat er ghyphodi@Gineftande’ faklor CUTRRAISERICH AL imsR ligdntien b ha J¥heat urat ed
Cdd 2 solution at pH 8.4 in the presence of 3- mercaptopropionic acid (MPA)

as a stahpl.L z i £l ' ; k4 ed

appr oach I R R A L R e rol 11 ng
the refl Jidea l.na typical experinment, we precipitated the ‘CdTe cores,
whi ch ar %&ﬁ%g@n@klg Y 3.4 nmin dianeter, with 2-propanol after refluxed
for 12 h. The cores were then washed, and then redissolved in water for
coating a shell. For shell synthesis, a solution. consisting of CdC 2,
Na2S and_ NPA was.injected into the, aqueous, sol ut] i pi.ng CdTe cores;
the r oncEIBHIRERIG R 0 HeebrbPrinateen raptor e B R EbHigfe he shel |
at the desired shell thickness. The TEM i mages of CdTe/ CdS core/shell NCs
(Fi gure Bhyvaseamatipally inpaeecdNGem mgvisorenhipn dwr {normaliged bl BURISBRS with a

rel ati ve standard deviation of 15% Wen the shell growth reaction was

al | owed B0%) Bt chreu tes o¥dn)1) It for cqreshdlidNEs, shensured by 8mgectefiurede®ribedm to 5.0
nmin dianeter, suggesting a 0.8-nm CdS shell coated the original core. The
HRTEM i mpgeiusipdl Tids phenbabahlmbGas thita chmpkiemitdr-CdSshtll eds prabstilge fringes
and remain fully crystalline after shell growh (Figure |b). The quantum
yi el d wagormed around the CdTe core, which inhibited the photooxidation of the surface

unsaturated Te atoms of the CdTe core. The unsaturated Te atoms were identified as
hole traps by optically detected magnetic reéonance 17 and .are known to- be highly
susceptible to oxidation. '* Evidence for shell growth was further provided by
elemental analysis using inductively coupled plasma atomic absorption. The molar
ratio of Cd:Te:S of CdTe and CdTe/CdS NCs was found to be ~3:1:2 and ~5:1:4 at

- 24-h refluxed, then changed to be ~4:1:3 and ~11:1:10, respectively, after a prolonged
refluxing of 96 h. The Cd and S contents of CdTe/CdS NCs are much higher than that
of CdTe cores in the same refluxed time frame, suggesting a relatively thick CdS shell
grown over the CdTe cor;e. XRD patterns (Figure 3) show the certain differences
~-between CdTe and CdTe/CdS NCs. Although the positions of the XRD reflexes of
~ both CdTe and CdTe/CdS NCs are in between the values of the cubic CdTe and the
cubic CdS phase, all péaks of CdTe/CdS Nle are closer to the pattern_of cubic CdS
than that of CdTe NCs (Figure 3, a & b); the tendency of CdTe/CdS NCs fo shift

" from those characteristics of CdTe to those of CdS$ is more obvious after a prolonged

refluxing of 96 h (Figure 3, ¢ & d).




i ncreased from 30% (core) to over 50% (with shell) in nearly identical
sizes of 5 nm Acconpanied with the increase of QY, the em ssion of
CdTe/ CdS was red shifted by 40 run from550 nmto 590 nm upon shell

gr ow h, MW%O{%??FHMDM | ess than that of the sane si z%gg%g@smsz( 607 nm .

