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Dye sensitization is a promising approach to enhance the luminescence of lanthanide-doped upconvert-
ing nanoparticles. However, the poor photostability of near-infrared dyes hampers their use in practical
applications. To address this, commercial IR820 was modified for improved photostability and covalently
bonded to amine-functionalized silica-coated LnUCNPs. Two methods of covalent linking were investi-
gated: linking the dye to the surface of the silica shell, and embedding the dye within the silica shell. The
photostability of the dyes when embedded in the silica shell exhibited upconversion emissions from
NaGdF,4:Er®* Yb>*/NaGdF,:Yb®* nanoparticles for over four hours of continuous excitation with no
change in intensity. To highlight this improvement, the photostable dye-embedded system was success-
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fully utilized for Fenton-type photocatalysis, emphasizing its potential for practical applications. Overall,
this study presents a facile strategy to circumvent the overlooked limitations associated with photodegra-
dation, opening up new possibilities for the use of dye-sensitized lanthanide-doped upconverting nano-
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Introduction

The long-lived intermediate excited states of trivalent lantha-
nides have garnered considerable attention in the study of
upconversion, where near-infrared (NIR) irradiation is con-
verted to UV, visible, or higher energy NIR emissions." Due
to their narrow absorption and emission bands,® high chemi-
cal and colloidal stability,” and low toxicity,” lanthanide-doped
upconverting nanoparticles (LnUCNPs) are used in many
diverse applications such as photodynamic therapy,® drug
delivery,” optical encoding,® biosensing,’ photovoltaics,'® and
bioimaging." However, due to the forbidden nature of their
intraconfigurational 4f-4f transitions, they have low absorption
coefficients, leading to low upconversion efficiencies.'?
Consequently, the emission of light from LnUCNPs is com-
monly enhanced through an indirect sensitization technique
involving an organic dye, known as the “antenna effect”,"*™°
proposed by Weissman in 1942 to transfer energy from organic
ligands to lanthanide ions."”
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Organic dyes possess considerably higher absorption cross-
sections (3-4 orders of magnitude higher than that of lantha-
nide ions) and feature broad and tunable absorption bands,
making them ideal light-harvesting agents.'>'®'®1? Moreover,
the shift in absorbance relative to conventional Yb** (from
976 nm to around 800 nm) also reduces the absorption of NIR
light by water in biological tissues and prevents laser-induced
heating effects.”® This type of system has the advantage of pro-
tecting the activators from solvent-mediated quenching, as
well as increasing the light absorption cross-section through
the antenna effect.>’ In recent years, numerous investigations
have demonstrated the efficacy of dye sensitization in increas-
ing the intensity of upconversion luminescence (UCL). This
technique involves either electrostatically,>* > or covalently®
linking an organic NIR-emitting dye with a high absorption
cross-section (on the order of 107'® to 107" cm?) to the
surface of a nanoparticle. Alternatively, the dyes can be encap-
sulated in a polymer or mesoporous silica shell.”’*° The
photostability of dyes has also been successfully achieved
through incorporation within silica nanoparticles to generate
fluorescent silica nanoparticles.*'

The concept of dye-sensitized LnUCNPs was first intro-
duced in 2012 by Zou et al. using carboxylic acid-modified
cyanine dyes to enhance the UCL of NaYF,:Yb,Er LnUCNPs.*”
Further, Prasad and co-workers demonstrated an energy-cas-
caded upconversion process where the energy is transferred
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from IR-808 to Nd**, and then to Yb** and Tm®, resulting in
improved upconversion quantum yields."> In 2019, Ju et al.
designed core/shell/shell UCNPs with a core of NaYF4:Gd**, an
energy-concentrating shell of NaYF,:Yb®",Er’* and an outer
shell of NaYF,:Nd**,Yb*" to interact with a NIR dye and facili-
tate energy transfer.*®

Unfortunately, while dye-sensitized LnUCNPs exhibited
more intense UCL, the release of the dyes from the surface®”*®
and the limited photostability of NIR dyes still remains a
challenge.?*** Reports on the covalent linking of NIR dyes to
silica-modified nanoparticles, or their encapsulation in poly-
mers have alleviated the detachment issues.*®?**3** However,
the photostability of NIR dyes still remains an obstacle since
they are known to undergo bimolecular reactions with in situ
generated singlet oxygen, resulting in degradation.?®™***3
While various steric and functional modifications have been
explored to inhibit these bimolecular reactions,*®™*® this has
rarely been addressed with respect to dye-sensitized LnUCNPs.
Our previous work took advantage of the steric modification of
IR820, showing that the IR820-NO,-functionalized LnUCNPs
had brighter and considerably longer UCL compared to IR820-
sensitized LnUCNPs.*> However, the issue of photostability
was not fully resolved.

For the first time, to our knowledge, we have demonstrated
a means of generating photostable dye-sensitized LnUCNPs.
To achieve this, a modified version of commercial IR820 was
covalently embedded in silica-coated NaGdFg:Er**Yb*'/
NaGdF,:Yb*" active-core/active-shell LnUCNPs. To assess the
photostability and effectiveness of this system, spectroscopic
comparisons were made between electrostatic and covalently
linked dye-LnUCNP systems. Additionally, quantum yield
measurements and luminescence lifetimes were conducted to
compare this system with Nd**-doped core/shell nanoparticles,
a commonly employed alternative for 808 nm-sensitized UCL.
Finally, we demonstrate the applicability of this photostable
dye-sensitized system for Fenton-type photocatalysis.

