WO 2006/ 054952 PCT/ S&G2005/ 000382 1 METHODS The present invention rel ates
to net hods éoréﬁgrm’ ng core/shell sem conductor nanocrystals éONCs(h or
guant um ddte? "2t 0 NCs/ Q@Ds forned using the net hods; PCHRG24%SPHE? uses
of such NCs/Q@s. Sem conductor nanocrystals (NCs; also terned quantum dots
(Qs)) are portions of sem conductorimaterial conposed of a few hundreds
to thousands of atoms. Nanocrystals/quantum dots have useful and

i nteresting optical properties resultin from quant um confi nenent, which
occurs in particles which are snaMETHQ%% the Bohr excitation radius of
the material they are conposed. The range of properties of
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simlar. A single |ight source can therefore be used for sinultaneous

exci t at i Semixbnehatdr winesrystlsa(NGy) gtsookriséd gsanfian dot@EIPED ae: PofidsAs 6N

wavel engt hsi)g' dvances jp synthesis. of highly |um nescent $em conductor
nanocr yst&pt °’H£’8¥?6t wategal comnesee £ @newy nhvidrgds tnitheysepdss afnatomsi ng

Pl ol Mg} RanctrfstaldRidiul fots Wavl SREAR and! HATEHKE il DopeRicShBhAlALS:

I.e., the organonetallic synthesis based on the high-tenperature

t her nol yEom geantuhecqiimennenio mdich d@usmnia pattéclesaghieh uee syaich dingheiBohy vari ous

t hi ol t abi L zi ts..11 12 Although the, high- t £
or ganomeesifn sidhpd € AHE Relirial tFH oty GRS 1 TRENEG Of HRORTES of
crystal | hirioesaldpingie dots! 15 RERERACE §4aReBF YdcRhids] Qﬁ()jﬁoa_ﬁaﬂmptﬂ%

synthetic nethods are sinple, safe, inexpensive, reproducible, versatile,
and easyopteeleettgnic (field,| for example as discussed in WO 2004/039830 and WO

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

o

‘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 simultaneous excitation of particies of a range of sizes (and therefore emission
wavelengths).  Advances in synthesis of highly luminescent semiconductor
nanocrystals promote their applications in different fields including bioimaging.>*
There are two general strategies for NCs preparations, ie., the organometallic

- 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 -
-nethods are simple, safe, inexpensive, reproducible, versatile, and easy to scale up. In
addition, the aqueous synthetic approaches produce water-soluble NCs and are able to

| modify the surface properties of NCs simply by changing the stabilizing mercapto-

_ gqmpounds with appropriate free functional groups. These are important advantages
for biological applications as they require water-soluble NCs and versatile 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

st abi |'i zi NYO A6E2IPD- conpounds with appropriate free fuRETISGRAMSOHI38LPS.
These are inportant advantages for biological applications as they require
wat er - sol ubl e NCs and versatile functjonal groups for bionolecule
coupling. Since 1996 when the aqueous synthesis of CdTe NCs was first
reported, | ) significant progresses have been made in the preparation of
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t he bot IpropertiegpfoWCh and shell coating processes in aqueous solution. W
report shell coating in aqueous solution. W 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 |east ten tines 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 aqueous 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 photolife at least ten times more than that of CdTe
NCs. We consider that the CdS-rich pre-surfac'e 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 agqueous 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 sNePPO06EF4IM h by minim zing the |attice m smat chPCTRE2608800382r owt h
dramatically enhanced both |um nescence quantumyield and phot ochem cal
stability of these NCs conpared to ®he cores. The CdTe/ CdS core/shell NCs
prepared by this nethod showed the highest quantumyields (>50% anong all
NCs synt hesi zed in aqueous condition. This nethod can also be applied to
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solution. Inportantly, by pre-nodification of the surface |ayer of core
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photostabl e, highly | um nescence core/shell NCs in aqueous solution. These
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medi um e sem tonductor nanocrystal can be an optoel ectroni c nanocrystal .
The sem conductor nanocrystal can be a | um nescent sem conduct or

nanocrystal . The shell is considered tao_enhance, consi th pti cal
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enhance photochem cal stability. For exanple, provision of a CdS shell on

a gradient alloyed CdTeS, nanocrystal dramatically enhanced both
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provi de radyaRtiabeBoosinple, 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 photochemical 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
medium is considered to produce water-soluble nanocrystals, with the possibility of
rhodiﬂing surface propérties 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

medivm. 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
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shell and the interface zone is predicted to be less than the lattice mismatch between:

the shell 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 im 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 particularly 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 techniques. 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 interior of the core.

