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Triplet–triplet annihilation upconversion
kinetics of C60–Bodipy dyads as organic triplet
photosensitizers†

Yaxiong Wei, a Miaomiao Zhou,bc Qiaohui Zhou,a Xiaoguo Zhou, *ad

Shilin Liu,ad Song Zhang*bc and Bing Zhangbc

Three new triplet photosensitizers consisting of a bodipy derivative and C60 moieties were synthesized

for triplet–triplet annihilation upconversion of perylene. With the extension of the p-conjugated structure

of the bodipy derivative, the three photosensitizers exhibited different absorption wavelengths, e.g. 517 nm

for B-2, 532 nm for B-4, and 557 nm for B-6. The steady-state and transient absorption, steady-state

fluorescence, and upconverted fluorescence emission were investigated to reveal step-by-step the

dynamic processes of the above systems. The quantum yields of intramolecular energy transfer,

intersystem crossing, and triplet–triplet energy transfer were measured. From the upconverted fluorescence

emission spectra, the overall quantum yield of the triplet–triplet annihilation upconversion, FUC, was

determined to be 5.80% for B-2, 7.95% for B-4, and 4.99% for B-6.

1. Introduction

Triplet photosensitizers are widely used in many fields, such as
photocatalysis of organic reactions,1–4 photodynamic therapy
(PDT),5–8 photovoltaics,9,10 luminescent molecular probes,11

and triplet–triplet annihilation (TTA) upconversion.12–15 In a
common TTA upconversion (TTA-UC) system, the excited
energy is first transferred from a triplet photosensitizer to an
acceptor, and then the acceptor molecule in the singlet excited
state can be produced via Dexter energy transfer of two triplet
acceptors with a high upconversion quantum yield.14,16,17 Most
triplet photosensitizers for the TTA upconversion are the
transition-metal complexes, such as polyimine Ru(II), cyclo-
metalated Ir(III), and Pt(II)/Pd(II) porphyrin complexes.18–20

In these photosensitizers, the transition-metal atom effect
facilitates intersystem crossing (ISC) of a photosensitizer to
produce its triplet state after photoexcitation.21,22 However, these

complexes are expensive and usually have relatively weak absorp-
tion in the visible wavelength range.5,23,24 A type of metal-free
triplet sensitizer in TTA-UC is bromo- or iodo-Bodipy, which is
extensively applied to sensitize singlet oxygen (1O2).13,25,26 The
most important advantage of these photosensitizers is the strong
absorption in the visible range. All the above triplet photo-
sensitizers require the heavy atom effect, like Pt(II), Ir(III), bromine,
iodine, etc. It is difficult to effectively prepare the triplet state of
organic chromophores with a lack of heavy atoms.8,27 There are
only a few organic photosensitizers without any heavy atoms
reported, e.g. benzophenone, 2,3-butanedione, etc.28–30 Therefore,
it would be very important to develop a series of organic triplet
photosensitizers which have a general molecular structure for
being heavy-atom-free with a high ISC efficiency. For this, there is
still a long road ahead and it is full of challenges.

Since it was discovered in 1985,31 C60 has attracted a lot
of concern. Molecular orbital calculations show that C60 has
a large delocalization energy and exhibits some remarkable
chemical features, especially a high ISC efficiency close to unity.32

However, the very weak absorption of C60 in the visible region
(400–650 nm) makes it unsuitable as an ideal photosensitizer.33

Thus, resonance energy transfer (RET) from a light-harvesting
antenna to C60 becomes a potential method to excite C60.34–37

Furthermore, the bridging connection between the C60 unit and
an antenna is proposed to produce a general molecular structure
of an organic triplet photosensitizer, which certainly generates
some outstanding physicochemical properties in supramolecular
photochemistry.38,39 After photoexcitation of the antenna, the
triplet state of C60 is finally populated via the intramolecular
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RET from the antenna to the C60 unit followed by ISC of the
C60 moiety.

Several C60–organic chromophore dyads or triads have been
designed and synthesized with strong visible absorption.
The application of these dyads or triads in photocatalysis of
organic reaction or photodynamic therapy (PDT) has been
reported.36,40–42 Due to its strong visible absorption and the
versatile derivatization of its chemistry, bodipy and its deriva-
tives have been generally used for photosensitizers as the
light-harvesting antenna.5,43–46 Recently, dyads based on
bodipy and C60 unities as the triplet photosensitizers for TTA
upconversion have been investigated.47,48 The overall TTA-UC
quantum yields of three dyads with perylene were measured
to be 2.9% for carbazole–bodipy–carbazole–C60 dyad, 2.9% for
bodipy–thiophene–C60, and 7.0% for bodipy–bodipy–benzene–C60

triad. However, the details of the kinetic process of these TTA-UC
systems are still unclear, e.g. the RET rate, the quantum
efficiencies of triplet–triplet energy transfer from the dyads
to perylene, the dependence of the energy transfer rate on
molecular geometries, the dependence of the upconversion
quantum yield on the excitation power density, and so on.
Additionally, the concentration effect was investigated recently
in triplet state absorption–emission of a fullerene-functionalized
Pt(II) metallacycle.49