Experimental

All reagents were used without further purification. Gd,0;
(99.999%), Yb,05; (99.999%), and Er,O; (99.999%) were pur-
chased from Chemicals 101 Corp. Sodium trifluoroacetate
(98%) was purchased from Alfa Aesar. Oleic acid (90%), 1-octa-
decene (90%), IR820 (80%), 4-mercaptobenzoic acid (99%),
tetraethylorthosilicate (99%), ammonium hydroxide solution
(28-30%), 3-aminopropyltrimethoxysilane (97%), IGEPAL
CO-520 (99%), N-(3-dimethylaminopropyl)-N'-ethyl carbodi-
imide (EDC, 97%), N-hydroxysuccinimide (NHS, 98%), (3-ami-
nopropyl)trimethoxysilane (97%), mesitylene (98%), L-arginine
(>98%), iron(u) chloride hexahydrate (>98%), sodium acetate
(>299.0%), and polyvinylpyrrolidone (PVP, average M, ~55 000)
were purchased from Sigma Aldrich. Trace metal grade hydro-
chloric acid (99.999%) was purchased from Fisher Scientific.
Hexadecyltrimethylammonium chloride (CTAC, >95.0%) was
purchased from TCI Chemicals. For MALDI-MS analysis, 2,5-

13584 | Nanoscale, 2023, 15, 13583-13594

View Article Online

Nanoscale

dihydroxybenzoic acid (DHB), was purchased from Sigma-
Aldrich and used without further purification.

Synthesis of NaGdF,:Er**(2%),20%Yb>*/NaGdF,:20%Yb>*
active core/active shell LnUCNPs

Core nanoparticles were synthesized using a previously estab-
lished thermal decomposition method.*® 1.25 mmol of lantha-
nide oxides (78 mol% Gd,O3;, 20 mol% Yb,0;, and 2 mol%
Er,0;) were dissolved in 10 mL of 50% v/v aqueous trifluoroa-
cetic acid under reflux conditions, generating the trifluoroace-
tate precursors. Once dried, the precursors were combined
with 2.5 mmol of sodium trifluoroacetate, all dissolved in
7.5 mL oleic acid and 7.5 mL 1-octadecene and degassed
under vacuum at 120 °C for 30 min. In a separate flask,
12.5 mL of oleic acid and 12.5 mL 1-octadecene were degassed
under vacuum at 120 °C for 30 min, followed by a temperature
increase to 310 °C, at a rate of 10 °C min™", under argon atmo-
sphere. The precursor solution was then injected into the sol-
vents at a rate of 1.5 mL min~". This solution was left stirring
at 300 rpm for 60 min. To synthesize the core/shell nano-
particles, 1.25 mmol of lanthanide oxides (80 mol% Gd,O;
and 20 mol% Yb,0;) were dissolved in 50% aqueous trifluor-
oacetic acid under reflux conditions, generating the shell pre-
cursor. Once dried, 2.5 mmol of sodium trifluoroacetate was
added to the shell precursors and dissolved in 2.5 mL of oleic
acid and 2.5 mL of 1-octadecene. This solution was degassed
under vacuum at 120 °C for 30 min. Once the full 60 min core
synthesis was complete, the shell precursor solution was then
injected into the reaction vessel, at a rate of 0.5 mL min™".
This solution was maintained at 310 °C for 45 min. Once the
oleate-capped nanoparticles were synthesized, the solution
was cooled to room temperature in ambient conditions and
precipitated in 40 mL of ethanol. The resulting pellet was cen-
trifuged at 3900 rpm for 15 min, and washed three times via
dispersion in hexane and precipitation in ethanol, centrifuging
between washes. Samples were stored as a solid pellet covered
with ethanol.

Synthesis of NaGdF:Er**,Yb**/NaGdF;:Yb**/NaGdF 4:(10-20%)
Nd3+

In addition to the active-core/active-shell nanoparticles, a shell
of Nd*" was synthesized using the same protocol as the Yb**
active shell. 1.25 mmol lanthanide oxides were dissolved in tri-
fluoroacetic acid (90-80 mol% Gd,0; and 10-20 mol% Nd,O3)
to include the intended Nd** dopant concentration. Degassing
was completed using the same methods as mentioned pre-
viously, and this solution was injected into the reaction vessel
after the active-shell synthesis (¢ = 105 min) at a rate of 0.5 mL
min~". This full solution was then left at 310 °C for 30 min.
Once complete, the solution was cooled to room temperature
under ambient conditions and precipitated/washed as men-
tioned previously.

Synthesis of IR820-COOH

A nucleophilic substitution reaction was used to functionalize
the IR820 dye with 4-mercaptobenzoic acid.®* 0.11 mmol of
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dye and 0.58 mmol acid were dissolved in 5 mL anhydrous
DMF, under an argon atmosphere at room temperature. This
solution was allowed to react for 12 h. Once complete, the
DMF was evaporated under reduced pressure. The crude
product was filtered through a PTFE syringe filter and precipi-
tated with anhydrous diethyl ether, yielding 93.7 mg (92%) of
IR820-COOH.

Synthesis of IR820-APTMS

The IR820-COOH dye (0.01 pmol) was dissolved in 10 mL of
anhydrous DMSO, with 0.01 pmol EDC and 0.025 pmol NHS.
This solution was stirred at room temperature, under nitrogen
atmosphere for 8 h. 0.005 pmol APTMS was then added to the
mixture and stirred for an additional 5 h. The crude product
was filtered through a PTFE syringe filter and precipitated with
anhydrous diethyl ether.

