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ABSTRACT: Solid-state materials with improved light-to-energy conversions in organic
photovoltaics and in optoelectronics are expected to be developed by realizing efficient
triplet−triplet annihilation (TTA) by manipulating the spin conversion processes to the
singlet state. In this study, we elucidate the spin conversion mechanism for delayed
fluorescence by TTA from a microscopic view of the molecular conformations. We examine
the time evolution of the electron spin polarization of the triplet-pair state (TT state) in an
amorphous solid-state system exhibiting highly efficient up-conversion emission by using
time-resolved electron paramagnetic resonance. We clarified that the spin-state population of
the singlet TT increased through the spin interconversion from triplet and quintet TT states
during exciton diffusion with random orientation dynamics between the two triplets for the
modulation of the exchange interaction, achieving a high quantum yield of up-conversion
emission. This understanding provides us with a guide for the development of efficient light-
to-energy conversion devices utilizing TTA.

Triplet−triplet annihilation (TTA) is a fundamental
process in which two triplets encounter and interact

with each other.1 Many research groups have worked on
fundamental studies of the TTA process since the middle of
the 20th century.2 In particular, it is well known that the TTA
process goes through a transition state in which two triplets are
coupled via an exchange interaction following triplet-pair (TT)
formation1,3−7 as well as the activation for ultimate triplet
separations from the exchange-coupled TT in the singlet
fission (SF) which is the reverse process of TTA.8 The
electronic and magnetic interactions between two triplets
depend on the local molecular orientation created by the
geometry of the TT states.9,10 However, the TTA mechanism
has not been fully elucidated in this viewpoint, although an
understanding of those interactions is of great importance to
research areas such as quantum entanglement,11−13 physics
related to entangled bosons, and quantum information
science.14−16 Furthermore, the development of novel energy-
conversion technologies utilizing the TTA process has also
been widely explored with the aim of solving social issues. For
example, the up-conversion (UC) technique through the TTA
process (TTA-UC) has attracted researchers in several fields
related to light-to-energy conversion technologies. In this
regard, it is expected that the TTA-UC system contributes not
only to commercializing highly efficient OLED devices,17−22

solar cells,23−28 and photocatalysts29 but also to bringing about
innovation in biomedical fields30−33 such as photodynamic
therapy,34 drug delivery systems,35 optogenetics,36 and
bioimaging.37

The TTA-UC system is basically composed of sensitizer and
emitter molecules and is realized through several elementary

processes. The quantum yield of UC emission (ΦUC), that is,
the fraction of the number of emitted photons to the number
of absorbed photons, depends on the quantum efficiency of
each elementary process. ΦUC is described as follows

1
2UC Abs ISC TET TTA Flu=

(1)

where ΦAbs, ΦISC, ΦTET, ΦTTA, and ΦFlu are the quantum yields
of photon absorption by the sensitizer, intersystem crossing in
the sensitizer, triplet−triplet energy transfer from the sensitizer
to the emitter, TTA between two emitters, and the
fluorescence of the emitter, respectively. The coefficient 1/2
indicates that the maximum value of ΦUC is 50% because TTA-
UC is a process in which two lower-energy photons are
converted to one higher-energy photon. Also, η, which is often
called the spin-statistical factor, is the probability of yielding a
first-excited emissive singlet (S1

emi) from all of the possible spin
multiplicities of singlet, triplet, and quintet TT character. A
small η of 11% is anticipated according to the spin statistics by
the triplet−triplet encounter. A short triplet lifetime of the
emitter molecule can be another possible factor reducing
ΦUC.38 To achieve ΦUC close to the upper limit of 50%, it is
required that each process in eq 1 proceeds efficiently within
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the triplet-state lifetime. For example, a TTA-UC system
composed of platinum-octaethylporphyrin (PtOEP) and 9,10-
diphenylanthracene (DPA) is one of the most famous TTA-
UC systems and exhibits the highest ΦUC value among all
reported TTA-UC samples.39 In this system, ΦAbs, ΦISC, ΦTET,
ΦTTA, and ΦFlu are as high as 90−100%. However, the ΦUC is
about 20% due to a low η of about 40%.39 Also in this case, a
low η is a bottleneck in the respective TTA-UC systems, but
mechanisms of determining η and related strategies to improve
the UC have not been presented.40 To resolve these problems,
it is necessary to investigate the molecular conformation effects
of the spin-state characteristics during the TTA process.
Several studies have discussed the spin state of the TT in the
TTA process in both solid and liquid phases. Magneto-
luminescence (ML) effects on the TTA processes were studied
in the 1960s and 1970s.1,3,5,6,41 In these, the theoretical
reaction models considering the TT state were proposed. In
recent research on TTA-UC, the spin state of the TT has often
been discussed based on a simple model in which two triplets
are coupled with strong exchange interaction causing one
singlet-TT sublevel (|S⟩), three triplet-TT sublevels (|Tm ds,T

