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Solvent effects on the triplet—triplet annihilation
upconversion of diiodo-Bodipy and perylenet

Qiaohui Zhou,? Miaomiao Zhou,” Yaxiong Wei,? Xiaoguo Zhou,**® Shilin Liu,*
Song Zhang** and Bing Zhang®

Solvent effects play a very important role in photochemical reactions and energy transfer processes in
solution; however, these effects are rarely mentioned in the triplet—triplet annihilation (TTA) upconversion
fluorescence experiments. In a typical TTA upconversion system of a photosensitizer of diiodo-Bodipy
(I-Bodipy) and a triplet acceptor of perylene, five common inert solvents, hexane, heptane, toluene,
1,4-dioxane, and dimethyl sulfoxide (DMSO), were used to investigate the solvent effects on the overall
quantum yield of upconversion fluorescence. Femtosecond and nanosecond time-resolved transient
difference absorption spectra were obtained to study the efficiencies of intersystem crossing (ISC) and
triplet—triplet energy transfer (TTET). From the obtained upconversion fluorescence emission spectra,
the overall TTA upconversion fluorescence quantum yield was derived. Among the five solvents, the
upconversion quantum yield in dioxane is the highest at 19.16%, more than twice that that in toluene
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as in dioxane. Based on density functional theory calculations, a reasonable explanation for these solvent
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useful in bioimaging when the prompt fluorescence techniques

1. Introduction

Since upconversion fluorescence was observed over 50 years
ago," it has attracted extensive attention due to its potential
applications in photo-dynamic therapy, photovoltaics, and
photocatalysis.””” Some traditional methods, including upcon-
version with two-photon absorption dyes, inorganic crystals
and rare earth materials, have been developed to exploit this
phenomenon.®® However, the drawbacks of high excitation
power, weak absorption of visible light, and low upconversion
quantum yield have restricted the application of these methods.
Recently, triplet-triplet annihilation (TTA) upconversion has
received wide interest due to its overwhelming advantages of
intense absorption of solar light and high upconversion quantum
yields.">"" Moreover, TTA upconversion fluorescence is extremely
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cannot be applied.’*™**

The overall TTA upconversion process is shown in Scheme 1,
and the excitation mainly involves four steps: intersystem crossing
(ISC) from the singlet excited state to the triplet state of the
photosensitizer, triplet-triplet energy transfer (TTET) from the
triplet sensitizer to the triplet acceptor, TTA of the triplet
acceptor and delayed fluorescence (upconversion fluorescence)
emission of the excited acceptor. The synthesis of a new triplet
photosensitizer with more intense absorption of visible light
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Scheme 1 Jablonski diagram of the overall TTA upconversion process.
12-Bodipy is the triplet donor (photosensitizer) and perylene is the triplet
acceptor in the present experiment.
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and higher ISC efficiency is most attractive. Some organic
compounds, e.g. RuBpy, Pt(u) and Ir(m) porphyrin complexes,
are often used as triplet photosensitizers because they have a
very high ISC efficiency due to the “heavy-atom effect”.>>!
Among these sensitizers, boron-dipyrromethene (Bodipy) deri-
vatives show two major merits: strong absorption in the visible
light range and readily modified structures. Many efforts have
been made to synthesize new Bodipy-based sensitizers with
improved anti-Stokes shifts and upconversion efficiencies.** >
Recently, Zhao and co-workers synthesized a series of metal
complexes and pure organic triplet photosensitizers, especially
Bodipy derivative dyads.>®>° These sensitizers had not only
strong absorption abilities in the near-infrared wavelength
range but also had high ISC efficiencies due to the long
lifetimes of the triplet states. An upconversion quantum yield
of up to 39.9% was reported for a naphthalimide (NI) acetylide-
containing Pt(n) complex.*’

In TTET and TTA processes, a triplet donor must collide with
the triplet acceptor in the same solvent cage to generate an
encounter. Thus, solvent effects play a very important role in
these processes as well as in the characteristics of the triplet
sensitizer. However, solvent effects are rarely mentioned in TTA
upconversion fluorescence experiments,"' although they are
well studied in photochemical reactions and energy transfer
processes.’’* Generally, solvents with different polarities and
viscosities not only affect the reaction rate, but can also change the
resonance wavelength and absorption intensity of molecules.>*>
Because the dipole moments of singlet and triplet states are
usually different, the energy gap between them can be influ-
enced by solvents; consequently, different dynamic behaviors
should be observed in different solvents.’”° Very recently,
Yokoyama et al. observed the effects of solvent viscosity on
the TTA upconversion of platinum octaethylporphyrin and
DPA.*® By changing the temperature and applying a magnetic
field, the delayed fluorescence of DPA was found to be depen-
dent on the solvent viscosity. However, the viscosity (or polarity)
dependence of absorption and the ISC efficiency of the triplet
sensitizer were artificially ignored, and the solvent effects on
the prompt fluorescence quantum yield of the annihilator were
also not discussed.

