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Efficient, Near-Infrared Light-Induced Photoclick Reaction
Enabled by Upconversion Nanoparticles

Youxin Fu, Kefan Wu, Georgios Alachouzos, Nadja A. Simeth, Thomas Freese,
Michal Falkowski, Wiktor Szymanski,* Hong Zhang,* and Ben L. Feringa*

Photoclick reactions combine the selectivity of classical click chemistry with
the high precision and spatiotemporal control afforded by light, finding
diverse utility in surface customization, polymer conjugation, photocross-link-
ing, protein labeling, and bioimaging. Nonetheless, UV light, pivotal in
prevailing photoclick reactions, poses issues, especially in biological contexts,
due to its limited tissue penetration and cell-toxic nature. Herein, a reliable
and versatile strategy of activating the photoclick reactions of
9,10-phenanthrenequinones (PQs) with electron-rich alkenes (ERAs) with near
infrared (NIR) light transduced by spectrally and structurally customized
upconversion nanoparticles (UCNPs) is introduced. Under NIR irradiation,
the UCNPs become UV/blue nanoemitters uniformly distributed in the
reaction system. Enabled by the customized UCNPs, 800 or 980 nm light
effectively activates the photocycloaddition reactions via radiative energy
transfer in both general and triplet–triplet energy transfer (TTET)-mediated
PQ-ERA systems. In particular, the novel sandwich structure UCNPs achieve
the click reaction with up to 76% production yield in 10 min under NIR light
irradiation. Meanwhile, the tricky side effect of photoclick product
absorption-induced quenching is successfully circumvented from the
fine-tuning of the upconversion spectrum. Moreover, through-tissue
irradiation experiments, the authors show that the UCNP-PQ-ERA reaction
unlocks the full potential of photoclick reactions for in vivo applications.

1. Introduction

Light-triggered cycloaddition reactions, also known as photoclick
reactions,[1–3] combine the advantages of both photochemistry[4]
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and classical click chemistry[5–8] and thus,
enable chemoselective product formation,
quantitative conversion, short reaction
times, high functional group orthogo-
nality, and mild reaction conditions with
the potential for superb spatiotemporal
resolution. The last decade has witnessed
the booming development of photoclick
chemistry since the first report published
in 2008 by Lin and coworkers.[9] The in-
troduced reactions include photo-induced
tetrazole-alkene cycloadditions,[10] UV-
light initiated thiol-ene and thiol-yne
reactions,[11] light-induced o-naphthoquin-
one methides (oNQMs)-ene hetero-Diels-
−Alder cycloaddition,[12] light-triggered
azide-alkyne cycloadditions,[13] photo-
induced sydnone-alkene/alkyne cycloaddit-
ions,[14] photo-induced azirine-alkene
cycloaddition,[15] light-triggered oxime lig-
ation reactions,[16] light-mediated coupling
of acylsilanes with indoles,[17] and visible-
light-induced 9,10-phenanthrenequinone-
electron-rich alkene (PQ-ERA) photocyclo-
additions.[18–21] Collectively, these pho-
toclick reaction systems have rapidly be-
come indispensable as a methodology for
surface functionalization,[12,22,23] polymer

conjugation,[24,25] photocross-linking,[26] protein labeling,[27–29]

and bioimaging.[18,20,30]

To date, most of these classical photoclick reactions require UV
light irradiation, which renders them unsuitable for biological
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applications, as UV light does not penetrate effectively through
biological tissue and is toxic to cells.[1–3] Efficient photoclick reac-
tions, induced by substantially lower energy photons (e.g., wave-
lengths in the red-shifted visible (𝜆 = 450–760 nm) and even
near-infrared (𝜆 = 760–2500 nm) range), are thus pursued,[31,32]

considering that this wavelength range satisfies the requirements
of deep tissue penetration,[33] higher signal-to-noise ratio (lower
tissue autofluorescence),[34] and low phototoxicity.[35] In addi-
tion, visible/NIR light sources are more common on the mar-
ket and accessible to nonspecialist end-users than high-energy
ultraviolet-light sources.[32]

