wo 2012/044746 A9 |11 N0F V00 0O 0O O Y A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Bureau

-

=

5 April 2012 (05.04.2012)

CORRECTED VERSION

WIPOIPCT

(10) International Publication Number

WO 2012/044746 A9

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
(73)

International Patent Classification:
CO9K 11/02 (2006.01) CO9K 11/65 (2006.01)
CO9K 11/06 (2006.01)

International Application Number:
PCT/US2011/053848

International Filing Date:
29 September 2011 (29.09.2011)

Filing Language: English
Publication Language: English
Priority Data:

12/895,226 30 September 2010 (30.09.2010) US

Applicant (for all designated States except US): UT-BAT-
TELLE, LLC [US/US]; One Bethel Valley Road, 4500N,
MS-6258, Oak Ridge, TN 37831 (US).

Inventors; and

Inventors/Applicants (for US only): IVANOV, Ilia, N.
[US/US]; 2007 Marshy Swamp, Knoxville, TN 37932
(US). PURETZKY, Alexander, A. [US/US]; 1801 Mac-
Queen Lane, Knoxville, TN 37909 (US). ZHAQO, Bin
[CN/US]; 202 Elmhurst Drive, Apt. H-23, Oak Ridge, TN
37830 (US). GEOHEGAN, David, B. [US/US]; 10613

(74

(8D

(84)

Chevy Drive, Knoxville, TN 37922 (US). STY-
ERS-BARNETT, David, J. [US/US]; 120 Baypath Drive,
Oak Ridge, TN 37830 (US). HU, Hui [CN/US]; 202 Elm-
hurst Dirve, Apt. H-23, Oak Ridge, TN 37830 (US).

Agent: WEISS, Keith, D.; Brinks Hofer Gilson & Lione,
524 South Main Street, Suite 200, Ann Arbor, MI 48104

(US).

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,

[Continued on next page]

(54) Title: LUMINESCENT SYSTEMS WITH SURFACE CHARGE COMPENSATION AND METHOD OF MAKING

67

71

L—62

.64

Figure 6B

(57) Abstract: A photoluminescent or electrolumin-
escent system and method of making a non- lumin-
escent nanostructured material into such a lumines-
cent 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 lumines-
cent centers and to create a charge imbalance on the
surface; applying more than one polar molecule to
the charged surface of the nanostructured material;
and orienting the polar molecules to compensate for
the charge imbalance on the surface of the nano-
structured material. The compensation of the surface
charge imbalance by the polar molecules allows the
isolated regions to exhibit luminescence.



WO 2012/044746 A9 |00V 0O 0 O A

DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, (48) Date of publication of this corrected version:
LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, 23 May 2013
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,

15) Information about Correction:
N, TD, TG). (

GN, GQ, GW, ML, MR, NE, SN, TD, TG) see Notice of 23 May 2013
Published:

—  with international search report (Art. 21(3))




WO 2012/044746 PCT/US2011/053848

LUMINESCENT SYSTEMS WITH SURFACE CHARGE
COMPENSATION AND METHOD OF MAKING

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 photoluminescent and electroluminescent
materials. More specifically, this disclosure pertains to nanostructured material compositions

and methods for making such materials exhibit visible luminescence.
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, electroluminescence 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 molecules in the material to typically undergo an electronic
transition from typically a ground state to an excited state. Relaxation of the excited-state
molecules back to their ground state occurs with the simultaneous emission of light from the
material.

[0004] The length of time (e.g., delay) between the absorption and emission of light by the
material leads to the distinction 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 10" to 107 seconds, while the delay for
phosphorescence is much longer. In fact, phosphorescent pigments 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 Iluminescence 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 dependent upon the selection of the pigments or luminescent centers in the material,
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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 conversion 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
photochemical mediated mechanisms. Thus luminescent materials can exhibit multifunctional
properties.

