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ABSTRACT

Sensitized triplet-triplet annihilation can be utilized to upconvert low-intensity visible (Vis) light into ultraviolet (UV) light,
making it useful for applications powered by short-wavelength sunlight. However, dye systems for this wavelength range are
limited. Here, we report that Vis-to-UV upconversion (UC) is achieved with dye pairs that include the thermally activated delayed
fluorescence (TADF) luminophores 2,3,5,6-tetrakis(carbazol-9-yl)benzonitrile (4CzBN) or 2,4,5,6-tetrakis(9H-carbazol-9-yl) iso-
phthalonitrile (4CzIPN) as sensitizer and bis(phenylethynyl)benzene (BPEB) or an alkoxylated BPEB derivative as emitter. The
photophysical characterization of degassed toluene solutions of the four possible combinations of these dyes reveals efficient
triplet energy transfer efficiencies exceeding 80%, upconverted UV emission centered at ca. 380 nm with an anti-Stokes shift

2 and

of up to 0.64 eV from the blue range of the optical spectrum, excitation threshold intensities as low as ca. 25 mW-cm™
UC quantum yields up to 4.5%, depending on the dye combination. These results establish pairs of TADF sensitizers and
BPEB emitters as viable candidates for Vis-to-UV (UC), broadening the molecular design space for next-generation photonic

and solar-powered UV applications.

1 | Introduction noncoherent excitation conditions such as sunlight [10, 11]. In
STTA-UC, a visible-light-absorbing sensitizer undergoes intersys-
tem crossing (ISC) and its triplet state is populated, followed by
Dexter-type triplet energy transfer (ET) to an annihilator/emitter
molecule. Collisions between two emitter triplets may result in
triplet-triplet annihilation (TTA), generating an emissive singlet

excited state and ultimately UV photon emission (Figure 1A).

Harnessing solar energy to power ultraviolet (UV) light-driven
chemical transformations, such as water disinfection [1], photo-
polymerization [2, 3], and UV-induced catalysis [4, 5], is an
attractive strategy for increasing the sustainability of such pro-
cesses. However, the limited UV content of terrestrial sunlight,
accounting for less than 10% of the overall spectrum, remains a

fundamental bottleneck for direct solar utilization in such appli-
cations [6]. To address this limitation, researchers have explored
photon upconversion (UC) mechanisms that convert low-energy
visible (Vis) light into higher-energy UV photons [7-9]. Among
the different strategies to achieve UC, sensitized triplet-triplet
annihilation (STTA) has emerged as a particularly promising
approach. This process enables UC under low-intensity,

The success of this mechanism critically depends on the triplet
energetics and excited-state dynamics of both the sensitizer and
the emitter [12-14]. Historically, the most efficient TTA-UC sys-
tems have relied on organometallic sensitizers containing heavy
atoms, such as iridium, palladium, or platinum complexes, which
achieve high intersystem crossing (ISC) rates through spin-orbit
coupling [15, 16]. While highly effective, these sensitizers suffer
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FIGURE 1 | (A) Jablonski diagram outlining the key photophysical events and relative kinetic constants (k) involved in the TTA-UC mechanism.

Nonradiative processes, including intersystem crossing (ISC), reverse intersystem crossing (rISC), Dexter-type energy transfer (ET), and triplet-triplet anni-

hilation (TTA), are represented with dashed arrows. The singlet ground state (Sy), the first excited singlet state (S;), and the first excited triplet state (T;) are
depicted as energy levels. (B) Chemical structure of the TADF sensitizers 4CzBN and 4CzIPN and the UV emitters BPEB and BPEB(OCgHj7),.