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

considered that the predicted lattice mismatch 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
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between the shell and the surface 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 &etermined by whether it is possible to
achieve a low enough level of lattice mismatch to 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 elemenis. 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
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than 20% preferably less than 10% still nore preferably |ess than 5%
Lattice msmatch may be predicted usigg lattice constants of the core and
shell. See, for exanple, Terheggen et al (2004) Interface Science 12,

259-266. Lattice mismatch can also be cal culated by determ ning the
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VI sem conduct ors have been synthesized in aqueous nedium The core nay
conpr i se2tAS(S.Rsd e)cdire Cdzie, oY, Sensed Tehdhe ivetel memycompnise iGIS, GiSe, ZnS,
CdSe, ZnSe. Alternatively, the core can conprise a group |1B-VI

sen condUéTaiZnSFgnSesamptteres theecofc dhe comtan beprteSarysk @RnAy allBgedor e can
conprise a cation (Zn, Cd, Hg), and a :

' manocrystal 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 cxample, 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
agenis or different pH, from several minutes to days. The reflux time is chosen to
provide cores on which it is possible to coat a shell. If the reflux time is not long
enough it is not possible to form a shell (as measured by elemental analysis or size

analysis, for example using transmission electron microscopy (TEM)). 1t 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 bea ternary or
quat er nar WI069H452 nanocrystal conprising the above el eRERBE2007H&380r e can
conprise, for exanple, a gradient alloy of CdTeS. The shell may conpri se
CdS, ZnS, CdSe or ZnSe or mxtures tlrereof As an exanple, the
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5% 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 S is released and reacts with Cd to deposit CdS. If the

MPA is replaced in this reaction with the corresponding 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 sufphur-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 mhake a CdSe shell, methods similar to those used in the Examples may be used.
The NayS can be replaced with Na;Se (sodium selenide). It may also be desirable to
replace the MPA wused in the shell-forming step with the corresponding
selenopropionic acid, though this is not essential: because CdSe can be formed much
faster than CdS, there will be only a little 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 WY from Aldrich. This reaction can be BEISGRWSE382 n an
anal ogous way to the reaction of sodium borohydride with tellurium powder.
The NaHSe can then be reacted with GIC12 in the same way as NaHTe/ CdCl12 in
the Exanples. If MPA (3- nercaptopropionic acid) is used (as in the

Exanpl es), then a US-containing CdSe core would be obtained. W consi der
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in the dyrivihesdMhareabal FeleSkd fiomoen phingnt of the main group (1) 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 contaixﬁng 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 suitable for the
generation of a nanocrystal, 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 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 -
| 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 isolating the

ternary nanocrystal M1;,M2,A.

Alternatively, the core can comprise a homogeneous ternary atloy (as also described
~in W(02004/054923) having the composition M1 1xM2,AyB1. wherein

a} MI and M2 are independently selected from an elem;ant of.the subgroup IIb,

* subgroup Vila, subgroup Vlila, subgroup Ib or main group II 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
conpri se AYP HOPEFH98E set out in WO 2004/ 054923. Thus, thBCESEI05EH0382
conpri se a honogeneous ternary alloy having the conposition M 1., M, A
wherein a) M and M2 are independenyly selected froman el ement of
subgroup Il b, subgroup WVila, subgroup Villa, subgroup Ib or nmain group TI
of the periodic systemof the elenents (PSE), when A represents an el enent
of the main apouim M theleldiePEBE)OWHEN A8 208 DBhaLschek Ansabaied from an
el ement of thé main grou IIFI%EO% the PSE, when A represents an el enent
of the main ghoupiy spup VI vhthedSE, oobt ai nabl e by a process conprising i)
formng a P y. crystal A by heat.i a reaction.m xture containjng
the el eneﬁ%r}%ﬁ @ﬁa&g@f%%/ %BF’{‘\%BFIE *gfééhg%e%&ﬁﬂe%mgmeamﬁﬁh%@%taI to a
sui tabl e tenp&y of the ®SH, what A a6d B béthirSpresdie ah dldtét ifehehRiEBfoup I N a
formsuitable for the generation of a nanocrystal, heating the reaction

m xture for ﬂé@ffﬁ%ﬁ&ﬁa@b@mﬂb&bﬁPropﬁﬁﬁ?ém@:@fléﬂlgenperature suitable for
form ng said bipar HICT ] L1 ow n e Cll m xture
to cool, and i i?’ r%ﬁgg.}l%r%é%ﬁignﬁggg ?gﬂﬁt}r‘gnﬁ?( %@g,e%%ﬁrﬁso%@’%%% gti ng or

i sol ating the forreach i fdiy sultabsle €onthé gbndviithin ¢ randiiyball e t enperature T2,
| xture at this tenperature a suffjcient quantity

adding to the reacgtian .
of the el enent ﬁ@%‘ﬁm&g%P rieaqHona Blisturg for Hesufgé'ﬁétr &F’l’l@x off timenghdcr yst al | ‘

then heating the ngactbon. T iU g r ty at a
tenperature suitable fot(rm;k],c ormmn%%ggﬁgn?lggnéaa%%%%g%r s}%%%m%{stall %.A and
then al |l owi ng t he xM2aAiBgmndithénallowiog tiealeadtimormiaert émpeolpand e, and
isolating the terngr nocrystal M 3-X : natively, the core can
conprise a hom‘@er‘%‘g?é‘gtqg?ﬂ‘é?t Wofﬁ’étam- H@"s‘é%md in WO 2004/ 054923)
havi ng the conposition M i _xM2. AyBj-, wherein a) M and M2 are

i ndependent|ly selected froman el ement of the subgroup IlDb,
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, a 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 gréup 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.

