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PREPARATION OF NANOCRYSTALS WITH MIXTURES OF ORGANIC LIGANDS

CROSS REFERENCE TO RELATED APPLICATIONS

[00001] This application claims the benefit under 35 U.S.C. §119(e) of U.S. Provisional

Application Ser. No. 61/427,760, filed December 28, 2010, and U.S. Provisional Application

Ser. No. 61/441,579, filed February 10, 2011, the disclosures of which are hereby

incorporated by reference as if set forth in full.

TECHNICAL FIELD

[00002] The invention relates to semiconductor nanocrystals prepared using a mixture of

organic ligands.

BACKGROUND

[00003] Semiconductor nanocrystals (also referred to as "quantum dots") with small

diameters can have properties intermediate between molecular and bulk forms of matter.

Small diameter semiconductor materials can exhibit quantum confinement of both the

electron and hole in three dimensions. Quantum confinement plays a key role in determining

the size-dependent optical properties of semiconductor nanocrystals. One effect of quantum

confinement is an increase in the effective band gap of the material with decreasing

nanocrystal size. As the size of the semiconductor nanocrystal decreases, both the optical

absorption and fluorescence emission of the nanocrystals shift to higher energy (i.e., to the

blue). The extinction coefficient of the nanocrystal is also size-dependent. As the size of a

nanocrystal increases, the extinction coefficient of the particle increases in a non-linear

fashion. Consequently, for a given material, larger semiconductor nanocrystals are typically

brighter than smaller nanocrystals on a per mole basis.

[00004] The quantum yield (QY) is an important measure for determining the quality of

any given population of fluorescent semiconductor nanocrystals. A high quantum yield can

indicate that some or all of these potential non-irradiative pathways are absent in the

collection of quantum dots sampled. There are numerous mechanisms by which the

fluorescence of a quantum dot can diminish or the quantum dot can become non-fluorescent

(e.g., surface trap states, crystalline defects, photochemical effects, and the like). Many ways



of improving the quantum yield of quantum dots have been proposed. In one approach to

enhance quantum yield, nanocrystals can include a semiconductor core and a passivating

layer. The passivating layer can be formed of organic compounds (also referred to as

"ligands") such as amines that coordinate to atoms in the core material. Yet other approaches

utilize semiconductor shell materials with bandgaps higher than those of the core materials.

Semiconductor shells can minimize deep-trap emission sites and thereby enhance the

quantum yield and stability of the nanocrystal particle. Methods involving the use of organic

ligands to improve the quantum yield in organic solution do little to enhance quantum yield

in aqueous solution, while inorganic shells can improve the quantum yield in both organic

and aqueous solution. Consequently, most recent advances in the field have moved in this

direction. Despite the materials and methods available to prepare nanocrystals, there exists a

need for new materials and methods to improve the organic and aqueous quantum yields of

semiconductor nanocrystals.

SUMMARY

[00005] Provided herein are novel semiconductor nanocrystal compositions, kits, and

methods for preparing and using these compositions.

[00006] In one aspect, a method for producing a population of semiconductor nanocrystals

is provided including:

combining a plurality of semiconductor nanocrystal cores, at least one solvent, a first

semiconductor shell precursor, and a second semiconductor shell precursor, wherein the first

and second semiconductor shell precursors are different, and at least two different oxoacid

compounds to provide a reaction mixture;

heating the reaction mixture for a period of time sufficient to induce formation of a

semiconductor shell layer on at least one core, thereby producing a population of

semiconductor nanocrystals.

[00007] In certain aspects, the method can include:

first combining the plurality of semiconductor nanocrystal cores with the at least one

solvent and the at least two different oxoacid compounds; and

then adding the first and second semiconductor shell precursors.

[00008] In other aspects, the method can include:



first combining the plurality of semiconductor nanocrystal cores with the at least one

solvent; and

then adding the first and second semiconductor shell precursors and the at least two

different oxoacid compounds.

[00009] In yet another aspect, a method for producing a population of semiconductor

nanocrystals is provided that includes:

combining a plurality of semiconductor nanocrystal cores, wherein each core has an

aspect ratio of greater than 1:1, at least one solvent, a first semiconductor shell precursor, and

a second semiconductor shell precursor, wherein the first and second semiconductor shell

precursors are different, and at least two oxoacid compounds to provide a reaction mixture;

and

heating the reaction mixture for a period of time sufficient to induce formation of a

semiconductor shell layer on at least one core, wherein the aspect ratio of the core-shell

nanocrystal is less than the aspect ratio of the nanocrystal core, thereby producing a

population of semiconductor nanocrystals.

[00010] In yet another aspect, the production methods provided herein can include adding

the first and second shell precursors alternately in layer additions.

[00011] Any of the methods provided herein can further include applying a hydrophilic

overcoating to each semiconductor nanocrystal in the population that renders the nanocrystal

dispersible in an aqueous medium.

[00012] Representative oxoacid compounds that can used in the methods provided herein

include phosphonic acid compounds, phosphinic acid compounds, carboxylic acid

compounds, sulfonic acid compounds, boronic acid compounds, and derivatives (e.g.,

conjugate bases and esters) and combinations thereof. In certain embodiments, the at least

two oxoacid compounds can include at least two different alkylphosphonic acid compounds.

For example, the at least two oxoacid compounds can include at least two different C1-C2 0

alkylphosphonic acid compounds. The at least two oxoacid compounds can include a first

compound selected from C1-C1 0 alkylphosphonic acid compounds and a second compound

selected from C 10-C2 0 alkylphosphonic acid compounds. In certain embodiments, at least one

oxoacid compound can be methylphosphonic acid, ethylphosphonic acid, butylphosphonic

acid, hexylphosphonic acid, or octylphosphonic acid. In certain embodiments, at least one

oxoacid compound is tetradecylphosphonic acid (TDPA). In some embodiments, the at least



two oxoacid compounds can include tetradecylphosphonic acid and at least one Ci-Cio

alkylphosphonic acid compound. For example, the at least two oxoacid compounds can

include tetradecylphosphonic acid and a phosphonic acid selected from methylphosphonic

acid, ethylphosphonic acid, butylphosphonic acid, hexylphosphonic acid, and

octylphosphonic acid. In certain embodiments, the at least two oxoacid compounds include

tetradecylphosphonic acid and ethylphosphonic acid.In certain embodiments, the at least two

oxoacid compounds can include at least two carboxylic acid compounds. For example, at

least one of the two different oxoacid compounds can be selected from the group consisting

of C 10-C20 carboxylic acids, and at least one of the two different oxoacid compounds is

selected from C1-C10 carboxylic acids. The at least one of the two different oxoacid

compounds can be selected from the group consisting of lauric acid, myristic acid, palmitic

acid, and stearic acid, and at least one of the two different oxoacid compounds is selected

from the group consisting of acetic acid, propionic acid, butyric acid, hexanoic acid, and

octanoic acid.

[00013] In yet another aspect, the at least two different oxoacid compounds can have at

least two different molecular weights. For example, the at least two oxoacid compounds can

include a first oxoacid compound and a second oxoacid compound, wherein the first and

second oxoacid compounds have two different molecular weights. The mole fraction of the

lower molecular weight oxoacid compound relative to the total number of moles of oxoacid

compounds can range from about 0.1% to about 99.9%. The mole fraction of the lower

molecular weight oxoacid compound relative to the total number of moles of oxoacid

compounds can be greater than about 0.5%; or greater than about 1%; or greater than about

5%; or greater than about 10%; or greater than about 15%. In certain embodiments, the mole

fraction of the lower molecular weight oxoacid compound relative to the total number of

moles of oxoacid compounds is greater than about 0.5%. In some embodiments, the mole

fraction is greater than about 2%. In some embodiments, the mole fraction is greater than

about 5%. In certain embodiments, the mole fraction of the lower molecular weight oxoacid

compound relative to the total number of moles of oxoacid compounds is about 1% to about

10%; or about 1% to about 15%; or about 1% to about 20%. In certain embodiments, the

mole fraction of the lower molecular weight oxoacid compound relative to the total number

of moles of oxoacid compounds is about 0.5% to about 20%; or about 2% to about 20%; or

about 5% to about 15%. In certain embodiments, the at least two oxoacid compounds include



two phosphonic acid compounds, having different molecular weights, wherein the mole

fraction of the lower molecular weight oxoacid compound relative to the total number of

moles of oxoacid compounds is about 0.5% to about 20%..

[00014] In certain embodiments, the at least two oxoacid compounds can include two

phosphonic acid compounds having two different molecular weights, wherein the mole

fraction of the lower molecular weight phosphonic acid is greater than about 2%; or greater

than about 5%; or greater than about 10%. In certain embodiments, the at least two oxoacid

compounds can include two phosphonic acid compounds having two different molecular

weights, wherein the mole fraction of the lower molecular weight phosphonic acid is about

1% to about 10%; or about 1% to about 20%.

[00015] The methods provided herein can utilize any type of suitable semiconductor

nanocrystal core. For example, the core can include a Group II-VI, Group II-VI-VI, Group

III-V, Group III-III-V, Group III-V-V or a Group II-II-VI semiconductor material. In some

embodiments, the nanocrystal core having an aspect ratio of 1:1 or greater. In certain

embodiments, the aspect ratio is about 1:1 (i.e., spherical or nearly spherical). In other

embodiments, the aspect ratio is greater than about 1:1. In certain embodiments, each

nanocrystal core has an aspect ratio of about 1:5 to about 3.0.

[00016] The methods described herein utilize a first and second semiconductor shell

precursor. The first semiconductor shell precursor can include one or more Group 2, 12, 13

and 14 element-containing compounds. The second semiconductor shell precursor can

include one or more Group 2, 12, 13, 14, 15 and 16 element-containing compounds.

[00017] The methods described herein can utilize a solvent selected from amines, alkyl

phosphines, alkyl phosphine oxides, fatty acids, ethers, furans, phospho-acids, pyridines,

alkenes, alkynes and combinations thereof.

[00018] In another aspect, a population of semiconductor nanocrystals is provided that is

produced by any one of the methods described herein.

[00019] In yet another aspect, provided herein is a population of semiconductor

nanocrystals, wherein each nanocrystal in the population includes:

a) a semiconductor core;

b) a semiconductor shell layer disposed on the semiconductor core; and

c) at least two different oxoacid compounds.



[00020] In certain aspects, the semiconductor core includes an external semiconductor

shell layer. In some aspects, the at least two different oxoacid compounds are disposed on

the semiconductor shell layer.

[00021] The core of the semiconductor nanocrystal can include a Group II-VI, Group II-

VI-VI, Group III-V, Group III-III-V, Group III-V-V or a Group II-II-VI semiconductor

material. The semiconductor core can be spherical, nearly spherical or elongated and can

have an aspect ratio of about 1:1 or greater. In some embodiment, the semiconductor core

has an aspect ratio of about 1:1. In other embodiments, the core has an aspect ratio of about

1.2:1 to about 10:1. The semiconductor shell layer can include a Group II-VI, a Group II-VI-

VI, Group III-V, Group III-III-V, Group III-V-V or a Group II-II-VI semiconductor material.

Typically, the shell semiconductor material differs from the semiconductor core material.

The core-shell nanocrystal in the population can have an aspect ratio of about 1:1 or greater.

In some embodiments, the nanocrystal has an aspect ratio of about 1:1 (i.e., spherical or

nearly spherical). In other embodiments, the nanocrystal has an aspect ratio of about 1.2:1 to

about 10:1 (e.g., elongated or rod- shaped).

[00022] In yet another aspect, populations are provided that include at least two different

oxoacid compounds comprise a first oxoacid compound and a second oxoacid compound,

wherein the first and second oxoacid compounds have different molecular weights. In certain

embodiments, the mole fraction of the lower molecular weight oxoacid compound relative to

the total number of moles of oxoacid compounds is greater than about 0.5%. In other

embodiments, the mole fraction of the lower molecular weight oxoacid compound relative to

the total number of moles of oxoacid compounds is greater than about 2%. In yet other

embodiments, the mole fraction of the lower molecular weight oxoacid compound relative to

the total number of moles of oxoacid compounds is greater than about 5%. In yet another

embodiments, the mole fraction of the lower molecular weight oxoacid compound relative to

the total number of moles of oxoacid compounds is about 0.5% to about 20%. In yet another

embodiments, the mole fraction of the lower molecular weight oxoacid compound relative to

the total number of moles of oxoacid compounds is about 2% to about 20%. In yet another

embodiment, the mole fraction of the lower molecular weight oxoacid compound relative to

the total number of moles of oxoacid compounds is about 5% to about 15%.