In the present work, a typical TTA upconversion system
of I,-Bodipy and perylene has been investigated in five separate
solvents: hexane, heptane, toluene, 1,4-dioxane and DMSO. All
these solvents are chemically inert and have relatively low volatility.
Through comparing the dynamic behavior and upconversion
efficiency of the system in different solvents, the solvent effects
can be clearly observed. As previous experiments have shown,””
I,-Bodipy in toluene absorbs visible light in the wavelength
range of 500 to 550 nm and produces the triplet state with high
ISC efficiency due to the heavy atom effect of iodine. The triplet
state of a ~50 ps long lifetime supports the role of the triplet
donor, and triplet perylene can be formed as the triplet acceptor
in the TTET process. TTA upconversion fluorescence was finally
observed in the range of 430 to 530 nm with a moderate
upconversion efficiency of 7.5%. Although the upconversion
spectra and efficiencies have been previously obtained, the
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dynamic details of the overall process, e.g. the ISC efficiency,
are still unknown. More importantly, solvent effects have never
been investigated in this TTA upconversion system. Therefore,
femtosecond and nanosecond transient difference absorption
spectra and upconversion spectra were applied to acquire this
useful dynamic information. Consequently, the solvent effects on
all the involved dynamic processes will be discussed separately.

2. Materials and methods

2.1 Triplet photosensitizers and triplet acceptors of TTA
upconversion

Bodipy 1 has strong absorption in the visible light region, and
its fluorescence quantum yield is also quite high. Based on its
modifiable structure, iodine atoms were attached on the core
of the fluorophore, as shown in Scheme 2. The details of the
synthetic process were very similar to those in ref. 27. The
structure of I,-Bodipy was verified by mass spectrometry and by
'"H NMR and *C NMR spectroscopy. All the precursors were
analytically pure and were purchased from Sigma-Aldrich Co.
and used without any purification. The solvents were dried and
distilled prior to use.

In the present experiment, I,-Bodipy served as both the
light-harvesting antenna and the triplet donor. Usually, a triplet
acceptor in TTA upconversion should have a high fluorescence
quantum yield and lower triplet energy than the donor. Another
essential limitation of TTA for the triplet acceptor is that the
energy of its S; state should be slightly less than twice the T
energy. Thus, most triplet acceptors are polycyclic aromatic
hydrocarbon compounds; here, perylene was chosen as the
triplet acceptor in the TTA upconversion system.

2.2 Experimental setups

The steady-state UV-vis absorption and fluorescence spectra
were recorded from 400 to 650 nm (UV-3600, Shimadzu) and
from 500 to 680 nm (F-4600, Hitachi), respectively. The structures
of all the synthesized chemicals were identified using standard
NMR and mass spectra. The "H NMR spectra were recorded
with a 400 MHz spectrophotometer (AVANCE III 400, Bruker);
CDCI; was used as the solvent, and TMS was the standard for
which ¢ = 0.00 ppm. The high-resolution mass spectra (HR-MS)
were measured with a MALDI-TOFMS spectrometer (GCT,
Micromass UK).

The photochemical behaviors of the present chemical systems
were studied using femtosecond and nanosecond time-resolved
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Scheme 2 Synthesis of 2,6-diiodo-1,3,5,7-tetramethyl-8-phenyl-4,4-
difluoroboradiazaindacene (I-Bodipy). (i) N, atmosphere, CH,Cl,, EtzN,
and BF3-Et,O; (ii) NIS and CH,Cl,, 1 h.?’
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transient absorption spectra. The details of femtosecond
transient absorption spectra have been described elsewhere;*'
thus, only a brief introduction is provided here. Ti:sapphire in a
femtosecond laser system was pumped by the CW second
harmonic of a Nd:YVO, laser and amplified by a Nd:YLF laser
to generate a 35 fs pulse width centered at 800 nm with a
maximum energy of 1 mJ per pulse. A fraction of the laser was
frequency doubled in a 1 mm thick BBO crystal, and a pulse at
400 nm with an energy of 100 pJ was yielded to pump the NOPA.
The output NOPA was set at 532 nm and used as the excitation
pulse in the present experiment. The energy was about ~4.5 pJ by
attenuation. The NOPA pulse was temporally compressed to
obtain the minimum pulse width compatible with the bandwidth.
A white light continuum generated by focusing 800 nm on a CaF,
plate was reflected from the front and back surfaces of a quartz
plate to obtain the probe and reference beams. The relative
polarization of the pump and probe pulses was maintained as
54.7° for all the measurements. The absorption spectra were
detected with a CCD camera equipped with a spectrometer
(Princeton, SpectraPro 2500i). The instrumental response func-
tion of the system was typically better than 150 fs.