Synthesis of the SL system

0.8 mL of IGEPAL CO-520 was mixed with 30 mg active-core/
active-shell nanoparticles in 6 mL of hexane. After stirring for
30 min, 0.08 mL of ammonium hydroxide solution was added
and sonicated for 20 min. Subsequently, 18 pmol of TEOS was
added at a rate of 2.5 pL per 15 min, followed by stirring for
48 h. 4 pmol of APTMS was then added at the same rate and
stirred for an additional 24 h. Once complete, the newly
amine-functionalized nanoparticles were precipitated with
ethanol, collected by centrifugation at 8000 rpm for 10 min,
and washed three times with 10 mL ethanol.

The covalent linking of IR820-COOH to the amine-functio-
nalized surface of the nanoparticles was achieved using EDC/
NHS amide coupling. IR820-COOH was dissolved in 20 mL of
anhydrous DMSO, followed by the addition of varying
amounts of EDC and NHS (Table S1}). The mixture was stirred
at 200 rpm at room temperature for 8 h. 25 mg of the amine-
functionalized nanoparticles dispersed in 2 mL DMSO was
then added to the IR820-COOH solution, and the mixture was
stirred for an additional 5 h at room temperature. The com-
pleted SL system was isolated using centrifugation at 13 000
rpm for 10 min, followed by three washes with 10 mL ethanol.

Synthesis of the SE system

To synthesize the dye-embedded silica shell (with a thickness
between 4-5 nm), 0.8 mL of IGEPAL CO-520 and 30 mg of
oleate-capped nanoparticles were dispersed in 6 mL of hexane.
After stirring for 30 min, 0.08 mL of ammonium hydroxide
solution (28 wt% in water) is added and sonicated for 20 min.
Subsequently, TEOS (according to Table S2t) was added at a
rate of 2.5 pL per 15 min and stirred for 48 h. Following this,
IR820-APTMS (according to Table S2t) was added and stirred
for an additional 24 h. Finally, the nanoparticles were precipi-
tated with ethanol, collected by centrifugation at 8000 rpm for
10 min, and washed three times with 10 mL ethanol.

Transmission electron microscopy (TEM)

10 puL of 1 mg mL™"' solutions of nanoparticles (in either
hexane or methanol, depending on the hydrophilicity of the

This journal is © The Royal Society of Chemistry 2023
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sample) were dropped on 300 mesh copper grids (3 mm,
formvar/carbon film supported). Micrographs were recorded
using a Talos L120C scanning transmission electron micro-
scope operating at an accelerating voltage of 120 kV.

Energy dispersive X-ray spectroscopy (EDX)

EDX measurements were performed on a Jeol-JEM-2100F
transmission electron microscope, operating at 200 kV.
Scanning transmission electron microscopy (STEM) was used
to record high angle annular dark field (HAADF) micrographs,
which could then be used to acquire elemental mapping with
an Oxford EDS detector (model Xplore).

Powder X-ray diffraction (XRD)

Diffractograms of dried upconverting nanoparticles were col-
lected using a Bruker AXS D2 Phaser (30 kV, 10 mA), and dried
hematite nanoparticles were collected using a Rigaku MiniFlex
(40 kv, 15 mA). Both instruments are equipped with a Cu-Ka
source, and diffractograms were recorded with a resolution of
0.2°26.

Upconversion emission spectroscopy

Nanoparticle solutions in methanol (5 mg mL™") were excited
using either 976 nm (Sky-laser, 0.8 W, 13 W cm ™) or 808 nm
(SLOC Model IRM800T3-2500FC, 1.3 W, 5 W cm™?) irradiation.
Upconverted emissions were collected at a right angle to the
incident beam, using an optical fiber (Ocean Optics Inc,
600 pm) coupled to a visible bandpass filter (Thorlabs,
400-750 nm), connected to a Princeton Instruments FERGIE
BRX-VR UV-NIR spectrograph fitted with a 1200 grooves per
mm grating blazed at 290 nm, with a 50 pm entrance slit.

Upconversion lifetimes

Lifetime measurements were recorded on the same solution
samples of nanoparticles as the emission spectra, excited
using a 976 nm diode laser (Coherent 6-pin 15 fiber-coupled
F6 series laser diode, 500 ps pulse width, 1.5 W ecm™>) or
808 nm diode laser (SLOC Model IRM800T3-2500FC, 500 ps
pulse width, 5 W em™2). Emissions were collected using a
Jarrell-Ash Czerny-Turner 25-102 1 m double monochromator
(1180 grooves per mm), coupled to a Peltier-cooled
Hamamatsu R943-02 photomultiplier tube. Signals were pro-
cessed through an SR440 Stanford Research Systems preampli-
fier and interpreted using an SR400 Stanford Research Systems
gated photon counter, varying the 50 ps gate window to
produce the lifetime profiles.

Upconversion quantum yields

Quantum yield measurements were completed on the same
nanoparticle solutions used for the emission spectra and life-
time measurements. Samples were irradiated using the same
excitation sources as the emission spectra (976 and 808 nm).
Emissions were collected using an Avantes AvaSphere-30-REFL
integrating sphere, fiber-coupled to a Thorlabs FOFMS/M-UV
filter mount that was fitted with either a 400-750 nm bandpass
filter or a 60% neutral density filter to record the emissions or
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absorptions, respectively. The filter mount was fiber-coupled
to an Avantes AvaSpec-ULS2048L spectrometer. Emission and
absorption intensities were recorded in units of watts using a
NIST calibrated AvaLight-DH-CAL-ISP30 lamp. These intensi-
ties were then converted to number of photons using the
photon energy equation. Undoped NaGdF, nanoparticles were
used as a control for Nd**-doped nanoparticles, while
undoped NaGdF, with an inert silica shell was used as a
control for the SE system. Errors were calculated using tripli-
cate measurements as well as the reported instrumental error.