However, the W dt h hal f-maxi nrum (fwhm of WO 2006

PCT/ SG2005/ 000382 14 the photol um nescence peak of CdTe/ CdS NCs was al nost
identical to that of the cores, indfcating that the shell growth reaction
did not cause significant variation in NCs size distribution. It is

i npressive to note that the photol um nescence stability of CdTe/ CdS NCs-
(Figure 2) was dramatically inproved fromno nore than 1 h (nornmalized PL

intensit Q or to over h for.core/shell ured by the
procedur ?haitgdfre ilil)(g{ipr% arrgd\sllll%rﬁ%?"{/r.nl%&%% rgetg%%WSWé}?gﬁmse u%‘ge%:"i“é@ﬁ‘z% a conplete
outer Cd hel | .was pro formed arqund th core, ich inhibited
t he phot g’BEinH’:i{ ﬂlgﬁycfgle‘EzlbdérEQd@éoc eV t%%’ﬁﬁﬁoﬁﬁﬁe& AL Te core.
The unsatyrated Te atomns re identified as hole traps by optically

det ect ed (Wé’i%&rﬁsgﬁ%&g torthg JHeraiugs i miripnged refheing ofhihe 20 WSeptible to
oxi dation. 18 Evidence for shell growth was further provided by elenental
anal ysi s coleidy sphyoes af\siTy nenneprstads ip thegeseageorfian exgssoefjhiodnin bfie nol ar
ratio of Cd:Te:S of CdTe and CdTe/ CdS NCs was found to be -3:1:2 and -5:1:4
at  24- h medid la topartiad dpdrolyais g€ thetthiolsend dubke@eninidecrporatinOgf thesphet i vel v,
after a prolonged refluxing of 96 h. The Cd and S contents of CdTe/ CdS NCs

ar e much filoig fiter tidlamoletides imé thed Fwing @andpartickes. Baithis saddyyededrere frane,
suggesting a relatively thick CdS shell grown over the CdTe core. XRD

pat t er ns pfdph@tioe wa} comtuetet e teeprbhde o KPar &nEs.2-betivearniessyie nd
CdTe/ CdSNCs. Al t hough the positions of the XRD refl exes of both CdTe and

CdTe/ CdSTheRfoRé, St israR@IaMeS pebiiBie RAURS CaTe NT® GHibbGzdd0AanRNhdye cubi ¢ CdS
phase, all peaks of CdTe/CdS NCs are closer to the pattern of cubic CdS
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distribution from the core to the surface. This is consistent with the elemental analysis.
. described above that the synthesized CdTe cores contéined a high ratio of S element.
It is important to. note that prolongeci refluxing time resulted in further enhanced
content of S and Cd (over Te} in the CdTe NCs, suggesting the formation of a relative

CdS-rich particle surface.

Although many II-IV semiconductor core/shell NCs have been prepared in high-
-temperature nonaqueous approaches, none was synthesized biv aqueous methods. The
~-major-reason- is probably that-the temperature applied in-aqueous synthesis was-too-
low to promote the epitaxial growth of the shell on the core due to the lattice
mismatch between the core and shell materials. Consistent with this notion, we failed
m our initial attempts fo coat a CdS shell on nearly pure CdTe core (prepared in a
short refluxing time of 2 h) in the aqueous condition presumably because of the large

lattice mismatch of roughly 10%. However, as mentioned above, a complete CdS




fromthose characteristics of CdTe to those of CdS is nore obvious after a
prolonged refluxing of 96 h (Figure 3, ¢ & d). 4 WO 2006/ 054952

