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ABSTRACT: This study reports the first successful nanoscale encapsulation 13&/&" oy
of triplet—triplet annihilation upconversion (TTA-UC) medium within a 635 nm \/Coumarin
rigid silica shell using a self-assembly microemulsion process. These newly

synthesized nanocapsules present a few critical advances that could be
instrumental for a wide range of aqueous-based photonics applications, L
including photocatalysis, artificial photosynthesis, and bioimaging. The .| W
nanocapsules form a homogeneous suspension that can produce intense, "
difftuse UC emission in water without deoxygenation, closely resembling
conventional TTA-UC processes that have been performed in deoxygenated
organic solvents. The silica shell provides sites for further surface
modification, which allows, when combined with its nanoscale dimension
and structural rigidity, this TTA-UC system to acquire various useful
functionalities. A benchmark TTA-UC pair, palladium(II) tetraphenylte-
trabenzoporphyrin as a sensitizer and perylene as an acceptor, was used to
demonstrate efficient red-to-blue (635 nm, 1.95 eV — 470 nm, 2.6 eV) upconversion in the oxygen-rich aqueous phase. The
nanocapsule surface was further functionalized with cadmium sulfide nanoparticles (E, = 2.4 eV) to demonstrate sub-bandgap
sensitization and subsequent aqueous-phase catalytic oxidation.

Aqueous-stable nano-scale encapsulation of TTA-UC
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B INTRODUCTION fluoresces a photon with energy higher than that of the incident
photons.*

Efficient TTA-UC occurs, however, only under severely
enhancing the efficiency of solar-based technologies, including restricted conditions. First, chromophores developed for TTA-

UC to date are all organic or organometallic and thus soluble
. 1-5 . 6-8 . 9-13 8 &
photovoltaics, ™ photosynthesis,” ~ and photocatalysis, s only in nonpolar media.*’ Second, since high chromophore

well as for exploring unconventional optical and imaging mobility is necessary to facilitate the TTET and TTA energy
> : ) S transfer processes, most solid materials are not optimal host
Stokes shifting, UC based on the triplet—triplet annihilation media for TTA-UC.2* Third, TTA-UC host media should be
(TTA) mechanism has been considered the most promising devoid of oxygen, which quenches the sensitizer triplet excited
due to its unmatched quantum yield (3—40%) at low excitation state through the formation of singlet oxygen and thereby
intensities (1—~10 mW/cm?),” significantly higher than that of prevents TTET.>>** These restrictions are detrimental to the

Amplifying the frequency of noncoherent, low-energy photons
through upconversion (UC) presents a unique strategy for

applications."*™"” Among different approaches to achieve anti-

benchmark UC processes that utilize lanthanide-doped realization of TTA-UC in the oxygen-rich aqueous environ-
inorganic crystals.”! TTA-UC is achieved by synchronous ment, which is highly desirable for many of the aforementioned
energy transfer processes between two organic chromophores applications. In particular, aqueous—phase UC could greatly
(Supporting Information Figure S1); the first chromophore enhance semiconductor photocatalysis for artificial photosyn-
(sensitizer) absorbs low-energy photons and transfers this thesis and environmental remediation.”>*° Semiconductors are
excitation energy to the second chromophore (acceptor) via sensitized only when the energy of incident photons exceeds
intermolecular triplet—triplet energy transfer (TTET).”" A pair
of acceptors in the resulting long-lived triplet excited state Received: September 11, 2014
undergoes another bimolecular energy transfer via TTA to Accepted: December 18, 2014
produce an acceptor in the singlet excited state, which then Published: December 18, 2014
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Scheme 1. Schematic Illustration of the Simple Two-Step SNC Fabrication Process Based on an Emulsion Self-Assembly
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the bandgap energy,”’ so a large portion of the solar spectrum
is typically not utilized. TTA-UC can improve the sensitization
efficiency by amplifying the frequency of sub-bandgap photons
that would otherwise be wasted.”'