In this work, three triplet photosensitizers of C60–Bodipy
dyads were synthesized and composed new TTA upconversion
systems with perylene, where bodipy acted as the light-harvester in
the visible wavelength range, and C60 was the energy acceptor to
convert the electron spin. With the extension of the p-conjugated
structure of the bodipy derivative, the three photosensitizers exhibit
different absorption wavelengths. The steady-state absorption and

fluorescence emission, transient absorption, and TTA-UC
fluorescence emission have been measured to reveal step-by-
step the dynamic processes of the above systems, including
the intramolecular RET, ISC of the dyads, and quantum yield
of TTA-UC. Based on the measured dynamic information,
an overall kinetic description is proposed for the TTA-UC
system of C60–bodipy dyads.

2. Experimental section
2.1 Synthesis and characterization

All the precursors of analytical reagents were purchased from
Sigma-Aldrich Co. without any purification. Solvents were dried
and distilled prior to synthesis. The purified toluene was used
as the solvent in the following spectral and dynamic experiments.
The overall synthetic processes of the three C60–bodipy dyads are
summarized in Scheme 1.

Compounds 1–6 were prepared by following the synthetic
methods in ref. 48 for 1–3 and ref. 47 for 4–6. The Suzuki and
Sonogashira coupling reaction catalyzed by Pd(0) was used to
connect bodipy and phenylboronic acid (or 4-formylphenylboronic
acid) in B-1, B-3, and B-5, and compound 7, 10 and 11, respectively.
The Prato reaction of compound 7, 10, and 11 and sarcosine
with C60 produced the C60–bodipy dyads of B-2, B-4, and B-6.
All the compounds were synthesized with a good yield. The
molecular structures of the compounds were verified by 1H NMR
spectroscopy and high-resolution mass spectrometry. The details
of the synthetic processes and the above spectra are summarized
in the ESI.†

Scheme 1 Structures of the triplet photosensitizers B-2, B-4, and B-6 and the light antenna of B-1, B-3, and B-5, as well as the triplet acceptor perylene.
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2.2 Experimental equipment
1H NMR spectra were recorded using a 400 MHz spectrophoto-
meter (AVANCE III 400, Bruker), where CDCl3 was used as the
solvent and TMS was the standard for which d = 0.00 ppm.
High-resolution mass spectra were measured using a spectro-
meter (GCT, Micromass UK). The photochemical behaviors of the
chemicals were investigated using the steady-state and transient
absorption spectra. UV-Vis absorption spectra were recorded in a
wavelength range of 300–800 nm using a spectrophotometer
(UV-3600, Shimadzu). The steady-state fluorescence emission
was measured using a fluorescence spectrophotometer (F-4600,
Shimadzu), within a wavelength range of 400–800 nm.

The femtosecond and nanosecond time-resolved transient
absorption spectra were used to investigate the photochemical
behaviors of the compounds. The details of the femtosecond
transient absorption spectrometer have been described elsewhere,50

and thus only a brief introduction is given here. A 800 nm femto-
second laser with 35 fs pulse width was generated by a Ti:sapphire
pumped by the CW second harmonic of a Nd:YVO4 laser and
amplified by a Nd:YLF laser, with a maximum energy of 1 mJ per
pulse. A 400 nm pulse with an energy of 100 mJ was yielded from
a frequency double of a 1 mm thick BBO crystal and used to
pump NOPA. The output NOPA was used as the excitation pulse
at 532 nm in the present experiment. The energy was attenuated
to about 4.5 mJ. A fraction of the 800 nm laser was focused on a
CaF2 plate to produce a white light continuum. The white light
reflected from the front and back surfaces of the quartz plate
were used as the probe and reference beams. The relative
polarization of the pump and probe pulses was maintained as
54.71. The absorption spectra were detected with a CCD camera
equipped with a spectrometer (Princeton, SpectraPro 2500i). The
instrumental response function was better than 150 fs.

Nanosecond time-resolved transient absorption spectra were
measured with a home-built laser flash photolysis system.
The second harmonic (532 nm) of a Q-Switched Nd:YAG laser
(PRO-190, Spectra Physics) was used as the excitation source
(pulse duration 8 ns, repetition rate of 10 Hz, pulse energy
o10 mJ per pulse). A 500 W Xenon lamp was used as the
analyzing light, and passed through a flow quartz cuvette
perpendicular to the pulsed laser. The optical absorption
path length was 10 mm. A monochromator equipped with a

photomultiplier (CR131, Hamamatsu) was used to record the
transient absorption spectra within a wavelength range of
320–700 nm. The typical spectral resolution was less than
1 nm. A dynamic decay 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 minutes prior to
measurements.

A diode pumped solid-state CW laser (532 nm) was used
as the excitation light source in the upconversion experiment.
The diameter of the laser spot is B3 mm. In the TTA-UC
experiment, the solution of photosensitizers and perylene was
deoxygenated by purging with high-purity argon for at least
20 minutes, and the gas flow was kept during the TTA-UC
measurement. With photoexcitation at 532 nm, the upconverted
fluorescence of perylene was measured with a modified commercial
spectrometer. The fluorescence was dispersed and detected with
a triple monochromator system (TriplePro, Acton Research)
and a CR131 photomultiplier. The normal spectral resolution
was B1.0 nm.

