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(ZnPc)
widely recognized as efficient triplet

Zinc phthalocyanines are

photosensitizers in photodynamic
therapy and photocatalysis, owing to
their intense absorption in the visi-
ble range and long triplet-state life-
times. However, their application in
triplet-triplet annihilation (TTA) up-
conversion is lacking to date. In this
study, we synthesized a new ZnPc
photosensitizer, 4I-ZnPc, and com-
posed a TTA upconversion system

@yc=1.92%

using rubrene as the energy acceptor. Upon photoexcitation at 663 nm, yellow fluorescence

from rubrene was observed in deoxygenated dichloromethane, demonstrating TTA upconver-
sion with an anti-Stokes shift of 0.331 eV and a quantum yield of 1.82% (out of the 50% maxi-
mum). Using nanosecond transient absorption spectroscopy, we determined the triplet life-

time of 4I-ZnPc, the triplet-triplet energy transfer efficiency, and the fluorescence quantum

yield. These measurements provide critical insights into the photophysical processes govern-

ing the TTA upconversion system. Our results highlight the potential advantages and limita-

tions of ZnPc as a triplet photosensitizer for TTA upconversion.

Key words: Triplet-triplet annihilation, Fluorescence upconversion, photosensitizer, Quan-

tum yield, Transient absorption

I. INTRODUCTION

Triplet-triplet annihilation (TTA) upconversion has
emerged as a highly promising approach for converting
low-energy photons into higher-energy emissions [1].
During the past decades, many efforts have been made

to improve the TTA upconversion performance and
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achieve several advantages, such as a low excitation
power requirement (less than 100 mW /cm?) and a high
upconversion quantum yield. Consequently, this tech-
nology has been successfully applied in various fields,
including optoelectronics [2—4], solar energy harvesting
[5—7], photodynamic therapy [8—10], and bioimaging
[11-13].

In a typical bi-component TTA upconversion sys-
tem, the photosensitizer absorbs incident light to form
triplet state via an efficient intersystem crossing (ISC),
then the triplet acceptor can be generated by a triplet-
triplet energy transfer (TTET) process. When two
triplet acceptors encounter, an electronically excited ac-
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ceptor in the Sy state can be produced in the TTA pro-
cess, and then emits a high-energy photon. Accordingly,
an intense absorption and a high ISC efficiency of pho-
tosensitizer are crucial for the overall TTA upconver-
sion process [14—17].

It is well known that organic chromophores have ex-
cellent visible absorbance [18] and the heave-atom ef-
fect by transition metal ions can significantly enhance
ISC efficiency. Thus, metal-organic complexes are natu-
rally candidate materials for triplet photosensitizers.
Actually, metal-organic complexes have been synthe-
sized and applied as triplet photosensitizers for a long
time [19]. For instance, [Ru(bpy)3]>* (bpy=2,2"-bipyri-
dine) exhibits excellent photo-stability and efficient
photosensitising ability, owing to its long triplet life-
times [20—22]. [Ir(ppy)s] (ppy = phenylpyridine) [23, 24]
and [Pt(terpy)Cl]" (terpy = terpyridine) [25—27] show
good performances in photodynamic therapy and pho-
tocatalytic water decomposition. However, these report-
ed photosensitizers basically used precious metals as the
complex center, which is costly and not conducive to
the promotion of application. Therefore, developing
new photosensitizers of light metal-organic complex re-
mains a challenge.

Among common metal elements, zinc is the second
most abundant transition metal in the human physio-
logical system, implying Zn>* is biophilic and cost-ef-
fective. Over the years, many Zn’*-ligand complexes
have been developed as optical sensors owing to their
fluorescence-enhanced effects [28—31]. In contrast, when
bound to phthalocyanine (Pc), zinc phthalocyanine
(ZnPc) has been recognized as a second-generation pho-
tosensitizer and widely used in photodynamic therapy
[32]. By quaternising [33], introducing alkyl groups into
the peptidocyanine [34], or cross-linking with chitosan
[35], ZnPc exhibited great performance on photodynam-
ic therapy in complex biological and environmental con-
texts, providing new clues for the development of novel
antimicrobials and cancer therapeutics. Besides, com-
bining ZnPc¢ with graphene [36] or forming hybrid
nanocomposites with inorganic materials such as ZnO
[37] can improve photocatalytic properties.