The 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 Vila, subgroup Villa, subgroup Ib or main group Il of the periodic
WO 2006/ 054952 PCT/ SG005/ 000382 9 systemof the elenents (PSE), when AS
and B bot AWV ¢#68%¥AT an el ement of the main group VI of PEREGRIS/I000382 h) . M
and M2 are independently selected froman elenent of the main group (II1)
of the PSE, when A and B both represdit an el ement of the main group (V)
of the PSE, obtainable by a process conprising a. Providing a reaction

m xture containing the elenents M, M2, A and B each in a formsuitable
for the BRMEPHEY divedhnstioraherorysean be bsedHoatid noupilivg ofddembleoulss xFare for a

sufficie i X | ) .t t ui t abl form ng said
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conprise the step of conbining I n an aqueous [
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additiony s not ,critical. The reaction m xture may then be refluxed until
the desirted COE%%}G[I P’?ﬂogﬁﬁ[?;{s&‘?rs expple, pineseend parjicprdusiorsoansgryisielTEM or by

assessi Nbtaipible dy thdHeRREIF e inlOktid AP gggﬁ*g yi el d
(QY), photol um ngscence stabillni tylor em&glsl O%eas Ve Ee‘%%hﬁé%ﬁ%?@d&anpl es
of such $heHeesman eoaprisesaiborivigencaws amwe, enehitesfrehsinguesl arshell.ndiigat ed i n

t he Exa r kve shel | Y. C rise CdSe, ZnS or ZnSe, in
whi ch ca@%‘?’%%%%&%% QL‘%FEBE:% el %‘ﬁﬂgaﬁl@m WAE have pewere i s
r epl acecrydthilinig thanadeebheben £RMRRNISShined ﬁsﬁhg'ﬂ%kl_-%qﬁemaﬁﬁﬁdesf Bur ovi de a
functlontﬁl groyp for coupling wth bionolecul&s (i
¢ 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 aqueous 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 embediment, a method of the invention further comprises the step of

~ coupling to the core/shell hanocrystal 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 emits

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

i ¥



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

t he shel | WGR6034982 can be 3- nercapt opropi onic acid ( MPRET/SGA0GENE62

wat er - sol ubl e thiol nolecules can be used as a stabilising agent. Suitable
exanples are indicated in Gaponik atf al (2002) J Phys Chem B, 106,
7177-7185. Different thiols with WO 2006/ 054952 PCT/ SG2005/ 000382 10
appropriate free functional groups can be used to aid coupling of
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techni ques, but the quality of nanocrystals/ Qs (for exanple | um nescent
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to 0020,. 007 . I . .
© - c’hmethy(fammocarbodmmde (EDC). Coupling using EDC can be performed 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 compriéing 1) a corefshell nanocrystal 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
analyie (as discussed above; exam'ples include an antibody or antibody fragment or a
pucleic 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 nanocrystal 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
coupl i ng M0 2M0e0848%%/ shel | nanocrystal a nol ecul e havi ngPETRERIGOUBET ni ty
for a given analyte. The invention also provides a core/shell nanocrystal
obt ai nabl e by the nethod of the inygntion wherein a nol ecul e having
binding affinity for a given analyte is coupled to the core/shel
nanocrystal. By conjugation to a nolecule having binding affinity for a

gi ven anal yte, a marker. conpound or probe is formed in which the

core/ shel |l nanocrystal of the invention serves as a | abel or tag which
emts PHAosHRERs TeipEsdiodiEsin pre harebningerpprics byvesirenass r ared range of the
el ectromagneti c WO 2006/ 054952 PCT/ SG2005/ 000382 11 spectrum (as for an
unconj ugat ed core/shell nanocrystal of the invention), that can be used
for theFigerebigends of a given anal yte. Details of suitable anal ytes and
specific binding partners will be apparent to those skilled in the art and
are described, for exanple in W 2004/ 054923, for exanple in paragraphs
0065 to 0068 (incorporated herein by reference). Exanples of |inking agents
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200410 r.exannl e i n paragraph 069, which al so discusses how | inking
agentssé‘gééggéﬁgﬁ?fw%r exanple, as noted in WO 2004/ 05923, an. exanple of a

suitable Iinking 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 tenperdature. The nanoorystals of the present invention may al so be
used i rFigunp3sihotenhsminal diabiliteef Cd¥e ded CAToERS MCpandwgap madiddtOivand 0071
of WD 2004/ 054923. Accordingly,.the invention also provides a conposition
(for exanple a plastic or latex bead) containing -

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 line 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: Aqueous 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

conposi ti O¥0 810600852 nventi on. The invention provides a RET/SER0054PG382
conprising 1) a core/shell nanocrystal or a conposition of the invention
and either or both of 2) a linking ggagent (as di scussed above, for
exanpl e EDC) and 3) a nol ecul e having binding affinity for a given analyte
(as di scussed above; exanpl es include an antibody or antibody fragnment or a
nucl ei cwactegortashelt Woaling T aqhii¢dus B@iutiohor Wax pradide, fopeRarhple, atsiMplehan one
type of nolecule having binding affinity for a given analyte, for exanple
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given analyte. The kit nay also conprise nore than one type of corel shell
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described in nore detail by reference to the 1'or1 OWi ng, non- limting,
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Figure 1. TEM_ overvi ew of CdTe/CdS NCs (a) and HRTEM i nmage (b) of a single
CdTe/ Comlwiano dnips Narsaturptgdr €461 palytior hatnipkhl 8.4t Bbithe t pregenced¥E Fnd

