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UP AND DOWN CONVERSION SYSTEMS
FOR PRODUCTION OF EMITTED LIGHT
FROM VARIOUS ENERGY SOURCES

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is related to and claims priority under 35
U.S.C. 11910 U.S. provisional patent application 61/161,328,
filed Mar. 18, 2009 and to U.S. provisional patent application
61/259,940, filed Nov. 10, 2009, the entire disclosures of
which are hereby incorporated by reference.

This application is related to Provisional Applications Ser.
No. 60/954,263, filed Aug. 6, 2007, and 61/030,437, filed
Feb. 21,2008, and U.S. application Ser. No. 12/059,484, filed
Mar. 31, 2008, the contents of which are hereby incorporated
herein by reference. This application is also related to U.S.
application Ser. No. 11/935,655, filed Nov. 6, 2007; and Pro-
visional Applications Ser. No. 61/042,561, filed Apr. 4, 2008;
61/035,559, filed Mar. 11,2008, and 61/080,140, filed Jul. 11,
2008, the entire contents of which are hereby incorporated
herein by reference. This application is related to U.S. patent
application Ser. No. 12/401,478 filed Mar. 10, 2009, the entire
contents of which are hereby incorporated herein by refer-
ence. This application is related to U.S. patent application Ser.
No. 11/935,655, filed Nov. 6, 2007, and 12/059,484, filed
Mar. 31, 2008; U.S. patent application Ser. No. 12/389,946,
filed Feb. 20, 2009; U.S. patent application Ser. No. 12/417,
779, filed Apr. 3, 2009, the entire disclosures of which are
hereby incorporated by reference.

BACKGROUND OF THE INVENTION

1. Field of Invention

The invention relates to methods and systems for produc-
ing light from lower and higher energy activation sources.
The invention also relates to systems and methods for broad
band up conversion from the microwave and RF regime to
electromagnetic radiation of higher photonic energy in the
UV, VIS, and IR regime.

2. Discussion of the Background

Presently, light (i.e., electromagnetic radiation from the
radio frequency through the visible to the X-ray wavelength
range) is used in a number of industrial, communication,
electronic, and pharmaceutical processes. Light in the infra-
red and visible range is typically generated from an electrical
energy source which for example either heats a material to
extremely high temperatures where black body emission
occurs (as in an incandescent lamp). Light in the visible and
ultraviolet range is typically generated by heating a gas to an
electrical discharge where transitions from one electronic
state of the gas atom or molecule occur with the emission of
light. There are also semiconductor based light sources (as in
light emitting diodes and semiconducting lasers) where elec-
trons/holes in a material recombine to produce light emission.

Visible light is defined as the electromagnetic radiation
with wavelengths between 380 nm and 750 nm. In general,
electromagnetic radiation including light is generated by the
acceleration and deceleration or changes in movement (vibra-
tion) of electrically charged particles, such as parts of mol-
ecules (or adjacent atoms) with high thermal energy, or elec-
trons in atoms (or molecules). Both processes play a role in
the glowing filament of incandescent lamps, whereas the
latter process (electrons within atoms) occurs in fluorescent
lamps.

The duality nature of light (or more generally electromag-
netic radiation) is such that light is both a wave (characterized
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by a wavelength and amplitude) and a discrete parcel of
energy or photon (characterized by its frequency times the
Planck constant (denoted 7). The higher the frequency the
higher the quantized energy carried by the radiation. All
energy above the visible is considered in many circumstances
to be ionizing radiation as its photons carry sufficient energy
to ionize matter.

For reference purposes, infra-red (IR) radiation just
beyond the red end of the visible region; and, ultra-violet
(UV) radiation has a shorter wavelength than violet light. The
UV portion ofthe spectrum is divided into three regions: UVA
(315-400 nm), UVB (280-315 nm) and UVC (100-280 nm).

Industrial lamps used in lighting applications cover the
visible range of wavelengths for proper white perception.
Thermal sources like heated filaments can be made of differ-
ent type conductors, including W-filaments, halogen-pro-
tected W-filaments, and electrically induced high temperature
plasmas (arc lamps).

The power (energy emitted per second) of a radiant source
is frequently expressed in watts (W), but light can also be
expressed in lumens (Im) to account for the varying sensitiv-
ity of the eye to different wavelengths of light. The derived
relevant units are the radiance (luminance) of a source in
W/m? (Im/m?) in a certain direction per steradian (unit of
solid angle) and the irradiance (illuminance) of a surface in
W/m? (Im/m? or lux).

With the development of ultraviolet sources, ultraviolet
radiation is being increasingly utilized for industrial, chemi-
cal, and pharmaceutical purposes. For example, UV light is
known to sterilize media and is known to drive a number of
photo-activated chemical processes such as the cross-linking
of polymers in adhesives or coatings. Typically, ultraviolet
sources use gas discharge lamps to generate emitted light in
the ultraviolet range. The emitted light is then optically fil-
tered to remove many of not all of the non-ultraviolet frequen-
cies. Ultraviolet light can also be produced in semiconductor
phosphors from the excitation of these phosphors from high
energy sources such as, for example, X-ray irradiation.

With the development of infrared radiation sources, infra-
red radiation is being increasingly utilized for communica-
tions and signaling purposes. Typically, infrared sources use
broad spectrum light sources referred to as glowbars to gen-
erate a broad spectrum of light centered in the infrared range
or use lasers to emit very specific infrared wavelengths. For
the broad band sources, the emitted light is optically filtered
to remove many, if not all, of the non-infrared frequencies.

It is generally desirable to have devices, materials, and
capabilities to convert light from one frequency range to
another. Down conversion has been one way to convert higher
energy light to lower energy, as used in the phosphors noted
above. Up conversion has also been shown where lower
energy light is converted to higher energy light. Typically, this
process is a multi-photon absorption process where two or
more photons are used to promote an excited electronic state
in a host medium which in turn radiates at a wavelength of
light that has a higher energy than the energy of the incident
light which promoted the multi-photon absorption process.
Both down conversion and up conversion have been studied
and documented in the past.

Indeed, workers have studied the phenomenon of photolu-
minescence and fluorescence, which is the ability of certain
solids to emit light when driven or charged by an external
energy source. Many well-known phosphors and fluorescors
are triggered by high-energy electrons or photons and emit
photons of lower energy. There is a type of phosphor which
can store energy for long periods of time in certain energy
states. Relaxation from these energy states at a later time can
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be stimulated by less energetic photons. Relaxation from
these energy states results in photon emission. The effect of
this phenomenon is that energy is stored in the form of
trapped electron-hole pairs for later use. Materials which
exhibit this phenomenon will be referred to as electron trap-
ping, or electron trapping phosphors, and materials in which
emission oflight is activated by infrared lumination are called
infrared phosphors.

It has been recognized recently that certain infrared phos-
phors can actually operate at high speeds and are capable of
converting pulsed infrared light to the visible range (violet
through red). This “upconversion” occurs at the expense of
the original charging illuminating light and can actually
exhibit optical gain. It has been observed that phosphores-
cence can continue for as long as several days before a new
short recharge are required.

Up conversion and down conversion of electromagnetic
radiations are very relevant to various industrials fields.
Photo-activated chemical reactions find broad use in the
industry from catalyzing reactions to Bio-modulation of
therapeutic agents. However, UV radiation suffers from a
lack of depth of penetration in matter especially biological
media, polymers and most solids). For this reason, UV based
photo-initiation is limited by direct line of site which prevents
volumetric applications.

UV has been limited to reactions taking place on the outer
surfaces of materials may they be solids or liquids; organic or
inorganic; biological organs, living tissues and composites
thereof, structural composites, materials residing inside
chemical tanks/reactors for food processing or hydrocarbon
chains fractionation (to name a few examples).

SUMMARY OF THE INVENTION

In one embodiment, there is provided a system for energy
upconversion. The system includes a nanoparticle config-
ured, upon exposure to a first wavelength A, of radiation, to
generate a second wavelength A, of radiation having a higher
energy than the first wavelength A,. The system includes a
metallic structure disposed in relation to the nanoparticle. A
physical characteristic of the metallic structure is set to a
value where a surface plasmon resonance in the metallic
structure resonates at a frequency which provides spectral
overlap with either the first wavelength A, or the second
wavelength ..

