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Solvent effects on triplet–triplet annihilation
upconversion kinetics of perylene with a
Bodipy-phenyl-C60 photosensitizer†

Yaxiong Wei, ab Ye Wang,cd Qiaohui Zhou,a Song Zhang, *cd Bing Zhang,cd

Xiaoguo Zhou *a and Shilin Liu a

The solvent effect usually plays an important role in triplet–triplet annihilation (TTA) upconversion pro-

cesses. In this work, we have studied the TTA upconversion kinetics of perylene with Bodipy-phenyl-C60

as the triplet photosensitizer in five solvents, 1,4-dioxane, dichlorobenzene, chlorobenzene, toluene, and

tetrahydrofuran (THF). Although no significant solvent effect was observed in steady-state absorption

and fluorescence emission spectra, the overall TTA upconversion quantum yields showed a profound

dependence on solvent properties, i.e. 4.9% in 1,4-dioxane, 7.1% in dichlorobenzene, 6.7% in

chlorobenzene, 4.6% in toluene, and 2.2% in THF (the maximum of 50%). Each elementary reaction step

involved in the overall process was analyzed by applying femtosecond and nanosecond time-resolved

transient absorption spectroscopy, revealing that the fluorescence emission of perylene was more

significantly affected by the solvents in contrast to the other steps. Moreover, an extra intramolecular

energy-transfer pathway of Bodipy-phenyl-C60 was found via the formation of charge-separated states

in dichlorobenzene, chlorobenzene, and THF solvents, once being excited. These conclusions provide

valuable clues to choose the most favorable solvent for the higher TTA upconversion efficiency in

related applications.

1 Introduction

Photon upconversion based on triplet–triplet annihilation
(TTA) of organic molecules as triplet photosensitizers is highly
attractive for photovoltaic, photocatalysis, and other related fields,
in which the absorbed photons with lower energy can be converted
to higher energy photons for emission in a suitable system that
consisted of triplet photosensitizers and acceptors.1–3

During the past decades, many efforts have been made
to develop efficient photosensitizers for TTA upconversion.

Metal–organic complexes are the most widely used photo-
sensitizers,4–6 such as polyimine Ru(II), cyclometalated Ir(III),
Pt(II)/Pd(II) porphyrin, and Os(II) phenanthroline complexes.
Thanks to the heavy atom effect induced by transition metals,7,8

the long-lifetime triplet photosensitizers can be formed via inter-
system crossing (ISC) after photoexcitation, promoting the
observable TTA upconversion emission.9 However, the expensive
transition-metal complexes usually have relatively weak absorption
in the visible light range, compared with traditional chromophores
such as rhodamine, Bodipy, etc.10 Metal-free triplet photosensiti-
zers have been used in TTA upconversion and sensitize singlet
oxygen,11 such as bromo- or iodo-Bodipy, thermally activated
delayed fluorescence molecules, and organic p-radical molecules.
Recently, several dyad photosensitizers with fullerene ligands have
been synthesized and applied for TTA upconversion, in which the
C60 and C70 ligands play the role of spin converters due to their
approximately 100% ISC efficiencies.12–14 As shown in the scheme
of Fig. 1a, the representative TTA upconversion using the dyad
photosensitizers contains five elementary reaction steps after
photo-absorption: intramolecular singlet energy transfer (ET) from
a light harvester moiety to a fullerene ligand, ISC of the fullerene
moiety, triplet–triplet energy transfer (TTET) to produce triplet
acceptors, TTA of two triplet acceptors to form one singlet-excited
acceptor, and fluorescence (FL) emission of a singlet acceptor.
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Considering the rigorous energy rule for triplet acceptors,
like perylene, where the double energy of the triplet state needs
to be slightly higher than its singlet energy,15,16 solvent effects
must play an important role in the overall TTA upconversion
kinetics. In general, the viscosity of solvent may alter bio-
molecular reaction rates due to different collision ability, e.g.
TTET and TTA. Murakami et al.17,18 observed the dependence
of the TTA upconversion yield on the viscosity of ionic solution.
The improved triplet fusion yield with the increase of solvent
viscosity was also reported by Yokoyama et al.19 Castellano et al.
obtained an unprecedented upconversion quantum yield of
15.5% (the maximum of 50%) with BPEA as an acceptor in
high viscous PEG solution,20 while this yield was only 1.6% in
low viscosity solvent (toluene).21 These results indicated
that the encounter complexes formed upon collision between
annihilators had a longer lifetime in high viscosity solvent,
which could improve the TTA efficiency.21 Moreover, solvent
effects on the TTA upconversion of perylene were also reported
by Ye et al.,22 that the TTA efficiency was increased in higher-
viscosity solvents, meanwhile the low-polarity solvents were
better for TTA upconversion due to the lower amount of
excimer emission. In contrast, solvent polarity can remarkably
affect ISC rates and fluorescence quantum yields by changing
the energy gap between ground and excited states,23 but it has
been rarely mentioned in previous TTA upconversion studies.
Recently, we have studied the TTA upconversion of perylene in
hexane, heptane, toluene, dioxane and DMSO with the I2-Bodipy
photosensitizer.24 The quenching rate constant of triplet
3I2-Bodipy* was completely controlled by solvent viscosity,
whilst, a more significant solvent effect was found in the TTA
process and fluorescence emission of perylene. It is worth
noting that the influences of solvent viscosity and polarity on
TTA upconversion kinetics are not independent, and it is
necessary to be carefully checked in each system to optimize
conditions for the highest upconversion efficiency.