⟩)
and five quintet-TT sublevels (|Qm ds ,Q

⟩),41−44 where ms

represents the spin angular momentum (ms,Q = ±2, ±1, 0 for
the quintet and ms,T = ±1, 0 for the triplet), respectively. In the
TTA process, populations of all nine spin sublevels of the TT
are equally 11.1% according to the spin statistics in the initial
encounter. Only η = 11.1% in TTs can thus contribute to the
TTA-UC from the spin-statistical limit.45 However, for an
actual TTA-UC system such as PtOEP/DPA, η is beyond this
limit.40,46−51 The TTA reaction models used to explain the
experimental results were proposed in a few reports.10,52,53

They have investigated the ML effects in the TTA-UC system
and proposed the UC pathways with which three different
molecular conformations are involved in the TT states in the
crystalline systems. Also, spin dynamics of the TTA process is
important because the TTA process requires spatial motions of
excitons during the encounter with the counterpart exciton.
Several groups have discussed such spin dynamics of TT in
investigations of the ML effects of the liquid TTA-UC
systems.54−56 However, the mechanism exceeding η = 11.1%
is not clear in the disordered environments such as in
amorphous solid. In particular, spin-state populations in the
TT state, i.e., populations of the nine diabatic spin characters
of the singlet, triplet, and quintet TTs, have not been
investigated in the TTA-UC system.10 The observation of
the time dependence of electron spin polarization (ESP)
caused by the spin-state populations is often fruitful in
understanding the local electronic structure of the transient
TT such as a distance and a mutual orientation between two
triplets.13 By investigating the time evolution of ESP during the
TTA process, one can expect to elucidate its mechanism by
taking into consideration the exciton mobility and conforma-
tion.9 Concerning the TTA-UC, liquid-phase TTA-UC
systems were extensively examined.42 However, the quick
random rotation of the emitter molecule prevents us from
observing the magnetic anisotropy by the spin dipolar coupling
of the triplet in the solutions, and thus, they are not suitable for
studying the effect of the conformation on the ESP. A solid-
state TTA-UC system can be useful for studying the spin state
from the microscopic viewpoints when the exciton diffusion is
not significantly high.

To reveal the TTA-UC mechanism exhibiting high η and
ΦUC in the disordered system, we performed continuous-wave
time-resolved electron paramagnetic resonance (TREPR)
measurements of a solid-state film as a TTA-UC sample to
characterize the ESP of the triplet state in the emitter. Figure
1a shows a schematic cross-sectional view of the film sample

used in this study. This sample is composed of two layers�an
amorphous rubrene layer as the emitter (or donor) and a 3,9-
bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-dichloro)-in-
danone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-
d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]dithiophene (ITIC-Cl)
layer as the sensitizer (or acceptor)�and exhibits a high η
value of 64%.57,58 It is reported that the upconversion
efficiency of the bulk heterojunction (BHJ) film of rubrene/
ITIC-Cl was significantly lower than that of the planar
heterojunction (PHJ).59 Therefore, the PHJ film is more
suitable for the up-conversion application. In addition, a
multilayer amorphous film of rubrene/ITIC-Cl cannot be
prepared because the underlying rubrene layer will be dissolved
and crystallized when the ITIC-Cl is spin-coated repeatedly.
For these reasons, we prepared a bilayer film in this study.
Rubrene (Tokyo chemical industry, sublimed grade) and
ITIC-Cl (Ossila) were used without further purification. ITIC-
Cl (right-hand side of Figure 1b) was spin-coated on the glass
substrate. After that, rubrene (left-hand side of Figure 1b) was
deposited on top of the ITIC-Cl layer by thermal deposition
under high-vacuum conditions (∼10−5 Pa). The film
thicknesses of the layers were measured by using a surface
profilometer (Dektak 150, Veeco). The thicknesses of the
rubrene and ITIC-Cl layers were 100 and 23 nm, respectively.
Because the sample film was too large to be loaded into an
EPR quartz tube (outer diameter 5 mm, inner diameter 4
mm), it was manually cut into several pieces and loaded into
the EPR tube, as shown in Figure 1c. This ensures enough
optical density for the 720 nm laser absorption because the
irradiation path length is long enough due to the overlapping
multiple cut films. Finally, the sample space was purged with
nitrogen gas to prevent deterioration. In this sample, the TTA-

Figure 1. (a) Cross-sectional view of the rubrene/ITIC-Cl bilayer
sample used in this study. Flow of the TTA-UC process through a
former process in which the triplet exciton is generated at the
rubrene/ITIC-Cl interface is schematically shown. As a substrate, we
used a cover glass (C018181, Matsunami Glass Ind., Ltd.) in which
the area was 1.8 × 1.8 mm2 and the thickness was on the order of 0.1
mm. (b) Molecular structures of rubrene (left) and ITIC-Cl (right).
(c) Picture of the sample in the EPR quartz tube.
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UC process can be induced by the irradiation of infrared light
as shown in Figure 1a. Incident infrared light is absorbed by
the ITIC-Cl layer, and the first-excited singlet (S1

sen) is
generated and diffuses in the layer. Previous reports showed
that the translational diffusion lengths of the S1

sen in the ITIC
series or nonfullerene acceptors are on the order of 10
nm.60−63 Therefore, we consider that most of the excitons in
ITIC-Cl reach the interface of rubrene and ITIC-Cl layers. At
the interface, charge-separated states are created at the
rubrene/ITIC-Cl interface. These separated free charges are
encountered at the interface. Because the energy of the re-
encountered triplet charge-transfer (CT) state is higher than
the energy of the locally excited triplet rubrene molecule, the
first excited triplet (T1) is formed by the bimolecular
recombination in the rubrene layer. Subsequently, T1 diffuses
in the rubrene layer for the TTA-UC.