In another embodiment, there is provided a system for
producing a photostimulated reaction in a medium. The sys-
tem includes a nanoparticle configured, upon exposure to a
first wavelength A, of radiation, to generate a second wave-
length A, of radiation having a higher energy than the first
wavelength . The system includes a metallic structure dis-
posed in relation to the nanoparticle and includes a receptor
disposed in the medium in proximity to the nanoparticle. The
receptor upon activation by the second wavelength A, gener-
ates the photostimulated reaction. A physical characteristic of
the metallic structure is set to a value where a surface plasmon
resonance in the metallic structure resonates at a frequency
which provides spectral overlap with either the first wave-
length A| or the second wavelength A.,.

In yet another embodiment, there is provided a nanopar-
ticle structure including a sub 1000 nm dielectric core and a
metallic structure disposed in relation to the nanoparticle. The
dielectric core includes at least one of Y,0;, Y,0,S, NaYF,,
NaYbF,, YAG, YAP, Nd,O,, LaF;, LaCl;, La,0;, TiO,,
LuPO,, YVO,, YbF;, YF;, Na-doped YbF;, or SiO,. Such
nanoparticle structures can exhibit in certain embodiments

20

25

35

40

45

50

60

4

surface plasmon resonance in the metallic structure to
enhance upconversion of light from a first wavelength A, to a
second wavelength A,.

It is to be understood that both the foregoing general
description of the invention and the following detailed
description are exemplary, but are not restrictive of the inven-
tion.

BRIEF DESCRIPTION OF THE FIGURES

A more complete appreciation of the invention and many of
the attendant advantages thereof will be readily obtained as
the same becomes better understood by reference to the fol-
lowing detailed description when considered in connection
with the accompanying drawings, wherein:

FIG. 1 is an energy diagram of an infrared phosphor sys-
tem;

FIG. 2 is a schematic energy level diagram showing upcon-
version excitation and visible emissions schemes for Er*™,
Tm?* and or Yb** ions;

FIG. 3 is an energy diagram showing energy states for a
four-photon upconversion process in Y,O, nanocrystals;

FIG. 4A is a schematic illustration of various upconverter
structures of the invention;

FIG. 4A-1 is an UV-visible absorption spectra of cubic
Y0, and gold-coated Y,O; dispersed using 10 mM tri-argi-
nine;

FIG. 4B is a schematic illustration of plasmon resonance as
a function of shell thickness;

FIG. 4C is a schematic illustration of a process for forming
and a resultant L.n-doped Y,0O; core with a Au shell;

FIG. 4D is a schematic illustration of a process for forming
and a resultant Ln-doped Y,O; core with a NaYF,, shell;

FIG. 5A-1 is a schematic depicting an Y,O; dielectric
particle coated with a sub 5 nm metallic coating;

FIG. 5A-2 is a micrograph showing ~15 nm cubic Y,O,
dielectric particles generated through the combustion
method;

FIG. 5B is a micrograph showing NaYF, dielectric par-
ticles in the size range of ~70-200 nm range;

FIG. 5C is a micrograph showing NaYF, dielectric par-
ticles with two size distributions of ~50 nm and ~150 nm;

FIG. 5D is a micrograph showing YbF; dielectric particles
of a size of 35 nm+/-5 nm;

FIG. 5E is an optical emission spectrum from YbF;; Tm
(2%) dielectric particles, excited at 980 nm;

FIGS. 5F-51 are micrographs showing NaYbF, dielectric
particles in the ~20-150 nm size range;

FIG. 6A is a schematic illustration of other various upcon-
verter structures of the invention;

FIG. 6B is another schematic illustration of other various
upconverter structures of the invention;

FIG. 6C is a schematic illustration of plasmonics-active
upconverter structures of the invention;

FIG. 6D is a schematic illustration of photo-active mol-
ecules linked to plasmonics-active upconverter structures of
the invention;

FIG. 6F is a TEM micrograph of uncoated Y,O; nanopar-
ticles;

FIG. 6F is a TEM micrograph of gold coated Y,O; nano-
particles of the invention;

FIG. 6G is an X-ray diffraction data from gold coated Y, O,
nanoparticles of the invention;

FIG. 6H is a TEM micrograph of 15-nm gold nanoparticles
prepared according to one embodiment of the invention using
the citrate reduction technique;
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FIG. 61 is a TEM micrograph of 30-nm gold nanoparticles
prepared according to one embodiment of the invention using
the citrate reduction technique;

FIG. 6] is a TEM micrograph of 60-nm gold nanoparticles
prepared according to one embodiment of the invention using
the citrate reduction technique;

FIG. 6K is a TEM micrograph of 30-nm gold nanoparticles
prepared according to one embodiment of the invention using
the hydrazine monohydrate reduction technique;

FIG. 6L is a TEM micrograph of silver nanoparticles
formed by and used in the invention;

FIG. 6M is a TEM micrograph of Au coated with Ag
nanoparticles formed by and used in the invention;

FIG. 6N is a TEM micrograph of Au/Ag/Au/Ag multi-shell
nanoparticles formed by and used in the invention;

FIG. 7 is a schematic illustration of other various upcon-
verter structures of the invention where a recipient molecule
is bound to the metal nanoparticles via a linker that can be
dissociated by a photon radiation;

FIG. 8A is a schematic illustration of other various upcon-
verter structures of the invention where the dielectric core has
appended thereon or attached by linkages a bioreceptor mol-
ecule;

FIG. 8B is a schematic illustration of still other various
upconverter structures of the invention where the dielectric
core has appended thereon or attached by linkages a biore-
ceptor molecule;

FIG. 8C is a depiction of the enhancement of emission as a
function of wavelength for a configuration similar to that in
FIG. 8B(F);

FIG. 8D is a depiction of the enhancement of emission as a
function of wavelength for a configuration where the mol-
ecule is located inside a metallic shell;

FIG. 8E is a depiction of the excitation enhancement as a
function of wavelength for a configuration similar to that in
FIG. 8A(F);

FIG. 8F is a depiction of the dependence of emission
enhancement on wavelength for the structure and excitation
shown in FIG. 8E;

FIG. 8G is a depiction of the data of FIG. 8F simplified to
show the total enhancement verses the inside diameter of the
metal shell;

FIG. 8H is a depiction of both down conversion and up
conversion emission from a thulium doped nanoparticle
(NaYbF,; 3% Tm);

FIG. 81 is a micrograph of a representative 35 nm PEI
Coated YbF;; Tm (2%) particle;

FIG. 9A is a schematic depicting a system according to
another embodiment of the invention in which the initiation
energy source is directed to a medium having energy modu-
lation agents disbursed within the medium;

FIG. 9B is a schematic depicting a system according to
another embodiment of the invention in which the initiation
energy source is directed to a container enclosing a medium
having energy modulation agents disbursed within the
medium;

FIG. 9C is a schematic depicting a system according to
another embodiment of the invention in which the initiation
energy source is directed to a container enclosing a medium
having energy modulation agents segregated within the
medium; and

FIG. 9D is a schematic depicting a system according to
another embodiment of the invention in which the initiation
energy source is directed to a container enclosing a medium
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having energy modulation agents segregated within the
medium in a fluidized bed configuration.

DETAILED DESCRIPTION OF THE INVENTION

The invention is directed to methods and systems for pro-
ducing electromagnetic radiation having desirable frequency
windows (at least one frequency within a desirable frequency
range) from other electromagnetic radiation having lower or
higher frequency ranges using up converting transitional
media or down converting transitional media as the case may
apply. In various embodiments of the invention, the produced
electromagnetic radiation is then be used to activate an agent
in a medium where the up converting transitional media or
down converting transitional media are disposed. In various
embodiments, the applied energy is considered to be up con-
verted, as the photon energy carried by radiation 1 has an
energy level equal to hv, (the product of Planck constant and
frequency 1) is converted to a higher energy hv,, where hv, is
less than hv,. In various embodiments, the applied energy is
considered to be down converted, as energy at hv,, is con-
verted to a lower energy hv,, where hv, is greater than hv,.

In various embodiments of the invention, there are pro-
vided systems and methods for broad band up conversion
from the microwave and RF regime to electromagnetic radia-
tion of higher photonic energy in the UV, VIS, and IR regime.
The invention can encompasses a variety of applications
where the up and down conversions are conducted inside
biological media (or) inside human and animal bodies; in
chemical reactors and/or in semiconductors and solar cells to
name but a few.

Among various materials, luminescent nanoparticles have
attracted increasing technological and industrial interest. In
the context of the invention, nanoparticle refers to a particle
having a size less than one micron. While the description of
the invention describes specific examples using nanopar-
ticles, the invention in many embodiments is not limited to
particles having a size less than one micron. However, in
many of the embodiments, the size range of having a size less
than one micron, and especially less than 100 nm produces
properties of special interest such as for example emission
lifetime luminescence quenching, luminescent quantum effi-
ciency, and concentration quenching and such as for example
diffusion, penetration, and dispersion into mediums where
larger size particles would not migrate.

