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(57) ABSTRACT

A photoluminescent or electroluminescent system and
method of making a non-luminescent nanostructured mate-
rial into such a luminescent system is presented. The method
of'preparing the luminescent system, generally, comprises the
steps of modifying the surface of a nanostructured material to
create isolated regions to act as luminescent centers and to
create a charge imbalance on the surface; applying more than
one polar molecule to the charged surface of the nanostruc-
tured material; and orienting the polar molecules to compen-
sate for the charge imbalance on the surface of the nanostruc-
tured material. The compensation of the surface charge
imbalance by the polar molecules allows the isolated regions
to exhibit luminescence.
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LUMINESCENT SYSTEMS BASED ON THE
ISOLATION OF CONJUGATED PI SYSTEMS
AND EDGE CHARGE COMPENSATION
WITH POLAR MOLECULES ON A CHARGED
NANOSTRUCTURED SURFACE

FEDERALLY SPONSORED RESEARCH AND
DEVELOPMENT

[0001] The United States Government has rights in this
invention pursuant to contract no. DE-AC05-000R22725
between the United States Department of Energy and UT-
Battelle, LLC.

FIELD

[0002] This disclosure relates generally to photolumines-
cent and electroluminescent materials. More specifically, this
disclosure pertains to nanostructured material compositions
and methods for making such materials exhibit visible lumi-
nescence.

BACKGROUND

[0003] Photoluminescence represents a mechanism by
which a material absorbs electromagnetic energy in the UV-
Vis-NIR spectral region at one wavelength, followed by the
subsequent emission of a portion of this energy at a different,
usually longer wavelength. On the other hand, electrolumi-
nescence relies upon the absorption of electrical energy by a
material, followed by the emission of visible light. In essence,
the absorption of light or electrical energy causes the mol-
ecules in the material to typically undergo an electronic tran-
sition from typically a ground state to an excited state. Relax-
ation of the excited-state molecules back to their ground state
occurs with the simultaneous emission of light from the mate-
rial.

[0004] The length of time (e.g., delay) between the absorp-
tion and emission of light by the material leads to the distinc-
tion between the photoluminescence phenomena known as
fluorescence and phosphorescence. Typically, the delay time
associated with fluorescence is relatively short being on the
order of only 1072 to 1077 seconds, while the delay for phos-
phorescence is much longer. In fact, phosphorescent pig-
ments are known to “glow in the dark” releasing the absorbed
light over minutes or hours after the light source has been
removed.

[0005] The occurrence of luminescence can continue to
occur with a given photoluminescent or electroluminescent
material as long as the external light source or electrical
energy is present. If the exciting radiation or energy is
stopped, then the occurrence of luminescence will cease. The
luminescent effect associated with a material is highly depen-
dent upon the selection of the pigments or luminescent cen-
ters in the material, the light absorption properties of the
luminescent centers, and the intensity of the light absorbed.

[0006] Photoluminescent and electroluminescent materials
may be incorporated into a variety of different products and
have found use as biological markers for cell imaging, in exit
signs and other egress or safety signage, in sensors, for drug
delivery, and in optoelectronics, as well as in energy conver-
sion devices. Photoluminescence can be used to track the
position of a chemical within the human body and trigger
various mechanisms of drug release; such mechanisms
including, but not be limited to, microwave, thermal, or pho-
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tochemical mediated mechanisms. Thus luminescent materi-
als can exhibit multifunctional properties.

[0007] New applications and market areas for photolumi-
nescent and electroluminescent materials and devices are
continually emerging. Accordingly, there exists a continual
desire to develop new materials that are nontoxic, cost effec-
tive to manufacture and that exhibit a strong luminescent
effect over an extended lifetime. Especially useful is the
development of new nontoxic, photoluminescent materials
that can be used to deliver a chemical or drug within the
human body and electroluminescent materials for optoelec-
tronic displays.

SUMMARY

[0008] The present disclosure provides a method of making
non-luminescent nanostructured particles into a luminescent
system. One aspect of this method for preparing a photolu-
minescent or electroluminescent system, generally, com-
prises the steps of providing a nanostructured material fol-
lowed by modifying the surface of the material to create
isolated regions that will act as luminescent centers. How-
ever, the creation of these isolated regions also generates a
charge imbalance on the surface of the nanostructured mate-
rial which inhibits the luminescent centers from exhibiting
luminescent behavior. The application of one or more polar
molecules to the charged surface of the nanostructured mate-
rial results in the compensation or neutralization of the sur-
face charge imbalance. Upon the compensation of the surface
charge imbalance, the isolated regions can exhibit lumines-
cent behavior.

[0009] The formation of the isolated regions and the charge
imbalance on the surface of the nanostructured material may
be accomplished by acid etching the surface or functionaliz-
ing the surface of the nanostructured material with charged
groups. Preferably, these charged groups are carboxylic acid
(—COOH) moieties, hydroxyl or alcohol (—OH) moieties,
or carbonyl (—C—0) moieties, but may also be aresult of the
interaction between a carbene or carbyne with the solvent.
The application of polar molecules, such as dispersants and
surfactants, to the charged surface may be done by immersing
the nanostructured particles into a liquid solution comprising
the polar molecules, by applying the polar molecules as part
of'a coating to the surface ofthe nanoparticles, or by any other
method known to one skilled-in-the-art. Preferably, the polar
molecules are selected as one from the group of polyethylene
glycol (PEG), polyethyleneimine (PEI), and sodium dodecyl
sulfate (SDS).