The TREPR measurements were performed using a Bruker
EMXplus spectrometer at 80 K. It is noted that we obtained
the temperature dependence of the TTA-UC emission
intensity in this system as shown in Figure S1. This confirms
that TTA-UC occurs even at 80 K. Light excitation was
performed by combining the third harmonic (355 nm) of a
Nd:YAG laser with an optical parametric oscillator (Con-
tinuum Surelite OPO Plus, fwhm = 5 ns). The wavelength of
the excitation light was 720 nm. A light depolarizer was placed
between the laser output and the optical window of the EPR
cavity. The excitation light power was 5.5 mJ/pulse, which
corresponds to an excitation light power density (Iex) of 194
mW/cm2. Because the TTA process is one of the bimolecular
reaction processes, the probability of the TTA event depends
on the Iex value.38,64 It has been investigated that the threshold
intensity (Ith), which is the lower limit at which TTA becomes
the dominant quenching process of the triplet state, is 39 mW/
cm2 for the rubrene/ITIC-Cl system at room temperature.57

The Ith value of the rubrene/ITIC-Cl system at low
temperature has not been investigated and may be higher
than that at room temperature. We checked the dependence of
the Iex on the intensity of the spin-polarized EPR signal
obtained at two magnetic fields (345 and 360 mT) as shown in
Figure S2. The slope of the double logarithmic plot at 360 mT
exceeds 2 in the low power range. On the other hand, this
slope is smaller than 2 and reaches 1 in a higher power range.
This demonstrates that the EPR signals are generated by a
combination of the following two bimolecular reaction
processes: 1) the electron−hole recombination by the
interfacial free carriers to the triplet product and 2) the
subsequent TTA. More details are described in Figure S2.

Figure 2 shows the TREPR spectra of the rubrene/ITIC-Cl
bilayer film obtained at 80 K. The delay time after the
irradiation of excitation light is shown on the right side of each
TREPR spectrum in this figure. The signals above and below
the baseline correspond to microwave absorption (A) and
emission (E), respectively. Intense emission signals are mainly
observed in the magnetic field range from 320 to 370 mT,
suggesting that this broad component originates from spin−
spin dipolar interaction in the triplet exciton of the rubrene
molecule for the TTA-UC process. In addition, weak, sharp
emission signals are also observed in the center field for g =
2.00 (340 mT). The emissive signal reached a maximum
intensity at about 0.6 μs. Time evolutions of the EPR signal
intensities at 345 and 360 mT are shown in Figure S3.

To interpret the asymmetric line shapes of the TREPR
spectra in Figure 2 with the emissive polarization in the

exciton, we consider the development of the TT states created
by the encounter of the separated triplet excitons, as shown in
Scheme 1. At first, one triplet exciton diffuses in the rubrene
layer and encounters another triplet via the bimolecular
process, resulting in the formation of TT. The distance
between two triplets becomes very small and strongly coupled
via the exchange interaction (J). The energy differences
between |S⟩ and |Tm ds,T

⟩ and between |Tm ds,T
⟩ and |Qm ds,Q

⟩ are
represented by 2J and 4J, respectively. Under the strongly
exchange-coupled state (J = J1 in Scheme 1), because the
energy levels in |S⟩, |Tm ds,T

⟩, and |Qm ds,Q
⟩ are highly separated, only

the singlet TT can be converted to the first excited singlet |
S1

emi⟩ by TTA. Remaining TTs can undergo T-T dissociation
by the exciton diffusion in the rubrene domain. When the
exchange interaction becomes weak (|J| = |J2| < |J1| in Scheme
1), the energy differences between |S⟩ and |Qm ds,Q ≤ 0⟩ become
small enough to allow the spin conversion between |S⟩ and |
Qm ds,Q ≤ 0⟩ by the level crossing mechanism in the presence of
the external magnetic field.65 The conversion is also possible
between |Tm ds,T

⟩ (ms,T = 1, 0, −1) and |Qmds,Q
⟩ (ms,Q = 1, 0, −1)

with ms,T = ms,Q in highly separated TT with |J| = 0. Due to
random exciton diffusion in the rubrene film, the strength of
exchange coupling becomes strong and weak repeatedly.
Thanks to such a modulation of J, the |Tm ds,T

