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Introduction

Photocatalysts have been used in organic synthesis because of
their inherent potential to implement organic transformations,
which may be otherwise non-feasible under mild and green
conditions." In this context, photocatalyzed oxidations
involving molecular oxygen as a reactant are of great interest
since they can form carbon-oxygen and heteroatom-oxygen
bonds.>?

Near-Infrared (NIR) radiation accounts for =50% of the
solar spectrum and offers fewer health risks and side reactions,
as well as a deeper penetration than ultraviolet (UV) and visible
(VIS) light through various reaction media.* NIR-triggered
photocatalysis has emerged as a greener alternative in organic
synthesis over UV-VIS photocatalysis.”

Positive photocatalysis to accomplish organic trans-
formations triggered by NIR light can be direct and indirect,
involving single and dual photoactive catalysts, respectively.®
The direct one serves from molecular photocatalysts (PCs, e.g.,
cyanines,’ squaraines,® and so on) to absorb NIR-light. The
indirect one serves from an upconverting system to absorb NIR-
light, e.g., upconversion nanoparticles (UCNPs) in which lower-
energy photons are transformed into higher-energy photons.
The upconverting system is combined with PCs (able to absorb
the upconverted light). This combination is usually known as
upconversion nanohybrid (UCNH). The major advantage of this
strategy is that known PCs can be used to synthesize UCNHs.**
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prepare the UCNHs (RB loading and aggregation). These results highlight the importance of the
optimization of UCNH composition for the photocatalysis outcome.

NIR-excitation of UCNHs has proven useful for photoinduced
reactions,’ such as photopolymerization,' photoisomerization,
and photocoupling.'* For example, UCNHs containing
[Ru(bpy)s]*" as a PC have been used to accomplish the photo-
redox-catalysed aerobic oxidation of ethyl-2-bromo-2-
phenylacetate.*

The attachment of a PC to a UCNP surface can confer upon
the UCNH the ability to generate singlet oxygen (*O,) upon NIR
excitation, since the PC can absorb the upconverted emission to
generate singlet oxygen, a phenomenon previously demon-
strated with numerous PCs.****

It would be expected that organic transformations carried
out with the selected PC (absorption in the UV-VIS range) could
easily be performed by using NIR light instead to activate the
UCNHs containing the same PC.

In this context, we have recently prepared a colloidal UCNH
made of a xanthenic dye, in particular rose bengal (RB), grafted
to ytterbium and erbium co-doped upconversion nanoparticles
(UCkg,) to study the fundamental mechanisms which govern the
dye photophysics upon interaction with the UCNPs.** Moreover,
among the previously reported UCNHs made up of UCNPs and
RB,'52*2° the generation of singlet oxygen (*O,) has been iden-
tified">*® upon NIR-irradiation of UCNHs with a similar
composition.

RB has been extensively used for visible light-driven reac-
tions because the RB triplet excited state (*RB) transfers energy
to ground state oxygen (*0,) to give singlet oxygen '0,.%° The
photooxygenation of a-terpinene has been extensively evaluated
with heterogeneous systems containing RB as the PC, thereby

facilitating the separation process and avoiding RB
photodegradation.*** We envisaged that the synthesized
UC@RBn NHs could serve as heterogeneous NIR-
photocatalysts.

Up to now, the influence of photoactive lanthanides doping
the UCNP and PC loading on the photocatalytic activity of
UCNHs remains unexplored. The preparation of UCNHs is not
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Scheme 1 NIR-triggered photooxidation of a-terpinene catalysed by
UC@RB to give ascaridole and p-cymene (by-product).

a trivial task and we presumed that the photocatalytic perfor-
mance of each UCNH would be strongly dependent on its
photophysical properties. We have prepared and thoroughly
characterized several UC@RB NHs with varying RB amounts.

To evaluate their capability to generate singlet oxygen, the
photooxygenation of a-terpinene to produce ascaridole was
tested as a benchmark reaction (Scheme 1). This work presents
a comparative analysis between the photophysical properties of
several UCg,@RB NHs and their photocatalytic outcome upon
NIR-irradiation.