PCT/ SG2005/ 000382 15 The CdTe NCs prepared using our nodified nmethod were
not pure CdTe.crystalline, but nost |likely m xed CdTe(S) nhanocrystals
based on Eﬁg§§ﬁf%%%?tern analysis (Figure 3, a & c). &g%gﬁﬂ$ﬁ@° ¥ the
literature' 9, prolonged refluxing of the aqueous colloidal solutions of
CdTe nanocrystals in the presence oftéan excess of thiols in basic nedia
led to partial hydrolysis of the thiols and subsequent incorporation of the
sul fur from<the thiol nolecules into. th row ng nanoparticles. In this
Study 1 1ollshalBe Sohaa ol the @reet YA IS HEh GRaERaBe SREAPA at  pH
'8.2-8:4 for,_at least 12 h, Therefore, it is rational to speculate that the
CdTe NCs W\iRt fbaqusews ponditians Basedgp these tpsulgs, avet praposeybat tep €8s, with a
Te-rich core and a gradient increased sulfur distrirbution fromthe core to
t he sur f adeaceyf theaeg\l(ésofasﬁli@tt@rthe opitavial igeoveh ofithet eaker 3481 shelk since thescri bed
above that the synthesized CdTe cores contained a high ratio of S el enent.
It is indeiticamisntatch indpse tolza. prol onged refluxing time resulted in further
enhanced content of S and Cd (over Te) in the CdTe NCs, suggesting the
formation of a relative CdS-rich particle surface. Al though many [1-1V
sem conductor core/shell NCs have been prepared in high= tenperature
nonaqueoudagpialsGaddsthofidne was synt hesi zed by aqueous net hods. The nmajor
reason i s probably that the tenperature applied in aqueous synthesis was

too | oW dmRnREANUeBulilte pERELASO P nesH, @Msi%n)gtzascﬁ.gﬁlmm bok))Sodithe due to

the lattice m smatch bétween the core a material s. Consistent with

near y. porRi i Q"R S ThAPTER 2 PRS2 e

aqueoUs. GRRShkRRCPE SR ATRRLY ARSBANRSIsWord 20\ A3 further puriication.

Measurements. Elemental analyses were measured on a Thermal Jarrell Ash Duo Jris
Inductively Coupled Plasma-Optical Emission Spectrometer. XRD patterns were
recorded on a Philips Analytical X'Pert X-ray diffractometer. TEM images were taken

by a Philips FE CM300 Transmission Eleciron Microscope.

Preparation of NaHTe. Sodium borohydride (92 mg) was transferred to a small flagk;
then 2.4 ml of ulirapure water and 127.6 mg of tellurium powder were added
subsequently. The reaction was carried out at room temperature, After approximately

5 h, the black tellurium powder disappearsd and sodium tetraborate white
. precipitation ‘appeared on the bottom of the flask. The resulting NaHTe in ciaar

supernatant was separated and used in the preparation of CdTe NCs.

Synthesis of CdTe/CdS core/shell NCs.




| attice msmatch of roughly 10% However, as nentioned above, a conplete
CdS WD 2006/ 054952 PCT/ SG2005/ 000382 16 shell can be forned on the
gradient alloyed CdTeS NCs with CdS-rich pre-surface under an agueous

condi ti on. wRpsediqes,t hese results, we propose that the o 4 Sur face of
these NCs faci Iéljt at és the epitaxial growth of the out erpe?fgg%s?%@oﬁ since the

" lattice msmatch is close to zero. Materials and Met hods: Cheni cal s.

Tel | uri um powder (200 mesh, 99.8%, Y€adnmi um chloride (99%, sodium

bor ohydride (98%; 3-nercaptopropionic acid (MPA) (99%, ' 2-propanol, and
Na2S we urch d fram Al dri.ch. Al chem cals we S W t hout further
purifi caF?€§.°°Pﬁ\/§§§heP‘é- pgres Iﬂfear%ﬁ?uglco@ﬂﬁﬁ%gggﬁ%?éﬁﬁiﬁﬁﬁ:%amﬁ% a Ther nal
Jarrell Ash Duo,lLris, .lnductivel d P| asma- i cal i SSj.on

Spectro eSIzoghY padding %’s’%r@egafegg 8 SShman?PItR Y2 g ft?disdéhl X' Pert
X-ray diffractoneter. TEM inmages were taken by a Philips FE CMBOO

