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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in the optoelect i.c field, fo s, disgussed jn 2004/ 039830
and Vo SBAPEERoRICh g Ratin Aol DR CE oD et st B kot anp
are curr gid fothe BQIsG seddCeext ensivel y due to their size-tunable em ssion
properties.  Varying.the size of the nanocrystals allows the em ssion
wavel ength to be tuned whilst the, absorption characteristics remain
simlar. A single |ight source can therefore be used for sinultaneous
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I.e., the organonetallic synthesis based on the high-tenperature
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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 easyopteclseitanic (feld,| for gyampleons disensselidou¥a y2A04432838pmrch aWkies

produce ¥54/8654395 Ul 8l EnRbndiRl S I;EagocrystalS, for example, are currently

‘being studied extensively due to their size-tunable emission properties."™ Varying the

o

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



nodi fy the surface properties of NCs sinply by changing the stabilizing

nmer capt o- conpounds with appropriate free functional groups. These are
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wat er - sol ubl e NCs and versatile functional groups for bionolecule
coupling. Since 1996 when the aqueouszhsynt hesis of CdTe NCs was first
reported, | ) significant progresses have been nmade in the preparation of
WO 2006/ 054952 PCT/ SG2005/ 000382 2 thi ol -capped CdTe NCs. However, | acking
of the daglicaghaauelirt INESHBvE erhiigiking Hmtﬁlaeae_ﬁfyaeqﬂaggtwm whigl dspand

phot ostabi | ity hinders many potential applications. e nost common net hod
t o enhanieningseensp iquariipyighisrand ehotsistabil iy hisiesnmaniCypoientialappbicaitions. hi gher

band ga hel |. on the car ariicl usi ng or I C nt het i ocedures; a
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dramat i c@jak ¥ highee baRELH HRlllod te carbpHrichy hahs sraantt Hhdicdistpabdediey; due to
elimnation of the core_ surface traps by the shell. 13,14 Provision of a
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appl | Catd;BRgees MANPHR! qudntuch 10188 284 SAbioYERINILLSES clifliflidod ofBE SoRC! | NCS
can be prepared 1 n aqueous solutions to | nprove the optical  properties of
NCs. Recsmnfaty trafid be/the Shelhd > Pgvadicin 5f weberes basd gap whel is etk wed by an
aqueous- grganic brid approach. 15 In this nethod, the cores synthesized
‘by an aq‘&%&‘g’é‘ to r%ﬁ%o@twé?ﬁr%l%ﬁg%arl@%ﬁ-f eXgladbis PSh PR Y5t Wﬁe@?rgam c
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t he bot hlcolr e (g)grr%l\}vt hﬁgrfd S %{?re%?ﬁégﬁnna t&g?doscessttladsﬂgitﬁoigl ueouglegﬁ)ldﬁfﬂi on. W
report givepdriieoefiiN@s) i n aqueous sol ution. 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 tinmes nore than that

of CdTe _ NCs. W _consider that the CdS-rich f’;.)lre-surfa.ce | ayer of CdTe
cores, dresnidy GAle/Zny andbidEeledans werecupressinbn synthesizes by ay aguedttci al rol e

in pr Om)&rhﬁlﬁc tﬂ}%riﬁ:da%p%h%kxl.‘s 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



growh by mnimzing the lattice msmatch. The shell growth dramatically
enhanced both |um nescence quantumyield and photochem cal stability of

t hese NCs WoMIa0E52t 0 t he cores. The CdTe/ CdS cor e/ shel PCRSE2@s580882d by
this method showed the highest quantumyields (>50% anong all NCs

synt hesi zed in aqueous condition. This nmethod can al so be applied to the
synthesis of other Il - VI sem conductor core/shell NCs in aqueous
solution. Inportantly, by pre-nodification of the surface |ayer of core
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phot ostabl e, highly |Ium nescence core/shell NCs in aqueous solution. These
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chem stry approaches to synthesize NCs for various biotechnol ogi cal
applications. A first aspect of the invention provides a method of
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nanocry e’ shell 1s considered to enhance considerably the opti cal
properties of the nanocrystal. For exanple, the shell is considered to

enhance J.um nescence quantum , yield., The shel | i | sQ Lder to
enhance PHot*SEHERAREPT sRalsFP, .c%’orbeefﬁ'npqu?dw&%{‘}& s‘}%‘ﬁ&gé a shel | on
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| um nescence quantum yi'el d and photochem cal stability, as shown in the
Exanpl es. Synthesis of the shell in an aqueous nmediumis considered to
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considered to_produce water-sol uble nanocrystals, w E)tl t h% possi tii lity of
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



nodi fyi ng surface properties by providing different free functional groups
(for exanple by using different stabilising nmercapto-conpounds with
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and free functional groups aids the coupling of bionpolecules to the
nanocrystals.. In an enbodi nent the p@reviously-synthesised core is also
synt hesi sed i n an aqueous nedium Advantages of synthesis in an agueous
medi um are noted above. W consi der that aqueous synthesis of the shell is
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providing a nodified core on whic een provided a surface | ayer which
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surface on_which it _is provided.is reduced relative to the predicted

| atti ce thy Wdiccendichakiiecpre. Shis s cansideredhto aid femagion(of ¢t stell. of the core.
This is considered to aid formation of the shell. Accordingly, an

enbodi nent of the invention provides a nethod of providing a shell on a
sen condusoalinglpnacenmbadimet off the kaention ?rdvﬁﬁés REBEROY of ?fﬂi’i&lﬂg WChel
nanocrystala) core conprising the step of synthesising the shell on a
previ ouSPy 2 SymspRchetay RasoErysil affor gereenle na diwmipesdsnat etemieonduntosr f ace
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interior ent of .the core.. T
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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



continuous gradient of alloy conmposition between the centre and surface of
the core. In this case, there may not be a distinct boundary between the

i nt erf ace WAt he central nmaterial of the core. AQBEHEG2WENHEEE nay
be particularly useful in synthesising gradient alloyed cores. The

