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ABSTRACT: Thermally activated delayed fluorescence (TADF)
molecules have great potential for practical applications as triplet
photosensitizers, owing to their long triplet lifetimes, almost
negligible energy loss in intersystem crossing, and excellent light-
harvesting ability. Recently, several triplet−triplet annihilation
(TTA) upconversion systems using the TADF photosensitizer
have been reported. To provide comprehensive dynamic
information for designing an optimized system in the future,
more experiments with the new TADF photosensitizers are
necessary. Herein, we conducted a new TTA upconversion system
with a recently developed TADF molecule, DMACPDO, as the
triplet photosensitizer and 9,10-diphenylanthracene (DPA) as the
annihilator. The overall upconversion yield was determined to be relatively high, e.g., 22.3% in toluene, 21.9% in benzene, and 8.1%
in chlorobenzene. By examining elementary photophysical and photochemical processes with time-resolved transient absorption and
fluorescence emission spectroscopy, we revealed the influence of solvent polarity and viscosity on each step. Our conclusion
highlights the elusive solvent effect in TTA upconversion application of the TADF photosensitizer.

1. INTRODUCTION
Photon upconversion is one of the most important methods to
further improve the efficiency for single heterojunction organic
solar cells, in which light of long wavelength is frequency-
converted to photons of higher energy. Since Parker and
Hatchard first reported TTA upconversion in the 1960s,1 TTA
upconversion has attracted extensive attention due to its
advantages like low excitation power density requirement, high
quantum yield, and tunable anti-Stokes shift.2−8 To date, TTA
upconversion has been successfully applied in photo-
voltaics,9−11 photocatalytics,12,13 biological imaging,14−16 and
photodynamic therapy.17,18

A TTA upconversion system usually consists of one
photosensitizer (energy donor) and an annihilator (energy
acceptor). After absorbing light, the photosensitizer usually
undergoes intersystem crossing (ISC) and a bimolecular
triplet−triplet energy transfer (TTET) to form a triplet
annihilator; then upconversion fluorescence can be observed
from the excited singlet annihilator produced by the TTA of
two triplet annihilators.19 To achieve the higher upconversion
efficiency, photosensitizers should have a high molar extinction
coefficient, an efficient ISC ability, and a long-lived triplet state.
In previous studies, most of photosensitizers are those
complexes containing transition metals such as Pt(II), Ru(II),
and Ir(II)7,20−25 or heavy atoms like I and Br.4,26−29 Because of
the heavy-atom effect, spin−orbit coupling is enhanced to

efficiently produce the triplet manifold.7 However, the practical
application of these heavy-atom-containing photosensitizers
has some drawbacks, such as biological cytotoxicity, environ-
mental pollution, and high cost. Therefore, development of
heavy-atom-free organic triplet photosensitizers is the most
fascinating project related to TTA upconversion. In recent
years, a series of BODIPY derivatives have been successfully
designed and applied as light-harvesting triplet energy donors
to achieve TTA upconversion.11,27,28,30 Compared with those
traditional heavy-atom-free organic photosensitizers like
BODIPY derivatives, an organic TADF molecule not only
has a long-lived triplet state, but also its small singlet−triplet
energy gap (ΔES−T < 100 meV)31 offers the possibility of
minimizing energy loss in the ISC process. These advantages
lead to a conception that TADF molecules are potential
photosensitizers. So far, some successful applications of TADF
photosensitizer on TTA upconversion have been reported
recently.32−38 The first example was shown by Baldo and
colleagues with the 4-CzTPN-Ph/DPA (photosensitizer/
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annihilator) bilayer film.39 Although the upconverted light
from green (532 nm) to blue (420 nm) was observed, a low
upconversion quantum yield (ΦUC) of 0.28% was unsat-
isfactory due to inefficient TTET process. By covalently linking
a TADF molecule (4CzIPN) with an annihilator (DBP), Peng
et al. overcame this shortcoming and enhanced the
upconversion fluorescence by 80-fold compared to the system
of isolated 4CzIPN and DBP.33 In 2019, Song et al. observed
red-to-blue photon upconversion in solution with a TADF
photosensitizer for the first time, and a 207 nm anti-Stokes
shift and a high ΦUC of 11.2% were achieved.36 Very recently,
Albinsson and co-workers reported a visible-to-ultraviolet
photon upconversion system, in which a record-setting internal
quantum yield (ΦUC,g = 33.6% with a 100% maximum) was
determined to approach the spin-statistical limit.38 By pairing a
multiple resonance TADF photosensitizer (BN-2Cz-tBu) with
the annihilator (1,5-DTNA), we also realized green-to-
ultraviolet TTA upconversion in solution with an anti-Stokes
shift up to 1.05 eV, the ΦUC value of 8.6%, and the threshold
excitation power as low as 9.2 mW cm−2.37 These examples
fully demonstrate the potential of the TADF molecules as the
photosensitizer for TTA upconversion.