CdTe/ CdS NCs under WV radiation in air. Figure 3. Tenporal evolution of
powder nfercaptophiopianartacth (MRARrassaoftaliiding aagent o ehGdiSich®s ofajbeCdTe 24-h
refluxed; (b) CdTe/ CdS 24-h refluxed; (c) CdTe 96-h refluxed; (d) CdTe/ CdS

96- h r efrevisady rdhatdd ?@rﬁ&ﬁ@” 8dirs Hofeat With leff&ehd fedd @B Gbtaidgli by cubic CdS
(top) and cubic CdTe (bottom. Figure 4. Schematic di agram of a gradi ent

al | Oye%o@x%ﬂin@iﬂe Flffelxbd GRIECHPA tytp'i&f] eﬁ)éri‘ﬁlent, 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 corefshell NCs (Figure 1a) show that these NCs have
narrow 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 fringes and
remain fully crysfallin’e after shell grm%rth (Figure 1b). The quantum yield was
increased 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 shifted by
40 nm from 550 nm to 590 nm upon shell growth, which is 17-nin less than that of the

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



CdTeScore and CdS shell. Figure 5. Schematic diagram of a honbgeneous core,
interface zone and shell. Figure 6. Nanoparticles of different sizes

synt hesi z &0 YA dus met hods. Exanpl e 1: Aqueous Synt hBSTAG0S0B03E2 CdS
Core/ shell Nanocrystals with Hi gh Lum nescence and Photochemi cal Stability
WO 2006/ 054952 PCT/ SG2005/ 000382 1314\ report shell coating in agueous
solution. We provide, for exanple, a sinple nethod to coat CdTe NCs with
CdS in aqueous solution to yield photo stable CdTe/CdS core/shell NCs with
a phot olthef phetpluminescencgnpaak mfsCaby/€dE MEGs twest alaiostGeteaticalits thatred bETe core
was synthesized in water by injecting freshly prepared NaHTe solution into
N2- sat ucatesdinGut@lizy St uhd sirellagroph Beadtiom didaocipease sipaifafinBvariation in

mer capt opropi onic acid (MPA) as a stabilizing agent by nodification of the
previ ousiys signdEtiediappr oach. 11 C&Te cores with different sizes were
obtained by controlling the refluxed tinme. In a typical experinent, we
precipitated the CdTe cores, which are approximately 3.4 mm in dianeter,
with 2-propanol after refluxed for 12 h. The cores were then washed, and

then redj.ssol ved i ter f.or ,coating a shell.. Fo h n LS, a
o ut | ot SapRERSys fhyge BayproRiivansdopStebiit) PHOAROE S IEEITREE" Lo eous
sol ution containing CdTe cores; the reaction m xture was _then refl uxed

until 2hevasohpraticadly wprewed Bhal po gporeHhar dsh (agrmydized BLhNFEYS: The TEM
i mges of CdTe/CdS core/shell NCs (Figure |a) show that these NCs have
narr ow 90%9 foit &ired toudvenn® hior leom/shell NCy encubared dydhe pxticadiro mesdribk8% \When
the shell growth reaction was allowed for 24 hours (h), the particle size
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coated the original core. The EM i mages i ndi cate that NCs have
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unsaturated Te atoms of the CdTe core. The unsaturated Te atoms were identified as
hole traps by optically detected magnetic resonance '’ and.are known to. be highly
susceptible to oxidation. '® Bvidence 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;a. 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 NCs are closer to the pattern of cubic CdS
than that of CdTe NCs (Figure 3, a & b); the tendency of CdTe/CdS NCs to shift

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

refluxing of 26 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 320068543 fted by 40 nmfrom 550 nmto 590 ruPCTREH0SMEE2

growm h, which is 17-nmless than that of the sane sized CdTe NCs (607 nu).
However, the full w dth hal f-maxi mums fwhm) of WO 2006/ 054952

PCT/ S&G2005/ 000352 14 the phot ol um nescence peak of CdTe/ CdS NCs was al nost
identical to that of the cores, indicating 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

( Fi gur e Th2)CdlesNGs poaparetiabsing oumhodifed idetivdwernict puhea0dTe brysedlimgl | zed PL
intensity > 90% for cores to over 10 h for core/shell NCs, neasured by

the progadywiét dﬁégv nfRcH CRITBIN)OMbYrysthfs Blted RDERONEND paAlaYankgskhat a
conpl ete outer CdS shell was probably formed around the CdTe core, which
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by elenmental analysis using inductively coupled plasma atom c absorption.
The nol &tedia lgdite paitiabaydrelysss of ﬂ@cﬂ?@l%mf e nsmporption of ikswBirpe 3: 1: 2
and 5:1:4 at 24-h refluxed, then changed to be 4:1:3 and 11:1:10,