2.3 Theoretical calculations

The 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 found for all
optimized structures. The spin density surfaces of the dyads
were calculated at the same level of theory. The energy gaps
between the ground state and the triplet excited states were
calculated, and the vertical excitation energies were used to
compare with the experimental data in the absorption spectra.
The PCM model was applied to evaluate the solvent effect.
All these calculations were performed using the Gaussian 09W
program package.51

3. Results and discussion
3.1 Steady-state UV-Vis absorption and fluorescence spectra

The steady-state UV-Vis absorption spectra of C60, light-harvesting
antenna (B-1, B-3, B-5), and photosensitizers (B-2, B-4, B-6) were
recorded and shown in Fig. 1(a). Both the antenna B-1 and
photosensitizer B-2 have a strong absorption at 517 nm, and the

Fig. 1 (a) UV-Vis absorption spectra of C60, the C60–bodipy dyads (B-2, B-4, and B-6) and the light-absorbing antennas (B-1, B-3 and B-5).
(b) Fluorescence emission spectra of C60 (lex = 532 nm), B-1, B-2 (lex = 517 nm), B-3, B-4 (lex = 532 nm), B-5 and B-6 (lex = 556 nm). (c) Normalized
UV-Vis absorption spectra of C60 in 450–700 nm and the normalized fluorescence emission spectra of B-1, B-2, and B-3 (in toluene, c = 1� 10�5 M, 25 1C).
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corresponding molar extinction coefficients e are 93 000 M�1 cm�1

for B-1 and 81 000 M�1 cm�1 for B-2. Although the B-1 core is
connected to a C60 moiety, the absorption of B-2 does not show
an apparent wavelength-shift from that of B-1, implying that
the vertical excitation energy of the singlet state S1 of B-2 is kept
as it is in the B-1 core. Moreover, the intensities of the
absorption bands of B-2 are changed a bit from those of B-1
and C60. Thus, weak electronic interactions exist between B-1
and the C60 moieties in B-2, and certainly they are not strong
enough to change the energies of the main molecular orbits
and spin density surface. Our theoretical calculations have also
confirmed the conclusion. Similar phenomena were observed
in the absorption spectra of B-3 and B-5, and B-4 and B-6.
Moreover, the absorption band in the visible range shows a
remarkable red-shift with the extension of the p-conjugated
structure of the bodipy derivative, e.g. 532 nm for B-3 and
556 nm for B-5. Meanwhile, the band is apparently broadened,
and the maximal value of e is decreased. All three C60–bodipy
dyads, B-2, B-4 and B-6, have similar strong absorption bands
in the visible range of 500–600 nm to the antennas, B-1, B-3 and
B-5, and thus they are also good solar light-harvesting antennas
and used in triplet photosensitizers in the present experiments.
Different from the antennas and dyads, C60 has a very weak
absorption in the visible range of 450–650 nm. Thus, the direct
photoexcitation of C60 with a visible photon is of low efficiency,
and C60 is not a satisfactory light-harvestor.33,35,37

Fig. 1(b) shows the fluorescence emission spectra of the C60,
antennas, and dyads. The three antennas, B-1 B-3 and B-5, have
strong emission at 543 nm (FF = 82.3% for B-1), 561 nm
(FF = 68.3% for B-3), and 629 nm (FF = 11.0% for B-5),
respectively. On the contrary, the fluorescence of the dyads,
B-2, B-4 and B-6, is almost completely quenched, and only very
weak emission can be detected at 543 nm (FF = 0.4% for B-2),
562 nm (FF = 0.1% for B-4), and 624 nm (FF = 0.1% for B-6).
Therefore, the intramolecular energy transfer between the excited
antennas and C60 in the dyads is very efficient.

Usually, resonance energy transfer (RET) becomes efficient
when the emission band of a donor overlaps with the absorp-
tion of an acceptor. The more serious the overlap is, the faster
RET occurs. As shown in Fig. 1(c), the emission spectra of B-1
and B-3 almost completely overlap with the absorption band of
C60, while the overlap between B-5 and C60 is relatively low.
Therefore, intramolecular RET in the three C60–bodipy dyads is
expected with a high efficiency, and the efficiencies of B-2 and
B-4 are higher than that of B-6. As listed in Table 1, the RET
efficiencies of B-2, B-4, and B-6 are determined in the experiment
as 99.5%, 99.9%, and 99.1%, respectively.

3.2 Femtosecond transient difference absorption spectra
and DFT calculations

In order to reveal the initial photophysical process of the
photosensitizers under irradiation, the femtosecond transient
absorption spectra of B-2, B-4, and B-6 in toluene were
measured under excitation at 532 nm, and are shown in
Fig. 2. In addition to a very strong stimulated emission or
ground-state bleaching band (negative peak), several specific

positive peaks are observed notably, especially in the
wavelength range of 330–470 nm.