The nanosecond time-resolved transient absorption spectra
and dynamics curves were measured based on a home-built laser
flash photolysis system.*>** The second harmonic (532 nm) of a
Q-switched Nd:YAG laser (Lab-170, Spectra Physics, repetition
rate of 10 Hz) was used as the excitation light (pulse duration
8 ns, pulse energy ~7 mJ per pulse). An analyzing light from a
500 W xenon lamp and the pulsed excitation laser passed
through a flow quartz cuvette perpendicularly. The transient
absorption spectra and dynamic curves were measured with a
monochromator equipped with a photomultiplier (CR131,
Hamamatsu), and the data were recorded with an oscilloscope
(TDS3052B, Tektronix).

The upconversion fluorescence spectra were measured using
a modified commercial spectrometer. A pump laser of ~20 mW
from a stable CW laser (Verdi-V5, 532 nm, Coherent) was used
as the excitation light in the TTA upconversion. The fluores-
cence was dispersed and detected with a triple monochromator
system (TriplePro, Acton Research) and a CR131 photomultiplier.
In order to reduce self-absorption, the backscattering geometry
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was applie The normal spectral resolution was ~1.0 cm ™.
In the present experiments, the concentrations of I,-Bodipy and
perylene were fixed respectively at 5.0 x 10 °*M and 3.0 x 10~ * M
in the five selected solvents. All the samples in the nanosecond
transient and upconversion experiments were deoxygenated by
purging with high-purity argon (99.99%) for at least 20 minutes
in advance. Also, the degassing was continued during the
measurements to ensure an anaerobic environment.

4.44:45

2.3 Theoretical calculations

The geometries of I,-Bodipy and perylene were optimized with
density functional theory (DFT) at the B3LYP/6-31G(d,p) level of
theory. Due to the heavy-atom effect of iodine, the LanL2DZ
basic set was introduced into the DFT calculations of the photo-
sensitizer, I,-Bodipy. The spin density surface of I,-Bodipy was
analyzed at the same level of theory. Based on the optimized
structure of the ground state, time-dependent DFT (TDDFT) with
the PCM model was used to calculate the excitation energies
of the lowest singlet S; and triplet T, states of I,-Bodipy and
perylene in different solvents. All the calculations were performed
with the Gaussian 09W program package.*®

3. Results and discussion

3.1 Steady-state UV-visible absorption and fluorescence
spectra

Fig. 1(a) shows the steady-state UV-visible absorption spectra of
I,-Bodipy in the five solvents. The maximum absorption is
located at 537 nm, along with a shoulder band at ~504 nm.
In addition to slight red-shifts, the intensities of the maximum
absorption in different solvents obviously changed. The molar
extinction coefficient ¢ varies from 1.24 x 10° M~ ' em™ ' in
heptane to 6.97 x 10° M~' em ™" in DMSO. The fluorescence
emission spectra of I,-Bodipy upon photoexcitation at 532 nm
are shown in Fig. 1(b). Similar to the UV-vis absorption spectra
in Fig. 1(a), a slight red-shift can be observed in the range of
552 to 561 nm, and the maximum intensity shows a 4.7-fold
enhancement from DMSO to heptane.
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Fig. 1 UV-vis absorption (a) and fluorescence emission (b) spectra of I,-Bodipy in different solvents (c = 5 x 107¢ M).
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Table 1 Photophysical parameters of I,-Bodipy

Solvent  Japs (nmM) & (x10* M ' em ™) Jem (nm)  B” (%)

Hexane 534 8.18 552 4.86 £+ 0.05
Heptane 535 12.4 554 3.14 £ 0.05
Toluene 537 8.6 558 3.01 £ 0.08
Dioxane 534 8.0 555 3.27 £ 0.08
DMSO 536 7.0 561 1.12 £+ 0.09

% Molar absorption coefficient.  Prompt fluorescence quantum yield
with photoexcitation at 532 nm.

Table 1 summarizes the absorption and emission wavelengths,
molar absorption coefficients and fluorescence quantum yields.
Without substitution of iodine atoms, ®r of Bodipy 1 was 0.712,
while the @r of I,-Bodipy dramatically decreased to a very low

PCCP

percentage. As direct photoexcitation to the triplet state (Tj)
is transition-forbidden, the only way to form the T, state to
compete with the fluorescence emission is via ISC. As shown
in the Jablonski diagram in Scheme 1, the decreased @ of
I,-Bodipy indicates a greater population of the triplet state.

