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Optimizing photon upconversion by decoupling
excimer formation and triplet triplet annihilation†
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Perylene is a promising annihilator candidate for triplet–triplet annihilation photon upconversion, which

has been successfully used in solar cells and in photocatalysis. Perylene can, however, form excimers,

reducing the energy conversion efficiency and hindering further development of TTA-UC systems. Alkyl

substitution of perylene can suppress excimer formation, but decelerate triplet energy transfer and

triplet–triplet annihilation at the same time. Our results show that mono-substitution with small alkyl

groups selectively blocks excimer formation without severly compromising the TTA-UC efficiency. The

experimental results are complemented by DFT calculations, which demonstrate that excimer formation

is suppressed by steric repulsion. The results demonstrate how the chemical structure can be modified to

block unwanted intermolecular excited state relaxation pathways with minimal effect on the preferred ones.

Introduction

Triplet–triplet annihilation photon upconversion (TTA-UC) can
help light harvesting materials to overcome their bandgap
limitation and thus achieve higher solar energy conversion
efficiencies beyond the Shockley–Queisser limit.1–7 The mechanism
has recently been successfully incorporated in solar cells,8–14 photo-
catalysts,15–18 optical devices,19–24 and light imaging.25–31 It requires
two functional species, a sensitizer and an annihilator. The
sensitizer absorbs a photon and transfers the energy to an
annihilator through triplet energy transfer.32 Two annihilator
molecules in their triplet excited states undergo triplet–triplet
annihilation29 upon close contact, promoting one molecule to
its excited singlet state from where emission of a high energy
photon occurs. Perylene is among the most promising annihilator
candidates due to its high stability, commercial availability, and
excellent photo-physical properties.34 TTA-UC systems based on
perylene as the annihilator hold the photon upconversion quantum
yield record and have now been used in solar cells, photo-redox
catalysis and bio-imaging.18,35–37

The drawback of perylene is its tendency to form excited
dimers (excimers). Excimer formation in TTA-UC reduces the
overall energy conversion efficiency, both due to the lower
energy of the emitted photons and due to the significant rate
constant of non-radiative decay from excimers.38 Dover et al.
have shown the conversion between monomers and excimers
through triplet pair and free diffusion during both singlet
fission and TTA-UC.39 We have further suggested that another
main reason for the surprisingly large amount of excimer
emission in perylene based photon upconversion is due to
a preassembly step on the triplet energy surface, already
before the upconversion event.40 Alkyl substitution offers the
opportunity to manipulate the stacking interactions of perylene
with minimal impact on the excited levels of the individual
molecules. Indeed, perylene derivatives like tetra-tert-butyl-
perylene show low excimer formation in TTA-UC, since the
molecular aggregation is sterically hindered.41,42 However, the
steric bulk also reduces mobility and molecular contact, and
thus can inhibit triplet energy transfer32,43 and TTA. It is
therefore of great importance to control the pi–pi interactions
in perylene in order to limit excimer formation without
compromising photon upconversion performance.

Here, a series of alkyl substituted perylene derivatives are
used to investigate the interplay between upconversion perfor-
mance and excimer formation blockade. Static and dynamic
upconversion experiments show that an ethyl group is
sufficient to block excimer formation. This result is corroborated
by calculations, which show that steric hindrance prevents
coupling on the excimer landscape. The results presented here
shed light on molecular design of TTA-UC annihilators and help
to optimize annihilator molecules for TTA-UC.
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Results
Spectroscopic characterization of annihilators

To assess the effect of increasing steric hindrance on excimer
formation and upconversion efficiency, four perylene deriva-
tives were used: perylene (pery), 1-ethyl-perylene (et-pery), 3-tert-
butyl-perylene (t-bu-pery) and 2,5,8,11-tetra-tert-butylperylene
(t-t-bu-pery), which are available from our previous work (Fig. 1a).44

The absorption and emission spectra of these molecules in tetra-
hydrofuran (THF) are shown in Fig. 1b revealing only minor changes
to the energy of the singlet excited state. The Stokes shifts of
pery, et-pery, t-bu-pery and t-t-bu-pery are 103 cm�1, 736 cm�1,
938 cm�1 and 849 cm�1, respectively. The increased Stokes
shift after alkyl substitution indicates that the difference in
polarizability between the ground and excited states increases
when alkylated.45 All four annihilators demonstrate fluores-
cence quantum yields near unity, and a fluorescence lifetime of
3.8 ns, indicating that the excited states configuration is not
affected much by the substitution (Fig. S1, ESI†).