U.S. Pat. No. 4,705,952 (the contents of which are hereby
incorporated herein by reference) describes an infrared-trig-
gered phosphor that stored energy in the form of visible light
of'a first wavelength and released energy in the form of visible
light of a second wavelength when triggered by infrared light.
In some cases, U.S. Pat. No. 4,705,952 describes that “the
upconversion continues for as long as several days before a
new short recharge is required.” The phosphors in U.S. Pat.
No. 4,705,952 were compositions of alkaline earth metal
sulfides, rare earth dopants, and fusible salts. The phosphors
in U.S. Pat. No. 4,705,952 were more specifically phosphors
made from strontium sulfide, barium sulfide and mixtures
thereof including a dopant from the rare earth series and
europium oxide, and mixtures thereof and including a fusible
salt of fluorides, chlorides, bromides, and iodides of lithium,
sodium, potassium, cesium, magnesium, calcium, strontium,
and barium, and mixtures thereof The materials described in
U.S. Pat. No. 4,705,952 are useful in various embodiments of
the invention.

The energy relations present in the upconverter in U.S. Pat.
No. 4,705,952 are shown in the energy diagram of FIG. 1,
where energy states E and T are introduced by two selected
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impurities. Excitation of these states by absorption of light
having a minimum energy of E minus G will cause electrons
to be raised to the band at energy state E. When charging
illumination ceases, many of the excited electrons will fall to
energy state T and remain trapped there. The trapping phe-
nomenon is illustrated at the left of FIG. 1. Later exposure to
triggering illumination of infrared light can supply E minus T
energies, permitting the infrared-triggered phosphor in
excited state T to transition to level E, as shown at the right of
FIG. 1. A photon is emitted during this transition process. The
resulting light emission is characterized by a wavelength
associated with E minus G.

If the depth of the trap is several times higher than the
thermal energy, more than 99% of the electrons are in the
electron-hole trap. If the depth of the traps is about 1 eV, then
in the dark, most of the traps are filled, band E is almost empty
and electron hole recombination is negligible. In some cases,
U.S. Pat. No. 4,705,952 describes that “the storage times
become extremely long, on the order of years.” The material
is thus adapted to receive infrared photons and to emit higher
energy photons in a close to 1:1 relation. With storage times
this long, these infrared-triggered phosphors can be used in
various embodiments of the invention as a viable mechanism
for both medical and non-medical applications where com-
mercial IR lasers are used to activate phosphorescence in a
medium, thereby internally in a medium or in a patient gen-
erating visible or ultraviolet light.

Considerable effort has gone into the synthesis of lumines-
cent nanoparticles, and numerous investigations of the optical
properties have been performed. The synthesis of oxide nano-
particles such as those that are based on the lanthanides have
been achieved by a number of processes including solid-gel
(sol-gel) techniques, gas phase condensation or colloidal
chemical methods. While efforts to make concentrated col-
loidal solutions of highly uniform size luminescent nanopar-
ticles have met with some technical difficulties, synthesis of
useful amounts of some 5 nanometer sized lanthanide doped
oxides have been achieved as shown in a paper by Bazzi et al
entitled Synthesis and luminescent properties of sub 5-nm
lanthanide oxide particles, in the Journal of Luminescence
102 (2003) pages 445-450, the entire contents of which are
incorporated herein by reference. Materials such as these and
the other materials discussed below are useful materials for
upconversion although the prior art to date has not concen-
trated on particular application of these materials for materi-
als, chemical, medical, pharmaceutical, or industrial process-
ing. Indeed, the work by Bazzi et al concentrated on
understanding the properties on lanthanide oxide nanopar-
ticles with an emphasis on the microstructural properties and
optical emission properties (i.e. concentrated on the fluores-
cence and down conversion properties of these materials).
Nevertheless, the materials described by Bazzi et al are useful
in various embodiments of the invention.

The present inventors have realized that such upconversion
materials can be used in various materials, chemical, medical,
pharmaceutical, or industrial processing. In one example of
others to be described below, a nanoparticle of a lanthanide
doped oxide can be excited with near infrared laser light such
as 980 nm and 808 nm to produce both ultraviolet, visible, and
near infrared light depending on the dopant trivalent rare
earth ion(s) chosen, their concentration, and the host lattice.
The ultraviolet, visible, and/or near infrared light can then be
used to drive photoactivatable reactions in the host medium
containing the lanthanide doped oxide.

Other work reported by Suyver et al in Upconversion spec-
troscopy and properties of NaYF, doped with Er**, T®* and
or Yb>*, in Journal of Luminescence 117 (2006) pages 1-12,
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the entire contents of which are incorporated herein by refer-
ence, recognizes in the NaYF , material system upconversion
properties. Yet, there is no discussion as to the quality or
quantity of upconverted light to even suggest that the amount
produced could be useful for various materials, chemical,
medical, pharmaceutical, or industrial processing. The mate-
rials described by Suyver et al are useful in various embodi-
ments of the invention.

Reference will now be made in detail to a number of
embodiments of the invention, examples of which are illus-
trated in the accompanying drawings, in which like reference
characters refer to corresponding elements.

FIG. 2 is a schematic reproduced from Suyver et al show-
ing a schematic energy level diagram of upconversion exci-
tation and visible emissions schemes for Er**, Tm>* and or
Yb3* ions. Full, dotted, dashed, and curly arrows indicate
respectively radiative, non-radiative energy transfer, cross
relaxation and other relaxation processes.

The lanthanide doped oxides differ from more traditional
multi-photon up conversion processes where the absorption
of, for example, two photons is needed in a simultaneous
event to promote an electron from a valence state directly into
an upper level conduction band state where relaxation across
the band gap of the material produces fluorescence. Here, the
co-doping produces states in the band gap of the NaYF,, such
that the Yb>* ion has an energy state at °F5,, pumpable by a
single photon event and from which other single photon
absorption events can populate even higher states. Once in
this exited state, transitions to higher energy radiative states
are possible, from which light emission will be at a higher
energy than that of the incident light pumping the *F ., energy
state. In other words, the energy state at °F,, of the Yb>* ion
is the state that absorbs 980 nm light permitting a population
build up serving as the basis for the transitions to the higher
energy states such as the *F, , energy state. Here, transitions
from the *F,,, energy state produce visible emissions.

Chen et al have described a four-photon upconversion in
Four-photon upconversion induced by infrared diode laser
excitation in rare-earth-ion-doped Y,0O; nanocrystals,
Chemical Physics Letters, 448 (2007) pp. 127-131 In that
paper, emissions at 390 nm and at 409 nm were associated
with a four-photon upconversion process in the Y,O, nanoc-
rystals. FIG. 3 reproduced below from Chen et al shows a
ladder of states by which an infrared light source can progres-
sively pump until the *D,,, state is reached. From this upper
state, transitions downward in energy occur until the *G, ,
state is reached, where a transition downward in energy emits
a 390 nm photon. The materials described by Chen et al are
useful in various embodiments of the invention.

U.S. Pat. No. 7,008,559 (the entire contents of which are
incorporated herein by reference) describes the upconversion
performance of ZnS where excitation at 767 nm produces
emission in the visible range. The materials described in U.S.
Pat. No. 7,008,559 (including the ZnS as well as Er’* doped
BaTiO; nanoparticles and Yb>* doped CsMnCl,) are suitable
in various embodiments of the invention.