In a TTA upconversion system with the TADF photo-
sensitizer (Figure 1), three competitive kinetic pathways

coexist for the triplet TADF molecule, i.e., reverse ISC
(RISC), nonradiation to the ground state, and TTET to the
annihilator. In the case of extremely small ΔES−T, the RISC
might be dominant rather than the bimolecular TTET, and as
a result, the TTA upconversion efficiency is low. Thus, a
moderate ΔES−T facilitates balancing this competition in the
TTA upconversion dynamics.38 Moreover, as a bimolecular
Dexter energy transfer process, the TTET rate is solvent-
dependent as the diffusion rate and the triplet lifetime vary
with the viscosity of the solvent,4 and solvent viscosity
probably has a considerable influence on the TTA efficiency.40

Additionally, the ΔES−T value is significantly varied by solvent
polarity, as observed recently in TADF molecules.41 Therefore,
revealing the elusive solvent effect in the overall TTA
upconversion process is of great significance for the application
of TADF photosensitizers.

In this work, we conducted a new TTA upconversion system
with a recently reported TADF molecule, DMACPDO,42 as
the photosensitizer and DPA as the annihilator. The time-
resolved transient absorption and fluorescence emission
spectra were measured in three common solvents, toluene,
benzene and chlorobenzene. By comparing the obtained
quantum yields of ISC, TTET and fluorescence emission of
DPA, as well as the overall upconversion quantum efficiency,
the complex influence of solvent polarity and viscosity was
discussed.

2. EXPERIMENTS AND COMPUTATIONS
DMACPDO was synthesized according to the previous
literature.42 All the precursors were analytically pure and
were purchased from Sigma-Aldrich Co. and used without any
purification. To avoid self-quenching of photosensitizer in a
high concentration, a relatively low DMACPDO concentration
(1 × 10−5 M) was chosen in following experiments, and three
solvents, i.e., toluene, benzene, and chlorobenzene, were used.
The solutions were deoxygenated by purging with high-purity
argon (99.99%) for at least 20 min prior to measurements.

Nanosecond time-resolved transient absorption and delayed
fluorescence emission spectra were measured with the home-
built laser flash photolysis system and the fluorescence
emission spectrometer.43,44 Briefly, the third harmonic (355
nm) of a Q-switched Nd:YAG laser (Dawa-100, Beamtech)
was used as the excitation light source (8 ns, 10 Hz, ∼10 mJ/
pulse). In the transient absorption measurements, an analyzing
light from a 500 W xenon lamp and the pulsed laser passed
through a quartz cuvette (10 mm × 10 mm) perpendicularly. A

Figure 1. Jablonski diagram illustrating the TTA upconversion
process between a TADF photosensitizer and an annihilator, where
ISC and RISC are intersystem crossing and its reverse process, TTET
represents triplet-to-triplet energy transfer, and TTA is triplet−triplet
annihilation.

Figure 2. Nanosecond time-resolved transient absorption spectra (solid lines) of DMACPDO (1 × 10−5 M) in deoxygenated toluene, benzene, and
chlorobenzene at room temperature and λex = 355 nm as well as the fluorescence emission spectra (dotted lines) of DMACPDO (1 × 10−5 M) in
deoxygenated solvents at room temperature and λex = 405 nm.
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monochromator equipped with a photomultiplier (CR131,
Hamamatsu) was utilized to measure the transient spectra
within the wavelength range of 400−800 nm, and the kinetic
data were recorded with an oscilloscope (TDS3052B,
Tektronix). Time-dependent fluorescence emission dynamics
were measured using a spectrometer (FluoTime 300,
PicoQuant) with a picosecond pulsed laser (LASER375,
PicoQuant) as the photoexcitation source.

