ChemPhysMater 3 (2024) 187-193

KeAi

CHINESE ROOTS
GLOBAL IMPACT

journal homepage: https://www.keaipublishing.com/en/journals/chemphysmater/

Contents lists available at ScienceDirect

ChemPhysMater

Research Article

Study on the energy level limitations of triplet-triplet annihilation N

upconversion with anthracene-isomerized dimers as annihilators

Check for
updates

Shanshan Liu?, Tingting Gou?, Xiaojuan Song”, Riming Hu?, Heyuan Liu®*, Xiyou Li"",

Xuchuan Jiang**

2 Institute for Smart Materials & Engineering, University of Jinan, Jinan 250022, China
b School of Materials Science and Engineering, China University of Petroleum (East China), Qingdao 266580, China

ARTICLE INFO

Keywords:

Upconversion

Annihilator

Triplet-triplet annihilation
Energy levels

ABSTRACT

The enhancement in the efficiency of triplet-triplet annihilation upconversion (TTA-UC) is mainly determined by
the triplet energy transfer (TET) and triplet-triplet annihilation (TTA) between the sensitizers and annihilators.
The TET process works efficiently by adjusting the concentration ratio of the sensitizers and annihilators. The
efficiency of TTA is determined by the properties of the annihilator. Because TTA is a Dexter-type energy transfer
and is affected by the diffusion rate, the energy levels of the excited states and the molecular size are both
crucial in TTA. In this study, four isomerized dimers of 9,10-diphenlanthracene (DPA) and anthracene (An) were
designed and prepared as annihilators for TTA-UC. The singlet and triplet energy levels could be adjusted by
altering the connection position while maintaining the molecular weight and size. When PtOEP was used as the
sensitizer, the maximum upconversion efficiency of 9-[4-(9-anthracenyl)phenyl]-10-phenylanthracene (9DPA-
9An) was ~11.18%. This is four times higher than that of 9,10-diphenyl-2,9’-bianthracene (2DPA-9An, 2.63%).
The calculation of the energies of T; and the higher triplet state (T5, because E(T,) is similar to the E(T;) of
these dimers) for these dimers has provided insights into the underlying reasons. These indicated that the energy
gap value of 2 x E(T;) — E(T3) is the determining factor for TTA efficiency. This work may provide a better
understanding of the excited-state energy levels, which is crucial for designing novel annihilators to enhance the

TTA-UC efficiency.

1. Introduction

Upconversion is a process that converts low-energy photons into
high-energy ones. Thereby, it expands the effective spectral range of
the sun and significantly improves the optical driver efficiency [1,2].
This process has been investigated extensively and applied successfully
in various fields such as solar cells, photocatalysis, biosensors, 3D print-
ing, and many other light-driven photochemical and photophysical pro-
cesses [3-9]. Compared with two-photon absorption and rare-earth ion
upconversion, the organic molecular-based triplet-triplet annihilation
upconversion (TTA-UC) technique provides several advantages includ-
ing a low demand for excitation power density (solar light is suffi-
cient), a high upconversion efficiency, and conveniently adjustable exci-
tation/emission wavelengths [10,11]. Mechanistically, TTA-UC employs
a sensitizer and an annihilator. The sensitizer functions as a light ab-
sorber and energy donor, whereas the annihilator functions as an en-
ergy acceptor and recombines triplet states through triplet-triplet anni-
hilation (TTA). Triplet energy transfer (TET) and TTA are two crucial
factors that determine efficiency [12,13].

* Corresponding authors.

