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Structure and dynamics of triplet-exciton pairs
generated from singlet fission studied via magnetic
field effects
Masanobu Wakasa1, Tomoaki Yago 1, Yoriko Sonoda 2 & Ryuzi Katoh3

Singlet fission is the conversion of a singlet exciton to a pair of triplet excitons followed by a

diffusion process to form two free triplet excitons. The quantum yield of singlet fission per

photon can exceed 100%. Singlet fission is thus an attractive way to enhance solar-cell

performance. However, singlet fission events are not well characterized. In particular, the

structure and diffusion pathways of triplet-exciton pairs, which strongly affect the efficiency

of the singlet fission event, are unclear. Here we study the magnetic field effects (MFEs) on

the singlet fission of diphenylhexatriene (DPH) and fluorinated DPHs crystals. Their fluor-

escence intensities show clear MFEs and the shape of the MFE curve depends on the crystal

structure. Analysis of MFEs with the stochastic Liouville equation reproduces the MFE curve

well. This use of MFEs allows one to determine the structure and diffusion pathways of

triplet-exciton pairs, and to predict the efficiency of singlet fission events.
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S inglet fission (SF) is a process by which a singlet exciton (S1)
on a molecule splits into two triplet excitons located on
different molecules1,2. As shown in Fig. 1, triplet excitons

are derived from a correlated triplet-exciton pair (TP). Diffusion
of the triplet excitons leads to transformation of the correlated TP
into a separated TP and finally yields two free triplet excitons
(2T1)3,4. The reverse process is triplet fusion (TF), which gen-
erates a S1 from 2T1.

The fact that two triplet excitons can each form an electron
makes it possible for the quantum yield per photon to exceed
100%5. The first generated TP is in a pure singlet state 1(T1T1)
composed of unpaired electron spins in the TP3,4,6. Singlet fission
is therefore a spin-allowed process and the generation of triplet
excitons occurs rapidly (in some case, on a sub-100 fs timescale)
and efficiently7,8.

Since 2000, interest in singlet fission has been greatly stimu-
lated by the possibility that it might be used to increase the
maximum efficiency of solar cells9 to more than 40%, greater than
the value of Shockley–Queisser limit (32%)10 for single-junction
devices. Extensive experimental and theoretical studies of this
possibility have been carried out5,11–29. As the efficiency of cor-
related TP generation and the process of fast diffusion of TPs to
form free triplet excitons affect the overall efficiency of singlet
fission, the characterization of TPs, especially their structure and
diffusion pathways, is critical to optimizing singlet fission events.
However, this characterization is a difficult task, because the
relevant processes—diffusion of a triplet exciton, triple fusion,
and the spin dynamics of TP—are complicated. Covalently linked
dimers in which triplet excitons are fixed have recently been
employed to clarify the structure–function relationship in singlet
fission28–36. However, details of the structure and diffusion
pathways of TPs are still unclear.

In a TP, spin states and spin dynamics are influenced by
magnetic fields1–4,37,38. In the case of a correlated TP in which
there was a distinct exchange interaction, we recently reported
that singlet fission from an organic crystal of 1,6-diphenyl-1,3,5-
hexatriene (DPH) showed clear magnetic field effects (MFEs) at
magnetic field strengths of 0–5 T38. These MFEs on the fluores-
cence of DPH could be explained by the level crossing of corre-
lated TP. We successfully determined the structure of correlated
TP in the DPH crystal by analyzing the angular dependence of
MFE37. Thus, the measurement of MFEs appears to be one of the
most powerful methods for investigating singlet fission events in
organic materials1–4.

In the case of a separated TP, the exchange interaction is
negligibly small, because the distance between the two triplet
excitons is too large. Figure 2 shows a schematic representation of
the spin dynamics in TPs generated by singlet fission. In the
absence of a magnetic field, some of the initial singlet TPs are
converted to quintet and triplet TPs by spin relaxation and
coherent spin state mixing induced by dipole–dipole coupling in a
triplet exciton (black arrows). Coherent spin conversions caused
by dipole–dipole coupling are not allowed between the singlet and
triplet directly. However, a singlet TP can be converted to a triplet
TP via a quintet if the lifetime of the separated TPs is long
enough. As the magnetic field also connects the spin states (blue
arrows), the population conversion between the singlet and other
spin states of the TP can be accelerated or decelerated by the field.
The population of the singlet TP is different in the presence and
absence of a magnetic field. As the spin state selective triplet
fusion from the singlet TP to the singlet exciton projects the
population of the singlet TP onto the population of the singlet
exciton, the MFEs on the intensity of fluorescence become
apparent. Therefore, MFEs on the fluorescence of organic solids
contain much information about the singlet fission events, such as

the singlet fission and triplet fusion rates, diffusion of triplet
exciton, and spin dynamics.