To address the need for photoclick reactions activated with
visible/NIR light, several strategies have been developed, such
as extending the 𝜋-conjugation of photoclick reactants,[36,37]

using triplet–triplet energy transfer (TTET),[38] two-photon
excitation,[39,40] and upconversion nanoparticles (UCNPs).[41,42]

Among them, directly shifting the absorption band of photoclick
reactants by extending their 𝜋-conjugation complicates their syn-
thesis, while redshifting the wavelength of irradiation via TTET,
as we reported recently,[38] is limited to orange light (590 nm) so
far and not yet sufficient to trigger deep-tissue photoreactions.
Further decreasing the energy of light required to initiate the
photoclick reaction could be realized via two-photon excitation
technology reaching the NIR light, which shows good penetra-
tion ability.[43] However, two-photon absorption requires high-
intensity pulsed laser light (pulse intensity >106 W cm−2) and
the process is usually inefficient.[44]

Lanthanide-doped UCNPs, due to their high chemical stabil-
ity, narrow emission bandwidth, and long luminescence life-
time, can effectively convert continuous wave NIR light into
UV or visible emission.[45,46] UCNPs can achieve highly ef-
fective luminescence and a wider upconverting band under
more economical continuous wavelength (CW) laser.[47] Further-
more, nano-sized particles can be monodispersed in organic sol-
vents and well mixed with organic compounds.[48] With UCNPs
transducers, NIR light can trigger photoreactions, including
photolysis,[49] photoisomerization,[50–52] photocycloaddition,[41,42]

and photopolymerization.[53] For instance, they have enabled
the two-way photoswitching of dithienylethene,[54] the reversible
control over the reflection of liquid crystals,[55–57] and the
modulation of the biocatalytic activity of bacteria.[58] Recently,
Barner-Kowollik and coworkers demonstrated that nitrile imine-
mediated tetrazole-ene cycloadditions (NITEC) can be activated
with 974 nm NIR light by UCNP addition.[41] However, the using
of pure MeCN as a solvent, high power (14 W) of laser, and long
irradiation time necessary to reach full conversion (over 40 min)
may limit its further application. Thus, developing efficient, fast,
and low power NIR light-driven photoclick reaction remains chal-
lenging.

Among all photoclick reactions, the 9,10-phenanthr-
enequinone (PQ)–electron-rich alkene (ERA) photocycload-
ditions have garnered significant interest due to its favorable
kinetics, biocompatibility, responsiveness to visible light, high
photoreaction quantum yield, and also the remarkable fluores-
cence properties exhibited by the photoclick products. Our recent
findings have demonstrated its potential for advancing chemical
biology and medical imaging.[18] Nonetheless, it is noteworthy
that the current limitations of this reaction lie in its restricted
activation wavelengths confined to the blue and green light

region.[18–21] Unfortunately, light within this range possesses
inadequate tissue penetration capabilities, thereby constraining
the in vivo applications, emphasizing the importance to use NIR
light. To tackle the main challenge identified, we introduce for
the first time a reliable and versatile strategy to NIR light-induced
PQ-ERA photoclick reactions using UCNP (Scheme 1). Taking
advantage of the excellent overlap of PQs or photosensitizer
absorption spectra, respectively, and UCNPs emission spectra,
the emitted light from UCNPs (excitation by NIR light) could
be efficiently reabsorbed by the PQs or photosensitizer systems.
This results in the efficient photocycloaddition reactions in
both general PQ-ERA (Scheme 1C) and TTET-induced PQ-ERA
(Scheme 1D). Furthermore, as a proof of principle experiment,
we demonstrate the potential of UCNP-PQ-ERA system for its
application in vivo by showing deep tissue penetration through
a chicken muscle.