[0010] Another aspect of the present disclosure is to pro-
vide a luminescent system for use in biological markers,
sensors, drug delivery, optoelectronic light emitting displays
and sensing elements, or energy conversion devices. This
photoluminescent or electroluminescent system generally
comprises a nanostructured material dispersed in a rigid inor-
ganic matrix, a liquid solution, a gel, or a polymer matrix
having a charged surface and one or more polar molecules
coupled to the charged surface. The polar molecules are ori-
ented in a predetermined manner with respect to the surface of
the nanostructured material and are positioned such that they
compensate for the charge on the surface. It is this compen-
sation of the charge(s) on the nanostructured material’s sur-
face that induces, protects, or isolates the luminescent center
or region on the dispersed nanostructured material from
relaxation via a non-radiative (thermal) process.
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[0011] Further areas of applicability will become apparent
from the description provided herein. It should be understood
that the description and specific examples are intended for
purposes of illustration only and are not intended to limit the
scope of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The drawings described herein are for illustration
purposes only and are not intended to limit the scope of the
present disclosure in any way.

[0013] FIG. 1A is a flow chart depicting a method of pre-
paring a compensated, charge-isolated luminescent system
according to the teachings of the present disclosure;

[0014] FIG. 1B is a schematic representation of a nano-
structured material as a sandwiched layer in a planar structure
according to one aspect of the present disclosure.

[0015] FIG. 1C is a schematic representation of an elec-
troluminescent system prepared according to one aspect of
the present disclosure;

[0016] FIG.2A is a schematic representation of the chemi-
cal structure of a nanostructured material according to one
aspect of the present disclosure;

[0017] FIG. 2B is a perspective view of a chemical model
depicting the chemical structure of the nanostructured mate-
rial of FIG. 2A;

[0018] FIG. 3 is a schematic representation depicting the
formation of a positive edge charge on a nanostructured mate-
rial through an interaction with a solvent according to one
aspect of the present disclosure;

[0019] FIG. 4A is a schematic representation of the chemi-
cal structure of a nanostructured material according to
another aspect of the present disclosure;

[0020] FIG. 4B is a perspective view of a chemical model
depicting the chemical structure of the nanostructured mate-
rial of FIG. 4A;

[0021] FIG. 5is a schematic of a method for compensating
for the charge present on the surface of a nanostructured
material according to one aspect of the present disclosure;
[0022] FIG. 6A is a schematic representation of the struc-
ture and performance of large luminescent centers on a nano-
structured material according to one aspect of the present
disclosure;

[0023] FIG. 6B is a schematic representation of a lumines-
cent system prepared according to one aspect of the present
disclosure;

[0024] FIG. 7A is a graphical representation of the light
absorbance characteristic of a “single-wall carbon nanohorn
modified with carboxylic acid functionality” [(SWNH-
COOH)/PEG] luminescent system prepared according to one
aspect of the present disclosure plotted as a function of the
excitation wavelength;

[0025] FIG. 7B is a graphical representation of the light
emission characteristic of the luminescent system of FIG. 7A;
[0026] FIG. 7C is a graphical combination of the light
absorbance and emission characteristics of the system of FIG.
7A depicting the occurrence of luminescence.

[0027] FIG. 8A is a graphical representation of the light
absorbance characteristic of a [(SWNH-COOH)/PEI] lumi-
nescent system prepared according to another aspect of the
present disclosure plotted as a function of the excitation
wavelength;

[0028] FIG. 8B is a graphical representation of the light
emission characteristic of the luminescent system of FIG. 8A;
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[0029] FIG. 8C is a graphical combination of the light
absorbance and emission characteristics of the system of FIG.
8A depicting the occurrence of luminescence;

[0030] FIG. 9A is a graphical combination of the light
absorbance and emission characteristics of an “as prepared
single wall carbon nanohorn” [(AP-SWNH)/PEG] system
depicting the absence of luminescence;

[0031] FIG. 9B is a graphical combination of the light
absorbance and emission characteristics of a [(AP-SWNH)/
PEI] system depicting the absence of luminescence;

[0032] FIG. 10A is a graphical combination of the light
absorbance and emission characteristics of a [(SWNH-
COOH)/SDS] system prepared according to one aspect of the
present disclosure depicting the occurrence of luminescence;
[0033] FIG. 10B is a graphical combination of the light
absorbance and emission characteristics of a [(AP-SWNH)/
SDS] system depicting the absence of luminescence;

[0034] FIG. 11A is a graphical combination of the light
absorbance and emission characteristics of an [(amorphous
carbon-COON)/PEG] system prepared according to one
aspect of the present disclosure depicting the occurrence of
luminescence;

[0035] FIG. 11B is a graphical combination of the light
absorbance and emission characteristics of an [(amorphous
carbon-COON)/PEI] system prepared according to one
aspect of the present disclosure depicting the occurrence of
luminescence; and

[0036] FIG. 12 is a graphical combination of the light
absorbance and emission characteristics of a semiconducting
[(s-SWNH-COOH)/PEI] system prepared according to one
aspect of the present disclosure depicting the occurrence of
luminescence.

DETAILED DESCRIPTION

[0037] The following description is merely exemplary in
nature and is in no way intended to limit the present disclosure
or its application or uses. It should be understood that
throughout the description and drawings, corresponding ref-
erence numerals indicate like or corresponding parts and
features.

[0038] The present disclosure generally provides a method
of making non-luminescent nanostructured materials into a
luminescent system. The term, luminescence, as used
throughout this disclosure is intended to generally refer to
photoluminescence and/or electroluminescence. Referring to
FIG. 1A, according to one embodiment of the present disclo-
sure the method 10 comprises the steps of providing 16 a
nanostructured material that has a predetermined surface.
This nanostructured material initially will not exhibit lumi-
nescent behavior. The surface of the material is modified 20 to
create at least one small, isolated region that may act as a
luminescent center. However, this surface modification also
generates additional or “unwanted” charge on the surface of
the material leading to a charge imbalance. This charge
imbalance prevents the isolated region from exhibiting lumi-
nescent properties. Thus the charge imbalance needs to be
neutralized or compensated for.

