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Abstract
The photon upconversion based on triplet–triplet annihilation (TTA) is a mechanism that converts the absorbed low-energy 
electromagnetic radiation into higher energy photons also at extremely low excitation intensities, but its use in actual tech-
nologies is still hindered by the limited availability of efficient annihilator moieties. We present here the results obtained by 
the synthesis and application of two new fluorinated chromophores based on phenazine and acridine structures, respectively. 
Both compounds show upconverted emission demonstrating their ability as TTA annihilator. More interesting, the acridine-
based chromophore shows an excellent TTA yield that overcomes the one of some of best model systems. By correlating the 
experimental data and the quantum mechanical modeling of the investigated compound, we propose an alternative efficient 
pathway for the generation of the upconverted emissive states involving the peculiar high-energy triplet levels of the dye, 
thus suggesting a new development strategy for TTA annihilators based on the fine tuning of their high-energy excited states 
properties.
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Keywords  Photon upconversion · Triplet–triplet annihilation · Fluorinated chromophores · Phenazines · Acridines

1  Introduction

The photon upconversion (UC) is a mechanism that con-
verts the absorbed low-energy electromagnetic radiation 
into higher energy photons. A broad and deep research on 
UC has been motivated for its application in several fields 
such as photocatalysis, photodynamic therapy, optogenetics, 
bioimaging and anti-counterfeiting [1–5]. Moreover, UC has 
been foreseen as potential method to recover the low-energy 
tail of the solar emission to enhance the light-harvesting 
ability of solar devices. Classical mechanisms as multistep 
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excitation of lanthanides ions [6], two-photon absorption 
[7], or second harmonic generation [8], require, however, a 
too high excitation intensity to work efficiently with respect 
to the solar irradiance, or even the use of coherent radia-
tion to be efficient. The sensitized photon UC based on tri-
plet–triplet annihilation (sTTA-UC) has recently attracted 
attention due to its unique efficiency of non-coherent light 
UC at low powers [9, 10]. The sTTA-UC process typically 
involves two components: an energy harvester/triplet sen-
sitizer and a triplet annihilator/emitter (Fig. 1a) [11]. The 
sensitizer absorbs low-energy photons and transfers the 
harvested energy to the triplet’s annihilator through non-
radiative energy transfer (ET). Subsequently, if two emitters 
in their triplet state encounter, they can annihilate generating 
a high-energy emissive excited singlet state, with an energy 
larger than the one of the absorbed photons. For optimized 
sensitizer/annihilator pairs, UC output quantum yield QYuc,  
larger than 20% can be obtained at low excitation intensities 
similar to the solar irradiance [12]. This excellent yield has 
been obtained thanks to the efforts spent in the past 15 years 
to develop efficient sensitizers [13–15]. However, to further 
improve the overall efficiency of sTTA-UC is still a chal-
lenge because of the shortage of highly efficient annihilators 
[12].

A part for limited examples where perylene bisimide 
systems are used as acceptor, there are no reports where 
other electron poor nitrogen-containing heteroaromatic 
systems are used in this context. Large part of the reported 
examples deals with their use as triplet sensitizer systems 
[16]. One of the main reasons for this limited use is related 
to the fact that suitable systems for this application are not 
commercially available and specific synthetic strategies 
need to be developed. Recently, we have developed the 
synthesis of acridine [17] and phenazine [18] based sys-
tems, which show interesting optical and electronic prop-
erties that seem to match the prerequisites for being suit-
able acceptor for upconversion processes. The developed 

strategies allow also the synthesis of these with a different 
level of fluorination along the aromatic skeleton. Usually, 
the substitution of hydrogen with fluorine has a remark-
able impact on the properties of the heterocycle, such as 
the enhancement of the thermal and photochemical stabil-
ity. In addition, the fluorine atom bound to these systems 
undergoes easy aromatic nucleophilic substitution opening 
to a further functionalization of these systems to obtain a 
fine tuning of the optical and electronic properties. As a 
consequence of these peculiar properties, the investiga-
tion of fluorinated aromatic heterocycles as acceptor in 
TTA processes appears particularly promising. In this 
work, we show the results obtained on the synthesis and 
application of two new fluorinated chromophores, namely 
the 1,2,3,4,tetraf luoro-11H-indeno[1,2-b]phenazine 
(1) and the 1,2,3,4-tetrafluoro-13-(pentafluorophenyl)-
11H-indeno[2,1-b]acridine (2), as annihilator/emitters for 
the TTA-UC processes (Fig. 1b). Both moieties work as 
annihilators/emitters for sTTA-UC and, importantly, the 
obtained results suggest that fluorinated acridine-based 
chromophore show excellent properties as annihilators 
because of its peculiar electronic properties that positively 
affect the efficiency of the singlet generation by the TTA 
mechanism.