The Dexter-based energy transfer processes, TET and TTA, are
achieved through molecular diffusion and two-molecule collisions. The
rate of molecular diffusion in a solution depends on its weight and size.
Furthermore, molecular energetics plays a crucial role in restricting the
TET and TTA yields. For an efficient TTA-UC, the E(T;) of the sensi-
tizer should be higher than that of the annihilator. Thus, the benefi-
cial exothermic TET could occur. Han et al. synthesized a sequence of
perylene (Pe) derivatives by incorporating aryl alkynyl groups, in which
E(T;) consistently decreased. This transformed the endothermic TET
into an exothermic one, and the TET quantum yield improved signif-
icantly [14]. In the other part, it is well established that the thermody-
namic driving force for TTA (AEy7;_g1) is equal to 2 X E(T;) — E(Sy).
Comparative studies have been conducted by adjusting the energy level
to modify the efficiency of TTA. For example, to promote the TTA chan-
nel, Luis M. Campos’s group modified polyacenes by introducing car-
bonitrile functional groups. This caused a larger decrease in E(S;) than
in E(T;), altered AE,t;_g; from ~0 to >0, and resulted in increased quan-
tum yields of TTA [15].
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Scheme 1. Schematic diagram of the TTA mechanism. In case (a), where the T,
levels are energetically accessible, a theoretical limit of 40% on the efficiency
of TTA-UC exists. In case (b), where the T, level does not have energetic acces-
sibility, a maximum efficiency of 100% is predicted.
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In addition, TTA can generate different spin-character excitons (S; or
T,) based on the statistical combination of triplet spins during collision
(Scheme 1). When E(T,) < 2E(T;) and E(S;) < 2E(T,), the efficiency of
the TTA-UC is theoretically limited to a maximum of 40%. However, if
E(T,) > 2E(T;), the T, state is not accessible, which is crucial for mini-
mizing the losses in the TTA process. The predicted maximum efficiency
is 100% [16,17]. As reported by Akshay Rao’s group, the TTA pro-
cess of 9,10-bis[(triisopropyl)silyl)ethynyl]anthracene (TIPS-Ac) occurs
efficiently compared with those of 9,10-bis(phenylethynyl)anthracene
(BPEA) and 9,10-bis(phenyl)anthracene (DPA), although the thermody-
namic driving force (AE,1;_g;) of TTA is smaller [18]. This is because
2 X E(Ty) — E(T;) (AEyr;_19) for TIPS-Ac is negative, which bypasses
the statistical limit. Noa Marom’s group made an energetic criteria rec-
ommendation regarding AE,r;_g; and AE,1_ro for selecting efficient
annihilators through computer simulations [19]. However, further ex-
perimental work is required to verify the criteria.

In this study, four isomerized DPA-An dimers were designed to elim-
inate the influence of weight and size on molecular diffusion and in-
vestigate the impact of energy levels on TTA quantum yields. The en-
ergy levels of the dimers may vary because of the unique bonding po-
sitions of the DPA and anthracene (An) units. These dimers display
similar E(T;) and E(T,) values. However, E(S;) and E(T3) increase
gradually from 9,10-diphenyl-2,2’-bianthracene (2DPA-2An) to 9-[4-(9-
anthracenyl)phenyl]-10-phenylanthracene (9DPA-9An). According to
the maximum upconversion efficiency and TTA quantum yields when
PtOEP functions as sensitizer and these dimers function as annihila-
tors, the determining factor of the TTA step is the energy level dif-
ference between AE,_t3 and AE,r_g;. The thermodynamic driving
force AEyr1_g; should be positive. However, the enlargement becomes
meaningless when this value exceeds 0.3 eV. Rather, it would result in
larger energy losses. Importantly, the smaller AE,r;_13 determines the
higher upconversion efficiency. This information would be effective for
developing novel annihilators for TTA-UC systems with enhanced TTA
quantum yields.