[00023] The at least two different oxoacid compounds can be selected from the group

consisting of phosphonic acid compounds, phosphinic acid compounds, sulfonic acid



compounds, boronic acid compounds, carboxylic acid compounds, and derivatives and

combinations thereof. The at least two different oxoacid compounds can include two

phosphonic acid compounds of different molecular weight. The at least two oxoacid

compounds can include at least two different alkylphosphonic acid compounds. The at least

two oxoacid compounds can include at least two different C1-C20 alkylphosphonic acid

compounds. The at least two different oxoacid compounds can include a first phosphonic

acid compound selected from C1-C10 alkylphosphonic acid compounds and a second

phosphonic acid compound selected from C 10-C20 alkylphosphonic acid compounds. The at

least one of the oxoacid compounds is tetradecylphosphonic acid. The at least one of the

oxoacid compounds can be methylphosphonic acid, ethylphosphonic acid, butylphosphonic

acid, hexylphosphonic acid or octylphosphonic acid. The at least two different oxoacid

compounds include tetradecylphosphonic acid and a - oalkylphosphonic acid. In certain

embodiments, the at least two different oxoacid compounds include tetradecylphosphonic

acid and ethylphosphonic acid.

[00024] In yet another aspect, each nanocrystal in the population can further include a

hydrophilic overcoating on the semiconductor shell layer that renders the nanocrystal

dispersible in an aqueous medium. In certain aspects, a water-dispersible nanocrystal is

provided that is associated with a biological molecule, cell, or drug.

[00025] The populations of nanocrystals provided herein can emit fluorescence over a

range of wavelengths and can exhibit superior optical properties. The nanocrystal

populations provided herein can exhibit a quantum yield of greater than about 60% ; or

greater than about 65%; or greater than about 70%; or greater than about 75%; or greater than

about 80% when measured in an organic or an aqueous medium. In certain embodiments, the

population includes water-dispersible semiconductor nanocrystals and exhibits a quantum

yield of greater than about 70%. In certain embodiments, the population includes water-

dispersible semiconductor nanocrystals and exhibits a quantum yield of greater than about

75%. In certain embodiments, the population includes water-dispersible semiconductor

nanocrystals and exhibits a quantum yield of greater than about 80%. Nanocrystal

populations with such high quantum yields can emit light over a broad spectral range. For

example, in certain embodiments, the population can exhibit an emission wavelength

maximum ranging from about 550 nm to about 850 nm; or about 550 nm to about 650 nm; or

about 650 nm to about 750 nm; or about 750 nm to about 850 nm. In specific embodiments,



the population includes water-dispersible semiconductor nanocrystals, wherein each

nanocrystal includes two different types of oxoacid ligands (e.g., phosphonic acids), exhibits

a quantum yield of greater than about 70%, and has an emission wavelength maximum

ranging from about 550 nm to about 850 nm.

[00026] The at least one of the at least two different oxoacid compounds can be disposed

on the semiconductor shell. In certain embodiments, each nanocrystal in the population

further includes a hydrophilic overcoating on the external semiconductor shell layer that

renders the nanocrystal dispersible in an aqueous medium. In some embodiments, the

hydrophilic overcoating surrounds the ligand-coated semiconductor core-shell nanocrystal.

In certain embodiments, each nanocrystal in the population can be associated with a

biological molecule, cell, or drug.

[00027] In yet another aspect, provided herein is a dispersion of semiconductor

nanocrystals, including: a population of semiconductor nanocrystals, as described herein; and

an aqueous or organic medium (e.g., hexane, decane, toluene, chloroform or a polymer).

[00028] In yet another aspect, a kit for labeling cells is provided that includes: a population

of semiconductor nanocrystals as described herein; and instructions for labeling cells with the

population of nanocrystals.

[00029] In yet another aspect, provided herein is a method of identifying a sample or

detecting a target species (e.g., cell, cellular component, tissue, or biological molecule) in a

sample. The method can include: contacting a sample suspected of containing a target

species with a population of semiconductor nanocrystals as disclosed herein for a time

sufficient to bind the target species to at least one nanocrystal in the population; and

monitoring fluorescence emission to detect the presence of the at least one nanocrystal,

thereby detecting the target species in the sample. The fluorescence emission can be

detected, for example, by imaging (e.g., using a fluorescence microscope) or using a flow

cytometer.

[00030] In yet another aspect, a method of imaging a cell, cellular component or tissue is

provided. The method can include: contacting the cell, cellular component or tissue with a

population of semiconductor nanocrystals for a time sufficient to label the cell, cellular

component or tissue with the nanocrystals; and detecting the fluorescence emission of the

nanocrystals.



[00031] In yet another aspect, provided herein is the use of any one of nanocrystals or

compositions described herein, which includes contacting a population of semiconductor

nanocrystals with a cell, cellular component, tissue, or biological molecule.

[00032] In yet another aspect, provided herein is a method for measuring the amount of an

organic ligand (e.g., oxoacid) on a semiconductor nanocrystal, comprising:

separating the organic ligand from the surface of a semiconductor nanocrystal to

provide a sample that includes the organic ligand; and

analyzing the sample spectroscopically to measure the amount of the organic ligand in

the sample.

BRIEF DESCRIPTION OF THE DRAWINGS

[00033] FIG. 1 is TEM micrograph of an elongated semiconductor nanocrystal showing x,

y, and z-axis orientation.

[00034] FIG. 2 is a graphical representation of the statistical analysis performed on TEM

particle sizing data for nanocrystal core-shells synthesized with and without a mixture of

oxoacid compounds.

[00035] FIG. 3 shows TEM micrographs of a nanocrystal core-shell synthesized using

standard methods (A) and a mixture of oxoacid compounds (B).

[00036] FIG. 4 is a plot showing the effect of adjusting the mole fraction of EPA on

quantum yield for a population of quantum dots (maximum emission wavelength ~ 705 nm)

in organic (circle) and aqueous (diamond) solutions.

[00037] FIG. 5 is a plot showing the effect of adjusting the mole fraction of EPA on

quantum yield for a population of quantum dots (maximum emission wavelength ~ 655 nm)

in organic (circle) and aqueous (diamond) solutions.

[00038] FIG. 6 is a plot showing the effect of increasing the mole fraction of EPA on

emission peak for a population of quantum dots (maximum emission wavelength ~ 655 nm).

DETAILED DESCRIPTION

[00039] Unless defined otherwise, all technical and scientific terms used herein have the

same meaning as is commonly understood by one of ordinary skill in the art to which this

invention belongs. All patents, applications, published applications and other publications

referred to herein are incorporated by reference in their entirety. If a definition set forth in this



section is contrary to or otherwise inconsistent with a definition set forth in the patents,

applications, published applications and other publications that are herein incorporated by

reference, the definition set forth in this section prevails over the definition that is

incorporated herein by reference.

[00040] As used herein, "a" or "an" means "at least one" or "one or more."

[00041] As used herein, the term "about", when used to describe a numerical value, shall

encompass a range up to + 15% of that numerical value, unless the context clearly dictates

otherwise.

[00042] While compositions and methods are described in terms of "comprising" various

components or steps (interpreted as meaning "including, but not limited to"), the compositions

and methods can also "consist essentially of or "consist of the various components and

steps, such terminology should be interpreted as defining essentially closed-member groups.

[00043] "Nanocrystal" as used herein can refer to a nanoparticle made out of an inorganic

substance that typically has an ordered crystalline structure. It can refer to a nanocrystal

having a crystalline core (core nanocrystal), or to a core/shell nanocrystal. Typically, a

nanocrystal has a core diameter ranging from 1-100 nm in its largest dimension.

[00044] "Core nanocrystal" refers to a nanocrystal to which no inorganic shell has been

applied; typically it is a semiconductor nanocrystal, and typically it is made of a single

semiconductor material. It can have a homogeneous composition, or its composition can vary

with depth inside the nanocrystal. Many types of nanocrystals are known, and any suitable

method for making a nanocrystal core and applying a shell to the core may be employed.

[00045] "Semiconductor nanocrystal" or "quantum dot" as used herein refers to a

nanocrystalline particle made from a material that in the bulk is a semiconductor or insulating

material, which has a tunable photophysical property in the near ultraviolet (UV) to far

infrared (IR) range.

[00046] "Water-soluble" or "water-dispersible" is used herein to mean the item can be

soluble or suspendable in an aqueous-based solution, such as in water or water-based

solutions or buffer solutions, including those used in biological or molecular detection

systems as known by those skilled in the art. While water-soluble nanoparticles are not truly

'dissolved' in the sense that term is used to describe individually solvated small molecules,

they are solvated (via hydrogen, electrostatic or other suitable physical/chemical bonding) and

suspended in solvents that are compatible with their outer surface layer, thus a nanoparticle



that is readily dispersed in water is considered water-soluble or water-dispersible. A water-

soluble nanoparticle can also be considered hydrophilic, since its surface is compatible with

water and with water solubility.

[00047] Also provided herein are novel semiconductor nanocrystal compositions and

methods for preparing these compositions. Stable populations of nanocrystals are provided

that exhibit high (> 50%) quantum yield in both organic and aqueous solution. The

composition can be a dispersion of nanocrystals. For example, dispersions can include a

population of nanocrystals as described herein; and an aqueous or organic medium. The

organic medium can include an organic solvent or a polymer. The aqueous medium can

include water, buffer, saline, or any type of biologically compatible fluid. Because the

nanocrystals provided herein do not dim significantly when dispersed in an aqueous medium

(e.g., deionized water, borate buffer, carbonate buffer, or phosphate buffer), even at low

concentrations or upon prolonged exposure to aqueous solvents, these nanocrystals also can

be used in various biological applications. Nanocrystals provided herein also can be used in

non-biological applications. For example, nanocrystals, as provided herein, can be included

as a component in a photovoltaic or light-emitting (e.g., electroluminescent) device such as a

light emitting diodes (LEDs) and solar panels. In one embodiment, nanocrystals are

suspended in a medium (e.g., aqueous or non-aqueous carrier) and can be used as a

fluorescent ink.

[00048] In general, the provided methods utilize a mixture of at least two different organic

ligands during nanocrystal synthesis. Organic ligands are compounds capable of binding

(e.g., coordinating) to the semiconductor precursors and/or atoms residing on the nanocrystal

surface. The ligand mixtures described herein can be used in the manufacture of the

semiconductor core and/or the semiconductor shell. The methods are particularly applicable

to the synthesis of semiconductor shells where organic ligands (e.g., amines, alcohols, ethers,

alkenes, and alkynes) are used in the shell growth reaction.

[00049] In certain embodiments, methods are provided herein that include contacting a

semiconductor core with semiconductor shell precursor(s) and heating the mixture in the

presence of two or more organic ligands. Various types of organic ligands can be used in the

disclosed methods and are described herein, including, for example, organic ligands that

include one or more acidic groups or derivatives thereof (e.g., conjugate bases, salts or esters)



capable of coordinating with semiconductor precursors and/or atoms on the nanocrystal

surface.

[00050] In certain embodiments, the two or more organic ligands (e.g., acidic ligands or

conjugate bases thereof) are used in the manufacture of the semiconductor shell. A

representative method includes combining a plurality of semiconductor nanocrystal cores, at

least one solvent, a first semiconductor shell precursor, and a second semiconductor shell

precursor, wherein the first and second semiconductor shell precursors are different, and at

least two different acidic compounds to provide a reaction mixture. The reaction mixture is

heated for a period of time sufficient to induce formation of a semiconductor shell layer on at

least one core. The components of the reaction mixture can be added in any order. In one

representative method, the plurality of semiconductor nanocrystal cores can be combined with

the at least one solvent and the at least two different organic (e.g., acidic) compounds to

provide a reaction mixture. The first and second semiconductor shell precursors are then

added to this reaction mixture. In another representative method, the plurality of

semiconductor nanocrystal cores are first combined with the at least one solvent. The first

and second semiconductor shell precursors and the at least two different oxoacid compounds

then are added.

[00051] Purified or non-purified cores can be utilized in the production methods described

herein. In certain methods, the plurality of purified semiconductor nanocrystal cores can be

combined with at least one solvent and at least two different organic compounds to provide a

reaction mixture. Alternatively, nanocrystal cores can be used directly after synthesis and

without further purification. In certain methods, where a mixture of organic (e.g., oxoacid)

ligands is used in the core synthesis, unreacted organic ligands can be present in sufficient

quantities, such that it may not be necessary to supply additional organic (e.g., oxoacid)

ligands in the reaction mixture. Thus, provided herein is a method that includes providing a

reaction mixture that includes a plurality of semiconductor nanocrystal cores, at least two

different acidic compounds, and at least one solvent. A first semiconductor shell precursor

and a second semiconductor shell precursor, wherein the first and second semiconductor shell

precursors are different, then are added to the reaction mixture and heated for a period of time

sufficient to induce formation of a semiconductor shell layer on at least one core.