2 � Materials and methods

2.1 � Synthesis

The synthesis of compounds 1 (Scheme 1) was achieved 
starting from decafluoroazobenzene (3), which was 
obtained by the mechanochemical oxidation of pentafluor-
oaniline with phenyl iodide(III)diacetate [19]. Afterwards, 
3 was subjected to a two-step sequential procedure to con-
struct the phenazine system to give the desired compounds 
1 [18]. The first step concerns the regioselective ortho 

Fig. 1   a Outline of the photo-
physical processes involved in 
sTTA-UC. Dashed lines repre-
sent radiation less transitions. b 
Molecular structures of fluori-
nated conjugated chromophores 
testes as annihilators/emitters in 
this study
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nucleophilic aromatic substitution (SNAr) of fluorine by 
2-aminofluorene performed in decalin at 170 °C for 36 h. 
The absence of H-bonding sites in decalin allows direct 
interaction between the lone pair of the nitrogen of the azo 
group and the N–H hydrogens of the aromatic amines, thus 
directing the SNAr preferentially to the fluorine in ortho 
respect to the azo function. After removal of all volatiles 
and filtration through a short pad of silica gel, the crude 
obtained from the previous step was reacted with trifluoro-
acetic acid (TFA) at room temperature overnight to per-
form the acid catalyzed electrocyclization-aromatization. 
In the case of 1, the electrocyclization can occur in two 
different positions of the fluorene moiety, thus produc-
ing a mixture of desired isomer 1 and undesired isomer 
4 in a 2:1 ratio. The two isomers were easily separated 
by chromatography on silica gel. By following the same 
chemical approach, we were able to synthesize also a 
dimeric system based on spirobifluorene-core using the 
9,9′-spirobi[fluorene]-2,2′-diamine [20] as reactant. Due 
to the steric hindrance induced by the presence of the 
spiro-core, we did not observe the formation of regioiso-
mers during the electrocyclization step to give the dimeric 

compound (Supporting Scheme 1). See Supporting Infor-
mation (SI) for further details.

The synthesis of acridine 2 (Scheme 1) is similar to that 
used for compounds 1 [17]. Sequential regioselective ortho 
SNAr in decalin at 170 °C on decafluorobenzophenone 5 
by 2-aminofluorene and TFA promoted electrocyclization-
aromatization. As for the synthesis of phenazine 1, two 
regioisomers were produced, i.e., target acridine 3 and acri-
dine 6 in a 1.5:1 ratio and sufficient yields. The two isomers 
were isolated in a pure form by chromatography on silica 
gel. Detailed synthetic procedures and characterization 
of synthesized compounds are reported in the Supporting 
Information.

2.2 � Photophysical studies

Steady-state PL spectra were acquired with a nitrogen cooled 
charge coupled device (Spex ≈ 2000) coupled to a poly-
chromator Triax 190 from J-Horiba. A Xe lamp coupled to 
a Gemini doubled monochromator was employed to have 
monochromatic excitation light at 370 nm. Upconversion 
spectra were recorded using a 532 nm solid-state laser diode 

