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Abstract: Singlet fission (SF), converting a singlet excited state into a spin-correlated triplet-pair 
state, is the sole way to generate a spin quintet state in organic materials. Although its application 
to photovoltaics as an exciton multiplier has been extensively studied, use of its unique spin 
degree of freedom is largely unexplored. Here, we demonstrate that the spin polarization of the 
quintet multiexcitons generated by SF improves the sensitivity of biological magnetic resonance 
through dynamic nuclear polarization (DNP). We form supramolecular assemblies of a few 
pentacene chromophores and use SF-born quintet spins to achieve DNP of water-glycerol, the 
most basic biological matrix, at lower microwave intensities than for conventional triplet-based 
DNP. Our demonstration opens a new use of SF as a “polarized spin generator” in bio-quantum 
technology. 

 

Main text: Photo-excited states of organic assemblies have brought a number of unique 
opportunities to optoelectronics, taking advantage of the dual nature of singlet and triplet 
molecular excitons 1. In particular, singlet fission (SF) 2-12, which generates two triplet excitons 
from one singlet exciton, shows unique functions in terms of electron and spin degrees of 
freedom. SF is a multiexciton generation process that can potentially surpass the theoretical limit 
of a single-junction solar cell if the split excitons are harvested as free electrons and holes 5. Its 
unique electron degree of freedom has attracted much attention and has been studied intensively 
for decades. 

The basic SF process is as follows: the singlet exciton S1 undergoes a spin-allowed ultrafast 
transition to a triplet-pair state with overall-singlet multiplicity, 1(TT), followed by an 
intersystem crossing (ISC) to the highest spin multiplicity state, a quintet triplet-pair 5(TT). 
When the molecular assembly is larger than two molecules, the triplet-pair states may dissociate 
into two free triplets 9, 13-16. Note that the multiexcitonic nature offers a unique opportunity to 
construct quintet multiplicity owing to the presence of four half-filled orbitals. SF provides the 
sole method to create spin quintet states in organic molecular systems without heavy metals. 
However, how to use this unique quintet state has not been fully demonstrated. 

In the second quantum revolution, we explore the unique spin degree of freedom of SF for 
quantum technologies 17, 18. It has been revealed that the | ሺTTሻ 

ହ
⟩ spin sublevel with a magnetic 

quantum number ms = 0 can be selectively populated among five quintet sublevels because the 
state immediately after photoexcitation is a spinless singlet state, and the transitions occur by 
preserving its total spin 13-16. To date, the spin aspect of SF has only been used to explain the 
microscopic mechanisms of SF. Because organic spin materials have advantages with their 
extremely small size, down to nanometers, and excellent bio-compatibility, it is worthwhile to 
research applications of the unique quintet state in quantum information science (QIS) and 
quantum biotechnologies 17, 18. 

Dynamic nuclear polarization (DNP) of biomolecules is one of the fields where polarized 
electron spins can play a pivotal role 19-26. Nuclear magnetic resonance (NMR) and magnetic 
resonance imaging (MRI) are indispensable analytical techniques in modern life science and 
medicine, but their critically low sensitivity limits their applications. Many trials of MRI 
diagnosis of cancer have been conducted by transferring the polarization of radical electron spins, 
which are in thermal equilibrium at cryogenic temperatures near 1 K, to the nuclear spins of 
bioprobes, and then dissolving them and administering them to the human body 27. However, the 
equipment is inevitably expensive and complicated because it requires cryogenic temperatures. 
Thus there is a strong need to develop DNP using polarized electron spins generated at higher 
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temperatures. The triplet excited state generated by spin-selective ISC from a photoexcited 
singlet has been used as a polarized spin source 28, but the polarization ratio of the triplet is 
usually far less than 100% 29. However, SF has the potential to offer the ultimate polarization 
source because it can selectively populate the | ሺTTሻ 

ହ
⟩ spin sublevel through its intrinsic 

mechanism, and it occurs in nanoseconds with a quantum yield of up to 200% 2. 