Many recent studies, therefore, have attempted to achieve
efficient UC in the aqueous phase. Embedding TTA-UC
chromophores in rubbery polymer particles”®*’ and porous
silica particles®® has proven relatively ineffective due to gradual
oxygen penetration and obstruction of chromophore diffu-
sion.”” A more promising approach for efficient TTA-UC is the
encapsulation of the chromophore-containing organic medium
in a core—shell structure. The organic medium is often
supplemented with molecules such as unsaturated hydro-
carbons that quench singlet oxygen.”' Alternatively, media such
as soybean oil that quench singlet oxygen have been
employed.”* An ideal shell material for encapsulation of these
media should be structurally rigid and enable further
functionalization for specific applications. Micelle*** and
dendrimer®*** structures have been explored but are far from
ideal. Shells that consist of biomaterials such as bovine serum
albumin®* and liposomes®® have also been fabricated but suffer
from structural instability, vulnerability to environmental
shocks like pH and temperature variation, and difficulty of
further surface loading (e.g, semiconductors). Crystalhne
polymer shells have been employed in our recent work®' for
the fabrication of stable aqueous- and dry-phase microcapsules.
Unfortunately, the synthesis procedure based on a microfluidic
device is complicated and does not allow for nanoscale
encapsulation.

We herein present a new TTA-UC encapsulation architec-
ture, herein termed silica nanocapsules (SNCs), which enables
efficient UC in the oxygen-rich aqueous phase. This new TTA-
UC system presents a number of departures from and advances
over past designs. First, encapsulation of the chromophores
dissolved in a continuous liquid phase allows for maximized
chromophore diffusion due to the fluidic nature of the solvent.
Second, use of silica for the nanocapsule shell provides
structural robustness. Third, the combination of the nano-
capsules’ nanoscale dimension and the hydrophilicity of the
silica surface enables near-homogeneous dispersion in water.
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Their increased surface area compared to their microscale
counterparts is particularly advantageous for surface-area-
dependent applications. Fourth, the silica surface provides
sites for facile surface functionalization and anchoring of
auxiliary materials such as photocatalysts, as demonstrated
below. Finally, the fabrication is based on a simple and scalable
self-assembling emulsion process.

B EXPERIMENTAL METHODS

Fabrication of SNCs. Stock solutions of palladium(II) tetraphe-
nyltetrabenzoporphyrin (PdTPBP, 20 mM; Frontier Scientific) and
perylene (20 mM; Gelest Inc.) in tetrahydrofuran (THF, >99.9%;
Aldrich) were prepared and kept in the dark prior to use. The stock
solutions (125 yL PATPBP solution and 300 uL perylene solution)
were mixed with 5 mL oleic acid (OA, 90%; Aldrich) and stored
overnight (12 h) in an oven at 70 °C to remove the THF. An aliquot
(300 uL) of this mixture was emulsified in distilled water (28.8 mL)
under sonication (Bransonic 2800, 40 kHz) for S min followed by
vigorous stirring (over 1000 rpm) for 1 h; 1 mmol of (3-
aminopropyl)triethoxysilane (ATES, 98%; Aldrich) was added
dropwise (0.2 mL/min) to the emulsified mixture to obtain a micelle
suspension. Tetraethyl orthosilicate (TEOS, 98%; Aldrich) was
subsequently added at two different ATES/TEOS molar ratios (1:6
and 1:9) to yield SNCs with different shell thickness (see Results).
The mixture was left at room temperature for ca. 1-2 h, gently mixed
(150 rpm) for 25—30 h at 55 °C, and washed with distilled water and
ethanol prior to further characterization.

