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A series of solid-state triplet—triplet annihilation upconversion
systems have been developed utilizing a penta-nuclear Yb complex
as the sensitizer, converting near-infrared light into blue, green and
red photons. The endothermic sensitization of organic annihilators
by the Yb complex enables an anti-Stokes shift exceeding 1.3 eV.

The triplet-triplet annihilation upconversion (TTA-UC) process
combines two triplet excitons to generate a higher energy singlet
exciton in organic chromophores, allowing the conversion of
lower energy photons into higher energy ones. It holds great
application potential in various fields, including photocatalysis,
photovoltaics, biological imaging and sensing, etc.'™ TTA-UC is
usually achieved via a photosensitization strategy to accumulate
enough triplet excitons for the annihilation process to occur.>®
Anti-Stokes shift, upconversion efficiency, excitation/emission
spectral coverage, and excitation intensity threshold are among
the key performance indicators in TTA-UC.” For upconversion
systems, a significant anti-Stokes shift remains the most pro-
minent and desirable metric, and ongoing efforts aim to achieve
upconversion from near-infrared (NIR) to visible light.® Signifi-
cant efforts have been made over the past decade to develop new
sensitizers for TTA-UC with large anti-Stokes shifts, such as
metal complexes, thermally activated delayed fluorescence chro-
mophores, inorganic semiconductors and nanocrystals.’™*?
Recently, lanthanide complexes have garnered increasing atten-
tion as sensitizers in TTA-UC owing to their advantageous
properties such as NIR absorption, the absence of intersystem
crossing and minimal re-absorption effects."*™® Energy losses
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induced by intersystem crossing (ISC) in the conventional
organic sensitizer such as porphyrin derivatives are mitigated
by using the new sensitizers described above, and a greater
energy gain during the upconversion has been achieved.” ™
However, the downhill energy transfer during the sensitization
process still loses some of the excitonic energy, limiting further
expansion of the anti-Stokes shift (Fig. 1a). Schmidt et al. pio-
neered isoenergetic/slightly uphill energy transfer between the
sensitizer and annihilator with the aid of entropy gain."” Our
group and Durandin’s group have demonstrated that a triplet
energy-deficient sensitizer can effectively sensitize an annihilator
in TTA-UC through thermally activated triplet energy transfer.'®"°
The endothermic triplet energy transfer from the sensitizer to the
annihilator compensates for the energy loss during ISC and even
gains additional energy, thereby extending the anti-Stokes shift of
upconversion.

