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ABSTRACT: Triplet—triplet annihilation upconversion (TTA-
UC) with heavy-atom-free organic triplet photosensitizers has
attracted extensive attention recently, however, the successful
examples with absorption in red and first near-infrared (NIR-],
650—900 nm) region are still insufficient. Herein, we conducted a
new TTA-UC system of perylene using C,y-bodipy-triphenylamine
triad (C,o-BDP-T) as the heavy-atom-free photosensitizer. Efficient
red-to-blue (663 to 450 nm) TTA-UC was achieved in this system
with an anti-Stokes shift of 0.88 eV and a quantum yield up to 5.2%
(out of a 50% maximum) in deaerated toluene. Notably, this is the
highest quantum yield to date in similar TTA-UC systems with
heavy-atom-free organic photosensitizers. Using steady-state and
transient absorption spectroscopy, together with cyclic voltammo-
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gram and quantum chemical calculations, photophysical and photochemical mechanisms were elucidated. Specifically, two triplet
triads, C,o->BDP*-T and *C,,*-BDP-T, were produced efficiently upon photoexcitation, with lifetimes of 2.0 + 0.1 and 32.2 + 0.3
us, respectively. Electron transfer and recombination mechanisms were confirmed to play crucial roles in the formation of these
triplets, instead of intersystem crossing. Our results shed light on the superiority of fullerenes in the development of heavy-atom-free

photosensitizers.

1. INTRODUCTION

Photon upconversion has attracted widespread attention
because of its fascinating properties that materials can absorb
low-energy light and then emit high-energy photons. In recent
years, it has been successfully applied in photovoltaics,1_3
photoceltell)rsis,4_6 and bioimaging.7’8 In comparison to the
upconversion method with multiphoton absorptions, triplet—
triplet annihilation upconversion (TTA-UC) has specific
advantages, such as low light power density, high upconversion
quantum yield, and capabilities of adjustable absorption and
emission wavelengths.”'"

Generally, a TTA-UC system consisted of a photosensitizer
and an energy acceptor, in which a consecutive photophysical
and photochemical process starts from the low-energy photon
absorption of the photosensitizer, and then a long-lived triplet
sensitizer is generated via intersystem crossing (ISC).
Following the triplet—triplet energy transfer (TTET) from
the triplet sensitizer to the acceptor, one singlet excited
acceptor is finally produced by the collision-induced TTA
process of two triplet acceptors, emitting high-energy
photons.'”"* Thanks to long lifetimes of the triplet photo-
sensitizer and acceptor, the upconversion fluorescence
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emission can be greatly extended, so-called “P-type delayed
fluorescence”.

During the past two decades, many triplet photosensitizers
were synthesized for TTA-UC applications. The earliest
photosensitizers were mainly transition metal—organic com-
plexes, such as Ruy,"® Pt,'*'> Pd,"® Os,'”'® and Ir,” in which
the metal atom center significantly enhanced spin—orbit
coupling (SOC) of chromophores, leading to a high ISC
efficiency. After that, some metal-free organic photosensitizers
containing Br and I atoms”””" also showed high ISC effect
according to the heavy-atom effect. However, the high cost of
precious metal and the reduced stability caused by halogen-
induced photobleaching” limit their applications. Thus,
developing heavy-atom-free organic photosensitizers becomes
crucial to avoid these disadvantages and meet requirements of
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Scheme 1. Molecular Structures of Two Photosensitizers, C,,-BDP-T and BDP-T, as Well as Two Comparators of C,,-1 and

TPA

C70'BDP'T

BDP-T TPA

green chemistry.”’ Recently, fullerenes like Cy4, and C,, have
been commonly used as spin converters in heavy-atom-free
photosensitizers, owing to their high ISC efficiencies of nearly
unity.”*** In addition, the presence of the fullerene moiety
also provides another triplet formation mechanism of electron
transfer (ELT) and recombination due to the low reduction
potentials of fullerene family, besides the enhanced ISC
effect.”*? Therefore, uncovering the competition between the
electron-transfer and the ISC mechanisms in the formation of
triplet photosensitizer is valuable for designing the novel
fullerene-based photosensitizer in future.

Although the absorption and emission photon energies of
the TTA-UC system can be adjusted, most successful TTA
examples are limited to the visible to visible (or near
ultraviolet) upconversion. We know, for biological applications
like bioimaging, near-infrared (NIR) to visible (or ultraviolet)
upconversion is highly attractive as the wavelength range of
650—950 nm is well-known as the first confirmed biological
tissue transparency window, so-called the NIR-I region.”* ™" A
few transition-metal—organic photosensitizers have been
reported for high efficient TTA-UC using NIR-I lights.'**~*°
However, the TTA-UC system containing heavy-atom-free
organic photosensitizers with photo-absorption above 650 nm
is still limited to date (Table SS).