I nterface zone may alternatively be!provided by synthesising a further

| ayer on a core, for exanple a honobgeneous core. For exanple, a core nmay
be synthesised using non-aqueous techniques. An interface zone nay then be

synt hesiged. Qi ﬂrlé1ﬁ'1ter?é2:.@ %né,%? g?%t@@iﬁ lagvld ;ﬂﬁé %‘kﬁeélagﬁgﬂ"ﬁ% Leg?cl %Wﬁ arfd® generate

a lower predicted lattice r the interior of
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determ ned by testing conbinations of core and shell with different
predicted lattice msmatches. It is considered that the predicted lattice
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the interface zone nay have a proportion of sulphur or Se that is

i nternmedi ate between the shell and the core to be coated. Accordingly, an
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nanocr y&i-ai ) sevoicendiRfqd’ inghdgydtile (fdre@xamphy i NRgiisdsoghit Bemiballctan a
previously- synthesised core in an agueous_ nedi um V\Qer ein the qr edi cted
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than 2024, 1pERler Yo 165 %ﬂl%h ol -eber tdhan 5%
Latti cgs m srgrigt cﬁﬂﬂ.’lﬁyn t?gl %?&gglﬁ%tl% usi E%Hekéé?@%?rg%ﬁt%‘?éﬁﬁgoéﬁt&%e core and
shel | . I@#wgen 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.



for exanple, Terheggen et al (2004) Interface Science 12, 259-266. Lattice
m smatch can al so be cal cul ated by determning the lattice constants of
core and ¥HePW06/05498%pectivel y, by using routine x-ray di PEF&62005/800383 hod.
The conbi nation of core and shell may be determ ned by whether it is

possi ble to achieve a | ow enough levgl of lattice msmatch to enable the
shell to be synthesised and to provide desired properties, for exanple in
relation to | um nescence QY and photochemical stability. The core and
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appl i catg S Typically the core and shell nay have different conpositions.
WO 2006/ 684952 PCT/ SG2005/ 000382 6 In an enbodi ment the core comprises a
G oup. Il-VI sem conductor. A nunmber of I1- VI sem conductors have been
synt hesi zed i n aqueous nedi um The core may conprise CdS, CdSe, CdTe, ZnS

or ZnSe.. hal, | CdS Z ternatively, the
core canAE(g)ﬁn%lﬁ?gg thgg%‘oup P Feagrﬁu %@SSPH“F@JC }'ca @‘aﬂ} & Weore can
conprise Cd and Te. %%(ﬂldr cncorrprlseacatlon( ), and a

oo b ¢ oA afbrisd, (B g T " g enn sampese fisalen (Ghaeg, Handde. Cis,
CdSe, CdTe, .ZnS, ZnSe or mxtures thereof. The core can bea ternary or
quaterna?fyo%($o%§e)ﬂeﬁ¥b&®ﬁals Ssaprd Jien Fhe leereatmey eonipeive dS, Clse, core can
conprise, for exanple, a gradient alloy of CdTeS. The shell may conprise
CdS, ZnIdTe SmSoZnSnGemixturesiherenfe The kefeanh bAs: t&magxﬁf’@iatbm&f}%lloyed

previ ousl y-synt hesi sed core can be synthesised using a neth

i nanocrystal 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



conprising the step of prolonged refluxing in an excess of thiols in basic
medium It is considered that the prolonged refluxing my |lead to parti al
hydr ol ysi ¥3006/49%2i ol s and subsequent incorporati on oPCERE2M0H0MEE from
the thiol nolecules into the growng nanoparticles. This may lead to
formation of a gradient alloyed core, 7for exanple a gradient of sul phur’
within the core, with increased sul phur levels at the surface relative to
the centre of the core. The longer the reflux time, the greater the sul phur
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that the prol onged refluxing generates a core surface that has a | ow
lattice msnmatch with the shell lattice. Accordingly, the

previ ouslgy e, _ i ent alloyed such.that lattice
ni smat ch S%%??A&geﬁ&ts he s&%?ggg o? ?ﬁggé%%e&)gﬁﬁf ﬁ}éa/“s‘ &4 Eﬁige ﬁ‘?rgdfqh@ﬁ% to be
| ess t ham Be%prpedbe rraition| eSsodiviarbotepderde 3 BlehihA Jowdel OWhizakENg a

a CdSe core, NaHSe can be forned by

Sel eni um ca I ni ng, core, .for exanple ¢

reacti ona'g‘f‘%% %@F‘Bﬁyé‘{f’i‘%&% &8 erarred oWty an epdlegous svay tavihe| abl e
from Al didaetion HisddiuBRGbi f@ﬁ]ﬁ' d | N4&n ogous, way to the
reaction of (;%dj um gor%hi%?ﬁﬁg@v‘\ﬁﬁ te P&Pﬁ#ﬁh%ﬁbmagﬁﬁ%e “t8R then be
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US- cont af R eDRRudbUiE sBED bt 5 BubaTHetr\ohs Gona Qe comammingese al kal i ne
condi ti oosre vasuld $eGbbtdindd1®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.