In our ongoing exploration of thermally activated sensitiza-
tion of TTA-UC,"'®?°7? it is speculated that the incorporation of
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Fig. 1 Schematic energy diagram of traditional TTA-UC (a) and Yb-
annihilator TTA-UC systems (b).
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lanthanide sensitizers and thermally activated sensitization
would enable ultra-large anti-Stokes in TTA upconversion.
Herein, three TTA-UC systems involving a penta-nuclear Yb
complex as a sensitizer have been developed. The Yb complex
can sensitize annihilators with different triplet energy levels,
allowing these systems to achieve NIR upconversion and pro-
viding upconversion spectral coverage across the entire visible
range (Fig. 1b). The Yb complex can sensitize aromatic annihi-
lators via exothermic or endothermic triplet energy transfer,
enabling TTA upconversion emission. Notably, the endother-
mic sensitization systems achieve anti-Stokes shifts of 1.16 and
1.32 eV, respectively. Lanthanide-activated upconversion lumi-
nescence can utilize the energy of more than two photons
through cooperative energy transfer or cascade energy transfer
processes, achieving large anti-Stokes shifts. Unlike TTA-UC in
organic systems, rare-earth upconversion does not suffer from
significant energy loss processes during intersystem crossing
and energy transfer, resulting in significantly larger anti-Stokes
shifts compared to TTA-UC. However, lanthanide upconversion
materials typically exhibit narrow excitation and emission
bands. Incorporating these materials with organic molecules
can broaden the emission spectrum and enhance color diver-
sity. Lanthanide complexes with NIR absorption can serve as a
valuable complement to traditional TTA-UC materials, provid-
ing potential applications in sensing and three-dimensional
displays. Moreover, thermally activated and conventional TTA-
UC systems show an opposing trend toward temperature
changes. Ratiometric luminescence temperature sensing has
also been developed by combining TTA-UC materials of these
two different sensitization mechanisms.
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Yb complexes have emerged as promising sensitizer candi-
dates due to the effective absorption in the NIR region com-
pared with other lanthanide complexes. However, the utilization
of Yb complexes in TTA-UC systems remains relatively
limited.'®** In this work, the penta-nuclear Ybs(DBM);,(OH);
is chosen as the sensitizer due to its relatively large NIR
absorption cross-section compared to other rare earth com-
plexes, to study the TTA-UC of organic chromophores driven
by it. Ybs(DBM),o(OH)s was prepared according to the previous
report and the structure was characterized by single-crystal X-ray
diffraction.>*** The Yb complex unit consists of a neutral cluster
formed of five Yb atoms, ten dibenzoylmethane (DBM) ligands,
and five hydroxyl groups. It is crystallized in tetragonal group
P4/n, Z = 2 and the five Yb*>" ions are linked together through
five hydrophilic hydroxo-bridges to give the [Ybs(OH);]'** cluster
core, presenting a regular square-based pyramidal geometry.
Each Yb*' ion is eight-coordinate. DBM ligands in Ybs(DB-
M);0(OH)s coordinated to the apical Yb atom are equiprobably
disordered over two positions, which is associated with rota-
tional distortion of the ligand. The absorption and lumines-
cence spectra in dimethylformamide (DMF) and the structure of
Ybs(DBM),o(OH);s are shown in Fig. 2a. The typical Yb core
absorption peak is located at 980 nm with a molar absorption
coefficient of 36 M ' L', making it a candidate for a NIR
photosensitizer. Upon excitation with 980 nm NIR light, Ybs(DB-
M);0(OH);5 emits luminescence with a peak at 1010 nm, which is
attributed to the *F,;, — °Fs/, transition. The NIR absorption
and luminescence of Ybs;(DBM),;o(OH); provide a transparent
window and background-free condition for upconversion
emission over a wide visible range.

(@) 200 15> (b) Abs of TIPS > (c)>.
10000 Abs of Ybs(DBM)s(OH)0| g5 03} FLoftTPs |gp2 210 Yb-TIPS
') L] 7)) Yb-BPEA
——PLof Yb5(DBM)5(OH)0 { € o ST c e
—_ » Q 53 B & 0.8 Yb-PDI
~ £ 0o e we 8
£ | 110E £ Absof BPEA| £ € .
Gyoq i o s So. o FLof BPEA |0.7 5 .
< 100 ! VJ’ [ 5 =)= [ .g
] / N & N 0.4
= | = Qo - S, 0% B
s ] {05 8 < Abs of PDI £ 02 Yb.TIPS Yb-BPEA Yb-PDI
" £ 0 FLofPDI 0.7 £ gl
o o A oatal s =
~ L s L e BB e el Sy S
400 600 800 1000 1200 0.0 500 600 700 800 900 0.0 4 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm) Wavelength (nm)
(d) ; (e) ' (f) :
10%} d —_ ! -
~ \ 5 104} ! 3 10} _
:’ : S 9" Scope=1.1 S " Scope=1.0
b 1 Scope=1.1 3l > i
210 : g | B 100 I
= K ! =28 Wicm2 10
[7] i g s 2 < th cm c =
c i =35 Wicm 2 102t ! ] Scope=2.Q | -21 Wicm?2
] Scope=2.2: < Scope=1.9 | c !
{— I | - I
— 103 L 1 " 101 n ' L 102 L . L
10" 102 10° 102 10’ 2102
Power density (W/cm?) Power density (W/cm?) Power denstiy (W/cm*)