2. Results and Discussion

The synthesis of the UCNPs and the PQ derivatives were de-
scribed previously (for detailed information, see Section S2,
Supporting Information).[21,38,46,59,60] For the NIR light-induced
PQ-ERA photoclick reaction to proceed efficiently, sufficient
spectral overlap between the emission of UCNPs, and the
absorption spectrum of the PQs or the TTET-promoting photo-
sensitizer, respectively, must be ensured. To satisfy this design
requirement under different reaction conditions, four UCNPs
were employed in this study, namely NaYF4@NaYF4:75%Yb3+,
0.5%Tm3+@NaYF4 (UCNP 1, sandwich core–shell–shell,
Figure S25, Supporting Information),[61] NaYF4:80% Yb3+, 2%
Er3+@NaYF4 (UCNP 2, core–shell, Figure S26, Supporting
Information),[62] NaYF4:40%Yb3+, 2%Er3+@NaYF4 (UCNP
3, core–shell, Figure S27, Supporting Information),[62] and
NaYF4:40% Yb3+, 2% Er3+@NaYbF4@ NaYF4:30% Nd3+ (UCNP
4, core–shell–shell, Figure S28, Supporting Information).[61,63]

From the transmission electron microscopy (TEM) images, and
X-ray diffraction results (Figure 1A,B; for detailed information,
see Section S4.2 and Figures S40–S45, Supporting Information),
hexagonal-phased nanoparticles UCNP 1–4 were obtained as
monodisperse, with a uniform size, which demonstrates the
homogeneity of the UCNP samples.

We next screened the UCNPs regarding compatibility of their
luminescence properties with the PQ-ERA system (Figures 1C
and 4B; Figure S31, Supporting Information), showing excellent
spectral overlap of the upconversion emission and the absorp-
tions of PQs or the photosensitizer (DiIbodipy), respectively. In
the region of 330–420 nm, UCNP 1 (codoped Yb 3+ and Tm3+)
emitting at 340 and 360 nm (1I6→

3F4, 1D2→
3H6, Figure S25 and

for detailed information, see Section S4.1, Supporting Informa-
tion) and UCNP 2 and 3 (codoped Yb 3+ and Er 3+) emitting
at 380 and 408 nm (2H9/2→

4I15/2, Figures S26–S27 and for de-
tailed information, see Section S4.1, Supporting Information),
overlap well with the absorption spectrum of PQ-3TP, PQ-3DiTP,
and PQ-3Furan (Figure 1C and Figure S32, Supporting Informa-
tion). In the region 510–550 nm, UCNP 2–4 emit at 520 and
540 nm (2H11/2→

4I15/2, 4S3/2→
4I15/2, Figures S26–S28 and for de-

tailed information, see Section S4.1, Supporting Information),
and thus match well with the absorption spectrum of DiIbodipy
(Figure 4B). Performing quenching experiments, we additionally
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Scheme 1. Schematic illustration of photocycloaddition of 9,10-phenanthrenequinone (PQ) with electron-rich alkenes (ERAs). The state-of-the-art:
A) UV/Blue light-triggered general PQ-ERA photoclick reaction and B) green light-induced TTET PQ-ERA photoclick reaction. The novel NIR light-
induced PQ-ERA photoclick reaction presented here with: C) general and D) TTET system assisted by UCNPs addition. For C) and D), all energy levels
are simplified, A3+ refer to Er3+ or Tm3+.

found that the upconverting emission intensity of the UCNPs
greatly decreases with an increasing concentration of PQs and Di-
Ibodipy (Figures S33–S39 and for detailed information, see Sec-
tion S4.1, Supporting Information). We can thus conclude that
the upconversion emission is effectively absorbed by PQs and
DiIbodipy and the systems indeed have the potential to achieve
NIR light-triggered direct and TTET-induced PQ-ERA photoclick
reactions (Scheme 1C,D).

Then, one of the best performing PQ-ERA photoclick reac-
tions, which involves PQ-3TP and N-boc-2,3-dihydro-1H-pyrrole
(PY),[60] was chosen as model system (for a general reaction
scheme, see Scheme 1A and Figure S47, Supporting Informa-
tion) to test the hypothesis of a NIR light-induced PQ-ERA pho-
toclick reaction, and to quantify the efficiency of the reaction com-
pared with our established photoligations via PQ-ERA.[18,21,38,60]

Furthermore, PQ-3TP exhibits remarkable stability even under
the thermal effects induced by prolonged exposure to a high-
intensity 980 nm laser (Section S4.3 and Figure S50, Supporting
Information).