Pristash et al. reported a 685 to 570 nm TTA-UC system
with a quantum yield of 1.5%, in which thiosquaraine and
rubrene were used as a photosensitizer and an acceptor,
respectively.” Recently, Liang et al. constructed a TTA-UC
system with dimeric borondifluoride curcuminoid derivative as
a photosensitizer and perylene as an acceptor, achieving
photon upconversion from 660 to 445 nm with a low quantum
yield of 0.4%." When the acceptor was replaced by 9,10-
bis[ ((triisopropyl)silyl)ethynyl]-anthracene, the upconversion
fluorescence at 450 nm was observed with the increased
quantum yield up to 1.1%."' In addition, the upconversion
fluorescence was observed at 545 nm with a quantum yield of
0.4% with photoexcitation at 635 nm in the TTA-UC system
consisting of helical-bodipy and perylenebisimide,*” in which
the absorption of helical-bodipy (photosensitizer) was
extended to the NIR-I window region. Despite these success
examples, the reported TTA systems with heavy-atom-free
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photosensitizer in the NIR-I window all suffered from relatively
low upconversion quantum yields.

Recently, we have synthesized a novel heavy-atom-free triad
photosensitizer with the C,y-bodipy-triphenylamine (Coq-
BDP-T) structure.”’ Scheme 1 shows its molecular structure,
along with a comparator, bodipy-triphenylamine (BDP-T)
dyad. In contrast to bodipy itself, the triphenylamine (TPA)
unit of the triad and dyad increases the conjugation of the
bodipy unit, thus extending molecular absorption to the NIR-I
region with an onset of 670 nm. As reported previously,” the
formation efficiency of the corresponding triplet for this triad
was remarkably increased due to the contribution of the C,,
unit. According to the advantages, C,,-BDP-T might be an
excellent heavy-atom-free organic photosensitizer in the NIR-I
window for TTA-UC. In this work, we conduct a TTA-UC
system of C,-BDP-T and perylene (triplet acceptor). The
time-resolved transient absorption and fluorescence emission
spectroscopy are preformed to validate its red-to-blue
upconversion ability and to determine quantum efliciency.
Moreover, quantum chemical calculations and cyclic voltam-
mogram are carried out to clarify the energy transfer and ELT
mechanisms involved in. This highly efficient red-to-blue TTA
upconversion is confirmed to be a potentially excellent system
with a heavy-atom-free organic photosensitizer for bioimaging
or photodynamic therapy applications. These results are of
great significance for the development of fullerene-based
heavy-atom-free photosensitizers, as well as providing guidance
for the exploration of TTA-UC systems in the NIR region.

2. EXPERIMENTS AND COMPUTATIONS

C,-BDP-T, BDP-T, and C,;-1 were synthesized according to
the literature.*> The structures and purities of these
compounds were verified using 'H NMR, C NMR, and
mass spectrometry. The precursors all were analytically pure
and were purchased from Sigma-Aldrich Co. and used without
any purification.

UV-2550 (Shimadzu) and FP8500 (JASCO) spectropho-
tometers were used to measure steady-state UV—vis absorption
and fluorescence emission spectra. Nanosecond time-resolved
transient absorption spectra were measured with a home-built
laser flash photolysis system. The pulsed excitation light (~10
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Figure 1. Simplified Jablonski diagram for the TTA upconversion system with C,,-BDP-T as a photosensitizer and perylene as an annihilator, in
which ET is the energy transfer, ELT denotes the electron transfer, CR represents the charge recombination, and NR stands for the non-radiative
decay. The relative energies in eV and the approximate rate constants are noted.
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Figure 2. (a) Nanosecond time-resolved transient absorption spectra of C,o-BDP-T in toluene. (b) Normalized decay curves of the major

absorption bands, 4., = 532 nm.

m]/pulse) was from the second harmonic 532 nm of a Q-
Switched Nd: YAG laser (Dawa-100, Beamtech) with pulse
duration of 8 ns and a 10 Hz repetition rate and was
intersected by a white light from a 500 W Xenon lamp in a
quartz cuvette (10 mm X 10 mm). A monochromator
equipped with a photomultiplier (R928, Hamamatsu) was
used to record transient absorption spectra within the
wavelength range of 400—800 nm, with a spectral resolution
of less than 1 nm. A kinetic curve of the intermediate was
averaged by multi-shots and recorded with an oscilloscope
(TDS3052B, Tektronix). All the solutions were deoxygenated
by purging with high purity argon (99.99%) for about 20 min
prior to measurements.

TTA upconversion spectra were recorded using a home-
made fluorescence emission spectrometer. A semiconductor
laser (663 nm) was selected as the excitation light source. The
diameter of the laser spot in sample cell region was 3.5 mm. In
the upconversion experiments, the solutions mixing photo-
sensitizer and acceptor were kept in a temperature-controlled
quartz cuvette (10 mm X 3 mm), deoxygenated by purging
with high purity argon for at least 20 min, and the gas flow was
maintained during measurements. The upconversion fluores-
cence of acceptors was collected and detected with a
commercial fiber-optic spectrometer (ULS2048-2-USB2,
AvaSpec), with the spectral resolution of 1.2 nm.