Photoluminescence Measurement. The static absorption and
Stokes emission spectra of the chromophores dissolved in oleic acid
were analyzed on a UV—visible spectrophotometer (8453, Agilent)
and spectrofluorophotometer (RF-5301, Shimadzu), respectively.
Stokes and anti-Stokes emission spectra of the aqueous SNC
suspension were obtained using a commercial diode laser (635 nm)
as an excitation source. A cuvette containing the SNC suspension was
irradiated by a laser beam incident at an angle of approximately 40°
and the emission was collected through a series of focusing lenses and
an optical chopper (120 Hz) before reaching a monochromator (Oriel
Cornerstone, Newport Corp.). Incident laser power was adjusted using
a series of neutral density filters and was measured using a Nova II
power meter/photodiode detector head (Ophir). The signal was
detected by an Oriel photomultiplier tube and processed by an Oriel
Merlin radiometry detection system (Newport Corp.).
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Figure 1. (a) Chemical structures of the sensitizer (PdTPBP) and acceptor (perylene) chromophore pair. (b) Normalized absorption (solid lines)
and photoluminescence (dashed line) spectra of PATPBP (cyan) and perylene (magenta). (c) UC quantum yield of PATPBP/perylene system in
OA as a function of laser power density (14—2950 mW/cm?*): [PATPBP] = 36 uM and [perylene] = 485 uM. The inset shows a photograph of
PdTPBP/perylene solution in OA upon red laser irradiation, demonstrating red-to-blue UC. (d) Photographs before and after the introduction of
ATES into the OA emulsified mixture (right: the magnetic bar is clearly shown through the transparent mixture).

Fabrication of SNCs with Stearic Acid Core. The chromophore
stock solutions as prepared above (125 uL PdTPBP solution and 300
UL perylene solution) were mixed with 4 mL THF containing S g
stearic acid. The steps used above to fabricate OA-core SNCs were
followed with this stearic acid mixture in place of the OA mixture to
fabricate SNCs with a stearic acid core. Another set of SNCs with
chromophores embedded inside the silica shell was also prepared. An
aliquot (300 yL) of the stearic acid/THF solution prepared above was
emulsified in distilled water (28.8 mL) under S min sonication and 1 h
vigorous stirring. ATES (1 mmol) was first added dropwise (0.2 mL/
min) to form a micelle suspension. The mixture of chromophore stock
solutions (125 L PATPBP and 300 uL perylene solution) and TEOS
(1.75 mL) was subsequently added dropwise to the suspension. The
resulting mixture was left at room temperature for ca. 1-2 h. The
mixture was then stored at 55 °C under gentle stirring for 25—30 h,
after which it was washed with distilled water and ethanol.

CdS Nanoparticle Loading. The surface of the SNCs was first
functionalized with amino groups using 0.69 mL (3-aminopropyl)-
trimethoxysilane (APMS; Aldrich) under gentle mixing (150 rpm) at
55 °C for 25—30 h. After washing with distilled water, the SNC
suspension was mixed with 20 mL cadmium chloride (CdCl,; Aldrich)
solution (0.1 M) for 4 h. Residue was removed by washing with
distilled water. The suspension was further treated with 20 mL
thioacetamide (CH3;CSNH,; Aldrich) solution (0.1 M) under gentle
mixing at 28.9 °C for 24 h. The final product was washed with distilled
water.

Hydroxyl Radical Generation. A solution of coumarin in
deionized water (Milli-Q, Millipore) (250 mg/L, 2 mL) was added
to a suspension of CdS NP-decorated SNCs (2 mL, ~ 50 v/v%). The
sample suspension was irradiated with a red laser (635 nm) under
gentle mixing (150 rpm) with a magnetic stirrer. Sample aliquots were
withdrawn at 5, 10, 20, and 30 min after the start of irradiation and
filtered using a 0.45 um PTFE syringe filter to remove CdS NP-
decorated SNCs. The fluorescence emission profile of 7-hydroxycou-
marin was measured under excitation at 332 nm using a
spectrofluorometer (Shimadzu RF-5301).
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B RESULTS AND DISCUSSION