In the TTA upconversion system of perylene using Bodipy-
phenyl-C60 (B-2 in Fig. 1b) as the triplet photosensitizer, the
quantum yields of ET, ISC, and TTET processes were measured

respectively in toluene, and the overall quantum yield of the
TTA upconversion, FUC, was determined to be 2.9% (the maximum
of 50%).12 Although the yield was just passable, it was far below our
expectations. The inappropriate solvent might be a dominant
reason. Therefore, we have reinvestigated the TTA upconversion
kinetics in five solvents: 1,4-dioxane, toluene, chlorobenzene,
o-dichlorobenzene and THF. The quantum yield of each elementary
reaction step was measured using transient absorption spectroscopy
and fluorescence emission spectroscopy. Cyclic voltammetry was
also conducted to assess a potential electron-transfer mechanism.
The complex solvent effects were unveiled in the overall TTA
upconversion kinetics of perylene using a B-2 photosensitizer.

2 Experimental and computational
2.1 Synthesis and characterization

As shown in Fig. 1b, a C60 group was linked to the core of the
fluorophore by a phenyl bridge in B-2. The details of the
synthetic process were described in previous work.12

2.2 Experimental setups

The steady-state UV-Vis absorption spectra were recorded in the
wavelength range of 300–800 nm with a spectrophotometer
(UV-3600, Shimadzu). The fluorescence emission spectra were
measured with a fluorescence spectrophotometer (F-4600, Hitachi)
in the wavelength range of 400–800 nm.

Femtosecond time-resolved transient absorption spectra
were measured with a pump–probe strategy as described
previously.12 An excitation femtosecond laser with 35 fs pulse
width was generated at 532 nm from NOPA, with an attenuated
energy of about 4.5 mJ. Meanwhile, a fraction of the pump laser
was focused on a CaF2 plate to produce a white light continuum
as the probe laser. The relative polarization of the pump and
probe pulses was maintained as 54.71. The absorption spectra were
recorded with a CCD camera equipped with a spectrometer
(Princeton, SpectraPro 2500i). The instrumental response function
was better than 150 fs.

Fig. 1 (a) Scheme of TTA upconversion kinetics in Bodipy-phenyl-C60 and perylene and (b) structures of perylene and light antennas, phenyl-Bodipy
(B-1) and Bodipy-phenyl-C60 (B-2).
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A home-built laser flash photolysis system was used to
measure nanosecond transient absorption spectra. The second
harmonic 532 nm of a Q-Switched Nd:YAG laser (PRO-190, Spectra
Physics) was used as the excitation light (pulse duration 8 ns,
repetition rate of 10 Hz, and pulse energy o10 mJ per pulse). The
analyzing light was a 500 W xenon lamp, and intersected with the
pulsed laser in a quartz cuvette (10 � 10 mm) at right angles. A
monochromator (Omni-l 5025) equipped with a photomultiplier
(CR131, Hamamatsu) was used to record the transient absorption
spectra within the wavelength range of 300–800 nm, with a spectral
resolution of better than 1 nm. A decay curve of the intermediate
was averaged by multi-shots and recorded with an oscilloscope
(TDS3052B, Tektronix). All solutions were deoxygenated by purging
with high purity argon (99.99%) for more than 20 minutes prior to
measurements.

In experiments of TTA upconversion spectra, the mixed
solution of the photosensitizer and acceptor in a quartz cuvette
(10 � 10 mm) was deoxygenated for at least 20 minutes. A CW
532 nm laser was used as the excitation light source, where the
light spot diameter was ca. 5 mm. The fluorescence was dis-
persed using a triple monochromator system (TriplePro, Acton
Research), and was recorded using a CR131 photomultiplier.
The spectral resolution was B1.0 nm. As recently discussed by
Zhou et al.,25 the maximum upconversion quantum yield was
set to be 50% in the following discussions.

Density functional theory (DFT) was applied to optimize the
geometries of the photosensitizer and acceptor in ground and
excited states, with the B3LYP functional and 6-31G(d) basis set.
No imaginary frequencies were confirmed for all optimized
structures. The spin density surface of the dyad was analyzed
to verify the properties of triplet states. Moreover, the excited
energies of singlet and triplet states were calculated at the same
level. The vertical excitation energies were directly compared
with the experimental absorption spectra. The PCM model was
used to evaluate solvent effects on energy gaps between the
ground state and the triplet excited states. All these calculations
were performed with the Gaussian 09W program package.26

3 Results and discussion
3.1 Steady-state absorption and fluorescence spectra

Fig. 2 shows steady-state UV-Vis absorption spectra of B-1 and
B-2 in five solvents. Both B-1 and B-2 had strong absorptions in
the region of 450–550 nm. In these solvents, absorption inten-
sities of the two molecules did not significantly change, as
the maximal molar extinction coefficients (e) were ca. 8.7 �
104 M�1 cm�1. The resonance absorption wavelengths showed
a minor shift, due to the delocalization of the p-conjugated
electrons affected by solvent polarity. With the increase of
polarity, the resonance wavelength was slightly blue-shifted,
indicating that the ground states of B-1 and B-2 were more
dipolar than the corresponding excited state (mg 4 me). The
conclusions agree with previous results.27