[00052] In certain methods, additional shell precursor s having compositions different than

the first and second shell precursors can be used in the synthetic methods described herein,



For example, three or more shell precursors can added to the reaction mixture to form the

semiconductor shell on the semiconductor core. Alternatively, mixtures of precursors can be

combined prior to addition into the reaction mixture. For example, a first shell precursor (e.g.,

cadmium or selenium precursor) can be used in conjunction with second and third shell

precursors (e.g., zinc and sulfur precursors) to form a CdZnS or ZnSeS shell.

[00053] In certain aspects, nanocrystal shells can be synthesized to the desired size by

sequential, controlled addition of two or more semiconductor materials to build and/or apply

monolayers of shell material to the core. This synthetic approach differs from conventional

methods of adding shells where materials (e.g., diethylzinc and bis(trimethylsilyl)sulfide) are

added concurrently during the synthesis. Further, sequential addition permits the formation of

relatively thick (e.g., >2 nm), uniform shells (e.g., uniform size and depth) on a core.

Appropriate amounts of the shell precursors are added to form a single monolayer to each

nanocrystal core. The amount of shell precursors that need to be added for each monolayer

addition is based on the starting size of the underlying core. Since the underlying core size

typically increases over the course of the reaction, a new "core" size needs to be determined

with each addition by taking the previous "core" volume and adding to it the thickness of just-

added shell monolayer.

[00054] Each monolayer of shell material can be independently selected, and may be made

up of a single component, or may comprise a multi-component (e.g., alloyed) shell material.

In some embodiments, it is suitable to apply one or more sequential monolayers of a first shell

material, followed by one or more sequential monolayers of a second shell material.

Nanocrystals prepared using layer additions of shell precursors allows the deposition of at

least one inner shell layer of a material having a bandgap and lattice size compatible with the

core, followed by the deposition of at least one outer shell layer of a material having a

bandgap and lattice size compatible with the inner shell layer. In some embodiments,

multiple sequential monolayers of a single shell material can be applied to provide a uniform

shell of a desired number of monolayers of a single shell material; in these embodiments, the

first and second shell materials are the same. In other embodiments, sequential monolayers of

an alloyed shell material are applied, where the ratio of the components varies such that the

composition becomes successively enriched in one component of the multi-component

mixture as the successive monolayers of shell material are deposited.



[00055] Certain methods provided herein can be used to prepare nanocrystals or

populations thereof that include a semiconductor core and an alloyed shell. Nanocrystals

including alloyed shells of the requisite thickness can be produced using any number of

procedures. Certain methods provided herein allow for fine and controlled addition of

semiconductor shell precursors to induce self-assembly of an alloy during the shell growth

reaction. A "self-assembled alloy," as used herein, refers to an alloy, such as an alloy of

semiconductor materials, in which the components spontaneously assemble until a stable,

ordered structure of minimum energy is reached. Self-assembled alloys can be formed when

two or more semiconductor precursors having similar reactivity are simultaneously present in

a nanocrystal growth solution (e.g., a solution containing a plurality of nanocrystal cores).

Semiconductor precursors typically find their appropriate location, e.g., by diffusing through a

solution, based on their physical and chemical properties. Generally, a self-assembled alloy

can be formed when the semiconductor precursor(s) is added to the solution in excess relative

to the amount of nanocrystals. One method for preparing a self-assembled alloy involves

applying sequential monolayers of shell material to the nanocrystal cores, where the ratio of

the semiconductor precursors is varied over the course of monolayer deposition. As the

successive monolayers of shell material are deposited, the shell composition becomes

successively enriched in one component. Once the desired number of monolayers has been

deposited, the shell precursors can self-assemble to form an alloy. Since the precursor(s) are

used in excess relative to the growing nanocrystals, these precursors remain unreacted in the

reaction mixture upon addition of further precursor materials. This is in contrast to methods

wherein a stoichiometric or near-stoichiometric amount of semiconductor precursors are

added to a reaction mixture containing nanocrystals and fully or nearly-fully reacted prior to

adding further precursor materials.

[00056] Thus, in one method, successive additions of a solution of shell precursors (e.g.,

cadmium, sulfur and zinc precursors) are added to semiconductor cores (e.g., CdSe) to form a

relatively thick, homogeneous alloyed shell on the cores. In another method, constant

concentrations of different shell precursors are added to a solution of cores in an alternating

manner. For example, solutions of shell precursors can be added one at a time in an

alternating manner and then allowed to react (i.e., self-assemble) for a given time period to

form an alloyed shell. In yet another method, a first solution of shell precursor (e.g., cadmium

precursor) can be added to a solution of cores in an alternating manner with a solution



containing a second shell precursor or a mixture of two or more shell precursors (e.g., sulfur

and zinc precursors). Upon addition of the first and second precursor solutions, an alloyed

shell can self-assemble on the nanocrystal. Successive, alternating layer additions of shell

precursors can be applied to the nanocrystal to build up the desired thickness of shell material.

[00057] Also provided herein is a method of producing semiconductor nanocrystal cores.

A representative method for producing nanocrystal cores includes combining in any suitable

order a first semiconductor precursor, a second semiconductor precursor, at least one

coordinating solvent, and at least two different organic ligands to form a reaction mixture.

The reaction mixture is heated to a temperature that is sufficiently high to form nanocrystal

cores and can be stopped by cooling to halt nanocrystal growth.

[00058] Various types of organic ligands can be used in the practice of the methods

described herein. For example, certain methods utilize a mixture of acidic compounds. The

disclosed methods are not limited to the type of acid and can be generalized to include

mixtures of acids and more complex mixtures of more than two acids (as well as derivatives

thereof).

[00059] Oxoacids are one suitable class of acidic compounds that can be used in the

methods described herein. An "oxoacid" (also sometimes referred to as an "oxyacid," "oxo

acid," "oxy-acid," "oxiacid," or "oxacid") refers to an acid that includes oxygen, at least one

element other than oxygen, at least one hydrogen atom bound to oxygen, and forms an ion

upon loss of one or more protons. The term stands in contradistinction to "hydracids,"which

lack oxygen, such as, e.g., hydrochloric acid (HC1) or hydrofluoric acid (HF). Examples of

oxoacids include carboxylic acids, sulfuric acid, nitric acid, phosphoric acid, and halogen-

containing oxoacids, such as hypochlorous acid, chlorous acid, chloric acid, perchloric acid,

perbromic acid and metaperiodic acid. Exemplary oxoacids can include hydrons (i.e., a

positive hydrogen cation, H+), for example, P(OH) , RC(=0)OH, HOSOH, HOC1, HON=0,

(HO)2S0 2, RP(=0)(OH) 2. Certain types of oxoacids can produce a conjugate base by loss of

positive hydrogen ion(s). As used herein, the term "oxoacid" or "oxoacid compound" also

encompasses an oxoacid derivative. Thus, in certain methods provided herein, one or more of

the oxoacid compounds used in such methods can be in the form of an oxoacid derivative.

Oxoacids and derivatives thereof (e.g., conjugate bases, salts or esters) can be added to the

reaction mixture directly or can be formed during the course of the reaction process.



[00060] Exemplary oxoacid derivatives include, for example, conjugate bases, salts, and

esters (e.g., diesters, triesters, and the like) of oxoacids. In certain embodiments, oxoacid can

be in the form of a conjugate base or salt. Representative examples of such derivatives

include, without limitation, n-alkyl cadmium phosphonate, n-alkyl zinc phosphonate, n-alkyl

cadmium carboxylate, n-alkyl zinc carboxylate and the like. In some embodiments, the n-

alkyl portion of the phosphonate can be any hydrocarbon compound (e.g., alkanes, alkenes,

and alkynes of which any can be linear, branched, or cyclic). In certain embodiments,

oxoacid compounds can be in the form or an ester. Oxoacid esters typically include at least

one hydroxyl group that has been replaced by an alkyl (alkoxy) group. Oxoacid esters can be

generated, for example, by reacting an oxoacid with a hydroxyl compound (e.g., an alcohol or

phenol). Representative oxoacid esters that can be used in the practice of the disclosed

methods include, for example and without limitation, di-n-alkyl n-alkylphosphonate, mono-n-

alkyl n-alkylphosphonate, and the like.

[00061] "Alkyl" or "alkyl group" as used herein typically refers to a branched or

unbranched saturated hydrocarbon group of 1 to 100 carbon atoms, preferably 1 to 30 carbon

atoms, such as methyl, ethyl, n-propyl, isopropyl, n-butyl, isobutyl, t-butyl, octyl, decyl,

tetradecyl, hexadecyl, eicosyl, tetracosyl and the like, as well as cycloalkyl groups such as

cyclopentyl, cyclohexyl and the like. Optionally, an alkyl can contain 1 to 6 linkages selected

from the group consisting of -0-, -S-, -M- and -NR- where R is hydrogen, or C C alkyl or

lower alkenyl. In addition to the alkyl groups identified herein, other possible alkyl groups

can be used in the practice of the described methods.

[00062] The methods provided herein implement a mixture of at least two oxoacid

compounds. Typically, a mixture of two oxoacid compounds is utilized. The oxoacid

compounds can differ with respect to composition and/or molecular weight. In certain

embodiments, the two or more oxoacid compounds have a similar acidic head group but differ

in molecular weight. Suitable oxoacids for use in the disclosed methods include a phosphonic

acid head group. Conjugate bases, salts or esters (e.g., diesters) of phosphonic acids can be

used in certain methods. Exemplary phosphonic acid compounds include alkylphosphonic

acid compounds, such as, for example, C1-C2 0 alkylphosphonic acid compounds, where the

alkyl group can be linear or branched (e.g., tetradecylphosphonic acid, methylphosphonic

acid, ethylphosphonic acid, butylphosphonic acid, hexylphosphonic acid, octylphosphonic

acid, and the like).



[00063] Particular methods utilize a mixture of two different phosphonic acid compounds.

In certain embodiments, a mixture of two alkylphosphonic acid compounds can be used to

prepare the nanocrystal shell. For example, a first phosphonic acid compound can be selected

from Ci-Cio alkylphosphonic acid compounds and a second phosphonic acid compound can

be selected from C
0
-C20 alkylphosphonic acid compounds. In certain methods, a mixture a

0
-C20 alkylphosphonic acid compound (e.g., TDPA) and at least one C -C

0

alkylphosphonic acid compound, such as ethylphosphonic acid (EPA) can be used. In other

methods, a mixture of a C
10

-C20 alkylphosphonic acid compound (e.g., TDPA) and at least

one C1-C10
alkylphosphonic acid compound, such as methylphosphonic acid, butylphosphonic

acid, hexylphosphonic acid, or octylphosphonic acid can be used.

[00064] Other suitable oxoacids for use in the disclosed methods can include a carboxylic

acid head group. Conjugate bases of carboxylic acids can be used in certain methods.

Suitable carboxylic acids include C1-C20 carboxylic acids, where the alkyl group can be linear

or branced (e.g., lauric acid, myristic acid, palmitic acid, and stearic acid, acetic acid,

propionic acid, butyric acid, hexanoic acid, and octanoic acid). In some embodiments, a

mixture of at least one C10-C20carboxylic acid and at least one C1-C10carboxylic acid can be

used. In certain embodiments, a mixture of two alkyl carboxylic acid compounds is used to

prepare the nanocrystal shell. For example, a first alkyl carboxylic acid compound can be

selected from C -C
0

alkylcarboxylie acid compounds and a second carboxylic acid compound

can be selected from C
0
-C20 alkylcarboxylic acid compounds

[00065] Other types of oxoacids that can be used in the practice of the methods provided

herein include sulfonic acids and boronic acids and conjugates bases and mixtures thereof. A

sulfonic acid or boronic acid also can be used in combination with a phosphonic acid and/or a

carboxylic acid compound, as described herein.

[00066] Particular methods utilize a mixture of two or more phosphonic acid compounds,

or a mixture of two or more carboxylic acid compounds, or a mixture of two or more boronic

acid compounds, or a mixture of two or more sulfonic acid compounds, or a mixture of two or

more deprotonated conjugate bases of any of these acidic compounds (e.g., carboxylate

compounds) or a mixture of any of these acidic compounds. Certain methods utilize a

mixture of at least two different carboxylic acid compounds. Certain methods utilize a

mixture of at least one phosphonic acid or conjugate base thereof and at least one carboxylic

acid or a deprotonated conjugate base thereof.