3.2 Femtosecond transient difference absorption spectra

Femtosecond transient difference absorption spectra were
measured to characterize the initial photophysical processes
of the photosensitizer, e.g. the lifetime of the singlet excited state
and the ISC rate from S; to T;. Fig. 2(a-€) show the recorded
femtosecond transient difference absorption spectra of I,-Bodipy
in the five solvents upon photoexcitation at 532 nm. The delay
time was gradually changed from 40 fs to 900 ps. One negative
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Fig. 2 Femtosecond time-resolved transient difference absorption spectra of I,-Bodipy in (a) hexane, (b) heptane, (c) toluene, (d) dioxane, (e) DMSO.
(f) The experimental (dotted lines) and fitted (solid lines) are normalized decay curves of the absorption band at 346 nm (Jex = 532 nM, ¢ = 1 x 107> M).
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band (~540 nm) and three positive bands (346, 471 and
716 nm) are present in all the spectra.

Taking the spectra in hexane of Fig. 2(a) as an example, the
strongest negative band at 540 nm is assigned to stimulated
emission and/or ground bleaching. From the initial 200 fs to
47 ps, the position and intensity of the band do not essentially
change. The slight blue-shift is due to the overlapping of the
adjacent broad band of 600 to 700 nm (positive peak). The band
at 346 nm is a typical positive peak, and its intensity mono-
tonously decays with the delay time. Thus, the band can be
attributed to the absorption of the S; state, and its decay mainly
corresponds to the S; — S, process. Interestingly, the band at
471 nm with moderate intensity quickly increased to the
maximum in the first picosecond, then slowly decayed and
gradually blue-shifted to 450 nm. The isoabsorptive point is
located at 453 nm, and its intensity remained strong during the
entire present delay time range. Therefore, an ISC process to
produce the triplet state is expected, and the absorption of the
latter contributes the band. With increasing delay time, the
weak peak at ~700 nm shows an overall trend of growing and
broadening. From 1 ps on, the intensity at 716 nm monotonously
increases, and the absorption is gradually blue-shifted. This long
delay timescale indicates that a triplet excited state is generated,
which is consistent with the above conclusion. Thus, the absorp-
tion of the triplet state T, is believed to contribute the bands at
450 and 716 nm. Actually, the following nanosecond transient
difference spectra also verify the spectral assignment.

As shown in Fig. 2(a-e), the peak patterns remain almost the
same in different solvents; however, the lifetimes of the excited
states of I,-Bodipy obviously change from hexane to DMSO.
As shown in Fig. 2(f), the intensity at 346 nm was normalized to
compare and obtain the lifetime of the S; state. With increasing
solvent polarity and viscosity, the decay rate gradually increases.

Table 2 The decay dynamic data of *l,-Bodipy* in five solvents

Paper

By fitting all the curves with a triple-exponential function, all
the dynamic parameters of the decay process of the S; state
were obtained. Three dynamic decay processes were taken into
account with three typical time components, t;, 7, and 13,
respectively. The first (t;) was the natural lifetime of the S;
state (here, it mainly corresponds to the internal conversion
of S; — Sy), the second (7,) was the ISC time to form the triplet
state Ty, and the third (z3) was other slow decays involving
collisions and unknown processes. Because we are not con-
cerned with the slowest process of 7; in the present ultrafast
experiment, Table 2 only summarizes the data of 7; and t,.
Usually, internal conversion has a very fast decay (~10"* s),
and 7, indeed decreases from 1.9 ps to 0.36 ps with the polarity
order from hexane to DMSO. In the same sequence, 7, of the
ISC process is reduced from 362 ps to 83 ps.

The energy gap AEgr between the S; and T, states is the
essential element of the rate of ISC. However, the excitation
energy of the T, state of I,-Bodipy could not be easily obtained
due to a lack of phosphorescence at either room temperature or
low temperature; thus, TD-DFT calculations were performed to
estimate the excitation energies of the low-lying electronic
states. Fig. 3 shows the calculated excitation energies of S, — S;
and S, — T; of I,-Bodipy, where the energy of the ground state
in DMSO is set as zero. As noted in Fig. 3, both the S; — S; and
So — T; excitation energies were almost unchanged (2.65 to
2.67 eV and 1.52 to 1.53 eV) from hexane to dioxane. It is
interesting that the S; energy dramatically decreases to 2.53 eV in
DMSO, which has the highest polarity, but the S, — T; energy
increases only slightly from 1.52 eV in hexane to 1.55 €V in
DMSO. Thus, ISC from S; to T; of I,-Bodipy in DMSO should be
the most favorable because it has the lowest energy gap, AEsr,
compared with the other solvents. This conclusion is in excellent
agreement with the experimental data shown in Table 2.

