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Quantum sensing has the potential to improve the sensitivity of chemical
sensing by exploiting the characteristics of qubits, which are sensitive to the
external environment. Modulation of quantum coherence by target analytes
can be a useful tool for quantum sensing. Using molecular qubits is expected
to provide excellent sensitivity due to the proximity of the sensor to the target
analyte. However, many molecular qubits are used at cryogenic temperatures,
and how to make molecular qubits respond to specific analytes remains
unclear. Here, we propose a material design in which the coherence time
changes in response to a variety of analytes at room temperature. We used the
photoexcited triplet, which can be initialized at room temperature, as qubits
and introduce them to a metal-organic framework that can flexibly change its
pore structure in response to guest adsorption. By changing the local mole-
cular density around the triplet qubits by adsorption of a specific analyte, the
mobility of the triplet qubit can be changed, and the coherence time can be
made responsive.

In the second quantum revolution, quantum information science (QIS)
comprises the application of quantum mechanics to fields such as
quantum computing?, quantum communication®*, and quantum
sensing®°. Quantum bits (qubits) are its building blocks, and manip-
ulating these superposition states creates new properties that cannot
be achieved by classical bits"'">. Among the quantum technologies,
quantum sensing will have an impact on a wide range of fields,
including chemistry’ and biology'®. An important parameter for
quantum sensing is the time over which the coherence of spin corre-
lations is preserved®. Since the sensitivity of quantum sensing depends
on coherence time, a long coherence time is highly desirable’. Defect
centers, such as the nitrogen-vacancy (NV) centers in diamond, have
long coherence times of more than microseconds at room

temperature, enabling sensing of a variety of small molecules and
biomolecules®'°. However, defect centers are difficult to place in a
specific position, and it is also difficult to selectively address different
centers™.

Unlike defect-based systems, molecular qubits'~' are uniform in
structure and can be precisely controlled. Furthermore, their small size
allows them to closely approach the target analyte. For electron spin-
based systems, the coherence time can be determined as the spin-spin
relaxation time (7). Paramagnetic metal complexes™, radical pairs?,
and metal complex-radical conjugates®*° are typical examples of
molecular qubits. Although some radical is known to show long T, over
several microseconds®, it is still not easy to achieve microsecond-scale
T, at room temperature for many molecular qubits. Furthermore, it
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remains unclear how to make molecular qubits responsive and selec-
tive to specific analytes.

One strategy to gain responsivity to analytes is employing porous
materials such as metal-organic frameworks (MOFs) or
covalent-organic frameworks (COFs). There are a few examples of
quantum sensing using MOFs containing paramagnetic species****. In
these reports, the hyperfine interaction between electron spins and
nuclear spins was used to sense analytes, but this method left a major
challenge in that it could not distinguish compounds composed of the
same nuclear species, such as benzene and toluene, for example.

Another way to sense analytes is by using the modulation of the
coherence time, known as relaxometry. In general, 7, depends on
several factors, such as the motion of the qubit itself and surrounding
spins'*. The motion of the qubit changes the orientation of the
molecule relative to the external magnetic field, and since the g factor
is usually anisotropic, the interaction with the magnetic field is per-
turbed, causing relaxation. Other sources of relaxation are the sur-
rounding electron and nuclear spins. In particular, nuclear motion in
the surrounding molecules causes fluctuation in the local magnetic
field, leading to relaxation. Relaxometry can be a powerful method to
detect target analytes based on these mechanisms. However, since
qubits exposed in the nanopores of MOFs and COFs can undergo
significant relaxation from the motion of the qubit itself, it is necessary
to design the environment around the qubit appropriately to have a
sufficiently long T>.

The photoexcited triplet state of organic dyes is an excellent
candidate for qubits. Photoexcited triplet states have the advantage
that anisotropic spin-orbit coupling allows temperature-independent
sublevel selective intersystem crossing (ISC) from photoexcited sing-
let states, creating highly polarized electronic states, even at room
temperature®~’ (Fig. 1a). This is a major difference from the spins of
metal complexes and radicals in thermal equilibrium®**, and triplets
can offer higher spin polarization than those systems at room tem-
perature and low magnetic fields. This means that more spins are
available as qubits in the triplet state, which is an advantage in multi-
qubit systems. Furthermore, it has long been known that the triplet
state of pentacene doped in dense p-terphenyl crystals exhibits a long
T, on the microsecond scale even at room temperature®. However,
except for a few pioneering examples?°, photoexcited triplets are
largely unexplored in the context of qubits and have never been used
for quantum sensing because they are buried in dense matrix crystals
and cannot approach the target analyte. As with other paramagnetic
qubits, the response of triplet qubits to target analytes based on