Typical MFEs on fluorescence for singlet fission materials
consist of (1) a decrease in fluorescence intensity in magnetic
fields with strengths weaker than or comparable to that of
dipole–dipole coupling and (2) an increase in fluorescence
intensity in stronger magnetic fields3,4. In the absence of a
magnetic field, the spin states in separated TPs are defined based
on the dipole–dipole coupling in a triplet exciton. In the presence
of an external magnetic field, the spin states in TPs are also
affected by the magnetic field. When a weak magnetic field is
applied to the TPs, coherent spin-state mixing is enhanced and
the population of the singlet state is efficiently transferred to other
spin states of the TPs. As a result, the fluorescence intensity
decreases in the presence of weak magnetic fields. When a strong
magnetic field is applied, the spin states are energetically sepa-
rated by the Zeeman splitting. The population conversion from
the singlet to other spin states is decelerated, the result being an
increase of the fluorescence intensity. These characteristics of
MFEs depend on the magnitude of the dipole–dipole coupling,
which is highly anisotropic. Thus, the MFE in low magnetic fields
of < 0.15 T is also anisotropic and is sensitive to the structure of
the separated TPs.

Here we study MFEs on the singlet fission of DPH and
fluorinated DPH crystals at magnetic field strengths < 0.15 T.
Their fluorescence intensities show clear MFEs and the shape of
the MFE curve depends on the crystal structure. Analysis of MFEs
with the stochastic Liouville equation (SLE) reproduces the MFE
curve well together with the structure and diffusion pathways of
TPs.

Results
Structure of materials. In this study, the E,E,E isomers of
DPH37,38, 1,6-bis(4-fluorophenyl)-1,3,5-hexatriene (MF)39, 1,6-
bis(2,4-difluorophenyl)-1,3,5-hexatriene (DF)39, and 1,6-bis
(2,4,6-trifluorophenyl)-1,3,5-hexatriene (TFL)39 were used as
singlet fission materials. These materials vary in terms of crystal
structures (Fig. 3)40,41. In DPH and MF crystals, there is a her-
ringbone structure in addition to a slipped parallel stacking
structure. The crystals of DF and TFL are characterized by a
slipped parallel stacking structure.

Magnetic field effects. The fluorescence of these materials was
carefully measured under magnetic fields of < 0.5 T. Figure 4
shows the typical magnetic field dependence of the relative
fluorescence intensity, R(B), of the crystals in powder form for
DPH, MF, DF, and TFL in a field of 0.15 T. It is apparent in this
figure that R(B) decreases and increases with increasing magnetic
field strength in the ranges of 0< B ≤ 0.06 T and 0.06 T< B,
respectively. Moreover, it is apparent that there is a clear crystal
structure dependence of the MFE on the fluorescence. The MFEs
observed for DF (green circles) and TFL (yellow circles) exhibited
double minima at the magnetic fields of 0.03 and 0.06 T, whereas
the MFEs for DPH (red circles) and MF (black circles) showed a
single minimum at the magnetic field strength of 0.06 T. The
magnitude of MFEs in low magnetic fields also varied between
crystal structures.

Analysis by the SLE. To elucidate the origin of the crystal
structure dependence of MFEs, TP dynamics in the absence and
presence of magnetic fields were simulated with the SLE, which
includes one-dimensional diffusion for one of the triplet excitons,
the spin Hamiltonian for the TP, singlet fission, and triplet fusion
at a correlated TP37. Details are described in Supplementary
Methods. Moreover, various orientations of triplet excitons in
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crystals using the dipole–dipole coupling tensor in the spin
Hamiltonian were modeled in the present SLE analysis. In DF
and TFL crystals, the two triplet excitons in a pair have the same
orientation. For DPH and MF crystals, triplet excitons were
assumed to diffuse along the herringbone structure, changing
their orientations.