⟩ and |Qm ds,Q
⟩

diabatic characters can be consumed by the TTA via the spin
conversions, realizing the efficient TTA-UC.57 On the other

Figure 2. TREPR spectra of the rubrene/ITIC-Cl bilayer film
obtained at several delay times after the excitation light was used to
irradiate. The green dotted line is the baseline for each delay time.
The microwave power and frequency were 20 mW and 9.672 GHz,
respectively.
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hand, the residual triplets can be completely isolated (right
blue part of Scheme 1) after TTA in the presence of the
external magnetic field. Here, the amounts of transferred spin
from each sublevel of |Tm ds,T

⟩ and |Qm ds,Q
⟩ to |S⟩ are determined

by the interactions represented by ⟨Tm ds,T
|HZFS|S⟩ and ⟨Qm ds,Q

|
HZFS|S⟩ , respectively, where HZFS represent the zero-field
splitting (ZFS) interaction by the dipolar coupling within the
triplet exciton.9 When negative J coupling is applied, the |Q+2⟩
sublevel is isolated from these spin conversions because this
level does not undergo the level crossing in the high-field limit.
This |αααα⟩ thus generates the TTA-induced ESP in the TT
state with an emissive spin polarization. In contrast, isolated
triplet states (T+, T0, and T−) generated after the SF are
reported to possess the dominant sublevel population in |T0⟩ ,
while the lowest sublevel |T−⟩ had more population than that
in the upper sublevel |T+⟩.65,66 “AEE-AAE” (A, absorption; E,
emission) pattern line shapes of triplet TREPR spectra were
reported in the SF system in the TIPS-pentacene and TIPS-
tetracene thin films13,67 and in the pentacene dimer.8 Because
the TTA is an inverse process of SF, we expect that the
separated triplet state after the TTA exhibits an inverse pattern
of the ESP compared with the pattern in the SF system, as
shown in the right blue part of Scheme 1. This ESP pattern
corresponds to the “EAA-EEA” pattern line shape of the EPR

spectrum, as shown at the top of Figure S4, although the
TREPR spectrum does not exhibit clear fine structure, as
shown in Figure 2. In amorphous rubrene, the orientation
between adjacent rubrene molecules is random. Thus, the
triplet exciton diffuses by randomly rotating its principal axes
of the spin−spin dipolar coupling about the direction of the
external magnetic field. When the exciton rapidly rotates, it is
expected that the line width of the EPR spectrum becomes
small due to the motional narrowing effect.68 To prove the
above hypothesis about the spin characters and the mobility of
the triplet exciton, we performed line shape analysis using a
spectrum simulation for an isolated triplet state. For this, we
first determined sublevel populations (Figure 3) in the isolated
triplet excitons on the diffusing excitons. Next, we simulated
the sublevel spin population to understand the spin polar-
ization of the isolated triplets.

To perform line shape analysis, we carried out the simulation
of the EPR spectrum for an isolated triplet state under the
consideration of the orientational motion caused by the triplet-
exciton hopping between neighboring rubrene molecules in the
presence of an external magnetic field.69−71 Calculation
procedures to obtain the simulated EPR spectrum are
described in the Supporting Information. To obtain a
simulated EPR spectrum, it is necessary to consider various

Scheme 1. Model of the TTA-UC Process in the Amorphous Rubrene Film for the Emissive TREPRa

aThe left gray part shows separated triplet states before TTA. The center red and yellow parts show encountered coupled TTs. The right blue part
shows the separated triplet state after the TTA. Bottom parts show spin states of individual triplets and TTs. Sublevel populations are developed
during TTA and dissociation. The bottom right shows the expected EPR spectrum when T+ is overpopulated in the separated triplet and the
exciton rotates during the exciton diffusion in the amorphous phase.
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parameters. 1) The ZFS parameters, 2) the triplet sublevel
populations, and 3) the hopping rate constant (khop) are the
key parameters. The best combination of these parameters was
obtained to reproduce the observed TREPR spectra. Figure 3a
shows a simulated EPR spectrum using optimum parameters
and the TREPR spectrum observed at a 0.6 μs delay time. The
line shape of the simulated spectrum satisfactorily agrees with
the experimental spectrum. First, ZFS parameters were
determined to be D = 0.050 cm−1 with |E| = 0.0052 cm−1,
where D and E represent magnetic anisotropies along the z axis

and xy plane in the molecular-axis frame, respectively. In this
experiment, several species of excitons are possible candidates
for the origin of EPR signals. Parameterized ZFS thus helps us
to identify the origin of the EPR signal. To our knowledge,
ZFS parameters of rubrene have not been reported. However,
D = 0.052 cm−1 and E = −0.0052 cm−1 in tetracene66 are
reasonably compatible with the present parameters of the ZFS
for the rubrene which is the derivative of tetracene. Therefore,
we confirmed that observed TREPR spectra originate from the
triplet dynamics of rubrene undergoing TTA-UC.