[0007] New applications and market areas for photoluminescent and electroluminescent
materials and devices are continually emerging. Accordingly, there exists a continual desire
to develop new materials that are nontoxic, cost effective 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 optoelectronic 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 photoluminescent or electroluminescent system, generally, comprises the steps of
providing a nanostructured material followed by modifying the surface of the material to
create isolated regions that will act as luminescent centers. However, the creation of these
isolated regions also generates a charge imbalance on the surface of the nanostructured
material which inhibits the luminescent centers from exhibiting luminescent behavior. The
application of one or more polar molecules to the charged surface of the nanostructured
material results in the compensation or neutralization of the surface charge imbalance. Upon
the compensation of the surface charge imbalance, the isolated regions can exhibit
luminescent 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
functionalizing 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 a result of the interaction between a

carbene or carbyne with the solvent. The application of polar molecules, such as dispersants
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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 of the 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 provide 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 inorganic 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
oriented 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 compensation of the charge(s) on the nanostructured material’s surface that induces,
protects, or isolates the luminescent center or region on the dispersed nanostructured
material from relaxation via a non-radiative (thermal) process.

[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] Figure 1A is a flow chart depicting a method of preparing a compensated, charge-
isolated luminescent system according to the teachings of the present disclosure;

[0014] Figure 1B is a schematic representation of a nanostructured material as a
sandwiched layer in a planar structure according to one aspect of the present disclosure.
[0015] Figure 1C is a schematic representation of an electroluminescent system prepared
according to one aspect of the present disclosure;

[0016] Figure 2A is a schematic representation of the chemical structure of a
nanostructured material according to one aspect of the present disclosure;

[0017] Figure 2B is a perspective view of a chemical model depicting the chemical

structure of the nanostructured material of Figure 2A;
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[0018] Figure 3 is a schematic representation depicting the formation of a positive edge
charge on a nanostructured material through an interaction with a solvent according to one
aspect of the present disclosure;

[0019] Figure 4A is a schematic representation of the chemical structure of a
nanostructured material according to another aspect of the present disclosure;

[0020] Figure 4B is a perspective view of a chemical model depicting the chemical
structure of the nanostructured material of Figure 4A;

[0021] Figure 5 is 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] Figure 6A is a schematic representation of the structure and performance of large
luminescent centers on a nanostructured material according to one aspect of the present
disclosure;

[0023] Figure 6B is a schematic representation of a luminescent system prepared
according to one aspect of the present disclosure;

[0024] Figure 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] Figure 7B is a graphical representation of the light emission characteristic of the
luminescent system of Figure 7A,;

[0026] Figure 7C is a graphical combination of the light absorbance and emission
characteristics of the system of Figure 7A depicting the occurrence of luminescence.

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

[0028] Figure 8B is a graphical representation of the light emission characteristic of the
luminescent system of Figure 8A;

[0029] Figure 8C is a graphical combination of the light absorbance and emission
characteristics of the system of Figure 8A depicting the occurrence of luminescence;

[0030] Figure 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] Figure 9B is a graphical combination of the light absorbance and emission

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

[0033] Figure 10B is a graphical combination of the light absorbance and emission
characteristics of a [[AP-SWNH)/SDS] system depicting the absence of luminescence;

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

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

[0036] Figure 12 is a graphical combination of the light absorbance and emission
characteristics of a semiconducting [(s-SWNH-COQH)/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 reference 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 Figure 1A, according to one embodiment of the present
disclosure the method 10 comprises the steps of providing 16 a nanostructured material that
has a predetermined surface. This nanostructured material initially will not exhibit
luminescent 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
luminescent 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
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adaption may include the alignment of the polar molecules on the surface of the
nanostructured material. Upon the neutralization or compensation 66 of the charge
imbalance, the isolated regions will act as luminescent 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 Figure 1A, the nanostructured material 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 HNO3;, H,SO4, H,O, or KMnO,4. Acid etching is one
method of forming the isolated regions or luminescent centers on the surface of the
nanostructured material, as well as generating the excess or unwanted charge that creates a
charge imbalance on the surface of the nanostructured material. The isolated regions
represent a domain, hole, a single unit cell, or confinement state that has the potential to
exhibit photoluminescence or electroluminescence.  Acid etching incorporates acid
functionality, 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 coupling to the
remaining surface area of the material. Neutralization of the acidic solution 26 with alkali
may result in the precipitation of the acid functionalized nanostructured materials 30, which
can then be collected by filtration, evaporation, or any other known method. Carboxylic acid
functionalized nanostructured materials 30 may also be formed by chlorate or ammonium
persulfate oxidation.