2. Materials and methods
2.1. General methods

Detailed general methods are presented in the Supplementary Mate-
rial. These include 'H NMR spectra, MALDI-TOF mass spectra, steady-
state luminescence spectra, lifetimes, absolute fluorescence quantum
yields, and femtosecond-resolved transient spectroscopy. A continuous
diode laser (532 nm, d = 3 mm) was used as the excitation source to
measure the TTA-UC emission spectra using an Edinburgh Instrument
FLS980. The sample was prepared in a glovebox with the solvent de-
gassed using the freeze-pump-thaw method. The upconversion quan-
tum yields (&yc) were determined by Eq. (1) using rhodamine B as
the standard (@44 = 67.94%) [20]. Here, A, I, and 5 represent the ab-
sorbance, integral area of photoluminescence, and refractive index of
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the samples and reference solvents. This equation was multiplied by a
factor of two to obtain a maximum quantum yield of 100% [20]. The
Stern-Volmer curves were obtained based on Eq. (2) [21]. Here, I, and
I correspond to the phosphorescence intensity of the pure sensitizer and
sensitizer in the mixture, respectively. Moreover, [annihilator] repre-
sents the concentration of annihilators.

Astd
A

1
(3am  Tsam ) )

Dyc = 2Pgyq( Tog T
st St

sam

Iy/I =1+ Kgy/[annihilator]. 2)

2.2. Materials

Commercially obtained reagents and solvents were used without ad-
ditional purification, unless otherwise specified. 2DPA-2An, 2DPA-9An,
9DPA-2An, and 9DPA-9An were prepared according to previously re-
ported methods [22-24] (Scheme S1) and fully characterized by 'H
NMR and MALDI-TOF mass spectrometry (Figs. S1 and S2).

2DPA-2An: A mixture of 2-bromo-9,10-diphenylanthracene
(20.4 mg, 0.05 mmol), 9-anthraceneboronic acid (22.21 mg,
0.10 mmol), Pd(PPh3), (5.78 mg, 5 umol), and K,CO3; (138 mg,
1.0 mmol) in a flask, and deaerated toluene/ethanol (10 mL/5 mL)
were added. The reaction mixture was heated under a nitrogen
atmosphere at 75-80 °C for 4 h. After the reaction mixture was
brought to ambient temperature, it was immediately neutralized
with water. The product was extracted and vacuum dried to yield a
solid substance. After purification by column chromatography using
dichloromethane/hexane (= 1 / 9) as the eluent, the isolated compound
was recrystallized from hexane to yield 2DPA-2An as a powder (15 mg,
59%). 'H NMR (400 MHz, CDCl;): 68.44 (s, 1H), 8.40 (s, 1H), 8.17
(s, 1H), 8.08 (s, 1H), 8.04-8.02 (d, 1H), 8.01-7.98 (m, 2H), 7.86-7.80
(m, 2H), 7.74-7.71 (m, 2H), 7.69-7.67 (d, 1H), 7.65-7.63 (t, 4H),
7.61-7.54 (m, 6H), 7.47-7.44 (m, 2H), 7.36-7.34 (m, 2H). CsoHo;
MALDI-TOF: m/z calculated: 506.20 [M]*; observed: 506.00 [M]™.

2DPA-9An: 2DPA-9An was synthesized in a manner similar to that
described for 2DPA-2An. The only exception was the replacement of
9-anthraceneboronic acid with 2-anthraceneboronic acid. After a sim-
ilar Suzuki reaction and purification, 18 mg (71%) of 2DPA-9An was
recrystallized from hexane. 'H NMR (400 MHz, CDCly): 68.47 (s, 1H),
8.01-8.03 (d, 2H), 7.90-7.88 (d, 1H), 7.81 (s, 1H), 7.79-7.76 (d, 1H),
7.72-7.70 (d, 3H), 7.66-7.57 (m, 6H), 7.50-7.48 (d, 2H), 7.45-7.41 (m,
4H), 7.38-7.36 (m, 3H), 7.32-7.28 (t, 2H). C4oHas; MALDI-TOF: m / z
calculated: 506.20 [M]™*; observed: 509.99 [M]*.