Fig. 2 (a) The absorption (dash line) and normalized photoluminescence (solid line) spectra of sensitizer Ybs(DBM);o(OH)s (fex = 980 nm, 0.01 mol L™4).
(b) Absorption (dash-dot line) and normalized fluorescence (solid line) spectra of annihilators TIPS (blue shaded, /e, = 420 nm, 1.0 x 10~* M), BPEA (green
shaded, Jex = 430 nm, 1.0 x 10~* M), and PDI (red shaded, Jex = 480 nm, 8.0 x 104 M) in DMF. Insets are the chemical structures of Ybs(DBM);o(OH)s,
TIPS, BPEA and PDI, respectively. UC emission spectra (c) of Yo—TIPS (2:1), Yo—BPEA (9:1), Yo—PDI (18 : 1) in DMF (4ex = 980 nm with a CW laser diode)
and the insets are the corresponding photos of TTA-UC solution. Dependence of the TTA-UC intensity on the various incident power densities of (d) Yb—
TIPS (6:1), (e) Yo—BPEA (9:1), and (f) Yo—PDI (36 : 1) (ex = 980 nm). All UC tests were conducted by excitation by a 980 nm laser diode under an argon

atmosphere.
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Unlike conventional TTA-UC systems that rely on triplet-
triplet energy transfer (TTET) from organic sensitizers and anni-
hilators, lanthanide complexes capture lower-energy photons and
directly deliver energy to the annihilator through an energy
transfer (ET) process to avoid ISC energy loss (Fig. 1b). In addition,
the energy difference between the Yb sensitizer and the annihilator
triplet (AE = E, — E,, where E, and E; are the energy levels of the
annihilator triplet and the Yb sensitizer, respectively) plays a
critical role in the ET process and further impacts the TTA-UC
performance. TTA-UC systems of endothermic sensitization
(AE > 0) require thermal input from the environment to
facilitate the ET process, thereby achieving additional energy
gain. This ultimately results in larger anti-Stokes shifts and
different temperature response compared to conventional TTA-
UC systems (AE < 0). To construct the exothermic and endo-
thermic TTA-UC systems, three organic molecules, 9,10-bis((triiso-
propylsilyl)ethynyl)anthracene (TIPS), 9,10-bis(phenylethynyl)
anthracene (BPEA), and N,N’-bis(ethylpropyl)perylene-3,4,9,10-
tetracarboxylicdimide (PDI), were chosen as the annihilator
based on their different triplet energy levels. The triplet energy
level (1.24-1.36 eV) of BPEA*®?” is equal to or slightly higher
than the excitation energy of Ybs(DBM);,(OH)s (1.27 eV). The
triplet energy levels of TIPS (1.37 eV)® and PDI (1.15 eV)**?° are
significantly higher and lower than the excited energy level of
the Yb complex. The absorption and luminescent spectra of the
annihilators are shown in Fig. 2b. The TIPS, BPEA and PDI
show emission peaks at 480, 510 and 610 nm, respectively.
These emissions cover the visible range and fall just within the
transparent window of the Yb complex absorption.

Each of the three annihilators is paired with Ybs(DBM);,(OH)s
to construct the TTA-UC samples Yb-TIPS, Yb-BPEA and Yb-PDI,
and Yb-PDI, respectively. Under 980 nm CW laser excitation,
Yb-TIPS, Yb-BPEA and Yb-PDI exhibit distinct upconversion
emission corresponding to the fluorescence of TIPS, BPEA and
PDI, respectively (Fig. 2c). A record anti-Stokes shift of 1.32 eV was
obtained in the Yb-TIPS system, based on the lowest absorption
peak of the photosensitizer and the bluest emission peak of TIPS.”
The anti-Stokes shift for Yb-BPEA and Yb-PDI was estimated to be
1.16 and 0.77 eV, respectively. The upconversion emission life-
times (tyc) of Yb-TIPS, Yb-BPEA and Yb-PDI in DMF are in the
microsecond range, which is three orders of magnitude longer
than the corresponding fluorescence decay of the annihilator
(Table 1), suggesting a delayed emission from TTA. The TTA-
based upconversion mechanism is further supported by the
excitation intensity dependence of the UC emission. Double-log
plots of the UC emission versus excitation intensity of the
Yb-TIPS, Yb-BPEA and Yb-PDI show a quadratic to linear
transition, giving a threshold excitation intensity (fy,) (Fig. 2d-f).
The excitation threshold of the UC material indicating the shift
from the quadratic to the linear dependence regime is obtained in
the order of twenty to thirty W cm 2,