hyperfine spectroscopy and relaxometry is expected*. A characteristic
of triplets is that they have an anisotropic and large (~ GHz) zero-field
splitting (ZFS) interaction so that the molecular motion of the qubit
causes a pronounced relaxation based on orientation change with
respect to the magnetic field*°. Therefore, when target analytes are
incorporated into the nanopores and the environment around the
qubit changes, it is expected that the changes can be sensitively cap-
tured through relaxometry.

Here, we propose a material design toward quantum sensing in
which triplet qubits are supported in nanoporous metal-organic
frameworks (MOFs) to make the analyte molecules accessible and the
coherence time T, of the triplet qubits is changed by flexibly chan-
ging the MOF structure through adsorption of the guest analyte. Our
method can show different T, responses for a wider variety of
organic compounds. In the present system, MOF has molecular
recognition ability by interacting with guest analytes, and triplet
qubit is a reporter that outputs it as the change in the coherence time
T». In other words, qubit and analyte do not interact directly but are
indirectly influencing each other via MOF. By utilizing the change in
molecular motion of qubits due to the introduction of guest mole-
cules, we have succeeded in harnessing the molecular motion, which
is normally a source of harsh relaxation at room temperature, to
change the quantum coherence.

We selected MIL-53 as a flexible MOF that exhibits guest-
responsive structural change, termed breathing behavior* *’. Some
MOFs can flexibly change their crystal structure by introduction and
removal of guest molecules***¢. The N-substituted tetracene, 5,12-
diazatetracene (DAT)*®, was employed as the triplet qubit. Compared
with conventional pentacene, DAT has the advantages of good solu-
bility and superior air stability. Recently, we reported the successful
introduction of DAT into MIL-53 nanopores and polarization transfer
from the electron spins of the DAT triplet to the 'F nuclear spins of the
guest fluorouracil”’.

We introduced a variety of additional guest analyte molecules into
DAT-accommodated MIL-53 and evaluated T, of the DAT triplet using
pulsed electron paramagnetic resonance (EPR) (Fig. 1b). Analyte
molecules have nuclear spins, such as that on protons, which usually
work as noise to shorten 7. Interestingly, the 7, of DAT in MIL-53
shows various T, depending on the type of guest analyte, with the
longest T, being longer than 1ps at room temperature. This can be
mainly attributed to the local molecular density around the DAT and
has led to a new concept of quantum sensing by controlling the
dynamics of qubits.
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Fig. 1| Strategy for quantum sensing using triplet qubits and a flexible MOF.
aInitialization of the triplet qubit. Spin polarization between two of the three triplet
sublevels generated by photoexcitation and following spin-selective intersystem
crossing (ISC) can be used as qubits. b Response of triplet qubits to the guest-
induced structural change of a flexible MOF. DAT and D-MIL-53 are employed as

triplet qubits and the flexible MOF, respectively. ¢ Guest analyte molecules used in
this research. H,0, 2-propanol (PrOH), pyridine (Py), S-fluorouracil (FU), p-benzo-
quinone (BQ), THF, chloroform (CHCl3), ethyl acetate (EtAc), toluene (h-Tol),
ethanol (EtOH), and acetonitrile (AcNt) are introduced to D-MIL-53>DAT.
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Results and discussion

DAT was introduced into partially deuterated MIL-53 [Al(u,-OH)(BDC-
dy)]l, (denoted as D-MIL-535DAT; BDC-d,=perdeuterated ter-
ephthalate) by simply soaking D-MIL-53 in a dichloromethane solution
of DAT, according to our previous report*. Since the MOF was washed
several times with dichloromethane during sample preparation, excess
DAT was removed and it is unlikely that DAT remains on the MOF
crystal surface. As the concentration of the DAT solution is increased,
the structure of the obtained MOF changes gradually (Supplementary
Fig. 1), supporting the accommodation of DAT in the MOF nanopores.
The loading amount of DAT was estimated to be 0.87 wt% by UV-Vis
absorbance after digesting D-MIL-53 (Supplementary Fig. 2), similar to
our previous report”. The following 11 guests were additionally
introduced to D-MIL-535DAT: H,0, 2-propanol (PrOH), pyridine (Py),
S-fluorouracil (FU), p-benzoquinone (BQ), THF, chloroform (CHCls),
ethyl acetate (EtAc), toluene (h-Tol), ethanol (EtOH), and acetonitrile
(AcNt). FU and BQ were introduced by sublimation, and other guests
were introduced by exposing D-MIL-53 to each vapor. Guest molecules
were selected to cover as wide a range of volumes as possible based on
the previous reports*~*. In addition, for liquid guests, we selected
those with boiling points high enough not to be evacuated during
sample preparation and not too high to be introduced by vapor dif-
fusion. For solid guests, we chose those that could be introduced by
sublimation.