Results and discussion

Functionalization of UCNPs with RB and characterization

Oleate-capped B-NaYF,:Yb*' (20%), Er** (2%) UCNPs (UC@OA)
were synthesized by using a well-known thermal decomposition
method with some modifications, as detailed in the ESI.{** The
transmission electron microscopy (TEM) image (Fig. S17)
showed homogeneous hexagonal prisms of UC@OA with a size
of 21.0 + 0.8 x 18.9 £ 0.7 nm.

Functionalization with RB was achieved by following a two-
step synthetic procedure (see the ESIT).>* First, the oleate was
removed from the UC@OA surface by treatment with NOBF,.
Then, oleate-free UCNPs were mixed with different RB concen-
trations ranging from 4.2 x 107> to 4.2 x 1077 M (see the
Experimental section for further details) in DMF for 24 hours,
leading to the formation of different nanohybrids UC@RB1,
UC@RB2, UC@RB3, UC@RB4, UC@RB5, and UC@RB6. The
purification of the synthesized UC@RBn (n = 1-6) nanohybrids
was based on cycles combining washing with DMF and centri-
fugation until the supernatant was colourless. Consequently,
the number of cycles differed. Therefore, the lower the RB
concentration, the lower the volume of DMF needed for
washing UC@RBn. The dispersions of different UC@RBn
nanohybrids in DMF resulted in pink dispersions with varying
shades.

Among them, the most colourful was UC@RB2 (Fig. 1) thus
indicating that the degree of RB aggregation in the starting
stock solutions, aimed at preparing UC@RBn NHs, leads to less
attachment.

To quantify the amount of RB attached to the UCNP surface,
the RB concentration was estimated from each UC@RBn NH
absorption spectrum after scattering subtraction. Considering
the number of UCNPs in 1 mg of UCNH?*® and the RB moles
derived from the absorbance, we initially estimated 34 + 2, 104
+6,98+6,6+1,1+1,and 0.0 + 0.1 RB molecules per UCNP
for UC@RB1, UC@RB2, UC@RB3, UC@RB4, UC@RB5, and
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Fig. 1 Attenuance (dashed line) and emission spectra (Aeyc = 980 nm)
normalized at 843 nm of dispersions in DMF at 1 mg mL™* of UC@RB1
(red), UC@RB2 (blue), UC@RB3 (green), UC@RB4 (orange), UC@RB5
(light green), UC@RB6 (brown), and UC@OA (grey). Inset: photographs
of the different dispersions in DMF of the UC@RB nanohybrids. From
right to left: UC@RB1, UC@RB2, UC@RB3, UC@RB4, UC@RBS5, and
UC@RB6.

UC@RBS6, respectively. It is noteworthy that these values are
similar to those calculated in our previous work (20 RB/UCNP).**

Photophysical characterization of UC@RBnN nanohybrids

To evaluate the influence of the RB concentration on the pho-
tophysical properties of the UC@RBn NHs, their absorption and
emission spectra were recorded in dimethylformamide (DMF).
The absorption spectra of the UC@RBn dispersions should
exhibit a consistent trend of increasing absorption as the
amount of RB on the NH increases. Notably, the absorption of
UC@RB2 and UC@RB3, containing ~104 RB/UCNP or with 98
RB/UCNP exceeded that of UC@RB1, with 34 RB/UCNP (Fig. 1).
This is consistent with previous results, where RB aggregates
were observed when preparing UCNHs with more than 100 RB
molecules per UCNP. In these UCNHs, RB was covalently linked
to a ligand coating the UCNPs." Absorption spectra revealed
a band centered at 560 nm with a shoulder at shorter wave-
lengths (Amax 523 nm), which enhances with an increasing RB
concentration due to the presence of RB dimers or higher order
aggregates. We previously hypothesized that the aggregation of
RB molecules occurred on the surface of the NPs due to
concentration-induced aggregation or by interaction with the
positively charged surface of UCNPs.** The fact that UC@RB1
presents the highest As¢0/A5,, ratio can be attributed to a pre-
aggregation of RB molecules in the stock solution. This pre-
aggregation could lead to the direct attachment of RB dimers/
aggregates to the UCNP surface. Moreover, the thermogravi-
metric analysis revealed a total mass loss of 26.1% that corre-
sponds to 2286 + 26 RB molecules attached to the surface of the
UCNPs (Fig. S21). Consequently, the number of RB molecules in
UC@RB1 would be higher than 34, estimated from the
absorption spectrum.