[00067] In certain embodiments, the mixture of organic ligands can include a lower

molecular weight acidic ligand and a higher molecular weight acidic ligand. Thus, in one

aspect, the method provides a reaction mixture that includes a plurality of semiconductor

nanocrystal cores, at least one solvent, a first and second semiconductor shell precursors, a

first acidic compound and a second acidic compound, wherein the first and second acidic

compounds have two different molecular weights. In certain embodiments, the lower

molecular weight compound has a MW of about 50 grams per mole (g/mol) to about 200

g/mol, and the higher molecular weight compounds has a MW of about 200 g/mol to about

300 g/mol. Certain embodiments utilize a lower molecular weight compound with a MW of

about 100 g/mol to about 120 g/mol and a higher molecular weight compound with a MW of

about 250 to about 300 g/mol. Certain embodiments utilize a lower molecular weight

compound with a MW of about 110 g/mol to about 115 g/mol and a higher molecular weight

compound with a MW of about 275 g/mol to about 280 g/mol.

[00068] The relative amounts of the two or more acidic compounds can be tailored to

optimize the physical and optical properties of the nanocrystal. For example, increasing the

amount of the lower molecular weight ligand used in the shell reaction mixture can enhance

the quantum yield of the nanocrystal as compared to when only a single acidic compound is

used in the reaction. The increase in quantum yield has been demonstrated in both aqueous

and organic solution.

[00069] The relative amounts of lower and higher molecular weight acidic compounds

also can alter the emission wavelength of the resulting particle. For example, an increase in

the amount of a lower molecular weight acidic compound (e.g., EPA) relative to higher

molecular weight acidic compound (e.g., TDPA) can cause a corresponding shift of the

emission wavelength to longer wavelengths (i.e., red-shifting). For example, a shift of about 5

nm to about 15 nm can be achieved by adjusting the ratio of EPA to TDPA used in the

shelling reaction mixture. This effect can depend on the size and/or shape of the nanocrystal

core. For certain types of nanocrystals (e.g., rod-shaped), red-shifting of emission wavelength

is thought to occur as a result of differential deposition of shell material along the longitudinal

(z) and lateral (x and y) axes of the particle, where FIG. 1 illustrates the x, y, and z dimensions

of a non-spherical nanocrystal. Surprisingly, for an elongated nanocrystal, the use of a

mixture of acidic compounds according to the disclosed methods favors deposition of shell

material along the shorter axes (x and y axis). In certain methods, as shell is deposited along



the x and y axis of an elongated particle, the particle becomes less elongated (i.e., more

spherical), and the emission peak shifts to a longer wavelength While not wishing to be

bound by theory, it is thought that as such a particle becomes more spherical, quantum

confinement is reduced, resulting in a red-shift in the particle's emission wavelength.

[00070] In certain methods, the deposition of shell material along the x and y axis of the

nanocrystal core can be controlled by adjusting the ratio of organic compounds and/or the

shape of the core nanocrystal, used in the reaction mixture. The ratios of the two different

organic compounds can be altered depending on the type of materials used and the properties

desired.

[00071] The ratio of two different compounds in a mixture can be expressed in terms of a

mole fraction. The "mole fraction," as used herein refers to the ratio of the number of moles

of one constituent of a mixture or solution to the total number of moles of all the constituents.

By way of example, in the case where a mixture of two compounds is used in a reaction

mixture, the mole fraction of one of the two compounds in the mixture can be expressed

according to the following equation:

Mole Fraction of Compound # 1 =

(# moles of Compound #1)
(# moles of Compound # 1 + # moles of Compound #2)

[00072] When the mixture includes a lower molecular weight organic ligand and a higher

molecular weight organic ligand, the mole fraction of lower molecular weight ligand in the

mixture can range from about 0.1% to about 99.9%; or about 0.1% or greater; or about 0.5%

or greater; or about 1% or greater; or about 2% or greater; or about 5% or greater; or about

10% or greater; or about 15% or greater; or about 20% or greater; or about 50% or greater; or

about 75% or greater. Conversely, the mole fraction of higher molecular weight ligand can

range from about 0.1% to about 99.9%; or about 0.1% or greater; or about 0.5% or greater; or

about 1% or greater; or about 2% or greater; or about 5% or greater; or about 10% or greater;

or about 15% or greater; or about 20% or greater; or about 50% or greater; or about 75% or

greater. In certain embodiments, the mole fraction of lower molecular weight ligand (or

higher molecular weight ligand) is less than 50%. In some embodiments, the mole fraction of

the lower molecular weight ligand (or higher molecular weight ligand) can be about 1% to

about 10%; or about 1% to about 15%; or about 1% to about 20%. In some embodiments, the



mole fraction of the lower molecular weight ligand (or higher molecular weight ligand) can be

about 0.1% to about 10%; or about 0.1% to about 15%; or about 0.1% to about 20%. In some

embodiments, the lower molecular weight compound is an acidic ligand, In other

embodiments, the lower molecular weight compound is an oxoacid. In yet other

embodiments, the lower molecular weight compound is a phophonic acid.

[00073] In certain embodiments, the reaction mixture can include two phosphonic acid

compounds having two different molecular weights, wherein the mole fraction of the lower

molecular weight phosphonic acid is greater than about 0.1%; or greater than about 1%; or

greater than about 2%; or greater than about 3%; or greater than about 4%; or greater than

about 5%; or greater than about 10%; or greater than about 20%. In some embodiments, the

mole fraction of the lower molecular weight phosphonic acid is about 0.1% to about 20%; or

about 1% to about 20%; or about 2% to about 20%; or about 3% to about 20%; or about 4% to

about 20%; or about 5% to about 20%. Reaction mixtures containing oxoacid ligands in the

amounts described above can be used to produce either nanocrystal shells or nanocrystal

cores.

[00074] The methods provided herein are applicable to the manufacture of various types of

nanocrystals. Such nanocrystals can include Group 2-16, 12-16, 13-15 and 14 element-based

semiconductors such as ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HgTe, MgS, MgSe,

MgTe, CaS, CaSe, CaTe, SrS, SrSe, SrTe, BaS, BaSe, BaTe, GaN, GaP, GaAs, GaSb, InP,

InAs, InSb, AlAs, A1P, AlSb, PbS, PbSe, Ge and Si or a mixture thereof.

[00075] The nanoparticles described herein typically include a shell material that has a

higher bandgap than the core material. However, other arrangements are also possible.

Typically, the core and the shell of a core/shell nanocrystal are composed of different

semiconductor materials, meaning that at least one atom type of a semiconductor material of

the core of a core/shell nanocrystal is different from the atom types in the shell of the

nanocrystal. In certain embodiments, the core includes a Group II-VI, Group II-VI-VI, Group

III-V, Group III-III-V, Group III-V-V or a Group II-II-VI semiconductor material. For

example, the core can include a Group II-VI semiconductor material, such as, CdS, CdSe,

CdTe, ZnS, ZnSe, ZnTe, HgS, or a mixture thereof. For such materials, the shell layer can

include a Group II-VI, a Group II-VI-VI, Group III-V, Group III-III-V, Group III-V-V or a

Group II-II-VI semiconductor material. For example, the shell can include a Group II-VI

semiconductor material, such as BeO, BeS, BeSe, MgO, MgS, MgSe, ZnO, ZnS, ZnSe, CdO,



CdS or a mixture thereof. In certain embodiments, both the core and the shell are formed of a

Group II-VI semiconductor material. For example, the core can include CdSe, CdTe, or a

mixture thereof, and the shell can include ZnS, CdS, or a mixture thereof.

[00076] In addition to having a bandgap energy greater than the semiconductor

nanocrystal core, suitable materials for the shell can have good conduction and valence band

offset with respect to the core semiconductor nanocrystal. Thus, the conduction band is

desirably higher and the valence band is desirably lower than those of the core semiconductor

nanocrystal. For semiconductor nanocrystal cores that emit energy in the visible (e.g., CdS,

CdSe, CdTe, ZnS, ZnSe, ZnTe, GaP, GaAs, GaN) or near IR (e.g., InP, InAs, InSb, PbS,

PbSe), a material that has a bandgap energy in the ultraviolet regions may be used.

Exemplary materials include CdS, CdSe, InP, InAs, ZnS, ZnSe, ZnTe, GaP, GaN, and

magnesium chalcogenides, e.g., MgS, MgSe, and MgTe. For a semiconductor nanocrystal

core that emits in the near IR, materials having a bandgap energy in the visible, such as CdS

or CdSe, may also be used. It is also understood in the art that the actual fluorescence

wavelength for a particular nanocrystal core depends upon the size of the core as well as its

composition, so the categorizations above are approximations, and nanocrystal cores

described as emitting in the visible or the near IR can actually emit at longer or shorter

wavelengths depending upon the size of the core.

[00077] In some embodiments, the metal atoms of a shell layer are selected from Cd, Zn,

Ga and Mg. The second element in these semiconductor shell layers is frequently selected

from S, Se, Te, P, As, N and Sb.

[00078] The disclosed methods can use one or more shell precursor compounds. In certain

embodiments, a shell is prepared using two or more shell precursor compounds.

[00079] Precursors useful as the "first" precursor in the methods provided herein include

compounds containing elements from Groups 2 and 12 of the Periodic Table of the Elements

(e.g., Zn, Cd, Hg, Mg, Ca, Sr, Ba, and the like), compounds containing elements from Group

13 of the Periodic Table of the Elements (Al, Ga, In, and the like), and compounds containing

elements from Group 14 of the Periodic Table of the Elements (Si, Ge, Pb, and the like).

Many forms of the precursors can be used in the disclosed methods.

[00080] Examples of compounds useful as the first precursor can include, but are not

limited to: organometallic compounds such as alkyl metal species, salts such as metal halides,

metal acetates, metal carboxylates, metal phosphonates, metal phosphinates, metal oxides, or



other salts. In some embodiments, the first precursor provides a neutral species in solution.

For example, alkyl metal species such as diethylzinc (Et2Zn) or dimethyl cadmium are

typically considered to be a source of neutral zinc atoms (Zn°) in solution. In other

embodiments, the first precursor provides an ionic species (i.e., a metal cation) in solution.

For example, zinc chloride (ZnCl 2) and other zinc halides, zinc acetate (Zn(OAc) 2) and zinc

carboxylates are typically considered to be sources of Zn + cations in solution.

[00081] By way of example only, suitable first precursors providing neutral metal species

include dialkyl metal sources, such as dimethyl cadmium (Me2Cd), diethyl zinc (Et2Zn), and

the like. Suitable first precursors providing metal cations in solution include, e.g., cadmium

salts, such as cadmium acetate (Cd(OAc) 2), cadmium nitrate (Cd(NC>3)2 ) , cadmium oxide

(CdO), and other cadmium salts; and zinc salts such as zinc chloride (ZnCl 2), zinc acetate

(Zn(OAc) 2), zinc oleate (Zn(oleate) 2), zinc chloro(oleate), zinc undecylenate, zinc salicylate,

and other zinc salts. In some embodiments, the first precursor is salt of Cd or Zn. In some

embodiments, the first precursor is a halide, acetate, carboxylate, or oxide salt of Cd or Zn. In

other embodiments, the first precursor is a salt of the form M(0 2CR)X, wherein M is Cd or

Zn; X is a halide or 0 2CR; and R is a C4-C2 4 alkyl group that is optionally unsaturated. Other

suitable forms of Groups 2, 12, 13 and 14 elements useful as first precursors are known in the

art.

[00082] Precursors useful as the "second" precursor in the disclosed methods include

compounds containing elements from Group 16 of the Periodic Table of the Elements (e.g., S,

Se, Te, and the like), compounds containing elements from Group 15 of the Periodic Table of

the Elements (N, P, As, Sb, and the like), and compounds containing elements from Group 14

of the Periodic Table of the Elements (Ge, Si, and the like). Many forms of the precursors can

be used in the disclosed methods. It will be understood that in some embodiments, the second

precursor will provide a neutral species in solution, while in other embodiments the second

precursor will provide an ionic species in solution.

[00083] In certain embodiments, the first semiconductor shell precursors include Group 2,

12, 13 and 14 element-containing compounds. In certain embodiments, the second

semiconductor shell precursors Group 2, 12, 13, 14, 15 and 16 element-containing

compounds.

[00084] In certain methods, additional shell precursors can be used in the shelling reaction

mixture. Any of the first and second shell precursors disclosed herein can be used in such



methods. In certain methods, three or more shell precursors are used to prepare the

semiconductor shell.

[00085] When the first precursor includes a metal cation, the second precursor can provide

an uncharged (i.e., neutral) non-metal atom in solution. For example, when the first precursor

includes a metal cation, the second precursor contributes a neutral chalcogen atom, most

commonly S°, Se° or Te°.

[00086] Suitable second precursors for providing a neutral chalcogen atom include, for

example, elemental sulfur (often as a solution in an amine, e.g., decylamine, oleylamine, or

dioctylamine, or an alkene, such as octadecene), and tri-alkylphosphine adducts of S, Se and

Te. Such trialkylphosphine adducts are sometimes described herein as P=X, wherein X is

S, Se or Te, and each R is independently H, or a C1-C24 hydrocarbon group that can be

straight-chain, branched, cyclic, or a combination of these, and which can be unsaturated.