from drawbacks including high cost, limited availability, poten-
tial toxicity, and narrow absorption profiles that restrict their
ability to harvest a broad portion of the sunlight [17]. To over-
come these limitations, thermally activated delayed fluorescence
(TADF) molecules have emerged as attractive metal-free alterna-
tives. Originally developed for organic light-emitting diodes
(OLEDs), TADF compounds possess small singlet-triplet energy
gaps and long-lived excited states, enabling efficient ISC and
reverse ISC (rISC) through thermal activation [18-21]. The
potential advantages of TADF sensitizers include their broad
and strong visible absorption, structural modularity, and absence
of toxic metals. However, the main feature that makes TADFs
efficient in OLEDs, the rISC process, can be detrimental for
TTA-UC, as it depletes the population of sensitizer triplets
that are meant to be transferred to the annihilator [22, 23].
Nevertheless, when appropriately designed, TADF compounds
can act as effective triplet sensitizers, provided their ISC/rISC
dynamics and energy levels are suitably tuned relative to the
emitter [24-27]. Several groups have already demonstrated
Vis-to-UV TTA-UC using TADF-based sensitizers, establishing
this approach as a viable option [28, 29]. Yanai and coworkers,
for example, highlighted the importance of energy level align-
ment between the TADF donor 4CzIPN and high-triplet-energy
acceptors such as p-terphenyl and p-quaterphenyl. Their opti-
mized pairings achieved anti-Stokes shifts up to 0.83eV and
UC quantum yields as high as 3.9%, with emission extending
below 350 nm [30]. To overcome the common limitations asso-
ciated with triplet diffusion and rISC, Peng et al. developed a
series of heavy-atom-free bichromophoric TADF photosensi-
tizers incorporating covalently tethered acceptors [31]. Their
intramolecular ET design significantly suppressed rISC, enabling
high triplet yields and prolonged triplet lifetimes, which both
contributed to achieving efficient TTA-UC under low excitation
conditions, even in solid-state polymer films. Baldo and cowork-
ers demonstrated the feasibility of solid-state UC using a bilayer
architecture comprising the TADF dye 4CzTPN-Ph and 9,10-
diphenylanthracene (DPA). While the overall quantum yields
were modest and the emission was in the blue and not the
UV regime, this proof-of-concept highlighted the potential of
metal-free UC in condensed phases [32]. Expanding the func-
tional scope of TTA-UC, Han and collaborators developed a chi-
ral UC platform based on a TADF sensitizer and a chiral

annihilator embedded in a chiral nematic liquid crystalline mate-
rial [33]. Their system enabled circularly polarized UV emission
for enantioselective photopolymerization, exemplifying how
TADF-based UC can be tailored for advanced optical applica-
tions. Kerzig and coworkers demonstrated a purely organic
Vis-to-UV UC system featuring a biphenyl-based annihilator
with a singlet-excited-state energy above 4.0eV. Paired with
4CzIPN, the system delivered a record anti-Stokes shift of
1.17 eV, extending the usable energy window for demanding
photochemical processes [34]. In a performance benchmark,
Albinsson, Moth-Poulsen, and colleagues reported a TTA-UC
system combining 4CzBN with various high-energy annihilators,
including PPD, TP, 2PI, PPO, PPF, and TIPS-Naph. They
achieved an internal UC quantum yield of 16.8%, approaching
the spin-statistical limit, and underscoring the potential of care-
fully engineered organic sensitizers for highly efficient UV UC
[35]. Lee and coworkers presented an all-organic system pairing
4CzIPN with pyrene, capable of efficient UC under air-saturated
conditions. Their approach leveraged oleic acid to quench singlet
oxygen and demonstrated higher UC efficiency than classical
biacetyl/PPO systems [36]. Finally, Chen and collaborators devel-
oped a bichromophoric sensitizer by tethering a pyrene acceptor
to a 4CzPN core. This motif enabled fast, irreversible intramolec-
ular ET and suppressed rISC, facilitating UC even in diffusion-
limited or low-concentration environments such as polymer
matrices [27]. Collectively, these studies illustrate the growing
functional and structural diversity of TADF-based TTA-UC plat-
forms, including solution-based, solid-state, and chiral systems.
While significant progress has been made, especially with respect
to quantum yield and spectral range, the development of robust,
photostable UV-emitting annihilators remains a key challenge
for the future. We recently introduced a new family of UV-
emitting annihilators based on a bis(phenylethynyl)benzene
(BPEB) core, which are easily synthetically accessible, photosta-
ble, and structurally tunable [37]. In combination with the irid-
ium complex Ir(ppy); in degassed toluene, these emitters enable
efficient Vis-to-UV UC with maximum emission around ca.
380 nm under low excitation power density [38]. Considering the
above-discussed advantages and examples, we sought to investi-
gate the potential of TADF sensitizers, specifically 4CzBN and
4CzIPN, as metal-free alternatives in combination with such
emitters. We pair these sensitizers with BPEB or its alkoxylated
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derivative BPEB(OCgH,), (Figure 1B) and study their interac-
tions and UC performance.