Cyclic voltammograms were measured at room temperature
after purging with argon for 20 min with a scan rate of 50 mV
s7'. A three-electrode electrolytic cell was used with
tetrabutylammonium hexafluorophosphate (Bu,N[PF,], 0.1
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M) as the supporting electrolyte. The working and counter
electrodes were the glassy carbon electrode and the platinum
electrode, respectively, while the reference electrode was the
Ag/AgCl electrode. Dichloromethane was used as the solvent.
Ferrocene (Fc) was added as the internal reference.

Geometries of the compounds were optimized using density
functional theory (DFT) with the B3LYP function and 6-31G
(d) basis set. No imaginary frequencies were verified for all the
optimized structures. The spin density surfaces of the C,o-
BDP-T triad, the energy gaps between ground state and lowest
triplet state, and the vertical excitation energies were calculated
with the time-dependent DFT (TD-DFT) level using the same
basis set. The polarizable continuum model** was applied to
evaluate solvent effects. All these calculations were performed
with the Gaussian 16W program package.”’

3. RESULTS AND DISCUSSION

3.1. Nanosecond Transient Absorption Spectra. As
shown in the steady-state absorption spectra of C,,-BDP-T,
BDP-T, C,y-1, and TPA in toluene (Figure S1), four major
absorptions of the C,,-BDP-T triad in the UV-—visible
wavelength range are located at 600, 443, ~400, and 340
nm. By comparing to the spectra of BDP-T, C,y-1, and TPA,
we can readily achieve their assignments, i.e., the bodipy unit
contributes the peaks at 600 and 443 nm, the C,, moiety is
responsible for the band at ~400 nm and the shoulder peak at
470 nm, and the TPA part takes the strongest peak at 340 nm.
Given the weak interactions between the functional groups in
the C,-BDP-T triad, we can derive the singlet excitation

https://doi.org/10.1021/acs.jpcb.3c04660
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energy of each units from the absorption and fluorescence
emission spectra of each monomers, using the strategy
proposed by Vandewal et al.** As shown in the simplified
Jablonski diagram of Figure 1, the corresponding singlet states
for the triad is determined to be 1.96 eV for C,,-'BDP*-T,
1.98 eV forlC,*-BDP-T, and 3.23 eV for C,;-BDP-1T%,
respectively. Notably, both the excitation energies of the C,,
and TPA units are consistent with the data of monomers (2.02
eV for Cy and 3.12 eV for TPA),””*” while the bodipy one is
much lower than the reported value (2.37 eV).” Such
significant reduction in the excitation energy of bodipy can
be explained by the conjugation with the TPA moiety.

According to the absorption spectra, both the bodipy and
C,, moieties in the triad can be photoexcited at 532 nm, but
the former is apparently dominant because of its much larger
absorption cross section. Thus, photophysical features of the
triad at 532 nm, such as the formation efliciency and lifetime of
triplet, can be determined from photoexcitation of the bodipy
unit. It is worth noting that the weak fluorescence was
observed for the C,o-'BDP*-T triad,*’ while the fluorescence
quantum yield of BDP-T dyad was high (Figure S2). This
phenomenon apparently indicates the efficient singlet energy
transfer and the formation of triplets. Considering the energies
of the feasible triplets, both C,o->BDP*-T and >C,,*-BDP-T
might be formed from C,,-'BDP*-T, as shown in Figure 1.

To verify the formation of the two triplets, nanosecond time-
resolved transient absorption spectra of C,-BDP-T in
deaerated toluene with photoexcitation at 532 nm were
measured and are plotted 1n Figure 2a. In contrast to the
previously reported spectra, it is surprising that more details
emerge as we have optimized experimental conditions. Besides
the two positive bands at 427 and >700 nm and a negatlve
peak at 477 nm which are identical to the previous results,**
negative peak at 610 nm with faster attenuation is clearly
observed. Considering the absorptions of the bodipy and C,,
units at 600 and 470 nm, respectively, the negative peaks at
610 and 477 nm are naturally attributed to ground-state
bleaching (GSB) bands of the bodipy and C,, moieties. On the
other hand, the two positive peaks at 427 and 730 nm are
attributed to absorptions of triplets.