The model used in the present study is schematically depicted
in Fig. 5. The singlet exciton is initially generated by irradiation.
Singlet fission occurs from the singlet exciton with a rate constant
kSF to give the correlated triplet pair in the singlet state. This
process competes with radiative decay (krad) of the singlet exciton.
In the correlated TP, triplet fusion occurs with a rate constant
kTF, regenerating the singlet exciton. Here the singlet exciton is
generated only from the correlated TP in the singlet state. Thus,
triplet fusion is a spin state selective process. The correlated TP
can dissociate to a separated TP with a rate constant kdis. The
triplet exciton hops to a neighboring molecule with a rate
constant kh in separated TPs. Some of the triplet excitons escape
from the pair to give free triplet excitons, which cannot diffuse
back to form TPs. In addition to the normal hopping, a shallow

trap site is applied to one of the separated TPs by varying the rate
(ktrap) of hopping. This modification is necessary to reproduce the
fluorescence decay observed in DPH crystal. In our model, the
above scheme repeats until the photo-excited singlet state
eventually falls into the ground state or the free triplet exciton.

The magnetic field dependence of the fluorescence intensity
simulated with the SLE for each crystal is shown in Fig. 4. In the
present SLE analysis, the magnitude and curvature of MFEs at low
magnetic field strengths were affected by the kinetic parameters
associated with the TPs, including the singlet fission rate (kSF), the
dissociation rate (kdis) of the correlated TP, the hopping rate (kh)
of the triplet exciton, and the triplet fusion rate (kTF) of the
correlated TP. The obtained parameters from the best fitted
data are listed in Table 1 and Supplementary Table 1, including
the quantum yields of total singlet fission event (ΦSF event).

DPH

DF TFL

MF

Fig. 3 Crystal structures of DPH and fluorinated DPHs. In the solid state,
DPH and MF adopt herringbone structures while DF and TFL adopt slipped
parallel stacking structures
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Fig. 4 Magnetic field dependence of fluorescence intensity. Observed for
the crystals in powder form of DPH (red circles), MF (black circles), DF
(green circles), and TFL (yellow circles). Relative fluorescence intensity R
(B)exp. is the fluorescence intensity (F) at each magnetic field strength (B)
normalized to the intensity at 0 T (R(B)= F(B)/F(0)). Magnetic field
dependence of fluorescence intensity simulated by the stochastic Liouville
equation for each crystal R(B)sim. is shown by solid lines with the same
colors as the corresponding data
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Correlated TP (T1 T1) Separated TP (T1 T1) T1 + T1

Triplet pair

Fig. 1 Schematic representation of singlet fission. A singlet-exciton (S1) generates two triplet excitons (2T1) through a triplet-exciton pair (TP)

S1 Singlet

Quintet

Triplet

Triplet pair

Fig. 2 Schematic representation of spin dynamics in triplet pairs generated by singlet fission. Black arrows show possible population conversions between
spin states caused by dipole–dipole coupling in a triplet-exciton and spin relaxation. Blue double-arrows show population conversions between spin states
due to the magnetic field. Green arrows indicate spin state selective singlet fission and triplet fusion
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In the present analyses of DPH, MF, DF, and TFL, the same
values of singlet fission rate kSF (5.0 × 109 s–1) were used, because
the decay rates of the fluorescence observed in the time range of
0–1 ns were nearly the same (ca. 200 ps) for all compounds37,39.
In contrast, kdis, kh, and kTF values differed for compounds. In the
cases of DF and TFL, kh values were much larger than kTF.
Moreover, kTF values were smaller for DF and TFL than for DPH
and MF.

As described in the Introduction, the diffusion of triplet
excitons characterized by rate constants kdis and kh competes with
triplet fusion characterized by rate constant kTF. As the kSF values
are nearly the same (5.0 × 109 s–1) in the present reactions of
DPH, MF, DF, and TFL, singlet fission should occur efficiently if
kTF is relatively small and kh and kdis are relatively large. As
shown in Table 1, the rate constants of kdis and kh for DF and TFL
were much larger than kTF; thus, the singlet fission in DF and TFL
is expected to occur efficiently compared with that in DPH and
MF. Indeed, the values of ΦSF event estimated from the SLE
analysis of DF and TFL are slightly larger than that of DPH. On
the other hand, the observed fluorescence quantum yields for
DPH, MF, DF, and TFL were nearly the same, 0.010–0.01339.
This implies that fluorescence quantum yields are not the direct
indicators of the efficiency of singlet fission events; however,
MFEs can be used to predict the efficiency.