9DPA-2An: The synthesis of 9DPA-2An required two steps. The
first step was the synthesis of 9-(4-iodobenzene)anthracene. A mix-
ture of 1,4-diiodobenzene (197.9 mg, 0.6 mmol), 2-anthraceneboronic
acid (66.6 mg, 0.30 mmol), Pd(PPh3), (35 mg, 0.03 mmol), and
K,CO; (828 mg, 6.0 mmol) were dissolved in nitrogen-saturated toluene
(20 mL) and EtOH (10 mL), heated at 75-80 °C for 6 h under N,, and
then purified to yield 9-(4-iodobenzene)anthracene as a white pow-
der (60 mg, 52.6%). Subsequently, 9-(4-iodobenzene)anthracene and
9-bromo-10-phenylanthracene were used as reaction pairs in the Suzuki
reaction to obtain 9DPA-2An (12 mg, 23.6% yield). 'H NMR (400 MHz,
CDCl5): 68.55 (s, 1H), 8.50 (s, 1H), 8.40 (s, 1H), 8.19-8.17 (d, 1H), 8.07-
8.03 (m, 4H), 7.96-7.94 (d, 2H), 7.85-7.82 (d, 2H), 7.74-7.71 (d, 2H),
7.65-7.61 (m, 3H), 7.58-7.57 (m, 2H), 7.52-7.49 (m, 3H), 7.40-7.34
(m, 4H). C4oHy6; MALDI-TOF: m/z calculated: 506.20 [M]*; observed:
506.67 [M]*.

9DPA-9An: The synthesis of 9DPA-9An also required two steps: syn-
thesis of 2-(4-iodobenzene)anthracene, 2-(4-iodobenzene)anthracene,
and 9-bromo-10-phenylanthracene as reaction pairs for the Suzuki reac-
tion to obtain 9DPA-9An (16 mg, 31.6%). 1H NMR (400 MHz, CDCl3):
58.58 (s, 1H), 8.13-8.11 (d, 2H), 7.97-7.94 (m, 4H), 7.77-7.75 (d, 2H),
7.73-7.68 (m, 4H), 7.65-7.62 (d, 2H), 7.60-7.58 (m, 1H), 7.54-7.52
(m, 4H), 7.50-7.46 (m, 4H), 7.42-7.38 (t, 2H). C4oH,e; MALDI-TOF:
m/z calculated: 506.20 [M]™; observed: 506.70 [M]*.
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Fig. 1. (a) Molecular structures of DPA-An heterodimers. (b) The normalized absorption (black) and fluorescence (red, excited at 375 nm) spectra as well as (c)
fluorescence dynamics monitored at the maximum peaks (4., = 350 nm) of 2DPA-2An, 2DPA-9An, 9DPA-2An, and 9DPA-9An in toluene.

3. Results and discussion
3.1. Design of DPA-An dimers

Because TET and TTA are Dexter-based energy transfer processes,
the molecular diffusion rate and molecular energy levels are both cru-
cial influencing factors. To exclude the molecule-size effect and focus
on the influence of molecular energetics on TET and TTA, four isomers
were designed and prepared as annihilators consisting of an An unit and
a DPA unit. These were connected in four distinct positions. The molec-
ular structures are shown in Fig. 1(a), including those of 9,10-diphenyl-
2,9’-bianthracene (2DPA-9An), 9,10-diphenyl-2,2’-bianthracene (2DPA-
2An), 9-[4-(9-anthracenyl)phenyl]-10-phenylanthracene (9DPA-9An),
and 9-[4-(2-anthracenyl)phenyl]-10-phenylanthracene (9DPA-2An).