As the decay of the GSB band is closely related to the
formation of triplet states, the evolution dynamics of the GSB
intensities at 610 and 477 nm can indicate the population
changes of the triplet bodipy and C,; units in the triad,
respectively. Figure 2b shows the decay kinetics at 610 and 477
nm in current conditions. To our surprise, two GSB curves
display completely distinct kinetic behaviors, strongly suggest-
ing that there are two different triplet states formed upon
photo-excitation. The formation and decay of the GSB band at
477 nm (the red trace in Figure 2b) are remarkably later than
the evolution of the GSB at 610 nm (in black), and hence, the
triplet C,, unit looks like being formed just with the
consumption of the triplet bodipy moiety (Figure 2b). As
shown in Figure S3, the GSB peak of the bodipy moiety at 610
nm can be well-fitted by a single-exponential decay, leading to
a moderate lifetime of 2.0 + 0.1 us for the triplet bodipy
moiety (noted as C,,->BDP*-T in following discussions). In
comparison, a global fitting of the decay dynamics at 477 nm
for the C,;y GSB band suggests a formation rate of 5.0 & 0.3 X
10° 57! (corresponding to the lifetime of 2.0 + 0.1 ys) and a
decay rate of 3.1 + 0.3 X 10* s7' (322 + 0.3 s lifetime),
respectively. In other words, the formation and decay rates of
3C,o*-BDP-T in current conditions are determined. Notably,
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an excellent consistence exists between the decay rate of
C,o->BDP*-T and the *C,y*-BDP-T formation rate, validating
that C,o->BDP*-T is preferentially produced upon the
formation of C,y-'"BDP*-T in photoexcitation, then 3C,y*-
BDP-T is subsequently formed via the intramolecular triplet
energy transfer from the bodipy unit to the C,, moiety.

As shown in Figure 2b, kinetics of the two positive peaks at
427 and 730 nm both exhibit double-exponential decay
teatures. Thus, using least-square fitting with a double-
exponential decay function (in Figure S3), the corresponding
lifetimes of the fast and slow components are determined to be
2.3 + 0.1 and 32.0 + 0.3 us for the 427 nm band and 2.4 + 0.1
and 33.4 + 0.4 ps for that at 730 nm. The almost same
characteristic lifetimes for these two bands are evidently
attributed to their identical spectral contributors. Moreover, it
is worth noting that the lifetimes of the fast components for
these two bands (2.3—2.4 pus) perfectly agree with the
Coo->BDP*-T lifetime (2.0 us), and those of the slow
components (32.0—33.4 us) are greatly consistent with the
3C,o*-BDP-T lifetime (32.2 us). Therefore, the two positive
peaks are assuredly ascribed to the co-absorption of the
C,0->BDP*-T and *C,,*-BDP-T triplets. Although the same
contributors are assigned for the two absorption bands at 427
and 730 nm, their kinetic behaviors are not identical in Figure
2b due to prominent disparities in the fast and slow
component weights. From the double-exponential fitting, the
weight ratios of the fast component to the slow one are
determined to be 1.53 at 427 nm and 0.76 at 730 nm,
respectively. Apparently, the weight inequalities arise from
different absorption cross sections of C,o->BDP*-T and *C,*-
BDP-T at 427 and 730 nm.

To further substantiate the assignments, the transient
absorption spectrum of BDP-T dyad was measured with
photoexcitation at 532 nm (Figure S4) for comparison.
Because only triplet bodipy moiety can be produced in this
case, the observed GSB peak at 610 nm and two positive
absorption bands at 427 and >700 nm exclusively come from
the triplet bodipy unit. Based on the fact that these absorptions
were both observed in Figures 2a and S4, we have high
confidence in the aforementioned spectral assignments.

3.1.1. Formation Mechanism of Triplet Triad. As indicated
in Figure 1, the triplet triad, C,o->BDP*-T, can be formed
along two possible thermodynamic pathways. One is the direct
ISC process from C,o-'BDP*-T to C,->BDP*-T, while the
other occurs via ELT and charge recombination (CR)
processes, i.e., C,o-'BDP*-T — C,, -BDP*-T —
C,->BDP*.T. We know that the SOC of the bodipy unit
might be enhanced when attached to a conjugated
chromophore.”” ™" However, as shown in Figure S2, the
strong fluorescence emission at 664 nm was still observed from
the bodipy unit of the BDP-T dyad upon photoexcitation,
indicative of an insignificant influence on the ISC efficiency
induced by the TPA moiety. Moreover, in our previous study
of Cyy- Bodlpy dyad with 1n1t1ally photoexcited bodipy
moiety,*® the unique triplet,’C,o*-Bodipy, was observed in
transient absorption spectra, and no experimental evidence was
found for the existence of C.,-*Bodipy®. Thus, the SOC effect
of bodipy enhanced by the C,, moiety should be insignificant
too. Accordingly, the triad triplet of C,->BDP*-T dominantly
originates from the ELT-CR mechanism. In other words, a
charge-separated state (CSS), C,,"-BDP*-T, is preferentially
produced owing to the low reduction potential of the C;, unit,
following the intramolecular CR process.

https://doi.org/10.1021/acs.jpcb.3c04660
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In the ELT process, negative Gibbs free energies of charge-
separation (AGgg) and charge-recombination (AGgg) pro-
cesses are the most important driving force for the ELT-CR
mechanism. Herein, we calculated the AGcg and AGy values
and the relative energy of CSS (Ecgs) for the C,, -BDP*-T
using the Weller eqs 1-3