Examples, a small anmount of S is released and reacts with Cd to deposit
CdS. If the MPAis replaced in this reaction with the correspondi ng

sel enopr opYQMI0603IFH, then a CdSe core is obtained. HowBGESG2005/000382

sel enopropionic acid is very toxic, and has poor stability in water, so it
I's not recommended for use as a stabigising agent. As an alternative to a
sul phur-contai ning shell, a Se-containing shell may be forned. It is

consi dered that an Se-containing shell can match the lattice of the core.
To neke A IadBe aspesitof thednhendonprowitles the asd dB-menaptbpropittie abdavRAs may be

used. The,Na2$S can be ced with Na2Se (sodium selenide). It may al so
be desi r’:_?b%%ij“?leste(btll)aagéﬁ%)(ﬁiﬂﬁgﬁrﬁ?é‘d in the shell-forming step with the
correspondi ng sel enopropionic -acid, though this is not essential: because

CdSe can be fornmed nuch faster than CdS, there will be only a little
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w ll be g.nqk | nt, N t.he shell. The .sel enoproprionic acid can
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repl acenent of MPA by sel enoproprionic acid is not considered to be
essential. WO 2006/ 054952 PCT/ SG2005/000382 8 A further aspect of the
i nvent i ohi$FYY AR SOMEISE 4B alipy 35 sek eudn oY PopildR 14938 Thunmhy corencathe

t hesi . . . al i t
oo o Suitisd aHififHechoRRNARRIBY hablle nd UG BT M0 A Slda 000 © PR
| nAs or a)iMi ané M2 heriadépendbralyceltaiofion nfeldment dF sabdroyp HS, ﬁﬁﬁgr(ﬁlﬁbf in WO
a

2004/ 05 3. Thus, ‘bglia corbe ca conpri se a honpgenequs, ternary | oy
havi ng t hedc Py V8 jubgroupplbor piaRy giowp 14)oiNhe perodip systemi difisendent | y

2o oot b e, ClrSuotp okt Ryt VI PRI 11T
when A rogvid sedtd? are itk seleticd fironh en ehimeny b the Mhingfroaph @PSEtheoPSH) M and
Ve are Rohh RShSEIAt 4 QAR iR Rah Shup &%) dRhIpgECUP (111) 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



when A represents an el enent of the main group (V) of the PSE, obtainable
by a process conprising i) formng a binary nanocrystal MLA by heating a
reacti on WOW6E3Ydht ai ning the elenment M in a form suPEESGEEHEPBMHe
generation of a nanocrystal to a suitable tenperature TI, adding at this
tenperature the element Ain a formsguitable for the generation of a
nanocrystal, heating the reaction mxture for a sufficient period of tine
at a tenperature suitable for formng said binary nancrystal MA and then

al | owi ng t he ga@gt 6OMhe raefﬁéﬁ&se(ﬁsmcq%m Agnd B b&tﬁf}e&fegaﬁ ahBerh&RGJf On
m xture, wWthout precipitating or isolating the formed binary nanocrystal

MLA, to a suﬂh%tb‘laélgr@ﬁpéfrlafﬂwd)sﬂoraddl ng to the reaction mixture at this
t enper at ur uf f,i.ghent ant t | enent, MP form sui table for
the gener §} E nafgné%qcté%’i“gelnﬁy ,eeﬁgﬁeé?rf‘nad‘ ?lﬁ@ef‘ee%gf o &1 Pe for a
suf ficient pe(mp@mfe PSE meﬁtA and PB&thatpresent bhtedbhat fofithd fHald pebupai d

ternary nanocryst al and then allowing the reaction mxture to

cool to room( ﬁﬁ&eﬁﬁébfam@blei@bﬂﬂmﬁﬁj@mmm@rnary nanocrystal M

(as al so_descri hed o Vinga B Gulials FOMRIAGHFcLRRATRAr VP DY 211 oY

i _xM2. AyBj -, V\/ner eiach A)a fdkmanilaie farthe pastegtondsy danosgkatt ed from an

el enent of the sulgraup subgr.oup Vila, subgroup VIII a subgroup | b or
main group || og t t’B%r‘LBdFEC% %@@f@ﬁ%ﬁﬁ‘ﬁé‘?‘ﬁw%g E"‘9"ﬂ‘system of

the el ements (PSE)em, %}%E §uﬁlﬁi p E?j&]f he main
group VI of the PSE, " or f 8P%H%frhg %aﬁgl:tgﬂ ently sg{yect eNd[[lfrom an

el enent of the nmeBgAgﬂBJ;g,an(ilthén)alhfwmgﬁld:iSE;uwmmhmmdmﬂ &wt h represent an
el enent of the main of the PSE bt |.N e by a process

conpri sing a. 0\;?95 L#Beﬂ ogrysiak ﬁ%&%’gﬁ"the el ements M, M,
A and B

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



each in a formsuitable for the generation of a nanocrystal, b. Heating the
reaction mxture for a sufficient period of time at a tenperature suitable
for form M 3WESHBRt ernary nanocrystal M1- . MXAyB, y BRHESGRWA03Bbwi ng
the reaction mxture to cool, and c. Isolating the quaternary nano crystal
M i.XM2xAyBi _y. Preferences in rel atfilon to these core conpositions are as
set out in WD 2004/054923. Wen the core conprises a group |1-Vi

sem conductor, the shell nmay conprise CdS. 1In this case, the nethod nmay
conpri se2RNePdiie fresriungiionahgmayps eambe nspdetousd veuling oftHiempleewlicau Fby

synt hesi ged 90" &yp-&dEARN. .sul-ghi ._thiol rder_ of

addition 1s I%o’t QCI??’:( i cal .- %&ruz’agi? Wﬁ@gﬁ Bm&r‘ﬁ} %‘%&%ﬁﬁﬁ'ﬁd unti |
the desi QEHCO HzN@mdim_sEchlﬁ],a@]birﬂ*lﬁﬂoﬁﬂ[ﬁnﬂﬁmoﬁ%u@.asUr ed by TEM or by
assessing optical properties, for exanple assessnent of quantumyield