2 | Results and Discussion

2.1 | Energy Transfer Measurements

To evaluate the efficiency of energy transfer ( ®gy) from the
sensitizers to the emitter triplets, we performed steady-state
and time-resolved photoluminescence (PL) measurements in
degassed toluene solutions. As previously demonstrated by
Olesund and coworkers [35], when the sensitizer’s singlet-triplet
energy difference Ag_1<0.1 eV, ®gr can be expressed by the
ratio of the total sensitizer emission intensity (prompt + ther-
mally activated delayed emission) in the presence (I,,) and
absence (Igh) of any emitter or by the ratio of the corresponding

delayed fluorescence lifetimes according to Equation (1) [39]:

Ion 74
Ppr=1- I%zcbisc(l__o) @
ph T4

By contrast, when Ag_1> 0.1 eV, a more reliable @ estimation
results from the analysis of the delayed fluorescence lifetimes [35]:

Dpr = Djc (1 - T—S) 2
T4
To apply Equation (2), we utilized ®;,. values from the literature
(@4, = 0.89 for 4CzBN and @y, = 0.73 for 4CzIPN) [35, 40]. We
first compared Igh of a solution of 4CzBN (c=5x10"* M) with
I, of solutions containing 4CzBN and either BPEB or its alkoxy-
lated derivative BPEB(OCsH;,), (c=5x10"> M). All experi-
ments were carried out in degassed toluene. As shown in
Figure 2A, the absorption spectra of the mixtures represent super-
positions of those of the individual components, while the steady-
state emission spectra, recorded under continuous wave (cw)
irradiation at 405 nm, show a broad emission peak with a maxi-
mum at ca. 450 nm that is characteristic of 4CzBN emission [35].

Upon addition of either emitter, the intensity of the 4CzBN emis-
sion band is notably reduced. Because singlet transfer is not a
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possibility (Figure 1A, Figure 2A), the quenching process must,
in both cases, involve triplet-triplet energy transfer. The analysis
according to Equation (1) yields a ®gp=72% for BPEB and
@O =68% for BPEB(OCgH,7),. We assume the small difference
to be related to experimental error, as intensity-based methods are
more susceptible to reabsorption effects and uncertainty in the
dyes’ concentration. Time-resolved PL experiments (Figure 2B)
show that the prompt fluorescence lifetimes of 4CzBN (ca. 1.6 ns,
Supporting Figure S2) remain essentially unchanged upon addi-
tion of either emitter (Figure S1), supporting the selective
quenching of the triplet manifold via ET. Indeed, the data reveal
a pronounced reduction of the delayed fluorescence lifetime (z4)
of 4CzBN in the presence of the emitters. The intrinsic lifetime
740 = 25.3 ps of the delayed emission component of the neat
4CzBN (30% of the total emission, Figure S2 and Table S1)
decreases to 74ppgp =170 ns for the solution containing BPEB
and  74ppEB(OCH,,), =100 ns for the solution containing
BPEB(OCgH;5),. The data analysis according to Equation (2)
affords ®pr =88% for both pairings, indicating highly efficient
triplet-triplet ET regardless of whether the BPEB core is alkoxy-
lated or not. Moreover, the identical ®gy values derived from life-
time measurements point to comparable Dexter-type coupling
and triplet energy alignment between 4CzBN and the two emit-
ters. These results confirm that the alkoxy substitution on the
BPEB scaffold does not significantly alter its triplet-accepting
properties, as already reported in our previous study [38]. In addi-
tion, we also demonstrate that 4CzBN serves as an efficient triplet
donor for both BPEB derivatives. The differences between the
@ values calculated from Equations (1) and (2) are consistent
with a TADF sensitizer with Ag_1>0.2 eV, and are accounted
for in the evaluation of the system UC efficiency
(Experimental Section) [35, 40]. We next evaluated the triplet-
triplet ®gr from 4CzIPN to the BPEBs using the same methods
and conditions as detailed above. As shown in Figure 3A, the
steady-state PL spectra also reveal significant quenching of the
4CzIPN emission upon addition of either emitter.

The energy transfer efficiencies determined from these data using
Equation (1) are ®py=66% for BPEB and ®pr=67% for
BPEB(OCgH;7),, respectively. The time-resolved measurements
(Figure 3B) reveal very similar ®gr values of 66% and 68%,
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(A) Absorption (dashed lines) and steady-state PL (solid lines) spectra of 4CzBN in the absence (dark red) and presence of BPEB (red) or

BPEB(OCgHj), (orange) in degassed toluene (¢ = 5 x 10™* M for 4CzBN and ¢ = 5 x 10> M for BPEB and BPEB(OCgHj),). (B) Time-resolved PL decay
of the same solutions, measured at 450 nm after pulsed excitation at 405 nm, showing quenching of the delayed fluorescence upon addition of BPEB or