This study demonstrates the first application of an SF-born polarized quintet state in biological 
DNP. Various small biomolecules and proteins can be hyperpolarized by dispersing them in an 
amorphous water-glycerol glass 19. The key to successful DNP in a bio-oriented water-glycerol 
environment is to regulate the balance between aggregation and dispersion of SF molecular 
assembly; more than two molecules are needed for SF, but aggregation that is too large hampers 
the polarization transfer from the SF-generated electron spins to the nuclear spins. In essence, 
creating robust dimer aggregates would best achieve both efficient SF and polarization transfer 
to the water-glycerol and eventually to dispersed biomolecules. We focus on a pentacene 
derivative, the most representative chromophore exhibiting SF 8. We succeed in constructing 
discrete assemblies of pentacene moieties in water-glycerol using two distinct strategies: 
supramolecular assembly of an amphiphilic pentacene derivative and complexation with 
cyclodextrin (CD) 30. The combination of ultrafast pump-probe transient absorption spectroscopy 
(TAS) and time-resolved electron spin resonance (ESR) measurements reveals that either 
pentacene assembly undergoes SF and populates the specific quintet sublevel. We succeed in 
DNP of water-glycerol by transferring the polarization from quintet electron spins to nuclear 
spins upon microwave irradiation to satisfy the Hartmann-Hahn condition (Fig. 1B, 1C). In 
addition, we show that quintets with higher Rabi frequencies can cause DNP at lower microwave 
intensities than a conventional triplet 17, demonstrating the potential of SF in quantum 
biotechnology. 
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Fig. 1. Schematic illustration of DNP using SF-born quintet electron polarization. (A) 
Nuclear spins in the thermal equilibrium state. (B) Polarization transfer from electron spins in the 
quintet state generated by photo-induced SF to nuclear spins and the subsequent diffusion of 
hyperpolarized nuclear spins. (C) Pulse sequence of quintet/triplet-DNP. (D) Molecular 
structures of NaPDBA and γ-cyclodextrin (γCD) and supramolecular assembly of only NaPDBA 
and the NaPDBA-γCD inclusion complex. (E) Absorption spectra of NaPDBA in water-glycerol 
at 143 K (black), NaPDBA-γCD in water-glycerol (1:1) at 143 K (blue), and NaPDBA in 
methanol at room temperature (red). The concentrations of NaPDBA and γCD were 1 mM and 5 
mM, respectively. 
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To construct supramolecular assemblies showing SF, we used our previously developed 
amphiphilic sodium 4,4′-(pentacene-6,13-diyl)dibenzoate (NaPDBA, Fig. 1D): a hydrophobic 
pentacene modified with hydrophilic carboxyl groups. We molecularly dispersed 1-mM 
NaPDBA in methanol and obtained an absorption peak at 593.5 nm. In water-glycerol, the 
absorption peak was clearly red-shifted to 604 nm, suggesting the formation of supramolecular 
assemblies (Fig. 1E). We adjusted the mixing ratio of water and glycerol and used a 1:1 mixture 
by volume because it maintains the glassy state in the DNP-relevant condition, i.e., low 
temperature under laser irradiation. Molecular dynamics (MD) simulation was performed for an 
initial structure of 20 molecules of NaPDBA in close proximity to each other in water-glycerol. 
The simulation showed that the structure split into multiple dimers and a few monomers (Fig. 
2A). In the dimers, the pentacene units were oriented in parallel to form a slipped-stack with an 
average distance of 0.6 nm between the centers of mass of the dimers (Fig. 2B). The formation of 
small dimeric structures agrees well with the fact that dynamic light scattering (DLS) 
measurements of NaPDBA in water-glycerol did not show any significant scattering intensity 
derived from large aggregates. However, DLS measurements showed that NaPDBA forms larger 
structures in pure water without glycerol (Fig. S1). MD simulations also confirmed the formation 
of stable NaPDBA multimers in water (Fig. S2). The addition of glycerol may have weakened 
the hydrophobic interactions between NaPDBA monomers and prevented the formation of larger 
aggregates, leading to the formation of NaPDBA dimers 31.  

 