(QY), photolum nescence stability or em ssion wavel ength shift. Exanples
of such ASgRESPY HFkRLS U re techni ques e indicated in

t he Exangiéneis. Al t@%}&}lat i vgﬁi}%&ﬁ?gl g%gﬁ%yrfaa?/g I%%srl}gﬁir?goéggl, f@ﬁ@&fﬂ Se, in
whi ch caleningsseiticsegréandustor mepicaystal) whtainableZBy $iad inetivd &iMBe SHbdfode i S

r epl aced.gﬁ\_ivith 8 ui{lval ent E‘? orrpoun&gs .. Athiol is necessary to provide a
functi onal® &Pbir%‘e oPOSHISH r@or\/\ﬁ‘ﬂn offHHBesGE s squpicondustnri Randprysiile t hi ol
I's consi¢leaiagble Oyhke GrRNE G Ak ' ! shel I')
but is not_ consi ger ed to formi{nﬁgﬁtinﬁltlggfg%m%lg%é%%d{%weﬁs(ﬁ'g?l%&eﬂ%gat hi ol can
be 3- mer¥¥Bi 6pweRy eempriseci dofuRedeous reoge nar terflkerons Gdrdbh @héili Ofhe

nol ecul e stabilisin nt,  Suitabl e exanples are

i ndi cat e rﬁﬁgllg%ﬁﬁﬁ%mgo%%o% %3? %?@%%@%WBP‘@G@P ey haye dewerD; f f er ent
thiol s wirystaliifit? o6/ @bdSedl REbSTR0 i g ' e

function groJ%s can be used to ai d%%%??ﬁ‘&gé@n%%fgﬁgﬁgﬁw

|
exanpl e, PeDIeREsy 1piN- prnsewistals/QDs NHivrHOSEmplot diminefBniHRerik B,
QD- COOH 1Ry 3R obta MR 1) aquOBRid HR AT s B e TRl §CU Bl o 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 ! ¥



A further aspect of the invention provides a core/shell nanocrystal (for
exanpl e |um nescent sem conductor nanocrystal) obtainable by the nethod of
t he i nventW@R006/8F82 cor e/ shel | nanocrystal (for exanpl e PGRISGIS5HA382

sem conductor nanocrystal) obtainable by the nethod of the invention may
conprise a gradient alloyed core andta shell; or may conprise a
honbgeneous core, an interface zone and a shell. The core/shell
nanocrystal s obtai nable by the method of the invention may have | ower

cryst al $pectrty (abrfor ahamebsjogited naredshel] shabayaiit of the thvestior), thateagbseous
techni ques,. byt . the quality of nanocrystals/ Qs (for exanple |um nescent
seni conEﬁ?@th’ftﬁ!‘er‘i‘SWS‘é?’y%‘?%\g‘é’ ngl¥iened by the aqueous nethod is considered
good enough for nost applications, if not all. The nmethod or core/shell
nanocrystals (typically |um nescent sem conductor nanocrystals) of the

i nvent | Datattayof spitalde dindlytaseamyd dpeciimbeihiling gpasindrsbwil hegbpayentajopthiosat i ons, as

wll be.a repnt to those skil I n the.ar shel I .synthesis
A s cotIRRG: B et g derebed dor rReheln g8 0 AH0U IR fir SriGisls i

Exanpl eﬁmﬁ%aphmms&blooe(' E%@ﬂa@éﬂ%éiﬂ%g%@ﬁkérﬁé}.' ons are described in, for
exanpl e, S 6,207,392 and 2004/ 039830 (for ‘exanple in paragraphs 0018
to 0020; 0070 to 0082). Further exanples are described in WO 2004/ 054923.
Thus, i : : ILRvent . furthe i.ses the
step. of DABREF ARG (s R Fin bRl VB il b TBE (B, L7
af fi ni t nvéstiondtoghe BidlechlbMavig: bihling deueity Fath@ hedyip a6y alee dekribed & shel |
nanocryst al obtai nabl e by the, nethod of the_ invention wherein_ a nolecule
havi ng” B3R 0at423n fer pagple iy pyagraph 60y highsalse, discusses BowHEkERg e/ shel |
nanocry . LHgak VA hadj L for a
a1 von sichte ma¥ I kb1 AR B 0 POl S e

cor e/ shalitableandiodkygt al ageht t hig | nkent bifondmnules skiag | afgint or ethgly3whi ch

O BBk SO k. oo e ASREE L 0B 1 11

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. .



spectrum (as for an unconjugated core/shell nanocrystal of the invention),
that can be wused for the detection of a given analyte. Details of suitable
anal ytes AY42¥8249%% ¢ binding partners will be apparent PETBRIYE0GHS || ed
in the art and are described, for exanple in WO 2004/054923, for exanple in
par agr aphs 0065 to 0068 (incorporatqg herein by reference). Exanples of

| i nking agents which can be used in joining a nanocrystal of the invention
to the nol ecul e having binding activity for the analyte are al so descri bed
in WD 20041054923, for exanple in paragraph 069, which al so di scusses how
i nki ng, . agents may be used. For exanple, as noted in WO 2004/05923, an
exanpl el 0&‘““%%??{%6511‘@1 qoih?k‘?lﬁﬁrf‘d&é‘?hy ngoppEEtad Iy skarenssal | i nki ng agent

et hyl - 3- di met hyl am nocar bodi i m de (EDC). Coupling using EDC can be
performed at room tenperature. The nanoorystals of the present invention
may al sBigoee legenlds n conpositions or devices as described in paragraphs
0070 and 0071 of WD 2004/054923. Accordingly, the invention also provides
a conposition (for exanple a plastic or |atex bead) containing at |east
one core/shell nanocrystal of the invention The invention also provides a

det ectiﬂ#,ﬂg SRR LY Sﬁ'ﬁeﬁ of the
i nventio The Fvgée%v%a%?ng/ es abﬁ t—r?@sMg%ln%? @l ng %ﬂgﬂen
core/s St conposition of the invention and either or
bot h of #el&gg%n%ﬁ%l %?IEagent (as di scussed above, for exanple. EDC) and 3)

a nol ecul e having binding affinity for a given analyte (as discussed
above; exanples include an antibody or antibody fragment or a nucleic acid
nol ecul e). The kit may, for exanple, conprise nore than one type of

mol ecul Benee 2 riﬂmmqlﬂémtr@l atfability 0§/Citibe and GdVe/CdSIECy taderfldV radisingl m sever al
types of nolecule each having binding affinity for a different given
anal yt esir.The kit may al so conprise nore than one type of corel shel
nanocrystal or conposition of the invention. The invention is now
described in nore detail by reference to the follow ng, non-