Photon upconversion with different annihilators

In order to construct TTA-UC systems with these perylene
derivatives, we used Platinum tetra-benzo-tetra-phenyl-porphyrin
(PtTBTP) as a triplet sensitizer. PtTBTP has a high phosphores-
cence quantum yield, long triplet lifetime, and a triplet energy
that matches the one of perylene.46 The potential photon energy
increase of the PtTBTP/perylene couple is 0.75 to 0.83 eV, as
determined by the difference of the E00 energies (Fig. S2, ESI†).47

Photon upconversion using PtTBTP in combination with the
presented perylene derivatives was performed using a light-
emitting diode (LED) as excitation source (617 nm; Fig. 1c). For
all perylene derivatives, strong emission can be observed in the
range 450 nm to 540 nm, which is assigned to perylene
fluorescence due to TTA-UC. Excimer emission at 565 nm from
perylene is also present.48 The quantum yield of excimer

emission increases with perylene concentration, indicating a
process for perylene excimer formation that involves diffusion.
No excimer emission was, however, observed for the three
perylene derivatives with steric side groups over a wide range
of annihilator concentrations (Fig. 1d). We can thus conclude
that even such small substituents as an ethyl group are enough
to block excimer formation in perylene derivatives. Photon-
upconversion emission of the four annihilators show linear and
quadratic dependence on the excitation intensity (Fig. S3, ESI†),
as a typical feature of TTA-UC. The light intensity threshold of
quadratic to linear dependence increases after alkyl substitution,
reducing the TTA-UC efficiency at low excitation intensity.

Energetics of annihilator dimers

It has recently been suggested that a reason for strong excimer
emission in perylene based TTA-UC is the formation of
excimers on the triplet surfaces before the annihilation
event.40 The relationship between excimer formation and mole-
cular structure can be explored from an energetic point of view
(Note S1.6, ESI†). To this end, we analysed the potential energy
surface for the interaction between a pair of perylene molecules
within the framework of time-dependent density functional
theory (TD-DFT).49–52 We relaxed the structure of the molecular
dimers on the ground state (S0) potential energy surface (PES).
Subsequently, we mapped out the PES as a function of the
lateral displacement of the two monomers (Fig. 2a and b). The z
offset distances for pery and et-pery are about 3.32 and 3.48 Å,
respectively. The first excited singlet (S1) and triplet (T1) energy
surfaces of the dimer were then created by adding the respec-
tive excitation energies to the ground state energy.

In the ground state of the pery dimer, the two monomers are
shifted relative to each other, similar to the situation in a
graphene bilayer.53 The singlet and triplet excimers on the
other hand, are characterized by perfect lateral alignment of
the two monomers. The energies of the two configurations

Fig. 1 (a) Molecular structure of pery, et-pery, t-bu-pery, and t-t-bu-pery; (b) absorption/emission spectra of 10 mM pery, et-pery, t-bu-pery, and
t-t-bu-pery in THF when excited at 400 nm; (c) upconverted emission spectra from solutions of 10 mM PtTBTP and 1 mM perylene derivatives upon
excitation at 617 nm in THF.33 The absolute photon upconversion quantum yields at different concentrations of annihilators.
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differ by 0.48 eV, �0.10 eV, and �0.35 eV on the S0, T1, and S1

surfaces, respectively. These energy differences correlates with
low energy excimer emission (Fig. 2c).

The PES of et-pery is less symmetric than in the case of pery
and the lowest energy configurations on the S0, T1, and S1

landscape are almost identical to each other. The distortion of
the molecular geometry caused by the et groups impacts
the ability of the two monomers to move relative to each other
(note that the core of et-pery is slightly twisted). This prevents
them from achieving an alignment that, as in the case of pery,
enables efficient coupling on the excited landscape, and thus
excimer formation. We can conclude that alkyl substitution is
an effective means to disrupt the favourable excimer geometry
of perylene on both singlet and triplet energy surfaces.