Although numerous studies have been carried out on
the various applications of ZnPc, its use in TTA upcon-
version has remained largely unexplored. To address
this gap, we conducted a preliminary application of Zn-
Pc as the photosensitizer in a bi-component TTA up-
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FIG. 1 Molecular structures of 4I-ZnPc as the photosensi-
tizer and rubrene as the energy acceptor.

conversion system with rubrene as the energy acceptor.
To enhance the ISC efficiency, four iodine atoms were
introduced into the phthalocyanine moiety, leveraging
the heavy-atom effect. The molecular structure of this
modified ZnPc (4I-ZnPc) is exhibited in FIG. 1. To
evaluate the performance of this TTA upconversion sys-
tem and elucidate the underlying mechanisms, we em-
ployed a combination of transient absorption spec-
troscopy and density functional theory calculations, in-
cluding energy transfer and triplet-state dynamics. This
study represents a significant step towards expanding
the application of ZnPc in TTA upconversion.

Il. EXPERIMENTS AND COMPUTATIONS

An overview of the synthesis scheme of the photosen-
sitizer, 41-ZnPc, is given in Scheme 1. All precursors of
analytical reagents were purchased from Sigma-Aldrich
Co. Solvents were dried and distilled before synthesis.
The structure and purity of 4I-ZnPc was verified using
infrared spectroscopy and high-resolution mass spec-
trometry. The details of the synthetic processes and the
corresponding infrared spectrum and mass spectrum are
summarized in Supplementary materials (SM). Consid-
ering the poor solubility of 4I-ZnPc in water, we used
dichloromethane as the solvent in the following experi-
ments.

Steady-state UV-Vis absorption spectra in the wave-
length range of 300-800 nm were measured using a com-
mercial spectrometer (Shimadzu, UV-2550), and a fluo-
rescence spectrophotometer (JASCO, FP8500) was
used to record fluorescence emission spectra.

Nanosecond time-resolved transient absorption spec-
tra were measured using a home-built laser flash photol-
ysis system [38, 39]. The pulsed excitation laser
(355 nm, ~4 mJ/pulse) was the triplet harmonic of a Q-
Switched Nd:YAG laser (Beamtech, Dawa-100) with a
pulse duration of 10 ns and a repetition rate of 10 Hz. A
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Scheme 1. Synthesis routine for the photosensitizer, 41-ZnPc.

500 W Xe lamp as the analytical light source was inter-
sected by the laser beam in a quartz cuvette
(10 mm x 10 mm). The transient absorption spectra in
the wavelength range of 400-800 nm were measured us-
ing a monochromator equipped with a photomultiplier
(Hamamatsu, R928), with aresolution of less than
1nm. For each intermediate, the kinetic curve at its
specific wavelength was averaged by multi-shots and
recorded with an oscilloscope (Tektronix, TDS3052B).
The solutions were deoxygenated by purging with high
purity argon (99.99%) for more than 20 min prior to
measurements.

TTA upconversion fluorescence spectra were mea-
sured using a homemade fluorescence spectrometer. A
semiconductor laser (663 nm, 500 mW, beam diameter
of 3.5 mm) was employed as the excitation source. The
mixture solutions of 4I-ZnPc and rubrene were kept in a
temperature-controlled quartz cuvette (10 mm x 3 mm),
and were deoxygenated by purging them with high-pu-
rity argon (99.99%) for at least 20 min. The upconver-
sion fluorescence was detected and analyzed using a
commercial  fiber-optic  spectrometer  (AvaSpec,
ULS2048-2-USB2), with a spectral resolution of 1.2 nm.

