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a water Soluble Semiconductor nanocrystal capable of light 
emission is provided, including a quantum dot having a 
Selected band gap energy, a layer overcoating the quantum 
dot, the overcoating layer comprised of a material having a 
band gap energy greater than that of the quantum dot, and an 
organic Outer layer, the organic layer comprising a com 73) Assi : M husetts Institute of Technol (73) Signee assachusetts Institute 01 echnology pound having at least one linking group for attachment of the 

(21) Appl. No.: 09/865,513 compound to the Overcoating layer and at least one hydro 
philic group Spaced apart from the linking group by a 

(22) Filed: May 29, 2001 hydrophobic region Sufficient to prevent electron charge 
transfer across the hydrophobic region. The particle size of 

Related U.S. Application Data the nanocrystal core is in the range of about 12 A to about 
150 A, with a deviation of less than 10% in the core. The 

(63) Continuation of application No. 09/156,863, filed on coated nanocrystal exhibits photoluminescence having 
Sep. 18, 1998, now Pat. No. 6,251,303. quantum yields of greater than 10% in water. 
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WATER-SOLUBLE FLUORESCENT 
NANOCRYSTALS 

0001. This application is a continuation of U.S. applica 
tion Ser. No. 09/156,863, entitled “Water-Soluble Fluores 
cent Nanocrystals' filed Sep. 18, 1998, incorporated herein 
by reference in its entirety. 
0002 This invention relates to water-soluble nanocrys 
talline materials that emit energy over a narrow range of 
wavelengths. In particular, the invention relates to water 
Soluble nanocrystals that emit light in the visible energy 
range. 

BACKGROUND OF THE INVENTION 

0003) Semiconductor nanocrystals (quantum dots) whose 
radii are Smaller than the bulk exciton Bohr radius constitute 
a class of materials intermediate between molecular and 
bulk forms of matter. Quantum confinement of both the 
electron and hole in all three dimensions leads to an increase 
in the effective band gap of the material with decreasing 
crystallite size. Consequently, both the optical absorption 
and emission of quantum dots shift to the blue (higher 
energies) as the size of the dots gets Smaller. 
0004 Bawendi and co-workers have described a method 
of preparing monodisperse Semiconductor nanocrystals by 
pyrolysis of organometallic reagents injected into a hot 
coordinating solvent (JAm. Chem. Soc., 115:8706 (1993)). 
This permits temporally discrete nucleation and results in 
the controlled growth of macroscopic quantities of nanoc 
rystals. Size Selective precipitation of the crystallites from 
the growth Solution can provides crystallites with even 
narrower size distributions. The narrow size distribution of 
the quantum dots allows the possibility of light emission in 
narrow spectral widths. 
0005. In an effort to improve the photoluminescent yield 
of the quantum dots, the nanocrystal Surface has been 
passivated by reaction of the Surface atoms of the quantum 
dots with organic passivating ligands, So as to eliminate 
energy levels at the surface of the crystallite which lie within 
the energetically forbidden gap of the bulk interior. These 
Surface energy States act as traps for electrons and holes 
which degrade the luminescence properties of the material. 
Such passivation produces an atomically abrupt increase in 
the chemical potential at the interface of the Semiconductor 
and passivating layer (See, A. P. Alivisatos, J Phys. Chem. 
100: 13226 (1996)). Bawendi et al. (J. Am. Chem. Soc. 
115:8706 (1993)) describe CdSe nanocrystals capped with 
organic moieties Such as tri-n-octyl phosphine (TOP) and 
tri-n-octyl phosphine oxide (TOPO) with quantum yields as 
high as 20% in organic Solvents Such as toluene. See also, 
thesis of Christopher Murray, “Synthesis and Characteriza 
tion of II-VI Ouantum Dots and Their Assembly into 3-D 
Quantum Dot Superlattices’, Massachusetts Institute of 
Technology, September, 1995; and Kuno et al. (J. Phys. 
Chem. 106(23):9869 (June, 1997)). 
0006 Although semiconductor nanocrystals prepared as 
described by Bawendi and co-workers exhibit near mono 
dispersity, and hence, high color Selectivity, the lumines 
cence properties of the material is process dependent. The 
Stability of the photoluminescent property of the nanocrystal 
is a function of the nature of the passivating Species coating 
the Outer Surface of the nanocrystal. Known organically 
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coated nanocrystals are not robust and exhibit degradation of 
photoluminescent yield in Solution. This is likely due to 
dissociation of the passivating layer from the Surface of the 
quantum dot or degradation of the passivating layer resulting 
in degradation of the Semiconductor Surface. 
0007 Passivation of quantum dots using inorganic mate 
rials also has been reported. Particles passivated with an 
inorganic coating are more robust than organically passi 
Vated dots and have greater tolerance to processing condi 
tions necessary for their incorporation into devices. Previ 
ously reported inorganically passivated quantum dot 
structures include CdS-capped CdSe and CdSe-capped CdS 
(Than et al., J. Phys. Chem. 100:8927 (1996)); ZnS grown on 
CdS (Youn et al., J Phys. Chem. 92:6320 (1988)); ZnS on 
CdSe and the inverse structure (Kortan et al., J Am. Chem. 
Soc. 112:1327 (1990)); ZnS-capped CdSe nanocrystals (M. 
A. Hines and P. Guyot-Sionnest, J Phys. Chem. 100:468 
(1996); ZnSe-capped CdSe nanocrystals (Danek et al., 
Chem. Materials 8:173 (1996) and SiO on Si (Wilson et al., 
Science 262:1242 (1993)). 
0008 Kortan et al. describes a ZnS capped-CdSe quan 
tum dot which has a layer of thiolphenyl groupS bound to the 
outer Surface. The thiolphenyl groups were used to passivate 
the Surface and to allow the clusters to be isolated in powder 
form. Lawless et al. reported the preparation of CdS Semi 
conductor nanocrystals capped with bifunctional mercapto 
carboxylic acids HS(CH2)COOH, where n=1-3. TiO par 
ticles were attached to the CdS dots through the functional 
carboxylic acid group of the bifunctional capping moiety in 
order to promote interparticle electron transfer between 
dissimilar Semiconductor particles. 
0009. The quantum dots described above are soluble or 
dispersible only in organic Solvents, Such as hexane or 
pyridine. Many applications which rely on the fluorescent 
emission of the quantum dots require that the quantum dots 
be water-soluble. 

0010 Many reported water-soluble quantum dots suffer 
from Significant disadvantages which limit their wide appli 
cability. For example, Spanhel et al. discloses a CdCOH)- 
capped CdS sol (J. Am. Chem. Soc. 109:5649 (1987)); 
however, the photoluminescent properties of the Sol was pH 
dependent. The Sol could be prepared only in a very narrow 
pH range (pH8-10) and exhibited a narrow fluorescence 
band only at a pH of greater than 10. Such pH dependency 
greatly limits the usefulness of the material; in particular, it 
is not appropriate for use in biological Systems. 
0011. Other groups have replaced the organic passivating 
layer of the quantum dot with water-Soluble moieties; how 
ever, the resultant derivatized quantum dots are not highly 
luminescent. Short chain thiols Such as 2-mercaptoethanol 
and 1-thio-glycerol have been used as Stabilizers in the 
preparation of water-Soluble CdTe nanocrystals. See, 
Rogach et al., Ber: Bunsenges. Phys. Chem. 100:1772 
(November, 1996) and Rajh et al., J. Phys. Chem. 97:11999 
(November 1993). Other more exotic capping compounds 
have been reported with similar results. See, Coffer et al. 
(Nanotechnology 3:69 (April, 1992) which describes the use 
of deoxyribonucleic acid (DNA) as a capping compound. In 
all of these Systems, the coated quantum dots were not stable 
and photoluminescent properties degraded with time. 
0012. The unavailability of aqueous suspensions or solu 
tions of quantum dots with Sharp photoluminescent emis 
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Sions limits their application in a variety of water-based 
applications, Such as biological applications. In addition, 
aqueous Solutions can often be very aggressive chemical 
Systems and many of the known water-Soluble quantum dots 
Systems degrade, mainly by photoanodic decomposition at 
the Semiconductor Surface interface, during long exposure 
times in water. Thus there remains a need for water-Soluble 
Semiconductor nanocrystals which may be prepared as 
Stable, robust Suspensions or Solutions in aqueous media. 
There is also a need for water-Soluble quantum dots capable 
of energy emission with high quantum efficiencies, which 
possess a narrow particle size (and hence with narrow 
photoluminescence spectral range). 