Scheme 1 illustrates the newly established two-step procedure
for SNC fabrication. The first step is the emulsification of
chromophore/oleic acid (OA) solution in distilled water under
sonication followed by vigorous stirring. OA was chosen based
on both its ability to dissolve TTA-UC chromophores and on
the compatibility of its anionic terminal groups with self-
assembly using cationic surfactants.’® More importantly, its
unsaturated double bonds also quench singlet oxygen through
the ene reaction (discussed further below). PdTPBP and
perylene (Figure la) were selected as the sensitizer and
acceptor, respectively, to fulfill the energy requirement for
TTA-UC—that is, ECPdTPBP*) = 1.57 eV° > E(®perylene*)
= 1.53 eV.>’ PATPBP dissolved in oleic acid has an intense
Soret absorption band at 360—480 nm and Q-band at around
626 nm (Figure 1b). Upon irradiation with a 635 nm red laser,
PATPBP in oleic acid phosphoresces at approximately 800 nm
even without deoxygenation (ie., due to consumption of singlet
oxygen by oleic acid). Perylene emits blue fluorescence at
approximately 440 nm. When combined, this chromophore pair
achieves red-to-blue upconversion, with increasing quantum
yield (QY) at higher power density reaching ca. 3.1% at ca.
2950 mW/cm?® (Figure 1c and Supporting Information (SI)),
similar to previous reports.*"*>*” The QY of PATPBP/perylene
has been reported to range from 0.5% in liposomes>® to 1.2% in
toluene,® and that of a similar chromophore pair (PtTPBP-
(platinum(II) tetraphenyltetrabenzoporphyrin)/perylene) in
mineral oil was reported to be 5.3%,>” while direct comparison
is not possible since the QY depends on various conditions
including chromophore concentrations, solvent type, and
incident light intensity. The OA solution containing PdATPBP
and perylene appeared transparent, and a clear laser pathway
with upconverted blue color was visible upon red laser beam
irradiation (Figure 1c, inset). In contrast, the aqueous emulsion
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of OA-dissolved chromophores first appeared turbid due to the
formation of micelles of a wide range of sizes (Figure 1d, left).
When ATES was added, an ATES/OA micelle suspension
formed via spontaneous self-assembly (Step 1 in Scheme 1).
The suspension became transparent once more (Figure 1d,
right), indicating the formation of nanoscale micellar templates.
Addition of TEOS then initiated the growth of the SiO,
network on the micelle surface (Step 2 in Scheme 1).
Field-emission scanning electron microscopy (FE-SEM;
JSM-6700F) and high-resolution transmission electron micros-
copy (HR-TEM; JEM-3010(JEOL)) images of SNC samples
(Figure 2a and b) suggest that the synthesized nanocapsules are

___SNCs Si2p [ 1027
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Figure 2. SEM images of SNCs: average core diameter (ca. 200 nm)
with controlled shell thicknesses of (a) ca. 12 and (b) ca. 23 nm. The
insets in a and b indicate TEM images and size-distribution diagrams
of SNCs. (c) XPS spectra and (d) XPS Si 2p spectra of SNCs.

spherical with a well-defined hollow interior and dense shell of
uniform thickness. Note that two different samples were
prepared by adjusting the APES/TEOS molar ratios, one with a
shell approximately 12 nm thick and the other with a shell
approximately 23 nm thick. The core of the SNCs was
approximately 200 nm in average diameter, but the diameter of
these relatively polydisperse nanocapsules ranged from 100 to
400 nm (Figure 2a and b, insets), presumably due to uneven
Ostwald ripening during the microemulsion procedure.*® X-ray
photoelectron spectroscopy (XPS; Sigma Probe) spectra of the
SNCs showed Si 2p, Si 2s, and O 1s peaks (Figure 2c and SI
Figure S2), with no evidence of impurities such as Pd and N
atoms, suggesting that chromophores reside only within the
capsules. Spectral deconvolution of the Si 2p peak (Figure 2d)
suggested two peaks centered at 102.7 and 103.6 eV, consistent
with the XPS spectrum of commercial $SiO,.>**° The C 1s peak
is thought to have resulted from carbon tape (an adhesive).
The PATPBP/perylene SNCs dispersed in water emitted
intense upconverted blue light when irradiated with a 635 nm
red laser (Figure 3a). It is noteworthy that efficient UC
occurred in the aqueous phase even without deoxygenation.
When stearic acid, a saturated fatty acid, was used as the core
solvent instead of OA, similarly structured nanocapsules were
obtained but did not produce any measurable UC emission
(Figure 3b). This result confirms that the double bond in OA is
necessary to quench the oxygen that otherwise prohibits TTET
from triplet PATPBP to perylene. The UC emission was also
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Increasing amount (wt%) of SNCs

Figure 3. (a) Photograph of red-to-blue TTA-UC emission of OA-
core SNCs (6 wt %) in water. (b, c) Photographs of stearic acid-core
SNCs. (d) Photographs of TTA-UC emission from aqueous
suspensions containing various concentrations of SNCs. A commercial
diode 635 nm laser was used as the excitation source, and images were
obtained using a 600 nm short-pass filter. The insets show TEM
images of individual SNCs.