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



limting, Figures and Exanples., WO 2006/ 054952 PCT/8G2005/ 000352 12 Al
docunents referred to herein are hereby incorporated by reference. Figure
| egends FiYRPWAS49FEM over vi ew of CdTe/ CdS NCs (a) and HREESGRIPEHEO3DH) of a
single CdTe/ CdS nanocrystal. Figure 2. Photochemi cal stability of CdTe and
CdTe/ CdS NCs under UV radiation in 4@ir. Figure 3. Tenporal 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 r eerepdﬁ shek doktisg irp%qﬁécﬁlsls&ﬂltibat eWeprovidld, ot egafplef akyimile cubi c CdS
(top) and cubic CdTe (bottonm). Figure 4. Schematic diagramof a gradient

al | oyedye@og 1anebatCdTe NOECHRIN TdSdinPYqiibouStbRision! & i GhatosBable Figure

5. Schematic di agram of a honogeneous core i nterfacé zone and shell.
Fi gur e | e met hods.

SRS Ra gl gfé”ﬂﬁé %ﬁﬁ%ﬁfi‘fe/%é%% R B SRR T " o
Lum ne nce a Phot ochem St.abi | i t WD. 2006/ 054952 PCT/ 5/ 000382
13 e rdbar fhesﬁgﬁ s § S S YA GRS RS Ep TP PG earpl o, a
sinple nethod to_coat CdTe NCs with CdS in aqueous solution to yield photo
st abl e solyfisy ays dbrsepssied| CCk wplubHon photbl§-£ eimtthe eprssencenofj fres nore
than that of CdTe NCs. The CdTe core was synthesized in water by injecting
f r eshl ympreeptapegiodai-eeid IMRAJ ais & nstebiNPing asgamat byl wddifzasel wfi de at pH 8. 4
in the presence of 3- nercaptopropionic acid (MPA) as a stabilizing agent
by nodi fregiotilp Refriddngpproach. ' CdTe cores with different sizes were obtained by

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 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



previously reported approach. 11 C&Te cores with different sizes were
obtained by <controlling the refluxed tine. In a typical experinent, we
preci pi t ae290685¢87e cores, which are approxi mately 3. BCHIGRUPSHPEERt er ,
wi th 2-propanol after refluxed for 12 h. The cores were then washed, and
then redissolved in water for coatingf a shell. For shell synthesis, a
solution. consisting of CdCl 2, Na2S and MPA was injected into the aqueous
solution containing CdTe cores; the reaction mxture was then refl uxed
until  theephonlymingssencsf paekeofshéle/Cdb Nhe whssalmegt ilatical o thatrdsthe The TEM
i mges of CdTe/ CdS core/shell NCs (Figure |a) show that these NCs have
narr ow sb®s, nigating tiat olns shwilk frosvtlr edaatiow did heinctarsel sigaificati variaionib6% When
the shell ~growh reaction was allowed for 24 hours (h), the particle size
i ncreasegbd i didBuidn. to 5.0 nmin dianeter, suggesting a 0.8-nm CdS shel
coated the original core. The HRTEMinages indicate that CdTe/ CdS NCs have
wel |l -resolved lattice fringes and remain fully crystalline after shel
grow h (Figure 1b). The quantumyield was increased from 30% (core) to

over 50%. (with she|ll) .in nearly. identical sj 0 n c nied with
Che. i norbisdabseifiio dore B FRlanbie (iRmat e Sabliy O carERes oG BB, 't om
550 nmto 590 run _upon shell growh, which is 17-nm]ess than that of the
sane si 2@ dvasgirempiiepllycmmpravgd g époretthan flyh | (noFmalized s ¥R YNTM (f whim)

of WD 2006/ 054952 PCT/ SG2005/ 000352 14 the photol um nescence peak of

CdTe/ Cd80¥TSomamestonmar 10defur icomyshel) NOg nabuifet &y the peredimdicsaitiedg t hat

the shell growh reaction did not cause significant variation in NCs size

distri b?i}év%hsl |16 Tipgs ﬁH&%ﬁﬁﬁbﬂﬁigtgesté‘ﬁiaﬁakbﬁ’a}[ﬂété‘&ltﬂﬁeﬁgbhﬁ‘ﬂ WESHeBaystabi lity
of CdTe/ CdS NCs (Figure 2) was dramatically inproved fromno nore than 1 h

reasur odongr el 982 e opud Fhic Atk oiaGdaad SO BTl T
e coruseReg T4 HRPBIcR b ATe G SR Bsa e oREsoyrf dugrined &8 e
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).



unsaturated Te atons of the CdTe core. The unsaturated Te atons were
identified as hole traps by optically detected nmagnetic resonance 17

and. are kNOUN68543&2 hi ghly susceptible to oxidation. 18PE/PEUNEEIBEr shel |
grom h was further provided by elenmental analysis using inductively
coupl ed plasma atom c absorption. Th& nolar 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 nmuch hi gher than that

of CdTe cores in the same refluxed time frane, suggesting a relatively

t hi ck Cdheshild NCgposparaavigsing e hodified aiethoddErenait pRra€d TEicgsradlid, show t he
certain differences between CdTe and CdTe/ CdS NCs. Although the positions -

of the XRDm&k!18%Bs niked EATB(SHITROBGSaldBRLEAD Mies ST paticRENESSist he
val ues of the cubic CdTe and the cubic CdS phase, all "peaks of "CdTe/ CdS
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characterjstics.of Cd o those of . US is nore obvious aft.er .a.pr.ol onged
Ferl i RRlaaR opsof GRLe singgr il in et 93 oRe AT dio0a BEsass 15
The CdTe NCs_ prepared using our nodified nmethod were not pure CdTe

cryst al Medaa ledie patigkhydrplysis pf fhedhiplGymeubyeqvenioasgrepration 9 dhaswiirt he XRD
pattern analysis (Figure 3, a & c). According to the literaturel9,