Tr ansni- s&MWPnE o pH, S invibe prsensp of Mt pad stabilizing pogus Breeflyse sol@ehor ohydr i de
(92 ng) was transferred to a small f lask; then 2.4 nL of ultrapure water
and 127. 8f k> 8 CdChunil 3/ pMAMBA ing P mi gfiulitapuseysteywenadiystedth@H eact i on was
carried out at roomtenperature. After approximately 5 h, the black

tel | uri udedyotded MINe@Pp Ebe sdhitmn dvas eddadnnipet thebaredkied flatki and degases] pi t ati on
appeared on the bottom of the flask. The resulting NaHTe in clear

super nat with Nyaor Sﬁepﬁfnadt&dorﬁrtéin?ﬁﬁdrei A fleh EhePEodRRAVsTiRaRH t6A D0 HCs.
Synt hesis of CdTe/ CdS core/she NCs. WD 2006/ 054952 PCT/ S&2005/ 000382 17
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N2- sat urli}d%pv&ggug stirring. The resulting mixture was then refluxed to promote the core

growth to the desired size,

CdS shell synthesis: The colloidal CdTe solution was concentrated by 4 times, then
precipitated and washed by 2-propanol twice. The CdTe cores were dispersed in the
solution of 1.25 mM CdCl, 1.0 M Na,8, and 6.0 mM MPA in pH 8.4. The mixture
was degassed by N, for 30 min, was then heated to refluxing until the completion of

the shell at the desired shell thickness.

Characterization of CdTe and CdTe/CdS Core/shell NCs. For the XRD studies, NCs

- were precipitated by these procedures: the solution was concentrated 4 times under

" vacuum; 2-propanol was dropped until the solution just became cloudy; the
| nanoparticles were collected by centrifugation (10,000 rpm for 10 min), washed twice
by 2-propanol and dried under vacuum for overnight. For elemental analysis, the
above NCs powder was digested by HCI-HNO; solution. A colorless solution was

_ bbtained. The Cd, Te, S content of the clear solution was detected with inductively

coupled plasma (ICP) atomic absorption. For Size distribution analysis, the solution




solutions of pH 8.4 in the presence of MPA as a stabilizing agent. Briefly,
a solution of 1.25 MM CdCl 2 and 3.0 MM MPA in 100 m of ultrapure water
was adjusted to pH 8.4 with 0.5 M NaOH The solution was added into a

t hr ee- neckggh $do@doaand degassed with N2 for 30 min at ture.
After the solution was heated to 100 C under N2, 125 ﬂkggﬁ?&ﬁmﬂﬁéﬁprepared

oxygen-free NaHTe solution was injected rapidly wunder vigorous stirring.
The resulting m xture was then refllked to pronbte the core growh to the
desired si ze. CdS sheII synt hesi s: - The col |l oi dal CdTe sol uti on was

concentrat gmp suﬂ dMuEQ%g’wa EB g#ﬁd %%g mgﬁp%gbﬁxpﬁgp anol tw ce.
0

The CdTe cgres i sperse , 1.0 nM

Na2S, an A i 8.4. The ture d b for 30 mn
was 1 hondgisfe &Tﬂ%fgp PRl i DS S B8 178 eSS ar ¢ b
desired shell thickness. Characterizatlon of CdTe and CdTe/ CdS Cor e/ shel
NCs. For“@ﬁémﬁﬁﬁistudles NCs were precipitated by these procedures: the
sol ution was concentrated 4 times under vacuum 2-propanol was dropped
until the solution just becane cloudy; the nanoparticles were collected by
centrifugation (10,000 rpmfor 10 mn), washed twi ce by 2-propanol and
dried under vacuum for overnight. For elenental analysis, the above NCs
powder Was &g%%ted by HCI - HNO3 sol ution. A colorless solution was

obt ai ned. ?ﬁ Te, S content of the clear solution was detected with

i nductively coupled plasma (1 CP) atom c absorption. For Size distribution
anal ysis, the solutton WO 2006/ 054952 PCT/ S&005/ 000382 18 of nanocrystals
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PCT/ SG2005/ 000382 20 Clains 1. A nebhod of providing a shell on a