r espect ifwal yhe dhivkmaleqlasl dngdabe grefingxaamgpadicRs. n thisestG@ly,athd Sreont ent s
of CdTe/ CdS NCs are much higher than that of CdTe cores in the sane

r ef | ux egrépaiiitioh adEcondugte® i titdprésdneé aF WA Yat toH 8l0~8diSfozhl1tast gpawn over-
the CdTe core. XRD patterns (Figure 3) show the certain differences
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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 contained a high ratio of S element.
It is important to. note that prolonged 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 bﬂf 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 sheill materials. Consistent with this notion, we failed
in our initial attempts to 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



than that of CdTe NCs (Figure 3, a & b); the tendency of CdTe/ CdS NCs to
shift fromthose characteristics.of CdTe to those of US is nore obvious
after a pVoD dwgesIISY ef | uxi ng of 96 h (Figure 3, ¢ & d). WNXBCOBS06S8S2
PCT/ SG2005/ 000382 15 The CdTe NCs prepared using our nodified nmethod were
not pure CdTe crystalline, but nostqkikely m xed CdTe(S) nanocrystals
based on the XRD pattern analysis (Figure 3, a & ¢). According to the
literaturel9, prolonged refluxing of the aqueous colloidal solutions of

CdTe nanpeN yah dlesfotmied ba RS dloyad (T8 I$CHIWithNCaS-Sich hroagifice medi a
led to partial hydrolysis of the -thiols and subsequent incorporation of the

sul fur e DgutdisOonRioBC WabS bRt estehr%sﬂfso‘%eﬂgrogﬂs%oﬁﬁf ke Fﬁﬁ/ﬁ&:‘hn this

study, the core  preparation was conducted Inht resence o at pH

8.28.4 for. at ast i Jherefore .. it is rational S ulate that the
e NoSUEGR AL BRSNS feiial A58 spiehuel il oR ey Gl SREE RS W11 o
Te-rich core and radi ent increased sulfur distribution fromthe core to
the sur flagige ?&%ﬁ?ﬁ%‘?%’é’nt with the elenental analysis. described
above that the synthesized CdTe cores contained a high ratio of S elenent.
It is inportant to note that prolonged refluxing tinme resulted in further
enhanced content of S and Cd (over Te) in the CdTe NCs, suggesting the

f or mat i Gviatdriads aed Métheds: CdS-rich particle surface. Al though many I1-N

sem conductor core/shell NCs have been prepared in high tenperature

nonaque QAR 0PSB Rm BOREer@80 LN 9613280 RimiARUGANEIIBIMOISaditiae  Maj or
reason i s probably that the tenperature applied in aqueous synthesis was

the | at oRRBER R B o A (e IPe Pl arflinbl SelAES ne i 11
near |y pUrE PR At Al etcepils wit il oo figes MeTmRasnh) 't e
aqueous condition presunably because of the |arge

Measurements. Elemental analyses were measured on a Thermal Jarrell Ash Duo Iris

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 Electron Microscope.

Preparation of NaHTe. Sodium borohydride (92 mg) was transferred to a small flask;
then 2.4 mL of ultrapuwre water and 127.6 mg of tellurium powder were added
subsequenily. The reaction was carried out at room temperature. After approximately
5 h, the black tellurhun powder disappeazed and sodinm tetraborate white
precipitation appeared on the bottom of the flask. The resulting NaHTe in clear

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/ S&005/ 000382 16 shell can be formed on the

gradi ent WQ ¥PEBLRRTeS NCs with CdS-rich pre-surface unBEeFSaHOWEHus
condition. Based on these results, we propose that the CdS-rich surface of
these NCs facilitates the epitaxial 4growth of the outer CdS shell since the
|attice msnatch is close to zero. Materials and Met hods: Chenical s.

Tel l uri um powder (200 nmesh, 99.8%, cadm um chloride (99%, sodium

bor ohydCiTle dof8 ¥ nthSsisTeAcsepics foghRbns caldidal( Mid¥iod ITUWATL NTLRRAO! , and
Na2S were purchased from Al drich. Al chem cals were used wi thout further

puri fi catmdd; I n Ther mal
el | AR T Ty T e L s A A PN, (R

Spectro t e rded an..a Philips _.Agal yti.cal XPert

X ray dre e A BX hIBERoHEE o PR ¢ FuP e Beem Prigr Ll oiEin

Transm s3] I on roscope.. Prep i.on of NaHTe. Saqdi um borohydri de
(92 ng)OfSA}agg Fﬁéﬁg@% @&Wdﬂ%ﬂc W n #q%argaic?ftui&rwe yajerassusiadig it e wat er
and 127.6 rr_ghof tel lurium powder were added subsequently. The reaction was
carri ed8-8witha®.54 QR nbhe sedutian way added intp edivienmeead flask and degassesd ack

tel lurium powder di sappeared and sodiumtetraborate white precipitation

appear ewithrNg fer 30idio s eborh hembbatite. Aher drSdoliticnowdiaiEited fo A00RT
supernat ant was separated and used in the preparation of CdTe NCs.