not observed when chromophores were embedded within the
silica shell of SNCs with a stearic acid core (Figure 3c). This
result confirms that UC in these SNCs originates from
chromophores dissolved in the core phase, in contrast to
other studies in which chromophores were embedded in
porous solid particles.”®*® The SNCs settle in a quiescent
condition, but the suspension can be easily rehomogenized
under gentle mixing. Upon irradiation with the red laser, UC
emission was observed along the laser pathway in a suspension
with a low nanocapsule concentration (0.03 wt %), but this
emitted light diffused significantly in more concentrated SNC
suspensions (Figure 3d). With SNCs at 0.28 wt %, diffused UC
emission spanned the entire cuvette due to significant light
diffraction by the nanocapsules. This is in stark contrast to UC
in transparent organic solvent, where the UC occurs only
through the laser pathway (Figure lc, inset).

Figure 4 shows the emission spectra of TTA-UC SNCs
dispersed in water upon laser excitation at 635 nm Both Stokes
emission from *PdTPBP* phosphorescence at 750—850 nm
and anti-Stokes upconverted emission from 'perylene*
fluorescence at 450—550 nm were evident and increased with
increasing irradiation power. Note that the SNCs with the
thinner shell (Figure 4a, 12 nm shell) emitted approximately
twice as much upconverted light as those with the thicker shell
(Figure 4b, 23 nm shell), presumably due to their less
significant light obstruction**' and to the greater number of the
thin-shell SNCs preset per unit mass.*” A thinner shell is
therefore preferable, but SNCs with shells thinner than 10 nm
were found to collapse when dried (SI Figure S3). The UC
emission from both species of SNC increased with increasing
irradiation power density (Figure 4c), exhibiting a quadratic
power density dependence typical of TTA-UC in the weak-
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Figure 4. (a, b) Emission profiles of SNCs as a function of incident
light power density (mW/cm?) under excitation at 635 nm, where the
SNCs have shells of thickness (a) ca. 12 nm and (b) ca. 23 nm. (c)
Normalized integrated emission intensity as a function of normalized
incident light power density for SNCs with shells of thickness ca. 12
nm (magenta) and ca. 23 nm (gray). The highest incident light power
density was 538 mW/cm? Insets: TEM images of respective SNCs.

annihilation regime.* Pseudolinear or linear power dependence
has been also reported using solvent as a host for TTA-UC
chromophores but only at high laser power density,*"*>*%*
which was difficult to achieve with the nanocapsule suspension
due to significant light scattering.

The TTA-UC SNCs were further modified to demonstrate
sub-bandgap photocatalysis in the aqueous phase. CdS
nanoparticles (NPs) were directly deposited onto the surface
of the silica shell to ensure close proximity of the site of UC

emission to the site of photocatalysis. Direct surface loading has
not been possible with either previously reported organic hosts
for chromophore embedding’®*® or capsules made of
polymeric shells.>"**** The nanocapsule surface was first
functionalized with a silane coupling agent containing amino
terminal groups ((3-aminopropyl)-trimethoxysilane) (APMS)
(Step 1 in Figure 5).*° The XPS spectrum of APMS-treated
SNCs (Figure 6a) indicates the presence of N in addition to Si,

Q
~

O
-~

C-N-H (401.5 eV)
\ N‘-/C (399.7 eV)

Intensity (a.u.)
Intensity (a.u.)

404 402 400 398 396
Binding Energy (eV)

0 200 400 600 800 1000
Binding Energy (eV)

Figure 6. (a) Full XPS spectrum and (b) high-resolution XPS N 1s
spectra of amine group functionalized-SNCs. (c) SEM and (d) HR-
TEM images of CdS NPs-loaded SNCs (the scale bar in inset c is SO
nm).