[0039] Compensation for this surface charge imbalance can
be accomplished by the application 40 of one or more polar
molecules to the surface of the nanostructured material.
These polar molecules are adapted 60 to compensate for the
charge imbalance. Such adaptation may include the align-
ment of the polar molecules on the surface of the nanostruc-
tured material. Upon the neutralization or compensation 66 of
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the charge imbalance, the isolated regions will act as lumi-
nescent centers and exhibit luminescent properties, thereby,
forming a luminescent system 64. Preferably, the luminescent
system 64 will be comprised of a nanostructured material that
includes a plurality of luminescent centers.

[0040] Still referring to FIG. 1A, the nanostructured mate-
rial 22 may be dispersed into a liquid solution 26 for oxidation
of its surface. The liquid solution 26 may be comprised of
concentrated HNO; or mixtures of HNO;, H,SO,, H,O, or
KMnO,. Acid etching is one method of forming the isolated
regions or luminescent centers on the surface of the nano-
structured material, as well as generating the excess or
unwanted charge that creates a charge imbalance on the sur-
face of the nanostructured material. The isolated regions rep-
resent a domain, hole, a single unit cell, or confinement state
that has the potential to exhibit photoluminescence or elec-
troluminescence. Acid etching incorporates acid functional-
ity, such as carboxylic acid (i.e., —COOH) groups, onto the
surface of the nanostructured material. Such acid treatment
may involve reaction times on the order of minutes to days, as
well as the use of elevated temperatures (e.g., 100° C. for 4
hours). The concentrated acidic solution 26 may be refluxed
to facilitate the acidic groups first becoming coupled to the
open ends of the nanostructured material followed by cou-
pling to the remaining surface area of the material. Neutral-
ization of the acidic solution 26 with alkali may result in the
precipitation of the acid functionalized nanostructured mate-
rials 30, which can then be collected by filtration, evapora-
tion, or any other known method. Carboxylic acid function-
alized nanostructured materials 30 may also be formed by
chlorate or ammonium persulfate oxidation.

[0041] The main acid functionalities that exist on the sur-
face of the charged nanostructured material 30 may include
—COON, —C—0, and —OH moieties among others. The
ratio of (—COON):(—C—0):(—OH) groups on the surface
will usually be on the order of about 4:2:1. However, one
skilled in the art will understand that this ratio can vary
depending upon the treatment of the material with concen-
trated acids. Acidic treatment of the material’s surface with
concentrated acid results in the formation of a surface exhib-
iting an atomic ratio of C:O:H on the order of about 2.7:1.0:
1.2. The concentration of the acidic groups present on the
surface of the charged nanostructured material 30 is typically
in the range of about 2x10%° to 10x102° sites per gram, which
corresponds to about a 5 to 7% molar concentration or about
2 to 7 weight %. The acid etching or treatment of the nano-
structured material’s surface will also result in the surface
having a charge polarity or imbalance.

[0042] Another aspect of the present disclosure is to pro-
vide an electroluminescent system 1 for use in optoelectronic
light-emitting displays, solar panels, or optoelectronic sens-
ing elements wherein the luminescent centers are incorpo-
rated into a planar-like structure (e.g., display, etc.). Referring
to FIG. 1B, the isolation of the luminescent centers 7 may be
accomplished by a variety of standard lithographic processes
5 utilized in the fabrication of inorganic materials, including,
but not limited to plasma etching, e-beam lithography, atomic
layer deposition, and planarization. Alternatively, the isola-
tion of the luminescent centers may be accomplished by one
of the processes 5 associated with the wet processing of
organic electronic devices. In both of these types of processes
5, loose nanostructured materials may be formed and incor-
porated into a central layer 2 which is sandwiched between
two insulating, semiconducting, or metallic layers 3, 4, each
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of' which may be separately applied. The luminescent centers
7 may also be formed by a lithographic processing 5 step in
which ahole, edge, or otherwise isolated region is created and
which, when charge compensated, yields photo- or electro-
luminescent behavior. The sandwiched layers 2, 3, 4 may be
further tailored to provide the charge compensation required
for luminescence of the center 7, and include inorganic
dielectrics, semiconductors, or metals, as well as organic
small molecules, polymers, or the like.

[0043] Still referring to FIG. 1B, the processing of central
layer 2 may include spotting charge-compensated lumines-
cent centers 7 into regions, as by inkjet, aerosol, spray, dielec-
trophoresis, magnetic deposition techniques; or the in situ
creation of luminescent centers and in situ methods of charge
compensation using lithographic processing steps, such as
local plasma, ion, or electron irradiation with etchants, CVD
deposition, ALD, or polymer processing. “Pixels” of local-
ized luminescent centers 7 can be incorporated into layers of
electrodes or substrates, rigid or flexible.

[0044] Referring now to FIG. 1C, the electroluminescent
system 1 according to another aspect of the present disclosure
may include an electroluminescent patch 7a created from the
material of the gate electrode 6 used in a deposition process
(e.g., e-beam, ozone, focused ion beam, among others). In
this case, the electroluminescent patch 7a represents the iso-
lated region or luminescent center. The electroluminescent
patch 7a may be deposited in the gap between the source
electrode 9 and the drain electrode 8 or grown in the gap to
bridge the electrodes 8, 9. The electrodes 8, 9 reside between
the dielectric layers 3, 4. The electroluminescent patch 7a
may also be prepared using the electroluminescent system 64
or nanostructured material 62 having isolated regions pre-
pared according to the process shown in FIG. 1A. The elec-
troluminescent system 1 (e.g., a display, etc.) may include an
assembly of individually addressable electroluminescent
patches 7a.