The fluorescence emission spectra of B-1 and B-2 under
excitation at 532 nm were also recorded and are shown in Fig. 2.
B-1 in all solvents showed strong emission in the region of
500–650 nm, and the fluorescence yields, FF, were in the range
of 0.81–0.94. When C60 was connected to the light-harvesting
antenna of B-1, the fluorescence emission of B-2 was almost
entirely quenched. The FF values were less than 0.01 (only
0.0036–0.0061 in Table 1). As proposed in previous studies,12 an
intramolecular energy transfer could quickly lead to the for-
mation of a Bodipy-phenyl-1C60* dyad after photo-absorption of
the Bodipy unit, and subsequently, the triplet Bodipy-phenyl-3C60*
was formed owing to the high ISC efficiency (close to unity) of
C60.28,29 Since the Bodipy moiety and the C60 unit in B-2 are
connected by one phenyl, each of them maintains relatively
independent properties, as indicated in the absorption spectra
of Fig. 2. Therefore, the intramolecular energy transfer efficiency
can be calculated using eqn (1),30

FET ¼ 1� Fda

Fd
¼ kET

kFL þ kIC þ kET
(1)

where Fda and Fd are the fluorescence quantum yields of B-2 and
B-1, respectively. Thus, the FET values of the dyad were calculated

Fig. 2 Steady-state UV-Vis absorption (solid lines) and fluorescence emission (dotted lines with lex = 532 nm) spectra in five solvents, 1,4-dioxane,
toluene, chlorobenzene, dichlorobenzene, and THF. (a) B-1 and (b) B-2. c = 1 � 10�5 M, 25 1C.
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to be all close to unity, e.g. 0.996 in toluene, 0.993 in chloro-
benzene, 0.993 in dichlorobenzene, 0.995 in 1,4-dioxane, and
0.996 in THF (Table 1). Apparently, no visible solvent effect was
found in the intramolecular energy transfer process.

3.2 Intramolecular energy transfer mechanism of B-2

Besides the direct singlet energy transfer, charge transfer also
probably occurs for the 1Bodipy*-phenyl-C60 dyad to cause
energy transfer via a subsequent charge recombination.31,32

Thus, cyclic voltammetry (CV) of the photosensitizer was con-
ducted in deaerated DCM solution to analyze this probability.
Fig. 3 shows the recorded CV curves of C60 monomers, B-1 and
B-2, with a scan rate of 50 mV s�1. A three-electrode electrolytic
cell was used, with 0.1 M tetrabutylammonium hexafluoropho-
sphate (Bu4N[PF6]) as supporting electrolyte. The working elec-
trode was a glassy carbon electrode, and the counter electrode
was a platinum electrode. A nonaqueous Ag/AgNO3 (0.1 M in
acetonitrile) reference electrode was contained in a separate
compartment connected to the solution via a semipermeable
membrane. Ferrocene was added as the internal reference. As
shown in Fig. 3, B-2 has a reversible oxidation wave at 1.14 V
and four reversible reduction waves at �0.79, �1.18, �1.32 and

�1.71 V. Compared with the CV curves of B-1 and C60 (Table S1,
ESI†), the oxidation wave at 1.14 V and the reduction wave at
�1.32 V can be easily attributed to the Bodipy unit, while the
other three oxidation waves are contributed by the C60 unit.32

Thus, the Bodipy and C60 units in the dyad can play the roles of
an electron donor and acceptor, respectively.

To evaluate the possibility of photoinduced charge/electron
transfer in the dyad, Gibbs free-energy change, DGCS, was
calculated with the Weller equations (details are introduced
in the ESI†). In the nonpolar solvents, the DGCS values were
+0.18 eV in 1,4-dioxane, and +0.17 eV in toluene, indicative of a
forbidden electron transfer. However, the electron transfer
became allowed in the polar solvents, according to the negative
DGCS values, e.g. �0.39 eV in chlorobenzene, �0.45 eV in
dichlorobenzene, and �0.49 eV in THF. Moreover, the energy
of the charge-separated state, ECCS, was calculated at the
B3LYP/6-31G(d) level of theory, e.g. 2.52 eV in 1,4-dioxane,
2.51 eV in toluene, 1.95 eV in chlorobenzene, 1.93 eV in
dichlorobenzene, and 1.89 eV in THF (Table S2, ESI†). In
comparison to the S1 state energy of the dyad (B2.39 eV), the
fall in ECCS with the increase of solvent polarity apparently
explains whether the charge transfer occurs in thermochemis-
try. The simplified Jablonski diagram in Fig. 4 describes these
involved elementary processes.

Although the electron transfer of the dyad was allowed in
polar solvents, no experimental evidence was found in the
absorption and fluorescence spectra. To clarify this inconsistency,
femtosecond time-resolved transient absorption spectroscopy was
performed for B-2 in the five solvents. Since all spectra in five
solvents are very similar (Fig. S1–S5, ESI†), Fig. 5a only shows the
representative spectra in toluene. Besides a strong ground-state
bleaching (GSB) peak in the region of 460–600 nm, a positive band
was observed at 423 nm and attributed to the excited state
absorption (ESA) of B-2, Sn ’ S1, while the wide band at roughly
700 nm was gradually formed with time and was predominantly
assigned to the characteristic absorption of the 3C60* unit.12 It was
reported that the absorption of the Bodipy+ unit was located in the
present GSB range,33,34 and the characteristic absorption of the

Table 1 Photophysical parameters of B-1 and B-2 in different solvents

Compound Solvent Polarity labs/nm ea lem/nm FF
b/%

B-1 Toluene 2.4 517 7.9 542 82
Chlorobenzene 2.7 517 7.6 543 82
Dichlorobenzene 2.7 518 7.4 545 81
THF 4.2 514 8.0 540 94
1,4-Dioxane 4.8 514 7.7 539 92

B-2 Toluene 2.4 518 8.2 542/712 0.36
Chlorobenzene 2.7 519 7.7 543/714 0.55
Dichlorobenzene 2.7 520 7.4 544/715 0.61
THF 4.2 515 8.7 538/713 0.37
1,4-Dioxane 4.8 515 8.4 539/711 0.47

a Molar extinction coefficient e was measured at maximal absorption
wavelength, and the unit was 104 M�1 cm�1. b Fluorescence quantum
yield, FF, was calculated using I2-Bodipy as the standard, FF (I2-Bodipy) =
2.7% in acetonitrile.