C, and O without any impurities. Furthermore, the high-
resolution XPS N 1s spectrum shows C—N—H and N—C peaks
at 401.5 and 399.7 eV, respectively (Figure 6b), confirming
successful amino-functionalization. The treated silica surface
was then loaded with CdS NPs following the procedure
outlined in Figure 5 (Step 2).** The color of the suspension
changed from light green (amino-functionalized SNCs) to light
yellow, indicating formation of CdS NP-loaded SNCs (CdS
NPs/SNCs) (the insets in Figure S). TEM analysis of the
surface of the CdS NP-loaded SNCs as compared to the
pristine SNC surface (Figure 2a and b) provides evidence of
loading of the CdS NPs with diameters ranging from 6 to 20
nm (Figure 6c). These CdS NPs appeared to be polycrystalline

SNC

NH,-SNC

CdS NPs
I %

1. CdCl,
2. CH,CSNH,
_

Step 2

NH,

NH,

CdS NP-decorated SNC

Figure S. Fabrication procedure for CdS NP-loaded SNC via surface functionalization.
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with randomly arranged crystal lattices of consistent sizes,
measured from the distance between crystal fringes in HR-
TEM image (Figure 6d).**

To confirm sub-bandgap photocatalysis of CdS NP-
decorated SNCs, we evaluated the generation of hydroxyl
radical (*OH) under red laser excitation. The TTA-UC SNCs
loaded with CdS NPs were dispersed in water containing
coumarin, which reacts with hydroxyl radical (*OH) to form 7-
hydroxycoumarin (Figure 7a).*>*~* Without TTA-UC,

HO 0.__0O
"0
F

7-hydroxycoumarin
Aex: 332 nm
Aem, center: 460 nm

Coumarin

7-Hydroxycoumarin Coumarin

E; red < Ecas

Figure 7. (a) Production of the coumarin—OH adduct (7-
hydroxycoumarin) by the reaction of the coumarin (fluorescence
probe) and eOH. (b) Schematic illustration of the mechanism of the
sub-bandgap photocatalysis of the CdS-decorated SiO, nanocapsule
TTA-UC system.

irradiation with 635 nm (1.95 eV) light would not activate
CdS NPs (E, = 2.4 eV) and eOH would therefore not be
generated (Figure 7b). With the CdS NP-loaded TTA-UC
nanocapsules, the upconverted emission resulting from 635 nm
irradiation is reabsorbed by the CdS NPs (SI Figure S4),
leading to CdS sensitization. The resulting formation of *OH
was confirmed by the increase of 7-hydroxycoumrain
fluorescence emission at 460 nm (Figure 8). Note that ¢OH
forms in this case via formation of the superoxide radical anion
as an intermediate (0,/0,*": —0.28 eV) throu% the transfer
of one electron from the CdS conduction band.**~>> When the
CdS NP-decorated SNCs contained only PdTPBP or only
perylene, negligible 7-hydroxycoumrain formation was ob-
served, confirming that the CdS NPs could be sensitized only
when incident light was upconverted. Accordingly, the *OH
production was dependent on the incident light power density
and the reaction time. This result is the first example of the
production of *OH by photons in the red region via photon
frequency amplification.

B CONCLUSION

The TTA-UC architecture presented herein is unprecedented
in the literature in its nanoscale dimension, structural rigidity,
and surface functionalizability; the combination of which
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Figure 8. Examination of the formation of ®OH through monitoring
of emission intensity of the coumarin—OH adduct at 460 nm. CdS
NP-decorated SNC contained PdTPBP and perylene, only perylene,
or only PATPBP. Insets: time-dependent fluorescence spectra (538
mW/cm?), TEM image of the CdS NP-decorated SNCs used in this
system.

should facilitate various aqueous-phase applications. Through
the incorporation of further functionalities, it is expected that a
wide range of aqueous-based applications can be developed,
including visible light-driven photocatalysis, demonstrated
herein, for the first time, to produce °OH via frequency
amplification of 635 nm red light. Potential applications include
not only aqueous photocatalysis (e.g., environmental remedia-
tion) but also TTA-UC-enhanced artificial photosynthesis and
bioimaging (e.g, two photon microscopy).
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Additional information about the TTA-UC mechanism,
quantum yield measurement, sample characterization with
XPS and SEM, and changes in emission spectra due to CdS NP
loading onto the SNCs. This material is available free of charge
via the Internet at http://pubs.acs.org.
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