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Radical qubits photo-generated in acene-based metal-organic 
frameworks 

Kana Orihashi,‡a Akio Yamauchi,‡a Miku Inoue,a Bhavesh Parmar,a Saiya Fujiwara,b Nobuo 
Kimizuka,a Mizue Asada,c Toshikazu Nakamura,c and Nobuhiro Yanai*a,d

A series of metal-organic frameworks (MOFs) assembled with 

diazatetracene (DAT)-based linkers are synthesized and 

characterized. Despite different chromophore orientations and 

spacings, photoinduced persistent radicals were generated in all 

the MOFs, and their spin-lattice relaxation time (T1) and spin-spin 

relaxation time (T2) are found to be relatively long even at room 

temperature. The generality of long T1 and T2 of photogenerated 

radicals in the chromophore-assembled MOFs provides a new 

platform towards quantum sensing applications. 

Electron spins embedded in molecular-based porous materials 

are promising qubit candidates in quantum information science. 

The nanoporous structures and the interaction between the 

host electron spins and the guest molecules offer a promising 

platform for quantum sensing in the field of chemistry and 

biology.1–6 Several kinds of porous systems have been proposed, 

such as metal-organic frameworks (MOFs) containing 

paramagnetic metal centre,1,7–10 MOFs and covalent-organic 

frameworks (COFs) with organic radicals,6,11–15 and 

chromophore triplets in MOFs.16 A key challenge in applying 

these materials to quantum science is to extend the coherence 

time or spin-spin relaxation time (T2), which is the lifetime of the 

superposition quantum states. As this superposition state is 

easily collapsed by interactions with the environment, such as 

magnetic noise from surrounding nuclear spin motion or 

paramagnetic species,17 it is still challenging to realise long T2 in 

the MOF especially at room temperature, which is relevant for 

many bio-sensing applications. 

The formation of radicals by photoinduced charge separation 

has been studied in several MOF systems, mainly for 

applications as photocatalysts18 and semiconductors19. 

However, there had been no study aimed at their 

characterizations as qubits and applications for quantum 

sensing. We have recently developed a dense chromophore-

integrated MOF, which exhibits photoinduced radicals with 

significantly long spin-lattice relaxation time (T1) and T2 values 

even at room temperature.6 Our previous MOF system (DAT-

MOF-1) consists of the ligand containing 5,12-diazatetracene 

(DAT) chromophore20 and the 4,4'-biphenyldicarboxylic acid 

(BPDC) co-ligand bound to Zn-paddlewheel units. The co-ligand 

and Zn paddlewheels are considered to be redox inert species.21 

The origin of the radical species was assumed to be charge 

separation between two DAT chromophores known as 

symmetry-breaking charge separation (SB-CS).22–26 The DAT 

radicals in this MOF exhibited significantly long T1 and T2, which 

were assumed to be partly due to the suppression of DAT 

mobility by forming -stacking with the co-ligand BPDC in the 

interpenetrated MOF structure. However, the necessary 

conditions for photoinduced radical generation and its long T1 

and T2 are still unclear and require more systematic 

investigation. 

In this work, we report the synthesis of two new DAT-based 

MOFs (DAT-MOF-2, DAT-MOF-3) by changing the carboxylate 

co-ligand and the generality of photoinduced generation of 

persistent DAT radicals with long T1 and T2 values. The use of 

different co-ligands made it possible to systematically change 

the structure around the DAT chromophore. Continuous wave-

electron spin resonance (CW-ESR) measurements confirmed 

that the persistent radicals of DAT were generated in the two 

new MOFs by light irradiation even when different co-ligands 

were used. Furthermore, pulsed ESR measurements showed 

that the radicals in the two new MOFs also exhibited shorter T2 
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values than those in the original DAT-MOF-1, implying the 

critical role of the dynamics of DAT moieties in the MOF 

structure. The findings on the generality of the photo-

generation of persistent radicals in the DAT-based MOFs and 

the effect of MOF structure on the T2 of radicals provide 

important guidance for future quantum sensing using MOFs. 

As in the previous report, 6,11-di(pyridine-

4yl)benzo[b]phenazine (DPyDAT) modified with pyridine groups 

as metal coordination sites was used as the DAT-containing 

ligand. DAT-MOF-1 [Zn2(BPDC)2(DPyDAT)]n was synthesized by 

solvothermal reaction at 100 °C for 24 h from a DMF solution of 

Zn(NO3)2·6H2O, DPyDAT and BPDC in a molar ratio of 2:2:1 

according to our previous report. Using different co-ligands, 

1,2,4,5-tetrakis(4-carboxyphenyl)benzene (TCPB) and 

terephthalic acid (TA), DAT-MOF-2 [Zn2(TCPB)(DPyDAT)]n and 

DAT-MOF-3 [Zn2(TA)3(DPyDAT)]n were synthesized under the 

similar conditions.27 

Single crystal structure analysis revealed the structural details 

of the DAT arrangement in each MOFs (Figure 1) ([CCDC 

2309918] for DAT-MOF-2 and [CCDC 2309924] for DAT-MOF-3). 