Triplet-exciton diffusion pathways. We will discuss the diffusion
pathways of the triplet exciton in the crystal of DPH in detail. The
triplet exciton can take several diffusion pathways in the DPH
crystal used in this study. To implement the SLE, as shown in
Fig. 6, we simplified and classified the triplet-exciton diffusion
pathways into (1) the diffusion along the slipped parallel stacking
structure, (2) the diffusion with the tilted positions 1 and 2, and
(3) the zigzag diffusions 1 and 2. On the first step of the diffusion
with tilted positions, the tilt occurs only once, in the step from the
singlet exciton to the spin correlated pair. Further hopping occurs
in a parallel manner. In the zigzag diffusion, the triplet exciton
changes its orientation during diffusion and the two triplet
excitons in a separated pair alternately take the same and different
orientations during diffusion.

Figure 7 shows the simulated magnetic field dependence of the
fluorescence intensity R(B)sim. with various diffusion pathways for
the triplet exciton in DPH. When the slipped parallel structure
was employed, R(B)sim. exhibited double minima, although DF
and TF have such magnetic field dependence of double minima.
This result calculated with the slipped parallel structure was
different from the observed MFE on R(B)exp. of DPH crystal. If
the diffusion with tilted position was assumed, the SLE
simulations underestimated or overestimated the decrease in
the fluorescence intensity in low magnetic fields. The SLE
simulations with zigzag diffusions were the most consistent with
the observed MFE for DPH crystal. The red solid line in Fig. 4
was obtained using the weighted average of the MFE data
calculated with the zigzag diffusions 1 and 2 with the weighting
ratio of 0.65 : 0.35. The SLE analysis suggests that most of the
triplet excitons generated in DPH crystal diffuse along the
herringbone structure with a mixture of zigzag diffusions 1 and 2,
and those in DF and TFL crystals diffuse along the slipped
parallel stacking structure. Consideration of the crystal structure
of MF suggests that the triplet excitons can diffuse with zigzag
diffusion 1 together with the other diffusion pathways. In the
preset analysis shown in Fig. 4, the simulated results for MF were
obtained by only using zigzag diffusion 1. Detailed SLE analysis
for the crystal of MF is now in progress.

The simulated results obtained from these analyses are in good
agreement with the experimentally observed MFEs. The double
minima observed with DF and TFL crystals, in particular, are
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Fig. 5 Model used in the present SLE analysis. Singlet fission to a correlated triplet pair (kSF), radiative decay from the singlet exciton(krad), dissociation of
the correlated triplet pair (kdis), triplet fusion in the correlated triplet pair (kTF), and hopping of triplet excitons in one dimension (kh) modified by a shallow
trap site (ktrap). The number for each site is also indicated

Table 1 Obtained parameters from the SLE analysis

Compound kdis/s–1 kh/s–1 kTF/s–1 ΦSF event

DPH 3.3 × 1010 8.0 × 109 3.0 × 1010 1.78
MF 6.0 × 1010 1.0 × 1010 2.0 × 1010 1.84
DF 5.0 × 1010 1.1 × 1011 4.7 × 109 1.86
TFL 4.0 × 1010 1.0 × 1011 5.5 × 109 1.84

Dissociation rate (kdis) of the correlated triplet pair, hopping rate (kh) of the triplet exciton,
triplet fusion rate (kTF) of the correlated triplet pair, and quantum yield of total singlet fission
event (ΦSF event)