Further, materials specified for up conversion in the inven-
tion include CdTe, CdSe, ZnO, CdS, Y,O,, MgS, CaS, SrS
and BaS. Such up conversion materials may be any semicon-
ductor and more specifically, but not by way of limitation,
sulfide, telluride, selenide, and oxide semiconductors and
their nanoparticles, such as Zn, ,Mn,S , Zn, Mn,Se,, 7n,
Mn,Te, Cd, MnS, Cd, MnSe, Cd, MnTe, Pb, M-
nS, Pb, Mn.Se, Pb, Mn Te, Mg, MnS, Ca, MnS,
Ba, ,Mn,S and Sr, , etc. (wherein, 0<x=1, and O<y=1).
Complex compounds of the above-described semiconductors
are also contemplated for use in the invention—e.g. (M, _,
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N,),..MnA, B (M=Zn, Cd,Pb,Ca, Ba, Sr, Mg; N—Z7n, Cd,
Pb, Ca, Ba, Sr, Mg; A=S, Se, Te, O; B—S, Se, Te, O; 0<x=1,
O<y=1, 0<z=1), Two examples of such complex compounds
are 7n, ,Cd, ,Mn, ,S and Zn,  ;Mn, S, sSe, ,. Additional
conversion materials include insulating and nonconducting
materials such as BaF,, BaFBr, and BaTiO;, to name but a
few exemplary compounds. Transition and rare earth ion
co-doped semiconductors suitable for the invention include
sulfide, telluride, selenide and oxide semiconductors and
their nanoparticles, such as ZnS; Mn; Er; ZnSe; Mn, Er; MgS;
Mn, Er; CaS; Mn, Er; ZnS; Mn, Yb; ZnSe; Mn,Yb; MgS; Mn,
Yb; CaS; Mn,Yb etc., and their complex compounds: (M, .
N, (Mo R, ).A, B (M=Zn, Cd, Pb, Ca, Ba, Sr, Mg;
N—Zn, Cd, Pb, Ca, Ba, Sr, Mg; A=S, Se, Te, O; B—S, . ..
0<z=1, 0<q=1).

Some nanoparticles such as ZnS:Tb**, Er'*; ZnS:Th**;
Y,0,:Tb**; Y,0,:Tb>*, Er3*; ZnS:Mn**; ZnS:Mn,Er’* are
known in the art to function for both down-conversion lumi-
nescence and upconversion luminescence.

Because upconversion stimulates or produces emission at
shorter wavelengths, there are applications directed to medi-
cine where the longer wavelength light is more capable than
a shorter wavelength light of penetrating deep into biological
tissue. Accordingly, with upconverter materials pre-posi-
tioned inside for example a biological tissue or an aqueous
solution, the longer wavelength light (such as from a com-
mercial IR laser) can be used in one embodiment to image
deep skin tissue (with the upconverter materials emitting
visible or NIR light for detection), and/or the longer wave-
length light in one embodiment can be used to excite the
upconverters in the biological tissue and thereafter produce
shorter wavelength light (e.g., ultraviolet light) to drive pho-
tochemical or pharmaceutical reactions in the body. Details of
these particular applications will be discussed in more detail
later.

FIG. 4A is a schematic of a depiction of an upconverter
material (i.e., a photoactive material) according to one
embodiment of the invention. FIG. 4A shows a number of
structural configurations for placement of a dielectric core
upconverter material (which is of a nanometer sized scale) in
proximity to a metal shell. Incident light at a wavelength A,
interacts with the upconverting dielectric core. The interac-
tion of light A, with the dielectric core produces a secondary
emission at a frequency A, which has a shorter wavelength
than A, and accordingly has a higher energy than A,. While
the exact physical mechanisms for the upconversion may
depend on the particular upconversion material and process
being used in a particular application, for the purposes for
discussion and illustration, the following explanation is
offered.

In the context of FIG. 4A, when a wavelength A, interacts
with a dielectric material core, three separate processes are
well understood for the upconversion process involving triva-
lent rare earth ions. These three processes are:

1) excited state absorption whereby two photons are
absorbed sequentially by the same ion to excite and
populate one or more states;

2) energy transfer upconversion which is a transfer of exci-
tation from one ion to another already in an excited state;
and

3) a cooperative process of multiphotons where two nearby
ions in excited states are emitting collectively from a
virtual state.

Regardless of which one of these processes is occurring
between the chosen ion(s) and the host lattice, the end result
is a photon of energy greater than the excitation energy being
emitted from the host lattice for the upconversion process.
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Therefore, the particular ion being activated (whether it be
adopantion or ahostion ofalattice such as in the neodymium
oxide) will be chosen based on the host material being pro-
cessed, in order that the dopant ion or the host ion in the
dielectric core provide ion states which are pumpable by the
NIR source to generate the resultant emission A,. While many
of these materials have been studied in the past in the bulk
state, prior to the invention, the targeted use of these materials
in the noncrystalline and nanosize range for various materi-
als, chemical, medical, pharmaceutical, or industrial process-
ing have not been exploited, especially at the size of dielectric
cores and with the application of metallic shells.

Hence, the invention in one embodiment provides a nanos-
cale upconversion system for producing a photostimulated
reaction in a medium. The system includes a nanoparticle
configured, upon exposure to a first wavelength A, of radia-
tion, to generate a second wavelength A, of radiation having a
higher energy than the first wavelength X,. The system
includes a metallic structure disposed in relation to the nano-
particle (e.g. a metallic shell covering a fraction of the nano-
particle) and includes a receptor disposed in the medium in
proximity to the nanoparticle. The receptor upon activation
by the second wavelength A, generates directly or indirectly
the photostimulated reaction. In one embodiment of the
invention, a physical characteristic of metallic structure (such
as those described above and below in the drawings) is set to
a value where a surface plasmon resonance in the metallic
structure resonates at a frequency which provides spectral
overlap with either the first wavelength A, or the second
wavelength A,.

Within the context of the invention, the term “physical
characteristic” of the metallic shell or core can relate to any
characteristic of the metal itself or the shell or core dimen-
sions or shape which affects the surface plasmon resonance
frequency. Such physical characteristics can include, but are
not limited to, a conductivity, a radial dimension, a chemical
composition or a crystalline state of the metal shell or core.

In various embodiments, the metallic structures can be a
metallic shell encapsulating at least a fraction of the nanopar-
ticle in the metallic shell wherein a conductivity, a radial
dimension, or a crystalline state of the metallic shell sets the
surface plasmon resonance in the metallic structure to reso-
nate at a frequency which provides spectral overlap with
either the first wavelength A, or the second wavelength A,. In
various embodiments, the metallic structures can be a multi-
layer metallic shell encapsulating at least a fraction of the
nanoparticle in the metallic shell wherein a conductivity, a
radial dimension, or a crystalline state of the metallic shell
sets the surface plasmon resonance in the metallic structure to
resonate at the first wavelength A, and the second wavelength
M. This capability permits radiation at A, and A, to be ampli-
fied.

In various embodiments, the metallic structures can be a
metallic particle existing in one or more multiple structures.
These multiple structures can have a variety of shapes includ-
ing for example sphere, spheroid, rod, cube, triangle, pyra-
mid, pillar, crescent, tetrahedral shape, star or combination
thereof disposed adjacent the nanoparticle wherein a conduc-
tivity, a dimension (e.g. a lateral dimension or a thickness), or
a crystalline state of the metallic structure sets the surface
plasmon resonance in the metallic particle or rod to resonate
at a frequency which provides spectral overlap with either the
first wavelength A, or the second wavelength A,. Such shapes
are described in the present figures and in the figures in U.S.
Ser. No. 12/401,478 which is incorporated by reference in its
entirety. The shape choice can affect the frequency of the
surface plasmon resonance. It is known that the plasmon band
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is changed by the shape of nanoparticles (e.g., prolate and
obloid spheroids). The paper “Spectral bounds on plasmon
resonances for Ag and Au prolate and oblate nanospheroids,”
in the Journal of Nanophotonics, Vol. 2, 029501 (26 Sep.
2008), the entire contents of which are incorporated by ref-
erence, shows plasmon resonance shifts for shaping of Agand
plasmon resonance shifts for shaping of Au of prolate and
obloid spheroids. In one embodiment of the invention, with
an increasing aspect ratio for a metallic structure of the inven-
tion, the prolate spheroid resonance is red shifted relative to a
sphere with no lower limit (under the assumptions of a Drude
dispersion model). On the other hand, the oblate resonances
are “blue shifted” as the spheroid becomes increasingly flat,
but up to a limit.

In various embodiments, the metallic structures can be a
metallic structure disposed interior to the nanoparticle
wherein a conductivity or a dimension (e.g. a lateral dimen-
sion or a thickness) of the metallic structure sets the surface
plasmon resonance in the metallic structure to resonate at a
frequency which provides spectral overlap with either the first
wavelength A, or the second wavelength A,. In various
embodiments, the metallic structures can be a metallic multi-
layer structure disposed interior to the nanoparticle wherein a
conductivity or a dimension (e.g. a lateral dimension or a
thickness) of the metallic structure sets the surface plasmon
resonance in the metallic structure to resonate at the first
wavelength A and the second wavelength }.,. This capability
once again permits radiation at A, and A, to be amplified.