Kinetics of photon upconversion

While alkyl substitution prevents excimer formation, it also has
drawbacks. Increasing the molecular size by alkylation reduces
the molecular mobility and thus the bimolecular reaction rates
of triplet energy transfer32 and TTA. The TET rate constant can
be determined by examining the quenching efficiency of the
sensitizer phosphorescence by the annihilator. The relation-
ship between the quenching effect and quencher concentration
follows the Stern–Volmer equation (eqn (1) and (2)).54

t0
t
¼ 1þ KSV A½ � ¼ 1þ kTETt0 A½ � (1)

FTET ¼
kTETt0½A�

1þ kTETt0½A�
(2)

In eqn (1) and (2), t0 is the phosphorescence lifetime of the
sensitizer in absence of an annihilator, t is the lifetime of the
sensitizer in presence of an annihilator, KSV is the Stern–Volmer
constant, kTET is the TET rate constant, and [A] is the concentration
of the annihilator. Fig. 3a displays the sensitizer quenching as the
concentration of annihilator is increased. With increasing alkyl
substitution, the rate of TET is decreasing. It is instructive to
compare the TET quantum yield (FTET) as a function of annihilator
concentration calculated by eqn (2) (Fig. 3b). To reach a TET
quantum efficiency of 0.99, the concentration of pery, et-pery,
t-bu-pery, and t-t-bu-pery should be 1.0, 2.2, 2.6 and 11.5 mM,
respectively. The relatively low TET efficiency of t-t-bu-pery thus
requires highly concentrated conditions to quench the triplet
sensitizer effectively. This effect is directly related to the bigger
molecular size and the steric hindrance caused by the substitution.
Therefore, as small substitution as possible is preferable in order to
maintain a high TET efficiency.

Alkyl substitution will not only affect the rate of TET, also
the rate of TTA will be affected. The generation of annihilators
in the excited triplet state is on the timescale of a few hundereds of
nanoseconds to a few microseconds, whereas consumption is on
the microsecond timescale. We can then describe the kinetics of
TTA-UC by the following equations (eqn (3) and (4)), which assume
that the annihilators are in the triplet excited state to start with:

@ 3A�
� �
@t

¼ �2kTTA½3A��2 � kT
3A�
� �

(3)

@½1A��
@t

¼ kTTA½3A��2 � kF
1A�
� �

(4)

Fig. 2 (a) Calculated energy surfaces of the confined systems of pery and et-pery dimers. The energy minimum geometry on the S0S0 energy surface is
labelled with a yellow cross, and the energy minimum geometry on the T1S0 and S1S0 energy surfaces is labelled with a red cross; (b) bi-molecular
coordination of pery and et-pery dimer on xy plane; (c) energy diagram of pery and et-pery dimer at relaxation.
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where [3A*] and [1A*] are the concentrations of annihilator in
the excited triplet and singlet states, respectively, t is the time
after excitation, kTTA is the TTA rate constant, kT is the intrinsic
decay rate constant of the excited triplet annihilator, and kF is
the fluorescence decay rate constant of the excited singlet
annihilator.55,56

The kinetics of the triplet excited annihilator was measured
by transient absorption. The triplet states were monitored by
their T1 to Tn transitions (Fig. S4, ESI†). Fig. 3c displays the time
resolved transient absorption decays of the T1 to Tn transition
of the annihilators, and Fig. 3d displays the time resolved
upconverted emission of the annihilators. The bimolecular
TTA rate constants were obtained by fitting these decay curves

using eqn (3) and (4).55,57 TTA can only occur within the closely
bound triplet pair, which is formed when two annihilators in
their excited triplet state meet.58–61 The effective interaction
radius follows the Einstein–Smoluchowski relation (Note S1.7,
ESI†), and can be calculated from eqn (5).62,63

kTTA = 4pDNRTTA (5)

where D is the molecular diffusion coefficient (eqn (S3), ESI†),
and N is the Avogadro constant, RTTA is the effective TTA
reaction radius. A large molecular size due to alkyl substitution
reduces the mobility of annihilator molecules and also restricts
the formation of an effective triplet pair by steric hindrance.
Table 1 lists the calculated TTA-UC parameters of all four
annihilators. The TTA rate constants and effective radii
decrease with size of the alkyl substituents. Substitution with
big alkyl groups is then unfavourable for TTA kinetics for the
above two reasons.