[0045] Referring now to FIGS. 2A and 2B, a carbon nano-
structured material 30 prepared according to one aspect of the
present disclosure is depicted. Surface modification of this
nanostructured material 30 leads to the formation of a charge
on the edges of the material by various charged edge groups.
Preferably, these charged groups are carboxylic acid
(—COOH) moieties 52, hydroxyl or alcohol (—OH) moi-
eties 54, or carbonyl (—C—0) moieties 56, but may also be
a result of the interaction between a carbene or carbyne 57
with a liquid solution or solvent. In the case of a carbene end
group, the interaction between this end group and the solution
may lead to the formation of a positively charged carbon or
zigzag site 59 with potential pairing of the sigma (*) and pi
(srelectrons occurring proximate to this zig-zag site 59.
[0046] Referring now to FIG. 2B, the weakened pi-system
of the carbon nanostructured material 30 may result in the
breaking of the pi-system conjugation inside the nanostruc-
tured material 50, thereby, resulting in the formation of two
more weakly interacting pi-systems 61, 63. Such a reduced
conjugation of the pi-system can lead to a blue shift in the
luminescence of the nanostructures even without a significant
change in hydrodynamic radius. A saturated hydrocarbon
surfactant or chemical modifier may be attached to the mate-
rial 30 via charge or chemical interaction with its functional
moieties, such as a carbonyl 56, carboxyl 52, or hydroxyl
moiety 54, in order to decrease access to the pi-system from
known luminescent quenching molecules.
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[0047] The step of modifying 20 the surface of nanostruc-
tured material 22 involves one selected from the group of acid
etching the surface of the nanostructured material 22 and
functionalizing the surface of the nanostructured material 22
with charged groups in the presence of a solvent. Referring
now to FIG. 3, the formation of a positive edge charge through
an interaction with the solvent is depicted. In general, in
addition to charge formation, edge modification breaking
along the conjugated pi-system is expected (see FIG. 2B).
Tunability of the luminescent properties of the single wall
nanostructured material 30, e.g., a carbon nanohorn, as a
function of excitation wavelength may indicate separate exci-
tation of the isolated conjugated pi-system within the nano-
horn assembly.

[0048] The breaking of large conjugated pi-systems may
result in non-zero energy of the HOMO-LUMO molecular
orbital gap for the isolated pi-system within a single walled,
nanostructured material or its assembly. The smaller the size
of the isolated polycyclic aromatic hydrocarbon, the larger
the HOMO-LUMO gap will be. For example, in reference to
an isolated benzene moiety, the expected band gap is about
6.8 eV whereas for coronene (a large conjugated system) the
HOMO-LUMO gap is 4.04 eV. These two examples may be
used as limiting cases in order to estimate a predetermined
range of tunability for luminescent properties. This tunable
range is estimated to be about 2.76 eV. This example consid-
ers only un-substituted polycyclic aromatic hydrocarbons
(PAHs). If the conjugated pi-system of PAHs are close (e.g.,
one sp° bond) to the polar edge groups, their HOMO-LUMO
molecular orbital gap will be affected; dependent upon the
charge and electron donating/withdrawing nature of the edge
functionality. In extreme cases this interaction may lead to
non-radiative relaxation of the excited state of PAH via the
coupling of it to the vibrational modes of the solvent.

[0049] Referring now to FIGS. 4A and 4B, an example of
the steric hindrance and structural distortion of an enclosed
pi-system of a polycyclic hydrocarbon within the nanostruc-
tured material 30 is demonstrated. The chemistry of carbon
edge groups may induce instances of complete hydrogenation
of the majority of the double bonds, leaving small areas of
isolated polycyclic aromatic hydrocarbons. The example
shows a luminescent anthracene 69 moiety surrounded by sp>
and sp? hybridized carbon atoms. Energy minimization of this
structure shows that access to anthracene 69 moiety (best
shown in FIG. 4B) is hindered by the sp>-sp® hybridized
carbons and that the anthracene 69 moiety is not planar (i.e.,
perturbed). The expected excitation and luminescence of this
moiety 69 will be red shifted from that exhibited by pure
anthracene.

[0050] The surface of the nanostructured material 22 may
also be charged 20 through functionalization with acidic moi-
eties coupled to long chain hydrocarbons. For example, refer-
ring to FIG. 5 the surface of carbon nanostructured materials
22 may be reacted with a mixture of succinic or glutaric acid
acyl peroxides in o-dichlorobenzene 26 at about 80-90° C.
This reaction results in the formation of a 2-carboxyethyl or
3-carboxypropyl surface functionalized material 30. One
skilled-in-the-art will understand that other reactions than

(0]
/
O v
OH
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those depicted herein are also possible for the functionaliza-
tion of the nanostructured material’s surface with acid moi-
eties.

[0051] According to another aspect of the present disclo-
sure, inaddition to isolated regions being on a molecular (e.g.,
small) scale as described above, the isolated regions can also
be much larger, i.e., large luminescent center (LL.C). These
large luminescent centers may be the result of the superposi-
tion of multiple single unit cells as described in FIG. 6A.
Referring to FIG. 6A, two examples of large luminescent
centers are shown in which the structure of the LLC includes
a combination of ten unit cells (A or B). These specific
examples may be identified as a semiconducting arm chair
LLC (n=4, m=0). One skilled-in-the-art will understand that
the luminescent center on the nanostructured material may be
comprised of other ribbons that exhibit semiconducting char-
acter. The band gap luminescence of LL.C examples shown in
FIG. 6A is on the order of 2.55 eV (with no edge effect) and
2.81 eV (with edge relaxation). One skilled-in-the-art will
understand that the tunable range for a LLC is similar to that
described above for a molecular, small luminescent center
(i.e., about 2.76 eV). A specific example of a nanostructured
material with an isolated region being an LL.C, includes, but
is not limited to, an isolated graphene ribbon located on the
surface of a carbon nanohorn. The incorporation of such an
LLC into a carbon nanohorn may cause stress induced
changes in the curvature of the nanostructured material (e.g.,
warping). Such stress induced changes will result in the shift
of the luminescence to either lower or higher energy. One
skilled-in-the art will understand that a large luminescent
center may also include a combination of, i.e., more than one,
different or similar LL.C without exceeding the scope of the
present disclosure.