3.2. Photophysical characterization

The absorption and fluorescence spectra of DPA-An dimers in toluene
are shown in Fig. 1(b). The molar extinction (¢) in 350-400 nm for
2DPA-2An and 2DPA-9An is approximately half that of other dimers
such as 9DPA-2An and 9DPA-9An. This is because connecting acenes via
both short-axis carbons would not increase the constructive interaction
between the relevant orbitals and would weakly affect low-energy ab-
sorption [25]. More importantly, the absorption spectrum of 2DPA-2An
exhibits an intense absorption in the 300-350 nm range of the spec-
trum. This is absent for the monomers or other dimers. According to
a previous report [25], the spectra of An dimers have features similar
to those of an acene spectrum: a weak short-axis transition in the low-
energy region accompanied by a vibrational stretching progression, and
a highly intense long-axis absorption in the high-energy region. When
the monomers are combined via a short-axis carbon, and avoid a long-
axis symmetry plane passing through adjacent monomers like 2DPA-
2An, a new and intense absorption is observed in the middle of the orig-
inal two absorption peaks. This absorption originates from an otherwise
dark charge-transfer excitation “borrowing intensity” from the high en-
ergy excitation. This phenomenon may result in an increased efficiency
of organic photovoltaic materials. In addition, the non-symmetric sub-
stitution at the 2- position significantly enhances the instability of the
anthracene structure. This renders the vibronic replica less pronounced
in 2DPA-2An and 2DPA-9An [26].

The fluorescence spectra blue-shifted and narrowed gradually from
2DPA-2An, 2DPA-9An, and 9DPA-2An to 9DPA-9An. The maximum
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Table 1
Crucial parameters for the upconversion process were determined
experimentally and through computational approaches.

2DPA-2An  2DPA-9An  9DPA-2An  9DPA-9An
at 37.25 90.58 48.46 0.01
S, (eV) 2.79 2.82 2.90 2.96
S (eV)® 2.84 2.97 3.05 3.14
T, (eV) 1.63 1.73 1.73 1.73
2T,-S, (V)  0.42 0.49 0.41 0.32
T, (eV) 2.84 2.95 3.04 3.16
2T,-T, (eV)  0.42 0.51 0.42 0.30
Dy (%) 8.00 2.63 8.20 11.18
Dy (%) 92.70 91.40 90.60 90.60
) 8.58 2.89 9.08 12.43

2 Dihedral angle between the DPA and An planes.

b Energy from the singlet excited state calculated from the maxi-
mum fluorescence emission.

¢ Energy from the singlet excited state calculated using TD-
DFT(B3LYP/6-31G*).

fluorescence peaks were at 444, 439, 428, and 419 nm, respectively.
The red shift and broadening of the fluorescence spectra of 2DPA-
2An and 2DPA-9An with respect to those of 9DPA-2An and 9DPA-
9An can be attributed to the increased conjugation system. This is
revealed by the optimized molecular structure (vide infra) [27]. The
E(S;) could be estimated from the maximum fluorescence peak, which
decreased gradually (Table 1). Correspondingly, 2DPA-2An (7.76 ns)
and 2DPA-9An (6.05 ns) exhibited longer fluorescence lifetimes than
9DPA-2An (2.91 ns) and 9DPA-9An (4.37 ns). All these displayed single-
exponential decay, as depicted in Fig. 1(c). Furthermore, the fluores-
cence quantum yield (&) of 2DPA-2An (38.08% + 5%) exhibited a
significant decrease compared with those of 2DPA-9An (59.00% + 5%),
9DPA-2An (60.56% + 5%), and 9DPA-9An (60.54% + 5%). This reduc-
tion can be attributed primarily to the enhanced nonradiative decay
resulting from the unrestricted rotation of the two An rings [28,29].
According to previous reports on acene compounds [22,30], an
excited twisted intramolecular charge transfer (TICT) state may ex-
ist in these dimers. Therefore, the emission spectra and dynamics of
these dimers were measured in various solvents of different polari-
ties (Figs. 2 and S3-S5). The solvatochromic effect of 2DPA-9An was
remarkable. When the solvent was changed from toluene to DMF,
the maximum emission peak of 2DPA-9An was red-shifted by 41 nm
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Fig. 2. (a)(b) Solvent dependent fluorescence emission (a) (4., = 375 nm) and decay dynamics (b) spectra (4, = 371.2 nm and detected at fluorescence band
maximum) of 2DPA-9An. (c)(d) fs-TA spectra of 2DPA-9An in toluene (c) and DMF (d) excited at 375 nm. (e) Single-wavelength dynamics of 2DPA-9An determined
at 577 and 603 nm in toluene and DMF. (f) The fitting result of single-exponential model for the dynamics of 603 nm after the completion of the conversion of LE

state to TICT state.