Synt hes e - . 6/ 034952 P 00382 17
CdTe coll'ruzdeg%’gcﬂ%?{ds: ngs?lé/fqré@aggdf é}%%%e\é\%%?feoéogé}o%s\% U ?%%%? 191 a&ge NCs
T ¢ S iten et g, THe retulfing mbxtirs was fien Tatitred 19 promots the Sore

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 mM Na,$S, and 6.0 mM MPA in pH 8.4. The mixture
was degassed by Ny for 30 min, was then heated to refluxing until the cbmpletion 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 vacvum for overnight. For elemental analysis, the
above NCs powder was digested by HCI-HNO; solution. A colorless solution was
obtained. 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 nM CdC12 and 3.0 MM MPA in 100 m of ultrapure water
was adj usM2a0605#952 8. 4 with 0.5 M NaOH. The sol uti on waBCHEGEWSNHBE a

t hree- necked flask and degassed' with N2 for 30 mn at roomtenperature.
After the solution was heated to 10QgC under N2, 125 | of freshly prepared
oxygen-free NaHTe solution was injected rapidly wunder vigorous stirring.
The resulting m xture was then refluxed to pronote the core growth to the
desi r edys ngfocrfadads SPaY bilenathiesiatr. e sotifiqi Gals &dilfzed obyITRM mab _
concentrated by 4 tines, then precipitated and washed by 2-propanol tw ce.

The CdT ' j | bt d 0 5 o .0 mM
azs, SRR AP EDERRTL adied B9 W oln Bt B 30 i,
was then heate{i to refluxing until the conpletion of the shell at the

desi r ed"EIM i ckness. Characterization of CdTe and CdTelCdS Cor e/ shel |
NCs. For the XRD studies, NCs were precipitated by these procedures: the
sol ution was concentrated 4 tines 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 der vacuum for overnight. For elenental analysis, the . above NCs
povvderugvﬁ T ¥8st ed by HCI - HNO3 solution. A colorless solution was

obt ai ned. The Cd, 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 solution WO 2006/ 054952 PCT/ S&005/ 000352 18 of nanocrystals
was di | -(if) dlengleimatt. dihenT Rev.si98Bt $01180kd 8dhal yzed by TEM and di aneters of

t he nanocrystals were neasured by conmputer. In total, 174 nanocrystals
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Received 19 Septenber 2006 20 Clains 20 A nethod of providing a shell on

a sem conductor. nanocrystal core conprising the step of synthesising the
shell on a pre 4ously synt hesi sed core in an aqueous nedi um wherein
agueous synt he #%%f " the shell" i's ai ded by reducing lattice 5 m smatch

between the surface Qﬁetgdaeopggﬁl(ﬁ,@ a Benshg!d ’Serﬁ‘l@&ld of. rﬁglg;cég&ﬁ c%,ﬁ;ne i's
uc a

provided at the surface of . the previously-synthesi se core t the
lattice nismeAOBRTIFEE {heste of eyndiiesising shecshelhon ﬂmteénoﬁéjeeynﬁ@ﬂeedi @rq)meaail cted to
be | ess than thGeoul BlelihGCwhi:s nd t interior .-
(centre) of thagl %Oore -.Ihﬁ’w d E%&Hu‘sﬁ%g%ﬁ] t{tFeaslhr%ﬁl eﬁb r utcﬁg Iffﬂrll “erface.
‘zone is provi d?éfdmﬁyh betrrednethe sirfige of Hiee e mdjﬁlmgelhandahﬂndxdeﬂ%@hnqofsow des a
gradient alto r hod of claim.l V\,her ei e face zone
‘i's provided béﬁ %t(a hagstlhglsﬁ;mg E]‘F FREFOIR T EHhegised C%Srsg(g‘ ghoa ®ret hod of
cl ai m 3 wher eImISli’i?hGil lbalrwtehehe i:}m]end cltmﬂnferﬁi@&oae gr@djuﬁm tocld 1@5@ th51 thehe net hod

2, o bR BB S5l v Sy Pestsed
‘} } 1 | 2. The method of claim 1 wherein the interface zone is provided by synthesising

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

3. The method of claim 1 Wherem the interface zone is provided by syntheszsmg_ _

a ﬁthher layer ona core

15
4. . The method of claim 3 wherein the further layer comprises a gradient alloy.
5. The method of any one of the preceding claims wherein the previously-
‘ . synthesmed Gore is syuthesmed I an aqueous medlum
20 ' .

6. The’ method of any one of the precedmg claims wherem the predicted lattice
mlsmatch between the shell and the surface of the core is less than 20%, 10%, or 5%.

T ' The niethod of dlaim 3 whercin the previously-s;mthesiséd core is synthesised
25 ‘ psing a method comprising the step of prblonged refluxing in an excess of thiols in

" basic medium.

8. The method of any one of the preceding clalms wherem the core compnses a
o Group IEB-VI semlconductor |
30

; 9. ‘ _' The method of claim 8 ﬁhérein the core comprises Cd and Te.

' Amendét_l Sheet.
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20°6. The nethod of any one of the preceding clainms wherein t RCHS&005/800382
slattice msmatch-between the shell and the surface of tReceiwdeld Segtember 2006
than 20% 10% or 5% 7. The nmethod of claim3 wherein the
previ ousl y-synt hesi sed core is synthesised 25 using a nethod conprising the
step of prolonged refluxing in an excess of thiols in basic nedium 8. The
met hod of any one of the preceding clains wherein the core conprises a .