[0052] The step of applying 40 polar molecules to the
charged surface involves one selected from the group of
immersing the charged nanostructured material 30 into a
solution comprising the polar molecules 44 and applying the
polar molecules 44 as part of a coating to the surface of the
nano-structured material. The polar molecules 44 are typi-
cally comprised of a long alkyl chain having a polar group at
one end. Examples of polar groups include, but are not limited
to, hydroxyl, carboxyl, sulfonate, sulfate, ammonium, amino,
and polyoxyethylene. When the polar group is for example,
an alcohol or amine group, the polar group can easily be
coupled to the acid functionality of the nanostructured mate-
rial through stable ester or amide linkages. In the case of
amine functionality, the carboxylic acid groups on the surface
of the charged nanostructured material 30 may undergo a
reaction with the polar groups, including but not limited to,
amidation, an acid-base interaction, or condensation. An
example of functionalizing a nanostructured material having
carboxylic acid functionality 30 with a CH;(CH,),,NH,
polar molecule 44 via a simple acid-base interaction to yield
a nanostructured material interacting with a polar molecule
46 is demonstrated in Equation 1. However, the simple
chemical bonding of any molecule to surface of a nanostruc-
tured material either covalently, non-covalently, or a combi-
nation thereof will not by itself allow the isolated region to
exhibit luminescent properties.

Eq. 1
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-continued

[0053] Rather, one limitation on type and selection of the
polar molecules is that the polar molecules used in accor-
dance with the present disclosure are adapted to compensate
for the charge imbalance on the surface of the nanostructured
material 30. For example, the compensation for or neutral-
ization of the charge imbalance may involve the alignment of
the polar molecules on the surface of the nanostructured
material 62. Such alignment may involve a charge alignment
mechanism. Charge redistribution of the electric double layer
encompassing the surface of the charged nanostructured
material takes place as a result of the alignment of polar
molecules on the material’s surface. Once the initial polar
molecules are aligned, neighboring polar molecules will tend
to orient themselves relative to each other so as to minimize
the interaction energy that exists between them; resulting in
nanostructured material with aligned polar molecules 62. The
redistribution of charge implies the formation of an electric
double layer in which the polar molecules 44 neutralize the
surface of the charged nanostructured material 30.

[0054] An example of a nanostructured material 62 in
which polar molecules are attracted to the charged surface
and aligned with one another is depicted in FIG. 6B. Upon
exposure to polar molecules 64 a nanostructured material 62
on its surface results in the formation of a of a nanostructured
material having polar molecules aligned on its surface that
exhibits luminescence 67. Luminescence 67 is dependent
upon both the existence of a charged nanostructured material
62 and the interaction of a polar molecule 64 with this surface
to form a nanostructured material 63 in which the polar mol-
ecules compensate for the charge imbalance on the surface.
No visible luminescence will occur for similar systems in
which the surface of nanostructured material has neither been
modified 20 to create an isolated region to act as a small,
molecular luminescent center or LL.C nor has been exposed
40 to polar molecules in such a manner as to cause the these
molecules to compensate for the charge imbalance induced
on the surface of the nanostructured material 62 during the
occurrence of the surface modification.

[0055] It is another objective of the present disclosure to
provide a photoluminescent or electroluminescent system for
incorporation into and use as biological markers, in sensors,
for drug delivery, as optoelectronics, or in energy conversion
devices. This luminescent system 64 generally comprises a
plurality of the nanostructured material 62 dispersed in a rigid
inorganic matrix, a liquid solution, a gel, or a polymer matrix.
The nanostructured material 62 has a charged surface with at
least one polar molecule being coupled to the charged surface
and oriented in a predetermined manner to compensate for the
charge imbalance on the surface of the material. When a
plurality of polar molecules is utilized, these polar molecules
may be aligned with one another. It is the neutralization or
compensation of the charge imbalance on the surface of the
nanostructured material by the application of these polar mol-
ecules that induces the isolated regions to act as luminescent
centers, thereby, allowing the system 64 to exhibit a lumines-
cent effect.
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[0056] The nanostructured material of the present disclo-
sure may be formed from a variety of materials, such as boron
nitride, amorphous carbon, or silicon carbide, among others.
The nanostructured material may be selected as one from the
group of single-walled nanotubes (SWNT), multi-walled
nanotubes (MWNT), small nanohorns, large nanohorns,
nano-onions, graphene flakes, and combinations or mixtures
thereof. One skilled-in-the-art will understand that the nano-
structured materials may include other types of structures and
particles without exceeding the scope of the disclosure. The
term nanostructured material generally refers to a collection
of more than one nanotube, nanohorn, nano-onion, or
graphene flake, or a combination thereof.

[0057] Although the size of the nanostructured material is
believed to be insignificant with respect to the ability of the
material to exhibit luminescent properties, for many applica-
tions the use of particles that are well in excess of 100 nm
would be desirable. According to one aspect of the present
disclosure, nanostructured materials exhibiting a size greater
than 100 nanometers, greater than 150 nanometers, and even
greater than 200 nanometers, can exhibit luminescent prop-
erties provided that the materials comprise at least one iso-
lated region with the resulting charge imbalance being com-
pensated by the alignment of polar molecules on the surface
of the material.