pr ol ongdebm dli¢ whdioh gnaléculdseinig) ibo @sowing! hamiogattickes! [ itbissstody, Gdi€ecore
nanocrystals in the presence of an excess of thiols in basic nedia led to

parti al phpefatiopSiss @ndhéred i bR sresidde SENFRAURHH B8l alt 164t QR H.he sul fur
fromthe thiol nolecules into the growi ng nanoparticles. In this study, the

core  PURPREGE! 1l PRIGPRAIRERS: fal (e GIFSROSSyAnMER 8 dRtlsfifgssd for at

| east 12 h. Therefor I's ration to speculate t e NCs
synt hesi zed i n.t hi IS adient . al |l oyed CdTeS NCs, wit.h Te-rich
core an8 % G¥ g’&‘)@%{f q%?égégg%dwg‘fﬁﬁ t‘i?-“"&i ¥ i3 %ﬁp?rﬁgsego?@ﬁ’tro t he
surface... Ttg S. 1S cort}lsi stent with the el enental analysis. .
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



descri bed above that the synthesized CdTe cores contained a high ratio of S

element. It is inportant to note that prolonged refluxing tinme resulted in
further eNt@pweds498bntent of S and Cd (over Te) in the CHTESNBWS/O08038esting
the formation of a relative CdS-rich particle surface. Al though many I1-N

sem conductor core/shell NCs have begg prepared in high tenperature
nonaqueous approaches, none was synthesi zed by aqueous nethods. The nmjor
reason i s probably that the tenperature applied in agueous synthesis was

too | ovhtl can GeDfoembd enaht igeadict Ao9¥d ITAaESINEs il CdDRichiRe-a@ifRedue to
the lattice msnmatch between the core and shell nmaterials. Consistent with

thi's noty Ry aﬂ‘%gf.l@ddse& ditfbn?‘ﬁa(sjé@ bﬁitﬁéseattegﬁfg’é% gl%pﬁ%ahaﬁe t@?dgl}%ﬂ on

nearly pure CdTe core (prepared in a short r in the
aqueous ditjkan because .of the |arge | i, C i.smat,ch of
auon y TOBE b AReE IR RATES 2REHEl oV of i e Cs el SB55 M5 4052
PCT/ SGZ%OS/ 000382 . 16 shell can be fornmed on the gradient alloyed CdTeS NCs
wi t h Cddatice piypacR i54lo%ed0 28i0der an aqueous condition. Based on these
results, we propose that the CdS-rich surface of these NCs facilitates the
epitaxial growth of the outer CdS shell since the lattice msmatch is
close to zero. Materials and Methods: Chem cals. Tellurium powder (200
nmesh, 9vidtérialcamsdiMethedy:ori de (99%, sodium borohydride (98% ;
3-nercaptopropionic acid (MPA) (99%, 2-propanol, and Na2S were purchased

from Al dCh&hicatt! TelBRM BaNa00 tHSBI oWighA)Otantithi &1&@1&31@9%)5 SbditR:

Measurenents. El enental " anal yses were neasured on a Thermal "Jarrell Ash Duo

5 ol XoBRYP ol ELARISORE! G3) (FPAD SO PSURIE GNED o,
;\I-/IE(I\:/I r ng e%.e ‘ﬁ’ﬁcgﬁ%alfqr}% ﬁ?‘g‘?%azmeéﬂ smﬁgm%‘%gﬂ%&gﬁ 7 IEPE‘B}%‘%&ELS pansf erred
to a small flask;

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.



then 2.4 nL of ultrapure water and 127.6 ng of tellurium powder were added
subsequently. The reaction was carried out at roomtenperature. After

appr oxi maW) 300608952 t he bl ack tel |l urium powder di sappeaPElSaHYS8WISm
tetraborate white precipitation appeared on the bottom of the flask. The
resulting NaHTt in clear supernatantz was separated and used in the
preparation of CdTe NCs. Synthesis of CdTe/ CdS core-Isbell NCs. WO

2006/ 054952 PCT/ S&2005/ 000382 17 CdTe core synthesis: A series of agueous

col | oi daiTs adow ispithedis: Cl TeeriNEsof\@fiRous Yolldiasl Zsigtify oFdTATY NCLshky prepar ed
NaHTe sol utions to N2-saturated CdCl2 solutions of pH 8.4 in the presence

of NPA L) izl orBoded | | ) C12 and
5. 0 it T el o RN prebdel et B S0lobette M SR B 1k 0.5

NaOH. T i | nt hree-nesked flask .and degassed with
o tor S5 et SR BERE el Mirp e HERBE s BBV ERIEROTS 100 o
under N2 5.1 freshly epar ed oxygen-free NaHTe sol utian i njected
r api dl y°of hﬁgg}M\ﬁ%@% 61'&@?9'[1]11%1}’1% - gl ’Fg‘é’{hi??%e e oyas "\%ﬁ@tefiﬁevﬁ\@fefl uxed
to pronote the core growh to the desired size. CdS shell synthesis: The
col | oi d&# veéhr@ﬁ‘éll‘{amin"fmh@mm added intpy tarepingeksd flaskand gegashed t at ed and

washed by 2-propanol twi ce. The CdTe cores were dispersed in the solution

of 1. 25witMMEk230 kil aorbbdva ASmpaatr €. AfeMHYRALkHbnDWaS hdated e 10>AUr e was
degassed by N2 for 30 mn, was then heated to refluxing until the

of " CuTe R o 1R My et QBeh s Rt s TSR ' "

precipitajed, by these prqcedures: the solution s concentrated 4 tines
under ﬁeﬂﬁ°¥ ﬁﬁ“&ﬁ%@ﬁ%‘éﬂ%ﬁl@ﬁﬁé@rmvm thepreflemd, fo; pspmptesthe K8Es ne

cloudy; the nanoparticles were collected by centrifugation (10,000 rpm for
10 m n)grovls tecihie dogived siggy 2- propanol and dried under vacuum for overni ght.
For el enental analysis, the