Scheme 1   Synthesis of 1 and 
2. Reagents and conditions: 
[a] PhI(OAc)2 (2 equiv), SiO2, 
ball milling (15 Hz), 1 h; [b] 
2-aminofluorene (0.9 equiv), 
decahydronaphthalene, 170 °C, 
36 h, N2; [c] TFA, r.t., 12 h, N2; 
[d] 2-aminofluorene (0.9 equiv), 
decahydronaphthalene, 170 °C, 
36 h, N2
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from Roithner Lasertechnik as excitation source. The excita-
tion light was removed using line filters, while for detection 
the laser stray light was attenuated with a notch filter. The 
1/e2 excitation beam diameter was measured by the knife-
edge method. The laser intensity was varied using reflec-
tive power density neutral filters and measured with an 
optical power meter (Thorlabs PM100USB, power sensor 
S120VC). All spectra were corrected for the instrumental 
optical response. The fluorescence and upconversion pho-
toluminescence quantum yields were measured by relative 
methods using 9,10-diphenylanthracene (DPA) and the 
upconverting solution of PtOEP/DPA (10−4 M/10−2 M) in 
THF as standard [21]. For time-resolved photoluminescence 
measurements, the samples were excited at 340 nm with an 
EPL solid-state laser Edinburgh (pulse width 150 ps). For 
time-resolved upconversion measurements, the samples were 
excited at 532 nm by modulating the laser intensity with 
a TTi TG5011 wavefunction generator. The spectra were 
recorded by nitrogen cooled photomultiplier (Hamamatsu 
R5509-73) coupled with a high-speed amplifier (Hamamatsu 
C5594), a 74 100 Cornerstone 2601/4 (ORIEL) monochro-
mator, and a PCI plug-in multichannel scaler ORTEC 9353 
100 ps time digitizer/MCS in a photon counting acquisition 
mode. Fluorescence and upconversion quantum yield have 
been measured by relative methods as described in the Sup-
porting Information file.

2.3 � Quantum chemical modeling

In this work, the energy of the electronic states and the 
photophysical properties of the investigated systems 1 
and 2 were computed employing Density Functional The-
ory (DFT) as well as full time-dependent DFT methods 
(TDDFT), to deeply explore the occurrence of intra-TTA 
processes. Geometry optimization of ground and excited 
states were calculated with Gaussian16 [22], meta-hybrid 
M06-2X functional [23] and 6-31+G* basis set [24]. The 
default ultra-fine grid for all numerical integrations and 
convergence criterion of 10–8 Hartree were applied. Solvent 
effects (dichloromethane, ε = 9.1) were included employing 
the Conductor-like polarized continuum model (CPCM) 
[25, 26] as implemented in Gaussian16. Starting from the 
minimum energy geometry calculated for the ground state 
S0 at the level of theory mentioned above, the TDDFT verti-
cal excitations energies (10 for singlets and 10 for triplets) 
were computed and the geometries of the excited states S1, 
S2, T1, T2, T3 and T4 were optimized at full TDDFT level. 
The vibrational frequencies were calculated on the minimum 
geometries of the excited states, to verify the nature of the 
stationary points obtained. The S–S, S–T and T–T energy 
gap were calculated including the zero-point energy correc-
tion (ZPE). Spin–orbit coupling constants (SOCC) between 
singlets and triplets excited states were calculated for 2 at 

TDDFT level using ADF2020.10 [27] with the ZORA [28, 
29] (zero-order regular approximated Hamiltonian) for-
malism, where scalar relativistic effects are included. The 
ZORA Hamiltonian can be written as the sum of a scalar 
relativistic (SR) part and a SOC part:

With this partitioning, SOC can be included self-con-
sistently during the SCF and TDDFT calculations (SOC-
TDDFT) [30]. Alternatively, SOC can be included as a 
perturbation based on the scalar relativistic orbitals (pSOC-
TDDFT) [30]. As with other perturbative approaches, 
pSOC-TDDFT is best applied to systems where the pertur-
bation (SOC) is small. The latter is the approach employed 
in this work. The M06-2X functional was used with all 
electron Slater-type orbital basis sets: triple-zeta + polari-
zation (TZP) for all atoms. Starting from the previously 
optimized excited state geometries, we computed 10 singlet 
and 10 triplet excitations, which are used as the basis for 
the perturbative expansion in the pSOC-TDDFT. Solvation 
effects for dichloromethane were included employing the 
Conductor-like Screening Model (COSMO) as implemented 
in ADF2020.10. The calculated SOCC values are reported 
in Fig. 4b.