Exemplary second precursors of this type include tri-n (butylphosphine)selenide (TBP=Se),

tri-n-(octylphosphine)selenide (TOP=Se), and the corresponding sulfur and tellurium

reagents, TBP=S, TOP=S, TBP=Te and TOP=Te. These reagents are frequently formed by

combining a desired element, such as Se, S, or Te with an appropriate coordinating solvent,

e.g., TOP or TBP. Precursors that provide anionic species under the reaction conditions are

typically used with a first precursor that provides a neutral metal atom, such as alkylmetal

compounds and others described above or known in the art.

[00087] In some embodiments, the second precursor provides a negatively charged non-

metal ion in solution (e.g., S-2, Se-2 or Te-2). Examples of suitable second precursors

providing an ionic species include silyl compounds such as bis(trimethylsilyl)selenide

((TMS)2Se), bis(trimethylsilyl)sulfide ((TMS)2S) and bis(trimethylsilyl)telluride ((TMS)2Te).

Also included are hydrogenated compounds such as H2Se, H2S, H2Te; and metal salts such as

NaHSe, NaSH or NaHTe. In this situation, an oxidant can be used to oxidize a neutral metal

species to a cationic species that can react with the anionic precursor in a 'matched' reaction,

or an oxidant can be used increase the oxidation state of the anionic precursor to provide a

neutral species that can undergo a 'matched' reaction with a neutral metal species.

[00088] Other exemplary organic precursors are described in U.S. Pat. Nos. 6,207,299 and

6,322,901 to Bawendi et al., and synthesis methods using weak acids as precursor materials

are disclosed by Qu et al., (2001), Nano Lett., l(6):333-337, the disclosures of each of which

are incorporated herein by reference in their entirety.



[00089] Nanoparticle shell precursors can be represented as an M-source and an X-donor.

The M-source can be an M-containing salt, such as a halide, carboxylate, phosphonate,

carbonate, hydroxide, or diketonate, or a mixed salt thereof (e.g., a halo carboxylate salt, such

as Cd(halo)(oleate)), of a metal, M, in which M can be, e.g., Cd, n, Mg, Hg, Al, Ga, In, or

Tl. In the X-donor, X can be, e.g., O, S, Se, Te, N, P, As, or Sb. The mixture can include an

amine, such as a primary amine (e.g., a C8-C20 alkyl amine). The X donor can include, for

example, a phosphine chalcogenide, a bis(trialkylsilyl)chalcogenide, a dioxygen species, an

ammonium salt, or a tris(trialkylsilyl)phosphine, or the like.

[00090] The M-source and the X donor can be combined by contacting a metal, M, or an

M-containing salt, and a reducing agent to form an M-containing precursor. The reducing

agent can include an alkyl phosphine, a 1,2-diol or an aldehyde, such as a C6-C20 alkyl diol or

a C6-C20 aldehyde.

[00091] Suitable M-containing salts include, for example, cadmium acetylacetonate,

cadmium iodide, cadmium bromide, cadmium chloride, cadmium hydroxide, cadmium

carbonate, cadmium acetate, cadmium oxide, zinc acetylacetonate, zinc iodide, zinc bromide,

zinc chloride, zinc hydroxide, zinc carbonate, zinc acetate, zinc oxide, magnesium

acetylacetonate, magnesium iodide, magnesium bromide, magnesium chloride, magnesium

hydroxide, magnesium carbonate, magnesium acetate, magnesium oxide, mercury

acetylacetonate, mercury iodide, mercury bromide, mercury chloride, mercury hydroxide,

mercury carbonate, mercury acetate, aluminum acetylacetonate, aluminum iodide, aluminum

bromide, aluminum chloride, aluminum hydroxide, aluminum carbonate, aluminum acetate,

gallium acetylacetonate, gallium iodide, gallium bromide, gallium chloride, gallium

hydroxide, gallium carbonate, gallium acetate, indium acetylacetonate, indium iodide, indium

bromide, indium chloride, indium hydroxide, indium carbonate, indium acetate, thallium

acetylacetonate, thallium iodide, thallium bromide, thallium chloride, thallium hydroxide,

thallium carbonate, or thallium acetate. Suitable M-containing salts also include, for example,

carboxylate salts, such as oleate, stearate, myristate, and palmitate salts, mixed halo

carboxylate salts, such as M(halo)(oleate) salts, as well as phosphonate salts.

[00092] The X donor is a compound capable of reacting with the M-containing salt to

form a material with the general formula MX. The X donor is generally a chalcogenide donor

or a phosphine donor, such as a phosphine chalcogenide, a bis(silyl) chalcogenide, dioxygen,

an ammonium salt, or a tris(trialkylsilyl) phosphine. Suitable X donors include dioxygen,



elemental sulfur, bis(trimethylsilyl) selenide ((TMS)2Se), trialkyl phosphine selenides such as

(tri-n-octylphosphine) selenide (TOPSe) or (tri-n-butylphosphine) selenide (TBPSe), trialkyl

phosphine tellurides such as (tri-n-octylphosphine) telluride (TOPTe) or

hexapropylphosphorustriamide telluride (HPPTTe), bis(trimethylsilyl)telluride ((TMS)2Te),

sulfur, bis(trimethylsilyl)sulfide ((TMS)2S), a trialkyl phosphine sulfide such as (tri-n-

octylphosphine) sulfide (TOPS), tris(dimethylamino) arsine, an ammonium salt such as an

ammonium halide (e.g., NH4C1), tris(trimethylsilyl) phosphide ((TMS)3P), tris(trimethylsilyl)

arsenide ((TMS)3As), or tris(trimethylsilyl) antimonide ((TMS)3Sb). In certain embodiments,

the M donor and the X donor can be moieties within the same molecule.

[00093] In some embodiments, mismatched precursors can be chosen such that one

precursor provides a neutral atom in solution under the reaction conditions, while the other

precursor provides an ion. For example, a mixture of cadmium alkylphosphonate, which is a

source of Cd + ions, and trioctylphosphine selenide (TOPSe), which is a source of Se°, might

be employed as mismatched precursors. Such precursors cannot react to form a neutral

species unless an electron transfer agent is present to adjust the oxidation state of one of the

reactive species to provide 'matched' species capable of undergoing reaction. For example, a

reductant could be used to add electrons to Cd + to provide two non-ionic species (i.e., Cd°

and Se°), or it could add electrons to Se° to provide two ionic species (i.e., Cd + and Se ) .

Either way, once the atomic species are 'matched' , their reaction can proceed, but the reaction

cannot proceed without such an electron transfer agent. Alternatively, two ionic species

having the same charge (i.e., two cations or two anions) would also be considered to be

'mismatched.' For example, mismatched precursors that provide two cationic species could

be used, where one species is reduced to provide an anionic species capable of undergoing a

'matched' reaction. For example, Se + or Se4+ could be reduced to provide selenide anion Se2

, which could undergo reaction with a metal cation species, such as Cd +. In another example,

two cationic species could both be reduced to neutral species.

[00094] The disclosed methods are conducted in a solvent. Various types of solvents can

be used. Solvents can be coordinating or non-coordinating solvents. "Coordinating solvent"

as used herein refers to a solvent, such as TOP, TOPO, carboxylic acids, and amines, which

are effective to coordinate to the surface of a nanocrystal. Coordinating solvents can have

heteroatoms that provide bonding pairs of electrons to coordinate with the nanocrystal surface.

'Coordinating solvents' include phosphines, phosphine oxides, phosphonic acids, phosphinic



acids, amines, and carboxylic acids, which are often used in growth media for nanocrystals,

and which form a coating or layer on the nanocrystal surface. TOP and TOPO are sometimes

preferred. Typical coordinating solvents include alkyl amines, alkyl phosphines, alkyl

phosphine oxides, alkyl phosphonic acids, alkyl phosphinic acids, or carboxylic acid

containing solvents, or mixtures of these.

[00095] Coordinating solvents exclude hydrocarbon solvents such as hexanes, toluene,

hexadecane, octadecene, and the like, which do not have heteroatoms that provide bonding

pairs of electrons to coordinate with the nanocrystal surface. Hydrocarbon solvents that do

not contain heteroatoms such as O, S, N or P to coordinate to a nanocrystal surface are

referred to herein as "non-coordinating solvents." Representative non-coordinating solvents

include, for example, tetradecane, octadecane, octadecene, squalane, squalene.

[00096] As used herein, the term 'solvent' refers to a medium that supports, dissolves, or

disperses materials and reactions between them, but which does not ordinarily participate in or

become modified by the reactions of the reactant materials. However, in certain instances, the

solvent can be modified by the reaction conditions. For example, TOP may be oxidized to

TOPO, or a carboxylic acid can be reduced to an alcohol.

[00097] Suitable reaction solvents include, by way of illustration and not limitation,

hydrocarbons, amines, alkyl phosphines, alkyl phosphine oxides, carboxylic acids, ethers,

furans, phosphoacids, pyridines and mixtures thereof. The solvent may actually include a

mixture of solvents, often referred to in the art as a "solvent system". In some embodiments,

the solvent includes at least one coordinating solvent. In certain embodiments, the disclosed

methods utilize coordinating solvents, such as, for example, amines, alkyl phosphines, alkyl

phosphine oxides, fatty acids, ethers, furans, phospho-acids, pyridines, alkenes, alkynes and

combinations thereof. In some embodiments, the solvent system includes a secondary amine

and a trialkyl phosphine (e.g., TBP or TOP) or a trialkylphosphine oxide (e.g., TOPO). If the

coordinating solvent is not an amine, an amine can be included.

[00098] The reaction mixtures can include one or more additional ligands in addition to

the mixture of organic (e.g., acidic) ligands described herein. Any ligand compound that can

complex with a precursor and/or a nanocrystal can be used. Suitable ligands include, by way

of illustration and not limitation, phosphoacids such as hexylphosphonic acid and

tetradecylphosphonic acid (TDPA), carboxylic acids such as isomers of octadecanoic acid,

amines, amides, alcohols, ethers, alkenes, and alkynes. In some cases, the ligand and the



solvent can be the same. In certain embodiments, the semiconductor cores are treated with

such an additional ligand prior to conducting the shell growth reaction. For example, the

cores can be treated with an amine (e.g., an alkylamine) to prepare them for overcoating with

shell precursors. In some embodiments, an amine can be included in the nanocrystal shell

reaction mixture.

[00099] Technical grade solvents can be used, and benefits can be obtained from the

existence of beneficial impurities (e.g., reductants) in such solvents, e.g. TOP, TOPO or

both. In certain embodiments, the solvent includes at least one pure coordinating solvent.

In certain embodiments, the method utilizes one or more pure organic ligands. Typically,

pure solvents or ligands contain less than about 10 volume %, or less than about 5 volume

%; and preferably less than about 3 volume % of impurities. Therefore, solvents or ligands

(e.g., TOP, TOPO, TDPA, and the like) at greater than about 90%; or greater than about

95%; or greater than about 97% purity are particularly well suited for use in the disclosed

methods. In certain embodiments, the solvents or ligands have a purity of about 98%- 100%.

In certain methods, solvents or ligands have a purity of about 99% or greater. For example,

the purity of the oxoacid ligand can be about 99% or greater; or about 99.5%; or about

99.9% or greater. By utilizing pure organic ligands in the disclosed methods, it is possible

to precisely control the amount of ligand additive that is spiked into the reaction mixture.

[000100] The disclosed shell growth methods can be implemented using nanocrystals

having spherical or non-spherical nanocrystal cores. A non-spherical nanocrystal core can

have an elongated form (e.g., ellipsoid or rod-shaped), however, other shapes of nanocrystal

cores also can be implemented in the practice of the disclosed methodsThe extent of

elongation can be described in terms of an aspect ratio. As aspect ratio defines the ratio of

length along the longest axis of the nanocrystal relative to the width along the shortest axis.

A spherical nanocrystal has an aspect ratio of 1:1, whereas a non-spherical nanocrystal has

an aspect ratio of greater than 1:1 (e.g., 2:1; 3:1; 4:1; 5:1; 6:1 or greater). For example, a

non-spherical nanocrystal core can have an aspect ratio of greater than 1:1 but less than

about 10:1, or less than about 8:1; or less than about 5:1; or less than about 3:1; or less than

about 2:1. In certain embodiments, the nanocrystals core has an aspect ratio of about 1.5:1;

or about 2:1; or about 3:1; or about 4:1; or about 5:1; or about 6:1 or about 7:1; or about 8:1;

or about 9:1; or about 10:1; or a value between any two of these aspect ratios.