Fluorescence quantum yield (®x) of RB in UC@RB disper-
sions supports this hypothesis (see Fig. 2).

All the UC@RBn NHs exhibited lower @ as compared to free
RB, with UC@RB1 showing a particularly notable decrease of
approximately 30% despite having the largest RB loading.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Fluorescence quantum yield of RB (®f; pink columns, Aexc =
560 nm) and upconversion quantum yield (UCQY, grey columns, Aexc
= 980 nm) of UC@RBN NHs (n = 1-4). Control experiments corre-
spond to RB for @ gg and UC@OA for UCQY.

As previously reported, the reduced emission can be attrib-
uted to the self-deactivation effect due to m-7 interactions in
the aggregates of RB present in UC@RB1 NHs.**

The emission spectrum of the RB singlet excited state ('RB)
in UC@RB2 is centered at 576 nm as reported for RB (Fig. S37).

The lifetime of the 'RB was estimated to be between 2 and
2.3 ns in all the NHs and free RB. Neither 'RB emission nor the
lifetime was sensitive to oxygen (see Fig. S3, 4 and Table S17).

Under excitation at 980 nm, Yb®*' acted as a sensitizer,
absorbing the incident light and subsequently transferring the
energy to Er’*" cations. Accordingly, UC emission spectra of
UC@RBn NHs displayed the characteristic emission bands of Er**
ions in the UV, visible and NIR spectra (Fig. 1). The deactivation of
Er’" through emissive transitions resulted in six main bands:
a very weak UV emission band centred at ~410 nm was observed
due to the Hy), — “I;5, transition. Following this, two green
bands were detected at ~525 nm (*Hyy, — “I352) and ~540 nm
(*Ss2 = “Lisp), with the latter being the most intense in the
original UC@OA. Additionally, a red emission band was observed
at around 660 nm, corresponding to the transition *Fo, — “I5.
Finally, the S;,, — I3, transition led to a broad emission band
centred at ca. 842 nm (not shown).

Noteworthy quenching of the UC green emission by 36%,
42%, and 44% was observed for UC@RB1, UC@RB2, and
UC@RB3, respectively (see Fig. S51). The spectral overlap
between the RB absorption and Er*" green emission would
explain the decrease of the UC emission in the NHs with
a higher RB loading.

Interestingly, alongside the deactivation of UC emission,
a new emission centered at 588 nm emerged, which would
correspond to the sensitized RB emission. Accordingly, resonant
energy transfer (RET) from the Er’* of the UCNPs to RB resulted
in a long-lived RB emission (~50 us; Table S21); UC@RB3
exhibited the most intense emission followed by UC@RB2 and
UC@RB1. These results were in accordance with the idea that
higher RB concentrations during the synthesis led to the loading
of non-fluorescent RB dimers/aggregates, consequently dimin-
ishing the fluorescence of RB on the UCNPs in the NH.

Time-resolved spectroscopy (lexe = 980 nm) was used to
register the UC@RBs decays for all the emission bands (Fig. S6
and S7 and Table S2t). Non-significant differences were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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observed in lifetimes obtained in air or under N,. The emission
lifetime at 540 nm was strongly shortened by the presence of RB
in UC@RB1, UC@RB2, and UC@RB3, while in UC@RB4 the
lifetime of the green emission remained practically unchanged,
likely due to the low quantity of RB on the surface.