Guest-dependent coherence time (77)

The coherence times (T>) of the photoexcited triplets of DAT in D-MIL-
53 were measured by pulsed EPR at room temperature with a spin echo
sequence varying the pulse intervals (Fig. 2a). Measurements were
taken at the magnetic field of the high-field and low-field peaks of the
EPR spectra shown later, respectively, and both decay curves are
shown (Fig. 2c). The decay of echo intensity was fitted with a single
exponential function and T, was obtained as the decay constant. While
DAT shows electron spin echo envelope modulation (ESEEM) due to
hyperfine coupling with 'H nuclei and N nuclei at a higher magnetic
field, it does not affect the estimation of 7. The T, values obtained at
the higher and lower magnetic fields are similar (Supplementary

Table 1). A relatively short T, of around 0.1ps is observed for D-MIL-
535DAT without any guest analyte (termed empty). No echo signals
are detected when h-Tol, EtOH, or AcNt are introduced as guests,
probably due to the shortening of T, (<0.1ps). This is not strange,
since proton nuclear spins usually work as noise and reduce coherence
time”. Meanwhile, interestingly, the introduction of some guest
molecules such as Py, FU, BQ, and THF clearly elongated T, of the DAT
triplets, despite the increase in proton and other nuclear spins that
could cause spin relaxation. The T, of DAT in the presence of FU and
BQ are over 1ps, which are notably long as molecular qubits at room
temperature*®, To confirm the measurements were run in the spin
dilute regime, the T, was measured with different laser powers (Sup-
plementary Fig. 3). As expected from the low concentration of DAT in
the sample (0.87 wt%), the change of T, was small and intermolecular
interactions between electron spins of DAT triplets could be ignored.

The T, value was plotted against the cell volume of pristine MIL-53
(Fig. 2b). With increasing cell volume, 7, shows a non-monotonic
trend, becoming longer and then shorter. Interestingly, triplet qubits
and flexible MOF hybrids exhibit different coherence times for various
guest molecules at room temperature.

Possible mechanism of guest-dependent 7,

To obtain information about the interaction of DAT with guest mole-
cules in the ground and excited triplet states, we obtained UV-Vis
absorption and time-resolved EPR spectra, respectively. For D-MIL-
535[DAT + H,0] (MIL-53 immediately absorbs water and forms a
hydrated structure), DAT shows absorption peaks at 450, 480, and
515nm derived from m-1* transitions. This is consistent with the
absorption peaks of DAT molecularly dispersed in p-terphenyl crystal
and is clearly different from the red-shifted peaks of DAT in its
aggregated solid state, as we previously reported®® (Supplementary
Fig. 4). With the exception of BQ, where the analyte guest itself shows
absorption, no significant change in the absorption spectrum is
observed when various guest molecules are introduced (Supplemen-
tary Fig. 5). A plot of the T, versus the dielectric constants of guests
also showed no correlation (Supplementary Fig. 6). This indicates that
the interaction between DAT and the guest molecules is small in the
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Fig. 2 | Guest-dependent T, of DAT triplets in D-MIL-53. a Spin echo sequence

used for T, measurement. The intervals of microwave pulses and echo detection

were varied. b Plot of T, and the fit error obtained by the single-exponential fitting
of the spin echo decay curves against the unit cell volume of MIL-53. Only the T,

obtained from the low field peaks where the effect of ESEEM was small is plotted.
For the empty, FU, and THF samples, the means and the standard errors of three

measurements are shown. Errors of the H,O and THF samples were small and

2t (us)