In another embodiment, the invention provides a nanopar-
ticle structure including a sub 1000 nm dielectric core and a
metallic structure disposed in relation to the nanoparticle. The
dielectric core includes at least one of Y,0;, Y,0,S, NaYF,,
NaYbF,, YAG, YAP, Nd,O,, LaF;, LaCl,, La,0,, TiO,,
LuPO,, YVO,, YbF;, YF;, Na-doped YbF;, or SiO,. Such
nanoparticle structures can exhibit in certain embodiments
surface plasmon resonance in the metallic structures to
enhance upconversion of light from a first wavelength A, to a
second wavelength A,.

As described above, shell (or other structure) is in particu-
lar designed with a layer thickness (or for example a lateral
dimension) to enhance the photon upconversion process
through plasmonic enhancement. The thickness of the shell
(or other physical characteristic) is “tuned” in its thickness to
the absorption process by having a dimension in which plas-
mons (i.e., electrons oscillations) in shell have a resonance in
frequency which provides spectral overlap with the absorp-
tion band targeted. Thus, if the upconversion is to be stimu-
lated by 980 nm NIR light, then the thickness of the shell is
“tuned” in a thickness to where a plasmon resonance reso-
nates at a frequency also of 980 nm (or in the neighborhood
thereof as plasmon resonances are typically broad at these
wavelengths).

Such a plasmon resonating shell can be made of numerous
transition metals, including though not limited to gold, silver,
platinum, palladium, nickel, ruthenium, rhenium, copper, and
cobalt or a combination or alloys or layers thereof. Such a
plasmon resonating shell can be also made of a combination
of metals and non-metals. When formed of a gold nanoshell,
the recommended thickness to resonate with 980 nm light is
approximately 3.5 nm surrounding an 80 nm upconverting
core, as projected by extended Mie theory calculations. (See
Jain et al., Nanolett. 2007, 7(9), 2854 the entire contents of
which are incorporated herein by reference.) FIG. 4B is repro-
duced from Jain et al and illustrates the capability in the
invention to “tune” the metal shell to have a spectral overlap
with the excitation and/or emission radiation wavelengths.
This capability of matching or tuning of the frequencies pro-
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vides an enhancement of the absorption which would not be
present with a dielectric core alone.

In one embodiment of the invention, the metallic structures
can be an alloy such as for example a Au: Ag alloy. The alloy
content can be set to adjust the frequency of the surface
plasmon resonance. For instance, the alloy content may be
one factor providing a surface plasmon resonance at 365 nm.
In one embodiment, specifically a silver concentration of 65
to 75%, and more specifically a silver concentration of 67% is
used for a365 nm surface plasmon resonance. In one embodi-
ment of the invention, the metallic structures can be an alloy
such as for example a Pt: Ag alloy. The alloy content can be set
to adjust the frequency of the surface plasmon resonance. In
one embodiment of the invention, the metallic structures can
be an alloy such as for example a Pt:Au alloy. The alloy
content can be set to adjust the frequency of the surface
plasmon resonance.

In one embodiment of the invention, the nanoparticle can
be an alloy of two or more materials. In this embodiment, the
alloy can have a composition between the two or more mate-
rials which is set to a compositional value where excitation of
the alloy at first wavelength A, produces emission at the
second wavelength A,. In one embodiment of the invention,
the nanoparticle can be a zinc sulfide and zinc selenide alloy.
In one embodiment of the invention, the nanoparticle can be
a zinc sulfide and cadmium sulfide alloy.

In one embodiment of the invention, the zinc sulfide and
zinc selenide nanoparticle alloy can have an alloy content set
to provide a surface plasmon resonance at 365 nm and spe-
cifically having a zinc sulfide concentration of 65 to 75%, and
more specifically a zinc sulfide concentration of 67%. In one
embodiment of the invention, the zinc sulfide and cadmium
sulfide nanoparticle alloy can have an alloy content is set to
provide a surface plasmon resonance at 365 nm and specifi-
cally having a zinc sulfide concentration of 65 to 75%, and
more specifically a zinc sulfide concentration of 67%.

Some techniques for producing nanoparticles and nanopar-
ticle alloys which are suitable for the invention are described
in the following documents, all of which are incorporated
herein in their entirety: U.S. Pat. Nos. 7,645,318; 7,615,169;
7,468,146; 7,501,092; U.S. Pat. Appl. Publ. No. 2009/
0315446;2008/0277270,2008/0277267;2008/0277268; and
WO 2009/133138.

In one embodiment of the invention, the nanoparticle can
be a dielectric or semiconductor configured to generate the
wavelength A, . In one embodiment of the invention, the nano-
particle can include multiple dielectrics or semiconductors
respectively configured to emit at different wavelengths for
A,. In one embodiment of the invention, multiple nanopar-
ticles having different dielectrics or semiconductors can be
included in a mixture of the nanoparticles dispersed in the
medium.

Inone embodiment of the invention, a quantum dot mixture
can be used for the multiple nanoparticles. Quantum dots are
in general nanometer size particles whose energy states in the
material of the quantum dot are dependent on the size of the
quantum dot. For example, quantum dots are known to be
semiconductors whose conducting characteristics are closely
related to the size and shape of the individual crystal. Gener-
ally, the smaller the size of the crystal, the larger the band gap,
the greater the difference in energy between the highest
valence band and the lowest conduction band becomes.
Therefore, more energy is needed to excite the dot, and con-
currently, more energy is released when the crystal returns to
its resting state. In fluorescent dye applications, this equates
to higher frequencies of light emitted after excitation of the
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dot as the crystal size grows smaller, resulting in a color shift
from red to blue in the light emitted.

Specifically, in one embodiment of the invention, a quan-
tum dot mixture (QDM) coating can be deposited using CVD
and or sol-gel techniques using standard precipitation tech-
niques. The QDM coating can be made of a silicate structure
that does not diminish UV output. Within the silicate family,
silica (Si0,) is suitable since it maximizes UV transmission
through the coating. The coating can further include a second
layer of abiocompatible glass. Such bio-compatible glass and
glass ceramic compositions can contain calcium, a lanthanide
or yttrium, silicon, phosphorus and oxygen. Other biocom-
patible materials and techniques are described in the follow-
ing patents which are incorporated herein in their entirety:
U.S. Pat. Nos. 5,034,353, 4,786,617, 3,981,736; 3,922,155,
4,120,730; and U.S. Pat. Appl. Nos. 2008/0057096; 2006/
0275368; and 2010/0023101.

In one embodiment of the invention, the thickness of the
metal shell is set depending on the absorption frequency (orin
some cases the emission frequency) of the particular dopant
ions in the dielectric core to enhance the total efficiency of the
emission process of the upconverted light. Accordingly, the
thickness of the shell can be considered as a tool that in one
instance enhances the absorption of A,, and in another
instance can be considered as a tool that enhances the emis-
sion of A,, or in other situations can be considered an
enhancement feature that in combination enhances the over-
all net process. FIGS. 8C-8G (discussed below) show details
as to these phenomena.

Additionally, plasmon-phonon coupling may be used to
reduce a resonance frequency through the tuning of the bands
to a degree off resonance. This may be useful in optimizing
resonance energy transfer processes for the purpose of cou-
pling the core-shell nanoparticles to sensitive chromophores
or drug targets. Accordingly, when a recipient 4 is outside of
the shell, the recipient 4 will receive enhanced light A, by the
above-described plasmonic effect than would occur if the
shell were absent from the structure.

In one example, FIG. 4A-1 shows UV-visible absorption
spectra of cubic Y,O, (lower trace) and gold-coated Y,O,
(upper trace) dispersed using 10 mM tri-arginine. Details of
the preparation of the nanoparticle system are provided
below. The absorption spectrum ofY,O; alone (lower trace) is
fairly featureless, showing absorption due to the tri-arginine
near 200 nm and a gentle slope associated with scattering and
absorption by the Y,O; nanoparticles extending into the vis-
ible portion of the spectrum. The gold-coated Y,O, (upper
trace), on the other hand, exhibit a strong absorption band at
546 nm, which is characteristic of the plasmonics resonance
band due to the gold shell around the Y,O; cores. This feature
is a plasmon band. If this feature were due to solid gold
nanoparticles in solution, this feature would be centered at or
below 530 nm. Moreover, red-shifting of the plasmon absorp-
tion to 546 nm is consistent with the presence of a gold shell
around a dielectric core.