Synthesis of wide-pored silica shell

0.480 g of CTAC was mixed with 110 mL of water and 1.2 mL
of mesitylene. 25 mg of SE nanoparticles were dispersed in
10 mL water and was added dropwise to the surfactant
mixture. This solution was then sonicated for 30 min and
stirred for an additional 30 min. 1.4 mL of butanol and 160 pL
of TEOS was added to the solution at a rate of 0.5 mL h™".
Afterward, 24 mg of r-arginine was dissolved in 1 mL water
and added to the solution. This was allowed to stir for 17 h at
50 °C under reflux.

Synthesis of mesoporous silica shell was completed using
the same method, omitting the addition of mesitylene.”*

Synthesis and incorporation of a-Fe,0; (hematite)
nanoparticles

A previously reported hydrothermal method was used to syn-
thesize the hematite nanoparticles.”* 1.5 mmol of FeCl;-6H,0,
45 mmol of sodium acetate, and 1.5 g of PVP were mixed
together with 30 mL of water and stirred for 2 h at 40 °C. The
solution was then placed in a Teflon-lined stainless steel auto-
clave and heated at 200 °C for 18 h. After the reaction, the
autoclave was cooled in ambient conditions, and the red solid
product was collected by centrifugation and washed three
times with water and ethanol. Finally, the red product was
dried under vacuum at 70 °C for 12 h.

30 mg of wide-pore-functionalized SE nanoparticles were
dispersed in 2 mL ethanol. 2, 3, or 5 mL of a hematite nano-
particle solution (5 mg mL™" in ethanol) was then added drop-
wise, and this solution was stirred for 24 h at 2000 rpm. The
resulting nanocomposite (SE-WP-Fe) was collected by centrifu-
gation and washed three times with ethanol.

Diffuse reflectance spectroscopy

Reflectance data was collected for dried hematite nano-
particles using a Cary 5000 Series UV-Vis spectrophotometer
(Agilent Technologies) with a single beam range between
360-800 nm using an EasiDiff reflectance accessory (PIKE
Technologies, Inc.).

Electron paramagnetic resonance

Electron paramagnetic resonance (EPR) spectroscopy was per-
formed at the McGill Chemistry Characterization facility (MC?)
at McGill University in Montreal, Canada. Spectra were
acquired on a Bruker Elexsys E580 X band EPR instrument
using a high sensitivity resonator. The sample was analyzed in
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a flat cell (Suprasil, 150 pL, 0.3 mm wide) to minimize signal
loss. A 1 G modulation amplitude and 20 mW power were
used for the acquisition. A polynomial baseline correction was
applied to each spectrum before fitting. Fitting was performed
using WinSim2002 version 0.98 developed by the National
Institute of Environmental Health Sciences at the National
Institutes of Health. 50 mM solutions of 5,5-dimethyl-pyrroline
N-oxide (DMPO) in methanol were used within 1 h of their
preparation. In all cases, 2 mg mL™" colloidal solutions of
nanoparticles were used. In all samples involving H,O,, 10 pL
of 30% H,0, were added to a 2 mL dispersion of 2 mg mL ™"
nanoparticles immediately before irradiation and/or signal
acquisition. 808 nm irradiation was performed using the same
laser previously discussed. 532 nm excitation was performed
using a handheld diode laser (500 mW). For the irradiation
experiments, samples were irradiated while inside the flat cell
and the flat cell was immediately inserted into the EPR instru-
ment for analysis after 15 min of irradiation. Control samples
were treated identically to the irradiated samples.

Evaluation of the photocatalytic activity of SE-WP-Fe system

The photocatalytic activity of the SE-WP-Fe nanocomposites
was evaluated by observing the degradation of rhodamine B
when exposed to 808 nm near-infrared laser irradiation. A
mixture of 30 mg of the nanoparticles, 50 pL of 30% H,0,, and
10 mL of rhodamine B solution (4 x 107° M) was stirred for 1 h
to reach the adsorption-desorption equilibrium of the dye
with the catalyst. The stirred solution was then exposed to
808 nm irradiation and 1.5 mL aliquots were collected every
10 min. After removing any solid precipitate by centrifugation,
an absorption spectrum (Agilent Technologies, Cary 5 Series
UV-Vis-NIR Spectrophotometer) of each aliquot was recorded
to evaluate the absorbance of the rhodamine B.

Results and discussion

The NaGdF,:2%Er’",20%Yb*"/NaGdF,:20%Yb*" active-core/
active-shell nanoparticles used throughout this work were syn-
thesized using a double-injection thermal decomposition
method.”> The as-synthesized core and core/shell nano-
particles were characterized by transmission electron
microscopy (TEM) and X-ray diffraction (XRD). TEM micro-
graphs display uniform size distributions, with an average core
diameter of 19.8 + 1.5 nm and core/shell diameter of 30.2 +
3.0 nm, yielding a shell thickness of approximately 5.2 nm
(Fig. S1a and bt). The XRD diffractograms are consistent with
the hexagonal NaGdF, structure (Fig. Sict).”® UCL spectra
upon 976 nm excitation, are displayed in Fig. S1d.t The charac-
teristic green emissions of Er’* from the *Hy;5/'Ss2 = “Iise
transitions are centered at 525 and 550 nm, respectively.
Additionally, the red emission at 660 nm from the *F, —
"5/, transition is also observed. As expected, a nine-times
enhancement in the UCL intensity for the core/shell LnUCNPs
is observed relative to the core-only LnUCNPs.