A semiconductor laser at 455 nm was used as the excitation
light source in the TTA upconversion experiment. The
diameter of the laser spot in sample region was ∼3.5 mm.
The mixed solution of DMACPDO and DPA was
deoxygenated by purging with argon for at least 20 min, and
the gas flow was kept during measurements. Fluorescence
emission was collected and analyzed with a commercial fiber-
optic spectrometer (AvaSpec-ULS2048, Avantes). The spectral
resolution was ∼0.5 nm.

3. RESULTS AND DISCUSSION
3.1. Nanosecond Transient Absorption Spectra.

Figure 2 shows the nanosecond time-resolved transient
absorption spectra of DMACPDO in the three solvents with
photoexcitation at 355 nm at the delay times of 0.15−7.95 μs.
One negative peak (500−650 nm) and two positive absorption
bands (400−500 nm and 650−800 nm) are generally observed
in these spectra. Their intensities are changed in different
solvents, and moreover, the peak position of the negative band
shows a distinct red-shift, i.e., 540 nm in toluene, 550 nm in
benzene, and 600 nm in chlorobenzene. It is worth noting that
there are significant variations with both intensity and position
of fluorescence emission peak (dotted lines in Figure 2) in the
three solvents, although the lowest-energy absorption peak in
steady-state absorption spectrum of DMACPDO is maintained
at the same range of 400−500 nm with approximate intensity
(Figure S1 of the Supporting Information). According to the
fact that the strong negative transient absorption peak in
Figure 2 is exactly located at the fluorescence emission
wavelength range in each solvent, the band at 500−650 nm can
be readily assigned to the stimulated emission of DMACPDO.
Moreover, its decay rate is consistent with the reciprocal of the
reported delayed fluorescence lifetime of DMACPDO.41 In

addition, the intensity of this negative peak shows a consistent
trend with fluorescence intensity, providing further evidence
for the spectral assignment of stimulated emission.

Two positive absorption bands are observed in Figure 2 at
400−500 and 650−800 nm. Notably, this higher-energy band
is located in the lowest-energy absorption peak range of
DMACPDO, where a negative ground-state bleaching (GSB)
band usually exists. Thus, the positive absorption of the triplet
state (visible in chlorobenzene and benzene) and the negative
GSB counteract with each other, resulting in its weak intensity
in the transient absorption spectra. Especially in toluene, this
competition almost neutralizes the corresponding triplet
absorption. The second wide and positive absorption band at
650−800 nm can be readily assigned to the absorption of
triplet DMACPDO. This conclusion can be also confirmed by
their decay rates close to the reciprocal of delayed fluorescence
lifetime of DMACPDO in the same solvent.41 On the basis of
this consistence, we used the decay lifetime of stimulated
emission at 500−600 nm to represent the lifetime of triplet
DMACPDO owing to its better signal-to-noise ratio and
performed the kinetic measurements of the energy transfer
between triplet DMACPDO and annihilator.

3.2. Triplet−Triplet Energy Transfer from DMACPDO
to DPA. Upon being excited, fluorescence emission of a TADF
molecule usually includes a simultaneous prompt fluorescence
component with a short lifetime (picoseconds to a few tens of
nanoseconds) and a delayed fluorescence component with a
long lifetime (microseconds), where the latter arises from the
thermally activated RISC from nearby triplet states. Appa-
rently, the obvious lifetime of delayed fluorescence is related to
the quenching by annihilators, while the prompt fluorescence
component is not concerned. Thus, in Figure 3a we show the
delayed fluorescence kinetics of DMACPDO in the presence of
DPA in different concentrations. Apparently, the lifetime of
delayed fluorescence is gradually reduced with the addition of
DPA, indicative of an efficient TTET between triplet
DMACPDO and DPA. According to the Stern−Volmer
equation, 1/τ = 1/τ0 + kTTET[DPA], where τ and τ0 are the
lifetimes in the presence and absence of DPA; the bimolecular
TTET rate constant, kTTET, can be achieved by fitting the
observed lifetime of delayed fluorescence as a function of the
DPA concentration, as shown in Figure 3b.