DAT-MOF-1 and DAT-MOF-2 have two-dimensional sheets of Zn 

paddle-wheel dimers and co-ligands cross-linked by DPyDAT 

pillars, resulting in pillared layer-type frameworks. The three-

dimensional network of DAT-MOF-1 is doubly interpenetrated, 

whereas DAT-MOF-2 has a non-interpenetrated single network 

structure. TCPB has been used to form the non-interpenetrated 

MOFs with Zn metal ions and bulky pyridyl ligands.28,29 In the 

DAT-MOF-1 structure, DAT and BPDC in two different networks 

form π-π stacking with the carbon-carbon distance of around 

0.35 nm, and the DAT unit showed no structural disorder. There 

is no π-π stacking between the neighbouring DAT units, and the 

distance between the closest carbon atoms is 0.33nm. In the 

non-interpenetrated DAT-MOF-2, the DAT unit does not form 

any π-π stacking, and there is space around the DAT unit, which 

leads to a disorder in the DAT position. The closest distance 

between edges of DAT is 0.48 nm, and the core-to core distance 

between DAT units is 0.59 nm. DAT-MOF-3 also consists of a 

pillared-layer three-dimensional single network. The bi-layer 

sheets composed of Zn ions and TA co-ligands are cross-linked 

by DPyDAT. The DAT units are arranged in a zigzag chain in a 

double row, and there are no π-π stacking between the 

neighbouring DAT units. The closest carbon-carbon distance 

between DAT edges is 0.43nm, and the distance between the 

double row is 0.60 nm. These results show that DAT forms π 

stacks with adjacent co-ligands in DAT-MOF-1, while DAT does 

not form π stacks in DAT-MOF-2 and DAT-MOF-3. 

Figure 2. Continuous wave (CW) ESR spectrum of (a) DAT-MOF-1, (b) DAT-MOF-2, and 

(c) DAT-MOF-3 before laser irradiation (gray lines), immediately after laser irradiation 

(red lines), and 10 min (orange lines), 30 min (pink lines), 60 min (purple lines), and 90 

min (green lines) after laser irradiation. Microwave frequency of each measurement was 

(a) 9.622124 GHz, (b) 9.842161 GHz, (c) 9.839015 GHz, respectively. UV-Vis absorption 

spectra of (d) DAT-MOF-1, (e) DAT-MOF-2, and (f) DAT-MOF-3 immediately after (orange, 

red, and pink line, respectively) and 12 h after light irradiation (blue lines). Pulsed laser 

Figure 1 Synthetic scheme, crystal structure and the arrangement of DAT units of (a) DAT-MOF-1, (b) DAT-MOF-2, and (c) DAT-MOF-3. 
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irradiation with wavelength, frequency, power, and duration of 532 nm, 10 Hz, 7.6 mJ, 

and 20 min were used, respectively. 

The purity of the bulk crystals of these three types of MOFs was 

confirmed by elemental analysis and good agreement of the 

powder X-ray diffraction (PXRD) patterns with the simulated 

patterns (Figure S3). The thermo-gravimetric profiles of the 

three MOFs indicate that the thermal stability of the DAT-MOF 

series is up to around 300 °C (Figure S4). 

The photoinduced persistent radical generation of DAT-MOFs 

was evaluated by CW-ESR measurements. In our previous 

report, the typical aromatic radical g value of 2.0023 was 

observed in DAT-MOF-1.6,30 The observed radicals were 

assumed as oxidized/reduced DAT molecules formed by 

photoinduced charge separation. We observed similar values 

for DAT-MOF-2 (g = 2.0018) and DAT-MOF-3 (g = 2.0023) (Figure 

2a-c). The obtained g values indicate that the similar radical 

generation by charge separation also occurs in DAT-MOF-2 and 

3. To examine the persistence of radical species, CW-ESR 

measurements were performed before laser irradiation, 

immediately after laser irradiation, and 10, 30, 60, 90 min after 

laser irradiation. In all types of MOFs, the signal intensity 

became stronger by laser irradiation, suggesting the 

photoinduced radical generation. The fact that the radical signal 

was observed even in the sample before laser irradiation is 

probably due to light exposure during the MOF synthesis and 

sample preparation. Importantly, the intensity of the CW-ESR 

signal was maintained even 90 min after laser irradiation for all 

the three MOFs. These results indicate that, despite the 

different DAT arrangements in each MOF, photoinduced 

generation of persistent radicals is a general phenomenon. 