Optimized geometries of 4I-ZnPc in low-lying elec-
tronic states were calculated using density functional
theory (DFT) and time-dependent DFT (TD-DFT).
Taking into account the computational cost, we select-
ed the B3LYP functional and the def2SVP basis set.
Using the optimized structures, vibrational frequency
analyses were calculated at the same level to confirm
their minimum roles and calculate zero-point energy
(ZPE). The vertical excitation energy and the energy
gap (AEsT) between the ground state (Sg) and the low-
est triple state (T1) of 4I-ZnPc were calculated using
the Gaussian 16W program package [40], as well as the
spin density surface of the Ty state. The polarizable
continuum model (PCM) [41, 42] was applied to evalu-
ate solvent effects.
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Ill. RESULTS AND DISCUSSION

A. UV-Vis absorption and fluorescence emission spectra

FIG. 2(a) shows steady-state UV-Vis absorption
spectra of 4I-ZnPc and phthalocyanine ligand itself. Ob-
viously, two major absorption peaks located at 355 and
680 nm, with corresponding molar extinction coeffi-
cients (g) of 14500 and 44100 mol '-L-cm ™, respec-
tively. These peaks are konown as the characteristic B
and (@Q absorption bands of phthalocyanine com-
pounds [43, 44]. The absorption at 680 nm (Q band) is
contributed by the 7-7* transition of the phthalocya-
nine ring.

Using photoexcitation at 663 nm, the fluorescence
emission spectrum of 4I-ZnPc in dichloromethane is ex-
hibited in FIG. 2(b). The band profile looks exactly like
a mirror image of the Q absorption band, with a peak at
689 nm. The absolute fluorescence quantum yield of 4I-
ZnPc, ®p(41-ZnPc), was determined to be 5.2% using a
commercial quantum efficiency measurement system
(Hamamatsu, C13534). Such a small ®y(41-ZnPc) val-
ue usually implies a high efficiency of intersystem cross-
ing (ISC). According to the energy gap law, the inter-
nal conversion (IC) rate to the ground state is very low,
and thus the quantum yield of ISC (®15c) can be esti-
mated to be approximately 0.948 using Eq.(1), which is
in line with the Ermolaev’s rule. It should be noted that
this number is just an estimated value rather than a di-
rectly measured result. This high ®1g¢ is mainly due to
that in this metal-phthalocyanine complex, the pres-
ence of the metal ion (Zn?*) and the introduction of io-
dine atoms both cause significant heavy-atom-effects to
efficiently enhance the spin-orbital coupling (SOC),
promoting the production of the T state.

B = —MsC_ g ke
kr + kisc kr + kisc
= 1 — $p(41-ZnPc) (1)
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FIG. 2 (a) UV-Vis absorption spectra of 41-ZnPc (5x10> mol/L) and phthalocyanine ligands in the wavelength range of
300-800 nm; (b) fluorescence emission spectrum of 4I-ZnPc (1x10™° mol/L) in dichloromethane, with Aex=663 nm and

25 °C.
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FIG. 3 (a) Frontier molecular orbitals involved in low-lying singlet and triplet excited states of 4I-ZnPc, (b) spin density
surfaces at the optimized geometry of the lowest triplet state (Tp). Calculations were performed at the TD-DFT-
B3LYP/def2SVP level. Dichloromethane was used as the solvent.

Optimized geometric parameters of 41-ZnPc in the
ground state (Sp), the lowest singlet (S1), and the low-
est triplet (T1) states at the B3LYP/def2SVP level are
summarized in Table S1 (SM). Notably, the Sg, S; and
Ty states all have a planar conjugated structure with
approximate bond lengths. Using the Sg optimized ge-
ometry, vertical excitation energies to several lowest
singlet and triplet states were calculated using the TD-
DFT-B3LYP approach. The main transition properties
are summarized in FIG. 3(a), and more details are list-
ed in Tables S2 and S3 (SM). It is worth noting that at
the Sg optimized geometry, the LUMO and LUMO+1
are degenerated in energy, in mutually perpendicular
directions. As indicated in FIG. 3(a), the excitation and
emission for the S; state are both contributed by the
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HOMO—LUMO (or LUMO+1) transition, but the
transition oscillator strength is significantly enhanced
from f=0.7401 in absorption to f=1.0171 in fluores-
cence emission. In contrast, the T state also has a pre-
dominant configuration of HOMO—LUMO (or LU-
MO+1), as shown in FIG. 3(a). Notably, the feature of
the LUMO and LUMO+1 orbitals being perpendicular
to each other plays a crucial role in facilitating spin re-
versal of the electron and enhancing the ISC transition
of S1—T1, according to EI-Sayed rule.