Figure 3. (a) Fluorescence emission kinetics for DMACPDO (1 × 10−5 M) in the presence of DPA with various concentrations in deoxygenated
toluene at room temperature and λex = 355 nm. (b) Stern−Volmer plots generated from the delayed fluorescence quenching of DMACPDO (1 ×
10−5 M) in the presence of DPA in the three solvents.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c07906
J. Phys. Chem. C 2023, 127, 2846−2854

2848

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c07906/suppl_file/jp2c07906_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07906?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07906?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07906?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07906?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c07906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Table 1 lists the obtained TTET rate constants and the
calculated diffusion rates kdiffuse (= 8kBT/3η) in the three

solvents, where η is the viscosity of the solvent. Apparently, the
kTTET value shows the same subsequence with the predicted
kdiffuse in the all solvents. However, it is worth noting that the
experimental data are all only ∼1/5 of the theoretical values in
the solvents, implying that the TTET process is not completely
controlled by diffusion. Using kET to denote the energy transfer
rate constant for an encounter of (3DA) in a solvent cage, we
can simply calculate the overall kTTET value by

= +k k k
k kTTET diffuse

ET

diffuse ET
. Given kTTET = kdiffuse/5, the kET

value approximately equals kdiffuse/4 and decreases along the
sequence of toluene, benzene, and chlorobenzene. It is well-
known that as a typical Dexter mechanism, the rate constant of
exchange energy transfer is theoretically given by kDexter = KJ
exp(−2RDA/L), where J is the normalized spectral overlap
integral, K is an experimental factor, RDA is the distance
between donor and acceptor, and L is the sum of the van der
Waals radius. For the Dexter energy transfer from triplet
DMACPDO to DPA, K, RDA, and L are all constant in the
solvents. As discussed in Section 3.4, the energies and frontier
molecular orbits of the lowest triplet states of DMACPDO and
DPA are virtually unchanged in the three solvents. Hence, the J
value remains due to identical spectral overlap, and the
approximate kDexter values can be expected. Given this, the
contribution of the RISC process should play a crucial role for
the phenomenological variation of kTTET because the
competition between RISC and bimolecular TTET processes

could affect the branching ratio of energy transfer for the 3DA
encounter.

As we reported recently,41 ΔES−T of DMACPDO is 0.11 ±
0.01 eV in toluene and 0.10 ± 0.01 eV in benzene. Using the
identical strategy, this value is determined to be 0.08 ± 0.01 eV
in chlorobenzene. Thus, with increasing the solvent polarity,
the decreased ΔES−T can accelerate the RISC rate and reduce
the delayed fluorescence lifetime as we observed in experi-
ments,41 e.g., 1039 ns in toluene, 1100 ns in benzene, and 605
ns in chlorobenzene. Apparently, the increased RISC rate will
naturally reduce the TTET efficiency in polar solvent
compared with the unchanged kDexter value.

Notably, when we use a high enough concentration of DPA
as 10 mM as below, it is much higher than that of DMACPDO.
With the pseudo-first-order approximation, the estimated
kTTET[DPA] (∼2 × 107 s−1) is much larger than kRISC (∼3
× 105 s−1 from ref 41). Then, the obtained TTET efficiency
(ΦTTET) is close to unity according to eq 1:

= [ ] [ ] + +k k k kDPA /( DPA )TTET TTET TTET RISC NR
T

(1)

where kNR
T represents the rate constant of nonradiation

pathways for triplet DMACPDO. As reported previously,41

the kNR
T value is ca. 6 × 105 s−1 and is negligible relative to

kTTET[DPA]. In this case, the solvent effect can be ignored for
the TTET process.

3.3. TTA Upconversion Fluorescence Emission of
DPA. With excitation at 455 nm, only fluorescence emission
from DMACPDO itself was observed within the range of 470−
630 nm in the absence of DPA, as shown in the black trace of
Figure 4a. With the addition of DPA, a new and strong
fluorescence emission appeared in the range of 405−470 nm,
besides the original luminescence. This spectral profile is
identical with the fluorescence spectrum of DPA itself with
excitation at 355 nm, indicating an occurrence of upconversion
fluorescence emission. As shown in Figure 4a, this fluorescence
intensity gradually increases with the DPA concentration.
However, the blue-side fluorescence peak at ∼415 nm of DPA
gradually disappears with the increase of the DPA concen-

Table 1. Bimolecular TTET Rate Constants (kTTET)
between the Triplet DMACPDO and DPA

solvent
η

(cP) ε
kTTET

(×109 M−1 s−1)
kdiffuse

(×109 M−1 s−1)

toluene 0.59 2.240 2.36 ± 0.20 11.3
benzene 0.60 2.283 2.20 ± 0.02 11.1
chlorobenzene 0.80 5.649 1.65 ± 0.14 8.3