Fig. 2. MD simulation of the supramolecular assemblies. (A,B) MD simulation snapshots of 
NaPDBA ([NaPDBA] = 1 mM) in water-glycerol (1:1) at 300 K. Parallel oriented dimers are 
shown in yellow. (C,D) MD simulation snapshots of NaPDBA and γCD ([NaPDBA] = 1 mM, 
[γCD] = 5 mM) in water-glycerol (1:1) at 243 K. 
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To systematically change the assembly structure and excitonic interaction between pentacene 
moieties while using the same NaPDBA molecule, we added β-cyclodextrin (βCD) and γ-
cyclodextrin (γCD) to NaPDBA in water-glycerol. βCD and γCD are cyclic oligosaccharides 
with seven and eight glucose subunits, respectively, and can host various hydrophobic 
compounds within their hydrophobic interiors. The addition of γCD did not change the 
absorption spectrum of NaPDBA at room temperature with an absorption peak at 604 nm (Fig. 
S4). Notably, the absorption peak of NaPDBA was further red-shifted to 612 nm and broadened 
by cooling to 143 K after inclusion was allowed to fully progress by letting the solution stand at 
243 K in the presence of γCD (Fig. 1E, S4). This suggests that the inter-pentacene excitonic 
interaction was enhanced by the formation of the inclusion complex between NaPDBA and γCD 
at low temperature. NMR studies of NaPDBA and γCD suggested that two molecules of γCD 
encapsulate a NaPDBA dimer, which is reasonable considering the large inner diameter of γCD 
and the observed strong excitonic interaction between pentacene moieties in the NaPDBA-γCD 
inclusion complex (see Supporting Information for details). In the MD simulation, the 2:2 
inclusion complex of NaPDBA-γCD was stable in water-glycerol at 243 K (Fig. 2C, D). Note 
that the inclusion complexes of NaPDBA-γCD were unstable at room temperature in water-
glycerol (Fig. S11), which is consistent with the experimental results for complexation only by 
cooling (Fig. S4). The inclusion of the NaPDBA monomer by two βCD molecules was suggested 
by the absorption spectra, NMR measurements, and MD simulations (see Supporting 
Information for details). This 1:2 inclusion complex of NaPDBA-βCD without SF was used for 
comparison. 

To investigate the SF properties of these systems, we conducted femtosecond and nanosecond 
pump-probe TAS (fs- and ns-TAS) measurements in water-glycerol glass at 143 K, which is 
relevant to ESR and DNP measurements. Prior to the TAS measurements, the water-glycerol 
solutions of NaPDBA and NaPDBA-βCD were quenched and vitrified in liquid nitrogen after 
complexation at 243 K. The excitation wavelength was set at the lowest absorption edge (600-
635 nm) to minimize the excess photoexcitation energy. Figure 3 shows a thorough comparison 
of fs-TAS measurements of the systems and the corresponding results of global analyses. The 
bare NaPDBA aggregates showed broad transient absorption with a peak at 430-450 nm just 
after photoexcitation (Fig. 3A-C), which can be assigned to the transition from the S1 excited 
state (S1-Sn transition). For pentacene-based systems, the presence of SF can be estimated from 
the ultrafast growth of transient absorption around 510-520 nm typically assigned to the T1-Tn 
transition of a pentacene skeleton 8. As the peak around 450-460 nm decreased in several 
picoseconds, the TA around 510-520 nm became dominant. This allowed us to confirm the 
ultrafast generation of T1 through SF of NaPDBA aggregates. To quantify the ultrafast SF 
process, we globally analyzed the observed fs-TAS assuming a sequential model with two 
components (Fig. 3C-E). The first component was converted to the second component with a 
time constant of 2.65േ0.01 ps, followed by negligible decay (> 1 ns) in the current time window. 
Note that the first and second components of the evolution-associated spectra (EAS) can 
reasonably be assigned from their shapes to the spectra from S1 and T1, respectively. Because the 
transition timescale is much quicker than that of typical ISC, we concluded that the transition of 
the first step of SF, S1→1(TT), in the NaPDBA aggregates occurs with a time constant of 2.65 ps. 
We also observed an increase in T1-Tn absorption for ~7 ns in ns-TAS, which was assigned to the 
ISC of monomolecularly dispersed NaPDBA (Fig. S13). This implies that the system consisted 
of a mixture of monomeric and dimeric NaPDBA, consistent with the MD simulation. 
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Fig. 3. fs-TAS measurements of the supramolecular assemblies. Overview of fs-TAS analysis 
of (A-E) NaPDBA and (F-J) NaPDBA-γCD in water-glycerol (1:1) at 143 K ([NaPDBA] = 1 
mM, [γCD] = 5 mM). (A, F) Pseudo-2D plots of experimentally observed fs-TAS (excitation: 
635 nm for NaPDBA and 600 nm for NaPDBA-γCD), (B, G) spectral evolution of the TAS, and 
(C, H) temporal change of transient absorption at selected wavelengths and fitting curves from 
global analysis. (D, I) Evolution-associated spectra and (E, J) corresponding concentration 
kinetics obtained from global analysis based on sequential models. 