Slipped parallel

Tilted position 1
Tilted position 2

Zigzag diffusion 1 Zigzag diffusion 2

Fig. 6 Diffusion pathways used in the present SLE simulations of the
crystals in powder form of DPH. Diffusion along the slipped parallel
stacking structure, diffusion with tilted positions 1 and 2, and zigzag
diffusions 1 and 2
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nicely reproduced using the slipped parallel stacking structure in
the simulations. The SLE analysis provides the following insights
about the MFE in low magnetic fields. (1) The double minima in
low magnetic fields are caused by an overlap of the typical low-
field MFE42,43 and the MFE due to the level crossing between spin
states at the magnetic field strength where the Zeeman splitting
matches the dipole–dipole coupling. (2) The typical low-field
MFE decreases the fluorescence intensity by accelerating transi-
tions from the singlet and other spin states in TPs. (3) The level
crossing decelerates the state transitions and thus increases the
fluorescence intensity. In DF and TFL crystals, the magnetic field
at which the level crossing between spin states occurs was
calculated to be 0.04± 0.01 T. The fluorescence intensity was thus
increased at 0.04 T, the result being formation of the double
minima at 0.03 and 0.06 T.

In the simulations of DF and TFL with the slipped parallel
stacking structures, the double minima survived in the curves
shown in Fig. 4, whereas the double minima were diminished in
DPH and MF with the herringbone structures. This difference
should be caused by the different spin state interactions between
the slipped parallel stacking and herringbone structures at low
magnetic fields. The singlet state of TP can interact with two spin
states in the slipped parallel structure, whereas in the herringbone
structure the singlet state can interact with eight spin states. The
spin population can thus be distributed among three spin states in
the slipped parallel stacking structure, whereas it can be
distributed among nine spin states in the herringbone structure.
In the cases of slipped parallel stacking, the singlet character is
concentrated (ca. 48%) on one of the spin eigenstates as shown in
Supplementary Figure 1. On the other hand, the concentration of
the singlet character for each spin eigenstates for herringbone
structure does not exceed 30%. Thus, the effect of the level
crossing is smaller in the herringbone structure than in the
slipped parallel stacking structure. The effect of level crossing on
the MFE is thus most apparent for the slipped parallel stacking
structure. Based on this analysis, we can safely conclude that the
triplet excitons diffuse along the herringbone structures in DPH
and MF crystals. The SLE analysis revealed that the shape of the
MFE at low magnetic field strengths is sensitive to the orientation
of the triplet excitons.

We successfully characterized the structure of the separated TP
and the diffusion pathway of the triplet exciton by using MFEs on
the fluorescence of DPH and fluorinated DPHs. The structure
and diffusion pathway affect the efficiency of singlet fission
events. The present methods based on MFEs observed with a
conventional magnetic field (< 0.15 T) are useful for finding and
designing efficient singlet fission materials.

Methods
Chemical synthesis and characterisation. DPH was purchased from Wako
(Apollo Scientific, OR6793) and used as received. The purity of DPH was high and
we could obtain small but high quality crystals. The phase of DPH crystals from
Wako was determined to be orthorhombic by single crystal X-ray diffraction
measurements. The syntheses and characterizations of fluorinated DPHs crystals of
MF, DF, and 1,6-bis(2,4,6-trifluorophenyl)-1,3,5-hexatriene (TFL) are described
elsewhere40,41.

Steady-state fluorescence measurements. Steady-state fluorescence measure-
ments in the absence and presence of magnetic fields (0 ≤ B ≤ 0.5 T) were carried
out using a super conducting magnet (TOSHIBA, TM-5HSP). The powder form
DPH, MF, DF, and TFL crystals were placed in a water jacketed glass container (Id.
20 mm, L. 200 mm) designed for the measurement of fluorescence in the magnet.
The temperature for the measurements was maintained at 293± 0.5 K by circu-
lating water with a cooling thermo-pump (IWAKI, CTS-134A). The inside of the
glass container was filled with Ar gas (40 ml min–1) during the measurements to
avoid sample damage by air. A LED lamp (λ = 365 nm, Tholabs, M365L2) was used
as an excitation light source. The excitation light was guided to the sample in the
magnet using a quartz optical fiber. The fluorescence from the sample was guided
using another optical fiber and detected by a photosensor module (Hamamatsu,
H7422-01) after passing a band-pass filter (Tholabs, FB460-10) and a mono-
chromator (Nikon, P250) set at a wavelength of 460 nm. The current from the
photosensor was amplified by a low noise current amplifier (Femto, DLPCA-200)
and was digitized by a digital multimeter (Agilent, 34401A).

Data availability. The authors declare that the data supporting the findings of this
study are available within the paper and its supplementary information file.
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