In one embodiment of the invention, the materials for the
upconverter dielectric core can include a wide variety of
dielectric materials, as described above. In various embodi-
ments of the invention, the upconverter dielectric core
includes more specifically lanthanide doped oxide materials.
Lanthanides include lanthanum (La), cerium (Ce), praseody-
mium (Pr), neodymium (Nd), promethium (Pm), samarium
(Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dys-
prosium (Dy), holmium (Ho), erbium (Er), thulium (Tm),
ytterbium (Yb), and lutetium (Lu). Other suitable dielectric
core materials include non-lanthanide elements such as
yttrium (Y) and scandium (Sc). Hence. suitable dielectric
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core materials include Y,0;, Y,0,S, NaYF,, NaYbF,, Na-
doped YbF,, YAG, YAP, Nd,O,, LaF;, LaCl,, La,0,, TiO,,
LuPO,,YVO,, YbF;, YF;, or SiO,. These dielectric cores can
bedoped with Er, Eu, Yb, Tm, Nd, Tb, Ce, Y, U, Pr, La, Gd and
other rare-earth species or a combination thereof.

Lanthanides usually exist as trivalent cations, in which case
their electronic configuration is (Xe) 41", with n varying from
1 (Ce**) to 14 (Lu**). The transitions within the f-manifold
are responsible for many of the photo-physical properties of
the lanthanide ions, such as long-lived luminescence and
sharp absorption and emission lines. The f-electrons are
shielded from external perturbations by filled 5s and Sp orbit-
als, thus giving rise to line-like spectra. The f-f electronic
transitions are LaPorte forbidden, leading to long excited
state lifetimes, in the micro- to millisecond range.

Accordingly, examples of doped materials in the invention
include oxides such as yttrium oxide and neodymium oxide
and aluminum oxide as well as sodium yttrium fluoride and
nanocrystalline perovskites and garnets such as yttrium alu-
minum garnet (YAG) and yttrium aluminum perovskite
(YAP). Of these materials, doping is required for some, but
not all of these materials, for promoting upconversion effi-
ciencies. In various embodiments of the invention, the host
nanocrystals are doped with trivalent rare earth lanthanide
ions from those lanthanide series elements given above.

More specifically, in various embodiments of the inven-
tion, pairs of these dopants are introduced in order to make
accessible more energy states in the host crystal. The activa-
tion and pumping of these energy states follows closely the
principles discussed above with regard to FIG. 3. Doping
concentrations in the invention can range from 0.2% to 20%
roughly per ion into the host lattice or in a weight or mol %
variation. The efficiency of the upconversion processes of
specific bands in these materials can be modulated by the
percentages doped to induce and enhance targeted emissions.
Lanthanide doped upconverters while not limited to, can use
the following mol percent dopant compositions: 5% Er, 10%
Yb, 0.2% Tm+3% Yb, and 1% Er+10% Yb.

The size of the nanocrystal will also have an effect on the
efficiency of the upconversion process, as a larger nanocrystal
will have more sites for dopant ions to be accommodated into
the host lattice, therefore enabling more emissions from the
same doped host than if the nanocrystal were smaller. While
the dopant percentages listed above are not rigidly fixed, these
numbers provide a rudimentary teachings of the typical per-
centages one would use in obtaining a particular dielectric
core material of the invention.

Moreover, some of these host crystals (e.g., neodymium
oxide) in one embodiment of the invention may require no
specific doping to facilitate upconversion, which has been
seen in one instance in Nd,O; with an excitation wavelength
of 587 nm producing emissions at 372 nm, 402 nm, and 468
nm. See Que, W et al. Journal of Applied Physics 2001, vol
90, pg 4865, the entire contents of which are incorporated
herein by reference. Doping neodymium oxide with Yb>*, in
one embodiment of the invention, would enhance upconver-
sion through sensitizing the Nd*>* ions with a lower energy
Yb>* activator.

In one embodiment of the invention, the dielectric core is
coated, such as for example with a metallic shell 4, to enhance
electron-phonon coupling and thereby increase upconversion
efficiency, as discussed above. In another embodiment of the
invention, the shell can include a SiO,- and/or TiO,-coating,
and this coating is in one embodiment coated on doped Y, O
upconverting nanoparticles to thereby, in some instances,
increase the upconversion efficiency relative to an uncoated
nanocrystal. Further, in one embodiment of the invention, the
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coating can be a polymer. In one embodiment, this coating is
provided on NaYF,:Ln/NaYF, dielectric core. Such coatings
can increase the upconversion efficiency relative to an
uncoated upconverter.

In another embodiment of the invention, phonon modes of
an undoped host-lattice (e.g., Y,O;) nanocrystals are modu-
lated, for example, by Au, Ag, Pt, and Pd shells 4 of varying
thicknesses. In various embodiments of the invention, the
upconverter dielectric core and the shell system includes as
upconverting nanocrystals Y,05:Ln with NaYF, shells,
Y,0;:Ln with Au(Ag,Pt) shells, NaYF,:Ln with Y,O; shells,
NaYF,:Ln with Au(Ag,Pt) shells. In this system, the core
diameter and shell outer/inner diameter of the metallic coat-
ings can be set to dimensions that are expected to be tunable
to a plasmon mode overlap.

In other embodiments as discussed below, the metal coat-
ing or the metallic structure can exist inside the dielectric and
the relative position of the metal structure to the dielectric
structure can enhance plasmon resonance. These structures
with the metallic structure inside can be referred to as a
metallic core up converter or a metallic core down converter.
The metallic core technique for energy conversion is useful
since it takes advantage of metal nano-particles that have
improved surface morphology compared to shell coatings on
core dielectrics. The metal or metallic alloy in the inner core
metallic energy converter can be selected to tune its plas-
monic activity. These structures with the metallic structure
outside can be referred to as a core up converter or a core
down converter. These core up converter or a core down
converter structures offer advantages for biocompatibility as
the core materials can be surrounded in a gold biocompatible
shell.

FIG. 4C is a schematic illustration of a process for forming
and a resultant Ln-doped Y,O; core with a Au shell. FIG.
5A-1 is a schematic depicting an Y,O; dielectric particle
coated with a sub 5 nm metallic coating. One illustrative
method for producing sub-10 nm Ln-doped Y,O; nanopar-
ticles with a metal shell can be achieved through the polyol
method. See Bazzi, R. et al. Journal of Luminescence, 2003,
102-103, 445-450, the entire contents of which are incorpo-
rated by reference. In this approach, yttrium chloride hexahy-
drate and lanthanum-series chloride hexahydrates are com-
bined in an appropriate ratio with respect to their cation
concentration into suspension with diethylene glycol (0.2
mol chloride per liter of DEG). To this suspension is added a
solution of NaOH and water (0.2 mol/LL and 2 mol/L, respec-
tively). The suspension is heated to 140° C. in a solvent
recondensing/reflux apparatus for a period of 1 hour. Upon
completion of the 1 hour of heating the solution has become
transparent and nucleation of the desired nanoparticles has
occurred. The temperature is then increased to 180° C., and
the solution is boiled/refluxed for 4 hours yielding Y,O;:L.n
nanoparticles. This solution is then dialyzed against water to
precipitate the nanoparticles or solvent is distilled off and
excess water added to precipitate the same. The nanoparticles
are collected through centrifugation and dried in vacuo.

The dried nanoparticles are then calcined at 800° C. for 2
hours to afford single phase, cubic Y,O; nanocrystals with
lanthanide dopants equally distributed through the Y,O,
nanocrystal. This methodology may be modified to allow for
synthesis in a pressurized environment, thereby allowing for
complete expression in the cubic phase, allowing for a shorter
calcining times and lower temperatures leading to less nano-
particle agglomeration and size growth.

FIG. 4D is a schematic illustration of a process for forming
and a resultant Ln-doped Y,O; core with a NaYF,, shell. In
this embodiment of the invention, Ln-doped Y,O; cores for
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example may be shelled with NaYF,, Nd,O;, Ga,O;, LaF;,
undoped Y ,O;, or other low phonon mode dielectric material
using a secondary polyol approach following silyl protection
of the core nanocrystal. It has been shown that low phonon
mode host lattices (such as Y,0;, NaYF,, etc.) are useful for
aiding in the upconversion process. This has been attributed to
the nature of electron-phonon coupling to low phonon modes
and the removal of non-radiative decay processes within the
host-lattice/ion crystal. Accordingly, in one embodiment of
the invention, the dielectric core materials are made of low
mode phonon host lattices (such as Y,O;, Y,0,S, NaYF,,
NaYbF,, YAG, YAP, Nd,O,, LaF;, LaCl;, La,0,, TiO,,
LuPO,,YVO,,YbF;,YF;, Na-doped YbF;, or SiO,, or alloys
or combinations thereof, etc.).