 

For the NaPDBA-γCD complex, the TAS around 510-520 nm emerged rapidly after 
photoexcitation concurrently with the broad absorption around 450-500 nm (Fig. 3F-H). The 
spectral shape of the initial TA was also different from that observed for the bare NaPDBA 
aggregates. The complicated behavior of the TAS can be globally fitted with a three-component 
sequential model (Fig. 3H-J). Though the first and second EAS components look unique, the 
third resembles that of the bare NaPDBA aggregates. Because the complexation with γCD results 
in the tightly packed dimer, strong electronic coupling between the adjacent pentacene moieties 
likely forms a heavily mixed electronic excited state of S1 and the triplet pair states (S1+TT). 
After formation of the mixed-excited state, dephasing into a pure TT state (TT*) occurs. The 
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TT* state relaxes to form a geometrically relaxed triplet pair state (TT), which competes with 
deactivation to S0

 as reflected in the decreased absorption in the third EAS component. Similar 
behaviors were observed in NaPDBA systems in water at room temperature (Fig. S14). In stark 
contrast, negligible SF was observed in the βCD complex (Fig. S15), consistent with the 
monomolecularly dispersed picture in which the inter-chromophore interactions are significantly 
weakened by the complexation of a single NaPDBA molecule with two βCD molecules (Fig. S9). 

Overall, we concluded that sub-ns T1 generation due to SF occurs in the bare NaPDBA dimers 
and NaPDBA-γCD complex, while the NaPDBA-βCD complex does not show significant SF. 
Note that ns-TAS measurements of the NaPDBA and NaPDBA-βCD systems also showed 
slower T1 generation due to ISC from S1 to T1 (Fig. S13). Additionally, fs-TAS and ns-TAS 
showed subtle excitation wavelength dependences (details are in Fig. S16). This suggested that 
both aggregated and isolated NaPDBA coexisted in the water-glycerol glass systems, and both 
SF-derived and ISC-derived triplets were generated with light irradiation.  

Having concrete evidence of SF, we performed time-resolved ESR measurements to evaluate 
the transient electron spin polarization of these supramolecular assemblies in water-glycerol 
glass. The samples were prepared in the same way as for the TAS measurements, except that 
glass capillaries were used. As expected from the SF found in the NaPDBA-only assemblies and 
the NaPDBA-γCD complex, a signal derived from the quintet was observed at a position where 
the peak width was about one-third that of the triplet (Fig. 4) 13-16. These ESR spectra could be 
fitted as a quintet-triplet superposition. The spectra were simulated using a geometric fluctuation 
model of the quintet multiexcitions between two strongly coupled TT conformations (TT1 and 
TT2) with different orientations and J-couplings following a previous report 16. We assumed the 
conformations of the TT1 and TT2 states to be parallel and slightly off parallel, respectively. 
Interestingly, the pentacene moieties were found to be oriented parallel to each other to form the 
5(TT) dimer, which agrees well with the MD simulations. The fitting parameters are summarized 
in Tables S1 and S2. The | ሺTTሻ 

ହ
ଶ⟩, | ሺTTሻ 

ହ
⟩, and | ሺTTሻ 

ହ
ିଶ⟩ sublevels were found to be 

selectively populated with S1 and 1(TT) states in both systems when the external magnetic field 
(B0) was applied to in-plane directions of the aromatic planes of the complexes. These field 
orientations thus dominantly contribute to the ሺTTሻ 

ହ
 → ሺTTሻ 

ହ
ଵ microwave transition in Fig. 4. 

The isolated triplet is produced by the ISC of a single pentacene unit, which also agrees well 
with the MD simulation and TAS results. The polarization lifetime of the quintet of NaPDBA 
aggregates and the NaPDBA-γCD complex were 5.5 and 1.8 μs, respectively (Fig. S17D, F), and 
was determined by the deactivation of the multiexcitons as observed in the ns-TAS (Fig. S13D). 
This time constant is sufficient to transfer the polarization to the nuclear spins by microwave 
irradiation. It is notable that the SF-derived polarization was long enough in the water-glycerol 
glass, the most important biological DNP matrix. The ESR spectrum of the NaPDBA-βCD 
complex showed only the ISC-derived triplet signal and no quintet signal (Fig. S17B). 
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Fig. 4. Time-resolved ESR measurements of the supramolecular assemblies. Time-resolved 
ESR spectra of (A) NaPDBA and (B) NaPDBA-γCD in water-glycerol (1:1) at 143 K 
([NaPDBA] = 1 mM, [γCD] = 5 mM) just after photoexcitation at 527 nm and simulated 
spectrum. The fitting parameters of the ISC-born triplet and SF-born quintet are summarized in 
Tables S1 and S2, respectively. 