3.3 Quenching process of triplet I,-Bodipy by perylene

Upon photoexcitation at 532 nm, the triplet photosensitizer,
31,-Bodipy*, is produced and quenched by triplet acceptors and

Solvent Polarity® 7, (ps 7, (ps . . . . .
ki 1 () 2 (ps) collisions in solution. Nanosecond transient difference absorp-
Eexine 8'(2)6 1'32 ;gg tion spectra were used to study this quenching process in the
eptane . . . . . . .
Toﬁlene 2.4 0.62 235 five solvents. Fig. 4 shows the transient difference absorption
Dioxane 4.8 0.45 234 spectra of I,-Bodipy in toluene with photoexcitation at 532 nm;
DMSO 7.2 0.36 83 the spectra in the other solvents are summarized in the ESL¥
“ The relative dielectric constant . All the spectra have very similar profiles in the five solvents.
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Fig. 3 The excitation energies of the low-lying electronic states of I,-Bodipy and perylene in different solvents, calculated at the TD-B3LYP/6-31G(d,p)

level of theory.
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Fig. 4 Nanosecond transient difference absorption spectra of I,-Bodipy in
toluene under photoexcitation at 532 nm (c = 1 x 10™> M); the experimental
and fitted decay curves at 710 nm are plotted in the inset panel.

The bleaching band at 537 nm is due to the depletion of the
ground state of I,-Bodipy. Two other positive bands at 443 nm
and 710 nm are attributed to absorption of the triplet state T, of
I,-Bodipy. The assignment was confirmed by an additional
aerated experiment.”” The intensities of the three bands show
almost the same variations with delay time.

The concentration of the photosensitizer always plays a
key role in the lifetime of the triplet state; an overly high
concentration is expected to lead to serious self-quenching.
Thus, the concentration of I,-Bodipy in the present experiment
was maintained at 1.0 x 10~° M to balance the better signal-to-
noise ratio and the lifetime measurements. Because the three
bands have very similar decay rates, only the dynamic curve
of 710 nm is shown in the inset panel of Fig. 4. In toluene,
a lifetime (7o) of 50.12 us was obtained for the triplet state T,
of *I,-Bodipy* by fitting the curve. With increasing solvent
viscosity, the Ty lifetime of *1,-Bodipy* increased from 13.0 ps
in hexane to 95.8 ps in DMSO, as shown in Fig. 5(a). The trend
is consistent with the calculated energies of the T; state in
different solvents, as shown in Fig. 3.

This long lifetime of *I,-Bodipy* provides a high possibility
of TTET between °I,-Bodipy* and the triplet acceptor when
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the latter is added to the solution. The TTET process between
*1,-Bodipy* and perylene can be briefly described by the follow-
ing formula (1). In the present experiment, all the absorption
bands in Fig. 4 were indeed dramatically quenched in the
presence of perylene (as the triplet acceptor). The observed
quenching rate ks = 1/7 of *I,-Bodipy* was obtained by fitting
its decay curve at 710 nm. Fig. 5(b) shows the relationships
between 1/t and the concentration of perylene in different
solvents. Using the Stern-Volmer eqn (2), the bimolecular
quenching rate constant, ky, was obtained by linear-fitting the
relationship of Fig. 5(b).

*1,-Bodipy*(T,) + perylene(S,) — 'I,-Bodipy(S,) + *perylene*(T,)
1)

)

where 7, represents the lifetime in the absence of perylene.
Table 3 lists the fitted 1/7y and bimolecular quenching rate
constants k4 in the five solvents, as well as the diffusion rates
Kkaitruse- Kaiffuse €N be determined as 8kgT/(37) as the upper limit
of kq, where 7 is the viscosity of the solvent. Obviously, all
kq values are close to kgifuse, indicating that the TTET between
*1,-Bodipy* and perylene is mainly a diffusion-controlled dynamic
process. In addition, both ky and kgjfruse follow the same sequence
as 1/t in the five solvents.

As suggested in the Dexter mechanism, the exchanged
electrons should occupy the orbital of the other party, and
the energy transfer rate is proportional to the spectral integral
overlap at the short collision distance. Thus, the diffusion rates
in solvents of various viscosities may be the rate-controlling
factor in the overall TTA upconversion process.'’ In addition,
a suitable triplet acceptor should have lower energy than the
triplet donor. As expected, the triplet energy of *I,-Bodipy*(T,)
varies with the solvent; the T, energy of perylene must be
checked carefully in different solvents. At the B3LYP/6-31G(d,p)
level of theory, the energy of *perylene*(T,) was determined to be
1.51 eV and was almost unchanged in all five solvents (in Fig. 3),
which agrees with previous data (1.53 eV in toluene).”’
Compared with the energy of *L,-Bodipy*(T,), perylene is an

kobs = 1/T = 1/19 + kq:[perylene]
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Fig. 5 (a) Lifetimes of the triplet state T of *I,-Bodipy* in five solvents; (b) Stern—Volmer plots generated from the T, quenching of I,-Bodipy in the
presence of perylene in the five solvents ([l,-Bodipy] = 5.0 x 107® M, J¢, = 532 nm).
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Table 3 Bimolecular reaction rate constants kg of 3|,-Bodipy* quenched by perylene, as well as AErrer between 3I,-Bodipy* and 3perylene* in five

solvents

Solvent H (cp) 1/10 (x10% s7Y) kg (x10° M7 s Kaifruse (x10° M ' s AErrer (€V) Ksy (x10° M)
Hexane 0.33 7.64 13.30 19.67 0.014 1.74