AGgg = E_ (BDP*/BDP) — E, 4(C-,/C57) — Eo_p

+ AGg (1)

AGeg = _[EOX(BDP+/BDP) - Ered(C70/C70_)] — AGg
()
Ecgs = Eo (BDPT/BDP) — E, 4(C;0/Cp) + AGg (3)

where E_ (BDP*/BDP) and E,.4(C,,/C5y") are the oxidation
and reduction potentials of bodipy (electron donor) and Cs,
(electron acceptor) units, respectively, and AGg denotes the
static Coulombic energy as calculated with eq 4

2 2
1 1 1 1
AG, = — £ - == —-=
4regeRoc 8meg\ Ry Ry N\ & &
(4)

where e represents electronic charge and &, €, and eggp refer
to vacuum permittivity and dielectric constants of solvents
used for photochemical and electrochemical measurements,
respectively. The solvents used in the experiments were
dichloromethane (&g = 2.24) and toluene (&ggr = 9.1). Rec is
the center-to-center separation distance between donor and
acceptor, which is determined to be 19.5 A in the DFT-
optimized geometry. Ry and R, are the radius of the electron
donor and acceptor, which are 15.4 and 5.3 A, respectively, as
the maximum extension radius of molecular electron cloud in
space. Ey_, stands for the adiabatic excitation energy to form
C.o-'"BDP*.T, which is experimentally determined to be 1.96
eV as the crossing point of the absorption and fluorescence
spectra, as suggested by Vandewal et al.*®

Besides, the oxidation potential and reduction potentials of
C,o-BDP-T were determined from cyclic voltammogram. As
illustrated in Figure S7, C,o-BDP-T exhibits three reversible
oxidation waves at +0.82, +0.92, and +1.23 V, as well as two
reversible reduction waves at —0.74 and —1.05 V, respectively.
In the previous study of C,, monomer,™ one-electron
reversible reduction waves were observed at the approximate
potentials without any oxidation peaks. Thus, the three
oxidation waves of the triad are attributed to the bodipy
moiety, which were likewise observed in other bodipy
derivatives.”” Based on these assignments (in Table S1), the
AGg, AGeg, AGeg, and Ecgg values of C,o-BDP-T in deaerated
toluene were determined to be +0.28, —0.12, —1.84, and +1.84
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eV, respectively. Apparently, the negative AGgg provides
significant driving force for the intramolecular charge
separation of the excited triad, that is, the photo-induced
ELT between the bodipy unit and the C,, moiety is
thermodynamically allowed. Apparently, this efficient ELT-
CR mechanism ensures the higher formation efficiency (78%)
of the triplet C,;-BDP-T than that of BDP-T (<1%).

To further reveal the nature of the excited states of the C,,-
BDP-T triad, we calculated their optimized geometries, relative
energies, and electronic transition properties. Frontier
molecular orbitals of the triad were analyzed using the
corresponding optimized geometries and are shown in Figure
3. HOMO and HOMO-2 are spread throughout the skeleton
of bodipy and TPA units, and HOMO-1 is mainly located on
TPA, while HOMO-3, HOMO-4, and HOMO-S are
contributed by the C,;, moiety. LUMO, LUMO + 1, and
LUMO + 2 are attributed to C,, while LUMO + 3 is
exclusively distributed on the bodipy unit.

As illustrated in Table S3 and Figure S8, the formation of
the lowest singlet state (S,) is calculated to be negligible due to
too weak HOMO — LUMO transition, while the absorption
of the bodipy unit is dominant with the transition of HOMO
to LUMO + 3. Notably, the HOMO — LUMO + 3 transition
shows a partial charge-transfer property, as indicated by the
HOMO and LUMO + 3 in Figure 3. The excitation of the C,
moiety is associated with the transition from HOMO — 4 (or
HOMO - 5) to LUMO + 1, and the corresponding oscillator
strengths are much lower than the bodipy absorption (Table
S$3), which is in accordance with the experimental conclusion
that the dominantly photoexcited functional group at 532 nm
for the triad is located at the bodipy moiety. Moreover, the T,
and T, states were attributed to the transitions of HOMO —
LUMO + 3 and HOMO — 3 — LUMO, respectively, thus
namely C,o->BDP*-T and 3C,y*-BDP-T. At each own
optimized geometry, adiabatic excitation energies were
calculated to be 1.30 eV for T; and 1.35 eV for T,. Thus,
the intramolecular triplet energy transfer between C,,-*BDP*-
T and 3*C,,*-BDP-T observed in the experiment is
thermodynamically feasible according to their approximate
energies, especially taking in account thermal activation at
room temperature.