buried in the symbol. ¢ Spin echo decay curves after pulsed photoexcitation at
532 nm for empty (D-MIL-535DAT) and guest-filled (D-MIL-53>[DAT + guest])
samples for each guest shown in Fig. 1 at room temperature. The decay curves of
each sample at the magnetic field corresponding to the higher and lower EPR peaks
(Fig. 3a) are shown at the top and bottom, respectively. Single-exponential fitting
curves for each sample are also shown. Echo signals were not observed when the
guest was h-Tol, EtOH, or AcNt.
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Fig. 3 | Time-resolved EPR measurements of DAT in D-MIL-53. a Time-resolved
EPR spectra at 0.1-0.5 us for empty (D-MIL-535DAT) and guest-filled (D-MIL-
53>[DAT + guest]) samples for each guest shown in Fig. 1 at room temperature
(black). The simulated EPR spectra are shown as red lines. b Decays of the EPR peaks
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at higher and lower magnetic fields after pulsed photoexcitation at 532 nm for
empty (D-MIL-535DAT) and guest-filled (D-MIL-535[DAT + guest]) samples at room
temperature. Decay curves were fitted by a single exponential function, and the
fitting results are shown as red curves.

ground state and that DAT is not aggregated by the introduction of
guests.

Figure 3a shows the time-resolved EPR spectra of the DAT triplet
in D-MIL-53 in the absence and presence of guest molecules. All the
samples show similar EPR spectra typical for a polarized DAT triplet,
and it is consistent with the echo-detected field-swept spectra
obtained from the pulsed EPR measurements (Supplementary Fig. 7).
There is no significant motional narrowing as in the EPR spectrum of
the triplet state in solution*’, indicating that the incorporation of DAT
into the MOF nanopores effectively suppresses its rotation. The EPR
spectra were simulated using the EasySpin toolbox*® in MATLAB (red
lines in Fig. 3a and Supplementary Table 1). The slight changes in the
relative zero-field populations (P,: Py: P,) were observed probably due
to the change in vibronic spin-orbit coupling®, but the T, values were
unrelated to the relative populations (Supplementary Fig. 8). There are
also no large differences in zero-field splitting parameters (D and E)
among the samples, which reflect the electron structure of DAT,
indicating the absence of strong electronic interactions between the
DAT triplet and guest analytes. In addition, the DAT structure would be
kept after guest introductions.

The spin-lattice relaxation time (7;) was estimated from the decay
of the EPR signal after light irradiation (Fig. 3b). Even under continuous
microwave irradiation which makes the decay faster, the 7; value for
each sample is more than an order of magnitude longer than the
corresponding T, value, indicating that 7, is not dominated by T;
(Supplementary Fig. 9 and Supplementary Table 1). The guest depen-
dence of T; shows a similar trend to that of 7,, with some exceptions
(such as H,0). This result suggests that additional relaxation
mechanisms exist for spin-spin relaxation.

To gain insight into the local molecular density around DAT in the
MOF nanopores, thermogravimetric analysis (TGA) was performed
(Supplementary Fig. 10). The MOF cell volume minus the framework
volume was approximated as the guest accessible pore volume, and
the volume fraction of the pore volume occupied by the guest was
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Fig. 4 | Dependence of T, on volume fraction occupied by the guest. 7, and
volume fraction occupied by the guest are plotted for empty (D-MIL-53°DAT) and
guest-filled (D-MIL-535[DAT + guest]) samples. The means and the standard errors
of three measurements are shown for the empty, FU, and THF samples, and the fit
errors obtained by the single-exponential fitting of the spin echo decay curves are
shown for other samples. For the H,O and THF samples, errors were small and
buried in the symbols.

estimated. Interestingly, the larger the volume fraction occupied by
the guest, the longer the T, (Fig. 4). h-Tol does not fit this trend, and it
is possible that the rotation of the methyl group is responsible for
shortening 7,". When perdeuterated toluene (d-Tol) is introduced as a
guest, T, for the DAT triplet is extended to ~ 0.3 pus (Supplementary
Fig. 11), which matches the trend for the other guest molecules. This
suggests that, in the absence of a particularly relaxing substituent such
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as a methyl group, the higher the volume fraction occupied by guest
(or local molecular density), the more the motility of DAT is sup-
pressed and the longer T is. We also plotted T, against other MOF
parameters, such as guest-accessible pore volume and accommodated
guest volume. The former shows a similar trend to MOF volume
(Supplementary Fig. 12) and is considered not to determine the
coherence time. The latter show weak positive correlations between
the two parameters (Supplementary Fig. 13). This might be because
guest molecules with larger volumes can fill larger space and suppress
the motional relaxation of DAT. As for the terephthalate ligand of MIL-
53, there is no change in T, for the DAT triplet in the deuterated and
protonated forms. There is little change in the T, of the DAT triplet
when H,O and D,O are used as guest molecules. Moreover, the
increase of numbers of 'H or *F nucleus due to the guest introduction
should normally shorten the relaxation time, but in many of our sys-
tems, T, was rather lengthened (Supplementary Fig. 14). Therefore, the
effect of the change in the nuclear spin bath should not be a primary
regulator of T,.