(Fig. 2(a)). Additionally, the fluorescence lifetime increased from 6.05
to 11.39 ns (Fig. 2(b)). To verify the formation of TICT states in
2DPA-9An, femtosecond transient absorption (fs-TA) spectra were mea-
sured (Figs. 2(c)(d)). The excited-state absorption (ESA) band in toluene
(577 nm) was attributed to the localized excited (LE) state (Fig. 2(c)).
In DMF, the first ESA band (577 nm) redshifted rapidly to 603 nm
within 20 ps. The decrease at 577 nm observed in the single-wavelength
dynamics was accompanied by an increase at 603 nm. This indicated
a transition from the LE state to the TICT state in DMF (Fig. 2(e))
[31]. There was no significant difference in the decay between 577 and
603 nm measured in toluene. After the completion of this conversion,
2DPA-9An exhibited a single decay of 5.64 ns in toluene and 10.40 ns in
DMF (Fig. 2(f)). These values closely aligned with the corresponding flu-
orescence lifetimes (Fig. 2(b)). This demonstrated the direct generation
of emissions from the final state. An analogous solvatochromic effect
was also observed for 2DPA-2An, but not for 9DPA-2An or 9DPA-9An
(Figs. S3-S5).
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3.3. Density functional theory (DFT) and time-dependent DFT calculations

The minimized molecular structures of these dimers were calculated
by the density functional theory (DFT) at the B3LYP/6-31G* level us-
ing Gaussian 09 W. These are shown in Fig. 3 [24,32]. Two An rings
were directly connected with dihedral angles of 37.24° and 90.59° for
2DPA-2An and 2DPA-9An, respectively. The small interplanar dihedral
angle of 2DPA-2An increased the conjugation of the entire molecule
and decreased its energy [33]. The two An rings were separated by the
perpendicular benzene ring of DPA in 9DPA-2An and 9DPA-9An. This
enabled conjugation. Time-dependent DFT (TD-DFT) calculations were
conducted for each molecule, thereby elucidating S; and T; as well as
higher triplet state energies. As shown in Fig. 3, the molecular excited
singlet energy level E(S,) increased for 2DPA-2An (2.84 eV), 2DPA-9An
(2.97 eV), 9DPA-2An (3.05 eV), and 9DPA-9An (3.14 eV). This is in
agreement with the gradually blue-shifted maximum fluorescence peak.
The molecular excited triplet energy level E(T;) of 2DPA-2An is smaller
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Fig. 3. (a) The singlet excited state (S;) and triplet excited state (T; and T) of these dimers estimated at the B3LYP/6-31 G level of TD-DFT. (b) The minimized
molecular structures calculated at the B3LYP/6-31 G level of DFT, a,_, are the values of the dihedral angle between DPA and the An unit.

than those of the other dimers by approximately 100 meV. This is pre-
sumed to be owing to the increased conjugation. Although this is a strin-
gently qualitative comparison because the calculated energies may vary
considerably depending on the imposed constraints [34], the compari-
son between the calculated energies is significant. The estimated E(T;)
was two times as large as E(S;) for all the dimers. This satisfied the en-
ergy requirement of TTA and indicated that both the dimers could be
annihilators.

3.4. Triplet-triplet annihilation upconversion

The upconversion capacities of the four DPA-An dimers as annihila-
tors were evaluated using platinum octaethylporphyrin (PtOEP) as a sen-
sitizer. The absorption and emission spectra of PtOEP are shown in the
Supplementary Material (Fig. S6). When excited at 532 nm (2.33 eV),
PtOEP undergoes efficient ISC to generate a triplet exciton with E(T;) ~
1.92 eV [22]. All the dimers exhibited efficient upconversion emission
(400-500 nm) with a peak shape similar to that of their fluorescence
spectra. This indicated that the upconversion energy originated from
the S, states of the dimers (Fig. 1(b)). The concentration dependence of
this system was evaluated. The results are shown in Fig. 4(a). The ex-
change energies and anti-Stokes shifts are summarized in Table S1. The
upconversion quantum yields are discussed and compared here with re-
spect to @y and Dyeg:

Pyc = 2P15c PrerPrrA P, X 100%, (&)

Dycs = 2@yc/Dry, X 100%. @

@y represents the quantum yield of the observed upconverted emis-
sion in the TTA-UC experiment using rhodamine B as a reference. @y;cg
represents the quantum yield of the S; states derived from TTA-UC. It
accounts for the removal of optical losses during the photoluminescence
event [15]. The highest @y and @y g are shown in Fig. 4(b). For 2DPA-
9An, 9DPA-2An, and 9DPA-9An, with similar @ (~60%), the highest
®ycs has a variation tendency similar to that of ®y.. Meanwhile, the
highest @5 of 2DPA-2An improves significantly compared with @y
because of the lower @y (29%). The combination of Egs. (3)(4) implies
that @, is influenced by three parameters. The intersystem crossing
quantum yield (&4c) of PtOEP is approximately 100%. Therefore, it is
crucial to determine whether the distinction in @ycg results from the en-
hanced triplet energy transfer (@rgr) and/or triplet-triplet annihilation
quantum yield (Dpr,).

The efficient TET from PtOEP to the DPA-An dimer was fed back over
the phosphorescence intensity quenching of the sensitizer and quantita-
tively evaluated by Stern-Volmer curves (Fig. 4(c)). The Stern-Volmer
quenching constant of 2DPA-2An (Kgy = 2.30 x 10° M~!) appears to
be higher than the Kgy of other dimers. This indicates a more efficient

TET process from PtOEP to 2DPA-2An. The E(T;) of 2DPA-2An is ap-
proximately 100 meV lower than that of the other dimers, as calculated
by TD-DFT. This discrepancy results in a larger energy gap with the
E(T;) of PtOEP and is the factor causing the more efficient energy trans-
fer [35]. The TET efficiencies (&g = 1 — I/I; x 100%, I and I, are
the phosphorescence intensity of PtOEP with and without annihilator,
respectively [36,37]) exceeded 90% when the concentrations of these
four annihilators were high. This is summarized in Table 1.

Table 1 also lists the @, calculated with Eq. (3), which ex-
hibits a variation trend similar to that of ®ycg. The @;r, values
are as follows: 2DPA-9An (2.89%) < 2DPA-2An (8.58%) ~ 9DPA-2An
(9.08%) < 9DPA-9An (12.43%). The thermodynamic driving force, i.e.,
AEyr1_s1 = 2 X E(Ty) — E(S;), is widely considered to have a crucial
impact on @, [18]. The calculated AE,r;_g; of 9DPA-9An is rela-
tively small at 0.32 eV (compared with 0.42, 0.49, and 0.41 eV for
2DPA-2An, 2DPA-9An, and 9DPA-2An, respectively). However, it still
allows for a relatively high @1, . The energy levels of the higher triplet
states are also important because there is a feasible loss pathway that
could access the higher triplet level (T,, T3) state via TTA [38]. The
TD-DFT calculation reveal that these dimers display a T; energy level
(E(T,)) similar to their E(T;), which is smaller than two times the T;
energy (AEyr;_13 = 2 X E(T;) — E(T3) = 0.30-0.51 eV). This indicates
the presence of an active triplet channel that results in losses during
the TTA process because accessibility to the T5 state is feasible. 9DPA-
9An exhibits the lowest AE,7;_r3 and highest &1, . Conversely, 2DPA-
9An with the largest AE,r; 14 exhibits the lowest @r,. The remaining
two dimers with similar AE,p;_13 values demonstrate comparable ®ppp
(Table 1). To summarize, AEy7;_t3 plays a more decisive role on @rp
than AEy7q_g;.