[0041] The main acid functionalities that exist on the surface of the charged
nanostructured material 30 may include —COOH, -C=0, and —OH moieties among others.
The ratio of (-COOH) :(-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 concentrated acids. Acidic treatment of the material's
surface with concentrated acid results in the formation of a surface exhibiting 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 2 x

10%° to 10 x 10% sites per gram, which corresponds to about a 5 to 7% molar concentration
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or about 2 to 7 weight %. The acid etching or treatment of the nanostructured material’s
surface will also result in the surface having a charge polarity or imbalance.

[0042] Another aspect of the present disclosure is to provide an electroluminescent
system 1 for use in optoelectronic light-emitting displays, solar panels, or optoelectronic
sensing elements wherein the luminescent centers are incorporated into a planar-like
structure (e.g., display, etc.). Referring to Figure 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 isolation 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 incorporated into a central layer 2 which is
sandwiched between two insulating, semiconducting, or metallic layers 3, 4, each of which
may be separately applied. The luminescent centers 7 may also be formed by a lithographic
processing 5 step in which a hole, 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 Figure 1B, the processing of central layer 2 may include spotting
charge-compensated luminescent centers 7 into regions, as by inkjet, aerosol, spray,
dielectrophoresis, 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 localized luminescent centers 7 can be incorporated into
layers of electrodes or substrates, rigid or flexible.

[0044] Referring now to Figure 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 isolated 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
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electroluminescent system 64 or nanostructured material 62 having isolated regions
prepared according to the process shown in Figure 1A. The electroluminescent system 1
(e.g., a display, etc.) may include an assembly of individually addressable electroluminescent
patches 7a.

[0045] Referring now to Figures 2A and 2B, a carbon nanostructured 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) moieties 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 (1) electrons occurring proximate
to this zig-zag site 59.

[0046] Referring now to Figure 2B, the weakened pi-system of the carbon nanostructured
material 30 may result in the breaking of the pi-system conjugation inside the nanostructured
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
material 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.

[0047] The step of modifying 20 the surface of nanostructured 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 Figure 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
Figure 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 excitation of the isolated conjugated pi-system within the nanohorn 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,
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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 6.8eV whereas for coronene (a
large conjugated system) the HOMO-LUMO gap is 4.04eV. 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
considers only un-substituted polycyclic aromatic hydrocarbons (PAHSs). 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 Figures 4A and 4B, an example of the steric hindrance and
structural distortion of an enclosed pi-system of a polycyclic hydrocarbon within the
nanostructured 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
Figure 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 moieties coupled to long chain hydrocarbons. For example,
referring to Figure 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
those depicted herein are also possible for the functionalization of the nanostructured
material’s surface with acid moieties.

[0051] According to another aspect of the present disclosure, in addition 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 (LLC). These large luminescent centers

may be the result of the superposition of multiple single unit cells as described in Figure 6A.
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Referring to Figure 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 character. The band gap
luminescence of LLC examples shown in Figure 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 LLC, 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 LLC 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 typically
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 material 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 CH3(CH2)17NH, 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 nanostructured material either covalently, non-covalently, or a combination

thereof will not by itself allow the isolated region to exhibit luminescent properties.
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[0053] S Eq. 1

[0054] Rather, one limitation on type and selection of the polar molecules is that the polar
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molecules used in accordance 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 neutralization 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.

[0055] 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 Figure 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 molecules 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 LLC 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.

[0056] 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
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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 molecules that induces the isolated regions to act as luminescent
centers, thereby, allowing the system 64 to exhibit a luminescent effect.

[0057] The nanostructured material of the present disclosure 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 nanostructured 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.

[0058] 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 applications
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 properties provided that the materials comprise at least one isolated
region with the resulting charge imbalance being compensated by the alignment of polar
molecules on the surface of the material.