In addition, there is another possible pathway to form these
triplets, i.e,, C;o-' BDP*-T < 'C,i*-BDP-T — *C,,*-BDP-T,
according to the Jablonski diagram (Figure 1). However, in
experiments we observed the formation of C,y-*BDP*-T prior
to 3C,o*-BDP-T (Figure 2b), implying that the path of
C,o-'BDP*.T & 'C,;*-BDP-T — 3C,*-BDP-T plays an
inconsequential role in comparison to the ELT-CR process.
Based on this conclusion, we can boldly speculate that the
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Figure 4. (a) Nanosecond time-resolved transient absorption spectra of C,,-BDP-T with perylene (1 X 107> M) as an acceptor. (b) Decay curves
at 730 nm of C,,-BDP-T with different concentrations of perylene in logarithmic coordinate. (c) Bimolecular quenching rate generated from the
triplet-state lifetime quenching curves of C,,-BDP-T with different concentrations of perylene. (d) TTET efficiency between C,,-BDP-T and

perylene as a function of the perylene concentration.

intramolecular ELT rate from the bodipy to C,, units in the
triad is much faster than the ISC rate of the C,, moiety (~10°
s71).>” Apparently, more detailed dynamic information require
a femtosecond time-resolved transient absorption experiment,
which is undergoing but beyond the scope of this paper, since
our attention are mainly paid on the subsequent TTA
upconversion efficiency.

3.1.2. TTET between C,y-BDP-T and Perylene. With the
addition of perylene as an energy acceptor, the GSB peak at
610 nm quickly disappears in the transient absorption spectra,
while a new negative peak at 450 nm and a positive absorption
at 500 nm are simultaneously enhanced within a few
microseconds, as shown in Figure 4a. According to the well-
assigned reference,”>>* these two forming transient bands are
attributed to the GSB of perylene and the absorption band of
triplet perylene, respectively, confirming the efficient TTET
from the triplet triad (C,y->BDP*-T or *C,y*-BDP-T) to
perylene. By monitoring the decay dynamics of the absorption
band of the triplet photosensitizer at 730 nm, we derived the
corresponding triplet lifetimes from the curve-fitting. Notably,
these curves in the presence of perylene at various
concentrations exhibit double-exponential decay variations
(Figure 4b), and the corresponding lifetimes of two
components are listed in Table S2.

To our surprise, only decay rate of the fast component
(assigned to C,,->BDP*-T as mentioned above) was varied
with the perylene concentration, while the slow one
corresponding to *C,o*-BDP-T remains almost constant.
This apparently unusual phenomenon indicates that the
TTET only occurs between C,o->BDP*-T and perylene in
current conditions. This is opposite to the general rule that a
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longer triplet lifetime is conductive to the bimolecular energy
transfer. Actually, the triplet energy of perylene was reported as
1.53 €V,”” while the T, of C., monomer was determined to be
1.55 eV from the phosphorescence spectrum.’® Considering
that the triplet energy of the C,; unit in the triad might be
further lowered due to the conjugative effect, the TTET of
3C,*-BDP-T + Pr (perylene) — C,o-BDP-T + *Pr* should
be slightly endothermic and difficult to occur. In contrast,
another TTET process of C,p->BDP*-T + Pr — C,-BDP-T +
3Pr* is apparently exothermic. Therefore, the energetics leads
to the specific TTET phenomenon between the triplet triad
and perylene. In other words, the current experimental results
give an unquestionable sequence of three triplet-state energy
levels, C,,->’BDP*-T > *Pr* > 3C, *-BDP-T, although the
DEFT calculations yield the three triplet energies close to each
other, and the differences are within the calculation
uncertainty.

Using the obtained triplet lifetimes in Table S2, the
bimolecular quenching rate constant (k,) and the TTET
quantum efficiency (®rrp1) were calculated according to eqgs S
and 6, respectively

1 1
— — — = k,-[perylene]
T T, 4 (%)
kq-[perylene] 1/7 — 1/7,
TTET — =
ky-[perylene] + kr 1/t (6)

where 7, and 7 represent the triplet lifetime of C,,->BDP*-T
(the fast component in Table S2) in the absence and presence
of perylene, respectively, and kr is the self-quenching rate of
the photosensitizer triplet as ky = 1/7,. Figure 4c plots the
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Figure S. (a) Fluorescence emission spectra of C,o-BDP-T and perylene in various concentrations with photo-excitation at 663 nm, where the inset
shows the photograph taken with a 500 nm short-pass filter in the presence (left) or absence (right) of perylene (1.5 X 107> M). (b) Relationship
of the TTA upconversion quantum yield with the perylene concentration. (c) Dependence of the upconversion fluorescence intensity on the
excitation power density. (d) Double logarithmic plot of the integrated TTA upconversion fluorescence intensity (blue dots) with the excitation
power density, as well as the dependence of the remnant fluorescence intensity (red dots) of C,,-BDP-T at 700 nm.

linear relationship between 1/7 — 1/7, and the perylene
concentration, resulting in the k,; value between C.,-*BDP*.T
and perylene of 1.8 + 0.1 X 10° M~ s™', which is much higher
than those in similar systems, e.g., 0.38 X 10° M™" s™" for C,,-
Bodipy"® and 0.58 x 10° M™! s7! for Cgy-Bodipy.””
Considering that the triplets in C,y-Bodipy and C4y-Bodipy
dyads are located on fullerene moiety, this significant
improvement of k, provides additional evidence for the
involvement of C,-°’BDP*-T in the TTET process. Moreover,
we know that the TTET efficiency (®prgr) can be influenced
by the acceptor concentration, as shown in Figure 4d.
Apparently, a satisfactory @pppr value of higher than 90%
was achieved when the perylene concentration exceeded 1 X
107° M.