[000101] The core-shell nanocrystals produced by the methods described herein can be

relatively spherical (i.e., aspect ratio of about 1: 1) or can have a non-spherical shape. Non-

spherical core-shell nanocrystals can have a symmetrical or an asymmetrical shape. For

example, core-shell nanocrystals provided herein can be elongated or rod-shaped. In certain

embodiments, core/shell nanocrystals produced by the methods provided herein can have a

trigonal or pyramidal form. Thus, in one aspect, non-spherical nanocrystals are provided

with an aspect ratio of greater than about 1:1 (e.g., 1.1:1; 1.3:1; 1.5:1; 1.7:1; 2:1; 3:1; 4:1;

5:1; 6:1 or greater). In certain embodiments, core-shell nanocrystals are provided with an

aspect ratio of about 1.1:1; or about 1.3:1; or about 1.5:1 or about 2:1; or about 2.5:1; or

about 3:1; or an aspect ratio between any two of these values.

[000102] Certain methods described herein allow for controlled, differential deposition

of shell material along the shorter axes of an elongated nanocrystal, resulting in a less

elongated (more spherical) core-shell nanocrystal. Such methods provide the ability to

produce a core-shell nanocrystal having a lower aspect ratio than that of the core.

[000103] Thus, in another aspect is provided a method for producing a population of

semiconductor nanocrystals, comprising: combining a plurality of semiconductor

nanocrystal cores, wherein each core has an aspect ratio of greater than 1:1 (e.g., about 2:1

or greater); or about 3:1 or greater; or about 4:1 or greater), at least one solvent, a first

semiconductor shell precursor, and a second semiconductor shell precursor, wherein the

first and second semiconductor shell precursors are different, and at least two acidic

compounds (e.g., oxoacids) to provide a reaction mixture; and heating the reaction mixture

for a period of time sufficient to induce formation of a semiconductor shell layer on at least

one core, wherein the aspect ratio of the core-shell nanocrystal is less than the aspect ratio

of the nanocrystal core (e.g., less than about 4:1; or less than about 3:1; or less than about

2:1; or about 1.1:1 to about 1.9:1).

[000104] The methods described herein generate a population of semiconductor

nanocrystals. A population of semiconductor nanocrystals includes a plurality of

nanocrystals having similar physical and/or optical properties. A typical population of

semiconductor nanocrystals includes a semiconductor core and an external semiconductor

shell layer disposed on the surface of the semiconductor core. Generally, the semiconductor

shell layer surrounds the core in a substantially concentric fashion to full cover the surface

of the core.



[000105] The nanocrystal(s) can have any diameter, where the diameter is measured

along the shortest axis of the nanocrystal. For example, the diameter of the nanoparticle

may be from about 1 to about 15 nm, from about 1 nm to about 10 nm, or 1 nm to about 5

nm in its smallest dimension. In some such embodiments, the nanoparticles may have a

smallest dimension of about 0.5 nm, about 1 nm, about 2 nm, about 3 nm, about 4 nm, about

5 nm, about 6 nm, about 7 nm, about 8 nm, about 9 nm, about 10 nm, about 11 nm,

about 12 nm, about 13 nm, about 14 nm, about 15 nm, about 16 nm, about 17 nm, about

18 nm, about 19 nm, about 20 nm, about 25 nm, about 30 nm, about 35 nm, about 40 nm,

about 45 nm, about 50 nm and ranges between any two of these values. Also provided

herein are populations of nanocrystals where greater than 90% of the nanocrystals in the

population have substantially identical diameters. In such embodiments, greater than 90%

of the nanocrystals can have a diameter of about 20 nm or less. In other embodiments,

greater than 90% of the nanocrystals can have a diameter of about 15 nm or less. In other

embodiments, greater than 90% of the nanocrystals can have a diameter of about 10 nm or

less.

[000106] The color (emitted light) of the nanocrystals provided herein can be "tuned"

by varying the size and composition of the particle. Nanocrystals as disclosed herein can

absorb a wide spectrum of wavelengths, and emit a relatively narrow wavelength of light.

The excitation and emission wavelengths are typically different, and non-overlapping.

Depending on the size of the core, these nanocrystal(s) can emit in the UV, visible or IR

portions of the electromagnetic spectrum. In certain embodiments, nanocrystals are

provided that emit in the UV or visible range of electromagnetic spectrum. In other

embodiments, the population emits in the near-IR or IR regions of the spectrum (e.g.,

greater than about 700 nm). The emission maxima of the disclosed nanocrystal and

populations thereof can generally be at any wavelength from about 200 nm to about

1000 nm, and typically about 550 nm to about 850 nm. Examples of emission maxima

include about 200 nm, about 400 nm, about 500 nm, about 600 nm, about 700 nm, about

800 nm, or about 1,000 nm and ranges between any two of these values. For example, in

certain embodiments, the emission maximum of the population is about 550 nm to about

600 nm. In other embodiments, the emission maximum of the population is about 600 nm

to about 650 nm. In other embodiments, the emission maximum of the population is about



650 nm to about 750 nm. In yet other embodiments, the emission maximum of the

population is about 750 nm to about 850 nm.

[000107] The population of nanocrystals provided herein can be monodisperse (i.e., a

small particle size distribution). The nanocrystals of a monodisperse population may be

characterized in that they produce a fluorescence emission having a relatively narrow

wavelength band. The linewidth can be dictated by the single particle emission linewidth,

which can, in turn, depend on the composition of the core material. For example, for certain

nanocrystals provided herein, the full width at half maximum (FWHM) can be rather

narrow, whereas other types of nanocrystals have much broader linewidths due to the

composition of the core material. Generally, the emitted light preferably has a symmetrical

emission of wavelengths. Examples of emission widths (FWHM) include less than about

200 nm, less than about 175 nm, less than about 150 nm, less than about 125 nm, less than

about 100 nm, less than about 75 nm, less than about 60 nm, less than about 50 nm, less

than about 40 nm, less than about 30 nm, less than about 20 nm, and less than about 10 nm.

The width of emission is preferably less than about 60 nm full width at half maximum

(FWHM), or less than about 50 nm FWHM, and sometimes less than about 40 nm FWHM,

less than about 30 nm FWHM or less than about 20 nm FWHM. Depending on the

composition of the core material, certain populations of nanocrystals provided herein have a

FWHM of less than about 30 nm, whereas other types of nanocrystal populations have

much broader linewidths (e.g., about 60 nm to about 80 nm).

[000108] The nanocrystal populations provided herein exhibit high quantum yields

when measured in organic or aqueous medium. Such high quantum yields are indicative of

a population of nanocrystals that are substantially free from crystalline defects that can lead

to non-radiative excited state decay or deep trap emission. High quantum yield makes these

materials particular useful in many biological and non-biological applications. For

example, nanocrystal populations provided herein can exhibit a QY of greater than about

50%; or greater than about 60%; or greater than about 70%; or greater than about 75%; or

greater than about 80%; or greater than about 85%; or greater than about 90% or a value

between these values when measured in organic or aqueous medium. The superior quality

of the core-shell nanocrystals produced by the methods provided herein is evident from the

high quantum yields (e.g., greater than about 70%) exhibited by these nanocrystals. The

quantum yield of core-shell nanocrystals provided herein generally remains high even after



treatment with a water-dispersible coating. Thus, provided herein are water-dispersible,

core-shell nanocrystal populations that exhibit a quantum yield of greater than about 70%

and emit light over the visible to near-IR spectral range. Also provided herein are water-

dispersible, core-shell nanocrystal populations that exhibit a quantum yield of greater than

about 70% and a fluorescence emission maximum from about 550 nm to about 650 nm; or

about 650 nm to about 750 nm; or about 750 nm to about 850 nm.

[000109] In yet another aspect, the methods provided herein can be used to produce

bright and efficient, core-shell nanocrystals having high quantum yields (e.g., 50% or

greater) across a broad range of excitation wavelengths, when measured in aqueous

medium. Certain nanocrystal populations produced according to the methods provided

herein exhibit quantum yields of 50% or greater even when excited at relatively high energy

(e.g., less than about 540 nm). In certain embodiments, nanocrystal population are provided

exhibiting a quantum yield of about 50% or greater when measured at an excitation

wavelength of about 480 nm or less In other embodiments, nanocrystal populations are

provided exhibiting a quantum yield of about 50% or greater when measured at an

excitation wavelength of about 440 nm or less.

[000110] The nanocrystals provided herein can include residual amounts of one or

more of the at least two different organic ligands used in the reaction mixture. In certain

embodiments, the organic ligands can be acidic ligands, as described herein. The acidic

ligands can be oxoacid ligands such as, for example, phosphonic acid compounds,

carboxylic acid compounds, carboxylate compounds, and mixtures thereof. Certain

populations of nanocrystals include residual amounts of at least two different phosphonic

acid compounds. For example, the nanocrystal can include a Ci-Cio alkylphosphonic acid

compound (e.g., methylphosphonic acid, ethylphosphonic acid, butylphosphonic acid,

hexylphosphonic acid and octylphosphonic acid ) and a C 0-C2 0 alkylphosphonic acid

compound (e.g., tetradecylphosphonic acid). In certain embodiments, the nanocrystal

includes a residual amount of tetradecylphosphonic acid (TDPA) and ethylphosphonic acid

(EPA). In other embodiments, the nanocrystal includes a residual amount of TDPA and

methylphosphonic acid, butylphosphonic acid, hexylphosphonic acid, and/or

octylphosphonic acid. Other populations of nanocrystals include at least two different

carboxylic acid compounds. Yet other populations of nanocrystals include at least one



phosphonic acid or a derivative thereof and at least one carboxylic acid or a deprotonated

conjugate base thereof.

[000111] Residual organic ligands can be disposed on the surface of the semiconductor

shell. The amount of each organic ligand on the shell can vary and can depend on various

factors, such how tightly the compounds are able to bind to the surface in a chosen solvent

system and/or steric effects. Residual organic ligands (e.g., acidic compounds) can be

analyzed using various analytical and spectroscopic techniques (e.g., solution- or solid-state

NMR spectroscopy or mass spectrometry). Analysis can be conducted directly on the

nanocrystal. Alternatively, in certain approaches, it may be desirable to remove the organic

ligands from the nanocrystal surface prior to analysis. For example, in one method, organic

ligands are separated from the surface of a semiconductor nanocrystal (e.g., by chemically

dissociating the ligands) to provide a sample that includes the dissociated organic ligands.

The sample then can be analyzed spectroscopically to characterize the type and amount of

organic ligand in the sample.

[000112] In certain embodiments, the residual amount of ligand(s) on the nanocrystal

can include a lower molecular weight and a higher molecular weight compound. The mole

fraction of lower molecular weight ligand relative to the higher molecular weight ligand

remaining on the nanocrystal can range from about 0.1% to about 99.9%; or about 0.1% or

greater; or about 0.5% or greater; or about 1% or greater; or about 2% or greater; or about

5% or greater; or about 10% or greater; or about 15% or greater; or about 20% or greater; or

about 50% or greater; or about 75% or greater. Conversely, the mole fraction of higher

molecular weight ligand can range from about 0.1% to about 99.9%; or about 0.1% or

greater; or about 0.5% or greater; or about 1% or greater; or about 2% or greater; or about

5% or greater; or about 10% or greater; or about 15% or greater; or about 20% or greater; or

about 50% or greater; or about 75% or greater. In certain embodiments, the mole fraction

of lower molecular weight ligand (or higher molecular weight ligand) is less than 50%. In

some embodiments, the mole fraction of the lower molecular weight ligand (or higher

molecular weight ligand) can be about 1% to about 10%; or about 1% to about 15%; or

about 1% to about 20%. In some embodiments, the mole fraction of the lower molecular

weight ligand (or higher molecular weight ligand) can be about 0.1% to about 10%; or

about 0.1% to about 15%; or about 0.1% to about 20%. In some embodiments, the lower

molecular weight compound is an acidic ligand, In other embodiments, the lower



molecular weight compound is an oxoacid In yet other embodiments, the lower molecular

weight compound is a phophonic acid.

[000113] In certain embodiments, two phosphonic acid compounds having two

different molecular weights remain on the surface of the nanocrystal after synthesis,

wherein the mole fraction of the lower molecular weight phosphonic acid is greater than

about 0.1%; or greater than about 1%; or greater than about 2%; or greater than about 3%;

or greater than about 4%; or greater than about 5%; or greater than about 10%; or greater

than about 20%. In some embodiments, the mole fraction of the lower molecular weight

phosphonic acid is about 0.1% to about 20%; or about 1% to about 20%; or about 2% to

about 20%; or about 3% to about 20%; or about 4% to about 20%; or about 5% to about

20%.