Given the negative effect of large steric substituents on the
rate of TTA, the TTA efficiency can be compensated by the
reduced intrinsic decay of the triplet annihilator. In a typical
TTA-UC process, TTA is competing with the intrinsic decay of
triplet annihilators, and the TTA quantum yield (FTTA) follows
eqn (6)

FTTA ¼ ZTTA
kTTA½3A��

2kTTA 3A�½ � þ kT

� �
(6)

where ZTTA is the possibility of TTA forming a singlet excited state
according to spin statistics. Since the maximum upconversion
quantum yields are at the same level, we assume the same spin
statistical parameters for the four annihilators. The quantum
yield of TTA is then determined by the competition between
TTA and the intrinsic decay of excited triplet annihilators. Pre-
vious reports have pointed out that the radiative decay rate
constant of perylene is less than 100 s�1.64 However, perylene
has a high inclination to aggregate and decay non-radiatively,
which increases the effective kT.65 We noticed that the intrinsic
rate of decay decreases in the alkylated derivatives as compared
to perylene, leading to an improved performance of alkylated
perylene as TTA-UC annihilators.

Conclusions

Here, we have examined the TTA-UC performance of perylene
and alkyl-perylene derivatives. The comparison revealed that
mono-substitution with small alkyl group is sufficient in
order to prevent excimer emission, while maintaining high
performance. Furthermore, we demonstrate computationally

Fig. 3 (a) Stern–Volmer quenching relationship of PtTBTP sensitizer and
perylene derivatives; (b) simulated triplet energy transfer efficiencies;
(c) time resolved transient absorption decay at the of annihilator T1 - Tn

transition peaks of 10 mM PtTBTP and 1 mM perylene/perylene derivatives
in THF when excited at 617 nm with pulse energies between 0.30 and
0.37 mJ; (d) time-resolved delayed fluorescence decay at 470 nm of 10 mM
PtTBTP and 1 mM perylene/perylene derivatives in THF when excited at
617 nm with pulse energies of 4 mJ.

Table 1 Dynamic parameters of perylene and perylene derivatives for TTA-UC, observed and calculated from Fig. 3 and Fig. S4 (ESI)

Molecule KSV/M�1 kTET/M�1 s�1 l (T1–Tn)/nm e (T1–Tn)/M�1 cm�1 kTTA/M�1 s�1 kT/s�1 D/m2 s�1 RTTA/Å

pery 9.06 � 104 2.77 � 109 485 13 400 8.40 � 109 3.55 � 103 1.72 � 10�9 6.62
et-pery 4.43 � 104 1.26 � 109 497 11 369 5.58 � 109 1.35 � 103 1.56 � 10�9 4.57
t-bu-pery 3.70 � 104 1.05 � 109 501 11 995 5.82 � 109 1.79 � 103 1.44 � 10�9 5.17
t-t-bu-pery 8.61 � 103 2.44 � 108 486 14 939 1.15 � 109 5.42 � 102 1.02 � 10�9 1.52
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how alkyl substitution prevents excimer formation on both
singlet and triplet surfaces. Considering that the excess steric
effect reduces the TTA-UC efficiency by restricting triplet–triplet
energy transfer, a proper level of steric hindrance benefits
TTA-UC systems. Furthermore, from the efficiency of annihilation
it is also clear that triplet pair formation is much less sensitive to
geometrical constraints than excimer formation. This compara-
tive study thus leads to design rules for TTA-UC systems with high
efficiency and contributes to the development of solar energy
conversion.
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1. Experimental Section 

1.1 TTA-UC sample preparation 

All TTA-UC samples were prepared in an Mbraun glove box having oxygen and water 

levels less than 1 ppm. Cuvettes were sealed with cap and PTFE septum. Photon 

upconversion measurements were performed immediately after the preparation. 

 

1.2 Steady state emission 

Steady state emission of TTA-UC samples with PtTBTP was measured on an Edinburgh 

Instruments FLS 1000 spectrofluorometer. A Light Emitting Diode (LED) with collimator 

and focus lenses was used as a non-coherent excitation source. Emission was collected 

90 degrees as compared to the excited light. The LED light source (617 nm, Thorlabs 

M617L3 mounted LED), power supply and all the optical units were purchased from 

Thorlabs, Inc. The connection and supporting units were home-made from non-

fluorescent plastic[2] by 3D-printing. 