Heptane 0.41 4.77 10.33 15.83 0.014 2.17

Toluene 0.59 1.99 5.57 11.0 0.017 2.79

Dioxane 1.54 1.10 2.98 4.21 0.016 2.70

DMSO 2.24 1.04 2.03 2.89 0.032 1.94

excellent triplet acceptor due to its slightly lower energy than
the triplet donor. As shown in Table 3, A Errgy slightly increased
from 0.01 eV in hexane to 0.03 eV in DMSO; all of the values are
very small. Therefore, viscosity should play a larger role in the
TTET process, and the TTET rates are expected to decrease with
increasing solvent viscosity. The present experimental results
are indeed consistent with the theoretical predictions.

Generally, Kgy is a reliable criterion to evaluate the quench-
ing ability of a triplet sensitizer by an acceptor; it is defined as
Ksv = kq'To. As shown in Table 3, Ksy does not directly follow the
order of the viscosity and polarity of the solvents. The maximal
value of Kgy is 2.79 x 10° M~ " in toluene, nearly ~ 1.4 times the
Ksy in DMSO. This is a potential reason why the previous
investigation®” invariably used toluene as a solvent in TTA
upconversion. Additionally, the TTET quantum yields, @ gt =
kq-[perylene]/(1/ty + kq[perylene]), are expected to follow the
same sequence as Kgy. When the concentration of perylene is
increased to 7 x 10> M, @rrer is close to unity (kq-[perylene] =
20/7¢) in dioxane. In the following TTA upconversion measure-
ments, the concentration of perylene was 3 x 10~* M; thus, the
TTET quantum yield was near unity in all the solvents.

3.4 TTA upconversion fluorescence spectra of >perylene*

When triplet perylene is produced, upconversion fluorescence
can be observed due to the TTA process of *perylene*.*® In the
present experiment, white upconversion fluorescence (in Fig. 6(a))
could be observed under photoexcitation of a CW 532 nm laser
(~20 mW, power density 630 mW cm?); the intensities of
fluorescence were remarkably different in the five solvents. Because
this upconversion fluorescence cannot appear upon photoexcita-
tion of I,-Bodipy or perylene alone, it can be attributed to upcon-
verted delayed fluorescence rather than prompt fluorescence.

Dioxane

Fig. 6

Fig. 6(b) shows the dispersed upconversion fluorescence
spectra in the five solvents. Obviously, the observed fluorescence
is a mixture of the yellowish-green fluorescence of I,-Bodipy
itself (~552 nm) and the blue upconversion fluorescence of
perylene (400 to 500 nm).

As shown in Fig. 6(a), the brightest delay fluorescence was
emitted in dioxane, while the weakest was emitted in DMSO. In
hexane and heptane, the upconversion fluorescence is weaker
than the prompt fluorescence of the photosensitizer (I,-Bodipy),
although it can be clearly distinguished in Fig. 6(a). Similar to
the previous experiment in toluene,”” upconversion fluorescence
was also observed in a wavelength range of 440 to 480 nm. Using
the fluorescence of I,-Bodipy as the standard (@sq = 2.7% in
ACN), the upconversion quantum yields (®yc) could be deter-
mined with eqn (3),

2t (8. (f) ()’
Asam Ly Nstd
where A, I, and u are the absorbance intensities, integrated
luminescence intensities, and refractive indices of the solvents
used for the standard and samples. The equation is multiplied
by a factor of 2 to bring the maximum quantum yield to unity.">
Thus, the upconversion quantum yields @y of the present system
were determined to be 5.77% in hexane, 5.59% in heptane, 8.44%
in toluene, 19.16% in dioxane and 1.51% in DMSO. The present
yield in toluene is slightly higher than the previously reported
value (7.5%).>” Table 4 summarizes the quantum yields of the
TTA upconversion fluorescence under irradiation at 532 nm
and the prompt fluorescence of perylene alone.
It is well known that delayed fluorescence intensity shows a
quadratic dependence on excitation power at low intensities
and shifts to a linear dependence at higher intensities.'" In the

(3)

| Upconverted |

(b)

e

|” Fluorescence |

Hexane

Heptane

Toluene

Intensity /a.u.