As shown in FIG. 3(a), vertical excitation energies
are calculated to be 2.001 eV (620 nm) for Sp—S1/So
and 3.025 eV (410 nm) for Sy—S5/Se, in general align
with the two absorption peak positions observed in
FIG. 2(a). In addition, at the S; optimized geometry,

© 2025 Chinese Physical Society
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FIG. 4 Nanosecond time-resolved transient absorption spectra of 4I-ZnPc in dichloromethane (a), and decay kinetics at
490 nm (b) and 685 nm (c), where the concentration of 4I-ZnPc is 5x 107° mol/L, Aex=355 nm, and 25 °C.

the radiative energy of S; is 1.812 eV, corresponding to
a photon energy of 684 nm, which greatly agrees with
the fluorescence peak wavelength shown in FIG. 2(b).
Furthermore, using their own optimized geometries,
adiabatic excitation energies of S1 and T are calculat-
ed as Fg, =1.84 eV and Ep, =1.16 eV, after ZPE cor-
rections. Consequently, the interval energy between the
Sy and Ty states, AEsT=FEg, —FETr,, is determined to be
0.68 eV.

FIG. 3(b) shows the calculated spin density surface
of the T state. Obviously, the spin densities are mainly
distributed on the phthalocyanine moiety. Therefore,
the relatively small AEgT value and vertically inverted
spin MOs both favors the excited singlet state (S1) un-
dergoing ISC to produce the T state.

B. Nanosecond transient absorption spectra

FIG. 4(a) exhibits the nanosecond time-resolved
transient absorption spectra of 4I-ZnPc in the wave-
length range of 400-800 nm, with photoexcitation at
355 nm. A strong negative peak and a weak positive ab-
sorption band are observed at 685 nm and 490 nm, re-
spectively. As the negative peak position is close to the
Q absorption band peak (FIG. 2(a)), it is assigned to be
the typical ground-state bleaching (GSB) peak. In con-
trast, the positive absorption band is weaker, covering a
wide range of 400-600 nm. It is attributed to the excit-
ed state absorption (ESA) of the triplet state. Consider-
ing too high energy of the T9 state (Table S2 in SM),
the peak observed in experiments exclusively is at-
tributed to the absorption of the lowest T state.

To assess the lifetimes of the T state, we measured
the decay kinetics at 490 and 685 nm, respectively, and
plotted them in FIG. 4 (b) and (c). The dynamic curve
at 490 nm shows a typical monoexponential decay, and
the corresponding lifetime of the T state is determined
to be 12.440.2 ps by curve-fitting. In contrast, the kinet-
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ic curve at 685 nm also shows a character of single-expo-
nential decay, in which the lifetime is 12.6+0.6 ps. The
approximate lifetimes for the two bands strongly indi-
cate their identical spectral contributors, the T state.
Its relatively long lifetime of 12.4-12.6 ps provides a pe-
riod enough for TTET in the presence of a suitable en-

ergy acceptor.

C. TTET between 41-ZnPc and rubrene

Generally, the exothermic energy transfer is neces-
sary for the efficient TTET process in a bi-component
TTA upconversion system. With reference to the calcu-
lated T excitation energy of 4I-ZnPc (1.16 €V), rubrene
was selected as the energy acceptor, according to its en-
ergy of Er, =114 eV [45]. With the presence of
rubrene, the absorption at 490 nm and the GSB intensi-
ty at 685 nm diminished quickly, affirming the occur-
rence of the TTET process. FIG. 5(a) shows the decay
kinetics at 685 nm with different concentration of
rubrene. Through fitting these decay curves, the corre-
sponding obvious lifetime of the triplet 4I-ZnPc was ob-
tained. Using the Stern-Volmer Eq.(2), the bimolecular
quenching rate constant, k;, was determined to be
7.2(1)x10? mol '-L-s™!, as shown in FIG. 5(b). This
rate constant is slightly lower than the diffusion rate,
kaittuse = 8k T/3n=1.54x10"" mol '-L-s™!, where 7 is
the viscosity of dichloromethane, 0.43 mPa-s at 25 °C.
Then, the TTET efficiency, ®TTET, Was calculated us-
ing the Eq.(3).