3.1.3. Triplet—Triplet Annihilation Upconversion of
Perylene. Using C,,-BDP-T as a photosensitizer and perylene
as an acceptor, we carried out upconversion fluorescence
measurements of this new TTA-UC system. With photo-
excitation at 663 nm, strong blue fluorescence was observed in
deaerated toluene as we expected. Figure Sa shows the TTA-
UC fluorescence emission spectra with various perylene
concentrations. The upconversion fluorescence covers the
wavelength range of 440—540 nm, which is identical with the
fluorescence spectrum of perylene itself, supporting the
occurrence of photon upconversion. In addition, the remnant
fluorescence of C,-BDP-T remains even in the presence of
perylene (in Figure Sa), pointing to the fact that the emission
of the photosensitizer originates from primary fluorescence
that is independent of the triplet energy-transfer procedures.
As reported in the previous experiment,43 the fluorescence
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quantum yield of C,-BDP-T in toluene was 4% with
photoexcitation at 605 nm, which is comparable to the TTA-
UC.

We know that high acceptor concentration facilitates the
TTET process and usually improves the TTA-UC efliciency.
However, the high concentration may cause pronounced self-
absorption or formation of excimers, thereby reducing
fluorescence intensity. Therefore, an optimized concentration
is necessary for maximizing the upconversion efficiency. As
depicted in Figure Sa, the upconversion fluorescence intensity
gradually increases with the perylene concentration and
saturates when the concentration exceeds 1.5 X 107> M.
Notably, the relative intensity of the highest energy peak at 450
nm in the fluorescence spectra is reduced with the increase of
the perylene concentration, affirming the self-absorption and
“secondary inner filter effect”. Actually, this phenomenon is
common in the visible-to-ultraviolet upconversion systems.’”*

Using methylene blue as the standard (fluorescence
quantum yield @ = 4% in ethanol),” the TTA-UC quantum
yield, ®yc, was calculated with eq 7, by integrating the
emission band area (400—600 nm) in the fluorescence spectra.

o]

where A, I, and # are the absorbance intensity, the integrated
emission intensity, and the refractive index of the solvents, and
“std” and “sam” represent standard and samples, respectively.
Notably, as suggested by Castellano et al, the theoretical
maximum of @y is defined as 50%.°° Figure Sb shows the

2

rlsam

Astd Isa

A

sam

Dy =

Lgq N (7)
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dependence of @y on the perylene concentration. Apparently,
a maximal @y value of 5.2% is obtained at the perylene
concentration of >1.5 X 107 M. It is worth noting that this is
the highest TTA-UC quantum yield using heavy-atom-free
organic photosensitizer in the NIR-I window to date.

Moreover, as another important parameter of the TTA-UC
system, the anti-Stokes shift is determined to be 0.88 eV as the
energy difference between the excitation photon and the
upconversion fluorescence photon (using the highest energy
peak at 450 nm). In addition, the TTA-UC fluorescence
intensity correlates quadratically with laser power density at
low excitation intensity and linearly at high intensity, with the
threshold excitation intensity Iy, defined by the intersection
point.”’ " As shown in Figure 5c, both the upconversion
fluorescence (440—540 nm) of perylene and the remnant
fluorescence (620—820 nm) intensity of C,-BDP-T are
gradually enhanced with laser power. However, these two
fluorescence components exhibit difference dependence on the
laser power density. As shown in Figure 5d, there is a slope
change from 2 to 1 in the double logarithmic plot for the
upconversion fluorescence component, leading to the Iy, value
for TTA-UC of 238 mW/cm® In contrast, the remnant
fluorescence of C,o-BDP-T shows a linear relationship with
laser power density.