0013. It is the object of the invention to provide water 
Soluble Semiconductor nanocrystals (quantum dots) which 
overcome the limitations of the prior art and which exhibit 
high quantum yields with photoluminescence emissions of 
high spectral purity. 

0.014. It is yet a further object of the present invention to 
provide a quantum dot which is readily Soluble in aqueous 
Systems and demonstrates chemical and electronic Stability 
therein. 

0.015. It is yet a further object of the invention to provide 
a water-Soluble quantum dot derivatized to provide linking 
or coupling capability. 

SUMMARY OF THE INVENTION 

0016. In one aspect of the invention, a water-soluble 
Semiconductor nanocrystal capable of energy emission is 
provided. The nanocrystal includes a quantum dot having a 
Selected band gap energy overcoated with a layer of a 
material having a band gap energy greater than that of the 
quantum dot and with appropriate band offsets. An outer 
layer is found at the outer Surface of the Overcoating layer. 
The Outer layer includes a compound having at least one 
linking group for attachment of the compound to the over 
coating layer and at least one hydrophilic group Spaced apart 
from the linking group by a hydrophobic region Sufficient to 
prevent electron charge transfer across the hydrophobic 
region. 

0.017. The outer layer of the nanocrystal may comprise an 
organic compound. The organic compound may be com 
prised of moieties Selected to provide Solubility in an 
aqueous medium, Such as a long chain hydrocarbon termi 
nating in a moiety having affinity for an aqueous medium, 
and a moiety that demonstrates an affinity to the quantum dot 
Surface. The affinity for the nanocrystal Surface promotes 
coordination of the organic compound to the quantum dot 
outer Surface and the moiety with affinity for the aqueous 
medium Stabilizes the quantum dot Suspension. 

0.018. In preferred embodiments, the compound may 
have the formula, H2X((CH),CO2H), and salts thereof, 
where X is S, N, P or O=P; ne6; and Z and y are selected 
to Satisfy the Valence requirements of X. In other preferred 
embodiments, the compound may have the formula, 
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0019 where X and X’ are the same or different and 
are selected from the group of S, N, P or O=P; Y 
is a hydrophilic moiety; and Z is a hydrophobic 
region having a backbone of at least Six atoms. X and 
X may include other substituents in order to satisfy 
the Valence requirements, Such as for example, 
amines, thiols, phosphine and phosphine oxides, 
Substituted by hydrogen or other organic moieties. In 
addition, the atoms bridging X and X’ are Selected to 
form a 5-membered to 8-membered ring upon coor 
dination to the Semiconductor Surface. The bridging 
atoms are typically carbon, but may be other ele 
ments, Such as oxygen, nitrogen, and Sulfur. Y may 
be any charged or polar group, Such as carboxylates, 
Sulfonates, phosphates, polyethylene glycol and 
ammonium Salt, and the like. Z is a hydrophilic 
group, typically an alkyl group or alkenyl group, but 
may also include other atoms, Such as Oxygen, Sulfur, 
Silicon or nitrogen. Z may be further modified as 
described herein to provide attractive interactions 
with neighboring ligands. 

0020. In yet another preferred embodiment, the com 
pound may have the formula, 

0021 where X, X and X" are the same or different 
and are selected from the group of S, N, P or O=P;; 
Y is a hydrophilic moiety; and Z is a hydrophobic 
region having a backbone of at least Six atoms. X, X" 
and X" may include other substituents in order to 
Satisfy the Valence requirements, Such as for 
example, amines, thiols, phosphine and phosphine 
oxides, Substituted by hydrogen or other organic 
moieties. In addition, the atoms bridging X, X and 
X" are selected to form a 5-membered to 8-mem 
bered ring upon coordination to the Semiconductor 
Surface. The bridging atoms are typically carbon, but 
may be other elements, Such as oxygen, nitrogen, 
and Sulfur. Y may be any charged or polar group, 
Such as carboxylates, Sulfonates, phosphates, poly 
ethylene glycol and ammonium Salt, and the like. Z 
is a hydrophilic group, typically an alkyl group or 
alkenyl group, but may also include other atoms, 
Such as Oxygen, Sulfur, Silicon or nitrogen. Z may be 
further modified as described herein to provide 
attractive interactions with neighboring ligands. 

0022. In yet another embodiment of the invention, the 
compound may be a block 20 copolymer. A first block is 
provided that includes a pendant group capable of function 
ing as a linking moiety, Y. A Second block is provided that 
includes a pendant group capable of functioning as a hydro 
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philic group, X. The polymer block Serves as a hydrophilic 
region. In preferred embodiment, the compound may have 
the formula, 

R 

0023 where X are the same or different and ele 
ments selected from the group of S, N, P or O=P; 
and Y is a hydrophilic moiety, Such as carboxylates, 
Sulfonates, phosphates, polyethylene glycol and 
ammonium Salt, and the like. X may include other 
Substituents in order to Satisfy the Valence require 
ments, Such as for example, amines, thiols, phos 
phine and phosphine oxides, Substituted by hydrogen 
or other organic moieties. The terminal groups R and 
R" may be any moiety. In particular, it is desirable for 
R to be a polar moiety due to its proximity to the 
hydrophilic block. Similarly, it is desirable for R' to 
be a non-polar moiety due to its proximity to the 
hydrophobic block. m and n are Selected in relation 
to the number of available coordinating Sites on the 
surface of the quantum dot. It is desirable that m be 
no greater than the number of available coordinating 
Sites and preferably no greater than one-fourth of 
available coordinating Sites. In typical applications, 
m is in the range of about 3 to 100. The value of n 
is typically chosen to be commensurate with the 
value for m. Thus, it is desirable that n be no greater 
than the number of available coordinating Sites and 
preferably no greater than one-fourth of available 
coordinating sites. In typical applications, n is in the 
range of about 3 to 100. 

0024. In another aspect of the invention, a water-soluble 
Semiconductor nanocrystal is provided in which the water 
Solubilizing layer is a bilayer, having a first layer of the 
bilayer having affinity for the overcoating layer and a Second 
layer of the bilayer having a hydrophobic region adjacent to 
the first layer and terminating in a hydrophilic group. The 
bilayer may include a coordinating lyophilic compound used 
in the manufacture of the Semiconductor nanocrystal as the 
first layer and a Surfactant as the Second layer. 
0.025 By “quantum dot’ as that term is used herein, it is 
meant a Semiconductor nanocrystal with size-dependent 
optical and electrical properties. In particular, the band gap 
energy of a quantum dot varies with the diameter of the 
crystal. In the naming convention used herein to refer to 
coated nanocrystals, the compound found within parenthe 
ses represents the core compound (i.e. the quantum dot), 
while the compound which follows represents the over 
coated layer. “Ouantum yield” as that term is used herein, 
means the ratio of photons emitted to that absorbed, e.g., the 
photoluminescence quantum yield. 

0026. In other embodiments of the invention, the coated 
nanocrystal is characterized in that the nanocrystal exhibits 
less than a 10% and preferably less than 5%, rms deviation 
in diameter of the core. The nanocrystal in an aqueous 
environment preferably exhibits photoluminescence having 

Nov. 15, 2001 

quantum yields of greater than 10%, and most preferably in 
the range of about 10 to 30%. 
0027. Upon exposure to a primary light Source, the quan 
tum dot emits energy of a wavelength characteristic of its 
composition and size. The water-Soluble layer of the inven 
tion may be used with nanocrystals having various combi 
nations of nanocrystal core and overcoating. The invention 
permits the preparation of a variety of water-Soluble nanoc 
rystals having a very narrow particle size distribution and 
exhibiting improvements in color purity and intensity of 
their photoluminescent emissions, as well as demonstrating 
robustneSS and Stability in water-based Suspensions and 
Solutions. 