Next, PQ-3TP and PY were combined in MeCN under N2 at-
mosphere in the presence of UCNP 1(1.5 mg mL−1). The pho-
toclick reaction progress was studied with UV–Vis spectroscopy
(Figure 1D). The initially yellow colored solution exhibited an ab-
sorption maximum at ≈390 nm. Upon 980 nm (28 W cm−2) NIR
laser irradiation, the solution color changed gradually from yel-
low to colorless. Accordingly, there was a gradual reduction in the
intensity of the absorption band at 390 nm while a new absorp-
tion band in the UV region of the spectrum was formed showing
a 𝜆max around 334 nm (Figure S51B, Supporting Information).
The observed behavior was analogous to that of the general PQ-
3TP+PY photoclick reaction proceeding without the addition of
UCNPs addition and irradiation with 390 nm UV light (Figure
S47, Supporting Information). The formation of the [4+2] pho-

tocycloaddition product was also confirmed by UPLC-MS. The
complete conversion of PQ-3TP was reached within 10 min us-
ing 980 nm laser irradiation, making this UCNP-PQ-ERA sys-
tem competitive with the fastest photoclick reactions triggered by
NIR light (Figure 1E, red line) known so far.[41,42] Next, we quan-
tified the reaction process by HPLC analysis (Figures S69–S71
and for detailed information, see Section S4.4, Supporting Infor-
mation). Our measurements showed a yield of 76% for the de-
sired product and only minimal formation of side products in the
crude NIR-irradiated reaction mixture (Figure S83B, Supporting
Information). Besides, conventional core–shell UCNP 1′ struc-
ture exhibited lower efficiency in the PQ-ERA photoclick reaction
than that of the original sandwiched structure (Section S4.3 and
Figures S52–S53, Supporting Information). Finally, to study the
influence of possible thermal effects on the reaction, photother-
mal effect of highly Yb3+ or Nd3+ doped UCNP reaction systems
was investigated. Under 980 nm irradiation, UCNP 1 solution
experienced an initial increase of 3 °C within a few seconds, fol-
lowed by a rise of 3 °C over 2 h (Figure S46, Supporting Informa-
tion, red line). In contrast, under 800 nm irradiation, the UCNP
4 solution exhibited negligible photothermal effect, i.e., less than
1 °C within 2 h (Figure S46, Supporting Information, blue line).
The results highlight the superior heat control achieved by utiliz-
ing the 800 nm irradiation, while the temperature change under
980 nm irradiation is acceptable.

Encouraged by these results, we continued to study the
same NIR light-induced photoclick system containing PQ-
3TP+PY+UCNP 1 at lower laser power density (16 and 8 W cm−2)
to pave the way toward in vivo applications. At the lower laser in-
tensities, a similar trend was also observed, albeit longer irradia-
tion times were required to reach full conversion (25 and 70 min,
respectively, Figure 1E). HPLC analysis showed that the reaction
yields were decreased to 64% and 43% for 16 and 8 W cm−2,

Adv. Funct. Mater. 2023, 33, 2306531 2306531 (3 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. Overview of NIR light-induced PQ-3TP+PY photocycloadditions. Transmission electron microscopy (TEM) image of: A) UCNP 1 and, B) UCNP
2. C) Overlap of the emission spectra of UCNPs (range: 325–600 nm, blue and green for UCNP 1 and UCNP 2, respectively) and absorption spectra
of PQ-3TP and PQ-3TP-PY. D) Reaction scheme of PQ-3TP+PY with UCNPs addition upon 980 nm laser irradiation. E,F) Kinetic traces (at 420 nm) of
the photocycloaddition between PQ-3TP (50 μM) and PY (500 μM) with 1.5 mg mL−1 UCNPs (UCNP 1 and UCNP 2, respectively) addition in 2.5 mL
MeCN under N2 atmosphere. The reaction mixture was irradiated with 980 nm laser (28, 16, 8 W cm−2) at 20 °C and followed by UV–Vis absorption
spectroscopy.