3 � Results and discussion

3.1 � Photophysical properties of annihilators

The chromophores electronic properties have been inves-
tigated by means of optical absorption and photolumines-
cence experiments. It is worth to note that the photophysical 
properties of the dimeric spiro-based phenazine system were 
very similar to the phenazine parent system 1, so we will 
focus the following discussion only on compounds 1 and 
2. Figure 2a shows the normalized absorption and photolu-
minescence spectra of compounds 1 and 2 in diluted solu-
tion (10–5 M) of tetrahydrofuran (THF). Both dyes show an 
absorption peaked in the near UV-blue spectral region at 
ca. 420 nm that marks the S0–S1 transition. Under 370 nm 
excitation, the dyes show a blue fluorescence peaked at 480, 
450 nm for compounds 1 and 2, respectively, with similar 
emission profiles. The observed absorption maxima energies 
are in good agreement with the predicted ground state elec-
tronic energies, reported in Table 1. The quantum mechani-
cal modeling enables also to estimate the energies of the 
optically dark T1 states, which are found around 1.6 eV. This 
means that both the proposed dyes can work as annihilators/
emitters for TTA, having satisfied the minimum necessary 
energetic constraint that ∆ETTA​ = (2T1 − S1) > 0 (Table 1). 
Conversely, the fluorescence quantum yield ( �f l ), defined as 

(1)H
ZORA

= H
SR

+ H
SOC

.
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the ratio between the number emitted photons on the number 
of the absorbed ones is quite different. Compounds 1 shows 
a low �f l ̴ 6%, while the compound 2 yield grows as high 
as 34%. The significantly improved emission efficiency of 
2 is reflected also by the observed fluorescence characteris-
tic lifetime, measured under pulsed laser excitation, that is 
reported in Fig. 2c. The fluorescence recombination kinet-
ics becomes much slower from 1 to 2 (2.9 ns). Specifically, 
the five times increment observed for the fluorescence life-
time τfl from 0.6 to 2.9 ns is in excellent agreement with the 
one observed for �f l (Table 1), thus suggesting the effec-
tive reduction of competitive non-radiative intramolecular 
recombination channels upon the introduction of the lateral 
phenyl ring with steric hindrance that rigidify the 2 system 
with respect to 1.

3.2 � Upconversion properties in solution with triplet 
sensitizers

The property of 1 and 2 as TTA-UC annihilators are tested 
in THF solution (3.5 × 10–5 M) with platinum (II) octaethyl 
porphyrin (PtOEP, 10–4 M) as triplet sensitizer. Figure 3a 
reports the photoluminescence spectrum of the bicompo-
nent solution under cw excitation at 532 nm. The laser stray 
light has been partially removed using a notch filter. A low-
energy emission at 645 is detectable in both samples, due 
to incomplete energy transfer (ET) from excited sensitiz-
ers to annihilators triplets at the employed concentrations. 
These latter are kept low to avoid possible intermolecular 
interactions between annihilators that can affect the UC per-
formance, but large enough to have a measurable ET yield 
�ET , which is assessed at 27% and 25% for compound 1 
and 2, respectively (Figure S3). Both samples also present 
a blue upconverted photoluminescence that matches their 
fluorescence spectrum. The occurrence of sTTA-UC mech-
anism is demonstrated by time-resolved experiments per-
formed under modulated excitation at 532 nm (Fig. 3b). The 
upconverted emission intensity shows a single exponential 
decay kinetic in the microsecond time range, thus order of 
magnitudes slower than the prompt fluorescence, because of 
the involvement of the long living annihilating triplets that 
generate the emissive state by TTA [12]. These data allow 
also to estimate the triplet state lifetime τT, which can be 
calculated as twice the observed UC emission lifetime τuc. 
We therefore obtain a τT of 4 µs for compound 1 and 8 µs 
for compound 2. These findings highlight again the positive 
effect of the introduction of the lateral phenyl ring in the 
molecular structure on the excited states properties.