sem conduct or nanocrystal core conprising the step of synthesising the
shell on a_previously-synthesised core in an aqueous nedium 2. The nethod
of cl ai m Fl&eérei n aqueous synthesis of the shell is aided by reducing

lattice mismat ah (RBIeR JrbGdRe! b agR1Obn P SefrPoRddig WRGAREY corsd-  The

met hod of claim?2 wherein an interface zone I's provided at” the surface of
t he previ Gombysing thelstepi efssntbenidng theishelhan atphevidusti-$ynthesivedneare n et ween t he

shel |l and i.pt.erface zone is predicted to be less than the lattice
m smat ch 6%‘%‘3&2%{%941% shel |

and the interior (centre) of the core. 4. The
met hod of claim 3 wherein the interface zone is provided by synthesising

the core ysing nmet hod i.ch, provides a gradi ent o] .core.. 5. The
net hod of Et:l ai Eﬁ%%&eﬁf\rﬁ el ?‘WP@’H‘ AHEoTH RS ?8% ﬁf‘@e@nlmuesi sing a
further | gdatingittice@tifbatclfbetwbe Medifde of the bk ahdthelkBgRi n the further |ayer
conprises a gradient alloy. 7. The method of any one of the preceding

claims wherein the previously- synthesised core is synthesised in an
aqueous nmgdi UMThe method of claim 2 wherein an interface zone is provided at the surface of

the previously-synthesised core such that the lattice mismatch between the shell and
the interface zone is predicted to be less than the lattice mismatch between the shell

and the interior (centre) of the core.

4, The method of claim 3 wherein the interface zone is provided by synthesising

the core using a2 method which provides a gradient alloyed core.

5. The method of claim 3 wherein the interface zone is provided by synthesising

a further layer on a core.
6. The method of claim 5 wherein the further layer comprises a gradient alloy.

7. The method of any one of the preceding claims wherein the previously-

synthesised core is synthesised in an aqueous medium.

-8, The method of any one of the preceding claims wherein the predicted lattice
. mismatch between the shell and the surface of the core is less than 20%, 10%, or 5%.

9. The method of claim 4 wherein the previously-synthesised core is synthesised
using a method comprising the step of prolonged refluxing in an excess of thiols in

basic medium.



8. The method of any one of the preceding clainms wherein the predicted
|attice msnmatch between the shell and the surface of the core is |ess
than 20% 10% or 5% 9. The nethod of claim4 wherein the

previousl ypwaysnhbesésed core is synthesised using a Wetﬂ&qg(ﬁ&%@lsﬁ ng the
step of prolonged refluxing in an excess of thiols in Dbasic

2006/ 054952 PCT/ S&G005/000382 21 10. The nethod of any one of the

preceding clains wherein the core codrises a Goup II1B-VI sem conductor.

- 11. The method of claim 10 wherein the core conprises Cd and Te. 5 12. The
“method of claim 11 wherein the core conprises CdTeS. 13. The method any one

of clains db t@fiﬂ%ﬂﬁr@%@ﬁ@Gﬁﬂ’emrecé@mwhag@%w?@nsnﬂ@e@:e comgrisegehod of any

one of cl agRBp BLOI $nibiRgitsy. t he core conprises a group I11-V
sem conductor. 15. The nethod of any one clains 1 to 8 wherein the core

conpri ses a hormgeneous ternary all oy havi ng the conposition M 1- XM2XA,

wherein 5 j n selecte an el enent of
subgroup | Ib Egroup 0?\)%&11 ggroup F‘?népﬂsgﬁgg ‘ﬁ? ‘I'b or main group |1

of the5per| odi c systemof the elenments (PSE), when A represents an el enent
both selected from an

of the maiy gr f .the E or M .and. M
el enent oflat heqﬁgm’?h‘&a%ﬁl )”h?)tfamt C%Emp%ﬁ%gg'fﬁ% epresents an el enent
of the main group (V) of the PSE, 3 obtainable by a process conprising i)

formng a Bi na[ﬁ/l nanoaégstal MLA b heati ng a reaction m xture containing
the el emdrt MIB§petho %?%‘?Htcé?btp‘é @ for12owherege fheshell evnmsisesCdanocrystal to a

suitable tenperature TlI, adding at this tenperature the elenment Ain a

formsuitable for the
0 1 The method of any one of claims 1 to 8 wherein the cote comprises a group