Fig. 3 Cyclic voltammograms of C60, B-1 and B-2 in deaerated DCM
solution.

Fig. 4 Simplified Jablonski diagram for photophysical processes of B-2 (in
toluene and THF), where CS represents the charge separated process, and
CR indicates the charge recombination.
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C60
� unit was at 1020 nm.34,35 Thus, the absorptions of both

charged units were out of the present wavelength range. However,
we still could provide definite evidence of charge-separated states
by comparing decay kinetics of the dyad in the S1 state in the five
solvents.

Fig. 5b plots the experimental and fitted dynamic curves at
423 and 700 nm of B-2 in the five solvents. According to the
decay mechanism in Fig. 4, the attenuation process of B-2 in
the S1 state involves four major competing processes, i.e.
fluorescence emission, internal conversion of the Bodipy unit,
charge-separated decay, and singlet energy transfer from the Bodipy
core to the C60 moiety. Therefore, the dominant attenuation rates at
423 nm can be obtained by a multi-exponential fitting and listed in
Table 2. As previously reported,12 the fastest one with a rate (1/t1) of
ca. 1012 s�1 proceeds along the singlet energy transfer to form
Bodipy-phenyl-1C60*, while the slowest internal conversion rate (1/t3)
of the dyad was around 108 s�1. Moreover, a multi-exponential rise
rate of the absorption at 700 nm was also derived from the kinetic
fitting. An ultrafast formation process with a rate of 1012 s�1

definitely indicated the formation of Bodipy-phenyl-1C60*, and
a much slower one with a 108 s�1 rate was identified to verify the
following ISC rate of the C60 unit (Table S6, ESI†). As indicated
by 1/t1 in Table 2, the intramolecular singlet energy transfer of
B-2 is relatively insensitive to solvents. This conclusion is
reasonable according to the Förster singlet energy transfer
theory, since the fluorescence quantum yield and lifetime of

the donor (Bodipy unit), and the fluorescence spectra of the
donor (C60 unit) did not significantly change. Furthermore, the
ISC efficiency of C60 in solvents was reported to be close to
100%,29,36,37 and the ISC rate of the C60 monomer was up to
3 � 1010 s�1.38 In contrast to the C60 monomer, a much slower
ISC rate of the C60 unit in B-2 indicated a reduced spin–orbit
coupling in the dyad.

It was very interesting that there was another attenuation
pathway for the excited B-2 in polar solvents like chlorobenzene,
dichlorobenzene and THF, with a rate (1/t2) of ca. 1010 s�1,
which did not exist in the nonpolar solvents, e.g. 1,4-dioxane
and toluene. Accordingly, the new decay pathway indicates the
formation of the charge-separated state (CSS), Bodipy+-phenyl-
C60
�. With the increase of solvent polarity, the formation rate

(1/t2) of CSS is visibly increased, e.g. 5.62 � 1010 s�1 in chloro-
benzene, 6.10 � 1010 s�1 in dichlorobenzene, and 8.85� 1010 s�1

in THF, all of which are consistent with the previously reported
values in similar substances.33,39 Apparently, the increased rate is
correlated with the driving force of the stronger DGCS in polar
solvents. In spite of this, the formation of CSS plays a subordinate
role in completing attenuation processes according to its much
lower rate than 1/t1.

In addition, upon the CSS formation, charge recombination
will produce Bodipy-phenyl-1C60*, and then the efficient ISC of
the 3C60* unit leads to the formation of Bodipy-phenyl-3C60*, as
shown in Fig. 4. Besides this CSS attenuation channel, there are
several other ISC pathways, such as SOCT-ISC and radical pair
ISC (RP-ISC) mechanism.40,41 In general, the SOCT-ISC mechanism
always occurs in an orthogonal geometry with a short linker length
between the donor and acceptor. According to the relatively
large distance between the electron donor (Bodipy unit) and
acceptor (C60 unit) in B-2, the SOCT-ISC process should be
insignificant. However, such a large distance usually means
a weak electron exchange between the electron donor and
acceptor, thus the RP-ISC might occur along the charge
recombination channel of Bodipy+-phenyl-C60

� - Bodipy-
phenyl-3C60*. The detailed discussions about the relative

Fig. 5 (a) Femtosecond time-resolved transient difference absorption spectra of B-2 in toluene. (b) The experimental (dotted lines) and fitted (solid lines)
dynamic curves of the absorption bands at 423 and 700 nm in five solvents, 1,4-dioxane, toluene, chlorobenzene, dichlorobenzene, and THF, with
photoexcitation at 532 nm (25 1C).