Adv. Funct. Mater. 2023, 33, 2306531 2306531 (4 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Substrate screening of NIR light-induced PQ-ERA photocycloadditions. Reaction scheme of: A) PQ-3DiTP+PY and B) PQ-3Furan+PY with
UCNPs addition upon 980 nm laser irradiation. C,E) Kinetic traces (recorded at 420 nm) of the photocycloaddition between PQ-3DiTP (50 μM) and PY
(500 μM) with 1.5 mg mL−1 UCNPs (UCNP 1 and UCNP 2, respectively) addition in 2.5 mL MeCN with N2 atmosphere. D,F) Kinetic traces (recorded
at 400 nm) of the photocycloaddition between PQ-3Furan (50 μM) and PY (500 μM) with 1.5 mg mL−1 UCNPs (UCNP 1 and UCNP 2, respectively)
addition in 2.5 mL MeCN with a N2 atmosphere. The reaction mixture was irradiated with 980 nm laser (16 W cm−2) at 20 °C and followed by UV–Vis
absorption spectroscopy.

respectively (Figures S72–S73 and S83B, Supporting Informa-
tion). The lower yields could be ascribed to a decomposition prod-
uct that was observed in PQ-3TP+PY+UCNP 1 system at pro-
longed irradiation times with the 980 nm laser. These findings
can be rationalized by a significant overlap between the UCNP 1
emission band and the absorption band of the desired PQ-3TP-
PY photoclick product (Figure 1C).

To alleviate the photodegradation concern, we redshifted the
upconversion emission to 380 and 408 nm with core–shell struc-
ture UCNP 2, which corresponds to the transition 2H9/2→

4I15/2 of
Er3+ under 980 nm excitation (Figure S26, Supporting Informa-
tion). The spectral overlap with the energetically lowest absorp-
tion of PQ-3TP is satisfying (Figure 1C). More importantly, the
spectral overlap with the photoclick product PQ-3TP-PY can be
avoided, which may circumvent photodegradation of the prod-
uct (Figure 1C). To explore this, we repeated the same photoclick
experiment as described above, now using UCNP 2 as the up-
converting system. We monitored the reaction by UV–Vis ab-
sorption spectroscopy (Figure S54 and Section S4.3, Supporting
Information), and observed a similar change in the absorption
spectrum upon 980 nm light irradiation as in the UCNP 1 sys-
tem (Figure 1F). The formation of the desired photoclick reaction
product was confirmed with HPLC and yields of 68%, 50%, and
49% were obtained depending on the laser intensity (for 28, 16,
and 8 W cm−2, respectively; Figures S74–S76 and S83B, Support-
ing Information). Strikingly, no photodegradation was observed
during this process, even with persistent 980 nm laser irradia-
tion (Figure S48, Supporting Information). Meanwhile, the cor-
responding control experiment in the absence of UCNPs did not
yield any of the desired photoclick cycloadduct (Figure S49 and

for detailed information, see Section S4.3, Supporting Informa-
tion). In addition, we examined the effectiveness of a sandwich
structure using Er3+ doped UCNP 2′ (NaYF4@NaYF4:80%Yb3+,
2% Er3+@NaYF4) in the NIR light-induced PQ-ERA photoclick
reaction as a control. Results obtained are similar to that of
the original core–shell structure UCNP 2 (Section S4.3 and
Figure S55, Supporting Information).

After achieving the successful photoinduced coupling chem-
istry for PQ-3TP+PY in the NIR-triggered upconversion system,
we turned our attention to two further PQ derivatives, namely
PQ-3DiTP and PQ-Furan. We investigated their propensity to
react with PY analogous to PQ-3TP in the presence of UCNP
1 or UCNP 2 to demonstrate the generalizability of our NIR
light-induced PQ-ERA photoclick strategy (Figures S57–S60 and
Section S4.3, Supporting Information). Gratifyingly, both com-
pounds should a similar behavior as PQ-3TP forming the re-
spective photocycloaddition products, PQ-3DiTP+PY and PQ-
3Furan+PY (Figure 2), which was also confirmed by HPLC anal-
ysis (Figures S77–S79 and Section S4.4, Supporting Informa-
tion). Control experiments showed that the same products are
obtained in the absence of UCNPs under 390 nm irradiation
(Figures S48–S49, Supporting Information); however, no prod-
uct formation was observed under NIR laser irradiation. The re-
sults demonstrated that our UCNPs-assisted NIR light-induced
PQ-ERA photoclick strategy is generally applicable and efficiently
mediation PQ-ERA photoclick reactions.