III-V semiconductor,

15.  The method of any one claims 1 to 8 wherein the core comprises a
homogeneous ternary alloy having the composition M1, M2,A, wherein
5 a) Ml and M2 are independently selected from an element of subgroup IIb, subgroup
Vlla, subgroup VIIIa, subgroup Ib or main group II of the periodic system of the
clements (PSE), when A represents an element of the main group VI of the PSE, or
b) M1 and M2 are both selected from an element of the main group (II) of the PSE,
when A represents an element of the main group (V) of the PSE,
) obtainable by a process comprising
i) forming a binary nanocrystal M1A by heating a reaction mixture containing the
element M1 in a form suitable for the generation of a manocrystal to a suitable
temperature T1, adding at this temperature the element A in a form suitable for the
generation of a nancrystal, heating the reaction mixture for a sufficient period of time
“at a temperature suitable for forming said bmary nancrystal M1A and then allowing

w

the reaction meixture to cool, and

ii) reheating the reaction mixture, without precipitating or isolating the formed binary

nanorystal M1A, to a suitable temperature T2, adding to the reaction mixture at this

temperature a sufficient quantity of the element M2 in a form suitable for the
}  generation of a nanocrystal, then heating the reaction mixture for a sufficient period of

_ﬁmé at a temperature suitable for forming said ternary nanocrystal M1 M2,A and




generation of a nancrystal, heating the reaction m xture for a sufficient
period of time 5 at a tenperature suitable for formng said binary
nanocrystal MLA and then allowing the reaction neixture to cool, and ii)

reheating Wzoﬁﬁ%%%s%on m xture, w thout precipitating ?éT}fégﬂl"%“:ﬂ?fﬁgt Pg he

formed binary ystal MLA, to a suitable tenperatu

reaction mxture at this tenperature a sufficient quantity of the el enent
M in a formsuitable for the generatpon of a nanocrystal, then heating
the reaction mxture for a sufficient period of tinme at a tenperature
suitable for form ng said ternary nanocrystal ML1-XM2XA and WO 2006/ 054952
PCT/ SG2005/besn slgpwing thet feaetion) miziire do thel to acmitemperatute, med timlaing|thé 0 r oom

t enper at ur i sl akb i ternary nanocrystal ML1-xM2xA. 16. The
met hod of gﬁ?%gh%&sﬁgﬁ?%@%b 8 wherein the core conprises a 5
honbgeneous ternary all oy having the conposition M -.M, AyB, -, wherein a)
M and M agre i Re nt sel ected .from an el enent of the subgroup Jib,
subgr oup vﬁfia, suggnrl%qﬁogl ﬁ%?%,ongﬁg gs ’1ml5° gr Whﬁie}l’i‘ Heothse ISPmBISE e peri odi ¢
system Gf thomogénenmsttraaryRBE) hawdieie ASmpdidioB ML L&Y eoR@kinan el enent of

d M2 ar’e independently sel ected

the main grou w&fthl\téEe PSE, or 10 bl) M an '

froman el enett Vor a2 aeg indepeadsrtly cplegtyd §pm; ancelpmmt of Hearsubgterel TB. bot h
represent an el giBftupOfild, B&oR&ipVHL: i Le by a
process conprisin a? Provi di né’n‘aﬁ rﬁ%ﬁ%ﬁ%%%%%@%ﬁaﬁ%é%gel enent s
M, M2, A and BSYsE#ef the clenieaisfPSE), trdish AS and B rethgepeesat ian wlenfentiof