Figure 4. (a) Upconversion fluorescence emission spectra of DMACPDO (1 × 10−5 M) and DPA with various concentrations in deoxygenated
toluene; room temperature and λex = 455 nm. Insert: photos of the upconversion fluorescence of DMACPDO and DPA and the fluorescence of
DMACPDO itself. (b) Double-logarithmic plot of the upconversion fluorescence intensity as a function of excitation power density; [DMACPDO]
= 1 × 10−5 M and [DPA] = 10 mM.
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tration, which is attributed to reabsorption of DPA, the so-
called “secondary inner filter effect”, due to the overlap of
upconversion fluorescence emission and sample absorption. In
fact, this phenomenon is common in the visible-to-ultraviolet
upconversion systems. Interestingly, almost unchanged peak
intensity was observed at the DPA concentration of higher
than 10 mM (purple and green curves in Figure 4a), thus
suggesting an optimized DPA concentration of ∼10 mM for
the present TTA upconversion system.

In Figure 4b, a double-logarithmic plot of the upconversion
fluorescence intensity as a function of incident light power
density is shown. A quadratic dependence on the excitation
power at low intensities is observed, while the relationship is
gradually shifted to a linear curve at higher intensity. This
variation provides a solid evidence for the P-type delayed
fluorescence.45 In other words, the observed fluorescence of
DPA in our experiments arises from the TTA upconversion
mechanism. The threshold Ith was determined to be ∼143 mW
cm−2 as the turning point in Figure 4b. In addition, the
excitation power density was higher than Ith used in the
upconversion experiments of Figure 4a.

Notably, both the remnant fluorescence of DMACPDO and
the upconversion fluorescence of DPA were observed in the
photoluminescence spectra of Figure 4a. Thus, a spectral fitting
is necessary to precisely obtain the upconversion fluorescence
component. Detailed information about the spectral fitting is
described in the Supporting Information. The pure contribu-
tion by upconversion fluorescence of DPA in Figure 4a has
been obtained precisely. Then, using the fluorescein as the
standard (Φstd = 90% in 0.1 M NaOH),46 the upconversion
quantum yield, ΦUC, can be measured with eq 2

=
A
A

I
I

2UC std
std

sam

sam

std

sam

std

2i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz (2)

where A, I, and η are absorbance intensities, integrated
luminescence intensities, and refractive indices of solvents used
for the standard and samples. The equation is multiplied by a
factor of 2 to make the maximum quantum yield to unity.47

The ΦUC values of the present system were determined to be
22.3% in toluene, 21.9% in benzene, and 8.1% in
chlorobenzene. Additionally, taking the reabsorption of
annihilator into account, the higher yield, the so-called the
internal upconversion quantum yield (ΦUC,g), can be achieved,
as suggested by Albinsson et al.38 Notably, the quantum yields
in toluene and benzene are higher than the maximal ΦUC value
(11.1%) predicted from the spin-statistic law in the TTA
process. Similar high ΦUC results were reported in some
systems consisting of metal−organic19,48 or BODIPY deriva-
tive photosensitizers.4 We will try to explain the origin of such
a significant solvent effect in Section 3.4.

In addition, there is an interesting phenomenon observed in
current experiments. The remnant fluorescence of DMACP-
DO shows a positive correlation with the DPA concentration
in toluene and benzene, but the opposite relationship in

chlorobenzene, as shown in Figures 4a and S5. We know both
RISC and nonradiation compete with the biomolecular TTET
process for triplet DMACPDO. In toluene and benzene, the
kRISC values are apparently smaller than kNR

T , as shown in Table
S2, so that most of triplet population will be decayed without
luminescence. However, with the addition of DPA, the TTET
is significantly enhanced for decay of triplet DMACPDO.
Consequently, most triplet sensitizers, especially those “dark”
triplet (decay via nonradiation process instead of RISC), can
contribute their energies to TTA upconversion fluorescence
via efficient TTET and TTA processes. It is worth noting that
the quantum yields of upconversion fluorescence in toluene
and benzene are very high, and meanwhile, the upconversion
fluorescence of DPA can be reabsorbed by DMACPDO
according to the significant overlap between the DMACPDO
absorption spectrum and the upconversion fluorescence of
DPA. These factors facilitate the enhancement of remnant
fluorescence intensity of DMACPDO, in addition to the
increase of upconversion fluorescence, with increasing the
DPA concentration.