[0059] 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 applications. According to one aspect of the present
disclosure, localized luminescent centers can be induced in single or multi-layered graphene
or similar thin nanostructured materials 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 substitutional atoms, depositing surface coatings, or the
like) followed by the compensation of the charge imbalance through interaction with other
inorganic or organic molecules. Thus, materials may be produced with one or more

localized luminescent centers with sizes ranging from small molecules to loose planar flakes
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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.

[0060] 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 catalytic reaction (e.g., the
HIPCO™ process). Laser vaporization 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 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.

[0061] The charged surface of the nanostructured material preferably results from the
surface of the material being functionalized with carboxylic acid (-COOH) groups. However,
one skilled-in-the-art will understand that other acidic functionality may be used to provide
the charge imbalance on the material’'s surface and to provide a means for coupling with a
polar molecule.

[0062] 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 dispersants may be utilized to provide a similar luminescent effect
when coupled to the surface of a charged nanostructured material.

[0063] The following specific examples are given to illustrate the invention and should not

be construed to limit the scope of the invention.

Example 1 — Measurement of Photoluminescence for Nanostructured Material Systems and
Photoluminescence of [(SWNH-COOH)/PEG]

[0064] The light absorption and emission characteristics of various nanostructured
material systems and polar liquids can be measured using conventional photoluminescent
spectroscopic techniques. The absorption of light by a sample is first measured as a function

of the light's wavelength. As shown in Figure 7A, for example, a sample comprising acid
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functionalized 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.

[0065] Next as shown in Figure 7B, the emission characteristics of the sample (i.e.,
[(SWNH-COOH)/PEG]) are measured. In this example, the charged nanohorns with applied
polar molecules (Figure 7B) are observed to emit light at a slightly longer wavelength
(Stoke’s shift) than the wavelength of light that was absorbed (Figure 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

[0066] The ratio of the light absorbed to the light emitted can be graphically illustrated by
combining the corresponding graphs of light intensity (absorbed & emitted) plotted as a
function of wavelength as shown in Figure 7C. The overlapping area of high intensity
indicates the occurrence and magnitude of the photoluminescence effect 67.

[0067] This example highlights the methodology used to measure the photoluminescence
effect for the variety of different 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 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 photoluminescence.
Example 2 — Photoluminescence of [(SWNH-COOH)/PEI]

[0068] A charged nanostructured material with polar molecules 62 applied by dispersion
of the nanostructured material 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 (PEl) as the polar molecules. The
absorption spectrum for [(SWNH-COOH)/PEI] and for PEI (neat with no nanoparticles) is
shown in Figure 8A. The [(SWNH-COOQOH)/PEI] 74 is observed to absorb light at less than
500 nanometers in wavelength, while the polar molecules (PEIl) 75 do not show any
absorption of light. In Figure 8B, the sample of [(SWNH-COOH)/PEI] 74 is shown to emit
light in the range of about 400 to 700 nanometers. In Figure 7C, the combination of the
absorption and emission spectra exhibit a relatively strong area associated with

photoluminescence 67.
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[0069] This example demonstrates that single walled nanohorns charged with carboxylic
acid functionality and subsequently dispersed in a polar PEl medium 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

(PEI), in the absence of any charged nanoparticles, does not exhibit photoluminescence.
Example 3 — No Photoluminescence with [SWNH/PEI] and [SWNH/PEG]

[0070] Single walled nanohorns identical to the ones used in Examples 1 and 2, but
without exposure to an acidic medium, were dispersed in PEl. 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
produced”. No light absorption or light emission was measured for either of these two
samples. As shown in Figures 9A and 9B no photoluminescence was observed to occur.

[0071] 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 PEI, does not result in any photoluminescence.
Example 4 - Photoluminescence of [(SWNH-COOH)/SDS]

[0072] A charged nanostructured material with polar molecules 62 applied by dispersion
of the nanostructured material 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 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 associated with
photoluminescence 67 as shown in Figure 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 photoluminescence.