This journal is © The Royal Society of Chemistry 2023
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Commercial IR820 dye was modified with 4-mercaptoben-
zoic acid at the central aryl ring of the dye (herein referred to
as IR820-COOH), which is ideal for this study since it can be
excited at wavelengths ranging from 780-830 nm (Fig. S2aft),
with a broad emission band that overlaps with the absorption
of Yb*" (Fig. S2bt).>* The structure of IR820-COOH was con-
firmed using absorption spectroscopy, ‘H-NMR spectroscopy,
and MALDI-TOF mass spectrometry (Fig. S3-S47).

In this study, two methods of covalent linking of the IR820-
COOH dye to the LnUCNPs were investigated: surface silica
linking (SL) and silica embedded linking (SE) (Scheme 1).
Although the method of linking the dye to the surface of a
silica shell has been previously reported, it helps us to estab-
lish a benchmark to assess the photostability and the enhance-
ment factor for the covalent embedded system.”®”* The SL
method employs covalently linking the carboxylic acid-functio-
nalized dye onto the surface of amine-functionalized silica-
coated LnUCNPs by EDC/NHS amide coupling reaction, after
the silica shell has been formed (Scheme 1a and Table S17).
The SE method involves first modifying IR820-COOH through
EDC/NHS amide coupling with APTMS to produce IR820-
APTMS, which results in the dye being embedded in the silica
shell during polymerization on the LnUCNP surface
(Scheme 1Db). Silica shells with a thickness of 5 + 1.5 nm and 4

—
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Fig. 1 TEM micrographs of (a) LnUCNPs coated with amine functiona-
lized-SiO, for the SL system. (b) LhUCNPs coated with IR820-
CONH-APTMS embedded in the silica matrix in the SE system.

+ 1.0 nm were obtained for the SL and SE systems, respectively
(Fig. 1). The formation of the SL system was also characterized
by Fourier-transform infrared (FTIR) spectroscopy (Fig. S57)
confirming the presence of the amide bond between the dye
and silica shell at the surface of the LnUCNPs.

Since it is essential to obtain a dye-sensitized system with
maximal brightness to enable high sensitivity and lower detec-
tion limits for any application, various concentrations of the
dye were studied in both methods to establish the optimum

Si(OMe),

-
. -
J’ » .
N
2» - [
v
L »
“ —
b. Surface Embedded
linking (SE)

Scheme 1 Scheme of the two types of nanoparticle systems investigated in this work, where IR820 is functionalized at the central aryl ring to gene-
rate IR820-COOH to generate (a) NaGdF4:Er**,Yb®**/NaGdF,:Yb*>* coated with silica and IR820-COOH linked to the surface via the EDC/NHS amide
coupling reaction (SL) and (b) the NaGdF4:Er®*,Yb>*/NaGdF ,:Yb>* coated with silica and IR820-APTMS embedded into the silica shell (SE).

This journal is © The Royal Society of Chemistry 2023
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concentration of dye for improved UCL under 808 nm exci-
tation (Fig. S6 and S77). It is well-recognized that elevated con-
centrations of dye can lead to self-quenching, while low con-
centrations will not absorb sufficient NIR light.*>*>>* For the
SL system, this was achieved by adding various concentrations
of IR820-COOH to the EDC/NHS reaction. In contrast, modu-
lating the dye content in the SE system is difficult because of
the distance-dependent nature of the energy transfer between
the dye and the LnUCNP. Reagent quantities had to be care-
fully tailored (Table S2, ESIt) to obtain similar-sized silica
shells around the LnUCNPs in the range of 4-5 nm (Fig. S8t)
such that a comparison can be made.

The upconversion emission spectra were recorded for both
systems upon 808 nm excitation, showing characteristic Er**
green and red emission bands (Fig. 2). It is evident for both
methods that as the concentration of the dye increases, the
Er*" emission intensity increases, however beyond 340 and 390
dye molecules per nanoparticle (for the SL and SE systems
respectively), any further increase in dye concentration leads to
quenching of the UCL. Since NIR dyes have a small Stokes
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Fig. 2 (a) Upconversion emission spectra of the SL system with

different numbers of dye molecules per LnUCNP. (b) Upconversion

emission spectra of the SE system with different numbers of dye mole-
cules embedded into the silica sell per LnUCNP.
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shift, two of the same dye molecules that are in close proximity
can experience Forster resonance energy transfer (FRET),
resulting in the self-quenching observed, known as homo-
FRET.*»> Moreover, n-stacking could also contribute to
quenching, though this is unlikely in the SE system since the
dyes are spatially separated and their movement is restricted
within the silica framework.

Comparing the UCL intensities between the SL and SE
system at their respective optimal dye concentrations are
shown in Fig. 3. As observed in Fig. 3a and Fig. S9,f the SE
system is 50% more intense than the SL system. The major
difference between the two systems is the distance between the
Yb*" ions in the LnUCNP and the dye molecules. In the SL
system, the dye molecules are spatially separated from the
LnUCNPs due to the silica shell with a minimum distance of
5 nm as per the silica shell thickness. In contrast, in the SE
system, the dye molecules are within the silica shell and there-
fore in closer proximity to the Yb*" ions in the LnUCNP, with a
maximum distance of 4 nm (from the LnUCNP surface to the
edge of the 4 nm thick silica shell). As such, there should be a
more efficient energy transfer between the dye molecules in
the SE system and the Yb*" ions.