1 1

=k, - 2

e kq - [rubrene] (2)

o _ kq- [rubrene]  1/7—1/79 3)
TIET = kq- [rubrene] + kp 1/7

where 19 and 7 are the triplet lifetimes of ZnPc in the
absence and presence of rubrene, respectively, and kr is

© 2025 Chinese Physical Society
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FIG. 5 (a) Decay curves at 685 nm with different concentrations of rubrene, (b) the bimolecular quenching rate of the
triplet 4I-ZnPc with different concentrations of rubrene, (c) the TTET efficiency between the triplet 4I-ZnPc and rubrene

as a function of the rubrene concentration.

the self-quenching rate of the triplet
kr=1/7=1/(12.5x10 %) =8x10* s L.

FIG. 5(c) shows the TTET efficiencies (®TTET)
at different rubrene concentrations. The ®TTrT value

AI-ZnPc,

increases monotonically with the increase of rubrene
concentration, and eventually saturates. The maximal
®7T1ET value is higher than 90%, with the rubrene con-
centration of more than 1x1074 mol/L. As a result, a
large number of triplet rubrene molecules are produced
in solutions, providing sufficient precursors for the sub-
sequent TTA upconversion.

D. Triplet-triplet annihilation upconversion of rubrene

Upon photoexcitation at 663 nm, intense yellow fluo-
rescence emission was observed in the TTA upconver-
sion system of 4I-ZnPc and rubrene in dichloromethane.
FIG. 6(a) exhibits the upconversion fluorescence spec-
tra at different rubrene concentrations. In addition to
the intrinsic fluorescence emission of 4I-ZnPc itself in
the range of 650-850 nm, a new fluorescence band is ob-
served in the presence of rubrene, covering the wave-
length range from 530 nm to 650 nm. Given that its
spectral profile is similar to the fluorescence spectrum of
rubrene (FIG. S3 in SM), the TTA upconversion pro-
cess is identified to occur. Notably, the upconversion
fluorescence intensity increases and then decreases with
the increase of the rubrene concentration under current
conditions.

As shown in FIG. 6(a), the anti-Stokes shift, defined
as the energy difference between the excitation photon
and the upconversion fluorescence photon, is deter-
mined to be only 0.331 eV for the current system, ac-
cording to the highest-energy peak at 560 nm. Such a
small shift is mainly attributed to the large energy loss
in the ISC process, as indicated in FIG. 3(a). As the up-
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conversion fluorescence and the absorption of 4I-ZnPc
itself partially overlap within the range of 540-640 nm,
a significant self-absorption influence of photosensitizer
undoubtedly exists, reducing the TTA upconversion ef-
ficiency.

Using methylene blue as the standard (fluorescence
quantum yield ®gq=4% in ethanol) [46], the TTA up-
conversion quantum yield, ®yc, was calculated with
Eq.(4), by integrating the upconvertion emission band
area (530—650 nm) in FIG. 6(a).

A 1. Tse 2
o - d X std) . ( mm) ( bdm) 4
ue std (AS&HI Istd Nstd ( )

where A, I, and 7 are the absorbance intensity, the inte-

grated emission intensity, and the refractive index of
the solvents, and “std” and “sam” represent standard
and samples, respectively. Notably, the theoretical
maximum of ®yc is defined as 50% in this case, be-
cause two excitation photons are converted into a single-
photon emission [47]. FIG. 6(b) shows the dependence
of ®yc on the rubrene concentration. Apparently, a
maximal ®yc value of 1.82% is obtained when the
rubrene concentration is 0.7 mmol/L. In addition, when
taking into account the light-harvesting ability of pho-
tosensitizer, the overall upconversion capability,
n=ex®dyc (e=12400 mol '+L-cm ™!, at 663 nm), is
225.7 mol '+ L-cm™! for the current TTA upconversion
system which is crucial for assessing the application per-
formance of an upconversion system, as suggested by
Zhao et al. [48]. This capability is not low compared
with the similar TTA upconversion system using metal-
phthalocyanine photosensitizers reported previously
[49, 50].