Different sized Y,O; NPs can also be synthesized via a
combustion method developed by Song et al. In this method,
Y(NO ;); and glycine solution were heated to evaporate
excess water until spontaneous ignition occurred. Cubic
Y,O; NPs can be obtained upon 2 hr of annealing at 500° C.
One advantage of this method is that the Y,O; particle size
can be changed by varying the ratio between Y(NO,), and
glycine. Another advantage is that different ratios of dopants
(e.g. Yb and Er) can be added in the Y,O; precursor solution
and different doped Y,O; NPs which have difterent emission
properties can thus be synthesized. Due to insolubility, Y,O,
NPs are known to form precipitate in water. Upon function-
alization with glutamic acid, Y,O; NPs can result in a good
suspension in water and the well-dispersed NPs shown in
FIG. 5A-2. XRD measurement showed that the as-synthe-
sized Y,O; NPs have a cubic structure and this crystal struc-
ture is further proved by the lattice spacing as shown in FIG.
5A-2. Ligand substitution with excess 3-mercaptopropionic
acid or 3-mercaptopropylphosphonic acid in the presence of
refluxing diethylene glycol can then be used to functionalize
these particles with Au nanoparticles in similar fashion to
treatment with mercaptoalkylsilanes, as is described below.

Nanocrystals are then resuspended in toluene with sonica-
tion and treated with 2-triethoxysilyl-1-ethyl thioacetate (300
mM) in toluene. Volatile components of the reaction mixture
are removed in vacuo and the remaining residue is resus-
pended in toluene and treated with NaSMe. Volatile compo-
nents of the reaction mixture are again removed in vacuo and
the remaining residue is purified through reprecipitation, cen-
trifugation, and drying. The thiol-terminated, surface-modi-
fied nanocrystals are then resuspended in 0.1 M DDAB (di-
dodecylammonium bromide) in toluene and a solution of
colloidal gold nanoparticles (~1 nm in diameter) coated in
dodecylamine (prepared as per Jana, et al. J. Am. Chem. Soc.
2003, 125, 14280-14281, the entire contents of which are
incorporated herein by reference) is added. The gold shell is
then completed and grown to the appropriate shell thickness
through additions of AuCl; and dodecylamine in the presence
of'reducing equivalents of tetrabutylammonium borohydride.
Thiol terminated organic acids may then be added to allow for
increased water solubility and the completed gold metal shell,
Ln-doped, Y,O, nanoparticles may be separated in the pres-
ence of water through extraction or dialysis.

Dried Y,O; nanoparticles are resuspended in toluene with
sonication and treated with 2-triethoxysilyl-1-propionic acid,
benzyl ester (300 mM) in toluene. Volatile components of the
reaction mixture are removed in vacuo and the remaining
residue is resuspended in toluene and treated with a strong
base. Volatile components of the reaction mixture are again
removed in vacuo and the remaining residue is purified
through reprecipitation, centrifugation, and drying. The car-
boxyl-terminated, surface-modified nanocrystals are then
resuspended in a solution of sodium fluoride in DEG and
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treated with yttrium nitrate hexahydrate at room temperature,
stirring for 12 hours (for NaYF, exemplar). The reaction
mixture is then brought to 180° C. for 2 hours to grow the
NaYF, shell through Ostwald ripening. Nanoparticles are
purified through reprecipitation, as described previously.
Organic acid terminated polymers, polyethylene glycol,
polyethynyleneimine, or other FDA approved, bioavailable
polymer may then be added to allow for increased water
solubility and the completed NaYF, shell, Ln-doped, Y,O,
nanoparticles may be resuspended in water for medical use.

In various embodiments of the invention, the upconverter
dielectric core can be coated with thiol-terminated silanes to
provide a coating of SiO, about the core of similar reactivity
to Y,O;. These thiolated nanoparticles are then exposed to
colloidal Au (1-2 nm) which associates to the nanoparticle
surface and, with addition of HAuCl, and a reducing agent,
Ostwald ripening coalesces the Au surface into a uniform
shell of a designated thickness. Solubility enhancement of
NaYF, and other CaF, lattices can be increased by the use of
coupled trioctylphosphine-oleic acid, polyethylene glycol,
and polyethyleneimine surfactants. These surfactants associ-
ate to the surface of the nanoparticles with functional head
groups and are soluble in either organic or aqueous solvents to
permit colloidal suspension of the nanoparticles.

In one embodiment of the invention, the above-described
methodology is used to synthesize novel upconverting core-
shell nanoparticles of Y,O;:Ln with NaYF, shells, Y,O;:L.n
with Au(Ag,Pt) shells, NaYF,:Ln with Y,O; shells, NaYF,:
Ln with Au(Ag,Pt) shells where core and shell diameters
varying from 2 to 20 nm. In these novel material systems, the
tuned ratio of core-to-shell diameter may permit a plasmon-
phonon resonance which should amplify absorption of NIR
light and/or upconverted emission. In these novel material
systems, control of the core and shell diameters is one factor
determining the size dependent effect and subsequent tuning
of plasmon-phonon resonance.

In one embodiment of the invention, this methodology is
used to synthesize novel mixed core-shell materials can
include semiconducting Y,O; and NaYF,, cores doped with
various Ln series metals, which have been shown to possess
large upconverting efficiencies. These doped Y,O; and
NaYF, cores will have shells of Au(Ag,Pt, Pd) or undoped
Y,0; and NaYF, matrices which have the potential to
enhance or tune the phonon modes needed for energy transfer
in the upconversion process. Solubility can be enhanced, for
example, by addition of thiolated organics (Au shell), organic
chain triethanolsilane (Y,O; shell), and trioctylphospine-
oleic amine (NaYF, shell). All core-shell nanoparticles may
further be solubilized into a colloidal suspension with the
addition of triarginine peptide, polyethylene glycol, and poly-
ethyleneimine surfactants.

Since Y,O; nanocrystals have a scintillation emission
(down conversion) optimal for exciting drug derivatives of
potential clinical importance, smaller nanocrystals offer
advantages for biological targeting applications. Given the
permeability of biological tissues to X-ray irradiation, down
conversion from X-rays to visible light through Y,O; nanoc-
rystals offers a means of detecting the presence of nanopar-
ticles coupled to biological malignancies (e.g. cancer,
autoimmune degenerated tissue, foreign contaminants)
through antibodies, Fab fragments, or cell-surface receptor
specific peptides linked to the nanoparticle surface. Subse-
quently, down converting nanoparticles offer a means of gen-
erating UV/VIS/NIR light for photoactive drug activation
directly at the treatment site, deep within biological tissue
where UV and VIS light (if applied externally) would likely
not penetrate. Furthermore, upconverting Y,O:Ln nanocrys-

40

45

18

tals can be utilized in one embodiment of the invention for
their absorption and emissive properties within the NIR win-
dow applicable for medical imaging.

In one embodiment of the invention, small nanocrystals of
these materials are prepared using rare-earth (RE) precursors
(e.g. chloride, nitrate, alkoxides) which are mixed with a
defined amount of water in a high boiling polyalcohol (e.g.,
diethylene glycol) solvent. The dehydrating properties of the
alcohol and the high temperature of the solution promote a
non-aqueous environment for the formation of oxide par-
ticles, as opposed to hydroxide, particles. Other solvents
which can be used include: ethylene glycol, tricthylene gly-
col, propylene glycol, dipropylene glycol, tripropylene gly-
col, etc. (thereby providing solvents with different boiling
points). With these procedures, one expects sub-5 nm nanoc-
rystals to be coated with Au, Ag, Pt, Pd (or combinations or
alloys thereof) layers. FIGS. 5A-1 and 5A-2 illustrate respec-
tively a schematic and an example of one such coated sub-5
nm nanocrystal. In other embodiments as discussed below,
the metal structure can exist interior the dielectric and the
relative position of the metal structure to the dielectric struc-
ture can enhance plasmon resonance.

Accordingly the synthesis of these nanocrystals and other
dielectric core elements can follow the methods described
below.

In particular, one method of forming yttrium oxide nanoc-
rystals according to the present invention is to obtain precur-
sors of the yttrium and rare earth ions in their salt forms,
preferably in a chloride salt of the hexahydrate form, which is
more soluble than non-hexahydrate forms. These salts are
then combined in the correct molar ratios as listed below to
create a yttrium oxide containing solution in a high boiling
polyalcohol solvent with an added base of the correct propor-
tion. An initial cation concentration of 0.2 moles per liter is
mixed with a sodium hydroxide solution in water (0.2 moles
per liter of sodium hydroxide per liter of reaction solution; 2
moles of H, O per liter per solution). The precursors were
added together in the polyalcohol solvent, stirred for one hour
at 140° C. After the salts are completely dissolved, the solu-
tion is brought to reflux at 180° C. and heated for four hours.
The reaction is then cooled to room temperature yielding a
transparent colloidal suspension of rare earth doped, yttrium
oxide nanocrystals. The purification of this colloid produces
the basic nanometer size of dielectric core shown in FIG.
5A-1. The metallic shell can then be prepared using the pro-
cesses described below.