Q
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Fig. 3 (a) Normalized upconversion emission spectra of the SL and SE

systems under 800 nm excitation. (b) Emission intensity of the %S,

2Hy42 — 4452 transition of Er3* in the SL (blue) and SE (green) systems
as a function of time under 800 nm excitation.
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For further comparison, the SL and SE systems were com-
pared with a control sample where IR820-COOH was electro-
statically linked to the surface of the LnUCNPs. Absorbance
studies on both systems reveal no leakage of the dye even after
15 days, confirming this is not an issue for the covalently
linked systems, whereas when the IR820-COOH dye is electro-
statically linked there is substantial release from the LnUCNP
surface (Fig. S10%). The electrostatically-linked system also
showed the least efficient UCL and complete degradation of
the dye after 80 minutes of irradiation (Fig. S11}). Kinetic
studies were then completed on both systems (Fig. 3b) to
establish the photostability of the dye by evaluating the UCL
intensity of the *S;,, = “I;5/, transition of Er*" as a function of
irradiation time under 808 nm excitation. After 2.5 hours, the
emission of the SL system was no longer observed, indicating
that although leaching from the surface is not an issue, the
dye molecules bound to the surface of the LnUCNPs were still
susceptible to photodegradation. Finally, the emission of the
SE system remained constant over four hours of irradiation,
suggesting upconversion could be harnessed for extended
periods of time. We attribute this improvement in photostabil-
ity to the likelihood that covalent encapsulation of IR820-
APTMS prevents oxygen from reaching the dye molecules, thus
no singlet oxygen can be formed to cause degradation.
Moreover, the dye in the SE system is fully isolated from the
environment and has restricted rotational freedom, while the
SL system, notwithstanding its structural stability, is still sus-
ceptible to the environment and to in situ generated singlet
oxygen. Therefore, owing to its encapsulation, the photostabil-
ity of the dye molecules is considerably enhanced, which is a
major advancement in terms of photostability over the past
work in the dye-sensitized LnUCNPs.**® In summary, by
embedding the IR820-APTMS dye into a silica network, it
became possible to alleviate dye leaching and photodegrada-
tion, thereby generating a photostable dye-sensitized LnUCNP
system capable of constant UCL emission intensity for over
four hours of excitation.

In addition to NIR dyes, the use of Nd** is common to
facilitate upconversion using 808 nm excitation, due to the
"9/, — Fs;, absorption band of Nd** which can transfer
energy to Yb*".>>°® While both NIR dyes and Nd** can be
excited by the same wavelength, the NIR dyes have the
additional benefit of having a higher absorption cross-section.
In particular, the absorption cross-section of IR820 at 808 nm
excitation is approximately 10~'® cm?'® while that for the Nd**
ion is about 4 x 107%° cm>.%"

To explore the potential differences in Nd**- and dye-sensi-
tized LnUCNPs, we conducted a systematic evaluation of a
group of similarly-sized NaGdF.Er*',Yb®'/NaGdF,:Yb*'/
NaGdF,:10-20%Nd*" nanoparticles. TEM micrographs for 10,
15, and 20% Nd** show all compositions have uniform particle
sizes and morphology, and nanoparticle sizes and shell thick-
nesses that are comparable to the SE system (Fig. S121). XRD
analysis confirms the hexagonal crystal structure for all
samples (Fig. S13t). The UCL spectra of the core, core/shell,
and core/shell/shell LnUCNPs were recorded under 976 nm
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excitation to ensure their luminescent properties were similar
to each other and with the corresponding SE system
(Fig. S14t). Emission spectra under 808 nm excitation were
recorded to determine the optimal concentration of Nd**,
showing that 15% Nd*' exhibited the most intense UCL
(Fig. S15at). Furthermore, on comparing the UCL of the opti-
mized core/shell/NaGdF;:15%Nd*" and the optimized SE
system, under 808 nm excitation, the SE system exhibits 50%
more intense emission (Fig. S15bt).

To evaluate the difference in energy transfer dynamics from
Nd** or IR820-APTMS to Yb**, upconversion lifetime measure-
ments of Er*” were recorded under 976 nm excitation (green
S35 — 15/, transition shown in Fig. 4, red *Fy, — *I;5/, tran-
sition shown in Fig. S16a and b¥). Using this excitation wave-
length avoids absorption by Nd*" or IR820-APTMS, exciting
Yb** directly and allowing the study of potential “back-trans-
fer” from the Er** ions in the core to the Nd*" or IR820-APTMS
in the outer shells. The addition of Nd** results in shortening
of the Er’” decay times, indicative of FRET between these two
species. A possible mechanism is Er**:%Fo, + Nd*': Iy, —
Er¥*: "5, + Nd*:?Fo, which results in quenching of the
Er*" UCL, either directly or through a shift in the equilibrium
of states.®® In contrast, the addition of the IR820-APTMS dye
results in an increase in lifetime. This, in all likelihood, is a
consequence of the formation of the intermediate TEOS shell,
which has been reported to encapsulate water more efficiently
than APTMS, resulting in greater phonon quenching within
the TEOS shell.”> Regardless, no FRET was observed between
Er*" and IR820-APTMS, which is likely a contributing factor to
why the SE system exhibits brighter UCL than Nd**-doped
LnUCNPs.