The upconversion performance of the solution is tested 
as a function of the excitation intensity to evaluate the maxi-
mum upconversion yield ( QYuc ) achievable. We report here 
the QYuc defined as the number of emitted UC photons 
with respect to the number of absorbed ones thus with a 
theoretical maximum value of 50% [31]. Figure 3c shows 
the obtained results. In both cases, we observe an upcon-
verted emission, but using 1 as annihilator the conversion 
efficiency remains lower than 0.01 even at high excitation 
intensities. This is in agreement with its very low fluores-
cence efficiency, given that the system maximum yield can-
not be higher than the theoretical maximum value of QY1

uc

Fig. 2   a Absorption and photoluminescence (PL) spectra in THF-
diluted solution  of compouds 1 (top) and 2 (bottom). PL spectra 
are recorded under 355  nm excitation. b Time-resolved PL spec-
trum recorded at the emission maximum under pulsed excitation at 
370 nm. Solid lines are the fit of the data with a single exponential 
decay function with characteristic decay time τfl

Table 1   Experimental and calculated energies of the first excited singlet S1 and the first triplet state T1 for compounds 1 and 2 (*calculated with 
M06-2X functional)

λabs (nm) λem (nm) �
f l

τfl (ns) S1 (eV) T1 (eV) ∆ETTA​*(2T1 − S1) 
(eV)

1 429 480 0.06 ± 0.02 0.6 2.89/2.86* 1.60* 0.31
2 419 452 0.34 ± 0.05 2.9 2.93/2.80* 1.59* 0.25
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[max] = 0.5 �1

ET
�1

f l
 = 0.008. On the other side, the compound 

2 shows a significantly better performance. As a function 
of the excitation intensity, the QYuc value increases until a 
saturation plateau at 4% is reached. The excitation intensity 
threshold, defined at the intensity at which half of the maxi-
mum yield is reached, is a assessed at 1017 ph cm−2 s−1, a 
value larger than the typical observed in best liquid upcon-
verters because of the short triplet lifetime that increases 
the excitons density required to maximize the TTA yield 
�TTA [32]. At excitation powers above 2 × 1018 ph s−1 cm−2 
(ca. 750 mW cm−2) the upconversion efficiency decreases 
because of the appearance homo-molecular annihilation 
between PtOEP triplets enabled by the incomplete trans-
fer [33]. On the other hand, the process yield is constant 
in the region between 7 × 1017 ph s−1 cm−2 and 2 × 1018 ph 
s−1 cm−2. This suggest that the �TTA is unity, and therefore, 
we can analyze more in detail the sTTA-UC mechanism. 
Specifically, in this regime, we can directly estimate from 
experimental data the statistical parameter f  that marks the 
probability of generation a singlet upon the TTA step, as

Using parameters measured independently, by means of 
Eq. 2, we estimate a f as large as 0.94 ± 0.08 for compound 
2. This means that all the annihilating triplet pairs generate 
a singlet state, a peculiar condition that has been observed 
only in very few cases [12, 34]. The quantum mechani-
cal modeling allows us to speculate on the origin of this 
high efficiency in the triplet-to-singlet conversion. Figure 4 
depicts the simplified Jablonski diagram for the compound 
2 showing the series of calculated singlet and triplet ener-
gies in optimized geometry and the calculated spin–orbit 
coupling constants (SOCC) values between S1 and the tri-
plets state T1, T2 and T3. The T3 level of the annihilator 
is not easily accessible at room temperature by TTA since 
(T3 − 2T1) > 25 meV. Moreover, its coupling with the S1 

(2)f =
2QYuc

�TTA�ET�f l

.

state is the weakest (Fig. 4b), thus in first approximation 
we suppose that it does not participate in the formation of 
emitting singlets upon TTA. Conversely, the state T2 is fully 
accessible by TTA, possessing an energy 0.35 eV lower than 
twice the T1. This means that, from pure statistical argu-
ments, the expected f factor should be 0.4, according to the 
partial recovering of the electrons in the T2 state that repopu-
late T1 by ultrafast non-radiative internal conversion that cre-
ates additional states available for TTA [34]. Nevertheless, 
it should be noted that in compound 2 the T2 is in very good 
resonance with the S1 state, almost isoenergetic, and that the 
two states show a not negligible SOCC, comparable to that 
one between the S1 → T1 transition that limit the dye fluores-
cence efficiency (Figure S4). Their high resonance and their 
intrinsic coupling suggests that a fast efficient delocalization 
of the molecular exciton between the two states is possible, 
thus enabling an efficient interplay between S1 and T2, as 
recently discussed for other systems [35, 36]. Moreover, the 
calculations suggest that at the thermodynamic equilibrium 
the average population of the S1 and T2 should be unbal-
anced toward the singlet manifold, considering the exother-
mic transition T2 → S1. This picture allows us to propose a 
global model for the fate of the molecular exciton to sup-
port the experimental evidences. As depicted in Fig. 4c, the 
exciton created on T2 upon TTA rapidly delocalizes on the 
high vibrational states of the S1 level before dropping to T1. 
Subsequently, it quickly thermalizes to the lowest vibrational 
level, from which the endothermic backward transition to T2 
is improbable and, moreover, it has to compete with the fast 
recombination to the ground state. Therefore, upconverted 
fluorescence can be generated from the additional S1 states 
populated by recovering the energy stored on the T2 level.