G oup. | I B-VI seniconductor. 30 9. The n@fhod of claim8 wherei n the core
conprises Cd and Te. Anended Sheet. | PEA/ AU PCT/ SG2005/ 000352 Received 19
Sept ember 2006,, 21.10. The methaod .of .claim9 wherein the core conprises
CdTeS. It, The tret ﬂ%‘amﬁﬁﬁg Al T?)“@}eéﬁ' © 076 PIESeR et n t he shell conprises
CdS 5.12. The nmethod of any one of clainms 1 to 6 wherein the core conprises
a group 111-V semconductor. 13, The nethod of any one clains 1 to 6
wherein the colle cdhprr@edany oupehleenssul wherdnthyshell compites Ca8g t he
conposition M r.xM, A wherein 10 a) M and M2 are.independently sel ected
froman el enent. of subgroup Itb, subgroup WVlla, subgroup Villa, subgroup
b or main.grodp | iThemethpdofeidio claiynstlembopherdie theabrroompssef PE0Ep when A
represents an~1ﬁ1¢§@[ﬁ(§0u9‘]§ct&he mai n group VI of the PSE, or b) M and M2 are
both selected froman elenent of -the main group (111) of the PSE, when A
represents an el enent of the main group (V) of the PSE,

“13.  The method of any one claims 1 to 6 wherein the core comprises a

A _ ' hoinogeneous teniary alloy having the composition M1,..M2,A, wherein
‘ ”} ; _ 10 a) M1 and M2 are indepcndenﬂy selected from an element of subgroup IIb, subgroup
Vi, subgroup Viila, subgroup Ib or main group II of the periodic system of the
elements (PSE), when A represents an element of the main group VI (ﬁ‘ the PSE, or
b) Ml and M2 are both selected frpm,a:i ¢lement of the main g;oup'(III) of the PSE,

RS

when A represents an element of the main group (V) of the PSE,
15  obtainable by a process comprising _
i) forming a binary nanocrystal M1A by heating a reactiloﬁ.lmixmre containing the
element M1 in a form suitable for the gencraﬁon of a nanocrystai to ‘a suitable
temperature T1, adding-at', this temperature the element A in a form suitablé for the
generation of a nanocrystal, heating the reaction mixture for a sufficient period of
20 | time at a tﬁmperatﬁre suitable for forming said binary nanocrystal MIA and then
_ allowing the reaction mixture to cool, and | R
if) 'reheating the reaction mixture, ‘without precipitating or isolating the formed binary
~nanocrystal M1A, to é suifable temperature T2, adding to the reaction mixture at this
‘ temperature a sufficient quantity. of the element M2 in a form suitable for the
. 25 - generation of a nanet;fystql, then heaﬁng the reaction mikf.uxe fora suﬁicient periad of

. time at a temperature 'suitablle for forming said ternary nanocrystal M1; M2, A and
- then allowing the reaction mixture to cool to room ,température, and isolating the - -

" ternary nanocrystal M1;,M2,A.

30 -v_1'4_ The method of any one of claims 1 to 6 wherein the core coniprisés a

- " homogeneous quaternary alloy having_'ﬂgt_e composition M1;,M2,A,B -, wherein

- Amended Sheet:
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15 obtai nabll e by a process conpri si ng i) fornming a binary nan®CE/SGA05000382
-by- heating a.reaction mixture containing the elenment M Rédgivd OrSepembeableds
for /the generation of a nanocrystal to a suitable tenperat ure-Ti, adding

at this tenperature the element Ain a formsuitable for the generation of
a nanocrystal, heating the reaction mixture for a sufficient period of. 20
tinme at a tenperature suitable for form ng said binary nanocrystal MA and

- then yy allowing the reaction mixture t8 cool, and ii) reheating the
reaction mxture, without precipitating or isolating the formed binary

nanocrystal MLA, Rasiiish g at 2, ad to th rea tlon
m xture at this )Eemeratufagelgdegtﬁ@?tk Fffte(agglﬂtaf‘t “f?gt‘ffﬁlée b\ in a

formsuitable for tshigrdd \qmarb@toupl’vmi sﬂ)gﬂﬁl@%wﬁ;hﬂgrouﬁahﬁafth@ﬁérloﬂﬁ the
i od of -a tenperature

reaction mxture for_a s ien er ,
suitable for form RGELP lrceﬁﬁ‘i* (lfprq‘fr)ro‘@i“?s"tsa@dl‘ﬁ b?thiwt&ﬁ&leﬂleﬁeﬁ al | owi ng
the reaction m xt umlﬁmgeﬁijvt&ﬂqmﬂ penperature, and isolating the

ternary nanocrys: INyO XxM2XA. 30 14. The nethod of any one of clainms | to
6 wherein the co )e %P&r?[%éée indepursiepide riesisd foumarerlmeny ofiticopain gwiupgt he

conposition M Lx Bihe
PCT/ SG005/ ooosszwﬁgggm Vggﬁi‘»gﬁ‘égga g?ﬁggg%%ﬁ:}“fgﬁ%@qﬁe DAL EWP ar e
i ndependent |y sel efDefthedskh @Aﬁl@bg@mwm@éssphepfshﬂggroup lib, subgroup Vila,-

subgroup VIM subgroyp up 1l per S of the
el enents (PSE); V\/nenldA I&lﬁﬁ%&%&{hhgm?pr gg%m‘flm%{ﬂe o &f[l - X?‘Higgnrral no

group VI- of the PSE, o reach in a form suitable for the generation of a nanocrystal