Lifetime measurements under 808 nm excitation, shown in
Fig. 4, were undertaken to assess the dynamics when either
Nd**" or IR820-APTMS are excited directly. The resulting decay
times are slightly longer than their 976 nm-excited counter-
parts, due to the additional energy transfer step from Nd** or
IR820-APTMS to Yb**. The decay time for Er*" in the SE system
is slightly shorter than in the Nd**-doped LnUCNPs. This
could be due to the vibrational modes of silica, resulting in
phonon quenching that is not present in the Nd*‘-doped
NaGdF, shell. Moreover, there is likely a contribution from the
longer sensitizer lifetime, since the forbidden electronic tran-
sitions of Nd** have considerably slower decay times than the
allowed singlet transition of IR820-APTMS, also resulting in
the SE system decaying faster. However, since the decay time
of the IR820-APTMS dye is shorter than Nd**, questions arise
regarding its effectiveness as a sensitizer, since shorter decay
times are inefficient for FRET.** Therefore, quantum yield
measurements were performed to evaluate the FRET efficien-
cies from either Nd** or IR820-APTMS to sensitize Er**.

Interestingly, both systems exhibit quantum yields of the
same magnitude under 808 nm excitation (Nd*'-doped
LnUCNPs: (7.3 + 0.87) x 107%%, SE system: (9.2 + 2.9) x
107*%), indicating the energy transfer efficiency from excited
Nd*" ions or IR820-APTMS molecules to Yb*" is similar,
despite their drastically different decay times. While Nd** —
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Yb** was expected to have a greater FRET efficiency, owing to
its longer decay time, the spectral overlap between these two
species is quite weak, indicating that the energy transfer is
phonon-assisted.>**>°® In the case of the SE system, while the
decay time is much shorter, the spectral overlap between the
dye and Yb*' is much greater, resulting in comparable FRET
efficiencies from both these sensitizers. Therefore, considering
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the higher absorption cross-section of the NIR dye, the SE
system exhibits more intense UCL emissions.

There are several reports that utilize Ln**-doped nanocrys-
tals as efficient photocatalysts.®”"®® However, due to the lack of
structural architecture with dye-functionalized LnUCNPs, and
the limited thermal and photostability of the NIR dyes, their
incorporation with semiconducting photocatalysts has never
been explored to our knowledge. In this work, we applied the
SE system to facilitate Fenton-type photocatalysis, where
808 nm-sensitized UCL can transfer energy to hematite nano-
particles and generate reactive oxygen species (ROS) in the
presence of hydrogen peroxide. This was accomplished by
synthesizing a wide-pore silica shell around the SE system and
incorporating the hematite nanoparticles into the pores. We
evaluated the photocatalytic activity by examining the degra-
dation of rhodamine B, a known carcinogen and water pollu-
tant discharged from textile industries.”

The hematite (a-Fe,03) nanoparticles were synthesized via a
hydrothermal method and characterized by TEM, XRD, and
diffuse reflectance.”! The o-Fe,O; nanoparticle sizes were
measured to be 15.5 + 5.7 nm by TEM (Fig. S17at), with the
expected rhombohedral crystal phase as confirmed by XRD
analysis (Fig. S17bt).”! Diffuse reflectance confirms a bandgap
energy of approximately 2.2 eV, in agreement with the reported
value’" (Fig. 5a and b). A wide-pore silica shell was coated
around the SE system (SE-WP) through a typical sol-gel
method that uses mesitylene as a pore swelling agent
(Fig. 5¢).”> This method renders a pore size of about
20-25 nm.”>”* The hematite nanoparticles were inserted into
the pores via the self-absorption method.” The insertion of
hematite nanoparticles was confirmed using TEM, high-angle
annular dark field-scanning transmission electron microscopy
(HAADF-STEM), XRD, and energy dispersive X-ray spectroscopy
(EDX). TEM micrographs demonstrated the random incorpor-
ation of hematite nanoparticles into the pores (Fig. 5d), XRD
pattern for the composite nanoconstruct indicates that the
diffraction peaks correspond to two distinct crystalline phases:
f-NaGdF, and o-Fe,O; (Fig. 5¢). HAADF-STEM imaging and
EDX mapping of Gd, Si, and Fe provided confirmation of the
LnUCNP core, silica shell, and hematite nanoparticles in the
pores of the SE-WP system (Fig. 5f).

In this system, the emissions from Er’*" under 808 nm exci-
tation correspond to the band gap of hematite and thus are
absorbed by the a-Fe,0; nanoparticles such that the Fe** ions
should photocatalytically decompose H,0, to ROS, which
degrades rhodamine B. Varied ratios of a-Fe,O; to SE-WP
(w/w) were studied (0.33, 0.50, and 0.83) to evaluate the effect
of concentration on photocatalytic activity, herein the Fe,O;-
loaded SE particles are referred to as SE-WP-Fe. The actual con-
centration of hematite nanoparticles incorporated in the
LnUCNPs was established by UV-vis calibration curve
(Fig. S18a and bt). As observed in Fig. 5g, the decrease in UCL
upon increasing ratios of Fe,O; to SE-WP indicates increased
energy transfer accompanied by scattering, as expected.”*

To confirm the potential for ROS production via the Fenton
reaction from this system, electron paramagnetic resonance

This journal is © The Royal Society of Chemistry 2023
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nanoparticles. (e) Powder XRD diffractogram and (f) HAADF and EDS mapping of the completed SE-WP-Fe system. (g) Upconversion emission
spectra of the completed SE-WP-Fe system with varying concentrations of hematite nanoparticles. (h) Rhodamine B degradation measured from the
relative absorbance spectra. (i) Repeated cycles of rhodamine B photodegradation after 100 min, recycling the SE-WP-Fe system. (j) Photographs of
the rhodamine B solutions, illustrating the degradation of the dye after 100 min. All scale bars are 100 nm.