The formation of radicals of the DAT chromophore in each MOF 

was further verified by optical spectroscopy. We have 

confirmed the formation of DPyDAT ligand radicals in DAT-MOF-

1 by the difference in absorption spectra between immediately 

after laser irradiation and 12 h after laser irradiation in our 

previous report. In addition to the ligand-derived absorption 

band below 600 nm, a new broad absorption band between 

600-900 nm has appeared immediately after laser irradiation, 

and its intensity decreased after 12 h in the dark.6,31 Since the 

new broad absorption band also appeared in the chemically 

oxidized DAT-MOF-1, the generation of DAT cation radical by 

photo-irradiation was indicated. Figure 2d-f show the 

absorption spectra of DAT-MOF-2 and DAT-MOF-3 right after 

the laser irradiation and 12 h after the laser irradiation. Similar 

to the case of DAT-MOF-1, both DAT-MOF-2 and DAT-MOF-3 

showed characteristic absorption bands between 600-900 nm, 

and the intensity of this broad band decreases after 12 h. These 

results suggest that the generation of DAT cation radicals by 

photo-irradiation also occurs in DAT-MOF-2 and DAT-MOF-3 as 

in DAT-MOF-1.  

The spin-lattice relaxation time (T1) of the photogenerated 

radical in each MOF was measured by pulse ESR at room 

temperature using an inversion recovery sequence (Figure 3a). 

Measurements were taken at the magnetic field of the radical 

peak after laser-irradiation. All MOFs showed T1 values over 100 

s, indicating that the radicals in DAT-based MOF systems 

generally have a long T1 at room temperature. 

Finally, Hahn-echo sequence (Figure 4b) was used to evaluate 

the coherence time (T2) of the radicals in each MOFs at the 

emission peak of the radicals (343 mT). For all of MOFs, T2 in the 

sub-microsecond range were observed at room temperature. 

Figure 3 (a)Sequence of inversion recovery and (b) sequence of Hahn-echo sequence of pulsed ESR measurements. Decay of the echo intensity of inversion 

recovery(top) and Hahn-echo sequence(bottom) of (c)DAT-MOF-1, (d)DAT-MOF-2, (e)DAT-MOF-3, respectively. Single-exponential fitting curve for the decay signal is 

also shown (orange, red, pink line, respectively). Prior to each measurement, pulsed laser irradiation with wavelength, frequency, power, and duration of 532 nm, 30 

Hz, 2 mJ, and 5 min were applied, respectively. 
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As was the case with T1, the generality of the long T2 for the 

photoinduced persistent radical in the DAT-based MOF system 

has been confirmed. The relatively long T2 for all these MOFs 

suggests that this DAT-based MOF systems could be an 

excellent candidate for quantum sensing applications. The T2 

value in DAT-MOF-1 is almost double that of the other two 

MOFs. Focusing on the structure around DAT, the co-ligands are 

π-stacked on the DAT moieties in DAT-MOF-1, whereas DAT 

does not form π-stacking in DAT-MOF-2 and DAT-MOF-3. 

Therefore, the molecular mobility of DAT would be more 

suppressed in DAT-MOF-1 than in DAT-MOF-2 and DAT-MOF-3, 

which can be responsible for the T2 elongation in DAT-MOF-1. 

In conclusion, we have successfully observed the formation of 

photoinduced persistent radicals with relatively long T1 and T2 

even at room temperature in several MOFs with a high density 

of DAT chromophores. In addition to the previously reported 

DAT-MOF-1, two new MOFs were synthesized using the same 

DAT-containing ligand. Although the arrangements of DAT in 

each MOF structure are different, the generation of persistent 

DAT radicals by photocharge separation was observed in all of 

the three MOFs. Both T1 and T2 of the radicals in these MOFs 

are relatively long at room temperature, indicating that this is a 

general property of MOFs composed of DAT. The longest T2 was 

observed in DAT-MOF-1, suggesting that the suppression of 

molecular motion by π-stacking is the key to the extended T2 

value. These results suggest a unique material design guideline 

for the construction of superior qubits in MOFs and are 

expected to lead to quantum sensing of specific guest molecules 

by constructing more diverse structures in the future. 
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