Notably, the amount of RB in UC@RB4, UC@RB5, and
UC@RB6 was not enough to induce significant quenching of
the UC green emission in comparison to the initial UC@OA.
Nevertheless, while UC@RB5 and UC@RB6 exhibited no
detectable RB emission, UC@RB4 demonstrated a notable
emission band. Despite the low UC quenching efficiency (less
than 1%), the RB emission peak was comparable to that of the
UC@RB1 NH, evidencing an efficient energy transfer from
UCNPs to RB. Furthermore, the peak maximum shifted to 577
nm, precisely matching that of free RB. This indicates that in
UC@RB4, RB molecules are likely in a similar environment as
they would be free in solution, allowing them to emit light at
their characteristic wavelength.

In our prior investigation, we noted a red-shifting of the RB
emission on UC@RB in 5 mg mL " dispersions in DMF due to
concentration-induced aggregation.> This effect was sup-
pressed by using more dilute dispersions (1 mg mL™%).
However, even when recording the UC emission spectra at this
concentration, the increased RB loading amount could influ-
ence the aggregation degree of the UC@RB NHs within the
dispersion, subsequently affecting the RB emissive properties.

Concerning the UCQY, a dependence on the RB concentra-
tion at the UCNP surface was observed with UC@RB1, the most
affected NH with a decrease of more than 50% (Fig. 2 and S87).
This is consistent with an efficient deactivation of the UC
luminescence in the presence of RB, due to RET processes from
the UCNPs to RB upon NIR excitation.

Nanosecond-laser flash photolysis was used to record the
transient absorption spectra of RB (Fig. 3) in the UCNHs and RB
in DMF (absorbance was 0.24 at 560 nm). As we previously re-
ported, RB triplet excited state (*RB) absorption spectra recor-
ded for the UC@RB NHs exhibited three absorption bands at ca.

500 600 650

Wavelength (nm)

400 450

350

Fig. 3 Transient absorption spectra recorded at 20 ns (top) and 550 ps
(bottom) after the laser pulse under N (Aexc = 560 Nnm, A = 0.24 at 560
nm) for UC@RBL (red), UC@RB2 (blue), UC@RB3 (green), UC@RB4
(orange), and RB (black line) in DMF.
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Fig.4 NIR emission spectra (Aexc = 560 nm) of UC@RBN in DMF (5 mg
mL™Y) under N, for UC@RBL1 (red), UC@RB2 (blue), UC@RB3 (green),
and UC@RB4 (orange). Inset: 3RB contribution in % for the different
nanohybrids.

380, 470 and 610 nm.>* The lower the number of RB molecules
in the NH, the higher the absorbance of *RB in the spectra,
which reveals better intersystem crossing (triplet formation).
The generated *RB subsequently evolved into a RB radical anion
(RB"7), which absorbs at ca. 440 nm (black trace in Fig. 3).
However, when exciting RB in UC@RB, radical anion formation
was clearly prevented for UC@RB2, UC@RB3 and UC@RB4,
where *RB was almost exclusively generated, as compared to RB
in solution and UC@RB1. As expected, O, quenched the *RB
(Fig. S9t) in the UCNH revealing a fast process, close to
a diffusion-controlled mechanism (*tgp(0,) shorter than 1 ps)
(Table S37).

As previously reported, room temperature phosphorescence
of *RB (670-1300 nm; maximum at ca. 750 nm) was also
observed with a lifetime >150 ps and, as expected, was
quenched by oxygen (Fig. S10, S11 and Table S47).

Moreover, laser induced emission measurements revealed
*RB phosphorescence together with thermally activated delayed
fluorescence under N, (Fig. S12+).