Table 2 Decay rates of the transient absorption band of B-2 at 423 nm in
different solvents

Solvent e (25 1C)a 1/t1 (s�1) 1/t2 (s�1) 1/t3 (s�1)

1,4-Dioxane 2.21 1.44 � 1012 — 1.05 � 108

Toluene 2.24 1.43 � 1012 — 1.42 � 108

Chlorobenzene 5.65 1.35 � 1012 5.62 � 1010 2.22 � 108

Dichlorobenzene 6.83 1.28 � 1012 6.10 � 1010 4.05 � 108

THF 7.58 1.49 � 1012 8.85 � 1010 0.63 � 108

a Dielectric constants of solvents.
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dynamics will be carried out in future and excluded here, according
to its subordinate role for attenuation of the excited B-2.

3.3 Nanosecond time-resolved transient difference
absorption spectra

Once the triplet Bodipy-phenyl-3C60* forms, the bimolecular
TTET can occur in the presence of perylene. Fig. 6a shows the
nanosecond time-resolved transient absorption spectra of B-2
in deaerated toluene. The very similar spectra (in Fig. S6–S9,
ESI†) were observed in the other deaerated solvents (1,4-dioxane,
chlorobenzene, dichlorobenzene and THF). Two positive peaks
were observed at 375 and 726 nm, which showed the identical
dependence of intensity to delay time. Both of them were
attributed to the absorptions of the 3C60* unit, according to
previous studies.12,14 An additional experiment was conducted
to verify the assignment, where these two band intensities were
fast quenched in the presence of solvated oxygen. Therefore, the
triplet excited state was exclusively located at the C60 unit of B-2,
as the above inference. Moreover, no GSB of B-2 at 518 nm was
observed, providing another evidence for such efficient and
ultrafast energy transfer and ISC processes.

By fitting the attenuation curves of the absorption at 726 nm
in the five deaerated solvents (Fig. 6b), the lifetimes of Bodipy-
phenyl-3C60* were determined to be 36.7 ms in 1,4-dioxane,
31.8 ms in dichlorobenzene, 30.4 ms in chlorobenzene, 29.5 ms in
toluene, and 24.9 ms in THF. A slight decrease of lifetime may
originate from self-quenching. As collisions are correlated with
solvent viscosities, the diffusion of the photosensitizer became
easier with the decrease of viscosity from 1,4-dioxane to THF,
resulting in the increase of the self-quenching rate and the
reduction of the triplet lifetime.

In the presence of perylene as the triplet acceptor, the
transient absorption spectra of B-2 in deaerated toluene showed
visible changes in Fig. 6c. The similar spectra were observed in
the other solvents (in Fig. S10–S13, ESI†). Two characteristic
absorptions of the 3C60* unit at 375 and 726 nm were quickly
quenched, while two new bands at 445 and 500 nm clearly
appeared. As indicated in the dynamic curves of Fig. 6d, the
absorption intensity at 726 nm quickly decreased synchronously
with the intensity increasing at 445 and 500 nm within several
microseconds after photoexcitation. Then, the two new peaks
were both gradually decayed slowly, regardless of the positive

Fig. 6 (a) Nanosecond time-resolved transient absorption spectra of B-2 in deaerated toluene. (b) Decay curves of the absorption band at 726 nm of B-2
in five deaerated solvents. (c) Nanosecond time-resolved transient absorption spectra of B-2 and perylene (c[perylene] = 5 � 10�4 M) in deaerated
toluene. (d) Decay curves of the absorption band at 445, 500 and 726 nm of B-2 and perylene (c[perylene] = 5 � 10�4 M) in deaerated toluene. c[B-2] =
1 � 10�5 M, with photoexcitation at 532 nm.
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(500 nm) and negative (445 nm) absorptions. Moreover, the
characteristic lifetimes of these two peaks were determined to
be 26 ms at 445 nm and 52 ms at 500 nm, respectively, by fitting
their decay curves. Consequently, the positive peak at 500 nm
was attributed to the absorption of triplet perylene produced by
the TTET process. According to the delayed fluorescence emis-
sion of perylene itself in the range of 440–525 nm (see Fig. 8),
the negative band at 445 nm was assigned to the delayed
fluorescence emission of the excited perylene in the S1 state.
The twofold lifetime at 500 nm compared with that at 445 nm
exactly matched the TTA mechanism between two triplet per-
ylene molecules.42

In addition, using the lifetime of triplet B-2 derived from
fitting the decay curve at 726 nm, the bimolecular quenching rate
constant, kq, was determined by linear-fitting its relationship
with perylene concentration using the Stern–Volmer equation
(Fig. 7), and all kq data are summarized in Table 3.

1=t ¼ 1=t0 þ kq½perylene� (2)

where t0 and t are the lifetimes of triplet B-2 in the absence and
presence of perylene.

In Table 3, the kq values show a generally opposite trend
with solvent viscosity (Z), as the TTET process is a typical
bimolecular collision reaction. However, these kq values are
much lower than the corresponding diffusion rate constants,
kdif. For the B-2 dyad, the triplet state is located at the C60 unit,

hence the efficient TTET happens only when perylene collides
with the dyad from the side of C60 unit. Thus, the complex
structure of the B-2 dyad logically reduces the effective collision
probability with perylene in solutions, leading to the lower kq

value than kdif. In other words, the overall TTET rate is pre-
dominantly limited by the Dexter energy transfer rate in a
solvent cage, rather than the diffusion rate. This might be the
potential reason for the exception in Table 3 that the kq value in
toluene (6.4 � 108 M�1 s�1) is larger than that in THF (4.2 �
108 M�1 s�1), although the viscosity of THF is smaller than the
toluene one. According to the Dexter mechanism, the TTET rate
constant is proportional to the normalized spectral overlap
integral at a short collision distance. The spectral overlap
integral can be reflected in the triplet energy difference between
the donor and acceptor, DETT. Therefore, the DETT changes
affected by solvent polarity can significantly influence the TTET
rate. As listed in Table 4, the T1 state of B-2 is markedly
stabilized in chlorobenzene, dichlorobenzene and THF, compared
with dioxane and toluene, but no change is visible for the triplet
energy of perylene. As a result, DETT becomes considerably larger
in dioxane and toluene than in the other solvents. In contrast to
the Förster energy transfer, the more positive the DETT value, the
greater the driving force for TTET, and thus the more favorable the
triplet energy transfer process with the faster quenching rate.
Using a relatively high concentration of perylene (4.5 �
10�3 M�1), the TTET quantum yield was calculated by FTTET =
(1/t � 1/t0)/(1/t), and is summarized in Table 3 too.