BPEB(OCsH; 7).
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(A) Absorption (dashed lines) and steady-state PL (solid lines) spectra of 4CzIPN in the absence (dark red) and presence of BPEB (red) or

BPEB(OCgH; ), (orange) in degassed toluene (c = 5 x 10~* M for 4CzIPN and ¢ = 5 x 10> M for BPEB and BPEB(OCgHj5),). (B) Time-resolved PL decay
of the same solutions measured at 505 nm after pulsed excitation at 405 nm, showing delayed fluorescence quenching upon addition of BPEB or

BPEB(OCgH; ),

respectively, based on a decrease in the lifetime of the 4CzIPN
delayed fluorescence component (66% of the total emission,
see Figure S4 and Table S2) from 74, =4.4 ps to 74 ppgp =283 ns
in the presence of BPEB and 74 gpgg(oc,H,,), = 149 ns in the case
of BPEB(OCgH;;),. The excellent agreement between lifetime-
based and intensity-based determinations indicates consistent
ET dynamics across both measurement methods, as expected
for a TADF sensitizer with Ag_t << 0.1eV. Again, the prompt
fluorescence lifetimes of 4CzIPN (ca. 15ns, Figure S4) remain
unchanged upon addition of the emitters, confirming that only
the triplet manifold is involved in the quenching and supporting
the Dexter-type nature of the ET. Compared to the 4CzBN-based
systems discussed above, the overall @y values for 4CzIPN are
lower (66-68% vs. 88%), indicating that 4CzIPN acts as a less
effective triplet donor toward the BPEBs. This difference may
arise from its intrinsic triplet state properties, such as faster rISC
from T, to S;, which reduces the triplet lifetime from ~25 ps in
4CzBN to ~4 ps for 4CzIPN, and therewith the time available for
transfer towards the annihilators [41]. The occurrence of a faster
and more efficient rISC for 4CzIPN is reflected by the effective
difference observed in the time zero intensity of the TADF emis-
sion, which is more than ten times higher than in 4CzBN
(Figure 3B and Table S1 and S2). This demonstrates a more effi-
cient population of singlets from triplets, which is consistent with
the smaller Ag_r value.

Subtle differences in triplet energy alignment or Dexter coupling
efficiency with the emitters could further partially limit the ET
performance, but despite these differences, both BPEB and
BPEB(OCgH; ), effectively quench the 4CzIPN as well as 4CzBN
emission, demonstrating successful triplet sensitization and con-
firming the viability of these dye pairs for metal-free TTA-UC.
This is further confirmed by concentration-dependent measure-
ments of ®gr, which point out similar ET rate constants for the
different dye combinations (Figure S5).

2.2 | UC Properties

To assess the TTA-UC performance of the four dye pairs, we
evaluated two key figures of merit, namely the UC quantum
yield (®yc), defined as the number of emitted upconverted

photons versus the absorbed ones, and the threshold excitation
intensity (I,), which is the excitation intensity at which the
TTA yield is 0.5. For this purpose, degassed toluene solutions
containing the dyes at the same concentrations used for the
energy transfer experiments previously discussed were
employed. Figure 4A,C show UC emission spectra of degassed
solutions of 4CzBN and BPEB or BPEB(OCsHj; ), excited with a
405nm cw laser.

In addition to pronounced residual 4CzBN emission at ca.
450 nm, the spectra reveal the characteristic emission bands of
the BPEB emitters, centered at ca. 380 nm for 4CzBN:BPEB
and ca. 400 nm for 4CzBN:BPEB(OCgH;),, which become more
prominent as the excitation power is increased. Plots of the inte-
grated UC emission intensity against absorbed excitation power
(Figure 4B,D) display the expected power dependences,
i.e., quadratic relationships at low excitation intensities, charac-
teristic of the TTA mechanism, which convert into linear behav-
iors at higher power where the UC efficiency is maximized
[12, 42]. The intersection of these regimes defines the absorbed
power threshold intensity Iy, s, Which was determined to be ca.
182 mW-cm ™2 for the 4CzBN:BPEB pair and significantly lower,
ca. 25 mW-cm™2, for 4CzBN:BPEB(OCgH;),. To shed light on
this difference, we recorded the UC emission decays under mod-
ulated excitation as shown in the insets of Figure 4B,D. These
measurements confirm the characteristic TTA dynamics, where
the decay rate increases with increasing excitation intensity due
to increased triplet population. The time-resolved UC decays can
be described by [43, 44]:

Tue(t) ~ (lfﬂ)z 3)

e — Dy

where 77 is the triplet lifetime of the emitter and @1y, is the TTA
efficiency at t=0. At low excitation intensities (&rpp < 1), the
decay approximates a monoexponential function, while at higher
intensities, the TTA becomes dominant and accelerates the decay
dynamics. As expected, @1y increases with the excitation power,
transitioning from inefficient annihilation at low triplet densities
to nearly complete TTA at higher intensities. Conversely, by
fitting the UC decay traces at the lowest excitation intensity
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FIGURE 4 | (A,C) Spectra showing the upconverted emission of degassed solutions of 4CzBN and BPEB or BPEB(OCgH;;), in toluene
(c 4CzBN =5x10"* M; ¢ BPEB/BPEB(OCgH;,), = 5x 10~ M) under cw excitation at 405 nm. The excitation intensity Io,. was gradually increased.
Aside from the residual 4CzBN emission band with maximum at 450 nm, the spectra show an I.,.-dependent increase in emission centered around 380
(A) and 400 nm (C). (B,D) Double-log plots of integrated UC PL intensity versus absorbed power density for 4CzZBN:BPEB and 4CzBN:BPEB(OCsH; ),
(blue circles). The solid black lines with slope given by the parameter m reported represent linear fits used to determine the intersection point cor-
responding to a threshold intensity of ca. 182 (B) and 25 (D) mW-cm ™2 The insets show time-resolved UC emission decays recorded at increasing

excitation intensities (shaded traces).

with a single exponential model, we estimated the triplet life-
times of tp =39 ps for 4CzBN:BPEB and t =92 ps for 4CzBN:
BPEB(OCgH;7),. Because the UC threshold value depends
quadratically on the annihilator triplet lifetime when using
the same type and concentration of sensitizer according to [42]:

(kr)?

- “4)

Ith X

where kp =[tr] 7! is the emitter triplet decay rate, the observed
disparity in I, must be primarily attributed to the observed dif-
ferences in the lifetime of the annihilating triplets. For excitation
intensities well above the threshold, we measure a maximum UC
quantum yield ®@yc = 0.8% for the 4CzBN:BPEB pair, using the
residual sensitizer emission as an internal standard in the linear
regime (Lexeaps = 1 Wem ~2) as discussed in Section 4.5. The @y
increases to 1.8% for the 4CzBN:BPEB(OCgH,), pair, in agree-
ment with the enhanced singlet generation ability of the modi-
fied annihilator previously observed [38]. We next evaluated the
UC performance of 4CzIPN paired with the annihilators under

identical experimental conditions, except that the cw excitation
was shifted to 473 nm to match the absorption of 4CzIPN. The UC
emission spectra (Figure 5A,C) also feature UC emission centered
at ca. 380 nm for BPEB and ca. 400 nm for BPEB(OCgH, ), in addi-
tion to a broad residual sensitizer emission at ca. 510 nm.

Double-logarithmic plots of integrated UC intensity versus the
absorbed power density (Figure 5B,D) also reveal, for these
pairs, the typical transitions from quadratic to linear regimes,
indicative of TTA-dominated behavior. The I, 5y, determined
from the intersection of linear fits, are ca. 179 mW-cm™2 for
4CZzIPN:BPEB and ca. 173 mW-cm 2 for 4CzIPN:BPEB(OCgH; ),
which is comparable to the value of 4CzBN:BPEB (182 mW-cm™2),
but notably higher than that of 4CzBN:BPEB(OCgH;,), (25
mW-cm™2). Time-resolved UC emission decays (Figure 5B, insets)
shed light on this point. Both 4CzIPN-based systems exhibit char-
acteristic TTA decay profiles with excitation-intensity-
dependent kinetics. The triplet lifetimes retrieved from mono-
exponential fits at the lowest intensities are ©r=40 ps for
4CzIPN:BPEB and t =63 ps for 4CzIPN:BPEB(OCgH,),. There-
fore, the similar triplet lifetime values yield comparable threshold
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FIGURE 5 | (A,C) Spectra showing the upconverted emission of degassed solutions of 4CzIPN paired with BPEB and BPEB(OCgH,), in toluene
(c 4CzIPN =5x10"* M; ¢ emitters = 5 x 10> M) under cw excitation at 473 nm. The excitation intensity I, was gradually increased. Aside from the

residual 4CzIPN emission band with maximum at 505 nm, the spectra show an I.,.-dependent increase in emission centered around 380 and 400 nm.
(B,D) Double-log plots of integrated UC PL intensity versus absorbed power density for 4CzIPN:BPEB and 4CzIPN:BPEB(OCgH; ), (blue circles). The
solid black lines with slope given by the parameter m reported represent linear fits used to determine the intersection point corresponding to a threshold

intensity of ca. 179 (B) and 173 (D) mW-cm™>. The insets show time-resolved UC emission decays recorded at increasing excitation intensities (shaded

traces).