It is worth noting that the ®yc value of the current
system is relatively low, despite the long-lived triplet 41-

© 2025 Chinese Physical Society
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FIG. 6 (a) Upconversion fluorescence spectra of rubrene at various concentrations using 4I-ZnPc as the triplet photosensi-
tizer, with photoexcitation at 663 nm, as well as the photographs in the presence (left) or absence (right) of rubrene. (b)
Effect of the rubrene concentration on the TTA upconversion quantum yield. (c) Double logarithmic plot of the integrated
upconversion fluorescence intensity (in blue) with the excitation power density, as well as the dependence of the instinct
fluorescence intensity of 4I-ZnPc at 685 nm (in black). (d) Time-resolved attenuation curves at 590 nm of the upconver-
sion fluorescence intensity, [4I-ZnPc]=0.05 mmol/L, [rubrene]=0.5 mmol/L, Acx=355 nm, and 25 °C.

ZnPc and the sufficiently high TTET efficiency at high
rubrene concentration. The self-absorption might be the
dominant factor to reduce the fluorescence emission, be-
cause the absorption of 4I-ZnPc and rubrene both par-
tially overlap with the upconversion fluorescence emis-
sion band. Actually, the self-absorption effect of
rubrene can also be observed in FIG. 6(a), especially at
the concentration of more than 0.5 mmol/L, since the
intensity of the first fluorescence peak at 590 nm for
rubrene is visibly weakened. Using the approach pro-
posed by Olesund et al. [51], the detected fluorescence
intensity can be corrected to obtain the revised ®yc
value of 1.96%. The revision details are exhibited in
FIG. S4 (SM).

In contrast, according to the Jablonski diagram, the
overall TTA upconversion quantum yield, ®yc, can be

expressed as Eq.(5), with a maximum of 50%,

Pyc = g PrrET - Pr7A - PR(R) (5)

Using the above experimental values of ®15¢, ®TTET
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and ®yc values at the rubrene concentration of
0.07 mmol/L, as well as the absolute fluorescence quan-
tum yield of rubrene in deoxygenated dichloromethane,
®1(R)=0.77, the TTA quantum yield, &4, is deter-
mined to be 0.029.

In principle, the TTA upconversion fluorescence in-
tensity has a quadratic dependence on the excitation
power of laser at low intensities and transforms to a lin-
ear dependence at high power densities [51, 52]. The Ly
parameter, defined as the threshold excitation power
density of TTA upconversion, can be derived from this
relationship as the intersection point. When the power
density is greater than I, the TTA process becomes
the dominant deactivation pathway for triplet accep-
tors, producing the maximal ®yc value. In current ex-
periments, both the upconversion fluorescence of
rubrene and the intrinsic fluorescence of 4I-ZnPc are
monotonically enhanced with the laser power density,
as shown in FIG. 6(c). However, different relationships
are found for these two fluorescence components. For
the fluorescence component in the range of 630—700 nm

© 2025 Chinese Physical Society
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(shown in black), the slope close to 1 is consistent with
its property of intrinsic fluorescence. In contrast, for the
fluorescence intensity in the range of 550—630 nm
(shown in blue), the slope gradually changes from 2 to 1
with the increase of the power density, producing an Ly
value of 205 mW /cm?.