Dioxane
DMSO
©  FL of I-Bodipy

500 550 600

Wavelength/nm

650 700

(a) Images of the upconversion fluorescence in different solvents; (b) TTA upconversion fluorescence spectra of I,-Bodipy and perylene, where

the curve denoted by hollow circles is the prompt fluorescence of I,-Bodipy alone in heptane under excitation at 532 nm. [I,-Bodipy] = 5 x 107 M, and

[perylene] = 3 x 107* M.
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Table 4 Quantum yields of the TTA upconversion fluorescence of
3perylene* in the five solvents under photoexcitation at 532 nm, as well
as the prompt fluorescence yield of perylene alone

Solvent  AErp,” (eV) AEle-sz (eV)  @py (%) Dy (%)

Hexane 0.31 0.001 44.06 + 0.04 5.77 £ 0.03
Heptane 0.32 0.001 53.32 £ 0.02 5.59 + 0.02
Toluene  0.34 0.002 84.81 £+ 0.01 8.44 £ 0.05
Dioxane  0.33 0.002 96.78 + 0.02  19.16 £ 0.02
DMSO 0.47 0.011 78.78 £ 0.02 1.51 £+ 0.06

¢ Energy difference of perylene calculated as AErr, = 2-E(Ty) — E(S4).
b Energy difference AEyr 1, = 2-E(Ty) — E(T,), where E(T,) and E(T,) are
the energies of the first and second triplet states of perylene. © Prompt
fluorescence quantum yield of perylene.

previous experiment of Wu et al.,*® a linear relationship between

upconverted fluorescence intensity and excitation power density
was observed from 14.2 to 237.8 mW cm™ 2. Thus, the maximum
dyc for the present TTA upconversion system has not yet
been reached because @y may linearly increase with excitation
power under the threshold Iy,.'* An additional experiment was
performed to determine the threshold power density, as shown
in Fig. 7, where the delayed fluorescence intensity was plotted
with the excitation power density. A change of dependence was
observed from the quadratic function to the linear relationship.
The threshold I, was determined as ~259 mW cm > as the
turning point in Fig. 7. In the present TTA upconversion experi-
ment, the excitation power density is higher than I;;; hence, the
dyc value in Table 4 is slightly higher than the previously
reported data.”’

It is very interesting that a high quantum yield (®yc = 19.16%)
was obtained in dioxane, even higher than the maximal upcon-
version quantum yield (11.1%) predicted from the spin-statistic
law in the TTA process. This exceptional yield is not unique;*”
higher @y values of 24.3% and 39.9% have been observed for a
naphthalimide (NI) acetylide-containing Pt(u) complex.’®?*
Ref. 12 and 47 provide a probable explanation that both
the quintet and triplet encounter complexes contribute to the
formation of the singlets of the annihilator. It is especially
noteworthy that among the five solvents, ®yc in DMSO is

. = Hexane
5 "F o Heptane Slope=0.93
K A Toluene 259 mW.cm™ r-L
.‘E’ v Dioxane |- r4 2"
z < DMSO peiv o "
e w szt o
E | ]
3 |
g |
2 Slope=1.89 |
b4 o
S 10 !
= |
=
- | Slope=1.15
= |
] 2
SERT S !
]

1;0 N 10.00
Excitation Power /mW.cm”
Fig. 7 Normalized integrated delayed fluorescence intensity plotted as a
function of light power, where [I,-Bodipyl = 5 x 107® M and [perylene] =
3x107* M.

This journal is © the Owner Societies 2017

PCCP

exceptionally low (1.51%), although both the quantum yields,
@15c and Prper, in DMSO as well as in the other solvents are
close to unity.

As indicated in Scheme 1, @y can be determined according
to the following eqn (4):

Dyc = Pisc Prrer Prra Pry (4)

where ®g¢ is the quantum yield of ISC from 'I,-Bodipy*(S;) to
°I,-Bodipy*(T,) and ®p, is the fluorescence quantum yield
of perylene upon excitation. Using the fluorescence yield
& of 'I,-Bodipy*(S;) in Table 1, &3¢ can be calculated by
®5c = 1 — Pp as 0.95 in hexane to 0.99 in DMSO. Moreover,
®@p, shows moderate dependence on the polarity of the solvent,
as shown in Table 4. Fig. 8 shows the fluorescence emission
spectra of perylene alone under photoexcitation at 390 nm. The
maximal &p, value is obtained in dioxane (96.78%), while it is
moderate in DMSO (78.78%).

In general, the bottlenecks limiting the overall TTA upconver-
sion efficiency are the TTET and TTA processes. As mentioned
above, the quantum yields ®rrgr are close to unity in all
the solvents. Moreover, a slight difference is observed in the
fluorescence quantum yields of perylene in dioxane and DMSO,
as shown in Table 4. Thus, the dramatic difference of @y in
dioxane and DMSO originates from the TTA process. In general,
the TTA process proceeds according to the Dexter exchange
mechanism; the solvent viscosity plays a key role. The present
experimental conclusions indicate that the energy gap
AErra between the singlet state and double the triplet state,
AErra = 2-E(T,) — E(S,), also plays an important role in addition
to the diffusion rate in the TTA process. As V. Gray et al.
suggested,*® “AErr, ideally is positive but close to zero for a good
annihilator in a TTA upconversion system”. AErr, of perylene was
calculated at the TD-B3LYP/6-31G(d,p) level of theory and is listed
in Table 4 as well. In DMSO, AErr, is apparently larger than in the
other solvents. Thus, the remarkable increase of AE, in DMSO
is thought to be a key reason for the low TTA upconversion
quantum yield in DMSO. In addition, as Schmidt and Castellano
recently pointed out,” the TTA yield of a singlet can be reduced
when the energy of the second triplet state, T,, is lower than the

Hexane
Heptane
Toluene

- @ 390 nm

Dioxane
——DMSO

Intensity /a.u.