Taking the spectra of B-4 in Fig. 2(b) as an example, positive
bands that appeared at 352 and 429 nm were observed and
assigned to the excited state absorption (ESA). Both the peaks
reached the maximum within B300 fs and then were quickly
attenuated during the first 1 ps. Thus, they were attributed
to the Sn ’ S1 absorption, and the decay processes occur via
nonradiative transition. Afterwards, a new peak at 375 nm was
produced, and its intensity was kept unchanged up to the
longest delay time we measured. Naturally, the band of long
lifetime is attributed to the absorption of the triplet state,
Tn ’ T1. The corresponding resonance wavelength agrees with
the characteristic absorption of 3C60*.34 Therefore, an ISC
process is expected to produce the triplet state T1, and the
triplet state is located in the C60 unit. In addition, the dynamic
behavior of the wide peak at 725 nm is a bit strange. It is
quickly decreased in 1 ps after reaching the maximum, and
then retains its intensity for a long time as noticed in Fig. 2(b).
According to this, another characteristic absorption of 3C60*
was located at B716 nm,34 and the absorption of the 3C60*
moiety is naturally slightly shifted in the C60–bodipy dyads.
Therefore, the band at 725 nm is attributed to the overlap
between the absorption of 3C60* and ESA. The overlap disappears
in the absorption spectra of B-2 and B-6, as the ESAs are
located at 782 nm for B-2 and 785 nm for B-6 as shown in
Fig. 2(a) and (c), respectively.

As shown in Fig. 2, the other spectra of the dyads of B-2 and
B-6 are similar to those of B-4. For B-2 in Fig. 2(a), the positive
bands centered at 352, 433, and 782 nm are attributed to the
Sn ’ S1 absorption, while the bands at 370 and 735 nm
correspond to the transition between the triplet states, respec-
tively. Simultaneously, for B-6 in Fig. 2(c), the absorptions at
345, 470, and 785 nm are attributed to the ESA of the S1 state,
while the 368 and 726 nm peaks are the absorptions of the
triplet state.

From the spectra, the lifetimes of the singlet excited state S1

can be derived as well as the ISC rate from the S1 to T1 state. The
best dynamic parameters in the initial decay process of B-2, B-4
and B-6 were obtained by the least square fitting and listed
in Table 2. Based on the naturally physical mechanisms,

Table 1 Photophysical characteristics of C60, the antennas (B-1, B-3, and
B-5) and the C60–Bodipy dyads (B-2, B-4, and B-6) in toluene at 25 1C

Compound labs lem ea FF
b (%) FET

c (%)

C60 283/336/
532

415/439/
680

4.7/5.8/
0.04

— —

B-1 517 543 9.3 82.3 � 2.0 —
B-2 518 543 8.1 0.4 � 0.1 99.5 � 0.1
B-3 531 561 7.0 68.3 � 2.0 —
B-4 532 562 5.9 0.10 � 0.02 99.9 � 0.1
B-5 556 629 4.8 11.0 � 1.0 —
B-6 557 624 4.1 0.10 � 0.02 99.1 � 0.1

a Molar extinction coefficient e is obtained at the optimal absorption
wavelength, and the unit is 104 M�1 cm�1. b Fluorescence quantum
yields are calculated using compound 3 as a standard, FF(3) = 2.7% in
ACN. c ET efficiency is calculated as FET = 1 � Fda/Fd.
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a tri-exponential kinetic model was applied to fit the absorption
curves at the typical wavelength of 433 nm for B-2, 429 nm for
B-4 and 470 nm for B-6, respectively, shown in Fig. 2(d–f). As
suggested by the steady-state absorption spectra in Fig. 1(a), the
bodipy core is initially excited to the S1 excited state under
excitation at 532 nm. Then its decay process involves the compet-
ing processes of fluorescence emission, internal conversion,
and singlet attenuation energy transfer from the bodipy core to
the C60 moiety.

To evaluate the contributions of fluorescence emission and
internal conversion, the femtosecond transient absorption
spectra of B-1, B-3, and B-5 were measured and their dynamic
processes were fitted respectively (Fig. S9–S14 of the ESI†).
The natural decay rate constants are 2.97 � 108 s�1 for B-1,
3.72 � 108 s�1 for B-3, and 8.43 � 108 s�1 for B-5, which are
listed in Table 2 and consistent with the lifetimes of bodipy
derivatives reported in the previous experiments.48,52,53 There-
fore, the rates of internal conversion of the dyads should be
around 108 s�1 similar to those of the antennas, and the
observed fastest attenuation with a rate of 1/t1 (B1011 s�1) in
the dyads must proceed along with RET from the bodipy core to
the C60 moiety as in eqn (1). The product, 1C60*–bodipy, can

further transform into its triplet state T1, 3C60*–bodipy, via a
fast ISC process as in eqn (2), according to the high ISC
quantum efficiency (FISC = 1.0) of the C60 unit. The corres-
ponding characteristic time is noticed as t2 in the kinetic
model. From the produced triplet state T1, the third decay
process with a rate of 1/t3 involves other slow processes like
collision. Here we pay more attention to the energy transfer rate
to yield 1C60* and the ISC process of the C60 unit, and thus
Table 2 only summarized the obtained rates 1/t1 and 1/t2. For
the singlet RET from the bodipy core to C60, 1/t1 in B-2 and B-4
are much faster than that in B-6. This agrees very well with
the aforementioned conclusions of UV-visible absorption and
emission spectra, where the emissions of B-2 and B-4 completely