3.4 TTA upconversion fluorescence spectra

As mentioned above, the delayed fluorescence of the singlet
excited perylene was observed in transient absorption spectra of
Fig. 6c, implying the effective occurrence of a TTA process. To
directly study the TTA kinetics, the fluorescence emission spectra
of the mixture solution of B-2 and perylene with photoexcitation at
532 nm are shown in Fig. 8. The strong blue fluorescence was
observed in all five solvents, and the spectra looked very similar to
the fluorescence spectra of perylene itself with photoexcitation at
405 nm. For comparison, no fluorescence could be visible in a
solution of B-2 or perylene alone, or an aerated mixed solution of
B-2 and perylene, under photoexcitation at 532 nm. Thus, the
emission in Fig. 8 was exclusively attributed to the upconverted
fluorescence of singlet excited perylene from the TTA process.

It is well known that the TTA upconversion fluorescence
intensity has a quadratic dependence on excitation power at low

Fig. 7 Stern–Volmer plots for lifetime quenching of the triplet B-2 with
the concentration of perylene in the five deaerated solvents, excited at
532 nm, c[B-2] = 1 � 10�5 M.

Table 3 Bimolecular reaction rate constants (kq), diffusion rate constants
(kdif), and efficiencies of triplet–triplet energy transfer (FTTET)

Solvent Z (cP) t0 (ms) kq (M�1 s�1) kdif
a (M�1 s�1) FTTET

b

1,4-Dioxane 1.54 36.7 3.1 � 108 4.2 � 109 0.981
Dichlorobenzene 1.33 31.8 2.7 � 108 4.9 � 109 0.975
Chlorobenzene 0.80 30.4 4.7 � 108 8.1 � 109 0.985
Toluene 0.59 29.5 6.4 � 108 11.0 � 109 0.988
THF 0.55 24.9 4.2 � 108 11.8 � 109 0.979

a kdif = 8kBT/(3Z). b At a perylene concentration of 4.5 � 10�3 M�1.

Table 4 The calculated relative energies of B-2 and perylene in the
lowest singlet and triplet states, in units of eV

Solvent B-2 (T1) Perylene (S1) Perylene (T1) DETT
a DETTA

b

1,4-Dioxane 1.569 2.815 1.519 0.050 0.223
Dichlorobenzene 1.540 2.798 1.521 0.019 0.244
Chlorobenzene 1.540 2.802 1.520 0.020 0.238
Toluene 1.569 2.804 1.519 0.050 0.234
THF 1.540 2.819 1.520 0.020 0.221

a DETT = ET1
(B-2) � ET1

(perylene). b DETTA = 2 � ET1
(perylene) �

ES1
(perylene).
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intensities and shifts to a linear dependence at higher intensities.
The threshold excitation intensity Ith of TTA upconversion is an
important parameter, at which the incident power dependence is
changed from quadratic to linear.43–45 Therefore, only with the
excitation power density higher than Ith, the TTA process is the
predominant deactivation pathway for the triplet perylene, and
the comparison of different solutions becomes valuable.

As shown in Fig. 9a, the upconverted fluorescence intensity
increased with the excitation power density. From fitting this
dependence in Fig. 9b, the Ith values were determined to be
244 mW cm�2 in 1,4-dioxane, 226 mW cm�2 in dichlorobenzene,
260 mW cm�2 in chlorobenzene, 152 mW cm�2 in toluene, and
259 mW cm�2 in THF. For comparison, the dependence of
fluorescence intensity of the light antenna (B-1) on excitation
power density was also studied (Fig. S20 and S21, ESI†), which
showed linear dependence in whole power density range. Thus,

all present upconversion experiments were performed with an
excitation power density of higher than Ith in five solvents, like
381 mW cm�2 power density noted in Fig. 8.

It is worth noting that the upconverted fluorescence spec-
trum presents great dependence on solvents in the range of
440–520 nm. The peak intensity in dichlorobenzene is about
four times that in THF. Moreover, the wavelength shifts were
also observed in these solvents, which was consistent with the
normal fluorescence spectrum of perylene itself (Fig. S19, ESI†).
In experiments, the overall TTA upconversion quantum yield
(FUC) of perylene with B-2 as the triplet photosensitizer was
measured to be 4.9% in 1,4-dioxane, 7.1% in dichlorobenzene,
6.7% in chlorobenzene, 4.6% in toluene, and 2.2% in THF (the
maximum of 50%). Apparently, the FUC sequence does not
completely agree with solvent viscosity or polarity.