??Rgc;%/s;al . 1@13*31&11’%@%& Wo{)tPQP?E,ao(}t ion mxture for a sufficient period of
nper at ur uitabl e for formng said quaternary nanocrystal
ML1-  AfexAyB2- Micand MAere sidepanierglyt delected dixtot an eldmehti b2 tHeOmsia Groupand
(I1) of the PSE, when A and B both represent an element of the main group
(V) of the PSE, obtainable by a process comprising
a. Providing a reaction mixture containing the elements M1, M2, A and B
each in a form suitable for the generation of a nanocrystal,
15 b. Heating the reaction mixture for a sufficient period of time at a
temperature suitable for forming said quaternary nanocrystal M1,
xM2xAyB .y and then allowing the reaction mixture to cool, and

c. Isolating the quaternary nanocrystal M1, M2,A,B.,.
20 17.  The method of claim 9 wherein the method comprises the step of introducing
into an aqueous medium containing the previously synthesised core a Cd salt, a

' suII')hidG and a thiol.

}8. The method of claim 14 wherein the thiol is 3-mercaptopropionic acid (MPA).

[ 4
h

19.  The method of any one of the preceding claims further comprising the step of
coupling to the core/shell nanocrystal a molecule having binding affinity for a given
analyte.

i0  20. A nanocrystal obtainable by the method of any one of the preceding claims

comprising a core and a shell.




c. Isolating the quaternary nanocrystal ML 1-xM2xAyBl-y. 20 17. The net hod
of claim9 wherein the nethod conprises the step of introducing into an
aqueous nedi um contai ning the previously synthesised core a Cd salt, a

sul phide a 18. The method of claim 14 wherei i IS

3- mer capt ogg) ({)%%Lam d (MPA). 25 19. The net hod of ?ﬁ?fsgﬁ’&g@@%{zhe
preceding clainms further conprising the step of coupling to the core/shell
nanocrystal a nol ecul e having bindingzaffinity for a given analyte. ;0 20.
A nanocrystal obtainable by the nethod of any one of the preceding clains
conprising a core and a shell. WO 2006/ 054952 PCT/ SG2005/000382 23 21. A
nanocrystall of z‘chmmcrm@@.l bficine 20 dothsr pehpriping @ emdieahalloy ipsyiase 7086t ace zone
bet ween t and t Ekfqu 22. A nanocrystal according to claim21
wherein a c%%lhﬁb ding 5 affinity for a given analyte is
coupled to the core/shell nanocrystal. 23. A conposition cont ai ni ng at

| east one core/shell ocr tal accordin cl ai s . 22. [0 24.
A det ect i off-ki tA é@ﬁ‘bﬁ‘?’%ﬁg E’ﬁrté?/ Ao} 35 ‘gl?%‘?}? Pecglgcor ]8 0%cl ai ms 20,
21 or 22 gEaRy fRIBRS e@s%eﬂeaﬂghéaxs/hmurﬁaa&ry@ﬁ A klt of parts .

conpri sing 1) a core/she nanocrystal according to claims 20, 21 or 22 or

a conposition according to claim23 and either or both of 2) a linking 15

reagent angs 3) & JILEGHIE R ) 4@'19&.1,& Rle fel bR Yanhkystal Gicklingral yte. 26.

Use of 3-nercaptopropionic ac in the synthesis of a CdTe(S) nano
crystal . claims 20,21 or22.

0 24. A detection kit comprising a core/shell nanocrystal according to claims 20, 21

or 22 or a composition according to claim 23.

25. A kit of parts corhprising 1) a core/shell nanocrystal according to claims 20,
21 or 22 or a composition according to claim 23 and ejther or both of 2) a linking
15  reagent and 3) a molecule having binding affinity for a given analyte.

26. Use of 3-mercapt0propionic' acid (MPA) in the synthesis of a CdTe(S)
nanocrystal.