Next, we explored to the deep-tissue penetration propensity
of our NIR light-induced PQ-ERA photoclick reaction system
(Figure 3A). PQ-3TP (50 μM, 1 eq), PY (500 μM, 10 eq), and
UCNP 2 (1.5 mg mL−1) were combined in a cuvette (MeCN,

Adv. Funct. Mater. 2023, 33, 2306531 2306531 (5 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Overview of the penetration ability of NIR light-induced PQ-ERAs photoclick reaction. A) Reaction scheme and B) schematic illustration of
the tissue penetration experiment setup: a 2-mm slice of a chicken breast muscle was placed between the beam and the reaction vessel to demonstrate
the penetration capability of the near-infrared light. C) Time-resolved UV–Vis absorption spectra, D) kinetic traces (recorded at 420 nm), and E) HPLC
analysis of the photocycloaddition between PQ-3TP (50 μM) and PY (500 μM) with UCNP 2 (1.5 mg mL−1) addition in 2.5 mL MeCN (N2 atmosphere);
the reaction mixture was irradiated with 980 nm laser (3.5 W) at 20 °C over 240 min.

N2 atmosphere) covered with a 2-mm thick slice of chicken
breast muscle (Figure 3B; Figure S4 and Section S1, Supporting
Information). The sample was irradiated with 980 nm laser
(3.5 W, 28 W cm−2) and the process was monitored by
UV–Vis absorption spectroscopy (Figure 3C,D). To our
delight, the presence of the tissue did not much af-
fect the [4+2] photocycloaddition product formation and
the same trend was observed compared with the gen-
eral PQ-3TP+PY photoclick reaction (UCNP 2 addition,
980 nm irradiation, Figure 1E) with longer irradiation time.
Notably, the power intensity of the 980 nm laser was signifi-
cantly attenuated after penetration through the chicken breast
(a decay from 3.5 to 0.4 W was observed), which explains why
prolonged irradiation times (>240 min) required to achieve a full
conversion. Furthermore, mindful of the fact that the maximum
permissible exposure of skin to NIR light within the wavelength
range of 650–980 nm ranges from 0.2 to 0.726 W cm−2,[64] and
aiming to further establish the potential value of this system
in biological applications, we conducted additional penetration
experiments (PQ-3TP+PY+UCNP 2) where the sample was
covered by a 1 mm slice of chicken breast muscle. Low-intensity
980 nm NIR light (0.7 W cm−2) was applied, and we closely mon-
itored the changes in the UV–Vis absorption spectra. The results,
depicted in Figure S61 (Supporting Information), clearly exhibit
a discernible alteration in the UV–Vis absorption spectra as the
irradiation time increased from 0 to 240 min. Remarkably, this
change closely resembled the observations made in the previous
high-intensity experimental group (Figure 3C) that confirms the
generation of photoclick product, providing compelling evidence
supporting their promising applications in biological systems.

While these results show that the photoclick reaction of PQs
bearing substituents in position 3 can be promoted with UCNPs
and NIR light instead of direct irradiation with 390 nm light, we
recently found that PQs bearing electron-rich substituents in 2-
position behave in a significantly different way: their direct acti-
vation with light leads to an inefficient intersystem crossing and
very slow reaction.[38] However, the triplet state of PQ can be pop-
ulated using a suitable photosensitizer, triggering the photoclick

reaction via a TTET process. The additional benefit of this ap-
proach was that the wavelength of irradiation could be shifted to
the green region (530 nm).

In addition, it is still worth noting that, in the Yb-Er up-
conversion system, as shown in Scheme 1D, the intensity of
green emissions (520 and 540 nm) is much higher than blue
emission (408 nm, Figures S26–S28, Supporting Information),
which is caused by the upconversion quantum yield of blue
emission (originating from three-photon excitation) being ten
times lower than green emissions (originating from two-photon
excitation).[65–67] However, it is difficult to harvest such high ef-
ficiency upconversion green light on the classical PQ-ERA pho-
toclick reaction, since the poor overlap of the UCNP 3 and 4 emis-
sion spectra and the 3-position substitution PQ absorption spec-
tra.