Fig. 2 Femtosecond transient difference absorption spectra of B-2 (a), B-4 (b), and B-6 (c), and the experimental (dotted lines) and fitted (solid lines)
decay curves of the absorption band for B-2 at 433 nm (d), B-4 at 429 nm (e), and B-6 at 470 nm (f) in toluene (25 1C), under excitation at 532 nm.

Table 2 The decay rates of B-2, B-4, B-6 in toluene at room temperature

Compound 1/t1 (s�1) 1/t2 (s�1)

B-1 2.97 � 108 —
B-2 1.11 � 1012 4.34 � 108

B-3 3.72 � 108 —
B-4 1.54 � 1012 9.42 � 108

B-5 8.43 � 108 —
B-6 2.24 � 1011 3.70 � 108
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overlap with the absorption of C60, but that between B-6 and C60

is much less. As the ISC process only occurs in the C60 moiety,
the ISC rates of the three photosensitizers are in the same time
order of magnitude as indicated in Table 2.

C60–1bodipy* - 1C60*–bodipy resonance energy transfer (RET)
(1)

1C60*–bodipy - 3C60*–bodipy intersystem crossing (ISC)
(2)

In order to further confirm the C60-localized triplet state, the
spin density surfaces of the lowest T1 states of the dyads were
calculated at the B3LYP and TD-B3LYP levels13 and shown in
Fig. 3. For B-2, the spin density is mainly localized on the C60

unit, while the bodipy antenna does not contribute to the spin
density surface. Similarly, the spin densities of B-4 and B-6
are also exclusively localized on the C60 moiety. The present
calculations are excellently consistent with the femtosecond
time-resolved transient absorption spectra.

3.3 Nanosecond transient difference absorption spectra

As the triplet C60 monomer, 3C60*, has a very long lifetime,54 the
quenching of a triplet dyad by collision with the molecules in
solution becomes very important and even dominant in its all
feasible decay pathways. Thus, the lifetimes of the triplet dyads

are hardly predicted intuitively. In order to study the photo-
chemical characteristics of the lowest triplet state of these three
dyads, 3C60*–bodipy, the nanosecond time-resolved transient
difference absorption spectra were measured and shown in
Fig. 4(a–c).

For B-2, two transient absorptions centered at 370 and
726 nm are observed in Fig. 4(a), and both of them are well
known as the characteristic absorptions of the 3C60* unit.34 An
additional experiment was performed to verify the assignment,
in which the absorption intensities of both the bands were
quenched drastically in the presence of solvated oxygen. A
positive band at B520 nm is observed for B-2 due to absorption
of the bodipy antenna (B-1 core), while the ground state
bleaching of the antenna at 517 nm (negative peak) is not
observed for B-2 yet. Thus, the lowest triplet state T1 of the dyad
seems exclusively localized on the C60 unit. This conclusion
is consistent with the above prediction of the femtosecond
transient absorption spectra and the spin density surface
calculations. As shown in Fig. 4(d), the lifetime of the triplet
excited state is determined as 35.6 ms in deaerated toluene,
while it is reduced to 0.31 ms in aerated toluene. Similar
transient absorption spectra were observed for B-4 in Fig. 4(b)
and B-6 in Fig. 4(c). The lifetimes of the triplet states of B-4 and
B-6 are determined as 39.8 ms and 33.7 ms, and reduced to
0.29 ms and 0.37 ms in air conditions, respectively. Compared
with 3C60* itself, the lifetimes of the dyads reduce by almost a
half. The photochemical properties of the dyads and C60 itself
are summarized in Table 3.

3.4 TTA upconversion spectra

In the fluorescence emission spectra of Fig. 1(b), only two very
weak fluorescence emissions at 540 nm and 710 nm were
observed in B-2. The emissions are assigned as the contribu-
tions of the bodipy core and C60 unit. When perylene was added
in the deaerated solution of B-2, a very strong blue-light
emission was observed. Fig. 5(a–c) shows the fluorescence
emission spectra recorded in the presence of perylene, where
the asterisks indicate the scattered excitation laser at 532 nm.
The blue emission covers a visible wavelength range from
420 to 540 nm. Photoexcitation of perylene itself in deaerated
solution at 532 nm does not exhibit fluorescence in the same
experimental conditions. Moreover, such blue emission cannot
be observed either in the mixed solution of B-2 and perylene
when solvated oxygen exists. Therefore, the strong blue emission
is believed to be produced by TTA-UC of perylene following the
triplet–triplet energy transfer (TTET) from 3C60* to perylene,
where the dyads act as the triplet photosensitizers and perylene
is the triplet acceptor in the mixed solution.