450 480 510 540 570
Wavelength/nm

Fig. 8 Fluorescence emission spectra of perylene alone in the five
solvents under photoexcitation at 390 nm. ¢ = 3 x 10™* M.
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twice the T; energy. As shown in Table 4, the energy differences,
AE =2 x T; — T,, apparently increased from near zero to 0.011 eV
in DMSO. This is another important reason for this low TTA yield
in DMSO. Furthermore, the distance between the two triplets in
the annihilator encounter complex is also certainly affected by the
polarity and viscosity of the solvent. Therefore, the solvent effects
on the TTA yield are considerable; more accurate theoretical and
experimental studies are ongoing.

4. Summary and conclusions

It is well known that solvent effects play a very important role in
photochemical reactions and energy transfer processes in
solution; however, these effects are rarely mentioned in TTA
upconversion fluorescence experiments. In a TTA upconversion
system of I,-Bodipy (as the triplet photosensitizer) and perylene
(as the triplet acceptor), five common inert solvents, hexane,
heptane, toluene, 1,4-dioxane and dimethyl sulfoxide (DMSO),
were used to investigate solvent effects on the overall quantum
yield of upconversion fluorescence.

In the femtosecond time-resolved transient difference
absorption spectrum of I,-Bodipy, three positive peaks were
observed. The bands at 450 and 716 nm are attributed to
absorption of the triplet state Ty, and the peak at 346 nm is
attributed to the absorption of the S, state. By fitting the decay
curves at 346 nm, the lifetime of the S, state and the ISC rates
from S; to T; were obtained. Among the five solvents, the
lifetime of the S; state decreases from 1.9 ps to 0.36 ps with
the polarity order from hexane to DMSO. Similarly, the ISC rate
increased in the same order, which agrees very well with the
calculated energy gap AEsr between the S; and T, states.

When the triplet *I,-Bodipy* is produced, it can be quickly
quenched by triplet acceptors and collisions in solution. From
nanosecond transient difference absorption spectra, the life-
time of *I,-Bodipy* was derived in the absence of perylene. With
increasing viscosity of the solvent, the lifetime is prolonged
from 13.0 ps in hexane to 95.8 pus in DMSO. This long lifetime
of *I,-Bodipy* provides a high possibility of TTET between
*1,-Bodipy* and perylene when the latter exists in the solution.
The bimolecular quenching rate constants k, were obtained by
linear-fitting the Stern-Volmer relationship in the five solvents;
the values gradually decreased with increasing solvent viscosity.
Additionally, all of the k4 values were close to the diffusion rate
kaifruse, indicating that the TTET process is indeed a diffusion-
controlled dynamic process.

From the TTET process on, triplet perylene was formed,
and upconversion fluorescence was then emitted via the TTA
process. By recording the upconversion fluorescence emission
spectra, the overall TTA upconversion fluorescence quantum
yield was obtained. Among the five solvents, the upconversion
quantum yield in dioxane is the highest at 19.16%. Moderate
yields of 8.75% in toluene, 5.77% in hexane and 5.59% in
heptane were obtained. For the solvents hexane, heptane,
toluene and dioxane, the yields generally follow the sequence
of viscosity. To our surprise, a very low upconversion quantum
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yield of 1.51% was observed in DMSO. Although the key role in
the TTA process is generally thought to be diffusion by
the Dexter mechanism, the present experimental conclusions
indicate that the energy gap AErra between the singlet state
and double the triplet state, AEyrs = 2-E(T4) — E(S;), also plays
an important role. In addition, as the energy differences,
AE = 2 x T; — T,, apparently increased from near zero to
0.011 eV in DMSO, the TTA yield of the singlets is naturally
reduced to result in a low TTA yield.

In summary, obvious solvent effects have been observed in
the TTA upconversion system of I,-Bodipy and perylene under
photoexcitation at 532 nm. Although toluene is the most
popular solvent in similar TTA systems, it is not the best solvent
in the present system for TTA upconversion efficiency. Therefore,
choosing a more suitable solvent can efficiently improve upcon-
version quantum yield, and solvent effects are an important
factor, although they have previously been ignored.
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