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ABSTRACT: The generation of spin polarization is key in quantum information science and dynamical nuclear polarization. 
Polarized electron spins with long spin-lattice relaxation times (T1) at room temperature are important for these applica-
tions, but have been difficult to achieve. We report the realization of spin-polarized radicals with extremely long T1 at room 
temperature in a metal-organic framework (MOF) in which azaacene chromophores are densely integrated. Persistent radi-
cals are generated in the MOF by charge separation after photoexcitation. Spin polarization of triplet generated by photoex-
citation are successfully transferred to the persistent radicals. Pulse ESR measurements reveal that the T1 of the polarized 
radical in the MOF is as long as 274 μs at room temperature. The achievement of extremely long spin polarization in MOFs 
with nanopores accessible to guest molecules will be an important cornerstone for future highly sensitive quantum sensing 
and efficient dynamic nuclear polarization. 

Generating and controlling electron spin polarization 
(ESP) is crucial in the foundation of a wide range of spin-
related technologies. In the context of quantum infor-
mation science, it provides the spin systems necessary for 
qubit operation and it also leads to highly sensitive quan-
tum sensing.1–3 Dynamic nuclear polarization (DNP), which 
transfers the polarization from electron spins to nuclear 
spins, can lead to increased sensitivity in nuclear magnetic 
resonance and magnetic resonance imaging.4–8 ESP using 
molecular materials has attracted particular attention be-
cause of their high polarization performance and atomic-
scale controllability.9,10 A variety of molecular materials 
showing dynamic electron polarization have been devel-
oped, including radical pairs,11 chromophore triplets,12 
chromophore radical hybrids,13,14 and metal 
complexes.10,15,16 

In addition to ESP, long spin-lattice relaxation times (T1) 
are important for spin manipulations and highly efficient 
DNP.17 If ESP with a long T1 at room temperature can be 
achieved, quantum sensing and DNP at the temperature 
where biomolecules are actually active would be realized. 
T1 of polarized spins have been evaluated in various mo-
lecular materials and although those with long T1 at cryo-
genic temperatures have been observed,18 T1 near room 
temperature is often only a few or tens of micro-seconds.19 
The development of molecular materials exhibiting ESP 
with a longer T1 at room temperature will be the key to  

Figure	1. (a) Generation mechanism of spin-polarized radicals. 
Photoexcitation of the chromophore is followed by spin-
selective intersystem crossing (ISC), resulted in polarized 
triplet excited state. Radical species originated from charge 
separation are hyperpolarized by receiving the polarization 
from the triplet state. (b) Schematic illustration of photo-
induced generation of polarized triplet and subsequent polar-
ization transfer from triplets to radicals in a chromophore-
assembled metal-organic framework (MOF). 



 

expanding the scope of future molecular quantum technol-
ogy. 

In this study, we report an extremely long ESP with a T1 
exceeding 270 μs at room temperature in a chromophore-
integrated metal-organic framework (MOF). MOFs are 
crystalline network materials composed of metal ions and 
bridging organic ligands, and they offer an excellent plat-
form to precisely control the arrangement of chromophore 
units in the ligands. Photoexcitation of the MOF generated 
triplet excited states and charge-separated persistent radi-
cals. Immediately after the pulsed photo-excitation, the 
ESP of triplets was transferred to that of radicals, and radi-
cals retained the ESP for several hundred microseconds 
(Figure 1). From pulsed electron spin resonance (ESR) 
measurements, the T1 of the radicals was determined to be 
274 μs at room temperature. This surprising finding 
demonstrates that molecular materials can indeed achieve 
ESP with T1 as long as several hundred microseconds even 
at room temperature, and that quantum technology based 
on chromophore-integrated materials is a promising direc-
tion for future works. 