 

1.3 Quantum yield calculations. 

The photoluminescence quantum yield of the luminescent species were determined from 

an indirect method with standard reference as recommend by IUPAC.[3] The quantum 

yield of the testing samples (S) were calculated by the following equation: 

Φ𝑆 = Φ𝑅 ×
∫ 𝐹𝑆(𝜆) 𝑑𝜆

∫ 𝐹𝑅(𝜆) 𝑑𝜆
× (

𝑛𝑆

𝑛𝑅
)

2

×
𝐼𝑅

𝐼𝑆
×

1 − 10−𝐴𝑅

1 − 10−𝐴𝑆
   (𝑒𝑞. 𝑆1) 

where R is the fluorescence quantum yield of the reference sample, Fi(λ) is the emission 

intensity function, ni is the refractive index of the solvent, Ii is the excitation intensity, and 

Ai is the absorbance of the sample at the excitation wavelength. Standard reference 

materials were selected by the excitation and emission spectrum range according to 
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IUPAC recommendations. Quinine sulphate in H2SO4 solution was used as reference for 

calculating the fluorescence quantum yields of perylene derivatives (R = 0.52). Cresyl 

violet was used as reference for calculating the photon upconversion quantum yields (R 

= 0.57). For TTA-UC with perylene as the annihilator, the emission of monomer is 

integrated from 400 to 540 nm, due to the low intensity of perylene monomer emission 

outside this range. The excimer emission is integrated from 540 nm to 700 nm. 

 

1.4 Time resolved spectroscopy 

Phosphorescence quenching was measured on an Edinburgh FLS 1000 

spectrofluorometer with a microsecond flash lamp as excitation source. Prompt 

fluorescence decay was recorded by time-correlated single photon counting (TCSPC) on 

Edinburgh FLS 1000 spectrofluorometer with a pulsed diode laser (375 nm, 1 MHz) as 

the excitation source and MCP-PMT as detector. Phosphorescence and delayed 

fluorescence decays were recorded by time-correlated single photon counting on 

Edinburgh FLS 1000 spectrofluorometer with a pulsed diode laser (375 nm, 1 MHz) as 

the excitation source and MCP-PMT as the detector. Fluorescence decay was recorded 

by multi-channel scaling (MCS) on Edinburgh FLS 1000 spectrofluorometer with a pulsed 

microsecond flash lamp (617 nm, 100 Hz) as the excitation source and PMT-900 as the 

detector. 

Transient absorption was measured on an Edinburgh Instrument LP 980 spectrometer, 

with a Spectra-Physics Nd:YAG laser (617 nm, pulse width ~7 ns) coupled to a Spectra-

Physics primoscan optical parametric oscillator (OPO) as excitation. PMT (Hamamatsu 

R928) or image intesified CCD camera (ICCD, Andor DH320T-25F-03) detectors were 

used for recording transient kinetics or spectra, respectively. 
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1.5 Rate determination step of TET 

TET from the sensitizer involves diffusion and energy transfer. The diffusion constant 

kdiff is estimated by the following equation: 

𝑘𝑑𝑖𝑓𝑓 =
8𝑅𝑇

3𝜂
   (𝑒𝑞. 𝑆2) 

where R is the ideal gas constant, T is the absolute temperate,  is the viscosity of the 

solvent. The kdiff is 1.4×1010 M-1s-1 at room temperature in THF. The calculated kTET is 

smaller than kdiff, and thus the quenching is TET limited. 

 

1.6 Density functional theory (DFT) calculations. 

The effect of excitations on the interaction between a pair of perylene molecules 

was analysed within the framework of time-dependent density functional theory 

(TDDFT). Calculations were carried out using the B3LYP functional[4] with 

dispersion corrections (D3BJ)[5] and the 6−311G* basis set[6] as implemented in 

the NWChem suite[7]. This approach closely follows our earlier calculations[1]. 

 

1.7 The effective and average TTA reaction radii of perylene and perylene derivatives. 

Diffusion coefficients (D) in solutions can be calculated by the empirical correlation 
developed by Wilke Chang.[8] 

𝐷 = 7.4 × 10−8
(𝑥𝑀)0.5𝑇

𝜂𝑉0.6
   (𝑒𝑞. 𝑆3) 

where x is the association number of solvent, M is the molecular weight of solute, T is 

the temperature,  is the viscosity of the solvent, and V is the molecular volume of the 

solvent. 
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Based on the analysis of time resolved spectroscopy, we got the apparent kinetic 

parameters (kTTA, kT, RTTA) for TTA with the different annihilators. To compare the four 

annihilators, we want to calculate the mean TTA interaction distance (dTTA). The TTA time 

window relies on the lifetime, which greatly exceeds the diffusion time character (τ >> 