Remarkably, when RB in the UCNH was selectively excited at
560 nm, an antenna effect from RB to the photoactive lantha-
nide ions in UC@RB was also observed. Fig. 4 shows two intense
bands centered at 975 and 1550 nm attributed to the Yb*"-*F,
— ’F,, transition (the Er**-*I;,,, — “I;5,, transition could play
a minor role due to lower doping) and the Er*"-*I,5, — *I;5,
transition, respectively. The emission intensities of these NIR
bands at 975 nm (Yb** emission and *RB phosphorescence) and
at 1550 nm (Er’* emission) were quenched by O,. Therefore, the
emission bands registered in air were exclusively attributed to
an energy transfer process from 'RB, since *RB was efficiently
deactivated in air (Fig. S13-S15 and Tables S5-S67}). Accord-
ingly, the emission bands under an inert atmosphere are due to
the energy transfer from 'RB (46%) and *RB (54%) to the pho-
toactive lanthanides.

Evaluation of 9,10-anthracenediyl-bis(methylene)dimalonic
acid (ABDA) photoconsumption upon NIR-excitation of
UC@RB nanohybrids

As stated above, upon NIR-irradiation of the UCNHs made up of
UCNPs and RB, 'O, production was detected (either by using
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1,3-diphenylisobenzofuran (DPBF), as an optical probe*® or by
direct detection of 'O, phosphorescence at 1270 nm).** More-
over, the optimal number of RB units for individual UCNPs has
been determined to be ~100.?® Even so, none of these UCNHSs
was used for synthetic purposes.

Here, we initially tested the NIR-driven 10, generation of the
UC@RB nanohybrids by using an anthracene-derivative,
specifically 9,10-anthracenediyl-bis(methylene)dimalonic acid
(ABDA), as a chemical 'O,-trapping agent, since 'O, phospho-
rescence could not be detected spectroscopically under our
experimental conditions.

The lifetime of singlet oxygen generation is solvent depen-
dent.*” Therefore, the efficiency of its generation can vary for
each UCNH according to the solvent and was estimated for
three solvents capable of affording colloidal dispersibility of the
UC@RB nanohybrids while dissolving ABDA in dime-
thylformamide (DMF), acetonitrile (ACN), and ethanol (EtOH).

Next, the decrease in ABDA fluorescence due to the forma-
tion of its nonfluorescent endoperoxide was followed.*” For this
purpose, oxygen-saturated dispersions containing a mixture of
UC@RB2 (with 100 RB/UCNP) and ABDA were irradiated with
a 980 nm continuous wavelength laser diode to select the best
solvent for the oxidation reaction. ABDA emission was recorded
at different time intervals (Fig. 5). As shown in Fig. 5b and S16,
ABDA photoconsumption was observed in all solvents, indi-
cating anthracene disappearance upon NIR-irradiation. The
kinetic rates (k) of the process (monitored at 410 nm) are dis-
played in Table S7.f EtOH exhibited faster kinetics with a &
value of 0.04, followed by ACN with a value of 0.024. However,
ABDA photoconsumption did not progress after 2 hours of
irradiation. Consequently, UC@RB2 dispersed in DMF was
considered the most effective for ABDA photoconsumption,
probably due to the superior dispersibility and stability of
UC@RB in DMF.

Evaluation of photocatalytic activity of UC@RB nanohybrids

The photooxygenation of a-terpinene involves the addition of
'0, to the o-terpinene double bond, i.e., a [4 + 2] cycloaddition,

al

Intensity (a.u.)

100 200

t (min)

450 500 0
Wavelength (nm)

400

Fig. 5 (a) Decrease in ABDA emission intensity generated upon NIR
excitation of UC@RB2 in DMF (at different time intervals). (b) Decrease
in the ABDA emission intensity recorded at 410 nm upon different NIR
exposure times (up to 240 min) for UC@RB2 dispersions (1mg mL™) in
DMF (red), ACN (blue), and EtOH (green).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Conversion (%) of a-terpinene photocatalyzed by UC@RBN
upon excitation at 980 nm for 8 h