[0058] Similarly, planar nanostructured materials such as
graphene can currently be produced from flakes of nanometer
dimension (the size of a benzene ring) to square meters in size
for applications ranging from biological markers to flat panel
displays, solar cells, and other large area optoelectronic appli-
cations. According to one aspect of the present disclosure,
localized luminescent centers can be induced in single or
multi-layered graphene or similar thin nanostructured mate-
rials comprised of other materials (e.g. BN, SiC, Si, etc.)
through the local creation of defects (such as by forming holes
in the lattice, etching processes, means of incorporating sub-
stitutional atoms, depositing surface coatings, or the like)
followed by the compensation of the charge imbalance
through interaction with other inorganic or organic mol-
ecules. Thus, materials may be produced with one or more
localized luminescent centers with sizes ranging from small
molecules to loose planar flakes in a matrix of a gas, liquid,
large sheets, or on substrates that may be patterned with
regular arrays of luminescent centers, such as for large-area
optoelectronic applications.

[0059] Carbon nanostructured materials as used in the
present disclosure may be prepared using any technique
known to one skilled-in-the-art, including but not limited to,
laser vaporization, electric arc discharge, and gas phase cata-
Iytic reaction (e.g., the HIPCO™ process). Laser vaporiza-
tion typically includes a pulse laser to vaporize graphite to
produce carbon nanostructured materials having a diameter
of about 1.2 nanometers. In electric arc discharge, single
walled carbon nanotubes are usually produced as close-
packed bundles having diameters in the range of about 5 to 20
nanometers. High purity carbon nanotubes having a diameter
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less than about 1 nanometer may be formed in the HIPCO™
process, which involves the use of carbon monoxide gas
under predetermined temperature and pressure conditions.
[0060] The charged surface of the nanostructured material
preferably results from the surface of the material being func-
tionalized with carboxylic acid (—COON) groups. However,
one skilled-in-the-art will understand that other acidic func-
tionality may be used to provide the charge imbalance on the
material’s surface and to provide a means for coupling with a
polar molecule.

[0061] The polar molecules applied to the surface of the
charged nano-structured material are preferably selected as
one from the group of polar surfactants and dispersants. The
polar molecules may be dispersed in a solvent to form the
liquid solution or be in a high enough concentration that the
polar molecules are considered to form a neat liquid solution.
The polar molecules used in the luminescent system of the
present disclosure is preferably one selected from the group
of polyethylene glycol (PEG), polyethyleneimine (PEI), and
sodium dodecyl sulphate (SDS). However, one skilled-in-the-
art will understand that other polar surfactants and dispers-
ants may be utilized to provide a similar luminescent effect
when coupled to the surface of a charged nanostructured
material.

[0062] The following specific examples are given to illus-
trate the invention and should not be construed to limit the
scope of the invention.

Example 1

Measurement of Photoluminescence for Nanostruc-
tured Material Systems and Photoluminescence of
[(SWNH-COOH)/PEG]

[0063] The light absorption and emission characteristics of
various nanostructured material systems and polar liquids can
be measured using conventional photoluminescent spectro-
scopic techniques. The absorption of light by a sample is first
measured as a function of the light’s wavelength. As shown in
FIG. 7A, for example, a sample comprising acid functional-
ized single wall nanohorns (SWNH-COOH) dispersed in
polyethylene glycol (PEG) 70 is observed to absorb light
below about 400 nanometers, while the neat solution of polar
molecules (PEG) 72 does not absorb light within this region.
[0064] Next as shown in FIG. 7B, the emission character-
istics of the sample (i.e., [[SWNH-COOH)/PEG]) are mea-
sured. In this example, the charged nanohorns with applied
polar molecules (FIG. 7B) are observed to emit light at a
slightly longer wavelength (Stoke’s shift) than the wave-
length of light that was absorbed (FIG. 7A). The light emitted
is within a range that starts at about 400 nanometers and ends
at about 650 nanometers. The greatest intensity for the light
emitted by the sample is shown to be at about 450 nanometers
[0065] The ratio of the light absorbed to the light emitted
can be graphically illustrated by combining the correspond-
ing graphs of light intensity (absorbed & emitted) plotted as a
function of wavelength as shown in FIG. 7C. The overlapping
area of high intensity indicates the occurrence and magnitude
of the photoluminescence effect 67.

[0066] This example highlights the methodology used to
measure the photoluminescence effect for the variety of dif-
ferent nanostructured material systems and polar liquids
described throughout this disclosure and in the following
examples. This example also demonstrates that single walled
nanohorns charged with carboxylic acid functionality and
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subsequently dispersed in a polar PEG medium in such a
manner as to cause the polar molecules to be applied to the
surface of the charged nanoparticles and to compensate for
the charge on said surface, exhibits photoluminescence. In
comparison, the polar molecules, PEG, in the absence of the
charged nanostructured material does not exhibit photolumi-
nescence.

Example 2
Photoluminescence of [(SWNH-COOH)/PEI]

[0067] A charged nanostructured material with polar mol-
ecules 62 applied by dispersion of the nanostructured mate-
rial in a solution of the polar molecule 44 was prepared
according to the teachings of the present disclosure using
single walled nanohorns with carboxylic acid functionality
(SWNH-COOH) and polyethyleneimine (PEI) as the polar
molecules. The absorption spectrum for [(SWNH-COOH)/
PEI] and for PEI (neat with no nanoparticles) is shown in FIG.
8A.The [(SWNH-COOH)/PEI] 74 is observed to absorb light
at less than 500 nanometers in wavelength, while the polar
molecules (PEI) 75 do not show any absorption of light. In
FIG. 8B, the sample of [(SWNH-COOH)/PEI] 74 is shown to
emit light in the range of about 400 to 700 nanometers. In
FIG. 7C, the combination of the absorption and emission
spectra exhibit a relatively strong area associated with pho-
toluminescence 67.