[000114] The nanocrystals described herein are prepared using organic ligands and

are, therefore, dispersible in an organic medium (e.g., hexane, toluene, chloroform, decane

and the like). For biological applications, it may be necessary to render the nanocrystals

dispersible in an aqueous medium (e.g., water or a buffer). Nanocrystals can be provided

with a hydrophilic overcoating on the external semiconductor shell layer that renders the

nanocrystal dispersible in an aqueous medium. Numerous approaches have been proposed

to render nanoparticles water-dispersible. For example, the nanocrystals can be treated with

a surface coating, such as a hydrophilic polymer (e.g., PEG, fatty acids, lipids, amphiphilic

polymers, or the like), to improve their solubility in water or to render them water

dispersible. For example, nanocrystals can be treated with an amphiphilic polymer, as

described in, for example, U.S. 6,649,138 (Adams et al.), which is expressly incorporated

herein by reference in its entirety, to provide coated nanocrystals having excellent stability

in water. Alternatively, the nanocrystals can be treated with other types of coating

materials. In certain methods, a ligand exchange process can be utilized to replace the

hydrophobic ligands on the nanoparticles with hydrophilic ligands to cause the plurality of

nanocrystals to migrate into the aqueous phase. Typically, such coating materials include a

group(s) for attachment to the nanocrystal surface and a hydrophilic group(s), such as

carboxylic acids, hydroxyls, amines, and the like. For example, the overcoating can include

a ligand that comprises one or more thiol, amine, or phosphonate functional groups. Some

examples of small organic ligands include thiol containing compounds (e.g., mercapto

caroboxylic acids, such as MUA), bidentate thiols (i.e., DHLA), tridentate thiols,



oligopeptides (e.g., dipeptides), amine or carboxylic acid containing organic molecules

(e.g., HDA), functionalized organophosphorous compounds (e.g., phosphonic acids,

phosphinic acids), hydrophilic phosphonic acids, or hydrophilic phosphine oligimers.

[000115] Also provided herein are compositions that include the disclosed

nanocrystal(s). Thus, in another aspect, colloidal dispersions of semiconductor nanocrystals

are provided herein. The dispersion can include a population of semiconductor nanocrystals

and an aqueous (e.g., water, serum, or buffer) or organic medium (e.g., a polymer or an

organic solvent such as hexane, toluene, chloroform, decane, and the like). In certain

embodiments, the nanocrystals disclosed herein are provided in polymeric medium or

matrix. In certain embodiments, the disclosed nanocrystals are provided as part of a

photovoltaic or light-emitting device or as a component in a fluorescent ink.

[000116] For certain applications, it may be desirable to attach an affinity molecule to

the nanocrystal surface. For example, the nanocrystal can include a surface coating capable

of linking to an affinity molecule, such as a biological molecule. Biological affinity

molecules include, for example, nucleic acids, oligonucleotides, nucleotides, proteins,

antibodies, peptides, lipids, carbohydrates, and the like). Thus, in another aspect, a

population of nanocrystals is provided, wherein each nanocrystal further comprises a

plurality of linking agents capable of linking the nanocrystals to affinity molecules.

[000117] In certain embodiments, the nanocrystals disclosed herein are associated with

a cell, drug, phospholipid or micelle. Thus, in one aspect is provided a population of

nanocrystals, wherein each nanocrystal in the population is associated or linked to a

biological molecule, cell, or drug. In certain embodiments, the nanocrystal can be

encapsulated within a micelle or phospholipid coating or can be attached to or contained

within a cell (e.g., in the cytoplasm, an organelle, a cellular membrane, the cell nucleus,

etc.).

[000118] The nanocrystals described herein also can be part of a kit. Kits for various

biological applications are provided herein (e.g., cellular labeling). Thus, in another aspect

is provided a kit for labeling cells with a population of nanocrystals, comprising:

a) an aqueous dispersion of nanocrystals, as disclosed herein; and optionally

b) instructions for labeling cells with the population of nanocrystals.

[000119] Also provided herein are methods of using the disclosed nanocrystals. The

disclosed nanocrystals can be used for biological or non-biological applications. For



example, a method of identifying a sample is provided in which a population of

semiconductor nanocrystals is contacted with a cell, tissue, or biological molecule. During

or after contact, the nanocrystal is excited with light and the fluorescence emission of the

semiconductor nanocrystals is detected (e.g., by imaging or flow cytometry).

[000120] The semiconductor nanocrystal-based materials provided herein offer

numerous advantages over traditional core-shell semiconductor nanocrystal materials, since

these nanocrystals have high quantum yields in both organic and aqueous media. These

properties make these materials particularly useful for biological applications carried out in

aqueous environments.

[000121] The following examples are offered to illustrate but not to limit the

embodiments described herein.

EXAMPLES

EXAMPLE 1

Preparation of Core-Shell Nanocrystals Using Mixtures of EPA and TDPA

[000122] Core-shell nanocrystals were prepared from non-spherical CdSe and CdSeTe

cores in the presence of different ratios of EPA:TDPA. CdSe and CdSeTe cores were

prepared as described in U.S. Patent Nos. 7,147,712 or 7,695,642. A 1:1 (weight:volume)

mixture of tri-n-octylphosphine oxide (TOPO) and tri-n-octylphosphine (TOP) was

introduced into a flask. Tetredecylphosphonic acid (TDPA) and ethylphosphonic acid

(EPA) were added to the flask in an amount suitable to fully passivate the final materials, as

can be calculated from the reaction scale and the expected final nanoparticle size. The mole

fraction of EPA relative to the total amount of oxoacid was varied over a range of values to

prepare a series of core-shell nanocrystals. The contents of the flask were heated under

vacuum and then the flask was refilled with N2 and cooled.

[000123] A solution of a suitable cadmium precursor (such as dimethylcadmium or

cadmium acetate) in TOP was prepared in a glove box in a quantity sufficient to produce a

desired thickness of shell, as can be calculated by one of ordinary skill in the art.

Separately, a solution of a suitable sulfur precursor (such as trimethylsilylsulfide [(TMS)2S],

elemental sulfur) and zinc precursor (such as diethyl zinc (Et2Zn) or zinc stearate) was

prepared in TOP in a quantity sufficient to produce a desired shell thickness. Each of these

solutions was taken up in separate syringes and removed from the glove box.



[000124] 108.5 mL (at an optical density of 15.55 at 550 nm) of a core/hexane solution

was added to the reaction flask and the hexane was removed by vacuum; the flask was then

refilled with nitrogen. The flask was heated to the desired synthesis temperature, typically

about 150 °C to about 250 °C. The two shell precursor solutions were then added in layer

additions to produce the desired thickness of shell. The amount of shell precursors added

was based upon the starting size of the underlying cores. As each layer of shell material

was added, a new "core" size was determined by taking the previous "core" size and adding

to it the thickness of just-added shell material. Using this approach, a slightly larger volume

of the following shell material needed to be added for each subsequent layer of shell

material. After the desired thickness of shell material was added, the reaction flask was

cooled, and the product was isolated by conventional methods. Table 1 shows the effect of

using mixtures of EPA and TDPA on the optical properties of various types of core/shell

nanocrystal materials prepared as described herein.

Table 1. Effect of mixtures of EPA and TDPA on optical properties

core mole fraction emission QY in QY in water
composition EPA wavelength (nm) hexane ( ) ( )

CdSe 0 649 73 65

CdSe 3 652 82 82

CdSe 7 656 86 78

CdSe 10 658 87 78

CdSeTe 0 701 8 1 76

CdSeTe 3 704 84 8 1

CdSeTe 7 702 88 77

CdSeTe 10 705 87 82

EXAMPLE 2

Preparation of Core-Shell Nanocrystals Using a Mixture of BPA and TDPA

[000125] Core-shell nanocrystals were prepared from non-spherical CdSe cores in the

presence of a mixture of butylphosphonic acid (BPA) and TDPA. CdSe cores were

prepared as described as in Example 1. A 1:1 (weight:volume) mixture of tri-n-

octylphosphine oxide (TOPO) and tri-n-octylphosphine (TOP) was introduced into a flask.

TDPA and BPA were added to the flask in an amount suitable to fully passivate the final



materials, as can be calculated from the reaction scale and the expected final nanoparticle

size. The calculated mole fraction of BPA relative to the total amount of oxoacid was 10

percent. The contents of the flask were heated under vacuum and then the flask was

refilled with N2 and cooled. Solutions of cadmium precursor, sulfur precursor and zinc

precursor were prepared in TOP as described in Example 1.

[000126] 119.7 mL (at an optical density of 14.1 at 550 nm) of a core/hexane solution

was added to the reaction flask and the hexane was removed by vacuum; the flask was then

refilled with nitrogen. The flask was heated to the desired synthesis temperature, typically

about 150 °C to about 250 °C. The two shell precursor solutions were then added in layer

additions as described in Example 1 to produce the desired thickness of shell. After the

desired thickness of shell material was added, the reaction flask was cooled, and the product

was isolated by conventional methods. The emission of maximum of the core-shell

nanocrystals was 654.7 nm with a full width at half maximum (FWHM) of 27.1 nm. The

quantum yield was 82.8%.

EXAMPLE 3

Preparation of Core-Shell Nanocrystals Using a Mixture of HPA and TDPA

[000127] Core-shell nanocrystals were prepared from non-spherical CdSe cores in a

mixture of hexylphosphonic acid (HPA) and TDPA. CdSe cores were prepared as

described in Example 1. A 1:1 (weight:volume) mixture of tri-n-octylphosphine oxide

(TOPO) and tri-n-octylphosphine (TOP) was introduced into a flask. Tetredecylphosphonic

acid (TDPA) and hexylphosphonic acid (HPA) were added to the flask in an amount

suitable to fully passivate the final materials, as can be calculated from the reaction scale

and the expected final nanoparticle size. The mole fraction of HPA relative to the total

amount of oxoacid was 10 percent. The contents of the flask were heated under vacuum

and then the flask was refilled with N2 and cooled. Solutions of cadmium precursor, sulfur

precursor and zinc precursor were prepared in TOP as described in Example 1.

[000128] 21.7 mL (at an optical density of 11.5 at 550 nm) of a core/hexane solution

was added to the reaction flask and the hexane was removed by vacuum; the flask was then

refilled with nitrogen. The flask was heated to the desired synthesis temperature, typically

about 150 °C to about 250 °C. The two shell precursor solutions were then added in layer

additions to produce the desired thickness of shell as described in Example 1. After the



desired thickness of shell material was added, the reaction flask was cooled, and the product

was isolated by conventional methods. The emission of maximum of the core-shell

nanocrystals was 649.7 nm with a full width at half maximum (FWHM) of 24.6 nm. The

quantum yield was 78%.

EXAMPLE 4

Preparation of Core-Shell Nanocrystals Using a Mixture of EPA and TDPA

[000129] Core-shell nanocrystals were prepared from nearly spherical CdSe cores in a

mixture of EPA and TDPA. CdSe cores were prepared as described in Example 1. A 1:1

(weight:volume) mixture of tri-n-octylphosphine oxide (TOPO) and tri-n-octylphosphine

(TOP) was introduced into a flask. Tetredecylphosphonic acid (TDPA) and

ethylphosphonic acid (EPA) were added to the flask in an amount suitable to fully passivate

the final materials, as can be calculated from the reaction scale and the expected final

nanoparticle size. The mole fraction of EPA relative to the total amount of oxoacid was 10

percent. The contents of the flask were heated under vacuum and then the flask was

refilled with N2 and cooled. Solutions of cadmium precursor, sulfur precursor and zinc

precursor were prepared in TOP as described in Example 1.

[000130] 16.4 mL (at an optical density of 34.4 at 550 nm) of a core/hexane solution

was added to the reaction flask and the hexane was removed by vacuum; the flask was then

refilled with nitrogen. The flask was heated to the desired synthesis temperature, typically

about 150 °C to about 250 °C. The two shell precursor solutions were then added in layer

additions as described in Example 1 to produce the desired thickness of shell. After the

desired thickness of shell material was added, the reaction flask was cooled, and the product

was isolated by conventional methods. The emission maximum of the core-shell

nanocrystals was 584.6 nm with a full width at half maximum (FWHM) of 30.9 nm. The

quantum yield was 80%.

EXAMPLE 5

TEM Analysis of Nanocrystals

[000131] The nanocrystals prepared in Example 1 were analyzed using transmission

electron microscopy (TEM) to determine the effect of EPA on the dimensions of the

nanocrystals. TEM was performed on a JEOL 200cx in brightfield mode at 200,000



magnification. Particle sizing was performed by hand using ImageJ image analysis

software. Statistical data analysis was performed using JMP® statistical software. The

output of the JMP statistical analysis is shown graphically in FIG. 2. Representative single

particle TEM images for the samples prepared with and without EPA are shown in FIG. 3.