0028. These and other features and advantages of the 
invention are Set forth in the description of the invention, 
which follows. 

BRIEF DESCRIPTION OF THE DRAWING 

0029. The invention is described with reference to the 
figures, which are presented for the purpose of illustration 
only, and in which: 
0030 FIG. 1 is a schematic illustration of the water 
Soluble nanocrystal of the invention; 
0031 FIG. 2 is a schematic illustration of several alter 
native embodiments of the water-soluble layer of the nanoc 
rystal; 

0032 FIG. 3 is an illustration of a water-soluble nanoc 
rystal of the invention having crosslinked hydrocarbon 
hydrophilic backbone; 
0033 FIG. 4 is an illustration of a water-soluble nanoc 
rystal of the invention comprising a polymethacrylate 
region; 

0034 FIG. 5 is a schematic illustration of a bilayer 
water-Soluble nanocrystal of the invention; and 
0035 FIG. 6 is an illustration of the displacement reac 
tion used in the formation of the water-Soluble nanocrystal 
of the invention 

DETAILED DESCRIPTION OF THE 
INVENTION 

0036) The present invention is directed to water-soluble 
Semiconductor nanocrystals that are highly luminescent and 
Stable in aqueous Solutions. The nanocrystal is represented 
schematically in FIG. 1. A semiconductor nanocrystal 10 is 
coated with an outer layer 14 that renders the crystal 
water-soluble. The outer layer 14 further is selected to 
maintain the luminescent properties of the nanocrystal and 
to improve the robustness of the nanocrystal in aqueous 
Solutions. An optional overcoating layer 12 may be used to 
coat the quantum dot before application of the outer layer 
14. The outer layer includes a compound 15 having at least 
one linking group 16 for attachment of the compound to the 
overcoating layer and at least one hydrophilic group 20 
Spaced apart from the linking group by a hydrophobic region 
18 Sufficient to prevent electron charge transfer across the 
hydrophobic region. Note that the hydrophobic group 18 is 
denoted for the Sake of convenience as a negative charge in 
FIG. 1; however, the group may be positively charged or 
polar neutral. 
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0037. The nanocrystal includes a semiconductor nanoc 
rystal that demonstrates quantum confinement effects in 
their luminescent properties. These nanocrystals are known 
as “quantum dots”. When quantum dots are illuminated with 
a primary energy Source, a Secondary emission of energy 
occurs of a frequency that corresponds to the band gap of the 
Semiconductor material used in the quantum dot. In quantum 
confined particles, the band gap is a function of the size of 
the nanocrystal. 

0038 Most of the II-VI, III-V and group IV semiconduc 
tors have been prepared as quantum sized particles and 
exhibit quantum confinement effects in their physical prop 
erties and can be used in the water-Soluble nanocrystals of 
the invention. Exemplary materials Suitable for use as quan 
tum dots include ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe. GaN, 
GaP, GaAs, GaSb, InP, InAS, InSb, AIS, AlP, AlAS, AISb, 
PbS, PbSe, Ge, and Si and ternary and quaternary mixtures 
thereof. 

0.039 The semiconductor nanocrystals are characterized 
by their uniform nanometer size. By "nanometer' Size, it is 
meant leSS than about 150 Angstroms (A), and preferably in 
the range of 15-150 A. The nanocrystal also is Substantially 
monodisperse within the broad size range given above. By 
monodisperse, as that term is used herein, it is meant a 
colloidal System in which the Suspended particles have 
Substantially identical size and shape. For the purposes of 
the present invention, monodisperse particles mean that at 
least 60% of the particles fall within a specified particle size 
range. In preferred embodiments, monodisperse particles 
deviate less than 10% in rms diameter, and preferably less 
than 5%. Monodisperse quantum dots have been described 
in detail in Murray et al. (J. Am. Chem. Soc., 115:8706 
(1993)), the thesis of Christopher Murray, Massachusetts 
Institute of Technology, September, 1995, Supra, and Kuno 
et al., Supra, which are hereby incorporated in their entireties 
by reference. 
0040. In preferred embodiments, the quantum dot has an 
overcoating layer. At the Surface of the quantum dot, Surface 
defects can result in traps for electron or holes that degrade 
the electrical and optical properties of the quantum dot. An 
insulating layer at the Surface of the quantum dot provides 
an atomically abrupt jump in the chemical potential at the 
interface which eliminates energy States that can Serve as 
traps for the electrons and holes. This results in higher 
efficiency in the luminescent process. 

0041) Suitable materials for the overcoating layer include 
Semiconductors having a higher band gap energy than the 
quantum dot. In addition to having a band gap energy greater 
than the quantum dots, Suitable materials for the Overcoating 
layer should have good conduction and Valence band offset 
with respect to the quantum dot. Thus, the conduction band 
is desirably higher and the valance band is desirably lower 
than those of the quantum dot. For quantum dots that emit 
energy in the visible (e.g., CdS, CdSe, CdTe., ZnSe, ZnTe, 
GaP, GaAs) or near IR (e.g., InP, InAS, InSb, PbS, PbSe), a 
material that has a band gap energy in the ultraViolet regions 
may be used. Exemplary materials include ZnS, GaN, and 
magnesium chalcogenides, e.g., MgS, MgSe and MgTe. For 
quantum dots that emit in the near IR, materials having a 
band gap energy in the visible, Such as CdS or CdSe, may 
also be used. The overcoating layer may include up to eight 
monolayers of the Semiconductor material. 
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0042 Particularly preferred quantum dots for emission in 
the visible include CdS, where X=S, Se and Te and ZnY, 
where Y=Se, Te. For those compounds, ZnS is a preferred 
material for use as the overcoating. For CdTe., ZnSe may be 
a preferred material for use as the overcoating due to the 
higher degree of lattice match between the materials. Over 
coated nanocrystals which may be used in the present 
invention are described in Dabbousi et al. (J. Phys. Chem. B, 
101(46): 94.63 (1997)); and Kuno et al., Supra; which are 
hereby incorporated in their entirety by reference. 

0043 Most prior art quantum dots are prepared in a 
coordinating Solvent, resulting in the formation of a passi 
Vating organic layer on the dot Surface comprised of the 
organic Solvent. The passivated quantum dots thus are 
readily Soluble in organic Solvents, Such as toluene, chloro 
form and hexane. The present invention provides a Surface 
modified particle that is Soluble instead in aqueous media. 
According to the invention, the Surface of the quantum dot 
is coated with an outer layer that Stabilizes the quantum dot 
in aqueous Solution. The outer layer includes a compound 
having at least one linking moiety that attaches to the Surface 
of the particle and that terminates in at least one hydrophilic 
moiety. The linking and hydrophilic moieties are spanned by 
a hydrophobic region Sufficient to prevent charge transfer 
acroSS the region. The hydrophobic region also provides a 
“pseudo-hydrophobic' environment for the nanocrystal and 
thereby shields it from its aqueous Surroundings. To exhibit 
high quantum efficiency it is desirable for the particles to 
remain electronically isolated from one another. The outer 
layer of the invention serves the additional useful purpose of 
maintaining the desired isolation between individual quan 
tum dots. 

0044) The outer layer may be made up of any material 
that meets the Structural and performance criteria Stated 
above. The material may be organic or inorganic. In pre 
ferred embodiments, the compound is an organic compound. 
In Some embodiments, the outer layer may be made up of a 
mixture of two or more different water-Solubilizing com 
pounds. In other embodiments, the outer layer may comprise 
additional compounds Selected to provide a desirable 
attribute to the quantum dot. For example, the outer coating 
may include compounds having reactive functional groups 
for reaction with other Substrates or compounds. 
0045 Suitable linking moieties include compounds hav 
ing electron pairs available for interaction with the Semi 
conductor Surface, Such as oxygen (O), Sulfur (S), nitrogen 
(N) and phosphine (P). Exemplary compounds include elec 
tron-donating compounds Such as amines, thiols, phos 
phines, amine oxides, phosphine oxides, and the like. The 
linking moiety attaches to the quantum dot Surface primarily 
through coordinate bonding of lone electron pairs of the 
nitrogen, Sulfur, oxygen or phosphorous atom of the linking 
group. Covalent bonding and ionic bonding may also be 
used to form the interaction of the outer layer with the 
Semiconductor Surface. 