[0068] This example demonstrates that single walled nano-
horns charged with carboxylic acid functionality and subse-
quently dispersed in a polar PEI medium to cause the polar
molecules to be applied to the surface of the charged nano-
particles and to compensate for the charge on said surface,
exhibits photoluminescence. In comparison, the polar mol-
ecules (PEI), in the absence of any charged nanoparticles,
does not exhibit photoluminescence.

Example 3

No Photoluminescence with [SWNH/PEI] and
[SWNH/PEG]

[0069] Single walled nanohorns identical to the ones used
in Examples 1 and 2, but without exposure to an acidic
medium, were dispersed in PEI. An identical formulation was
then prepared using PEG as the polar molecules. These two
samples are labeled as [(AP-SWNH)/PEI] and [ (AP-SWNH)/
PEG], where the AP refers to the SWNH as being “as pro-
duced”. No light absorption or light emission was measured
for either of these two samples. As shown in FIGS. 9A and 9B
no photoluminescence was observed to occur.

[0070] This example demonstrates that when the single
walled nanostructured materials used in Examples 1 and 2,
are not exposed to an acidic medium (i.e. the surface of these
SWNT’s are not charged), the subsequent dispersion of this
nanostructured material with polar molecules, such as PEG
and PEL does not result in any photoluminescence.

Example 4
Photoluminescence of [(SWNH-COOH)/SDS]

[0071] A charged nanostructured material with polar mol-
ecules 62 applied by dispersion of the nanostructured mate-
rial in a solution of the polar molecule 44 was prepared
according to the teachings of the present disclosure using
single walled nanohorns with carboxylic acid functionality
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(SWNH-COOH) and sodium dodecyl sulphate (SDS) as the
polar molecules. The combination of the absorption spectrum
for [(SWNH-COOH)/SDS] and emission spectrum of
[(SWNH-COOH)/SDS] exhibit a relatively strong area asso-
ciated with photoluminescence 67 as shown in FIG. 10A.
This example demonstrates that single walled nanohorns
charged with carboxylic acid functionality and subsequently
dispersed in a polar SDS medium to cause the polar molecules
to be applied to the surface of the charged nanohorns and
compensate for the charge on said surface, exhibits photolu-
minescence.

[0072] In comparison, the single walled nanohorns
(SWNH) in the absence of a charged surface do not exhibit
any photoluminescence 67 when dispersed in the polar mol-
ecules (SDS). Thus this example demonstrates that photolu-
minescence does not occur for a nanostructured material
without a charged surface even when dispersed with polar
molecules. Thus the combination of the charged surface of the
nanostructured material and the compensation of said charge
by the polar molecules applied on the surface of the nano-
structured material induces the occurrence of photolumines-
cence at the isolated regions or luminescent centers.

Example 5

Photoluminescence of [(AC-COON)/PEG] and
[(AC-COON)/PEI]

[0073] A charged nanostructured material with polar mol-
ecules 62 applied by dispersion of the nanostructured mate-
rial in a solution of the polar molecule 44 was prepared
according to the teachings of the present disclosure using
amorphous carbon with carboxylic acid functionality (AC-
COOH) and either polyethylene glycol, PEG (FIG. 11A) or
polyethyleneimine, PEI (FIG. 11B) as the polar molecules.
The combination of the absorption spectrum for [(AC-
COON)/PEG] and [(AC-COON)/PEI] and emission spec-
trum of [(AC-COON)/PEG] and [(AC-COON)/PEI] exhibit a
relatively strong area associated with photoluminescence 67
as shown in FIGS. 11A and 11B, respectively. This example
demonstrates that amorphous carbon charged with carboxylic
acid functionality and subsequently dispersed in a polar PEG
or PEI medium to cause the polar molecules to be applied to
the surface of the charged nanostructured material and com-
pensate for the charge imbalance on said surface, exhibits
photoluminescence.

Example 6
Photoluminescence of [(s-SWNT-COOH)/PEI]

[0074] A charged nanostructured material with polar mol-
ecules 62 applied by dispersion of the nanostructured mate-
rial in a solution of the polar molecule 44 was prepared
according to the teachings of the present disclosure using
semiconducting single walled nanohorns with carboxylic
acid functionality (s-SWNH-COOH) and polyethyleneimine
(PEI) as the polar molecules. The combination of the absorp-
tion spectrum for [(s-SWNH-COOH)/PEI] and emission
spectrum of [(s-SWNH-COOH)/PEI] exhibit a relatively
strong area associated with photoluminescence 67 as shown
in FIG. 12. This example demonstrates that semiconducting
single walled nanohorns charged with carboxylic acid func-
tionality and subsequently dispersed in a polar PEI medium to
cause the polar molecules to be applied to the surface of the
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charged nanohorns and compensate for the charge imbalance
on said surface, exhibits photoluminescence.

[0075] The above examples demonstrate that acid treated
nanostructured materials (e.g., SWNH, amorphous carbon,
etc.) dispersed in polar molecules (e.g., PEG, PEI SDS, etc.)
according to the teachings of the present disclosure will
exhibit luminescence. A nanostructured material that is dis-
persed in polar molecules without having a charged surface
does not exhibit a luminescent eftect. The polar molecules by
themselves also do not exhibit a luminescent effect. The
wavelength at which the luminescent systems prepared
according to the teachings of the present disclosure emit light
is dependent upon the composition of the charged nanostruc-
tured material and the polar molecules.