The upconverted fluorescence intensity has a quadratic
dependence on the excitation power at low intensities and
shifts to a linear dependence at higher power density.55 Thus,
the TTA-UC threshold excitation intensity, Ith, is an important
parameter, where the incident laser power dependence of the
upconverted fluorescence intensity changes from quadratic
to linear. When the excitation power density is lower than Ith,
the quantum yield of TTA-UC, FUC, is linearly dependent on the

Fig. 3 Spin density surfaces of B-2, B-4, and B-6 at the lowest triplet
state. Toluene was used as a solvent in the calculations.
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incident laser power. Until it is beyond Ith, FUC reaches
the maximum and the TTA process becomes the dominant
deactivation channel for the triplet acceptor.14,56

Fig. 6 shows the dependence of the upconverted emission
intensity of the dyads on the excitation power density. The
slopes close to 2 were observed for B-2 in the double logarithmic
plot when the power density is low. When the power increases,
the slope gradually becomes close to 1. From the relationship in
Fig. 6, Ith is determined as 597 mW cm�2 for B-2, 589 mW cm�2

for B-4 and 695 mW cm�2 for B-6, in the present experimental
conditions. Therefore, the TTA-UC quantum yields FUC of the
dyads as the triplet photosensitizer were quantitatively measured

with an excitation power density over Ith, and the typical value
was 790 mW cm�2.

In order to compare the TTET efficiencies between the
different dyads and perylene, the quenching rates of the triplet
excited state of the photosensitizers were measured, where the
concentrations of the dyads were fixed at 5 � 10�6 M. Fig. 7
shows the Stern–Volmer linear relationships. The quenching
rate of 3C60* by perylene was also measured to compare to those
of the dyads. The quenching constants KSV in the Stern–Volmer
relationship (3) are determined as 1.88 � 104 M�1 for B-2,
2.29 � 104 M�1 for B-4 and 1.73 � 104 M�1 for B-6. The
quenching rate constants kq are 0.53 � 109 M�1 s�1 for B-2,
0.58 � 109 M�1 s�1 for B-4 and 0.51 � 109 M�1 s�1 for B-6. The
KSV and kq of 3C60* are 14.41 � 104 M�1 and 2.26 � 109 M�1 s�1,
which are much faster than those of the dyads.

t0
t
� 1 ¼ KSV � ½perylene� (3)

where t0 and t are the triplet state lifetimes of the photo-
sensitizer in the absence and presence of perylene, respectively.

Using the fluorescence of compound 3 as the standard
(Fstd = 2.7% in ACN), the TTA-UC quantum yields, FUC, can

Fig. 4 Nanosecond time-resolved transient difference absorption spectra of B-2 (a), B-4 (b), and B-6 (c), and decay dynamic curves of B-2 (d), B-4 (e),
and B-6 (f) at 726 nm (in toluene, c = 5 � 10�6 M, 25 1C) under excitation at 532 nm.

Table 3 Absorption, fluorescence emission wavelengths, and lifetimes of
the triplet excited state of the dyads and C60 in deaerated (tT) and aerated
toluene (t0)a

Compound labsorp (nm) lemission (nm) tT (ms) t0 (ms)

C60 283/336/532 415/439/680 63.6 � 1.8 0.35 � 0.04
B-2 518 543 35.6 � 0.2 0.31 � 0.01
B-4 532 562 39.8 � 0.3 0.29 � 0.01
B-6 557 624 33.7 � 0.3 0.37 � 0.01

a Excited at 532 nm with 8.6 mJ per pulse, concentration is 5 � 10�6 M,
in toluene, 25 1C.
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be determined with eqn (4),

FUC ¼ 2 � Fstd �
Astd

Istd

� �
� Isam

Asam

� �
� Zsam

Zstd

� �2

(4)

where A, I, and Z are the absorbance intensity, integrated
luminescence intensity, and refractive index of the solvents
used for the standard and the samples. In the equation, a factor
of 2 is multiplied in order to make the maximum quantum
yield be unity.16 Thus, the FUC values for B-2, B-4, and B-6 are
determined as 5.80%, 7.95%, and 4.99%, and listed in Table 3.
The FUC values of the three dyads show a consistent trend with
the quenching rate constants, KSV or kq, but do not have a
simple proportional relationship. Compared with the reported

dyads consisting of bodipy derivatives and C60, e.g. carbazole–
bodipy–carbazole–C60 dyad and bodipy–thiophene–C60, the
TTA-UC quantum yields of perylene in the present three
systems have been increased about two-fold.

3.5 Theoretical TTA-UC quantum yield

As shown in Scheme 2, there are five steps included in the
TTA-UC process to emit fluorescence, intramolecular RET from
1bodipy* to the C60 unit in the dyad, ISC from bodipy–1C60* to
bodipy–3C60*, TTET from bodipy–3C60* to 3perylene*, TTA of
two 3perylene* molecules to produce 1perylene*, and fluorescence
emission of 1perylene*. Therefore, the overall TTA-UC quantum
yield, FUC, can be expressed as eqn (5),

Fig. 5 TTA upconversion spectra of (a) B-2, (b) B-4, and (c) B-6 as the triplet photosensitizers (5 � 10�6 M) and perylene (3 � 10�4 M) as the triplet
acceptor, (d) photographs of the upconverted fluorescence emissions of these TTA-UC systems in the presence and absence of solvated oxygen, under
photoexcitation with a CW laser (at 532 nm with 790 mW cm�2) in toluene, 25 1C.