intensities, according to Equation (4). Besides supporting the
experimental evidence, these findings suggest a possible interac-
tion between the 4CzIPN sensitizer and annihilators that may
reduce the BPEB(OCgH, ), triplet lifetime and limit the efficiency
at low powers. However, despite their higher I;,, the 4CzIPN-based
systems demonstrate superior UC efficiencies, with @y ca. 3.2%
for BPEB and ca. 4.5% for BPEB(OCgH,),. These values are sig-
nificantly higher than the ®yc measured for the 4CzBN-based
system, most probably due to a lower reabsorption of the UC pho-
tons with an enhanced global light output. Once again, the
BPEB(OCgH;), annihilator yields a higher ®yc because of its
larger statistical probability to get singlets from TTA [38]. A
broader comparison across all four systems reveals complemen-
tary advantages. The 4CzBN:BPEB(OCgH, ), system clearly excels
in achieving UC at low excitation powers close to the solar irradi-
ance (Iy, ca. 25 mW-cm ™), making it suitable for low-power appli-
cations. This is attributed primarily to the long-living triplets of the
annihilator. On the other hand, the 4CzIPN:BPEB(OCgH,,), pair
achieves the highest @ (ca. 4.5%) under higher-intensity excita-
tion, offering better photon economy at higher intensities. Notably,
BPEB(OCgH;,), performs consistently better than the parent

BPEB with both sensitizers, confirming its versatility and the effec-
tiveness of the alkoxylation in making better TTA annihilators.
Overall, these results highlight the potential of combining tunable
TADF sensitizers with structurally engineered emitters, also finely
controlling the interplay between tr, @gr, and the dynamics
of TADF to achieve balanced and optimized all-organic TTA-UC
systems [40, 45].

3 | Conclusion

This study demonstrates the successful implementation of TADF
sensitizers and bis(phenylethynyl)benzene-based emitters in Vis-
to-UV TTA-UC systems, which represent metal-free alternatives
to organometallic approaches. Two well-characterized TADF
compounds, 4CzBN and 4CzIPN, were paired with BPEB and
its alkoxylated derivative BPEB(OCgH;5),, to form four distinct
sensitizer-annihilator pairs. Efficient ET was observed in all
cases, with transfer efficiencies up to 88% for the 4CzBN-based
systems and up to 68% for those using 4CzIPN. Each pair success-
fully generated upconverted UV emission centered at ca. 380 or
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400 nm, respectively, with excitation at 405 or 473 nm, which
translates into anti-Stokes shifts of ca. 200 meV and 38 meV with
4CzBN, and ca. 642 meV and 480 meV with 4CzIPN. Notably, the
4CzBN:BPEB(OCgH; ), system exhibits a remarkably low excita-
tion threshold intensity of 25 mW-cm™, a value among the low-
est reported for fully organic UV TTA-UC systems, which
correlates with its longer emitter triplet lifetime and improved
singlet generation efficiency. On the other hand, systems employ-
ing 4CzIPN showed higher threshold intensities but one order of
magnitude higher UC efficiency reaching about 5% yield in the
generation of UV photons, an excellent value considering the
embryonal state of the TTA-UC system based on TADF triplet
sensitizers. Together, these findings confirm that TADF sensitizers
are viable and sustainable alternatives to heavy-metal complexes
in TTA-UC systems, with structure and properties that can be
potentially exploited to fine-tune UC performance. The combina-
tion of TADF dyes and BPEB-based emitters offers a fully organic
platform for future low-power UV-emitting technologies, includ-
ing solar-driven photochemistry and photonic applications.

4 | Experimental Section
4.1 | Materials

Unless otherwise specified, all chemicals used in the experiments
were obtained from commercial suppliers and employed without
any further purification. These included: 2,3,5,6-tetrakis(carba-
zol-9-yl)benzonitrile (4CzBN, 99%, Ossila); 2,4,5,6-tetrakis(9H-
carbazol-9-yl) isophthalonitrile (4CzIPN, 98%, Fluorochem);
1,4-bis(phenylethynyl)benzene (BPEB, 97%, Fluorochem); tolu-
ene (99.8%, Fisher Chemical and Sigma-Aldrich); tetrahydrofu-
ran (99.9%, Sigma-Aldrich). The compound 1,4-bis((4-(octyloxy)
phenyl)ethynyl)benzene (BPEB(OCgH,,),) was synthesized as
reported before [37].