Once the triplet state of perylene is generated, its
attenuation mainly passes through phosphorescence and non-
radiative decay as the first-order process or the TTA process as
the second-order reaction. Hence, the rate equation for triplet
perylene in the differential form can be expressed as

d[3 erylene™]
% = —kT[3perylene*] - kTTl,\[sperylene*]Z
t

(8)
where [’perylene*] represents the concentration of triplet
perylene and kr and kpr, stand for the first-order and second-
order rate constants, respectively. The analytical solution to eq
8 is given by®»®*

3 * 3 w 1—p
[ perylene™] = [ perylene”],————
Tt —p ©)
where f indicates the initial proportion of triplet perylene
decaying through the second-order channel (TTA), denoted as

p= ky + k[ perylene™],
fluorescence intensity (Iyc) is proportional to the concen-
tration of singlet excited perylene, ['perylene*], which can be

3 *
krral perylene™] .
T PR b We know that the upconversion

simply calculated by [lperylene*] = kkTJ[sperylene*]Z (kgy, is

the fluorescence radiation rate of perylene in the S, state).
Thus, the time-dependent Iy can be expressed as eq 10

2
Iye [lperylene*] x [3perylene*]2 = [3perylene*]0

2
1-p
[e"Tt - p ] (10)

By fitting the kinetic curve of normalized upconverted
fluorescence at 450 nm (Figure S7), we obtained kr of 1.7 X
10* s7' for the triplet perylene and § value of 0.58. In
comparison with the Cq,-Bodipy/perylene in toluene (kr = 2.4
x 10° 57!, f = 0.931),” the current f value is significantly
reduced, accompanying with the enhanced kr. Given that
radiative decay rate of *perylene® remains in the C,o-BDP-T/

8483

perylene and Cgy-Bodipy/perylene systems, the remarkably
increased ki is readily attributed to the promoted non-radiative
decay. However, collision quenching and ISC from T to S, are
identical for the triplet perylene in the two TTA-UC systems;
thus, the k; variation should be caused by the thermodynami-
cally allowed energy transfer from *perylene® to *C,*-BDP-T.
In this respect, perylene is not the best acceptor for the
maximal upconversion quantum yield, and a new acceptor with
the slightly lower triplet energy is expected for achieving the
higher TTA efficiency at the expense of a little loss of anti-
Stokes shift. The corresponding efforts are ongoing.

The quantum yield of the TTA process can be given by
@y = 1/2-ff, where f, represents the proportion of
3perylene® which decay via the bimolecular reaction to the
overall channels, which can be calculated by eq 11.

—1 0
[3perylene*]0 f kTT[3pery1ene*]2dt
0
p—1
p

o

1 - In(1 — f8)

(11)

For the current C,y-BDP-T/perylene system, f, equals
0.372. Moreover, f denotes spin-statistical factor, which is an
important parameter in the TTA process defined as the
probability to obtain a singlet excited state (S;) by the
annihilation of two triplet states (T;). According to the spin-
statistical law,*”*>°° the f value should equal to 1/9. However,
considering that the formation of quintet excited state usually
is energetically forbidden, the quintet coupling pair will split
back into two T state to participate in further annihilations.
Besides, the decomposition of the triplet-pair encounter always
produces a high-energy triplet state like T,, which can quickly
decay to the T state by internal conversion. In this case, the S;
state and T, state will be formed with a statistical ratio of 1:3
during an annihilation process, leading to a higher spin-
statistical factor of f = 2/5. On the contrary, when the T,
energy is higher than double of T, state, this channel is
energetically forbidden, and the unique fate for the triplet pair
is to dissociate reversely into two free T, states. In the latter
case, each coupling é)air can produce one S; state, giving an
upper limit of f = 1.7

According to the Jablonski diagram, the overall upconver-
sion quantum vyield ®yc can be expressed as Py =
D D Prra-Ppr. As mentioned above, Py is 0.031 at
the perylene concentration of 1 mM. ®g represents the
formation efliciency of triplet state via ISC and/or ELT-CR
mechanisms, which can be estimated as 0.960 for C,,-BDP-T.
The TTET efficiency, @rrer, is 0.901 at 1 mM perylene (in
Figure 4d). ®p stands for the fluorescence efficiency of
perylene, which was measured to be 0.501 in toluene.”® Using
these values, @, can be calculated to be 0.072, and then, the
spin-statistical factor f in this TTA-UC system is determined to
be 0.387. As this value is very close to 2/S, the pathway of

IC
T+T e TL) - T,+S, > T, + S, plays a pivotal role
for the TTA of perylene in toluene.

4. CONCLUSIONS

In this work, we constructed a new TTA-UC system using a
recently synthesized heavy-atom-free photosensitizer, C,-
BDP-T triad. As the absorption of the bodipy moiety in this
triad extends to the NIR-I region due to the conjugation effect
of the TPA unit, we successfully achieved highly eflicient red-
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to-blue (663 to 450 nm) TTA-UC with perylene as the triplet
acceptor, with an anti-Stokes shift of 0.88 eV and a quantum
yield up to 5.2% (out of a 50% maximum) in deaerated
toluene. According to these record-setting values to date, the
current system shows an excellent example for highly efficient
TTA-UC with heavy-atom-free organic photosensitizers in the
wavelength region close to the NIR-I window. These results
not only fully demonstrate the superiority of fullerenes in the
development of heavy-atom-free photosensitizers but also can
serve as a cornerstone for the future design of fullerene
derivatives photosensitizers for TTA-UC in the NIR region.
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