Fig. 6 (a) The double logarithmic plot of integrated upconverted emission dependence on the excitation power density of B-2, B-4, and B-6, where that
of the normal fluorescence intensity of B-1 under excitation at 532 nm is shown in the inserted panel, c[B-1] = 5 � 10�6 M. (b) The upconverted emission
dependence on the excitation power density of B-2, where c[B-2] = 5 � 10�6 M, c[perylene] = 3 � 10�4 M, in toluene and excitation is at 532 nm, 25 1C.
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FUC = FRET�FISC�FTTET�FTTA�FF (5)

where FRET, FISC, FTTET, FTTA, and FF are the quantum yields of
the above processes, respectively.

In the TTA-UC systems of the C60–bodipy dyads and perylene,
the concentration of perylene as the energy receptor was the
same, and thus the TTA efficiency FTTA and the fluorescence
yield FF of perylene are exactly the same. As discussed above, the
lifetimes of the triplet excited state of the three dyads are more
than twenty microseconds in deaerated toluene, and the spin
density is mainly localized on the C60 unit. Thus, all the ISC
efficiencies FISC of the C60–bodipy dyads are believed to be close
to 1 as well as C60 itself. Therefore, the differences of FUC among
the three TTA-UC systems are mainly coming from the different
efficiencies of the RET and TTET processes.

Based on the Jablonski diagram of Scheme 2, the fluores-
cence quantum yields can be determined by the two equations
(6), where Fad and Fd represent the yields in the presence and

absence of C60, respectively. The RET efficiency, FRET, can be
calculated using eqn (7),

Fad ¼
kFL

kNR þ kFL þ kET
; Fd ¼

kFL

kNR þ kFL
(6)

FRET ¼
kET

kNR þ kFL þ kET
¼ 1� Fda

Fd
(7)

where kNR is the nonradiation rate constant, kFL is the fluores-
cence emission rate constant, and kET is the rate constant of the
intramolecular singlet–singlet RET from the antenna to C60. As
the light-harvesting antenna and C60 are separated by benzene
in the dyads, the interaction between the antenna and C60

should be very weak, which is consistent with the fact that no
apparent wavelength-shift was observed in the absorption
spectra of the dyads from that of the antennas (in Fig. 1). Thus,
kNR and kFL are expected to be the same as the values of the
antennas themselves.

As shown in Table 1, the fluorescence quantum yield Fd

of the antenna B-1 is measured to be 82.3%. When C60 is
connected with B-1, the fluorescence is dramatically quenched
in the dyad, B-2, due to the efficient RET. The fluorescence
quantum yield Fad of B-2 is only 0.4%. Thus, the ET efficiency
FRET is calculated to be 99.5% for B-2 using eqn (7). Similarly,
FRET for B-4 and B-6 are 99.9% and 99.1%, respectively.

In the presence of perylene, the bimolecular reaction of
TTET occurs between it and the triplet dyads. The corres-
ponding efficiency, FTTET, can be determined as eqn (8), with-
out taking into account the weak phosphorescence emission.

FTTET ¼
kTTET � ½perylene�

kTTET � ½perylene� þ kNR
¼ 1=t� 1=tT

1=t
(8)

where kNR is the rate constant of the overall nonradiation
process including collision and internal conversion, and kTTET

is the quenching rate constant of the triplet photosensitizer by
perylene. kNR can be determined as kNR = 1/tT, and kTTET�
[perylene] is expressed by (1/t � 1/tT), where tT and t are the
lifetimes of the triplet dyad in the absence and presence of

Fig. 7 Stern–Volmer plots for lifetime quenching of the triplet photo-
sensitizers with the concentration of perylene, at 532 nm with 8.6 mJ per
pulse power, c[dyad] = 5 � 10�6 M, in deaerated toluene, 25 1C.

Scheme 2 Jablonski diagram of TTA upconversion of the C60–bodipy derivatives dyads, where ET is the singlet-to-singlet energy transfer, IC is
non-radiation, and FL is fluorescence.
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perylene, respectively. Using the t and tT values in Tables 3 and
4, the TTET efficiencies between the triplet photosensitizers
and perylene are calculated and listed in Table 5.