0046. A compound having a single linking moiety will 
result in the formation of an outer layer having water 
Solubilizing properties; however, it may be desirable for the 
compound to include a plurality of linking moieties, as 
illustrated schematically in FIG. 2A. Thus, the compound 
may be a bidentate or tridentate ligand having two or more 
linking groups 22, 22". Linking groups as described herein 
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above may be used. For example, the compound may be a 
derivatized dithiol, diamine, triamine, diphosphine, and the 
like. The linking groups may be the same or different. 
0047 Multidentate ligands provide enhanced stability 
and robustness to the organic layer and the resulting water 
soluble nanocrystal. Without being bound to any particular 
mode of operation, it is believed that improved stability of 
the water-Soluble nanocrystal is achieved by the increased 
binding coefficient of the multidentate ligand to the Semi 
conductor Surface. Since the organic layer is formed by an 
exchange reaction with Solvated Solvent molecules (see 
below), it follows that the water-Solubilizing compound can 
also be displaced from the Surface of the quantum dot. It has 
been observed for example that the outer layer can be at least 
partially removed by dialysis of the water-soluble layer. Use 
of a multidentate ligand increases the Strength of the inter 
action of the compound with the quantum dot and decreases 
the ease of eXchange of the organic layer with other coor 
dinating compounds. 

0.048 Increased stability of the resultant water soluble 
quantum dot has been qualitatively observed in the size 
Selective precipitation of coated quantum dots. Quantum 
dots which have been overcoated with a bidentate ligand 
Such as lipoic acid, exhibit a four-fold increase in Suspension 
Stability over a comparable monodentate ligand-coated com 
pound. 
0049. The hydrophilic moiety may be a polar or charged 
(positive or negative) group. 
0050. The polarity or charge of the group provides the 
necessary hydrophilic interactions with water to provide 
Stable Solutions or Suspensions of the quantum dot. Exem 
plary hydrophilic groups include polar groups Such as 
hydroxides (-OH), amines, polyethers, Such as polyethyl 
ene glycol and the like, as well as charged groups, Such as 
carboxylates (-CO), Sulfonates (SO), phosphates 
(-PO'fand-PO'), nitrates, ammonium salts (-NH, 
and the like. 

0051 Water-solubility has been achieved using com 
pounds having a single hydrophilic group; however, it may 
be desirable for the compound to include more than a single 
hydrophilic moiety, as illustrated schematically in FIG. 2B. 
FIG. 2B shows a compound having at least two hydrophilic 
moieties 24, 24. The hydrophilic groups may be the same or 
different. It is also contemplated that the water-Solubilizing 
compound may include multiple linking groupS and hydro 
philic groups, as shown in FIG. 2C. 
0.052 The hydrophobic region is selected to prevent 
photooxidation of the Surface by charge transfer of a hole to 
the Surface either from the core of the quantum dot or the 
environment. Typical processes include electrolysis of water 
from the environment with the resultant oxidation of Sulfur 
or Selenium (of the quantum dot) to SO or SeO2, in 
instances where the quantum dot or overcoating layer con 
tains S or Se. Transfer of a charge acroSS the layer represents 
a non-energy emissive pathway for the excited State of the 
Semiconductor and photoluminescence is thereby signifi 
cantly reduced or quenched. 
0.053 Prior art surface modifications of quantum dots 
includes capping of CdS nanocrystals with 2-mercaptoetha 
nol, 1-thioglycerol and 3-mercaptopropionic acid. See, Law 
leSS et al., Supra, and Rogach et al, Supra. These short chain 
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organic molecules do not provide a luminescent, water 
Soluble quantum dot because the short carbon chain does not 
provide adequate insulation of the quantum dot against 
photooxidative processes. Therefore, charge transfer occurs 
between the quantum dot and either the carboxylate or the 
aqueous environment. Luminescence is quenched and quan 
tum yields are “unacceptably low', i.e., less than 1%, in 
Systems employing short chain organic molecules as a 
capping layer. 
0054. In one embodiment of the invention, the hydro 
phobic region is a long chain hydrocarbon moiety, 
-(CH), , where n is greater than Six and preferably 
greater than eight. Hydrocarbon moieties of n=11 and 15 
have been Successfully used in the manufacture of the 
water-Soluble nanocrystal of the invention. There is no upper 
limit to the hydrocarbon chain length; however, it is recog 
nized that very long hydrocarbon chains might render the 
nanocrystal undesirably "greasy”. The hydrophobic region 
also may include branching hydrocarbons. 
0055. In another embodiment, the hydrophobic region 
may include a modified hydrocarbon backbone. This modi 
fication may be the result of coupling reactions, e.g., car 
bodiimide coupling, used to increase the length of the 
hydrophobic backbone. Alternatively, non-carbon atoms 
may be introduced into the backbone to improve the attrac 
tive interaction of the water-Solubilizing ligand with neigh 
boring compounds. 
0056. The backbone also may be modified to include 
pendant groups that are attractive to neighboring hydropho 
bic regions through forces Such as Van der Waals attraction 
or hydrogen bonding. The attractive interaction between 
neighboring compounds Serves to Stabilize the outer layer of 
the quantum dot. In the event that the linking moiety should 
dissociate from the Semiconductor Surface, the attractive 
interaction with its neighbors will help the compound to 
remain closely associated with the quantum dot until its 
linking moiety is able to recoordinate to the Surface. 
0057 Exemplary modifications include amide, ketone, 
ether and aromatic moieties, and the like, Substituting in 
whole or in part for the hydrocarbon backbone or attached 
as pendant groups from the hydrocarbon backbone. The 
polar nature of the moieties promotes hydrogen bonding and 
other attractive interaction with neighboring compounds 
which Stabilizes the coating and increases its robustneSS in 
aqueous Solution. 
0058. In other embodiments of the invention, the com 
pound of the outer layer is crosslinked to or polymerized 
with its neighboring compounds. Crosslinking provides Sta 
bility to the layer by creating an effectively multidentate 
ligand acroSS the Semiconductor Surface and Significantly 
reducing ligand volatility and increasing the robustness and 
Stability of the coating. Exemplary croSSlinked networks are 
illustrated schematically in FIG. 3. 
0059) To this end, the hydrocarbon chain may include 
Some degree of unsaturation, which may be crosslinked 
upon exposure to uv energy or other free radical initiator to 
bridge neighboring ligands. Hydrocarbon unsaturation (and 
Subsequent crosslinks) retain the hydrophobicity desired to 
prevent the photoinduced degradation of the Semiconductor 
Surface. 

0060. In one embodiment of the invention, the outer layer 
terminates in an unsaturated hydrophilic moiety that is 
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capable of crosslinking or polymerization. For example, the 
unsaturated moiety may be acrylic or methacrylate, which 
may be polymerized by exposure to free radical initiation, 
heat, uV energy, etc. to form poly(methacrylate), as is shown 
in FIG. 4. The result is a polymer network, in this example, 
poly(methacrylate), that interacts with and effectively 
Shields the quantum dot from an aqueous environment. The 
poly(methacrylate) can be deprotonated to provide a charged 
Surface to render the nanocrystal water Soluble. Other exem 
plary unsaturated moieties for polymerization include 
acrylic acid and polystyrene derivatized to include a water 
Solubilizing functional group, e.g., carboxylate and Sul 
fonate, and the like. 

0061. In another embodiment of the invention, the outer 
layer is comprised of a block copolymer that provides the 
requisite, linking, hydrophilic and hydrophobic functional 
ities. The copolymer includes at least a first block which 
contains a pendant group capable of functioning as a linking 
moiety and a Second block having a pendant group capable 
of functioning as a hydrophilic moiety. The polymer back 
bone may function as the hydrophobic region. The linking 
and hydrophilic moieties may be directly attached to the 
hydrocarbon backbone or they may be attached through 
intermediary spacing groups. For example, the linking group 
Y may terminate from an aromatic or alkyl spacing group to 
provides greater access to the Semiconductor Surface. 