[UC@RB] Ascaridole p-Cymene
N PC (mg mL ™) (%) (%)
1 UC@RB1 1 12.4 4.1
2 UC@RB2 1 17.0 5.3
3 UC@RB3 1 16.5 4.7
4 UC@RB4 1 8.3 4.1
5 UC@BF, 5 4.1 5.2
6 None — 4.1 6.2
7 UC@RB3” 1 2.7 12.4
8 UC@RB2”? 1 20.8 4.0
9 UC@RB3° 1 12.4 7.2
10 UC@RB2 5 41.3 3.1
11 UC@RB3 10 53.8 6.2
12 UC@RB2¢ 5 12.4 2.6
13 UC-RB 20 25.7 17.6
14 UC-RB° 20 19.2 17.1

“N,. ” 24 h. ° CD;CN. ¢ Reaction performed with UC@RB recovered
from entry 10. ° Reaction performed with UC-RB recovered from entry
13.

resulting in the formation of ascaridole (Scheme 1) and
autooxidation or dehydrogenation to p-cymene as a competitive
reaction.*** The capability of UC@RBn NHs to photocatalyze
this reaction and generate ascaridole upon NIR excitation was
assessed in deuterated DMF (DMF-d;). For this purpose, an
oxygen-saturated mixture of a-terpinene and the corresponding
UC®@RBn in DMF-d, was irradiated with a 980 nm continuous
wavelength laser diode for 8 h. The conditions and conversion
efficiencies toward ascaridole and p-cymene are detailed in
Table 1.

The photocatalyst activity of UC@RBn upon NIR irradiation
was evidenced by the formation of ascaridole in all cases. At
a concentration of 1 mg mL™" of the UC@RBn photocatalyst,
the reaction yield for ascaridole formation was calculated to be
12.4%, 17%, 16.5%, and 8.3% for UC@RB1, UC@RB2,
UC@RB3, and UC@RB4, respectively (entries 1-4 in Table 1).
These yields were calculated by using "H-NMR spectroscopy
after centrifugation to remove the NHs. UC@RB2 and UC@RB3
showed the best photocatalytic performance, which correlates
well with their optical properties and corresponds to an RB/
UCNP ratio of 100 (entries 2-3 in Table 1).

Control experiments with UCNPs without RB, in the absence
of PC or oxygen (entries 5, 6 and 7, respectively), were carried
out, thereby confirming that photooxidation was only possible
in the presence of the UC@RBn NHs and O,. Although o-ter-
pinene and reaction products are colourless with absorption
bands in the UV region (no absorption at 980 nm), small
amounts of the by-product, p-cymene, were detected in all cases
even in the absence of PCs (entry 5).

Longer reaction times (24 h) gave rise to a marginal increase
in the formation of ascaridole, reaching 20.8%. This result can
be attributed to the combined effect of photo- and thermal-
degradation of products (entry 8).*® Moreover, shorter reaction
times of 1 and 4 h led to a lower ascaridole conversion, primarily
due to the slow generation of singlet oxygen (Fig. S177).

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

Alternatively, RB exhibits superior solubility and absorptivity
in CD;CN. However, the photocatalytic activity to get ascaridole
was slightly lower (12.4%) (entry 9). Therefore, DMF-d, was
selected as the solvent.

Then, experiments increasing the photocatalyst amount to 5
and 10 mg mL™" were also conducted (entries 10 and 11). As
a result, the yield of ascaridole reached 41.3% and 53.8%,
respectively, after 8 hours of light exposure at 980 nm.
Presumably, more 'O, would be generated by increasing the
quantity of RB, thus resulting in a two-fold and three-fold
enhancement in the selective production of ascaridole.

To assess the photocatalyst recyclability, the reaction
mixture from entry 10 ([NH] = 5 mg mL™ ') was centrifuged
(10 000g, 10 min), facilitating the precipitation of UC@RB2
NHs. Fresh o-terpinene and DMF-d, were added to the
recovered UC@RB2 NH, and after redispersion, the mixture
was irradiated at 980 nm for 8 h (Table 1, entry 12) yielding
only 12.4% of ascaridole. The reduction of the photocatalytic
activity can primarily be attributed to two factors: RB photo-
bleaching and detachment of RB from the surface. In fact,
partial photodegradation of RB was observed (ca. 20%). This
points out that strategies to avoid PC leaching, such as cova-
lent linking of the PC, should also be evaluated.