To obtain large ESP at room temperature, it is effective 
to use photo-excited states of molecules. Excited triplets of 
organic molecules have large ESP and do not contain heavy 
elements, so they are less likely to suffer from severe spin 
relaxation. Acene compounds are typical examples of ma-
terials which produce polarized triplets. Among them, our 
group has shown that 5,12-diazatetracene (DAT) in which 
an electron-withdrawing nitrogen atom was introduced, is 
a high-performance polarizing agent with high stability in 
air and high solubility in common organic solvents which 
is useful for DNP applications.20–22 In this study, a new or-
ganic ligand, 6,11-di(pyridine-4-yl)benzo[b]phenazine 
(DPyDAT, Figure 2a), was synthesized by modifying DAT 
with pyridine as a coordination site to the metal, and its 
purity was confirmed by NMR, mass spectrometry and 
elemental analysis (see Supporting Information for details). 
The solvothermal reaction of Zn(NO3)2·6H2O with linkers 
DPyDAT and 4,4'-biphenyldicarboxylic acid (BPDC) in DMF 
gave MOF crystals with the formula of 
[Zn2(BPDC)2(DPyDAT)]n･1.5H2O (Figure 2a). The obtained 
MOF is named as DAT-MOF. 

Single crystal structure analysis of DAT-MOF revealed 
that it has a pillared-layer three-dimensional network 
[CCDC 2243198]. Two-dimensional sheets composed of 
distorted Zn paddlewheel dimers and BPDC are cross-
linked by DPyDAT pillars.23,24 The three-dimensional net-
work is further doubly interpenetrated (Figure 2b and S1). 
One benzene ring of BPDC and DAT are in parallel, and the 
carbon-carbon distance is relatively close around 3.5 Å, 
forming π-π interactions between the three-dimensional 
networks. There is no π-π stacking between DAT moieties, 
while the core-to-core distance between the nearest DAT 
units is about 1 nm and the distance between the nearest 
carbon atoms is 0.33 nm (Figure 2c). The purity of bulk 
crystalline powder of DAT-MOF was confirmed by ele-
mental analysis and the good agreement of the X-ray pow-
der diffraction (PXRD) patterns with the simulation results 
obtained from the single crystal structure (Figure S2). 

 

Figure	2. (a) Synthetic scheme of DAT-MOF. (b) Crystal struc-
ture of DAT-MOF. (c) The arrangement of DAT units in the 
DAT-MOF crystal structure.  

ESP formation of DAT-MOF was evaluated by time-
resolved ESR measurements (Figure 3a) using X-band 
(~9.6 GHz) at room temperature under pulsed laser excita-
tion with a wavelength, frequency, and power of 532 nm, 
30 Hz, and 2-3 mJ/pulse, respectively. To prevent damage 
by laser irradiation and oxygen, the DAT-MOF powder was 
immersed in paraffin in a capillary of 2.0 mm outer diame-
ter, degassed, and fire-sealed. A reference sample, in which 
only the DPyDAT ligand was dispersed in PMMA, showed 
an eeaeaa pattern characteristic of the DAT triplet (Figure 
S3), and its polarization magnitude and zero-field splitting 
parameters were similar to those of DAT (Table S2).20 In-
terestingly, in addition to the DAT triplet-derived pattern, 
the ESR spectrum of DAT-MOF shows a relatively sharp 
emissive peak around 342 mT, which is derived from radi-
cals (Figure 3b). The time evolution of the ESR spectrum is 
shown in Figure 3c and 3d. The ESR signal is observed 
clearly for longer times in the radicals when compared to 
the triplets. The decay curve at 375 mT, the absorption 
peak of triplet, shows that the time constant of decay is 
0.81 μs. The emissive peak of radical at 342 mT rises with 
a time constant of 0.85 μs, which is comparable to the time 
constant of decay of triplet. This implies that polarization 
transfers from triplets to already generated radicals, or to 
radicals generated by charge separation from triplets. 

In order to determine T1 we performed pulsed ESR 
measurements. By an inversion recovery sequence (Figure 
3e) at the emissive peak of the radicals (343 mT) at room 
temperature, T1 of radical in DAT-MOF was found be as 
long as 274 μs (Figure 3f). This extremely long T1 even at 
room temperature may be attributed to DAT moieties not 
forming strong interactions with each other and that those 
molecular motions are suppressed by π-π interactions 
with BPDC. A more detailed mechanism would require 
further investigation by systematically changing the MOF 
structure. 