0.062. In one embodiment of the invention, the block 
copolymer may have the formula, 

Y 

R 

R i. i 

0063 where X and Y are linking moieties and 
hydrophilic moieties, respectively, and may be any 
of the moieties discussed hereinabove. The block 
copolymer may have a molecular weight of 300-50, 
000. The block sizes for the hydrophilic and linking 
moieties are preferably in the range of about 3 to 
100. 

0064. In preferred embodiments, the compound may 
have the formula, HX((CH), COH), and salts thereof, 
where X is S, N, P or O=P; ne6; and Z and y are selected 
to Satisfy the Valence requirements of X. Exemplary com 
pound for use in the invention may have the formula, 

X 
Y-(Z) O 

X 

0065 where X, X and X" are the same or different 
and are selected from the group of S, N, Por O=P; 
Y is a hydrophilic moiety; and Z is a hydrophobic 
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region having a backbone of at least Six atoms. X, X" 
and X" may include other substituents in order to 
Satisfy the Valence requirements, Such as for 
example, amines, thiols, phosphine and phosphine 
oxides, Substituted by hydrogen or other organic 
moieties. In addition, the atoms bridging X, X and 
X" are selected to form a 5-membered to 8-mem 
bered ring upon coordination to the Semiconductor 
Surface. The bridging atoms are typically carbon, but 
may be other elements, Such as oxygen, nitrogen, 
and Sulfur. Y may be any charged or polar group, 
Such as carboxylates, Sulfonates, phosphates, poly 
ethylene glycol and ammonium Salt, and the like. Z 
is typically an alkyl group or alkenyl group, but may 
also include other atoms, Such as carbon and nitro 
gen. Z may be further modified as described herein 
to provide attractive interactions with neighboring 
ligands. 

0066 Exemplary compounds for use in the outer layer of 
the water-Soluble nanocrystal of the invention having the 
formula provided hereinabove include long chain mercap 
tocarboxylic acids, SH(CH2)COOH, aminocarboxylic 
acids, NH (CH),COOH, and phosphinocarboxylic acids, 
P((CH),COOH), and their oxides O=P((CH),COOH), 
where ne6, preferably ne8 and more preferably n=10-12. 
The carboxylic acid may be deprotonated to provide the 
hydrophilic moiety. Other suitable compounds include 
bidentate ligands, Such as, dihydrolipoic acid, 
HSCHCH-CH(SH)(CH2)COOH, or more generally, 
HSCHCHCH(SH)(CH),COOH, where n=1-10. The 
length of the ligand can be increased by Standard carbodi 
imide coupling methods, producing a species with the for 
mula HSCHCHCH(SH)(CH),CONH(CH),COOH. The 
commercial availability of numerous precursors allows n to 
be easily varied from 2 to at least 10. Further detail of the 
carbodiimide coupling reaction may be found in D. H. Rich 
and J. Singh, The Peptides Vol. 1, Academic Press, 1979, 
241-2561, which is hereby incorporated by reference. 
0067. Other suitable bidentate ligands include the pri 
mary amine containing analogues of the above compound, 
HNCHCH-CH(NH)(CH), COOH, derivatives of ethyl 
CC diamine, Such S 
(HOOC(CH))HNCHCH-NH((CH), COOH); diphos 
phines Such S 
(HOOC(CH))PCHCHP((CH),COOH); and the cor 
responding diphosphine oxides 
(HOOC(CH))-P(O)CHCHP(O)((CH),COOH). An 
advantage to the use of the above-mentioned carboxylic acid 
derivatives it that they lend themselves to a wide range of 
chemistries. For example, the water-Soluble quantum dot 
may be coupled with molecules having biological affinity for 
use in assaying. In another example, the water-Soluble 
quantum dot may be coupled to beads, Solid Supports or 
objects of interest in order to track or identify an article. See 
co-pending applications filed on even date herewith and 
entitled “Inventory Control” and application entitled 
“Detection of Compounds and Interactions in Biological 
Systems Using Quantum Dots”, for further details. 
0068. It is readily apparent to one of ordinary skill in the 
art, that the carboxylic acid moiety of the above-listed 
compounds may be Substituted for a wide variety of charged 
or polar groups, including but not limited to, hydroxides, 
polyethers, Such as polyethylene glycol and the like, and 
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amines, as well as charged groups, Such as carboxylates, 
Sulfonates, phosphates, nitrates, ammonium Salts and the 
like. Compounds Such as listed herein above are commer 
cially available or may be synthesized from well-known 
methods and procedures. It is further apparent that the 
modifications described above with respect to hydrophobic 
regions and the hydrophilic groups may be incorporated into 
the compound described immediately above in preparation 
of ligands Suitable for use in the outer coating of the 
invention. 

0069. In another aspect of the invention, the water 
Soluble outer layer may be a bilayer comprising an inner 
layer having an affinity for the Semiconductor Surface and an 
outer layer terminating in a hydrophilic layer having an 
affinity for an aqueous medium. FIG. 5A illustrates an 
exemplary compound used in the outer bilayer of the inven 
tion. The compound, dioctyl sulfoSuccinate (aerosol OTTM), 
contains hydrophobic hydrocarbon regions 52 (denoted 
Schematically as "------” in FIG. 5A) and a charged hydro 
philic region 54(denoted by “O'” in FIG.5A). An exemplary 
bilayer compound is shown in FIG. 5B in which an inner 
layer 40 includes a compound 42 (here TOPO) having a 
linking moiety 44 with an affinity for the semiconductor 
surface. A hydrophobic tail 48 extends from the linking 
moiety. The second outer layer 50 is comprised of a inner 
hydrophobic region 52 and an terminal hydrophilic moiety 
54 for favorable interaction with an aqueous medium. The 
hydrophobic regions 48, 52 of the inner and outer layers, 
respectively, interact preferentially in the aqueous medium, 
to form a micelle encapsulating the nanocrystal therein. 
FIG. 5B also illustrates the displacement reaction which 
occurs to form the bilayer of the invention. 
0070 The inner layer may include those coordinating 
Solvents typically used in the manufacture of the quantum 
dot. Exemplary compounds include trialkyl phosphines and 
phosphine oxides, such as trioctylphosphine oxide (TOPO), 
trioctylphosphine (TOP), tributylphosphine (TBP), and the 
like. Hexadecylamine is a possible Solvent, in particular, for 
Solvating ZnSe. 
0071. The second outer layer may include any surfactant 
having a non-polar tail and a polar head. Non-limiting 
examples of Surfactants include Sodium dioctyl SulfoSucci 
nate (known by the trade name AOT Soap), 
CH(OCH2CH)OH (Brij35(R), 
CH-(OCHCH)OH (Brij76(R) and 
CH-(OCH2CH)OH(Brij98(R). Even Ivory.(R) Soap has 
been Successfully used in the preparation of water-Soluble 
nanocrystals of the invention. 
0.072 A method for the preparation of the water-soluble 
nanocrystal follows. The method is described for a 
(CdSe)ZnS quantum dot, but it is understood that the method 
may be applied in the preparation of quantum dots from the 
known Semiconductor materials. 

0.073 A population of nearly monodisperse nanocrystals 
first is prepared. The actual size of the nanocrystals will vary 
dependant upon the material used. For CdSe, particles range 
in size from about 12 A to about 150 A with a particle size 
distribution of about 5-10%. The monodisperse nanocrystals 
may be obtained by using a high temperature colloidal 
growth process, optionally followed by Size Selective pre 
cipitation. If Spectral emission bandwidths are not as narrow 
as desired, Size Selective precipitation may be used to obtain 
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a population of quantum dots of narrower particle size 
distribution. The interested reader is directed to Murray et 
al., the thesis of Christopher Murray, and Kuno et al, Supra, 
for further information. 