[0076] A person skilled in the art will recognize that the
measurements described are standard measurements that can
be obtained by a variety of different test methods. The test
methods described in the examples and throughout the dis-
closure represent only one available method to obtain each of
the required measurements.

[0077] The foregoing description and disclosure of various
embodiments of the invention has been presented for pur-
poses of illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise embodi-
ments disclosed. Numerous modifications or variations are
possible in light of the above teachings. The embodiments
discussed were chosen and described to provide the best
illustration of the principles of the invention and its practical
application to thereby enable one of ordinary skill in the art to
utilize the invention in various embodiments and with various
modifications as are suited to the particular use contemplated.
All such modifications and variations are within the scope of
the invention as determined by the appended claims when
interpreted in accordance with the breadth to which they are
fairly, legally, and equitably entitled.

What is claimed is:

1. A method of making a non-luminescent nanostructured
material exhibit luminescence, the method comprising the
steps of:

providing a nanostructured material having a predeter-

mined surface;

modifying the surface to create at least one isolated region

and a surface charge imbalance; and

applying at least one polar molecule to the surface; the

polar molecule adapted to compensate for the charge
imbalance;

wherein compensation of the charge imbalance allows the

isolated region to exhibit luminescence.

2. The method of claim 1, wherein the step of applying
polar molecules to the surface includes aligning the polar
molecules on the surface.

3. The method of claim 2, wherein the step of aligning the
polar molecules involves a charge alignment mechanism.

4. The method of claim 1, wherein the step of modifying
the surface to create an isolated region involves one selected
from the group of'acid etching the surface and functionalizing
the surface with charged groups.

5. The method of claim 1, wherein the step of applying
polar molecules to the surface involves one selected from the
group of immersing the nanostructured material into a liquid
solution comprising the polar molecules and applying the
polar molecules as part of a coating to the surface of the
nanostructured material.
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6. The method of claim 5, wherein immersing the nano-
structured material involves the use of a liquid solution that
includes one selected from the group of polyethylene glycol
(PEG), polyethyleneimine (PEI), and sodium dodecyl sul-
phate (SDS).

7. The method of claim 4, wherein acid etching incorpo-
rates carboxylic acid (—COON) functionality onto the sur-
face.

8. The method of claim 5, wherein immersing the nano-
structured material into a liquid solution further causes an
interaction between the nanostructured material and the solu-
tion leading to the formation of a positively charged carbon
(zig-7ag) site.

9. A luminescent system for use in biological markers,
sensors, drug delivery, optoelectronics, or energy conversion
devices, the system comprising:

at least one nanostructured material having a predeter-

mined surface; the surface having at least one isolated
region and a charge imbalance; and
at least one polar molecule adapted to interact with the
surface and to be oriented in a predetermined manner;

wherein the orientation of the polar molecule compensates
for the charge imbalance and allows the isolated region
to be luminescent.

10. The luminescent system of claim 9, wherein the nano-
structured material is one selected from the group of large
nanohorns, small nanohorns, single wall nanotubes, multi-
wall nanotubes, graphene flakes, and combinations or mix-
tures thereof.

11. The luminescent system of claim 9, wherein the nano-
structured material is one selected from the group of boron
nitride, amorphous carbon, silicon carbide, and mixtures or
combinations thereof.

12. The luminescent system of claim 9, wherein the system
further comprises a liquid solution selected as one from the
group of polyethylene glycol (PEG), polyethyleneimine
(PEI), and sodium dodecyl sulphate (SDS).

13. The luminescent system of claim 9, wherein the polar
molecule is one selected from the group of polar surfactants
and dispersants.
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14. The luminescent system of claim 13, wherein the polar
molecule is one selected from the group of polyethylene
glycol (PEG), polyethyleneimine (PEI), sodium dodecyl sul-
phate (SDS), and combinations or mixtures thereof.

15. The luminescent system of claim 9, wherein the charge
imbalance on the surface results from the surface being func-
tionalized with carboxylic acid (—COON) groups.

16. The luminescent system of claim 12, wherein the sur-
face includes at least one positively charged carbon (zig-zag)
site formed by a reaction between the liquid solution and a
carbene moiety present on the surface.

17. The luminescent system of claim 16, wherein the sur-
face further includes sigma- and pi-electron pairing proxi-
mate to the zig-zag site.

18. The luminescent system of claim 9, wherein the pho-
toluminescence is tunable over a predetermined range.

19. The luminescent system of claim 18, wherein the tun-
able range is about 2.76 eV.

20. The luminescent system of claim 9, wherein the system
is incorporated into one selected from the group of a rigid
inorganic matrix, a liquid, a gel, and a polymer matrix.

21. The luminescent system of claim 9, wherein the nano-
structured material has a size in excess of 100 nanometers.

22. The luminescent system of claim 21, wherein the size
of'the nanostructured material is greater than 150 nanometers.

23. The luminescent system of claim 9, wherein the iso-
lated region is a large luminescent center including a combi-
nation of more than one unit cell.

24. A luminescent system for use in biological markers,
sensors, drug delivery, optoelectronics, or energy conversion
devices, the luminescent system being prepared according to
the method of claim 1.

25. The luminescent system of claim 24, wherein the sys-
tem exhibits luminescence that is tunable over a predeter-
mined range.

26. The luminescent system of claim 25, wherein the tun-
able range is about 2.76 eV.

27. The luminescent system of claim 24, wherein the sys-
tem is incorporated into one selected from the group of a rigid
inorganic matrix, a liquid, a gel, and a polymer matrix.
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