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



above NCs powder was digested by HCl -HNO3 solution. A colorless solution
was obtained. The Cd, Te, S content of the clear solution was detected

wi t h i nduldXQ 86495498oupl ed pl asma (I CP) atom ¢ absor pt i onPCH8G2085/9¢0382

di stribution analysis, the solution WD 2006/ 054952 PCT/ SG005/ 000352 18 of
nanocrystal s-was diluted by water. Jge solution was anal yzed by TEM and

di aneters of the nanocrystals were neasured by conputer. In total, 174
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Claims 1. A nmethod of providing a shell on a sem conductor. nanocrystal
core corrpgdcsw%; thg ﬁ;@pﬂﬂfg synt hesising the shell on a
e

previ ousl y-synthési sed core in an aqueous nedi um wherein aqueous

h t.h d b h
it ace BP PRI & s RopBelEy Mo Lh ok Re £y 2 dfi To oMap ST deg at -
the surfac t he previoysl synt hesi sed core such that the lattice
i rmt ch SR Rridenttey o BB arodknMo -2k 76 s 2AeT, dOBaHHehe | ess

than the lattice msmatch between the shell and the interior (centre) of
the core. MY52. The nethod. of claim1 wherein the interface zone is
provi ded by synt hesi si ng

(15) Tsay, J. M.; Pilughoefft, M.; Bentolila, L. A.; Welss S. J Am. Chem. Soc. 2004,

126, 1926-1927.
(16) Aldana, J.; Wang, Y. A.; Peng, X. G J. Am. Chem. Soc. 2001, 123, 8844-8850.
(17) Glozman, A.; Lifshitz, E.; Hoppe, K.; Rogach, A. L.; Weller, H.; Echymiiller, A.
- Isr. J. Chem. 2001, 41, 39-44
(18) Resch, U.; Weller, H.; Henglein, A. Langmuir 1989, 5, 1015-1020.

(19) Rogach, A. L. Mat. Sci. Eng. B. 2000, 69-70, 435-440.



the core using a nmethod which provides a gradient alloyed cor RCESGRA85/000382
#ethod of claim1 wherein the interface zone is provi dedRéeivedtdSgitanber 2606
further | ayer on a core. 15 4. The nethod of claim3 wherein the further

| aydr. conprises a gradient alloy. 5. The method of any, one of the

precedi ng cl ai ms wherein the previously- synthesised core is synt hesi sed in
an aqueous nmedium 20 6. The nethod of any one of the preceding clains
wherein the predicted lattice m smatch2Between the shell and the surface

of the core is less than 20% 10% or 5% 7. The nethod of claim3 wherein
t he previously:- ]li%?f t hesi sed core is synthesised 25 using a nmethod conprising.
the step of pr% ged refluxing in an excess of thiols in basic nedium 8.

The nethod of Bny onendiodt be g{ IaNghapl aﬁr@s&ﬁg{ﬁh%} FoRk@1 GERPri ses a

G oup. | I B-VI sem conduct or. he net hod of alm 8 erel n the core
conmprises Cd aifEPRene ﬂﬂﬁ@ﬁ@éwﬂ%@@vg thephl]l m;ap@mwmw@@a@ze inRacei ved 19

Sept enber 2006aqugolis Qngdma,h@hé}ﬁﬁ OQQ I%I syﬁéh@éésnm}f%he &l ! arllded ucmﬁ ef%xnpeg gﬁgf i ses

CdTeS. It, The.nmethod any one erel n
'cdS. 5 12. fhe mﬂémﬁddbwe@nb}w ewrgicofof dheacars add the shellvland en ﬁhtéﬂftﬁe(ZOﬂiEEISCOITpl‘l ses

a group It~ C The t ho ai
“wher ei n t he C¥l’re &(;Qg n% Iﬁﬂé’%ﬁr?acé O%Bthe pt’CVIOql%y-S cgheslsezda Gore Yk %hat 11'1“S lajftl
mismatch between the shell and the ‘interface zone is predicted to be less than the

latuce m:smatch between the sheII and the interior (centre) of the core.

P

:;"‘\ } } 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

S Group IEB-VI semlconductor |
30 . :
s -9 _' The method of claim 8 ﬁhérein the-core comprises Cd and Te.

' Amendét_l Sheet.
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honpbgeneous ternary alloy having the conposition M r.xM, A MSE/SGR005/089382
-M-and ‘M2 are independently selected froman el enent. of Re&gveddd Ségiember 2006
subgroup VIla, subgroup Villa, subgroup Ib or nmain group Il of the :
periodic systemof the elenents (PSE), when A represents an el enent of the
mai n group VI of the PSE, or b) M and M2 are -both selected from an el enent
of the main group (Il1l) of the PSE, when A represents an elenment of the
mai n group (V) of the PSE, 15 obtainabl @by a process conprising i) forning
a binary nanocrystal MA by heating a reaction nmixture containing-the
elenment M in formsujtable . far the generation of a nanocrystal to a
suitabl e terrpfanr at J?%mﬁh?gﬁéﬁgﬂlﬁg whereinie cqre pRIRISE (19 he el enent A in a
formsuitable for the generation of a nanocrystal, heating the reaction

m xture for %foiimn$mﬂodof;20timam-atammamnesmtaMefor
formng said binar ﬁ?\%‘ﬁ@% grytors oflaima B ép Yuierein the diell somprises 48 r eact i on

m Xture to cool, and ii) reheating the reaction m xture, w thout
precipitating or isolating the formed binary nanocrystal MIA to a

sui t abl e t enpeat ude methodafiinypne of tliensrletadt Wipreimrihe coreacompriseh i group ,

t enperature a‘Iﬁmggﬂﬁ&,ﬁ@‘gcﬁpanti ty of the elenent M2 in a formsuitable for
the 25 generation of a nanocrystal, then heating the reaction mxture for a
sufficient period of tinme at -a tenperature suitable for formng said

t ernary nanocryst aty,. M and hen.,a] | owi ng.the reaction mxture to
cool to roomt%.‘rrpgilé% t?}e%?é%YSB %t".faﬁ‘(}f tlhlé’ gt@‘%&? ﬁ%é’ﬂ%c?%ﬁ‘ﬁs fn |

i _xM2xA. 30 ldomdgrecauetehady dfoy amngohecdipositid Ms, M2Q, Wherdker ei n the core -
: . "M