 

Figure	3. (a) Sequence of time-resolved ESR measurement. (b) Time-resolved ESR (TR-ESR) spectrum of DAT-MOF at room tem-
perature just after photoexcitation at 532 nm (black line). The simulated spectrum is also shown (red line). Fitting parameters are 
summarized in Table S2. (c) Decays of the TR-ESR peaks of triplet at 374 mT (gray line) and of radical at 343 mT (black line) in 
DAT-MOF at room temperature. Single-exponential fitting curve for triplet (blue line) and double-exponential fitting curve for rad-
ical (orange line) are also shown. (d) The 2D time-resolved ESR spectrum in terms of the signal intensity as a function of time delay 
and magnetic field. (e) Sequence of inversion recovery of pulsed ESR measurements. (f) Decay of echo intensity at 343 mT of 
pulsed ESR measurements of DAT-MOF at room temperature. Single-exponential fitting curve for the decay signal is also shown 
(red line). 

To confirm that the emissive peak at 343 mT is of radical 
origin, Rabi nutation experiments25 were performed on the 
triplet and radical peaks (Figure 4a). The Rabi nutation 
frequency Ω at the transition between two spin sublevels, 
ms and ms±1, is given by the following equation,  

Ω ൌ 𝜔ଵඥ𝑆ሺ𝑆  1ሻ െ 𝑚௦ሺ𝑚௦ േ 1ሻ 

where 𝜔ଵ ൌ 𝑔𝜇𝐵ଵ/ℏ and 𝑔, 𝜇, 𝐵ଵ, and ℏ are g factor, Bohr 
magneton, ac magnetic field strength, and reduced Planck 
constant, respectively. The Rabi frequency should be √2 times 
larger for the ms = 0 → ms = −1 transition of the triplet (S = 1) 
than for the ms = 1/2 → ms = −1/2 transition of the radical (S = 
1/2). The Fourier transform of the observed Rabi oscillations 
at the same external microwave intensity shows that the tri-
plet and radical peaks are at 18 MHz and 12 MHz respectively, 
and their ratio is close to a factor of √2 (Figure 4b). This result 
proves that the emissive peak at 343 mT is indeed due to rad-
icals. 

Next, to gain a better understanding of what kind of rad-
ical was formed, continuous-wave (cw) ESR measurements 
with magnetic field modulation were performed after irra-
diating with and then stopping the laser (Figure 4c). The 
obtained g value of 2.0023 is typical for aromatic 
radicals,26 and the shape of the spectrum suggested that 
the radicals were those of the oxidized/reduced acene 
molecules formed by charge separation. The differential 
cw-ESR spectrum was converted to the integral form, and 
the peak shape is in good agreement with that of the time-
resolved ESR spectrum, indicating that the same radical 
species was polarized immediately after the photoexcita-

tion (Figure S4). The gradual increase in the intensity of 
the radical peak was observed during continuous laser 
irradiation of DAT-MOF (Figure 4d). Interestingly, even a 
few hours after stopping photoirradiation, the radical peak 
remained, indicating that radicals generated in DAT-MOF 
are persistent.  

The formation of radicals of the DPyDAT ligand was fur-
ther verified by optical spectroscopy. Since it takes many 
hours for the persistent radicals to disappear, the changes 
cannot be followed by ordinary transient absorption 
measurements. Therefore, we measured the absorption 
spectra of DAT-MOF immediately after and after 12 h of 
continuous laser irradiation for 20 minutes. The pristine 
DAT-MOF without photoexcitation showed a ligand-
derived absorption band below 600 nm (Figure S5). On the 
other hand, DAT-MOF immediately after laser irradiation 
showed a new broad absorption band between 600-900 
nm, and its intensity decreased after 12 h in the dark (Fig-
ure 4e). To investigate the origin of this new absorption 
band, DAT-MOF was chemically oxidized in a CH2Cl2 solu-
tion of SbCl5. SbCl5 has been used as an oxidant to produce 
cation radical of acene compounds.27 Chemically-oxidized 
DAT-MOF showed a new absorption around 600-800 nm 
(Figure 4f). The fact that the similar absorption band was 
observed when only the ligand DPyDAT was oxidized with 
SbCl5 in CH2Cl2 suggests that the absorption band between 
600-800 nm is due to the cation radical of DPyDAT gener-
ated in DAT-MOF (Figure S6). Therefore, it is likely that 
DPyDAT cation radicals are also generated by photoirradi-
ation of DAT-MOF. The reason for the slight difference in 
absorption spectra between photoirradiation and chemical 
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oxidation of DAT-MOF is not clear, but the type of reduced 
products is certainly different. 