In comparison, the opposite condition (kRISC ≥ kNR
T ) exists

in chlorobenzene (Table S2). That means that the dominant
decay pathway for the triplet DMACPDO is transferred back
to the singlet state by RISC in the absence of DPA, leading to
delayed fluorescence. Thus, with the addition of DPA, the
TTET process can quickly reduce the triplet population and
weaken delayed fluorescence intensity. Although the DMACP-
DO reabsorption of the TTA upconversion fluorescence also
exists, the quantum yields of upconversion fluorescence and
fluorescence emission of DMACPDO itself in chlorobenzene
are much lower. Therefore, the remnant photofluorescence
intensity is significantly reduced with the increase of DPA
concentration.

3.4. TTA Upconversion Mechanism. As indicated in the
Jablonski diagram (Figure 1), the ΦUC value can be calculated
according to eq 3

= (DPA)UC ISC TTET TTA FL (3)

where ΦISC is the ISC efficiency, ΦISC = kISC/(kISC + kFL), and
ΦTTA and ΦFL(DPA) are the TTA efficiency of 3DPA* and the
fluorescence emission quantum yield of 1DPA*, respectively.
In addition, the quantum yield of the RISC process, ΦRISC, can
be calculated by ΦRISC = kRISC/(kRISC + kNR

T ). Among the
preceding equations, kISC, kRISC, and kFL are the rate constants
of ISC, reverse ISC, and fluorescence emission of photo-
sensitizer, respectively. Although the rate constants like kISC,
kRISC, and kNR

T could not be directly measured in transient
absorption spectroscopy experiments, we recently have built an
explicit model for such TADF systems,41 in which they can be
derived from fitting the kinetics of delayed fluorescence. For
DMACPDO, the obtained rate constants (kISC, kRISC, kFL, and
kNR

T ) in the three solvents are listed in Table S2 of the
Supporting Information. Accordingly, the quantum yields are
calculated and summarized in Table 2.

Table 2. Quantum Yields of the Elementary Photophysical and Photochemical Processes Involved in the Present TTA
Upconversion System in Deoxygenated Solutions at Room Temperature

solvent ΦISC (%) ΦRISC (%) ΦTTET (%) ΦFL(DPA) (%) ΦUC (%) ΦTTA (%)

toluene 86 0.9 96 0.83 ± 0.03 22.3 ± 0.03 32.5
benzene 86 1.5 96 0.88 ± 0.03 21.9 ± 0.03 30.1
chlorobenzene 95 4.9 90 0.94 ± 0.03 8.1 ± 0.03 10.1
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Because the ΦISC and ΦTTET values are high enough as
shown in Table 2, the significant changes of ΦUC observed in
our experiments should arise from the TTA and/or the
fluorescence emission of DPA processes. In our previous
studies,4 the fluorescence quantum yield (ΦFL) of perylene
(annihilator) shows a significant dependence on solvent
polarity. Following this assumption, in the current solvents
we also measured the fluorescence quantum yield of DPA
itself, ΦFL(DPA). As the ΦFL(DPA) in benzene (0.88) was
commonly accepted,49 we used it as the standard and obtained
this yield in the other two solvents according to the following

equation: = ( )( )( )(DPA) A
A

I
IFL std

2
std

sam

sam

std

sam

std
. The ob-

tained ΦFL(DPA) values are listed in Table 2, e.g., 0.83 in
toluene and 0.94 in chlorobenzene. Considering these
approximate ΦFL(DPA) values, we excluded the fluorescence
emission efficiency of annihilator from the critical factor for the
ΦUC difference.