The energy transfer efficiency (n7gr) between the Yb cluster
and the annihilator was further studied by time-resolved
spectroscopy. Under excitation by a 980 nm pulse laser, the
luminescence lifetime of Ybs(DBM);o(OH)s at 1010 nm is
shortened while the annihilators are present. The ygr from
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Table 1 The photophysical parameters of TTA-UC and the emission
lifetime of the sensitizer and annihilators in DMF

Sample typ (U8)  Her (%) Im (Wem ) 1y (us) g (nS)
Ybs(DBM),,(OH)s 8.7 — — — —
Yb-TIPS (6:1) 7.3 16.1 35 8.9 4.8
Yb-BPEA (18 : 1) 7.0 22.2 28 6.8 3.8
Yb-PDI (18:1) 7.9 9.1 21 5.1 5.2

Ybs(DBM),,(OH); to annihilators was estimated based on the
equation: ngr = 1 — Typ/Tybo, Where typo and ty, are the
luminescence lifetimes of the Yb complexes with and without
annihilators in DMF, respectively. The ngr of Yb-TIPS, Yb-BPEA
and Yb-PDI is estimated to be 16.1, 22.2 and 13.2%, respec-
tively (Table 1), indicating the occurrence of energy transfer
from Ybs(DBM);,(OH)s to the annihilators. These results also
confirm that the Yb complex can sensitize annihilators through
endothermic energy transfer and then cause them to generate
upconversion. Due to the high excitation threshold and high
laser intensity, we were unable to measure reliable upconver-
sion quantum efficiency for the present TTA-UC system.
Solid-state samples with dense annihilators not only facilitate
the triplet exciton diffusion in the annihilator matrix but also
benefit the endothermic sensitization.'®?° Therefore, the TTA-UC
systems of Yb-TIPS, Yb-BPEA, and Yb-PDI were prepared into
microcrystals by the co-precipitation method, respectively. Scan-
ning electron microscopy (SEM) analysis reveals distinct
morphologies among the three types of TTA-UC microcrystals
(Fig. S6, ESIf). Yb-TIPS, Yb-BPEA, and Yb-PDI microcrystals
exhibit polygonal, rod-like and leaflike shapes, respectively.
The powder X-ray diffraction (PXRD) of the TTA-UC microcrystals
showed characteristic peaks from the sensitizer and the annihi-
lator crystals (Fig. S7, ESIT). The energy transfer efficiencies from
the sensitizer to the annihilators was increased in the micro-
crystals due to close packing of the components, and were
estimated to be 31, 53 and 48% for Yb-TIPS, Yb-BPEA and
Yb-PD], respectively. The UC emission in the solid state is red-
shifted compared to that in solution, resulting from molecular
aggregation of the annihilator. We also measured I, of the
solid TTA-UC (Fig. S9, ESIT), which yielded values of 3.0, 2.5,
and 2.3 W em ™2 for Yb-TIPS, Yb-BPEA, and Yb-PDI, respectively.
The significantly lower I;, compared to that in solution is
primarily due to more efficient energy transfer from the sensitizer
to the annihilator in the solid state. The UC lifetimes for the three
samples in the microcrystals exhibit distinct variation trends
(Fig. S3, ESIT). Yb-TIPS microcrystals exhibit a slightly shorter
upconversion lifetime (5.7 ps) compared to the solution, which
may be attributed to the reduced fluorescence quantum effi-
ciency and shortened lifetime in the solid state. In contrast, Yb-
BPEA and Yb-PDI microcrystals show extended upconversion
lifetimes, suggesting that the triplet excited states have longer
lifetimes in the crystalline phase than those in the solution.
The effect of temperature on the TTA-UC was further studied
since endothermic sensitization TTA-UC of Yb-TIPS, Yb-BPEA,
and Yb-PDI at different temperatures has been investigated,
respectively, and is shown in Fig. 3a, b and Fig. S10a (ESIt). The

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 3 Upconversion emission spectra of the Yo—BPEA microcrystals (molar ratio = 1: 30) (a), the Yb—PDI microcrystals (molar ratio = 1:10) (b) and the
mixed microcrystals of Yo—BPEA and Yb—PDI (mass ratio of Yo—BPEA/Yb—PDlI is 1:4) (c) from 223 to 293 K upon excitation by a 980 nm CW laser diode.
Intensity ratio (/s70/650) of Yo—BPEA/Yb—PDI (1: 4) (d) obtained at various temperatures. Inset: upconversion images of the mixed microcrystals at various

temperatures.