[0073] In comparison, the single walled nanohorms (SWNH) in the absence of a charged
surface do not exhibit any photoluminescence 67 when dispersed in the polar molecules
(SDS). Thus, this example demonstrates that photoluminescence 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
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nanostructured material induces the occurrence of photoluminescence at the isolated regions

or luminescent centers.
Example 5 — Photoluminescence of [[AC-COOH)/PEG] and [(AC-COOH)/PEI]

[0074] A charged nanostructured material with polar molecules 62 applied by dispersion
of the nanostructured material 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 (Figure 11A) or
polyethyleneimine, PEl (Figure 11B) as the polar molecules. The combination of the
absorption spectrum for [(AC-COOH)/PEG] and [(AC-COOH)/PEI] and emission spectrum of
[(AC-COOH)/PEG] and [(AC-COOH)/PEI] exhibit a relatively strong area associated with
photoluminescence 67 as shown in Figures 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 compensate for the charge

imbalance on said surface, exhibits photoluminescence.
Example 6 — Photoluminescence of [(s-SWNT-COOH)/PEI]

[0075] A charged nanostructured material with polar molecules 62 applied by dispersion
of the nanostructured material 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 absorption 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 Figure 12. This example demonstrates that
semiconducting single walled nanohorns charged with carboxylic acid functionality and
subsequently dispersed in a polar PEI medium to cause the polar molecules to be applied to
the surface of the charged nanohorns and compensate for the charge imbalance on said
surface, exhibits photoluminescence.

[0076] 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 dispersed in polar molecules without having a charged
surface does not exhibit a luminescent effect. The polar molecules by themselves also do

not exhibit a luminescent effect. The wavelength at which the luminescent systems prepared
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according to the teachings of the present disclosure emit light is dependent upon the
composition of the charged nanostructured material and the polar molecules.

[0077] 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 disclosure represent only one
available method to obtain each of the required measurements.

[0078] The foregoing description and disclosure of various embodiments of the invention
has been presented for purposes of illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise embodiments 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.
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CLAIMS
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 predetermined 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 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.

4. 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.

5. The method of Claim 4, wherein immersing the nanostructured material
involves the use of a liquid solution that includes one selected from the group of polyethylene

glycol (PEG), polyethyleneimine (PEI), and sodium dodecyl sulphate (SDS).

6. The method of Claim 3, wherein acid etching incorporates carboxylic acid (-

COOH) moieties onto the surface.

7. The method of Claim 4, wherein immersing the nanostructured material into a
liquid solution further causes an interaction between the nanostructured material and the

solution leading to the formation of a positively charged carbon (zig-zag) site.
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8. 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 predetermined 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 induces the isolated region to act as a luminescent center, thereby, allowing

the system to exhibit a luminescent effect.

9. The luminescent system of Claim 8, wherein the nanostructured material is
one selected from the group of large nanohorns, small nanohorns, single wall nanotubes,

multiwall nanotubes, graphene flakes, and combinations or mixtures thereof.

10. The luminescent system of Claim 8, wherein the nanostructured material is
one selected from the group of boron nitride, amorphous carbon, silicon carbide, and

mixtures or combinations thereof.

11. The luminescent system of Claim 8, 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).

12. The luminescent system of Claim 8, wherein the polar molecule is a polar

surfactant or dispersant.

13. The Iluminescent system of Claim 12, wherein the polar surfactant or
dispersant is one selected from the group of polyethylene glycol (PEG), polyethyleneimine
(PEI), and sodium dodecyl sulphate (SDS).

14. The luminescent system of Claim 8, wherein the charge imbalance on the

surface results from the surface being functionalized with carboxylic acid (-COOH) groups.

15. The luminescent system of Claim 11, wherein the surface 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.
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16. The luminescent system of Claim 15, wherein the surface further includes

sigma- and pi-electron pairing proximate to the zig-zag site.

17. The luminescent system of Claim 8, wherein the photoluminescence is

tunable over a predetermined tunable range; the tunable range being about 2.76 eV.

18. The luminescent system of Claim 8, wherein the system is dispersed into one

selected from the group of a rigid inorganic matrix, a liquid, a gel, and a polymer matrix.

19. The luminescent system of Claim 9, wherein the nanostructured material has

a size greater than 100 nanometers.

20. The luminescent system of Claim 8, wherein the isolated region is a large

luminescent center that includes a combination of multiple unit cells.
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