As mentioned earlier, the differences of FUC among the
three systems of dyads and perylene mainly come from the
different quantum yields of the RET and TTET processes. As
shown in Table 5, the FRET values are almost the same and very
close to unity for the three dyads. Thus, the TTET efficiency
becomes the unique potential reason to produce the difference
of FUC. However, FTTET in Table 5 is determined to be 0.851 for
B-2, 0.874 for B-4, and 0.839 for B-6. Although the sequence of
the FTTET value is consistent with that of the experimental FUC

data, these data do not show a strictly linear relationship
between the FRET�FTTET and FUC values. It is worth noting
that the slope in Fig. 6(a) at the present power density of
790 mW cm�2 is beyond 1. This means that the influence of
the excitation power still exists to some extent although the
power density is over Ith. In this case, a slight dependence of
FUC on the excitation power can be expected. Therefore, more
excellent consistence can be found in Table 5 between the FRET�
FTTET�e0 and FUC values, where e0 is the molar extinction
coefficient at 532 nm.

4. Summary and conclusions

Three triplet photosensitizers of C60–bodipy dyad derivates
were designed and synthesized. The strong visible absorption
of the photosensitizers is kept as that of the bodipy moiety in a
wavelength range from 470 to 600 nm. However, the fluores-
cence emission is dramatically reduced, indicating that efficient
intermolecular RET occurs between the bodipy and C60 moieties.
According to the high ISC quantum yield of 1C60*, the lowest

triplet dyads are consequently produced, and the spin density is
exclusively located on the C60 moiety as suggested by theoretical
calculation.

The femtosecond transient difference absorption spectra
were recorded to investigate the initial dynamic processes
under photoexcitation at 532 nm. By the least square fitting
of the decay curves of the dyads, the lifetime of the singlet
excited state of the photosensitizer was determined in a pico-
second timescale, and the intermolecular RET rates of the
dyads were around 1012 s�1, while ISC from the S1 to T1 state
occurs with a rate of B108 s�1.

Using nanosecond transient difference absorption spectra,
the lifetimes of the triplet dyads were determined to be 35.6 ms
for B-2, 39.8 ms for B-4, and 33.7 ms for B-6 in deaerated toluene.
With the presence of perylene as the triplet acceptor, TTET
between the triplet dyads and perylene occurs efficiently. The
bimolecular quenching rate constants, kq, were measured to be
around 5 � 108 M�1 s�1.

Following the TTET process, the TTA upconverted fluores-
cence emission of perylene was clearly observed in the deaer-
ated solution. From the TTA-UC spectra, the upconverted
fluorescence quantum yield, FUC, was determined to be 5.80%
for B-2, 7.95% for B-4, and 4.99% for B-6. These values show a
consistent trend with the quenching rate constants, KSV (or kq),
but they do not have a simple proportional relationship.

Based on the fact that the RET and ISC processes of the
dyads were very efficient (quantum yields were very close to
unity), the differences of FUC among the three systems were
thought to originate mainly from the different TTET quantum
yields. The FTTET values were calculated to be 0.851 for B-2,
0.874 for B-4 and 0.839 for B-6. The non-linear relationship
between the FTTET and FUC values suggests that the influence
of the excitation power still exists to some extent although the
power density is already over Ith. Thus, the absorption cross-
section of the dyads at 532 nm cannot be neglected.

Compared with the reported dyads consisting of bodipy
derivatives and C60, the TTA-UC quantum yield of perylene in
the present three systems is improved. In addition, the FUC

value does not increase monotonically with the extension of the
p-conjugated structure of the bodipy derivative, indicating that
the Forest resonance energy transfer and Dexter TTET do not
link monotonically with the extension of the pi-conjugated
structure. Thus, there is still a long road for us to find a
universal link between structure and characteristics when
developing a more efficient triplet photosensitizer in TTA-UC
processes. Every dynamic step involved in the TTA-UC system
should be carefully taken into account as well as absorption.
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Table 4 Lifetimes (t), Stern–Volmer quenching constants (KSV) and
bimolecular quenching rate constants (kq) of the triplet dyads and C60 in
the presence of perylene. The experimental TTA upconversion quantum
yields (FUC) are listed as wella

Compound tb (ms) KSV
c (�104 M�1) kq

c (�109 M�1 s�1) FUC
d (%)

C60 1.4 � 0.14 14.4 � 0.6 2.26 � 0.18 —
B-2 5.3 � 0.07 1.9 � 0.1 0.53 � 0.03 5.80 � 0.3
B-4 5.0 � 0.09 2.3 � 0.1 0.58 � 0.03 7.95 � 0.3
B-6 5.4 � 0.09 1.7 � 0.1 0.51 � 0.03 4.99 � 0.3

a Excited at 532 nm, c[photosensitizer] = 5 � 10�6 M, toluene, 25 1C.
b c[perylene] = 3 � 10�4 M, in deaerated toluene. c In deaerated toluene,
25 1C. d Using compound 3 as a standard (FF = 2.7%, in MeCN).

Table 5 Energy transfer efficiencies (FET) and triplet–triplet energy
transfer efficiencies (FTTET) for the present TTA-UC systems. The experi-
mental TTA-UC quantum yields FUC are listed as well

FET FTTET FET�FTTET e0a FUC (%)

B-2 0.995 0.851 0.847 0.37 5.80
B-4 0.999 0.874 0.873 0.59 7.95
B-6 0.991 0.839 0.831 0.30 4.99

a e’ is the molar extinction coefficient at 532 nm.
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