Consequently, we synthesized a previously reported NH in
which RB is covalently linked to the UCNP surface, referred to as
UC-RB,"” and further investigated its photocatalytic perfor-
mance. Briefly, the surface of UC@BF, was modified with 2-
aminoethyl dihydrogen phosphate (AEP) and RB hexanoic ester
(RB-HA) was linked via EDC/NHS chemistry.”* To ensure
comparability with the RB-grafted NH assays, equivalent RB
concentrations were desired. Therefore, the UC-RB concentra-
tion (20 mg mL™") in the reaction mixture was adjusted to
match the RB absorption observed in entry 10. Upon NIR irra-
diation, the total reaction yield was similar to that obtained with
the non-covalent NH (ca. 43%). However, the reaction selectivity
was significantly compromised, yielding 25.7% ascaridole and
17.6% p-cymene (Table 1, entry 13), which is almost half the
ascaridole formation compared to the non-covalent NH. No RB
leaching was observed after centrifugation of the sample (see
Fig S187). Notably, the recyclability experiment (Table 1, entry
14) evidenced a ca.25% reduction in the formation of ascaridole
while keeping the yield towards p-cymene.

While UC-RB NHs exhibited superior resistance to PC leach-
ing, the selectivity of the UC-RB NH was likely diminished due to
interference caused by the organic moieties present in the UCNP
environment. Hence, UC@RB NHs provide higher selectivity in
product formation, specifically yielding a greater amount of
ascaridole. In addition, the amount required to undergo the
photocatalytic reaction was four times higher for UC-RB NHs
than for UC@RB NHs, substantially increasing the resources
needed. In conclusion, despite the limited recyclability of
UC®@RB NHs, their use in NIR-triggered photocatalytic reactions
proved to be faster, more efficient, and more cost-effective.

When using UC@RB NHs as photocatalysts, RB is not
directly excited using the light source; instead, RB is sensitized
using the upconverted light from UCNPs, which have a low
UCQY. In the photooxidation of a-terpinene, the limiting
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reactant is the singlet oxygen. Therefore, there are numerous
steps required to achieve the formation of singlet oxygen: (i)
excitation of UCNPs using NIR light; (ii) upconverting the light;
(iii) resonant energy transfer from UCNPs to RB; (iii) formation
of the RB triplet; (iv) energy transfer from the *RB to O,; and (v)
formation of 'O, to finally achieve the photooxidation of a-ter-
pinene. Given these factors, the effectivity of our system is
comparable to that described in the most recent literature.*

Flow NIR-triggered photooxidations need to be evaluated in
the near future for UC@RB NHs. In fact, 85% yield of ascaridole
has been reported for RB-sensitized flow photooxidation of o-
terpinene.?>*%*

Experimental
Synthesis of RB-capped UCNPs

Several UC@RB nanohybrids were synthesized following a previ-
ously described procedure.** Briefly, six different vials were
prepared containing 34.1 mg of UC@BF, and increasing
concentrations of RB: (1) 4.2 x 1072, (2) 4.2 x 107%, (3) 4.2 x
107% (4) 4.2 x 107>, (5) 4.2 x 10" %, and (6) 4.2 x 10"’ M in DMF
(1 mL total volume). The vials were kept in darkness and stirred
at room temperature for 24 h. The corresponding UC@RB
nanohybrids were recovered by centrifugation at 12 000g for 30
min. Then, the precipitates were washed following cycles of
redispersion in 5 mL of DMF and centrifugation at 10 000g for 10
min, until the supernatants were transparent. The total volume
used for the washing steps was 165 mL for UC@RB1, 270 mL for
UC@RB2, 15 mL UC@RB3, and 5 mL for UC@RB4, UC@RB5,
and UC@RBS6. To eliminate large aggregates, 3 mL of DMF was
added and a centrifugation step (1000 g, 2 min) was carried out,
thus recovering the supernatant. The final concentrations of the
six UC@RB dispersions were calculated by weighing the differ-
ence, leaving 100 uL of the dispersion to dry.