Using the quantum yields of ΦISC, ΦTTET, ΦFL(DPA), and
ΦUC in Table 2, the experimental ΦTTA value can be simply
calculated according to eq 3, e.g., 0.325 in toluene, 0.301 in
benzene, and 0.101 in chlorobenzene. It is worth noting that
only ΦTTA in chlorobenzene is lower than the maximal value
(11.1%) calculated from the spin-statistics law, while the ΦTTA
data in toluene and benzene are much higher, strongly
indicating that both quintet and triplet encounter complexes
participate in the formation of the singlet excited DPA.47

As the TTA process proceeds in principle via the Dexter
exchange mechanism, the viscosity of solvent and the energy
gap ΔETTA (= 2ETd1

− ESd1
) both might have significant

influence, where ET1 and ES1 denote the energies of the lowest
triplet and singlet states of DPA. The influence of solvent
viscosity on the formation of triplet pair encounter (T1T1) can
be roughly evaluated using diffusion rates. As shown in Table
1, the calculated kdiffuse values are moderately changed from
11.3 × 109 M−1 s−1 in toluene and 11.1 × 109 M−1 s−1 in
benzene to 8.3 × 109 M−1 s−1 in chlorobenzene. Interestingly,
this sequence is generally consistent with the ΦTTA values, but
the quantitative difference is quite large. For example, the ΦTTA
values in toluene and benzene are ca. 2.75 times higher than
that in chlorobenzene, but there is only a 1.35-fold increase for
the kdiffuse values. The direct comparison clearly indicates that
the viscosity of solvent may play a considerable role but is not
the determinant factor. Notably, as suggested by Yokoyama et
al.,40 an increase of solvent viscosity can slow down molecular
rotation and promote spin relaxation in the (T1T1) encounter,
thus leading to an enhancement on TTA yield. Obviously, this
action mechanism is just opposite to our experimental results.
Thus, the ΦTTA difference in Table 2 cannot come from the
influence of solvent viscosity.

According to the principle of resonance energy transfer, an
ideal ΔETTA for favorable TTA process is positive but close to
zero. We calculated the energies of the low-lying singlet and

triplet states of DPA using the B3LYP/6-31G(d) and time-
dependent B3LYP methods. Table 3 lists the present
calculated data as well as previous calculated results.50,51

Apparently, for the S1, T1, and T2 states, a general agreement is
obtained for these calculated excitation energies, e.g., ESd1

=
3.10−3.13 eV, ETd1

= 1.74 eV, and ETd2
= 3.27 eV. In contrast,

the experimental ESd1
(DPA) data can be precisely determined

to be 3.08 eV from the absorption and fluorescence emission
spectra of DPA, using the strategy suggested by Vandewal et
al.52 Meanwhile, the experimentally reported ETd1

(DPA) is 1.77
eV in aromatic hydrocarbon solvents like toluene and
benzene.36,49,53−55 These experimental values are greatly
consistent with our calculated data, as shown in Table 3.
Additionally, the dominant electronic transitions for the S1 and
T1 states are both the HOMO → LUMO localized excitation
with more than 94%. Because the HOMO and LUMO are
both located at the central anthracene unit, it is reasonable that
no significant solvent effect exists on the ESd1

and ETd1
energies of

DPA. Using these calculated energies, positive ΔETTA values
are theoretically predicted as shown in Table 3, indicative of a
feasible TTA process. Interestingly, a higher ΔETTA of 0.373
eV in chlorobenzene is achieved than those in toluene and
benzene (∼0.345 eV), which provides a probable explanation
for the lowest ΦTTA value in chlorobenzene.

According to the initial spin states of annihilator, the formed
complex of triplet pair (T1T1) can be of singlet, triplet, or
quintet multiplicity:

+ +FT T (TT) S S1 1 1 1
1

1 0 (4)

+ +F (TT) T S T S1 1
3

2 0
IC

1 0 (5)

+F (TT) Q S1 1
5

1 0 (6)

Based on spin statistics with the strong coupling limit, the
singlet complex 1(T1T1) can be formed with a probability of 1/
9, while triplet 3(T1T1) and quintet 5(T1T1) ones are produced
with the probabilities of 3/9 and 5/9, respectively. It is worth
noting that only pathway (4) can produce the desired singlet
excited state to emit upconversion fluorescence, which causes
the common maximal ΦTTA value (1/9 = 11.1%). However, as
pathway (6) to form a quintet excited state (Q1) is highly
endothermic, the quintet complex 5(T1T1) usually will
dissociates into two T1. Meanwhile, when E(T2) is lower
than twice E(T1), pathway (5) is exothermic, and the TTA
quantum yield may reach a limit of 40% as the product T2 can
fast decay to T1 by internal conversion. Notably, the
experimental ΦTTA values in toluene and benzene are close
to this upper limit (Table 2), especially when the ΦUC,g values
are used to eliminate the secondary inner filter effect.
Consequently, the contribution from the pathway (5) is
believed to play determinant role on the TTA process in the
current solutions.