Second, populations of isolated triplet-exciton sublevels were
determined, as shown in Figure 3b. Populations in the upper
sublevel |T+⟩ and the lower sublevel |T−⟩ are higher than that
in |T0⟩ , and the population of |T+⟩ is almost twice as large as
that of |T−⟩. Third, the hopping rate constant khop was
estimated. The simulated EPR spectra with various khop values
in the rubrene system are shown in Figure S4. We found that
an overall line shape of the simulated EPR spectrum with khop
= 1 ns−1 is similar to that of the experimental spectrum. But the
simulated spectrum does not reproduce a sharp emission signal
observed at around 345 mT. This motional narrowing signal
can be reproduced when khop ≥ 100 ns−1. We note that we
cannot estimate the order of the khop value accurately when
khop is larger than 100 ns−1 because the susceptibility of the line
shape to khop is small. As a result, the TREPR spectrum was

Figure 3. (a) Calculated spin-polarized EPR spectrum shown by the
red line upon applying khop = 1 ns−1. The TREPR spectrum observed
at a 0.6 μs delay time is also shown (black). (b) Sublevel populations
in the isolated triplet state used to obtain the red spectrum in (a).
Population numbers are relative values among the triplet sublevels.

Figure 4. Spin states considered in our theoretical calculation model. kF and kD are the transition rate constants between (a) weakly exchange-
coupled TT (T···T state) and (b, c) strongly exchange-coupled TTs (TT1 and TT2 states). In this study, we set these parameters as follows: kF =
0.08 ns−1, kD = 1.0 ns−1, kh = 1.1 ns−1, kh,−1 = 1.0 ns−1, and kUC = 0.26 ns−1. Parameters about the conformation of TTs are given in Table S3.
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completely reproduced by a summation of the two computed
spectra of khop = 1 ns−1 and khop ≥ 100 ns−1. We thus found
that most of triplets diffuse in the rubrene layer with khop = 1
ns−1 and that a small amount of those diffuse with khop ≥ 100
ns−1.

The khop value of the triplet exciton depends on the material
morphology. In the following, we evaluate the validity of the
above khop values. The khop can be obtained by using
Smoluchowski−Einstein theory72

D
d k d

6 6T

2

R

hop
2

= =
(2)

where DT is the translational diffusion constant, d is the
distance between the chromophores, and τR is the hopping
time between the chromophores that coincides with the
reciprocal of khop. To calculate khop, d and DT are required. In
an amorphous solid, although the intermolecular distance of d
is not known, we can assume that the averaged value of d is
equal to the size of the unit cell of the single crystal because
molecular packing is inhibited by the phenylene moieties in
rubrene. We thus used d = 0.7 nm, which was the
intermolecular distance along the b axis of a rubrene single
crystal.73 According to previous reports,72,74,75 DT for the
triplet exciton in amorphous rubrene is 10−6−10−7 cm2 s−1

while DT in the single crystal rubrene is 10−4−10−5 cm2 s−1. By
using these reported parameters, we estimate that khop is 0.12−
1.2 ns−1 for amorphous rubrene and 12−120 ns−1 for single
crystal rubrene, respectively. Compared with the khop values
estimated by TREPR, khop = 1 ns−1 for most of the triplets is in
the range of the amorphous region and khop ≥ 100 ns−1 of
those is in the range for the minor single crystal domain. This
result is reasonable since the amorphous rubrene has been
used in our TREPR measurements. Our result of the analysis
implies that a small region of crystalline morphology is
included in the rubrene film during our sample preparation
process, although our process recipe has been developed to
produce an amorphous rubrene film. It seems difficult to
produce a perfect amorphous layer.

In this study, the EPR signal from the CT triplet state was
not obtained. According to the result of a transient absorption
measurement in a previous report,59 the lifetime of the CT
triplet in the rubrene/ITIC-Cl system is less than 1 ns, which is
much shorter than the time resolution of our EPR apparatus
(100 ns), so the CT triplet cannot be detected. One of the
reasons for the quick triplet recombination dynamics is that the
accumulated interfacial charges are created over a limited
volume area in the present two-layer film (Figure 1a). In
addition, the amorphous morphology in the rubrene layer plays
a role in inducing the quick CT recombination because hole
dissociation is inhibited from the interfacial CT state.

EPR signals of the quintet-TT states have often been
observed in the SF system.8,9,13,65,67,76 In the intermolecular SF
systems of thin films, however, the triplet dissociation is
entropically favorable compared with the strongly coupled TT
at 80 K.13 The absence of the quintet-TT states in the present
system is consistent with the previous SF-induced triplet EPR
in the TIPS-pentacene amorphous films13 at 80 K and in the
TIPS-tetracene thin films (>50 K), although quintet EPR was
reported in the solute aggregates at 80 K.65,67 In the linked SF
systems, on the other hand, thermal activation is required to
result in the weakened spin−spin exchange coupling in the
triplet pairs by the dimer conformation changes, contributing

to the strong quintet-TT signals. Unlike the SF system,
because triplet diffusion is essential to generating the
encountered TT state in the TTA system, it is highly
challenging to detect the EPR signal of the quintet-TT state.