4.2 | Sample Preparation

All samples were dissolved in toluene and transferred into quartz
cuvettes with a 0.1 cm optical path length for optical measure-
ments. For energy transfer and UC experiments, samples were
handled inside a nitrogen-filled glove box (oxygen level main-
tained below 1ppm) to minimize quenching of triplet states
by molecular oxygen. Once prepared, the samples were hermeti-
cally sealed to prevent oxygen contamination [46].

4.3 | Photophysical Studies

Optical absorption spectra were acquired under normal inci-
dence using an Agilent Cary 60 spectrometer and 1 mm-thick
quartz cuvettes. Steady-state PL measurements at room temper-
ature were performed with a Varian Cary Eclipse fluorescence
spectrometer. Excitation was achieved using emission from the
integrated Xe lamp, and detection of the emitted signal was car-
ried out using a phototube. All spectra were corrected to account
for the instrument’s spectral response.

Steady-state UC PL spectra were recorded using a continuous-
wave diode-pumped solid-state (DPSSL) laser emitting at 473 nm
(MBL-III-473-10 mW) for measurements based on 4CzIPN and at
405nm (RLTMDL-405-50-3) for those based on 4CzBN, both

lasers equipped with TTL modulation. The emission spectra were
collected via a charge-coupled device (CCD) detector (Jobin-
Yvon Syncerity) interfaced with a Jobin-Yvon Triax 190 mono-
chromator fitted with a 300 lines/mm grating. While the reported
spectra were left uncorrected for spectral response (to minimize
noise at the blue edge), response-corrected spectra were used for
the calculation of UC efficiencies. The excitation intensity was
modulated using reflective neutral density filters between the
laser and the sample, and the power density incident on the sam-
ple was measured using a Thorlabs PM100USB optical power
meter in combination with an S120VC sensor head. The beam
diameter was determined using the knife-edge technique.

Time-resolved UC measurements as a function of excitation
power were carried out using the same 473 nm or 405nm cw
lasers, modulated via a square wave signal (500 Hz) generated
by a TTi TG5011 waveform generator. The resulting signal
was detected with a nitrogen-cooled photomultiplier tube
(Hamamatsu R5509—73), amplified using a Hamamatsu C5594
high-speed amplifier, and processed through a 74100
Cornerstone 260 ¥4 m VIS-NIR monochromator (ORIEL) cou-
pled with a PCI plug-in ORTEC 9353 time digitizer/multichannel
scaler operating in TCSPC mode (temporal resolution ~ 400 ps).

For time-resolved energy transfer experiments, a 405nm
picosecond-pulsed diode laser (Edinburgh EPL405) was used
as excitation source, with detection performed on a FLS980 spec-
trometer (Edinburgh Instruments) coupled with a PicoQuant
PMA Hybrid Series-07 and a PicoHarp 300 time-correlated single
photon counting unit.

The time-resolved data of the 4CzBN and 4CzIPN PL at low
temperature were acquired using a digital oscilloscope (TDS
1001C-EDU), under the same excitation source.

4.4 | PL Quantum Yield

The PL quantum yields & of the studied molecules were
determined by comparing their emission spectra with that of a
reference compound of known quantum yield @, following
Equation (5):

©)

In Equation (5), I represents the PL intensity of either the sample
(s) or reference (ref), A is the fraction of light absorbed at the
excitation wavelength, and n corresponds to the refractive index
of the solvents used. All comparative measurements were con-
ducted under identical experimental conditions to ensure accu-
racy and consistency.

To assess the quantum yield of the emitters, a solution (c=3.7 x
107> M) of 2,5-diphenyloxazole (PPO, @,;=1) in cyclohexane
was used as the standard [47]. For determining the &y, of the
TADF sensitizers at the concentrations employed in the UC
experiments, a 9,10-diphenylanthracene (DPA) solution (c=
1x107™* M) in cyclohexane (DPA, @, = 0.97) [48] was used
as the reference. The measured fluorescence quantum yield
Dy of 4CzBN and 4CzIPN are 0.43 and 0.97.
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4.5 | UC Quantum Yield