Further analysis using experimental techniques such as solid-state
nuclear magnetic resonance (NMR) and terahertz spectroscopy may
reveal the detailed dynamics of DAT, but it is difficult to get such
insights because the amount of DAT incorporated in the MOF is only
0.87 wt% and there are much larger amounts of the host ligands and
other guest molecules. Indeed, we synthesized deuterated DAT (95 % D)
and introduced it into MIL-53 composed of protonated (non-deuter-
ated) terephthalate, but we could not detect any 2H NMR signal even
after integrating 1000 scans with 15 kHz magic angle spinning at 9.4 T.

Instead, we performed a molecular dynamics (MD) simulation to
get insights about the DAT dynamics in MIL-53. We selected three
representative systems, empty (MIL-535DAT), MIL-53>[DAT + H,0],
and MIL-532[DAT +BQ], which showed different guest density and
either longer or shorter 7,. The simulation was conducted at 300 K for
0.2 ps. We attempted to get insight into the rotational and translational
motions of DAT based on the distances between the aluminum atom
and the four carbon atoms (Supplementary Figs. 15, 16, and Supple-
mentary Table 4). In the empty sample, the distances of all directions
changed drastically, indicating the presence of both rotational and
translational motions. In the case of MIL-532[DAT + H,0], the dis-
placement in the z (pore) direction was observed, while only fluctuated
movements in the x and y directions were observed, which means
translational motion in the pore direction is dominant. Importantly,
judging from the standard deviation shown in Supplementary Table 4,
much fewer displacements were observed for MIL-53>[DAT + BQ],
which has the longest T, reported in this paper, implying that DAT
mobility is significantly suppressed in this system. These results sup-
port that the DAT motions can contribute to spin relaxation processes.
Since u-OH groups bridging aluminum metals were not deuterated, the
interaction between the proton and DAT remained and could be
modulated by the translational motion of DAT. Moreover, the DAT
triplet has anisotropic zero-field splitting parameters, D and E, which
can also be altered by the change of molecular orientation by rota-
tional motions known as tumbling. Therefore, the fluctuations of
interactions with surrounding proton spins of the OH groups and
anisotropic parameters based on the molecular motion of DAT would
cause spin-spin relaxation (See Supplementary Discussion for more
information)®. Note that the T, of D-MIL-53>[DAT + H,0] was com-
parable to the empty sample, while the result of MD simulation implies
D-MIL-53>[DAT + H,0] has less motion than the empty sample. The
possible reason is the difference in the dynamics of the AlI-OH groups.
The root mean square fluctuation (RMSF) value of the OH groups,
which indicates how much the OH is dynamic, was found to be larger in
MIL-53>[DAT + H,0] (Supplementary Fig. 17). This intense motion may
bring additional relaxation sources to the D-MIL-53>[DAT + H,0]
system.

Although the mobility changes in DAT can affect the linewidths of
the EPR spectra, almost no change was observed for our system*’. Even
for the empty sample, which is considered to have the highest mobility
of DAT in the present systems, the spectral shape is completely ani-
sotropic and solid-like. This is consistent with the MD simulation result
(Supplementary Fig. 16) that the timescale of the rotation is around
tens of nanoseconds. Thus, even under an empty situation, the rota-
tional motions of DAT are sufficiently slower than the EPR timescale
(~100 ps) and might bring no notable changes.

To support the idea that DAT dynamics can be a main factor
determining T,, we measured T, at lower temperatures in the empty,
guest-free state (D-MIL-535DAT) (Supplementary Fig. 18). The T, of the
DAT triplet, which is 0.1 pus at room temperature, is longer at 100 and
50 Kat1.0 and 2.8 ps, respectively. Conversely, in p-terphenyl, which is
asolid and dense crystal, the DAT triplet shows along T, of 2.4 pis, even
at room temperature. These results confirm that the dynamics of DAT
is important for spin-spin relaxation process.