0074 The quantum dot may then be coated with the 
appropriate Semiconductor overcoating layer. The coated 
nanocrystal may be prepared by introducing the Substan 
tially monodisperse first Semiconductor nanocrystal and a 
precursor capable of thermal conversion into a Second 
Semiconductor material into a coordinating Solvent. The 
coordinating Solvent is maintained at a temperature Suffi 
cient to convert the precursor into the Second Semiconductor 
material yet insufficient to Substantially alter the monodis 
persity of the first Semiconducting nanocrystal and the 
Second Semiconductor material has a band gap greater than 
the first Semiconducting nanocrystal. An overcoating of the 
Second Semiconductor material is formed on the first Semi 
conducting nanocrystal. The monodispersity of the nanoc 
rystal is monitored during conversion of the precursor and 
overcoating of the first Semiconductor nanocrystal. The 
particle size distribution may be further refined by size 
Selective precipitation. Further details in the preparation of 
a coated quantum dot for use in the water-Soluble nanoc 
rystal of the invention may be found in U.S. Ser. No. 08/ 
969,302, filed Nov. 13, 1997 and entitled “Highly Lumines 
cent Color-Selective Materials”, and Dabbousi et al., Supra, 
which are incorporated in their entirety by reference. 

0075. The outer surface of the nanocrystal, as formed, 
includes an organic layer derived from the coordinating 
Solvent used during the capping layer growth process. The 
nanocrystal Surface may be modified to obtain the water 
Soluble nanocrystal of the invention by repeated exposure to 
an excess of a competing coordinating group. For example, 
a dispersion of the quantum dot may be treated with a 
coordinating organic compound, Such as those described 
herein, to produce nanocrystals which disperse readily in 
water, but which no longer disperse in aliphatics. Such a 
Surface exchange process may be carried out using a variety 
of compounds which are capable of coordinating or bonding 
to the outer Surface of the capped quantum dot, Such as by 
way of example, phosphines, thiols, amines, phosphine 
oxides and amine oxides. 

0076 A typical reaction is shown in FIG. 6. Quantum 
dots 60 are prepared in a coordinating organic Solvent Such 
as trioctylphosphine oxide (TOPO) which results in the 
formation of a passivating TOPO layer 62 on the semicon 
ductor Surface of the quantum dot. This layer is displaced at 
least in part by the ligand 54, here represented as a long 
chain mercaptocarboxylic acid, comprising the Outer layer 
of the invention in order to obtain water-soluble nanocrystal 
66. Displacement may occur by dispersion of quantum dots 
or overcoated quantum dots in a medium containing high 
concentrations of the ligand used to form the outer coating. 
The medium may be a neat liquid comprising the ligand or 
it may be a highly concentration Solution. High concentra 
tions drive the displacement reaction forward to maximize 
Surface coverage of the nanocrystal by the compound of the 
outer coating. Note that the displacement of the TOPO layer 
need not be complete in order to obtain a water-Soluble 
nanocrystal. 

0077. It may be desirable to repeatedly expose the nanoc 
rystal to the coordinating ligand Solution. The Outer coating 



US 2001/0040232 A1 

may be comprised of a mixture of the original polar organic 
Solvent used in the preparation of the nanocrystal and the 
water-Solubilizing compound used in the outer coating of the 
invention. Substitution of the water-Solubilizing compound 
need only be Sufficient to render the compound water 
Soluble and need not be complete. In Some embodiments, 
substitution is about 25-50% complete, preferably greater 
than 60% complete. The actual degree of substitution needed 
for solubility in water will depend on the number of charged 
or polar groups on the water-Solubilizing compound. Higher 
number of charged or polar groups may require a lower level 
of Surface substitution in order to achieve water solubility. 
0078. It is also within the scope of the present invention 
to include other coordinating ligands on the Outer coating of 
the nanocrystal. The additional ligands may be included to 
make available additional chemical reactions to the nanoc 
rystal. For example coordinating ligands that terminate in 
reactive groupS. Such as carboxylic acid, acyl halides and the 
like may be added to the outer Surface of nanocrystal. 
007.9 The example is illustrated in the following 
examples, which are presented for the purpose of illustration 
only and which are not limiting of the invention. 

EXAMPLE 1. 

Preparation of TOPO Capped-(CdSe)ZnS 

0080 (a) Preparation of CdSe, Trioctylphosphine oxide 
(TOPO, 90% pure) and trioctylphosphine (TOP, 95% pure) 
were obtained from Strem and Fluka, respectively. Dimethyl 
cadmium (CdMe) and diethyl Zinc (Znet) were purchased 
from Alfa and Fluka, respectively, and both materials were 
filtered Separately through a 0.2 um filter in an inert atmo 
Sphere box. Trioctylphosphine Selenide was prepare by 
dissolving 0.1 mols of Se shot in 100 ml of TOP thus 
producing a 1M solution of TOPSe. Hexamethyl(disi 
lathiane) (TMSS) was used as purchased from Aldrich. 
HPLC grade n-hexane, methanol, pyridine and n-butanol 
were purchased from EM Sciences. 
0081. The typical preparation of TOP/TOPO capped 
CdSe nanocrystals follows. TOPO (30 g) was placed in a 
flask and dried under vacuum (~1 Torr) at 180° C. for 1 hour. 
The flask was then filled with nitrogen and heated to 350° C. 
In an inert atmosphere drybox the following injection Solu 
tion was prepared: CdMe (200 microliters, 2.78 mmol), 1 M 
TOPSesolution (4.0 mL, 4.0 mmol), and TOP (16 mL). The 
injection Solution was thoroughly mixed, loaded into a 
Syringe, and removed from the drybox. 
0082 The heat was removed from the reaction flask and 
the reagent mixture was delivered into the Vigorously stir 
ring TOPO with a single continuous injection. This produces 
a deep yellow/orange Solution with a sharp absorption 
feature at 470-500 nm and a sudden temperature decrease to 
~240 C. Heating was restored to the reaction flask and the 
temperature was gradually raised to 260-280 C. 
0.083 Aliquots of the reaction solution were removed at 
regular intervals (5-10 min) and absorption spectra taken to 
monitor the growth of the crystallites. The best samples were 
prepared over a period of a few hours Steady growth by 
modulating the growth temperature in response to changes 
in the Size distribution, as estimated from the Sharpness of 
the features in the absorption Spectra. The temperature was 
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lowered 5-10 C. in response to an increase in the size 
distribution. Alternatively, the reaction can also be stopped 
at this point. When growth appears to Stop, the temperature 
is raised 5-10 C. 

0084. When the desired absorption characteristics were 
observed, the reaction flask was allowed to cool to ~60 C. 
and 20 mL ofbutanol were added to prevent solidification of 
the TOPO. Addition of a large excess of methanol causes the 
particles to flocculate. The flocculate was separated from the 
Supernatant liquid by centrifugation; the resulting powder 
can be dispersed in a variety of organic Solvents (alkanes, 
ethers, chloroform, tetrahydrofuran, toluene, etc.) to produce 
an optically clear Solution. 
0085. The powder may be further optimized in an 
optional size Selective precipitation procedure. Nanocrystal 
lites were dispersed in a solution of ~10% butanol in hexane. 
Methanol was then added dropwise to this stirring solution 
until opalescence persisted. Separation of Supernatant and 
flocculate by centrifugation produced a precipitate enriched 
with the largest crystallites in the Sample. This procedure 
was repeated until no further Sharpening of the optical 
absorption Spectrum was noted. Size-Selective precipitation 
can be carried out in a variety of Solvent/nonsolvent pairs, 
including pyridine/hexane and chloroform/methanol. 
0086) (b) Preparation of (CdSe)ZnS. A flask containing 5 
g of TOPO was heated to 190° C. under vacuum for several 
hours then cooled to 60° C. after which 0.5 mL trioctylphos 
phine (TOP) was added. Roughly 0.1-0.4 umols of CdSe 
dots dispersed in hexane were transferred into the reaction 
vessel via Syringe and the Solvent was pumped off. 
0087 Diethyl zinc (ZnEt) and hexamethyldisilathiane 
((TMS)S) were used as the Zn and S precursors, respec 
tively. Particle size distribution for a particular Sample was 
determined by comparison of the optical data to those of 
known quantum dots of known particle size. The amounts of 
Zn and S precursors needed to grow a ZnS shell of desired 
thickness for each CdSe Sample was calculated based on the 
ratio of the Shell Volume to that of the core assuming a 
Spherical core and shell and taking into account the bulk 
lattice parameters of CdSe and ZnS. For larger particles the 
ratio of Zn to Cd necessary to achieve the Same thickness 
shell is less than for the Smaller dots. The actual amount of 
ZnS that grows onto the CdSe cores was generally less than 
the amount added due to incomplete reaction of the precur 
Sors and to loSS of Some material on the walls of the flask 
during the addition. 
0088 Equimolar amounts of the precursors were dis 
solved in 2-4 mL TOP inside an inert atmosphere glove box. 
The precursor Solution was loaded into a Syringe and trans 
ferred to an addition funnel attached to the reaction flask. 
The reaction flask containing CdSe dots dispersed in TOPO 
and TOP was heated under an atmosphere of N. The 
temperature at which the precursors were added ranged from 
140° C. for 23 A diameter dots to 220° C. for 55A diameter 
dots. When the desired temperature was reached the Zn and 
Sprecursors were added dropwise to the Vigorously Stirring 
reaction mixture over a period of 5-10 minutes. 
0089. After the addition was complete the mixture was 
cooled to 90° C. and left stirring for several hours. Butanol 
(5 mL) was added to the mixture to prevent the TOPO from 
Solidifying upon cooling to room temperature. The over 
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coated particles were Stored in their growth Solution to 
ensure that the Surface of the dots remained passivated with 
TOPO. They were later recovered in powder form by 
precipitating with methanol and redispersing into a variety 
of solvents including hexane, chloroform, toluene, THF and 
pyridine. 