RTTA
2/D). We can treat the distribution of triplet excited annihilator through diffusion as a 

fast process before TTA. Triplet-triplet annihilation is a typical case of a bi-molecular 

photophyscial transformation, which involves the diffusion of excited species. In our work, 

we show the difference of four annihilator molecules on TTA-UC and discuss the 

advantages and disadvantages of alkylation of perylene on TTA-UC. To make the 

mechanism more clear and intuitive, we want to take the relative motion of two triplet 

excited species into account in the analysis. We treat the first triplet excited annihilator as 

stationary, as a nearby second triplet excited annihilator approaches. The relative motion 

of the mobile component to the static component follows Fick’s second law of diffusion 

with an interaction term (eq. S4): 

𝜕𝜌

𝜕𝑡
= 𝐷∇2𝜌 − 𝑘𝑇𝜌 − 2𝑘𝑇𝑇𝐴𝜌2   (𝑒𝑞. 𝑆4) 

where ρ=C/C0 is the time and spatial dependent density (normalized concentration) of the 

triplet excited annihilator, and ∇=∂/∂r is the Laplace operator in radial coordinates. When 

approximating steady state conditions, we assume a spatially independent density (D∇2ρ 

= 0), which reduces eq. S4 to an ordinary differential equation (eq. 3; Figure 3c). To take 

the spatial distribution of molecules into account in eq S2, we assume that TTA is a 

diffusion limited process (eq. S5): 

𝜕𝜌

𝜕𝑡
= 𝐷

𝜕2𝜌

𝜕𝑟2
   (𝑒𝑞. 𝑆5) 

The annihilator interaction range (r=RTTA) is the intermolecular distance for complete TTA 

reaction (100% efficient trapping). At the initial time, the reacting molecules are randomly 

distributed with a uniform concentration outside the complete reaction zone. Given that 

TET is fast and efficient, the boundary conditions of a statistical distribution outside the 

annihilator interaction range can be described as below: 
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𝜌(𝑟,𝑡=0) = 0 for 𝑟 ≤ 𝑅𝑇𝑇𝐴 

𝜌(𝑟,𝑡=0) = 1 for 𝑟 > 𝑅𝑇𝑇𝐴 

Marian Smoluchowski found the solution of eq. S3 with the above Dirichlet boundary 

conditions,[9] 

𝜌(𝑟, 𝑡) = 1 −
𝑅𝑇𝑇𝐴

𝑟
erfc [

𝑟 − 𝑅𝑇𝑇𝐴

2√𝐷𝑇
]   (𝑒𝑞. 𝑆6) 

𝜌(𝑟, ∞) = 1 −
𝑅𝑇𝑇𝐴

𝑟
   (𝑒𝑞. 𝑆7) 

where erfc(x) is the complementary error function. With increasing time, the distribution 

function turns to a steady-state expression (eq. S7). As shown in figure below, the 

distribution of triplet excited annihilators reach stationary conditions at the beginning of 

the TTA process, indicating that our approximation is reasonable.  

 

Normalized theoretical density of triplet excited annihilator as a function of 

intermolecular distance at different times after triplet formation. 

The reaction rate of TTA is based on the flux of molecules at the encounter distance. The 

apparent rate constant of TTA then satisfies the following expression (eq. S8):  

𝑘𝑇𝑇𝐴 = 4𝜋𝑁𝑅𝑇𝑇𝐴
2 𝐷

𝜕𝜌(𝑟)

𝜕𝑟
= 4𝜋𝐷𝑁𝑅𝑇𝑇𝐴 [1 +

𝑅𝑇𝑇𝐴

(𝜋𝐷𝑡)1/2
]   (𝑒𝑞. 𝑆8) 
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where at the TTA time scale, t is much larger than the diffusion characteristic time RTTA
2/D, 

and the rate equation converts to the steady-state expression (eq. 5; Table 1). TTA is a 

special case of Dexter energy transfer, in which excited electrons are transferred between 

two annihilator molecules via a non-radiative path. The Dexter energy transfer process 

requires enough overlap between the two electron clouds, and it is thus only effective 

within a very short range (~10 Å).[10] The annihilation rate constant therefore follow the 

Dexter energy transfer formulation (eq. S9):[11] 

𝑘𝐷𝑒𝑥(𝑟) = 𝑘0𝑒𝑥𝑝 (
−2𝑟

𝐿
)   (𝑒𝑞. 𝑆9) 

where L is average Bohr radius of the chromophores. The Dexter energy transfer rate 

decreases dramatically when increasing the donor-acceptor distance. Based on this, we 

can calculate the spatially dependent TTA reaction possibility by the following formula 