The conventional annihilator DPA demonstrated an AEyy_g; com-
parable to that of 9DPA-9An (0.31 eV). However, it exhibited a signifi-
cantly higher @11, (~20%) [39,40]. Apart from the molecular size fac-
tor, the key determinant was its significantly smaller AEyp;_r (0.22 €V,
Table S2). The other conventional annihilator perylene displayed a dra-
matically lowered @ than others (2- and 3-phenylperylene) when the
phenyl group was connected in the bay position (1-phenylperylene)
[41]. This was because the energies of the triplet state decreased sig-
nificantly, which resulted in a variation from negative to positive for
AEy1_1o. This, in turn, rendered the T, state accessible. 2- and 3-
phenylperylene exhibited AE,r;_g; and AEypi_1o similar to those of
perylene. However, these realized a marginally lower @ owing to
their marginally larger molecular size (Table S2). The pyrene deriva-
tives modified by introducing arylalknyl groups as annihilators in re-
cent studies conducted by our research group [42] also displayed an
inverse proportional relationship between @y, and AE,p;_1o (Table
S2). However, the influence of molecular size cannot be disregarded
completely. To summarize, AE,r_g; > O is a necessary requirement for
TTA. However, it is meaningless to continue increasing this energy dif-
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(15 mW).

ference when it exceeds 0.3 eV because it results in larger energy losses
[18,42,43]. AEy71_t, should preferably be negative. When it is positive,
a smaller value is more effective. When AEy7q_g; > 0, AEy_t, is a key
factor determining @p.

In addition, excitation-power-dependent TTA-UC experiments were
performed to estimate the excitation thresholds (I,) for the DPA-An
dimers as annihilators, as shown in Figs. 4(b) and S7. The I, values
of 2DPA-2An, 2DPA-9An, 9DPA-2An, and 9DPA-9An were estimated to
be 428, 568, 404, and 340 mW/cm?, respectively. It is important for
the triplet state of the annihilators to have a high diffusivity and long
lifetime to obtain a low I;,. However, the short T; state lifetime of DPA-
An (Fig. S8) were caused by the electronic coupling between the units
in the dimers. This explains the high value of I, [3,44]. Furthermore,
because 2DPA-2An and 2DPA-9An have solvatochromic effects, TTA-
UC experiments in different solvents were conducted, and color-tunable
TTA-UC emission was realized (Figs. S9 and S10).

4. Conclusions

Four isomerized dimers were designed and prepared by altering
the positions of the connections between DPA and An. The fluores-
cence emission gradually blue-shifted in the order of 2DPA-2An, 2DPA-
9An, 9DPA-2An, and 9DPA-9An. This indicated that the E(S,;) of these
dimers increased correspondingly. According to the TD-DFT computa-
tional results, the higher triplet energy levels (T3) also exhibited a sim-
ilar increasing trend. However, similar E(T;) values (1.73 eV) were ob-
tained for the other three dimers except for 2DPA-2An (1.63 eV). The
four dimers functioned as annihilators in conjunction with the sensi-
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tizer PtOEP. The upconversion efficiency (@) was measured to be
8.00%, 2.63%, 8.20%, and 11.18% for 2DPA-2An, 2DPA-9An, 9DPA-
2An, and 9DPA-9An, respectively. Excluding the molecular size effect,
the relationship between @ and molecular structure can be evalu-
ated from an energetic perspective. AEy7q_r3 = 0.30-0.51 eV. This indi-
cates that the Ty state is accessible to result in losses in the TTA process.
More importantly, AEy7;_13 is inversely proportional to @1, and ®ycg.
AE,r_1, should preferably be negative. Moreover, when it is positive, a
smaller value is better. AEyr;_g; > 0 is a necessary requirement for TTA.
However, continuing to increase this energy difference beyond 0.3 eV is
meaningless and would cause larger energy losses. These results verify
that AE;1_g; and AEyr_t, (n = 2, 3) are the key factors determining
@11y and @yc. This study has provided new insights into the design of
efficient annihilators with matched energy levels.
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