EXAMPLE 2 

Preparation of a Water-soluble Quantum Dots 
Using Lone Chain Mercaptocarboxylic Acid 

0090 TOPO capped-(CdSe)ZnS quantum dots were pre 
pared as described in Example 1. The overcoated (CdSe)ZnS 
dots were precipitated from the growth Solution using a 
mixture of butanol and methanol. To obtain the precipitated 
quantum dots, the Solution was centrifuged for 5-10 min, the 
Supernatant was decanted and the residue was washed with 
methanol (2x). 
0091. The residue was weighed. The weight of the TOPO 
cap was assumed to be 30% of the total weight; and a 30-fold 
molar excess of the new capping compound, 11-mercap 
toundecanoic acid (MUA) was added. The residue and MUA 
(neat solution) were stirred at 60° C. for 8-12 hours. A 
volume of tetrahydrofuran (THF) equal to the added MUA 
was added to the MUA?dot mixture, while the mixture was 
Still hot. A clear Solution resulted and the coated quantum 
dots were stored under THF. 

0092. The coated quantum dots are rendered water 
soluble by deprotonation of the carboxylic acid functional 
group of the MUA. The deprotonation was accomplished by 
adding a Suspension of potassium t-butoxide in THF to the 
MUA-quantum dot/THF solution. A gel resulted, which was 
then centrifuged and the Supernatant liquid was poured off. 
The residue was washed twice with THF, centrifuged each 
time and the Supernatant liquid poured off. The final residue 
was allowed to dry in air for 10 minutes. Deionized water 
(Millipore) was added to the residue until a clear solution 
formed. 

0093. The resultant coated quantum dots were tested for 
photoluminescent quantum yield. A CdSe quantum dot with 
a four monolayer coating of ZnS coated as described had an 
absorption band a 480 nm and a photoluminescent band at 
500 run, with a quantum yield of 12%. A second CdSe 
quantum dot with a four monolayer coating of ZnS coated as 
described had an absorption band a 526 nm and a photolu 
minescent band at 542 nm, with a quantum yield of 18%. 

EXAMPLE 3 

Preparation of a Water-soluble Quantum Dot Using 
a Multidentate Ligand 

0094. A water-soluble quantum dot was prepared as 
described in Example 2, except that the bidentate ligand, 
dihydrolipoic acid was used. 
0.095 The synthesis of a bidentate dithiol ligand was 
accomplished via the reduction of the coenzyme lipoic acid. 
The general procedure was described in I. C. Gunsalus, L. S. 
Barton, W. Gruber, J Am. Chem. Soc. 78:1763-1766 (1956). 
Sodium borohydride (1.2 g) was added in 30-50 mg portions 
to a stirring Suspension of lipoic acid (6.0 g) in 117 mL of 
0.25 M Sodium bicarbonate in 0° C. water. The reaction was 
stirred for 45 minutes at 0° C., after which 100 mL toluene 
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was added and the mixture was acidified to pH-2 with 
hydrochloric acid. The toluene layer was collected and 
Saved. The aqueous layer was washed three times with 15 
mL toluene. The organic layers were combined, dried with 
anhydrous magnesium Sulfate, filtered, and the Solvent 
removed under vacuum, leaving behind the product dihy 
drolipoic acid as a yellow oil (yield 80%). 
0096 Cap exchange was performed using the same pro 
cedure as described for 11-mercaptoundecanoic acid. TOPO 
capped (CdSe)ZnS quantum dots were precipitated from 
Solution and washed twice with methanol. The remaining 
powder was dissolved (under nitrogen) at 70° C. in the 
minimum amount (usually 300-600 mg) of dihydrolipoic 
acid necessary to produce a clear Solution. This mixture was 
stirred at 70° C. for 6 hours, then stored at room temperature. 
The dots were rendered water soluble by treatment with 
potassium t-butoxide in THF, as described for the mercap 
tocarboxylic acid ligands. 

EXAMPLE 4 

Preparation of a Water-soluble Quantum Dot Using 
a Surfactant 

0097 TOPO capped-(CdSe)ZnS quantum dots were pre 
pared as described in Example 1. The quantum dots were 
dissolved in hexane to give a Solution which was approxi 
mately 0.001-0.01 molar concentration of (CdSe)ZnS dots. 
Sufficient Surfactant Sodium dioctylsulfoSuccinate (trade 
name AOT) was added to the mixture to produce a Solution 
which is 5% surfactant by weight (but liquid Ivory Soap also 
worked). The hexane Solvent was evaporated under vacuum. 
The resulting Solid residue dissolved in water to give a clear 
Solution whose quantum yield was approximately the same 
as the initial sample (~75% of the original value). 

What is claimed is: 
1. A water-Soluble Semiconductor nanocrystal compris 

ing: 

a Semiconductor material having a Selected band gap 
energy, 

a layer overcoating the Semiconductor material, the over 
coating layer comprised of a material having a band 
gap energy greater than that of Semiconductor material; 
and 

an outer layer comprising a compound having at least one 
linking group for attachment of the compound to the 
Overcoating layer and at least one hydrophilic group 
Spaced apart from the linking group by a hydrophobic 
region Sufficient to prevent electron charge transfer 
across the hydrophobic region. 

2. A water-Soluble Semiconductor nanocrystal compris 
ing: 

a Semiconductor material having a Selected band gap 
energy and being a nanocrystal; and 

an outer layer comprising a compound having at least one 
linking group for attachment of the compound to the 
Overcoating layer and at least one hydrophilic group 
Spaced apart from the linking group by a hydrophobic 
region Sufficient to prevent electron charge transfer 
across the hydrophobic region. 
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3. A water-Soluble Semiconductor nanocrystal compris 
ing: 

a Semiconductor material having a Selected band gap 
energy and being a nanocrystal; 

a layer overcoating the Semiconductor material, the over 
coating layer comprised of a material having a band 
gap energy greater than that of Semiconductor material; 
and 

a bilayer, the bilayer comprising an inner layer having an 
affinity for a Surface of the nanocrystal, and an outer 
layer having a hydrophilic group Spaced apart from the 
inner layer by a hydrophobic region adjacent to the 
inner layer. 

4. The water-soluble nanocrystal of claim 1, wherein each 
linking group independently comprises a moiety Selected 
from the group consisting of amines, thiols, phophines, 
phosphine oxides, and amine oxides. 