UC emission intensity of Yb-TIPS and Yb-BPEA increases as
the temperature increases from 223 to 293 K, showing a
different trend from that of Yb-PDI, a conventional TTA-UC
system with exothermic sensitization. The upconversion
enhancement with increasing temperature reflects the presence
of a thermally activated energy transfer process in the TTA-UC
system. Based on the triplet energy level of the annihilator and
the excitonic energy of the Yb complex, it can be assumed that
the annihilator in Yb-TIPS and Yb-BPEA is sensitized by Yb via
a thermally activated energy transfer.

The contrasting temperature-dependent trends of TTA-UC
emission make it possible to construct a ratiometric luminescent
probe mixed with two TTA-UC microcrystals. Yo-BPEA and Yb-PDI
microcrystals with stronger UC emission are selected because Yb-
TIPS microcrystals have the weakest UC emission (Fig. S10b, ESIt).
The mixed microcrystals with the mass ratio of Yb-BPEA to Yb-
PDI of 1:4 shows dual emission peaks at 570 and 650 nm,
corresponding to the upconversion emission peaks of Yb-BPEA
and Yb-PDI microcrystals, respectively (Fig. 3c and Fig. S11, ESIY).
Since Yb-BPEA with endothermic sensitization has an emission
band around 650 nm, the enhancement of Yb-BPEA exceeds the
attenuation of upconversion from Yb-PDI with exothermic sensi-
tization as temperature increases. Consequently, the hybrid system
exhibits an overall increase in upconversion with rising tempera-
ture, although the enhancement at longer wavelengths is weaker
compared to that at shorter wavelengths. Plotting the intensity
ratio (Is;0650) Of the UC emission intensity at 570 and 650 nm
against temperature changes from 223 to 293 K yields a good
linear relationship, which can be described by I5;0/650 = 1.05 %
10 >7+1.95 with a fitting correlation coefficient (R?) value of 0.993
(Fig. 3d). While the temperature increases, the change of lumines-
cent color from plum to reddish-orange can be observed without
filters (Fig. 3d). The maximum relative thermal sensitivity (Sr) was
determined to be 2.71%/K (Fig. S12, ESIi). The chemical

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

composition of the mixed TTA-UC microcrystals of (Yb-BPEA/
Yb-PDI) was tested using energy dispersive X-ray spectroscopy
(EDX), as shown in Fig. 513 and S14 (ESIt). The EDX spectrum of
the mixed microcrystals shows the uniform distribution of all four
elements at the current resolution, indicating no obviously segre-
gation in the doped microcrystals.

In summary, we have incorporated Ybs(DBM);,(OH)s as a NIR
sensitizer and three organic annihilators with different triplet
energy levels to achieve TTA-UC from NIR to blue, green and red
photons in the solid state. The Yb complex sensitizes the annihi-
lator via exothermic or endothermic triplet energy transfer and a
record anti-Stokes shift of 1.32 eV is obtained in a thermally
activated sensitization combination (Yb-TIPS). Based on the
opposing temperature responsiveness of the UC emission intensity
from exothermic and endothermic sensitized TTA-UC, a ratio-
metric luminescent temperature sensing material has been devel-
oped by combining these two TTA-UC materials. Although the
upconversion emission in the blue region was too weak to achieve
a white-light TTA-UC combination, lanthanide complexes still
demonstrate significant potential in NIR photochemical upconver-
sion. The utilization of lanthanide complexes to sensitize organic
annihilators is emerging due to the potential for achieving large
anti-Stokes shifts, moderate excitation intensities, and diverse
upconversion spectra, despite some inherent shortcomings such
as low absorption cross-sections in lanthanide complexes.
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