Figure	4. (a) Echo intensity measured as a function of micro-
wave pulse length (Rabi oscillations) at 342 mT and 375 mT 
for radical (orange line) and triplet (blue line), respectively, of 
DAT-MOF at room temperature just after photoexcitation at 
532 nm. (b) Fourier transform of Rabi oscillations in (a). (c) 
Continuous wave (cw) ESR spectrum of DAT-MOF at room 
temperature. (d) Time dependence of cw-ESR signal intensity 
of DAT-MOF at 342 mT during and after the laser irradiation 
for 20 min. Pulsed laser irradiation with wavelength, frequen-
cy, and power of 532 nm, 30 Hz, and 2 mJ/pulse were used, 
respectively. (e) UV-Vis absorption spectra of DAT-MOF im-
mediately (orange line) and 12 hours after (blue line) light 
irradiation. Pulsed laser irradiation with wavelength, fre-
quency, and power of 532 nm, 10 Hz, and 76 mW were used, 
respectively. (f) UV-Vis absorption spectra of DAT-MOF chem-
ically oxidized by SbCl5 in CH2Cl2 solution (orange line) and 
just immersed CH2Cl2 for comparison (black line).  

The measurements described so far were performed with-
out removing the guest water molecules in DAT-MOF. To in-
vestigate whether the presence of guest water molecules is 
essential for radical formation, ESR spectra were measured 
after removing the guest water molecules. According to the 
thermogravimetric analysis (TGA), water molecules should be 
removed below 100 °C (Figure S7). By heating DAT-MOF at 
100 °C under vacuum, guest water molecules were completely 
removed, as demonstrated by the TGA curve. The guest-
removed DAT-MOF was similarly immersed in paraffin and its 
transient ESR spectra were measured. Similar transient ESR 
spectra were observed for DAT-MOF after removing guest 
water molecules (Figure S8). Although a radical-derived ESR 
peak was observed for the heat-evacuated sample, its intensi-
ty was weaker and the signal-to-noise ratio was lower (Figure 
S9). The broadened PXRD pattern of the heat-evacuated DAT-
MOF indicates that the removal of guest water molecule re-

duced the crystallinity (Figure S10). These results suggest that 
the presence of water molecules as guests is not essential for 
polarized radical formation and that the MOF crystallinity 
may affect polarized radical formation. In DAT-MOF, the short 
axes of the DAT moieties were all oriented in the same direc-
tion. Even if triplets hopped between the DAT units, the orien-
tation of the DAT moieties in relation to the magnetic field did 
not change significantly, and the deactivation of triplet polari-
zation may be suppressed.28 The polarization of triplets 
should be more easily lost when the crystallinity deteriorates 
and the orientation of DAT is disrupted, which would de-
crease the efficiency of polarization generation of radicals. In 
other words, it suggests that aligning chromophores in one 
direction is a useful design for generation of radical polariza-
tion. 

In conclusion, we have succeeded in generating polariza-
tion of radicals with an extremely long spin-lattice relaxa-
tion time, T1, of 274 μs at room temperature in a MOF with 
densely integrated DAT chromophores. Upon photoexcita-
tion, persistent ligand radicals were generated in the DAT-
MOF and a triplet-to-radical polarization transfer occurred. 
It is implied that the generation of extremely long polariza-
tion is achieved by weakening the interaction between the 
chromophores, while at the same time suppressing their 
mobility through interaction with the surrounding mole-
cules (in the current case, BPDC co-ligand). It also seems 
important to orient the chromophores in one direction so 
that the polarization of the triplet, the source of the polari-
zation, does not relax immediately. Future studies that 
systematically vary the chromophores and their assembly 
structures will provide a better understanding of the gen-
eration of super-long-lived radical polarization. The com-
bination of long-lived polarization and accessible nano-
space is expected to lead to unique applications such as 
highly sensitive quantum sensing of guest chemicals and 
nuclear spin polarization of guest biomolecules. 
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