: " y 10 b. Heating the reaction mixture for a sufficient period of time at a
- temperature suitable for forming said quaternary -nanocrystal M1,
«M2,A By, and then allowing the reaction mixture to co.o'l, and
¢ Iéolating the quaternary nanocrystal M1; ,M2,A,B, ,.
I5 15 The method of claim 7 wherein the method comprises the step of introducing
. into an aqueous . mediam cbntaining the previously synthesised core a Cd salt, a
sulphide and a thiol. : 7
- 16, The method of claim 12 wherein the thiol is 3-mercaptopropionic acid (MPA).
. ‘} - 17. The method of any one of the préceding ciaims 'ﬁlﬂher compﬁsing the step of
M P ¥ o couplmg to the core/shell nanocrystal a molecule having binding affinity for a glven

25 18. A nariocrystal obtainable by the method of any one of the preceding claims

-comprising a core and a shell.

19. A nanocrystal of claim 18 further comprising a gradlent alloy interface zone
o between the core and the shell.
30 |

"-2_0. A nanocrystal accordmg to claim 19 wherein a molecule havmg bmdmg
‘ afﬁmty for a'‘given analyte is coupled to the core/shell nanocrystal
Amended Sheet
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5 b) M and M2 are independently selected froman el enent of tPETSGEZOEIONIGS2
“(11'1) of the PSE, when A and B both represent an-el enent gefeivEP19BefteailRe¢ 2006
- (V) of the PSE, obtainable by a process conprising a. Providing a reaction

m-xture containing the elenments M, M2, A and B each in a formsuitable

for the generation of a nanocrystal, j p 10 b. Heating the reaction m xture

for a sufficient period of tine at a tenperature suitable for Form ng said

quaternary nanocrystal M1_. M. AyB, _y a&8d then allow.ng the reaction
m xture to cool, and c. Isolating the quaternary nanocrystal M

] _XM2xAyBl1_y. 15 15. The nethod of claim 7 wherein the nmethod conprises the

step of introducing into an aqueous nedi um containing the previously

synthe3|sed coek a ALdompdsitiond of claim -
12 wherein the thiagl i sﬁ(L mer gg%%[ﬁg%?%g?aosﬁ:age g’%rg/gﬂ ?M?CIYJBE% %%&Iggl'ge met hod

of any one of QW@mﬂﬁé@éﬁﬂ%g claims- hither conprising the step of  coupling
to the core/shell nanocrystal a nolecule having binding affinity for a

gi ven anal te 2.5 18. A nanocrystal obtainable by the nethod of any one

of the precedi®y cliafigigstionckihpmipsising aamelshﬁ manebrytes heblding 10 clasnanger yst al

of claim 18 f ot aIon interface zone between the
~core and the §%§P?£a§%ﬂ§5h&kﬂ%gﬁ%g g accordlng to claim19 wherein a

nol ecul.e havi ng bi ndi ng afflnlty for a glven analyte is coupled to the

core/ shell nangcrysta nded Sheet
. % yi é lat of p comprising l? a oorelshell nanocrystal according to claims 18,

19 or 20 or a composm@n accordmg to claim 21 .and either or both of 2) a hnkmg
_‘ “:% E 10 reagent and 3) a molecule havmg bmdmg affinity for a given analy’ce

S
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PCT/ S&0051000352 Received 19 Septenber 2006 23 ZJP. A_conposi tion
contai ning at |east one core/shell nanocrystal accor&%@oé‘()c@gi‘m@gl ﬁlﬁ
or 20.. 5 22. A detection kit conprising a core/shell nanocrystal g2
to clains 18, 19 or 20 or a conpositionaccording to claim & A= Ki t
of parts conprising 1) a core/shell nanoibérystal accordi ng toiﬁmw 19
or 20 or a conposition according to cl i{n 21. and either or both of 2) a
linking ) 10 reagent and 3) a nol ecu strctvi ng binding affinity for a
gi ven anal yte. Amended Sheet | PEA/ AU Abstract Methods The present
invention relates to nethods for fornmyagegere/shell sem conductor
nanocrystals (NCs) or quantumdots (Q@s); to NCs/ Qs formed using the
nmet hods; and ththe uses of such NCs/(QDs. A nethod of providing a shell on
a seni conduct or RaRGERY sinntien rrelatesnar insétingist foe BingiRg fore/SHENt H&Ribdnalidort e
shel | on @apoessiatuibios) SydvahB &R Ao NEsRIDASHHE U g B hilloat' St 1! the

uses of such NCs/QDs.

A method of providing a shell on a semiconductor nanocrystal core comprising the step of
synthesizing the shell'on a previously-synthesised core in an acqueoﬁ‘é medium,

Fig. 1