Consequently, we were interested whether it would be possi-
ble to further bathochromically shift the photochemical stimu-
lus by combining the TTET-sensitized PQ-ERA photoclick reac-
tion system with upconversion nanoparticles. The chosen pho-
tosensitizer, DiIBodipy, exhibits a strong absorption around
520–530 nm range, which overlaps well with the emission spec-
trum of UCNP 3 and UCNP 4 (upon 980 and 800 nm laser exci-
tation, respectively) and is thus promising to realize a UCNP as-
sisted NIR light-induced, TTET-initiated PQ-ERA photoclick re-
action (Figure 4A).

To verify this hypothesis, DiIBodipy (𝜆max = 528 nm,
Figure 4B) was employed as a photosensitizer for a TTET-
initiated PQ-ERA photoclick reaction between PQ-2DiTP and
PY. From previous TD-DFT calculations,[68–72] we know that the
excited triplet T1 state energy of DiIBodipy is 1.63 eV (for de-
tailed information, see Section S5, Supporting Information) and
hence slightly higher than the T1 state energy of PQ-2DiTP
(T1 = 1.58 eV), suggesting that a TTET process from DiIBod-
ipy to PQ-2DiTP can occur upon excitation of DiIBodipy. To test
first the direct TTET process, PQ-2DiTP, PY, and DiIBodipy were
combined in a cuvette (MeCN, N2 atmosphere) and irradiated
with 530 nm LED, where DiIBodipy (𝜆max = 525 nm, Figure 4B)
features a strong absorption. Progress of the reaction was

Adv. Funct. Mater. 2023, 33, 2306531 2306531 (6 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 2023, 50, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202306531 by U
niversity O

f A
m

sterdam
, W

iley O
nline L

ibrary on [26/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.afm-journal.de

Figure 4. Overview of the NIR light-induced TTET-PQ-ERA photoclick re-
action system. A) Schematic illustration of the NIR light-induced TTET-
PQ-ERA photoclick reaction. B) Overlap of the emission spectra of
UCNPs (yellow and green for UCNP 3 and UCNP 4, respectively) and
absorption spectra of photosensitizer-DiIbodipy. C) Kinetic traces (at
390 nm) of the photocycloaddition between PQ-2DiTP (50 μM) and PY
(500 μM) with DiIbodipy (25 μM) and 1.5 mg mL−1 UCNPs (red line:
UCNP 3 and black line: UCNP 4, respectively) addition in 2.5 mL MeCN
with N2 atmosphere. The reaction mixtures were irradiated with 980 nm
(UCNP 3 group, 16 W cm−2) and 800 nm (UCNP 4 group, 16 W cm−2)
laser at 20 °C and followed by UV–Vis absorption spectroscopy.

monitored by UV–Vis absorption spectroscopy (for detailed in-
formation, see Section S4.2 and Figure S62, Supporting Informa-
tion). An increase in the absorption band at 390 nm was observed,
indicating the formation of [4+2] photoclick adducts, which
was confirmed by UPLC-MS measurements. This enhancement
reaches a plateau after ≈10 s ( k530

obs= 0.309 s−1, Figure S62, Sup-
porting Information), exhibiting a faster TTET-induced PQ-ERA
photoclick reaction than our previously reported system.[38] No-
tably, this system also works efficiently in the presence of only
0.5% and 0.25% of DiIBodipy ( k530

obs= 0.0078 s−1 and 0.0043 s−1

respectively, Figure S63, Supporting Information).
Encouraged by these results, we then sought to explore the

same TTET photoclick system using NIR light and UNCPs. We
combined PQ-2DiTP, PY, DiIBodipy, and UCNP 3 in a cuvette
and irradiated with a 980-nm laser (28 and 16 W cm−2), and
we monitored the reaction by UV–Vis absorption spectroscopy
(Figures S64–S65, Supporting Information). Confirming our hy-
potheses, upon 980 nm light irradiation, an increase in absorp-
tion band at 390 nm was observed and reached a plateau at 30 and
80 min using 28 and 16 W cm−2 intensity, respectively, (Figure 4C
and Figure S56, Supporting Information). The formation of
[4+2] photoclick adducts was confirmed by the HPLC analysis
(Figures S68–S69 and Section S4.4, Supporting Information).
Building on this, we conducted additional control experiments