Table 3. Calculated and Experimental Excitation Energies (in eV) of the Low-Lying Singlet and Triplet States of DPA in Three
Solvents at Room Temperature

solvent ESd1
ETd1

ETd2
ΔETTA 2ETd1

− ETd2
ETd2

− ESd1

toluene 3.128,a 3.10,b 3.162c 1.736,a 1.72,b 1.734c 3.266,a 3.23,b 3.27c 0.345 0.206 0.139
benzene 3.129a 1.736a 3.266a 0.343 0.206 0.137
chlorobenzene 3.100a 1.737a 3.269a 0.373 0.205 0.168

aPresent results, calculated at the B3LYP/6-31G(d) level. bReference 50. cReference 51.
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Using the calculated data of ETd1
and ETd2

in Table 3, a
positive ΔE (= 2ETd1

− ETd2
) value is achieved, indicating a

feasible TTA mechanism involving pathway (5). However, the
calculated 2ETd1

− ETd2
values are almost equivalent as 0.205 and

0.206 eV, and thus the contribution of pathway (5) should be
approximately identical in the three solvents. In contrast, we
notice that in Table 3 a positive value of ETd2

− ESd1
exists for

DPA in all solvents, and moreover, such small data of 0.137−
0.168 eV indicate another near-resonance ISC from T2 directly
to S1, as

+ + +FT T (TT) T S S S1 1 1 1
3

2 0
ISC

1 0 (7)

As the ISC rate strongly depends on the energy difference of
ETd2

− ESd1
, we can imagine that with the near-resonance

conditions the ISC yield from T2 to S1 will be significantly
enhanced, like in toluene and benzene. Notably, this process
shows a new mechanism to improve the upper limit of ΦTTA to
100%. In the TTA of DPA process in toluene and benzene,
pathway (7) might play a pivotal role.

It should be added that a complicated contribution of
charge-transfer characteristic is found for the T2 state in our
calculation, as the HOMO−2 → LUMO (33%), HOMO →
LUMO+6 (25%), and HOMO−6 → LUMO (23%), where
the HOMO−2 and HOMO−6 are degenerated. Unlike the
HOMO and LUMO located at the anthracene unit, the
HOMO−2, HOMO−6, and LUMO+6 are dispersed through-
out the whole molecule. Thus, B3LYP (or time-dependent
DFT) as a single-reference DFT-based approach might be not
well suited to the T2 calculation. Therefore, to precisely
determine the T2 energy, it is necessary to perform a
multireference configuration interaction calculation like the
CASSCF or CASPT2 levels, which is beyond the scope of this
paper due to too high cost. Despite this, we can still affirm that
the polarity of solvent plays the most important role in the
overall TTA upconversion of the DMACPDO/DPA system by
adjusting the higher triplet energy.

4. CONCLUSIONS
According to the long-lived triplet state and high molar
extinction coefficient, TADF molecules are potential heavy-
atom-free organic photosensitizers for TTA upconversion. In
this work, we conducted a new TTA upoconversion system
involved a recently reported TADF molecule, DMACPDO, as
triplet photosensitizer and DPA as annihilator. Using transient
absorption and fluorescence spectroscopy, we experimentally
investigated its performance in three common solvents:
toluene, benzene, and chlorobenzene. The highly efficient
TTA upconversion fluorescence emission of DPA was clearly
observed, with the ΦUC values of 22.3%, 21.9%, and 8.1% in
toluene, benzene, and chlorobenzene, respectively.

Based on the measured dynamics rate constants of
DMACPDO and fluorescence quantum yield of DPA, the
solvent effect on the ISC and TTET processes was discussed.
The viscosity of solvent has a certain influence but is not the
determinant factor for the bimolecular TTET dynamics. In
contrast, the ultrahigh ΦTTA and ΦUC values in toluene and
benzene strongly imply the participation of triplet encounter
complexes in the direct and indirect formation of the singlet
excited DPA. On the basis of the calculated excitation energies
for the S1, T1, and T2 states of DPA, we proposed that the
polarity of solvent plays the most important role in the TTA

upconversion process by adjusting the higher triplet energy. In
summary, this is a representative example for application of a
TADF molecule as heavy-atom-free triplet photosensitizer, and
our conclusions provide more clues to an in-depth under-
standing of the complex solvent effect in the similar TTA
upconversion system.
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