E. Spin statistics factor in the current TTA upconversion

process

There are two types of attenuation pathways for the
triplet rubrene. The first-order decay channel includes
its phosphorescence emission and other non-radiative
processes, such as the ISC of T1—Sg and collision, while
the TTA process is typically a second-order quenching,.
Hence, the quenching rate of the triplet rubrene can be
quantitatively expressed as Eq.(6),

apr]

= b PR ke [PRT](©)

where [®R"] is the concentration of the triplet rubrene,
kt and krTA represent the first-order and second-order
quenching (i.e. TTA) rate constants, respectively. The
solution of this equation is simply given as Eq.(7), us-
ing the initial concentration of the triplet rubrene,

Pr] =[] s ®

where 3 equals the initial proportion of the TTA atten-
uation rate over the overall decay rate, denoted as

Eq.(8),

3 *
_ kTTA[ R }0
kT +kTTA[3R*]0

(®)

As we know, the upconversion fluorescence intensity
(Iuc) is proportional to the concentration of singlet ex-
cited rubrene, ['R*]. For !R*, radiative and non-radia-
tive decay pathways occur competitively. Thus, based
on the steady-state approximation, ['R*] can be simply
calculated asply calculated as

Lo ¥ kA [?’R*r
[ ]:ka)/@F(R)

where kp(R) and ®p(R) are the fluorescence radiation
rate and absolute fluorescence quantum yield of singlet
rubrene, 'R*, respectively. Obviously, krTa, kr(R) and
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& (R) are all constants in current conditions. Thus, the
time-dependent Iyc(?) can be expressed as Eq.(9),

2
krra [PRY]
oot o [1re] = Fma PRI
vel! e (R) /2p(R)
2/ 1-8 \?
3*
~ [ R }0 (eth_ﬁ) 9)
By fitting the kinetic curve of the upconvertion fluo-
rescence at 560 nm (FIG. 6(d)), the kr and 3 values are
determined to be 1.8 x10* s™' and 0.58. Thus, the pro-
portion of the TTA process in the overall decay chan-

nels for 3R* can be calculated to be 0.3718 with
Eq.(10).

3p* -1 e 3p* 2
fo=’R’] / krra PR at
0 0
=1- Eln(l—ﬁ) (10)
B
Theoretically, the quantum yield of the TTA pro-
cess can be given by ®11p =1/2- f fo, where fis the spin-
statistical factor, defined as the probability to obtain a
singlet excited state (S1) by the annihilation of two
triplet states (T1). According to the spin statistical law
[51, 53, 54], the f value equals 1/9 (11.1%). However,
the formation of quintet excited state usually is energet-
ically forbidden, thus an upper limit of fbecomes 0.4 in
this case [53]. In the current system, the fvalue is deter-
mined to be 15.6%, using the above ®1Ta of 0.029. Al-
though the fvalue is far lower than the maximum value
of rubrene (33% [55]), it is still slightly higher than 1/9,
indicating the annihilation pathway is as follows,

T+ T — 3(T1T1) — T9 4+ Sg g Ty + So

which plays an indispensable role in the TTA of
rubrene.

IV. CONCLUSION

In this study, we explored the potential of ZnPc as a
triplet photosensitizer in TTA upconversion systems.
We synthesized the 4I-ZnPc photosensitizer and con-
structed a bi-component TTA upconversion system
with rubrene as the energy acceptor. Upon photo-exci-
tation at 663 nm, yellow fluorescence from rubrene was
observed in deoxygenated dichloromethane, demon-
strating an anti-Stokes shift of 0.331 eV and an upcon-
version quantum yield of 1.82% (out of the theoretical
maximum of 50%).
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Using nanosecond transient absorption spectroscopy,
we determined the triplet lifetime of 4I-ZnPc to be
12.4 ps. In the presence of rubrene, the TTET efficiency
could exceed 90% at high rubrene concentrations. How-
ever, the overall upconversion quantum yield was limit-
ed by self-absorption effects. Nonetheless, this study
highlights the potential of ZnPc as a cost-effective and
efficient photosensitizer for TTA-UC applications.

Supplementary materials: The synthetic route and
characterization data (mass spectra, infrared spectra) of
the 4I-ZnPc molecule, the fluorescence emission spectra
of Rubrene, corrected upconversion fluorescence spec-
tra, and relevant data from theoretical calculations.
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