Once the triplet perylene is formed, there are two major
attenuation pathways. One is the quenching by other molecules,
like oxygen, the ground-state perylene, etc., while the other is the
TTA process. Thus, the attenuation rate of the triplet perylene
concentration can be quantitatively described as eqn (3).

d 3perylene�
� �

dt
¼ �kT 3perylene�

� �
� kTT

3perylene�
� �2

(3)

where kT and kTT are the quenching rate constants of triplet perylene
by other molecules and 3perylene* itself, respectively. Usually, the
equation can be solved by integration with an initial 3perylene*
concentration, then simplified to another expression as eqn (4).42,44

3perylene�
� �

¼ 3perylene�
� �

0

1� b
ekTt � b

(4)

where the dimensionless parameter b equals the initial fraction of
the TTA attenuation rate over the overall decay rate, as eqn (5).

b ¼
kTT

3perylene�
� �

0

kT þ kTT 3perylene�½ �0
(5)

Fig. 8 TTA upconversion fluorescence emission spectra of B-2 (1� 10�5 M)
and perylene (4.5 � 10�3 M) in different solvents, with photoexcitation at
532 nm (381 mW cm�2 power density). Argon was used to deoxygenate in
solutions. The asterisks indicate the scattered laser.

Fig. 9 (a) Dependence of the upconverted fluorescence intensity of perylene (4.5 � 10�3 M) on the excitation power density at 532 nm, with the
photosensitizer of B-2 (1 � 10�5 M) in dichlorobenzene; (b) a double logarithmic plot of integrated TTA upconversion fluorescence intensity of perylene
with excitation power density, using B-2 as the photosensitizer.
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The time-dependent converted fluorescence intensity, IUC(t),
is proportional to the square of triplet perylene concentration,
as eqn (6),46

IUC tð Þ / 3perylene�
� �2¼ 3perylene�

� �
0
2 1� b

ekTt � b

� �2

(6)

Thus, by fitting the time-dependent converted fluorescence
intensity of perylene at 470 nm (Fig. 10), the b values were
obtained as 0.925 in 1,4-dioxane, 0.865 in dichlorobenzene,
0.890 in chlorobenzene, 0.931 in toluene, and 0.878 in THF.
The proportion of TTA in total attenuation of triplet perylene,
f0, can be calculated to be 0.790 in 1,4-dioxane, 0.687 in
dichlorobenzene, 0.727 in chlorobenzene, 0.802 in toluene,
and 0.708 in THF, as eqn (7),

f0 ¼ � 3perylene�
� �

0
�1
ð1
0

kTT
3perylene�
� �

t
2dt ¼ 1� b� 1

b
lnð1� bÞ

(7)

According to the spin-statistical law,47,48 interaction of two
acceptor triplets can produce up to nine excited state dimer
spin states with equal probability. These nine encounter-pair
spin states can classify into three distinct sublevels, five quintet
(S = 2), three triplet (S = 1), and one singlet (S = 0) character.
Thus, we could expect that the upconverted fluorescence from
TTA represents 0.11 of the annihilation events. However, this
statistical factor f can be further enlarged to 0.4, when taking
into account the dissociation of a quintet encounter-pair to two
triplets. Thus, the TTA quantum yields, FTTA, defined as
FTTA = f � f0, were calculated and are listed in Table 5.

As indicated in Table 5, no obvious correlation between
solvent viscosity and TTA quantum yield was found, although
the solvent viscosity should be crucial for such bimolecular
reactions. As we mentioned previously,24 the energy gap DETTA

between the singlet energy and twofold the energy of triplet also
played an important role in TTA rate. The smaller the positive
DETTA value, the more favorable the TTA process.15 Thus, the
DETTA values in the five solvents were calculated and are listed

in Table 4 too. In general, the consistent trend can be found
when considering solvent viscosity and DETTA values together.
For instance, dichlorobenzene and 1,4-dioxane have the similar
viscosity, but the greater DETTA in dichlorobenzene causes the
higher TTA quantum yield than in 1,4-dioxane. We would like
to emphasize that all data of FTTA, as well as FET, FISC, and
FTTET, are relatively close in the five solvents. Therefore,
the fluorescence quantum yield FFL of perylene itself in five
solvents is expected to be the most crucial factor for the overall
TTA upconversion process.

3.5 Fluorescence quantum yield of perylene

Although perylene is a very popular triplet acceptor in a TTA
upconversion system due to its S1 state energy close to twofold
T1 energy, its optimized concentration for TTA upconversion
has been rarely mentioned. A higher concentration is favorable
for saturating the TTET process, but too high concentration will
cause more significant self-absorption or formation of an
excimer or exciplex. Therefore, a relatively low concentration
of 1 � 10�4 M was cautiously chosen in present investigation,
but it was necessary to keep a near unity FTTET in Table 5.
Moreover, using photoexcitation at 405 nm, the fluorescence
quantum yield of perylene, FFL, was measured in the five
solvents to check its dependence on solvent polarity. As listed
in Table 5, the FFL value of perylene was determined to be 0.569
in 1,4-dioxane, 0.786 in dichlorobenzene, 0.657 in chlorobenzene,
0.501 in toluene, and 0.442 in THF. Apparently, dichlorobenzene
shows the best performance for the fluorescence emission of
perylene in the S1 state. This conclusion generally agrees with
our previous study24 that the yield showed a consistent trend with
solvent polarity, among hexane, heptane, toluene, and 1,4-dioxane.
However, these phenomena are not strong evidence enough to
build a certain relationship among the FFL and solvent properties.

We have tried to assess the general solvent effects using the
Lippert–Mataga theory,50,51 taking into account second order
effects, such as the dipole moments induced in the solvent
molecules resulting from the excited fluorophore, and vice
versa. To our satisfaction, the calculated interactions were

Fig. 10 Time-dependent converted fluorescence intensity of perylene at
470 nm in different solvents, with photoexcitation at 532 nm, 25 1C.
c[B-2] = 1 � 10�5 M, c[perylene] = 4.5 � 10�3 M.