To understand the role of the dynamic conformation effect
by HZFS on the spin conversion, we computed the sublevel spin
population of the TT state during the TTA-UC process using a
model based on our hypothesis in Scheme 1 for reproducing
the spin polarization of the isolated triplet in Figure 3b. Figure
4 shows the simulation model considering a weakly exchange-
coupled TT (blue part of Figure 4) and two types of strongly
exchange-coupled TT states (orange parts of Figure 4). In the
weak coupling (T···T), two triplets are not electronically
coupled (J ≈ 0 mT) due to the large distance between the
excitons. When J is weaker than HZFS, quintet−triplet−singlet
mixings may occur through HZFS.9,13,76 The spin-state
transition between the T···T state and the strongly exchange-
coupled TT1 state occurs with rate constants of kF and kD by
the change in the distance between two diffusing triplets as
shown in Figure 4. In the strongly exchange-coupled systems
(Figure 4b,c), we define two types of states (a TT1 state and a
TT2 state) with different mutual orientations between two
triplets, i.e., molecular conformations of the TT states. In the
amorphous rubrene film, the conformational change in the TT
reasonably occurs by the intermolecular hopping of the triplet
exciton between adjacent rubrene molecules. Such a conforma-
tional change also affects the J value because the exchange
interaction originates from the overlaps of electron orbitals
between the two triplets.13 The conformational change is
represented by the spin-state transition between the TT1 (J =
−1800 mT) and TT2 (J = −113 mT) states with rate constants
of kh and kh,−1. Due to the strong exchange interaction which is
much larger than the Zeeman interaction (gμBB0 ≪ |J|) for the
TT1 state, energy levels among |S⟩ , |Tm ds,T

⟩ , and |Qm ds,Q
⟩

sublevels are highly separated so that the spin interconversions
among |S⟩ , |Tm ds,T

⟩ , and |Qm ds,Q
⟩ are inhibited. In the TT2 state,

the spin-state mixings are allowed by the level crossing
mechanism65 under an external magnetic field of about 340
mT, as mentioned in Scheme 1. The population in |S⟩ in TT1
is then transferred to the |S1

emi⟩ state with the rate constants of
kUC. The triplet TTA causing high-level reverse intersystem
crossing is not considered at 80 K, because this is endothermic
in rubrene.52

The spin Hamiltonians of the TT1, TT2, and T···T states are
composed of the Zeeman interaction, ZFS interactions in the
individual triplets, spin−spin dipolar coupling between the
triplets, and exchange interaction between the triplets.9 Energy
levels of spin sublevels in the TT1 state were calculated by
diagonalization of the spin Hamiltonian. From the matrix
elements of the magnitudes of the spin Hamiltonian calculated
for the TT2 state in the TT1 basis, we confirmed that quintet−
singlet mixings effectively occur and that the quintet−triplet
and triplet−singlet mixings hardly occur (see Table S4).
Therefore, the quintet−triplet and triplet−singlet spin
interconversions in the strongly exchange-coupled states were
ignored in this simulation. As an initial condition (T = 0 μs),
we set the populations of the nine spin sublevels in the T···T
state to be equally 11.1%. On the other hand, the populations
in the TT1 and TT2 states were zero. Transition rates among
three states (kD, kh, and kh,−1) are set to be approximately 1
ns−1 from the hopping rate constant khop estimated in this
study. The kinetics of the density matrix elements in the

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.3c03602
J. Phys. Chem. Lett. 2024, 15, 2966−2975

2971

https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c03602/suppl_file/jz3c03602_si_001.pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c03602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


diabatic TT1 basis system was computed by solving coupled
stochastic Liouville equations for the T···T, TT1, and TT2
states.9,76 Because the matrices of the ZFS tensors in TT1, TT2,
and T···T states are dependent on the orientations of the
principal axes in the ZFS tensor (D2) for the second rubrene
molecule with respect to the principal axes in the ZFS tensor
(D1) for the first rubrene molecule, the principal axes in the D2
tensor are specified by using Euler rotation angles (α, β, and γ)
with respect to the principal axes in the D1 tensor. In this
computation (Figure 4), Euler rotation angles were set to be
representative values in the TT1 and T···T states. Alternatively,
as shown in Figure 4c, various angles (β) in TT2 states are
considered because we expect that the sublevel spin
populations are represented by an ensemble average from
the various TT2 conformations in the amorphous solid. This is
relevant to the random orientation dynamics concluded from
the line-shape analysis of the TREPR spectra. The details and
parameters of the computing method are described in the
Supporting Information, section 6. Simulation results of the
populations of all spin sublevels in the T···T state and the S1

emi

state from T = 0.0 to 1.0 μs under an external magnetic field of
340 mT are shown in Figure 5. The population of the S1

emi state
gradually increases and reached 77.0% at T = 1.0 μs. On the
other hand, the populations of all nine spin sublevels in the T···
T state gradually decrease. Differences in depopulation rates
among sublevels reflect the anisotropy of the ZFS interaction,
strength of the exchange interaction, and spin-state transition
rate constants. We summarize the populations of all spin