Similar methods can be employed for the preparation of the
other upconversion materials described above, such as for
example for the preparation of

1) nanoparticles of 2% neodymium and 8% ytterbium
doped yttrium oxide,

2) europium and ytterbium doped yttrium oxide, and

3) any combination of rare earth trivalent ions doped into a
neodymium oxide nanocrystal.

In another embodiment of the invention, NaYF, dielectric
particles have been fabricated with individual particles in the
~70-200 nm size range as shown in FIG. 5B. To produce these
particles NaCl, TmCl;, YCl; and YbCl; stock solutions
(0.2M) were prepared by dissolving the corresponding chlo-
rides in water. A PEI stock solution (5%) was prepared by
dissolving PEI (M,~10,000) in water. 10 mL. NaCl solution,
8 mL YCI; solution, 1.8 mL YbCl; solution and 0.2 ml.
TmCl, solution were added to a round-bottom flask contain-
ing 60 mL of ethanol and 20 mL of PEI solution. After stirring
atroom temperature for approximately 10 minutes, 2 mmol of
NH_,F was added and the solution was stirred for an additional
10 minutes. The solution was then transferred to a Teflon-
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lined autoclave which was placed in an oven at 200° C. for 24
hours. After cooling to room temperature, the particles were
isolated by centrifugation and then washed three times using
50/50 H,O-ethanol. A white powder was obtained after rotary
evaporation.

Further, NaYF, dielectric particles have been produced
and isolated into dispersed particles with two size distribu-
tions of ~50 nm and ~150 nm, as shown in FIG. 5C. The
procedure to generate these particles is the same as that listed
above, except that the YbCl; stock solution was prepared by
dissolving Yb,O; in HCI. Further, YbF; dielectric particles
have been produced and isolated into homogeneous particles
of a size of 35 nm+/-5 nm, as shown in FIG. 5D. Generation
of these particles was similar to that listed above, except that
the concentrations of all the salts were halved (the PEI con-
centration remaining constant), and YbCl; was used instead
of YCl;. As such, two YbCl; stock solutions (0.1 M) were
prepared; the first by dissolving YbCl,.6H,O in water and the
second by dissolving Yb,O; in concentrated hydrochloric
acid. The remainder of the synthetic methodology remained
the same. An optical emission spectrum from these NaYF,
dielectric core particles, excited at 980 nm, is shown in FIG.
5E.

In another embodiment of the invention, NaYbF, dielectric
particles have been fabricated with individual particles in the
~20-200 nm size range as shown in FIGS. 5F, 5G, 5H, and 5I.
These particles were generated through a thermal decompo-
sition method based on the work of Boyer, J-C. et al. Nano
Lett., 2007,7(3), 847-852 and Shan, J. et al. Nanotechnology,
2009, 20, 275603-275616, the entire contents of which are
incorporated by reference. The particles were prepared by
composing a slurry of NaTFA (2.5-4 mmol), 34 mL 1-octa-
decene, and 6 mL oleic acid, Y(TFA);, Yb(TFA),, and
Ln(TFA);(Ln=Tm) in given proportion totaling 2 mmol of
trifluoroacetate salt. The slurry was heated under vigorous
stirring to 125° C. in a 100 mL, 2-neck round bottom flask
with magnetic stir bar and reflux condenser until full disso-
Iution occurred and any residual water was removed through
a vent needle. 6 mL trioctylphosphine or oleic acid was then
added. The reaction apparatus was then transferred to a mol-
ten salt bath (KNO;:NaNO;; 50:50 by mol %) held at tem-
peratures varying from 350-414° C. and held at temperature
for 15-60 minutes. The reaction was then cooled to RT,
poured into an equivalent volume of absolute ethanol, soni-
cated, vortexed, and centrifuged at 21 k rcf (approx. 14 k
RPM) for 30 minutes. The resulting pellet was resuspended
and centrifuged in similar fashion with hexanes, followed by
two washes of 50:50; water:ethanol, and a final wash of
absolute ethanol. The purified nanocrystals were then dried in
air overnight.

FIG. 6A shows some of the various embodiments of the
upconverter structures of the invention that can be designed:
(a) a structure including upconverter (UC) molecules bound
to a metal (gold) nanoparticle; (b) a structure including an
UC-containing nanoparticle covered with metal nanopar-
ticles, (¢) a metal nanoparticle covered with an UC-contain-
ing nanocap; (d) an UC-containing nanoparticle covered with
metal nanocap, (¢) a metal nanoparticle covered with UC
nanoshell, (f) an UC-containing nanoparticle covered with
metal nanoshell, (g) an UC-containing nanoparticle covered
with metal nanoshell with protective coating layer. The con-
figurations (while shown in the FIG. 6 series with UC-con-
taining materials) would be applicable for enhancement for
down converting materials. Moreover, in one embodiment of
the invention, dielectric spacers (for examples silicates as
discussed below) can be used with the structure of FIG. 6 A-b
to space apart the particle type metallic structures. In another
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embodiment of the invention, dielectric spacers can be used
with the structure of FIG. 6A-d, f to space apart the metal
layers, whether or not these layers are partial metal layers as
in FIG. 6A-d or continuous metal layers as in FIG. 6 A-f. See
FIGS. 6B-5, d, and f.

The plasmonic properties of various metallic structures,
which have been investigated in the art and are suitable for the
invention, include metallic nanoshells of spheroidal shapes
[S. J. Norton and T. Vo-Dinh, “Plasmonic Resonances of
Nanoshells of Spheroidal Shape”’, IEEE Trans. Nanotechnol-
ogy, 6, 627-638 (2007)], oblate metal nanospheres [S. J.
Norton, T. Vo-Dinh, “Spectral bounds on plasmon reso-
nances for Ag and Au prolate and oblate nanospheroids”, J.
Nanophotonics, 2, 029501 (2008)], linear chains of metal
nanospheres [S. J. Norton and T. Vo-Dinh, “Optical response
of linear chains of metal nanospheres and nanospheroids”’, J.
Opt. Soc. Amer, 25, 2767 (2008)], gold nanostars [C. G.
Khoury and T Vo-Dinh, “Gold Nanostars for Surface-En-
hanced Raman Scattering: Synthesis, Characterization and
Applications”, J. Phys. Chem C, 112, 18849-18859 (2008)],
nanoshell dimmers [C. G. Khoury, S. J. Norton, T. Vo-Dinh,
“Plasmonics of 3-D Nanoshell Dimers Using Multipole
Expansion and Finite Element Method, ACS Nano, 3, 2776-
2788 (2009)], and multi-layer metallic nanoshells [S. J.
Norton, T. Vo-Dinh, “Plasmonics enhancement of a lumines-
cent or Raman-active layer in a multilayered metallic
nanoshell”, Applied Optics, 48, 5040-5049 (2009)]. The
entire contents of each of the above noted references in this
paragraph are incorporated herein by reference. In various
embodiments of the invention, multi-layer metallic
nanoshells discussed in this application have the potential
capability to enhance electromagnetically two spectral
regions. Accordingly, the metallic structures of the invention
can be used in the upconverting mode to enhance both the
excitation at wavelength A | and the emission at wavelength A,
This feature also can be used in the down converting to
enhance primarily the emission at wavelength A, and poten-
tially the excitation at wavelength

Such metallic structures in various embodiments of the
invention include conducting materials made for example of
metals, or doped glasses or doped semiconductors. These
conducting materials can be in the form of pure or nearly pure
elemental metals, alloys of such elemental metals, or layers of
the conducting materials regardless of the constituency. The
conducting materials can (as noted above) include non-me-
tallic materials as minor components which do not at the
levels of incorporation make the composite material insulat-
ing.

Similarly, in various embodiments of the invention, the up
or down converting materials can include at least one of a
dielectric, a glass, or a semiconductor. The up or down con-
verting materials can include an alloy of two or more dielec-
tric materials, an alloy of two or more glasses, or an alloy of
two or more semiconductors.

Accordingly, FIG. 6A represents embodi