in the absence of a photosensitizer to confirm its importance
(for detailed information, see Section S4.3 and Figures S66–S67,
Supporting Information). The results unequivocally demonstrate
that neither the utilization of a 530-nm LED (after 10 min of irra-
diation, Figure S66, Supporting Information) nor the application
of a 980-nm laser (after 90 min of irradiation, Figure S67, Sup-
porting Information) leads to the photoclick reaction in the ab-
sence of photosensitizers. This compelling evidence further em-
phasizes the pivotal significance of photosensitizers in the TTET-
induced PQ-ERA photoclick system.

Finally, we also considered that the absorption of water and bi-
ological tissues around 980 remains non-negligible, which will
attenuate the 980 nm excitation light and cause local heating at
the irradiation site.[73] We thus employed UCNP 4 which can be
excited at 800 nm, where tissue is hardly absorbing and would
consequently cause less thermal effects and better penetration.
Upon 800 nm NIR laser irradiation, we indeed observed a sim-
ilar trend in PQ-2DiTP conversion as in the presence of UCNP
3 (Figure 4C; Figure S65B, Supporting Information). The HPLC
analysis confirmed that we obtained the correct photoclick prod-
uct (Figure S82, Supporting Information). To validate the supe-
riority of the UCNP 3 and UCNP 4 systems, we also included
UCNP 1 in the NIR light-driven TTET-PQ-ERA photoclick reac-
tion. While the emission spectrum of UCNP 1 does exhibit some
overlap with the absorption spectrum of DiIBodipy at 360 and
480 nm, the degree of overlap is relatively low (Figure S68B, Sup-
porting Information). As anticipated, the UCNP 1-TTET system
proved to be highly inefficient, as indicated by the lack of signif-
icant changes even after 90 min of exposure to a 980-nm laser
(16 W cm2; for detailed information, see Section S4.3 and Figure
S68, Supporting Information). These findings strongly indicate
that UCNP 3 and UCNP 4, with their superior overlap between
emission and the absorption of DiIBodipy, are better suited for
facilitating the TTET-induced photoclick reaction. These results
demonstrate the robustness and flexibility of our UCNP-assisted
NIR light-induced photoclick reaction and its potential for in vivo
labeling.

3. Conclusion

In summary, we report the first reliable and versatile strategy
toward NIR light-induced PQ-ERA photoclick reaction. Differ-
ent from traditional photochemistry in which external light di-
rectly induces the reaction, the nanoparticles UCNPs dispersed
in the solution played the role of UV/blue nanoemitters uni-
formly distributed in the reaction system under NIR light irra-
diation. These novel UCNPs with specially designed nanostruc-
tures and tunable spectra improve significantly the upconver-
sion emission intensities and spectral overlap with PQ absorp-
tion. Promoted by these UCNPs, efficient photocycloaddition re-
actions were achieved under 800 or 980 nm NIR light irradia-
tion using two methodologies involving both general PQ-ERA
and TTET-induced PQ-ERA systems. The transformations could
be completed within 10 min with production yield as high as
76%, exhibiting the fastest and efficient photoclick reaction trig-
gered by NIR light. Precise spectral customization of UCNPs cir-
cumvented successfully photodegradation of the reaction system.
It was confirmed from the spectroscopy that the UCNPs activa-
tion of the photoclick reaction follows radiative energy transfer

Adv. Funct. Mater. 2023, 33, 2306531 2306531 (7 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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mechanism. Notably, the deep-tissue penetration experiment
employing chicken tissue showed the potential of the strategy to
promote in vivo PQ-ERA photoclick reactions. We envision that
this mild, efficient, fast NIR light-induced PQ-ERA photoclick
reaction is not limited to the chemistry shown here but can be
used in a wide range of applications, such as polymer conjuga-
tion, photopatterning, and photochemical cross-linking. Studies
toward these applications and further developments to explore
the full potential of this photoclick reaction manifold are now un-
derway in our laboratories.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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