spectroscopy (EPR) was performed. 5,5-Dimethyl-1-pyrroline
N-oxide (DMPO), a well-established spin-trapping agent, was
used to capture the ROS and enable the identification of the
produced species. Shown in Fig. S19,f EPR spectra were
obtained for each species in the presence and absence of
H,0,, and the presence and absence of 808 nm excitation. As
expected, in the absence of H,0,, in all cases weak or no EPR
signal was obtained, confirming negligible ROS production,
even under 808 nm excitation. A positive control was per-
formed under direct excitation at 532 nm to excite Fe,O;
directly, from which the DMPO-X radical was generated; this is
a well-established byproduct of substantial hydroxyl radical
production.”® This was the only species observed when exciting
the Fe,O; directly. In contrast, under 808 nm excitation, four
ROS were identified from the activity of the full SE-WP-Fe
system (Table S47). Specifically, hydroxyl radicals, superoxide
radicals, and methylcarbonyl radicals were identified and their
values are in agreement with what is observed for DMPO spin
adducts in methanol and other Fenton-based systems.”®””
Notably, hydroxyl radicals are implicated in Fenton-reaction
mediated degradation of rhodamine B as described by Frindy
et al.’® The methylcarbonyl radicals are likely due to the

This journal is © The Royal Society of Chemistry 2023

decomposition and oxidation of methanol generated in the
solution.”®

In summary, the EPR spectral data suggest the Fenton reac-
tion can occur from excitation at 808 nm in this system. The
photocatalytic activities of the SE-WP-Fe system when excited
with NIR light, were evaluated by monitoring the degradation
of rhodamine B in methanol. It is known that the photogene-
rated electrons and holes in the semiconductor will travel to
the surface, but many electron-hole pairs recombine during
this process and do not contribute to the photocatalytic

reaction,®®%%79-8

Thus, although increasing the a-Fe,O; nano-
particles improves the absorption rate of upconverted emis-
sion, it also aggravates the recombination of photogenerated
charge carriers and thus affects the activity of the photo-
catalyst.®® For this reason, several different ratios of Fe,O3 to
LnUCNP (w/w) were evaluated for their photocatalytic activity.
As shown in Fig. 5h, no detectable change in the rhodamine B
concentration was observed when the a-Fe,O; nanoparticles
were exposed to 808 nm light alone, confirming this low-
energy wavelength does not excite the hematite. Similar results
were observed when the SE system was studied in the absence
of hematite in the pores (Fig. 5h). The SE-WP-Fe nanoconstruct
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caused the successful degradation of rhodamine B under NIR
irradiation for 100 minutes, with degradation of rhodamine B
reaching 65%, 85%, and 75% when the hematite to SE-WP
system mass ratios were 0.33, 0.50 and 0.83, respectively
(Fig. 5h). It was found that the ratio of 0.50 had the most
efficient photocatalytic activity, suggesting that the photo-
catalytic efficiency is dependent on the ratio of the LnUCNP
and Fe,O; nanoparticles.

To assess the reusability of the photocatalyst, the 0.50
SE-WP-Fe system was recycled and used for repeated degra-
dation experiments. After five consecutive cycles, 62% of the
initial rhodamine B concentration could still be degraded
under the same conditions, indicating the relatively high
stability and recyclability of the photocatalytic system (Fig. 5i
and j). The decrease in photocatalytic efficiency may be
attributed to the dissociation of hematite nanoparticles
from the pores during the reaction and/or the recycling
process.

To confirm the decrease in photocatalytic activity was not
due to the degradation of the dye in the presence of H,O,
and hematite nanoparticles, we performed a time-dependent
study on the UCL of the SE-WP-Fe system under 808 nm
excitation in the presence and absence of H,0,. As observed
in Fig. S20,f there was no change in the UCL intensity in
the SE-WP-Fe system, even after 4 hours of 808 nm
irradiation, indicating there is no dye degradation contribut-
ing to the loss of photocatalytic activity. In summary, the
robust nature of the system presented herein has enabled
dye-sensitized LnUCNPs for photocatalysis for the first time,
to our knowledge. Embedding the dye within a silica frame-
work prevents deleterious photodegradation, facilitating the
use of these systems for long-term, repeated use under pro-
longed excitation.

Conclusion

This work addressed the photostability of dye-sensitized
LnUCNPs, towards their use in solution-phase applications
requiring prolonged and/or repeated irradiation. This was
achieved by covalently embedding a modified IR820-APTMS
dye into a silica matrix around the nanoparticles, to prevent
interactions between the dye and oxygen present in the
environment. Kinetic studies were conducted under 808 nm
excitation, exhibiting no change in the UCL intensity of the
dye-embedded system after four hours of irradiation. This
enabled the use of the established SE system as a promising
candidate to study the photocatalytic capability of dye-sensi-
tized LnUCNPs. A wide-pored silica shell was synthesized
around the SE system to encapsulate hematite nanoparticles,
which have Fenton-type photocatalytic activity. Degradation of
rhodamine B was observed under 808 nm irradiation, which
was found to be efficient and reproducible across five cycles.
As a result, the potential uses for dye-sensitized LnUCNPs can
be expanded upon now that the limitation of dye photodegra-
dation has been resolved.
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