Due to the difficulty in identifying a suitable standard for a direct
determination of the UC quantum yield ®yc, we estimated its
value by analyzing the ratio of upconverted emission to residual
sensitizer emission (Iyc and Igp, respectively) within the excita-
tion intensity range where Iyc displays linear dependence.
Considering that the energy transfer process affects only the
delayed emission, the @y values were calculated according to
Equation (6):

Qyc = (¢pmmpt + q)delayed(l - ¢ET)) IU—C (6)
sens
The @prompt values of 4CzBN (0.11) and 4CzIPN (0.15) were taken
from Refs. [21, 35, 49] and the corresponding @yejayeq Values were
calculated as @geng — Pprompr- When using 4CzBN as sensitizer,
the ®gr values calculated from time-resolved measurements
were considered.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: (A) Absorption (black line) and
photoluminescence (PL) spectra of a degassed 4CzBN solution in toluene
(c=5x107* M). The PL spectra were recorded at 300 K (red line) and 77 K
(blue line). (B) Time-resolved PL decay of the same solution measured at
77 K under 405 nm modulated laser excitation, showing phosphorescence
from the T, state. The fitted decay (black line) yields a triplet lifetime of
77 =165 ms. (C) Time-resolved PL decay of the same solution at 300 K
under 405 nm pulsed laser excitation. The graph displays the PL intensity,
i.e., delayed fluorescence resulting from reverse intersystem crossing, as a
function of time. The process has a lifetime of 74ejayeq =25.3 ps. The inset
shows the prompt fluorescence component with a lifetime of
Tprompt = 1.58 ns. Supporting Fig. S2: Time-resolved PL decay of
4CzBN in the absence (dark red) and presence of BPEB (red) or
BPEB(OCgH;,), (orange) in degassed toluene (¢ = 5 x 10™* M for
4CzBN and ¢ = 5 x 1073 M for BPEB and BPEB(OCgH;),), acquired
at 450 nm under pulsed excitation at 405 nm. The green lines are the
fitting curves according to bi-exponential functions to estimate the life-
time of the prompt and delayed emissions. The results of the fitting pro-
cedure are reported in Table S1. Supporting Fig. S3: (A) Absorption and
PL spectra of 4CzIPN (¢ = 5 x 10~* M in degassed toluene). The red curve
shows the PL spectrum at room temperature (300 K), while the blue curve
corresponds to the PL recorded at 77 K. (B) Time-resolved PL decay mea-
sured at 77 K under 405 nm modulated laser excitation, showing phos-
phorescence from the T, state. The fitted decay (black line) yields a triplet
lifetime of tp =204 ms. (C) Time-resolved PL decay at 300 K under 405
nm pulsed laser excitation. The main panel shows delayed fluorescence
from rISC, while the inset displays the prompt fluorescence component.
Supporting Fig. S4: Time-resolved PL decay of 4CzIPN in the absence
(dark red) and presence of BPEB (red) or BPEB(OCgH;5), (orange) in
degassed toluene (c = 5 x 10™* M for 4CzBN and ¢ = 5 x 1073 M for
BPEB and BPEB(OCgHj5),), acquired at 505 nm under pulsed excitation
at 405 nm. The green lines are the fitting curves according to bi-exponen-
tial functions. The results of the fitting procedure are reported in Table S2.
Supporting Fig. S5: (A B) Concentration-dependent sensitizer-to-anni-
hilator energy transfer yield ®gr measured in degassed toluene solutions.
The symbols mark the experimental ®gr values measured for solutions of
(A) 4CzBN (c = 5x10™* M) or (B) 4CzIPN (c = 5x10* M) mixed with BPEB

or BPEB(OCgH;-), at four different concentrations (¢ = 5x10° M, 2.5x
1023 M, 1x10 M and 5x10* M). Dashed and solid black lines are fits of
the data with the @y values predicted considering the process in the
rapid diffusion regime through Eq. S1 and S2. The fit curves allow the
estimation of characteristic energy transfer rate constants of 4.27x
10" cm® s' for the 4CzBN and BPEB or BPEB(OCgH;;), and
5.49x10"° cm® s! for 4CzIPN and BPEB or BPEB(OCsH;,)s.
Supporting Table S1: Results of the fitting procedure of the experimen-
tal data reported in Figure S2, according to bi-exponential functions for
the systems based on 4CzBN. Supporting Table S2: Results of the fitting
procedure of the experimental data reported in Figure S4, according to
bi-exponential functions for the systems based on 4CzIPN.
Supporting Table S3: Parameters employed to model the ET in the rapid
diffusion regime approximation.
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