For each analysis, at least 100 particles were measured, data tested for normality and

probabilities calculated to determine whether there was a statistical difference. Differences

were considered significant if the probability (p-value) associated with a student's paired t-

test, with a two-tailed distribution was less than 0.01. The x-y plot on the left shows the

length and width in nanometers for each particle and the mean for each population as a

horizontal line. The plot on the right shows the histograms for both length and width.

Comparing the two sets of data reveals that EPA has the effect of increasing the width (p-

value = 7.3 x 10 2 ) of the particle and decreasing the length (p-value = 3.7 x 10 6) of the

particle. This demonstrates that a mixture of two different phosphonic acid compounds can

be used in the described method to differentially deposit shell material along the shorter

axes of the nanocrystal core, and thereby making the shell thickness more uniform over the

core.

EXAMPLE 6

Optical Properties of Nanocrystals

[000132] Optical properties of a series of core-shell nanocrystals prepared according to

the procedures described in Example 1 were measured in organic and aqueous media. For

measurement in organic media, nanocrystals were suspended in hexane at an optical density

of 0.025 at 550 nm and excited with 365 nm light. For measurement in aqueous media,

nanocrystals were further treated with an amphiphilic polymer to render them water-

dispersible.

[000133] Absolute quantum yield was measured on a Hamamatsu Absolute PL

Quantum Yield Measurement System (model C9920-02). Crude core-shell solutions were

first precipitated with 1 equivalent of a mixture of 75:25 methanokisopropyl alcohol. To

the precipitate, 1 equivalent of hexane was added and insoluble materials were removed by

either filtration or centrifugation. Organic soluble samples were further diluted with hexane

to an optical density of 0.03 at 530 nm prior to measurement. Aqueous samples were

diluted with DI water to the same optical density as above.



[000134] As the mole ratio of EPA (relative to TDPA) was increased, a corresponding

increase in quantum yield was observed in both aqueous and organic media (FIG. 4 and

FIG. 5). In addition, the emission wavelength of the nanocrystals was shifted to longer

wavelengths (red-shifting) with increasing mole ratio of the lower molecular weight

phosphonic acid (FIG. 6). Without wishing to be bound by theory, this trend appears

consistent with the observations described in Example 2. As observed under TEM, when

shell is deposited differentially along the x and y axis of an elongated particle, the particle

becomes less elongated. It is known that the emission wavelength of a non-spherical

semiconductor nanocrystal is typically dictated by the dimensions of the shortest axis. A

larger, spherical particle would be expected to exhibit a longer emission wavelength due to

a reduction in quantum confinement. Thus, in the present method, as the aspect ratio of

particle decreases and the particle becomes more spherical, fluorescence emission would be

expected to shift to longer wavelengths. The red-shift observed with increasing mole ratio

of a lower molecular weight phosphonic acid used in the described method is consistent

with production of a more spherical nanocrystal resulting from differential deposition of

shell along the shorter axes of the nanocrystal core.

[000135] The foregoing examples illustrate various aspects of the invention and are

not intended to provide an exhaustive description of the many different possible

embodiments of the invention. Thus, those of ordinary skill in the art will realize readily

that many changes and modifications can be made thereto without departing from the spirit

or scope of the appended claims and their equivalents.



CLAIMS

What is claimed is:

1. A method for producing a population of semiconductor nanocrystals,

comprising:

combining a plurality of semiconductor nanocrystal cores, at least one solvent, a first

semiconductor shell precursor, and a second semiconductor shell precursor, wherein the first

and second semiconductor shell precursors are different, and at least two different oxoacid

compounds to provide a reaction mixture; and

heating the reaction mixture for a period of time sufficient to induce formation of a

semiconductor shell layer on at least one core, thereby producing a population of

semiconductor nanocrystals.

2. The method of claim 1, further comprising:

first combining the plurality of semiconductor nanocrystal cores with the at least one

solvent and the at least two different oxoacid compounds; and

then adding the first and second semiconductor shell precursors.

3. The method of claim 1, further comprising:

first combining the plurality of semiconductor nanocrystal cores with the at least one

solvent; and

then adding the first and second semiconductor shell precursors and the at least two

different oxoacid compounds.

4. The method of claim 1, 2 or 3, wherein the first and second shell precursors are

added alternately in layer additions.

5. The method of claim 1, wherein the at least two different oxoacid compounds

are selected from the group consisting of phosphonic acid compounds, phosphinic acid

compounds, carboxylic acid compounds, sulfonic acid compounds, boronic acid compounds,

and derivatives and combinations thereof.



6. The method of claim 1, wherein the at least two oxoacid compounds comprise

at least two different alkylphosphonic acid compounds.

7. The method of claim 1, wherein the at least two oxoacid compounds comprise

at least two different C1-C2 0 alkylphosphonic acid compounds.

8. The method of claim 1, wherein the at least two oxoacid compounds comprise

a first compound selected from C1-C1 0 alkylphosphonic acid compounds and a second

compound selected from C 10-C2 0 alkylphosphonic acid compounds.

9. The method of claim 1, wherein at least one oxoacid compound is

methylphosphonic acid, ethylphosphonic acid, butylphosphonic acid, hexylphosphonic acid,

or octylphosphonic acid.

10. The method of claim 1, wherein at least one oxoacid compound is

tetradecylphosphonic acid.

11. The method of claim 1, wherein the at least two oxoacid compounds comprise

tetradecylphosphonic acid and ethylphosphonic acid.

12. The method of claim 1, wherein the at least two oxoacid compounds comprise

at least two carboxylic acid compounds.

13. The method of claim 1, wherein the at least two different oxoacid compounds

comprise a first compound selected from the group consisting of C 10-C2 0 carboxylic acids and

a second compound selected from C1-C1 0 carboxylic acids.

14. The method of claim 1, wherein at least one of the two different oxoacid

compounds is selected from the group consisting of lauric acid, myristic acid, palmitic acid,

and stearic acid, and at least one of the two different oxoacid compounds is selected from the

group consisting of acetic acid, propionic acid, butyric acid, hexanoic acid, and octanoic acid.



15. The method of claim 1, wherein the at least two different oxoacid compounds

comprise a first oxoacid compound and a second oxoacid compound, wherein the first and

second oxoacid compounds have different molecular weights.

16. The method of claim 15, wherein the mole fraction of the lower molecular

weight oxoacid compound relative to the total number of moles of oxoacid compounds is

greater than about 0.5%.

17. The method of claim 15, wherein the mole fraction of the lower molecular

weight oxoacid compound relative to the total number of moles of oxoacid compounds is

greater than about 2%.

18. The method of claim 15, wherein the mole fraction of the lower molecular

weight oxoacid compound relative to the total number of moles of oxoacid compounds is

greater than about 5%.

19. The method of claim 15, wherein the mole fraction of the lower molecular

weight oxoacid compound relative to the total number of moles of oxoacid compounds is

about 0.5% to about 20%.

20. The method of claim 15, wherein the mole fraction of the lower molecular

weight oxoacid compound relative to the total number of moles of oxoacid compounds is

about 2% to about 20%.

21. The method of claim 15, wherein the mole fraction of the lower molecular

weight oxoacid compound relative to the total number of moles of oxoacid compounds is

about 5% to about 15%.

22. The method of claim 15, wherein the at least two oxoacid compounds comprise

two phosphonic acid compounds, having different molecular weights, wherein the mole

fraction of the lower molecular weight oxoacid compound relative to the total number of

moles of oxoacid compounds is about 0.5% to about 20%..



23. The method of claim 1, wherein the first semiconductor shell precursor is

selected from the group consisting of Group 2, 12, 13 and 14 element-containing compounds.

24. The method of claim 1, wherein the second semiconductor shell precursor is

selected from the group consisting of Group 2, 12, 13, 14, 15 and 16 element-containing

compounds.

25. The method of claim 1, further comprising applying a hydrophilic overcoating

to each semiconductor nanocrystal in the population that renders the nanocrystal dispersible in

an aqueous medium.

26. A population of semiconductor nanocrystals produced by any one of the

methods of claim 1 to 25.

27. A population of semiconductor nanocrystals, wherein each nanocrystal in the

population comprises:

a) a semiconductor core;

b) an semiconductor shell layer disposed on the semiconductor core; and

c) at least two different oxoacid compounds.

28. The population of claim 27, wherein the at least two different oxoacid

compounds are selected from the group consisting of phosphonic acid compounds, phosphinic

acid compounds, sulfonic acid compounds, boronic acid compounds, carboxylic acid

compounds, and derivatives and combinations thereof.

29. The population of claim 27, wherein the at least two oxoacid compounds

comprise at least two different alkylphosphonic acid compounds.

30. The population of claim 27, wherein the at least two oxoacid compounds

comprise at least two different C1-C2 0 alkylphosphonic acid compounds.



31. The population of claim 27, wherein the at least two different oxoacid

compounds comprise a first phosphonic acid compound selected from Ci-Cio alkylphosphonic

acid compounds and a second phosphonic acid compound selected from C 0-C2 0

alkylphosphonic acid compounds.

32. The population of claim 27, wherein at least one of the oxoacid compounds is

tetradecylphosphonic acid.

33. The population of claim 27, wherein at least one of the oxoacid compounds is

methylphosphonic acid, ethylphosphonic acid, butylphosphonic acid, hexylphosphonic acid or

octylphosphonic acid.

34. The population of claim 27, wherein the at least two different oxoacid

compounds comprise ethylphosphonic acid and tetradecylphosphonic acid.

35. The population of claim 27, wherein each nanocrystal in the population further

comprises a hydrophilic overcoating on the semiconductor shell layer that renders the

nanocrystal dispersible in an aqueous medium.

36. The population of claim 27, wherein each nanocrystal in the population is

associated with a biological molecule, cell, or drug.

37. The population of claim 27, 35, or 36, wherein the population exhibits a

quantum yield of greater than about 70%.

38. The population of claim 27, wherein the core and/or shell layer comprises a

Group II-VI, Group II-VI-VI, Group III-V, Group III-III-V, Group III-V-V or a Group II-II-

VI semiconductor material.

39. The population of claim 27, wherein the at least two different oxoacid

compounds comprise a first oxoacid compound and a second oxoacid compound, wherein the

first and second oxoacid compounds have different molecular weights.



40. The population of claim 39, wherein the mole fraction of the lower molecular

weight oxoacid compound relative to the total number of moles of oxoacid compounds is

greater than about 0.5%.

41. The population of claim 39, wherein the mole fraction of the lower molecular

weight oxoacid compound relative to the total number of moles of oxoacid compounds is

greater than about 2%.

42. The population of claim 39, wherein the mole fraction of the lower molecular

weight oxoacid compound relative to the total number of moles of oxoacid compounds is

greater than about 5%.

43. The population of claim 39, wherein the mole fraction of the lower molecular

weight oxoacid compound relative to the total number of moles of oxoacid compounds is

about 0.5% to about 20%.

44. The population of claim 39, wherein the mole fraction of the lower molecular

weight oxoacid compound relative to the total number of moles of oxoacid compounds is

about 2% to about 20%.

45. The population of claim 39, wherein the mole fraction of the lower molecular

weight oxoacid compound relative to the total number of moles of oxoacid compounds is

about 5% to about 15%.

46. A dispersion of semiconductor nanocrystals, comprising:

a population of semiconductor nanocrystals according to claim 27; and

an aqueous or organic medium.

47. A kit for labeling cells, comprising

a) a population of semiconductor nanocrystals according to claim 27; and

b) instructions for labeling cells with the population of nanocrystals.



48. A method of detecting a target species in a sample, comprising:

contacting a sample suspected of containing a target species with the population of

claim 27 for a time sufficient to bind the target species to at least one nanocrystal in the

population; and

monitoring fluorescence emission to detect the presence of the at least one nanocrystal,

thereby detecting the target species in the sample.

49. The method of claim 48, wherein the target species is a cell, cellular

component, tissue, or biological molecule.

49. A method of imaging a cell, cellular component or tissue, comprising:

contacting the cell, cellular component or tissue with the population of claim 27 for a

time sufficient to label the cell, cellular component or tissue with the nanocrystals; and

detecting the fluorescence emission of the nanocrystals.

50. A method for producing a population of semiconductor nanocrystals,

comprising:

combining a plurality of semiconductor nanocrystal cores, wherein each core has an

aspect ratio of greater than 1:1, at least one solvent, a first semiconductor shell precursor, and

a second semiconductor shell precursor, wherein the first and second semiconductor shell

precursors are different, and at least two oxoacid compounds to provide a reaction mixture;

and

heating the reaction mixture for a period of time sufficient to induce formation of a

semiconductor shell layer on at least one core, wherein the aspect ratio of the core-shell

nanocrystal is less than the aspect ratio of the nanocrystal core, thereby producing a

population of semiconductor nanocrystals.

51. A photovoltaic or light-emitting device, comprising a population of

semiconductor nanocrystals according to claim 27.
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