sublevels in the T···T state and the S1
emi state at T = 0.0 and 1.0

μs in Table S8. Remarkably, at T = 1.0 μs, the resultant
populations of |Q+2⟩ and |Q−2⟩ sublevels are 10.9 and 6.2%,
which are larger than those of other sublevels. Resultant
excitons are finally dissociated to isolated triplets, which
maintain the ESP derived through the TTA process. As shown
in the yellow part of Scheme 1, in the high-field approximation,
spin wave functions of |Q+2⟩ and |Q−2⟩ sublevels are
represented by using the spin wave functions of individual
triplet sublevels T+ and T− as follows: |Q+2⟩ = |T+ T+⟩ and |
Q−2⟩ = |T− T−⟩ , respectively.77 Thus, the populations in |Q+2⟩
and |Q−2⟩ sublevels in the T···T state result in |T+⟩ and |T−⟩
sublevel populations in the individual triplet states, respec-
tively. This is coincident with the ESP estimated by our
TREPR measurements, as shown in Figure 3b. Thus, we
confirmed that the present conformation model causing the
spin-state mixing reasonably explains the emissive and
asymmetric TREPR pattern in Figure 3.

The dependences of angle β in the TT2 state on the sublevel
spin populations in the T···T state under the external magnetic
field of 340 mT are shown in Figure S6. We found that the
populations in the T···T state depend on β while its
dependence is small. This indicates that the TTA-UC proceeds
without much restriction on the molecular conformation in the
amorphous rubrene system. Furthermore, we also calculated
the population of the S1

emi state at zero field (0 mT). It is
notable that the population of the S1

emi state, corresponding to
η in this computation, reaches 77.5% at T = 1.0 μs (Figures S7

Figure 5. (a−c) Calculation results of spin population on the T···T state in the TT1 basis for (a) five |Qmds,Q
⟩ sublevels, (b) three |Tmds,T

⟩ sublevels and
|S⟩ , and (c) an emissive singlet (|S1

emi⟩ ). (d) Summary of spin populations for all spin sublevels of the T···T state and |S1
emi⟩ state at T = 1.0 μs

under an external magnetic field of 340 mT. The populations were calculated by taking an ensemble average over the various β values (0° ≤ β ≤
90°).
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and S8), which agrees with a previous report of η = 64% on the
amorphous rubrene system.57,58 The high η is thus due to the
following. First, from the matrix elements of the spin
Hamiltonian calculated for the TT2 state and the T···T state
at zero field (Tables S6 and S7), it is clear that the quintet-to-
singlet spin interconversions in the TT2 state and the triplet-to-
quintet and quintet-to-singlet spin interconversions in the T···
T state occur efficiently. Second, the intermolecular hopping
rate of the triplet exciton (khop = 1 ns−1) plays an effective role
in increasing the population of the |S⟩ state. The slower the
exciton diffusion, the more efficient the spin state mixing by
the ZFS-induced level-crossing mechanism. Previously, a
similar mechanism was demonstrated in the chemically
induced dynamic electron polarization (CIDEP) systems
with radical-triplet pairs for DT < 10−5 cm2 s−1.78 Since DT
of an amorphous rubrene film (10−6−10−7 cm2 s−1) exhibits
values smaller than 10−5 cm2 s−1, the spin state mixings will
take place effectively.65 In addition, random exciton hopping
induces modulations of exchange interactions originating from
the modulation of the distance or of the molecular orientation
between two triplets. Thanks to the molecular conformation
dynamics by random exciton hopping with khop = 1 ns−1, the
spin sublevels of the TT state are mixed at the level-crossing
region efficiently during the TTA process. The above mixing
mechanism thus contributes to the efficient spin population
transfers from |Tm ds,T

⟩ and |Qm ds,Q
⟩ to |S⟩ in the TT and to the

realization of high η in the amorphous rubrene layer, causing
the emissive spin polarization in the residual triplets.

In conclusion, we investigated the spin dynamics in the TTA
process in a rubrene/ITIC-Cl bilayer film, which was known as
a highly efficient TTA-UC system in the solid state. We
observed the spin-polarized separated triplet state in the
rubrene layer by the TREPR method and estimated the
intermolecular hopping rate of the triplet exciton. We
proposed a theoretical model about the spin dynamics on
the TTA process to interpret the TREPR results and simulated
the ESP of the exchange-coupled TT state by utilizing several
parameters such as the ZFS constant and the hopping rate
constant determined by TREPR. Simulation result shows that
the efficient triplet-to-quintet and quintet-to-singlet spin
interconversions induced by anisotropic ZFS interaction
occur during the TTA process, and the modulation of
exchange interaction in the TT state with a rate constant of
1 ns−1 reinforces the spin population transfer from |Tm ds,T

⟩ and |
Qm ds,Q

⟩ sublevels to |S⟩. We also note that the exciton diffusion
with random orientation dynamics between the two triplets
causes the modulation of the exchange interaction. We
concluded that such molecular conformation dynamics
contributes to the improvement of η in the amorphous
rubrene film. Our findings for the spin interconversion
mechanism in the TTA-UC system may act as a guide to
the development of novel materials exhibiting highly efficient
light-to-energy conversion systems.79
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(74) Radiunas, E.; Dapkevicǐus, M.; Raisy̌s, S.; Kazlauskas, K. Triplet
and singlet exciton diffusion in disordered rubrene films: implications
for photon upconversion. Phys. Chem. Chem. Phys. 2022, 24 (39),
24345−24352.