(eq. S10): 

𝜌𝑟(𝑟) =
𝑘𝐷𝑒𝑥(𝑟)

𝑘0
𝜌(𝑟)   (𝑒𝑞. 𝑆10) 

The steady-state distribution and TTA reaction probability is shown below. By integrating 

the reaction probability in radial coordinates, we calculated the mean TTA interaction 

distance of pery, et-pery, t-bu-pery and t-t-bu-pery to be 1.44 nm, 1.26 nm, 1.31 nm, 

and 1.03 nm, respectively (eq. S11). From these numbers it is clear that large steric 

groups reduce the active zone for TTA interaction, and is thus unfavourable for building 

efficient TTA-UC systems. The trend for the mean TTA interaction (dTTA) also follows the 

effective interaction (RTTA, Table 1). 

𝑑𝑇𝑇𝐴 =
∫ 4𝜋𝑟2 𝜌𝑟(𝑟) 𝑟 𝑑𝑟

∞

𝑅𝑇𝑇𝐴

∫ 4𝜋𝑟2 𝜌𝑟(𝑟) 𝑑𝑟
∞

𝑅𝑇𝑇𝐴

   (𝑒𝑞. 𝑆11) 
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Normalized theoretical density of triplet excited annihilator around a fixed annihilator and 

the corresponding normalized TTA reaction probability by Monte Carlo simulations under 

steady-state approximations.  
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2. Figures cited in the main text. 

 

Figure S1. Time resolved photoluminescence decay of perylene and perylene 

derivatives (10 μM) in THF. The excitation and detection wavelengths are 375 nm and 

445 nm, respectively.  
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Figure S2. Absorption and emission spectrum of PtTBTP, pery, et-pery, t-bu-pery and 

t-t-bu-pery in THF. Stokes shifts are labelled as the differences of E00 values from 

annihilators to sensitizer. Note that the porphyrin emission is the weak fluorescence 

signal from this molecule.   
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Figure S3. Upconversion intensity of 10 μM sensitizer and 1 mM annihilator in THF at 

different excitation power   
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Figure S4. Transient absorption spectrum of 1mM pery, et-pery, t-bu-pery and t-t-bu-

pery in THF with 10 µM PtTBTP as sensitizer. All these samples are excited at 617 nm.   

460 480 500 520 540 560 580 600

0.000

0.002

0.004

0.006

0.008

0.010  pery

 et-pery

 t-bu-pery

 t-t-bu-pery

λ /nm

ΔOD



S12 

 

3. References 

[1] K. Kushwaha, L. Yu, K. Stranius, S. K. Singh, S. Hultmark, M. N. Iqbal, L. Eriksson, E. 

Johnston, P. Erhart, C. Muller, K. Börjesson, Adv. Sci. 2019, 6, 1801650. 

[2] B. Joarder, N. Yanai, N. Kimizuka, J. Phys. Chem. Lett. 2018, 9, 4613-4624. 

[3] A. M. Brouwer, Pure Appl. Chem. 2011, 83, 2213-2228. 

[4] a) C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785-789; b) A. D. Becke, J. 

Chem. Phys. 1993, 98, 5648-5652. 

[5] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys. 2010, 132, 154104. 

[6] a) A. D. McLean, G. S. Chandler, J. Chem. Phys. 1980, 72, 5639-5648; b) R. Krishnan, J. 

S. Binkley, R. Seeger, J. A. Pople, J. Chem. Phys. 1980, 72, 650-654. 

[7] M. Valiev, E. J. Bylaska, N. Govind, K. Kowalski, T. P. Straatsma, H. J. J. Van Dam, D. 

Wang, J. Nieplocha, E. Apra, T. L. Windus, W. A. de Jong, Comput. Phys. Commun. 

2010, 181, 1477-1489. 

[8] C. R. Wilke, P. Chang, AIChE J. 1955, 1, 264-270. 

[9] M. v. Smoluchowski, Z. Phys. Chem. 1918, 92, 129. 

[10] T. Mirkovic, E. E. Ostroumov, J. M. Anna, R. van Grondelle, Govindjee, G. D. Scholes, 

Chem. Rev. 2017, 117, 249-293. 

[11] S. Faure, C. Stern, R. Guilard, P. D. Harvey, J. Am. Chem. Soc. 2004, 126, 1253-1261. 

 


	CrossMarkLinkButton: 