The proposed energetic pathway can fully justify the 
observed optimal efficiency in the generation of upcon-
verted emitting states in compound 2 in strict correlation 
with his electronic structure. If further experimental studies 
will confirm it, for example by monitoring the kinetics of the 
formation of singlet states with transient experiment in the 

Fig. 3   a Photoluminescence (PL) spectrum of upconverting solution 
of chromophores 1 and 2 in THF (3.5 × 10−5 M) with the sensitizer 
PtOEP (10–4  M). PL spectra are recorded under 532  nm excitation. 
For clarity, the laser stray light is partially removed using a 532 nm 

notch filter. b Time-resolved PL spectrum of UC solutions recorded 
at 460 nm under modulated excitation at 532 nm. Solid lines are the 
fit of the data with a single exponential decay function. c UC quan-
tum efficiency QYuc as a function of the excitation intensity at 532 nm
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ultrafast time scale, the proposed mechanism can be, there-
fore, considered as new general guideline for the design and 
synthesis of conjugates systems possessing strictly resonant 
S1 and Tn levels optimized for TTA. This can open a com-
pletely new strategy for the development of sTTA-UC anni-
hilators, in opposition to the more straightforward approach 
to search for annihilators with inaccessible high-energy tri-
plets that has been successful in very few cases.

4 � Conclusion

To summarize, we demonstrated how newly synthesized 
non-symmetric fluorinated dyes can work as annihila-
tor/emitters in bicomponent systems for sTTA-UC. The 
employed molecular design strategy improves the photolu-
minescence properties of the proposed acridine-based dye 
by suppressing the intramolecular quenching mechanism. 
Moreover, the system shows an efficiency in the genera-
tion of upconverted singlets by TTA that matches the one 
of the best model annihilators. The fluorinated dye shows 
indeed a triplet to singlet conversion yield close to unity, 
which is a very rare condition. The results of the quantum 
mechanical analysis of the molecular electronic proper-
ties strongly suggest that this occurs thanks to its peculiar 
electronic structure, which shows a low-energy T2 state 
accessible by TTA and strongly resonant with the emis-
sive S1 energy. This energetic scenario could enable a fast 
delocalization of the molecular exciton in the triplet state 
on the singlet orbital, where it relaxes to the lower vibronic 
level and successively recombines by producing upcon-
verted excited singlets with an efficiency that surpasses 
the limit imposed by classical spin-statistics in the best 
polyacene-based annihilators. This model, which involves 

the interplay of excited singlet and triplet states, suggests, 
therefore, a new design strategy to make efficient TTA 
annihilators involving high-energy triplets by exploiting 
the attitude of aromatic fluorinated compounds to further 
functionalization and fine tuning of electronic and emis-
sion properties.
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Fig. 4   a Calculated Jablonski diagram of compound 2. Excited states 
were optimized in dichloromethane (CPCM model) at M06-2X/6-
31+G* level of theory in Gaussian16. Adiabatic energies are reported 
in eV including Zero Point Energy (ZPE) correction. b Electronic 
transitions, spin–orbit coupling constants (SOCC, cm−1) computed 
employing ADF2020.10 with M06-2X meta-hybrid functional and 
TZP basis set and S–T energy gap (ΔE, eV) calculated as the dif-

ference between the adiabatic energies of singlet and triplet excited 
states including zero-point energy correction (ZPE). Solvation effects 
for dichloromethane were included. SOCC values were calculated 
starting from singlet and triplet optimized geometries, respectively. 
c Sketch of the proposed energy pathway that allow to recover the 
energy stored on the T2 level thanks to the resonance with the S1 level
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