5. The water-soluble nanocrystal of claim 1, wherein the 
hydrophilic group is a charged or polar group. 

6. The water-soluble nanocrystal of claim 1, wherein the 
hydrophilic group is Selected from the group consisting of 
carboxylic acid, carboxylate, Sulfonate, hydroxide, alkoxide, 
ammonium Salt, and phosphate. 

7. The water-soluble nanocrystal of claim 1, wherein the 
hydrophilic group comprises an unsaturated hydrophilic 
group that is crosslinkable or polymerizable. 

8. The water-soluble nanocrystal of claim 7, wherein the 
unsaturated hydrophilic group is Selected from the group 
consisting of methacrylic acid, acrylic acid, and hydrophili 
cally derivatized Styrene. 

9. The water-soluble nanocrystal of claim 1, wherein the 
compound comprises two or more hydrophilic groups. 

10. The water-soluble nanocrystal of claim 1, wherein the 
hydrophobic region is Selected from the group consisting of 
an alkane, an alkene and derivatives thereof modified to 
include moieties capable of attractive interaction with each 
other. 

11. The water-soluble nanocrystal of claim 1, wherein the 
hydrophobic region comprises a hydrocarbon chain of the 
formula -(CH), , where n is greater than or equal to Six. 

12. The water-soluble nanocrystal of claim 1, wherein the 
hydrophobic regions of adjacent compounds being 
crosslinked or polymerized to each other. 

13. The water-soluble nanocrystal of claim 1, wherein the 
compound comprises the formula HX((CH),)CO2H), and 
salts thereof, where X is S.N., P, or O=P; ne6; and Z and y 
are Selected to Satisfy the Valence requirements of X. 

14. The water-soluble nanocrystal of claim 1, wherein the 
compound comprises the formula, 

where X and X’ are the same or different and are S, N, P 
or O=P; X and X may include other substituents in 
order to Satisfy Valence requirements, atoms bridging X 
and X’ are selected to form a 5-membered to 8-mem 
bered ring upon coordination to the Semiconductor 
Surface, Y is a hydrophilic moiety; and Z is a hydro 
philic region having a backbone of at least 6 atoms. 
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15. The water-soluble nanocrystal of claim 1, wherein the 
compound comprises 20 the formula, 

where X, X and X" are the same or different and are S, 
N, P or O=P; X, X and X" may include other 
Substituents in order to Satisfy Valence requirements, 
atoms bridging X, X and X" are Selected to form a 
5-membered to 8-membered ring upon coordination to 
the Semiconductor Surface, Y is a hydrophilic moiety; 
and Z is a hydrophilic region having a backbone of at 
least 6 atoms. 

16. The water-soluble nanocrystal of claim 1, wherein the 
compound comprises the formula, 

R 

where X is the same or different and is S, N, P or O=P; 
and X optionally includes other Substituents in order to 
Satisfy Valence requirements, Y is a hydrophilic moiety, 
m is in the range about 3 to 200; and n is in the range 
about 3 to 100, and each of R and R' is an organic 
moiety. 

17. The water-soluble nanocrystal of claim 11, wherein 
ne8. 

18. The water-soluble nanocrystal of claim 11, wherein 
ne10. 

19. The water-soluble nanocrystal of claim 1, wherein the 
compound is a multidentate ligand. 

20. The water-soluble nanocrystal of claim 1, 2, or 3, 
wherein the Semiconductor material is Selected from the 
group consisting of ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe. 
GaN, GaP, GaAs, GaSb, InP, InAS, InSb, AIS, ALP, AlAS, 
AlSb, PbS, PbSe, Ge, and Si and ternary and quatemary 
mixtures thereof. 

21. The water-soluble nanocrystal of claim 1, wherein the 
overcoating layer is Selected from the group consisting of 
ZnS, ZnSe, CdSe, CdS, GaN, and magnesium chalco 
genides. 

22. The water-soluble nanocrystal of claim 1, wherein the 
band gap energy of the Semiconductor material is in the near 
IR energy range. 

23. The water-soluble nanocrystal of claim 1, wherein the 
band gap energy of the Semiconductor material is in the 
Visible energy range. 

24. The water-soluble nanocrystal of claim 1, wherein the 
band gap energy of the Semiconductor material is in the 
ultraViolet energy range. 

25. The water-soluble nanocrystal of claim 19, wherein 
the band gap energy of the overcoating layer is in the 
ultraViolet energy range. 
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26. The water-soluble nanocrystal of claim 19, wherein 
the band gap energy of the overcoating layer is in the visible 
energy range. 

27. The water-soluble nanocrystal of claim 1, wherein the 
Semiconductor material is a member of a Substantially 
monodisperse particle population. 

28. The water-soluble nanocrystal of claim 1, wherein 
when irradiated the nanocrystal emits energy in a spectral 
range of no greater than about 40 nm at full width at half 
max (FWHM). 

29. The water-soluble nanocrystal of claim 1, wherein the 
semiconductor material exhibits less than a 10% rms devia 
tion in diameter. 

30. The-water-soluble nanocrystal of claim 1, wherein 
when irradiated the nanocrystal emits energy in a spectral 
range of no greater than about 30 nm full width at half max 
(FWHM). 

31. The water-soluble nanocrystal of claim 1, wherein 
when irradiated the nanocrystal emits energy in a spectral 
range of no greater than about 25 nm full width at half max 
(FWHM). 

32. The water-soluble nanocrystal of claim 1, wherein the 
nanocrystal exhibits photoluminescence having quantum 
yields of greater than 10% in aqueous medium. 

33. The water-soluble nanocrystal of claim 1, wherein the 
nanocrystal exhibits photoluminescence having quantum 
yields in the range of 10-30% in aqueous medium. 

34. The water-soluble nanocrystal of claim 1, wherein the 
Semiconductor material comprises YX, where Y is Selected 
from the group consisting of Zn, Cd, and mixtures thereof 
and X is selected from the group consisting of S, Se, Te, and 
mixtures thereof. 

35. The water soluble nanocrystal of claim 1, wherein the 
overcoating layer is comprises AB, where A is Selected from 
the group consisting of Zn, Cd, Mg and mixtures thereof and 
B is Selected from the group consisting of S, Se and Te, Such 
that AB is not the same as the Semiconductor material and 
AB has a higher band gap energy than the Semiconductor 
material. 
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36. The water-soluble nanocrystal of claim 1, wherein the 
nanocrystal has an emission in the range of about 470 nm to 
about 650 nm. 

37. The-water-soluble nanocrystal of claim 1, wherein the 
particle size of the Semiconductor material is Selected from 
the range of about 12 A to about 150 A. 

38. The water-soluble nanocrystal of claim 3, wherein the 
inner layer comprises a coordinating lyophilic compound. 

39. The water-soluble nanocrystal of claim 38, wherein 
the coordinating lyophilic compound is Selected from the 
group consisting of a trialkyl phosphine, phosphine oxide 
and an alkyl amine. 

40. The water-soluble nanocrystal of claim 3, wherein the 
outer layer comprises a Surfactant. 

41. The water-soluble nanocrystal of claim 40, wherein 
the Surfactant is Selected from the group consisting of 
Sodium dioctyl SulfoSuccinate, CH3(OCH2CH2)2OH, 
CH-7(OCH2CH)OH, CH-7(OCH2CH2)2OH, and a 
Sodium Salt of acids. 

42. The water-soluble nanocrystal of claim 1, wherein the 
Spectral range of emission is Selected from the Spectrum in 
the range of about 470 nm to about 650 nm. 

43. A composition, comprising: 
a water-Soluble nanocrystal including a Semiconductor 

material having a Selected band gap energy and being 
a nanocrystal and an Outer layer comprising at least one 
water-Solubilizing moiety Selected from the group con 
Sisting of a multidentate compound, a bilayer, a 
crosslinked compound or polymerized compound, the 
water-solubilizing moiety having at least one linking 
group for attachment of the compound to the overcoat 
ing layer and at least one hydrophilic group Spaced 
apart from the linking group by a hydrophobic region 
Sufficient to prevent electron charge transfer across the 
hydrophobic region, the water Soluble nanocrystal dis 
persed or dissolved in an aqueous medium. 

k k k k k 