 

DNP was then performed using the polarized electron spins produced in these supramolecular 
assemblies. The samples were prepared in a similar way as for the TAS and ESR measurements 
using a 5-mm ESR tube. To selectively polarize protons of water molecules and extend the spin-
lattice relaxation time of 1H, we used a solvent mixture of deuterated glycerol, D2O, and H2O in 
the volume ratio 5:4:1. The DNP sequence shown in Fig. 1C was performed with the central 
magnetic field aligned with the ESR peaks derived from the quintet. Remarkably, an increase in 
the 1H NMR signal intensity was clearly observed for the NaPDBA-only assemblies and the 
NaPDBA-γCD complex at a position corresponding to the ሺTTሻ 

ହ
 → ሺTTሻ 

ହ
ଵ  ESR peak (Fig. 

S19A, C). However, this enhancement was not observed in the NaPDBA-βCD complex, which 
did not show the quintet-derived signal (Fig. S19B). These results indicate that nuclear 
hyperpolarization of a biological matrix was successfully achieved using SF-derived quintet 
electron polarization for the first time.  

The difference in the obtained 1H polarization enhancement depends on several factors 
including the generation efficiency and polarization ratio, the polarization lifetime, and the spin-
lattice relaxation of the nuclear spins around the polarizing agents. In the NaPDBA-only sample, 
there was a 20-fold enhancement at the quintet ESR peak (Fig. 5A). A smaller enhancement of 
6.5-fold was observed for the NaPDBA-γCD complexes. Because the ESR spectral analysis 
showed a similar singlet recombination rate constant from the 1(TT) dimer, the lower 
enhancement factor of the NaPDBA-γCD complex was probably due to the triplet deactivation 
caused by triplet-triplet annihilation (TTA) between neighboring pentacenes, as observed in ns-
TAS. This indicates the importance of proper arrangement and interaction between pentacene 
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units. Further support for this is that the build-up time was slowed down to the same level as the 
spin-lattice relaxation time only for the NaPDBA-γCD complex (Fig. S20, S21). This suggests 
that not enough electron spin polarization was produced for DNP, as shown by the lower ESR 
signal-to-noise ratio compared with the NaPDBA-only sample, showing that many triplets are 
deactivated in the strongly interacting pentacene dimer (Fig. S17A,C). 

We then checked the dependence of the microwave intensity irradiated during the DNP 
sequence using the quintet and triplet electron spin polarizations (Fig. 5C). The NMR signal was 
found to be maximized at a weaker microwave intensity with the quintet than with the triplet. 
This is because the Rabi frequency of electrons in the quintet state is √3 times higher than that in 
the triplet state 17, and the Hartmann-Hahn condition is accordingly shifted. The lower 
microwave intensity is the advantage of the quintet over the conventional triplet for DNP 
applications. 

 

Fig. 5. DNP using SF-born quintet electron spin polarization. 1H-NMR signals under thermal 
conditions (black lines, 5 scans every 10 min) and after quintet-DNP (red lines, ISE sequence for 
5 min, 1 scan) of water-glycerol (glycerol-d8:D2O:H2O = 5:4:1) containing (A) NaPDBA and (B) 
NaPDBA-γCD at 100 K ([NaPDBA] = 1 mM, [γCD] = 5 mM). The photo-excitation wavelength 
and frequency were 527 nm and 500 Hz, respectively. DNP was performed by matching the 
magnetic field to the quintet peaks (26.9 MHz). The microwave power was 20 W, the laser 
powers were 2.7 W (A) and 1.5 W (B), and the magnetic field sweep width was 10 μs. (C) 
Microwave power dependence of DNP enhancement. Triplet-DNP was performed at 27.4 MHz 
(ISE sequence for 10 s and 4 scans with a laser power of 2.7 W and sweep width of 25 μs). 
Quintet-DNP was performed at 26.9 MHz (ISE sequence for 10 s and 10 scans with a laser 
power of 2.7 W and sweep width of 10 μs). 
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In this study, we have demonstrated the potential of SF as a “polarized spin generator” in 
biological DNP. We have created three supramolecular systems with different interactions 
between pentacene units using the identical complex of NaPDBA with β/γCD. SF was observed 
for the NaPDBA-only assemblies and the NaPDBA-γCD complex in water-glycerol glass, where 
the pentacene skeletons are close to each other. The promising potential of SF as a polarization 
source was indicated by the selective population of the | ሺTTሻ 

ହ
⟩ sublevel at a particular 

resonance magnetic field strength. In addition, the quintet-derived polarization allows DNP to be 
performed at lower microwave intensities than in conventional triplet-DNP. Our findings 
indicate that the enhancement factor of DNP varies with assembly structure, indicating the 
direction of further optimizations. Until now, SF has been mainly limited to the field of energy. 
This study opens a new potential application of SF to quantum biotechnology, and will 
accelerate the development of quantum sensing and quantum information science based on the 
unique multiexcitons exhibited by organic chromophores. 
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