_ cofpri ses h enegus aternary. all havi ngt he conposjtion
| _Ly';%xAy B, .jaméflg"@f i Shardpalsaly foseat Abm o slomPcd 6 OBARESPERI ci ved 10
Sept enber ZOQG’IIaJ 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 of the PSE, or

b) Ml and M2 are both selected frpm,a:i ¢lement of the main g;oup'(III) of the PSE,

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 sujtable for the generation 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 temperature suitable for forming said binary nanocrystal MIA and then

allowing the reaction mixture to cool, and

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;fystal, then heaﬁng the reaction mikf.uxe fora suﬁicient periad of
. time at a ternperature 'sui.table for forming said te@m nanocrystal M1;,M2,A and

. ﬂ;e.u allowing the reaction mixture to cool to room ,temperat_ure, 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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22 a) M dand M2 are independently selected froman el enent ofPGHEG2003060382
-l'ib, subgroup Vlla, subgroup VIM subgroup | b or main gRedeved 198eptérmber 2006
perlfodlc systemof the elements (PSE); when AS and B both represent an .

el enent of * the main group VI of the PSE, or 5 b) M and M are

i ndependently selected froman el enent of the main group (I111) of the PSE,
when A and B both represent an elenent of the main group (V) of the PSE,

. obtai nabl e by a process conprising a. PP8viding a reaction m xture
containing the elenments M, M2, A and B each in a formsuitable for the

Qo1 clent pertodf aRF R e hoBot il ol RL B o s Ry o 0>
q_uat er na{y nan:)crysgll@kowmma sm{b@meyﬁ?lag saﬁgd)t vl Br AbinQupAI %fﬂiﬁe k/l%afcl on

m xture to cool, and, ¢ ol ati e quat er nary_ nanocrysta

j _XMexAyBl_y. 15 187 ‘rs?ﬁ ﬁ%‘ﬁ“ﬁg{ Bay: ﬂ%réiﬂ?f b repgestrt 2R sprewiglT | ses the
step of introduci nglemfm @tjwm pedi um cont ai ni ng the previously

synt hesi sedSt core aé’i:d salt, a hide and a thiolL 16. The method of claim
12 wherein X he -t B &1 #ud M2 g ing wﬁa@ps%teéfmmelm of tiROm4iF grofhe net hod
of any one of the mx%@ﬁlwgﬁcxb@en% ﬁ*ﬂ@é‘h |nglﬂ§| %glem% e§| mgIoPCOUP' ing

to the corel/shell nanocrystal a nolecule h I'ng a
given analyte. 2. S"JPﬁﬂleRSﬁaQb@embbtbalapw@mcmmmsmgby the net hod of any one

of the preceding claimg 1GQL8 and shel | cr yst al

of claim 18 further corrﬁ?‘l&ﬂﬂ%aﬁegédéga tconatff"iu ﬁ]telé’?lft%@é tween t he
core and the shel|. 30 eachina form suitable for the generatlon of a nanocrystal, ‘

J ¥ 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

C Iéolating the quaternary nanocrystal M1 1:M2A By .

I5 15 The method of claim 7 wherein the method comprises the step of introducing
into an aqueous medium containing 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).
20 . | -

. ‘} - 17. The method of any one of the p‘réceding claims further comprising the step of
jﬂé o -coupling to the core/shell nanocrystal a molecule having binding affinity for a gwen

' . analyte o : A '

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.
1 20. A nanocrystal according to claim 19 wherein a molecule havmg bmdmg
‘ afﬁmty for a'‘given analyte is coupled to the core/shell nanocrystal

- Ainended Sheet
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20. A hanocr ystal according to claim19 wherei n a nol ecul e havPOE/SGIEISIEN0382
«affinity for a:given analyte is coupled to the core/shel Reb@P&f 1y Sktember 2006
- Amended Sheet | PEA/ AU PCT/ SG20051000352 Received 19 Septenber 200 23

21. A conposition containing at |east one core/shell nanocrystal according
to clains 18, 19 or 20.. 5 22. A detection kit conprising a core/shell
nanocrystal according to clains 18, 19 or 20 or a conposition according to
claim?2l. 23. AKkit of parts conprising 2 a core/shell nanocrystal

according to clainms 18, 19 or 20 or a conposition according to claim 21.

and either or both of 2) a linking ) 10 reagent and 3) a nol ecul e. having
binding affinity for a given analyte. Anmended Sheet | PEA/ AU Abstr act

Met hods The .pzEsens doip&itiondnfafl S /shel I

sem conduct or ganocrystgls (NCs) O@%Jg&gﬁg?ﬂ@%@?@%{l&géﬁﬁaﬁ"aﬁ&f Ho

using the neth #s 3@ ok é0t he uses of such NCs/ QDs. A nethod of prow d| ng

a shell on a sem conductor nanocrystal core conprising the. stepof

synt hesi zing the shell on a previously-synthesised core in an acqueous

medi um Fi o 122 Adetechon kit compnsmgacore/sheli nanocrystal accordlng to claims 18, 19

or 20 ora composmon according to claim 21.

23. A kit of parts comprising 1) a core/shell nanocrystal accordmg to claims 18,
. 19 or 20 or a composm@n accordmg to claim 21 .and either or both of 2) a hnkmg
_‘ “} 3 10 reagent and 3) a molecule havmg bmdmg affinity fora given analy’ce
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