Chemical determination of singlet oxygen generation

The singlet oxygen generation upon NIR irradiation of different
UC®@RB nanohybrids was evaluated in DMF, ACN, and EtOH by
using an anthracene derivative as an optical probe (ABDA).'> An
AB2 series spectrofluorometer equipped with a NIR laser diode
(980 nm CW, 308 W cm™?) was used for these experiments. In
a quartz cuvette, 1 mL of solution containing ABDA (1.03 x 107>
M) and the corresponding UC@RB nanohybrid (1 mg mL ™) was
prepared and kept under stirring and oxygen-saturated condi-
tions. Then, the solution was irradiated with an NIR laser.
Subsequently, the ABDA emission spectrum from 398 nm to 550
nm was recorded at different time intervals (Aex. = 378 nm, 750
V, excitation, and an emission bandwidth of 2 nm, 1 nm s~ ).
The 'O, generation efficiency was evaluated from the decreases
of the ABDA emission at 410 nm.

In addition, a control sample containing UC@RB and ABDA
was kept in the dark.

Evaluation of photocatalytic activity of UC@RB nanohybrids

200 pL of a mixture containing the corresponding synthesized
UC@RB nanohybrids with different amounts of RB (ie.,
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UC@RB1, UC@RB2, UC@RB3, UC@RB4, UC@RB5, and
UC@RB6) and 0.06 mM of a-terpinene in N,N'-dimethylforma-
mide-d, were placed in a 10 x 10 mm quartz cuvette. To ensure
oxygen-saturated solutions, the mixtures were bubbled with
oxygen for 15 minutes in an ice bath before irradiation. Then,
the cuvette was irradiated with a CW 980 nm laser diode (308 W
em?) for 8 hours under continuous stirring at 20 °C. After
irradiation completion, the reaction mixture was centrifuged at
10 000g for 10 min to separate the UC@RB nanohybrids from
the reaction. Then, the supernatant was analyzed by "H-NMR
(see more details in ESI, Fig. S19t). Control experiments under
identical conditions, but without nanohybrids and using BF, -
stabilized UCNPs (5 mg mL™ "), were also carried out.

Conclusions

UC@RB nanohybrids have been used as near-infrared (NIR)
light-harvesting systems for heterogeneous photocatalysis,
specifically, for selective photooxidation of a-terpinene with
moderate yields (~50%).

The photophysical events occurring upon NIR-irradiation
proved to be strongly dependent on the number of RB mole-
cules anchored to the UCNPs and their aggregation state (the
monomer being preferred over the aggregates). The best pho-
tocatalytic performance corresponds to a ratio of ~100 RB/
UCNP for UC@RB2 and UC@RB3, which correlates well with
their optical properties and the highest *RB generation. To get
the best photocatalytic performance, it is crucial to optimize the
synthetic protocol used to prepare UCNHs, the PC concentra-
tion, solvent and irradiation time. This study highlights the
potential of UC@RB NHs as an efficient and cost-effective NIR
photocatalyst and compares it with the covalently linked
analogue, UC-RB. The rapid preparation of UC@RB NHs,
coupled with their higher selectivity towards the formation of
ascaridole and the lower amount of NHs required (5 and 10 mg
mL ), results in a more selective photocatalytic reaction. This
efficiency translates into lower material costs, minimized waste,
and a smaller environmental footprint, thereby enhancing the
sustainability of the process.

Next, the optimization of synthetic protocols for UCNHs
comprising non-covalently and covalently linked PCs needs to
be accomplished to simultaneously avoid PC leaching and
improve recyclability together with flow photooxidation
experiments.
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