Table 5 The quantum yields of intramolecular energy transfer (FET),
intersystem crossing (FISC), triplet–triplet energy transfer (FTTET), triplet–
triplet annihilation (FTTA), and fluorescence emission (FFL) of perylene with
the B-2 photosensitizer, as well as the calculated and experimental
upconversion quantum yields (FUC)

Solvent FET FISC FTTET

FTTA
a

FFL
b

FUC
d (%)

f1 � f0 f2 � f0 Cal.c Exp.

1,4-Dioxane 0.995 0.95 0.981 0.088 0.316 0.569 2.3 (8.3) 4.9
Dichlorobenzene 0.993 0.95 0.975 0.076 0.275 0.786 2.8 (9.9) 7.1
Chlorobenzene 0.993 0.95 0.985 0.081 0.291 0.657 2.4 (8.9) 6.7
Toluene 0.996 0.95 0.988 0.089 0.321 0.501 2.1 (7.5) 4.6
THF 0.996 0.95 0.979 0.079 0.283 0.442 1.6 (5.8) 2.2

a FTTA can be calculated as f � f0 in theory, where f1 is 0.11 and f2 is 0.4.
b Fluorescence quantum yields of perylene (1 � 10�4 M) were measured
with photoexcitation at 405 nm, using that of perylene in cyclohexane as
the standard (FFl = 0.73).49 c FUC = 1/2�FET�FISC�FTTET�FTTA�FFL

using f1 = 0.11, while the values in parentheses were calculated with
f2 = 0.4. d The maximal upconversion quantum yield is set as 50%.
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basically consistent with FFL except for THF. Moreover, in
addition to solvent polarity, several solvent effects like hydrogen
bonding and the formation of an excimer or exciplex can also
affect the FFL value of perylene significantly. In the view of the
molecular structures of these solvents, hydrogen bonds could be
readily formed between perylene and chloride solvents, like chlor-
obenzene and dichlorobenzene, which would efficiently enhance
the fluorescence of perylene in the S1 state. Among the present five
solvents, THF is an exception, since it has the strongest interaction
according to the Lippert–Mataga theory, but its FFL is the lowest in
Table 5. In the recent Ye et al.’s experiment,22 a similar phenom-
enon was also observed. More detailed theoretical and experi-
mental investigations are needed to illuminate the exception.

3.6 Overall TTA upconversion quantum yield

As shown in Fig. 1a, the overall TTA upconversion quantum
yield FUC can be calculated as eqn (8). Table 5 summarizes the
calculated results based on the obtained quantum yield for
each elementary reaction.

FUC = FET�FISC�FTTET�FTTA�FFL (8)

Using the statistical spin factor f1 of 0.11, the calculated FUC

values are less than a half of the experimental data in the five
solvents, while those with f2 = 0.4 are generally higher. This
indicates that the dissociation of a quintet encounter-pair to
two triplets is indispensable when the encounters of the triplet
pair are formed in the title system. Moreover, the significant
solvent effects observed in current experiments were mainly
determined by the fluorescence quantum yield, which provided
the most crucial factor for us to choose solvent in future works
with perylene as the triplet acceptor.

4 Conclusions

In this work, we have studied the TTA upconversion kinetics of
perylene with B-2 as the triplet photosensitizer in five solvents, 1,4-
dioxane, dichlorobenzene, chlorobenzene, toluene, and THF. The
influences of solvent viscosity and polarity were cautiously checked
in each elementary reaction involved in the TTA upconversion
kinetics.

Although no significant solvent effect was observed in steady-
state absorption and fluorescence emission spectra, the overall
TTA upconversion quantum yields showed a profound depen-
dence on solvent properties. With the aid of the femtosecond
time-resolved transient absorption spectra of the light antenna
of B-2 after photoexcitation at 532 nm, the lowest triplet state
was confirmed to be formed by intramolecular Förster energy
transfer and ISC, and located on the C60 unit. Moreover, an extra
intramolecular energy-transfer pathway of B-2 was verified by
CV analysis, in which a charge-separated state intermediate
could be formed in dichlorobenzene, chlorobenzene, and THF
solvents, once being excited. However, the new energy transfer
pathway was subordinate due to a much slower rate.

In bimolecular reactions like TTET and TTA processes, the
solvent viscosity usually plays an important role. The prolonged

lifetime of the triplet B-2 itself was consistent with the increase
of solvent viscosity indeed. However, in the presence of perylene,
the TTET rate constant between the triplet B-2 and perylene in five
solvents did not agree with the trend of viscosity. The unpredict-
able result strongly indicates that the more positive DETT value is
favorable for the triplet energy transfer from the triplet photo-
sensitizer to the acceptor. Moreover, both the viscosity and the
DETTA value showed considerable effects on the TTA yield of
perylene when using B-2 as the photosensitizer in the five solvents.
To our surprise, the fluorescence emission of perylene was signifi-
cantly affected by solvents in contrast to the other steps, which
caused the obvious solvent effects on the overall TTA upconversion
of the title system. In addition, the calculated and experimental
TTA upconversion quantum yields in the five solvents implied that
the dissociation of a quintet encounter-pair to two triplets is
considerable in this system. These conclusions provide useful
clues to choose the most favorable solvent for the higher TTA
upconversion efficiency in the related applications.
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