(75) Irkhin, P.; Biaggio, I.; Zimmerling, T.; Döbeli, M.; Batlogg, B.
Defect density dependent photoluminescence yield and triplet
diffusion length in rubrene. Appl. Phys. Lett. 2016, 108 (6),
No. 063302.

(76) Nakamura, S.; Sakai, H.; Nagashima, H.; Fuki, M.; Onishi, K.;
Khan, R.; Kobori, Y.; Tkachenko, N. V.; Hasobe, T. Synergetic Role
of Conformational Flexibility and Electronic Coupling for Quantita-
tive Intramolecular Singlet Fission. J. Phys. Chem. C 2021, 125 (33),
18287−18296.

(77) Benk, H.; Sixl, H. Theory of two coupled triplet states. Mol.
Phys. 1981, 42 (4), 779−801.

(78) Kobori, Y.; Takeda, K.; Tsuji, K.; Kawai, A.; Obi, K. Exchange
Interaction in Radical−Triplet Pairs: Evidences for CIDEP Gen-
eration by Level Crossings in Triplet−Doublet Interactions. J. Phys.
Chem. A 1998, 102 (27), 5160−5170.

(79) Imahori, H.; Kobori, Y.; Kaji, H. Manipulation of Charge-
Transfer States by Molecular Design: Perspective from “Dynamic
Exciton”. Acc. Mater. Res. 2021, 2 (7), 501−514.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.3c03602
J. Phys. Chem. Lett. 2024, 15, 2966−2975

2975

https://doi.org/10.1002/adma.201605444
https://doi.org/10.1002/adma.201605444
https://doi.org/10.1002/adma.201605444
https://doi.org/10.1021/jz100566u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz100566u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1TC01569A
https://doi.org/10.1039/D1TC01569A
https://doi.org/10.1002/anie.202012419
https://doi.org/10.1002/anie.202012419
https://doi.org/10.1002/adfm.202106198
https://doi.org/10.1002/adfm.202106198
https://doi.org/10.1021/jacs.1c13222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c13222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.1c00322?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.1c00322?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.1c00322?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41563-022-01368-1
https://doi.org/10.1038/s41563-022-01368-1
https://doi.org/10.1080/00268977500100801
https://doi.org/10.1080/00268977500100801
https://doi.org/10.1021/acs.jpcb.5b11208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b11208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz401342b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz401342b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz401342b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41566-021-00904-w
https://doi.org/10.1038/s41566-021-00904-w
https://doi.org/10.1038/s41566-021-00904-w
https://doi.org/10.1002/adma.201605987
https://doi.org/10.1002/adma.201605987
https://doi.org/10.1038/s43246-022-00300-z
https://doi.org/10.1038/s43246-022-00300-z
https://doi.org/10.1038/s43246-022-00300-z
https://doi.org/10.1038/s41467-020-19029-9
https://doi.org/10.1038/s41467-020-19029-9
https://doi.org/10.1039/D0TA06017H
https://doi.org/10.1039/D0TA06017H
https://doi.org/10.1039/D0TA06017H
https://doi.org/10.1021/acs.jpcc.1c06448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c06448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12982?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12982?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz300012u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz300012u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b02396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b02396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0009-2614(72)80404-4
https://doi.org/10.1016/0009-2614(72)80404-4
https://doi.org/10.1016/0009-2614(72)80404-4
https://doi.org/10.1038/nphys3908
https://doi.org/10.1063/1.1675142
https://doi.org/10.1063/1.1675142
https://doi.org/10.1073/pnas.0812660106
https://doi.org/10.1073/pnas.0812660106
https://doi.org/10.1073/pnas.0812660106
https://doi.org/10.1021/jp0258210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0258210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0258210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c10236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c10236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5EE00925A
https://doi.org/10.1039/C5EE00925A
https://doi.org/10.1038/s41598-019-46080-4
https://doi.org/10.1038/s41598-019-46080-4
https://doi.org/10.1039/D2CP02798D
https://doi.org/10.1039/D2CP02798D
https://doi.org/10.1039/D2CP02798D
https://doi.org/10.1063/1.4941756
https://doi.org/10.1063/1.4941756
https://doi.org/10.1021/acs.jpcc.1c04734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c04734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c04734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/00268978100100631
https://doi.org/10.1021/jp980870r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp980870r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp980870r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/accountsmr.1c00045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/accountsmr.1c00045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/accountsmr.1c00045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c03602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