This study demonstrates the response of quantum coherence to
diverse neutral molecules by hybridizing triplet qubits in flexible
MOFs. The photoexcited triplet, which is initializable at room tem-
perature and exhibits a long coherence time, was used as qubits, and
the MOF, which can flexibly change its structure upon adsorption of
various analyte molecules, was used to make the qubits responsive.
This proof-of-concept result will stimulate the development of many
hybrid quantum sensors using various combinations of MOFs and
qubits in the future. For example, if a MOF that strongly interacts with
guests having a certain functional group, and a chromophore that
can strongly interact with the MOF are used as a qubit, when a
molecule that can interact more strongly with the MOF than the qubit
is adsorbed as a guest, the qubits may become more mobile and a
change in T, will be observed. Since there are many examples of
MOFs selectively adsorbing specific guests or showing abrupt
adsorption at a certain pressure, numerous quantum sensors that
read the type and concentration of molecules could be realized. This
concept can be generalized to create dozens to hundreds of hybrid
sensors by combining dozens of MOFs and qubits, and by recogniz-
ing the response of each analyte to these sensors as a pattern, it will
be possible to selectively sense specific analytes. The current dis-
covery is expected to lead to the creation of a new concept of
quantum sensing platform, which could be called a quantum nose.
The control of MOF orientation is expected to enable more advanced
quantum sensing by sophisticated qubit manipulation. Our system
uses photoexcited triplets as qubits, which is highly compatible with
optically detected magnetic resonance (ODMR). The implementation
of ODMR would lead to highly sensitive sensing and, ultimately, to
single molecule quantum sensing”~**"**, The triplet-MOF complex will
provide an ultra-sensitive and highly selective quantum sensing
platform that will have an impact in a wide range of fields such as
analytical chemistry, life sciences, and medicine.

Methods

All reagents were used as received unless otherwise noted. Aluminum
chloride hexahydrate (AICl;» 6H,0) and p-benzoquinone (BQ) were
purchased from Sigma-Aldrich. p-Terphenyl was purchased from
FUJIFILM Wako Pure Chemical and purified by zone melting. o-Phe-
nylenediamine, potassium dichromate (K,Cr,0O,), and ethylenedia-
mine-N,N,N,N-tetraacetic acid, tetrasodium tetrahydrate salt (Nas-
EDTA) were purchased from FUJIFILM Wako Pure Chemical. 2,3-Dihy-
droxynaphthalene and 5-fluorouracil (FU) were purchased from TCI.
Glacial acetic acid and oxalic acid dihydrate were purchased from
Kishida Chemical. Terephthalic acid-d, (BDC-d,) (ring-d4, 98 atom%)
was purchased from Cambridge Isotope Laboratories, Inc. 5,12-Diaza-
tetracene (DAT) and deuterated MIL-53 (D-MIL-53) were prepared
following the literature with slight modifications®*’.
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General characterization

Solution-state 'H-NMR (400 MHz) spectra were recorded on a JEOL
JNM-ECZ400 spectrometer using tetramethylsilane (TMS) as the
internal standard. Elemental analysis was carried out using a Yanaco
CHN Corder MT-5 at the Elemental Analysis Center, Kyushu University.
UV-Vis absorption spectra were obtained on a JASCO V-670 spectro-
photometer. Fluorescence spectra were obtained using a JASCO FP-
8700 fluorescence spectrometer. Thermogravimetric analysis curves
were obtained on a Rigaku Thermo Plus EVO2 under N,.

Sample preparation
The samples were prepared according to a previously reported
method with slight modifications®**".

Synthesis of DAT. A mixture of 2,3-dihydroxynaphthalene (2.00 g,
12.5 mmol) and o-phenylenediamine (1.35 g, 12.5 mmol) was put into a
50 mL flask and heated to 200 °C for 1h under N, atmosphere. After
filtering and washing the crude product with methanol, 5,12-dihy-
drodibenzo[b]phenazine was obtained as a yellow solid and used in the
next step without further purification.

5,12-Dihydrodibenzo[b]phenazine (2.04 g, 8.69 mmol) was added
to 60 mL of glacial acetic acid to produce a suspension. K,Cr,O;
(5.32 g,18.0 mmol) in 20 mL water was slowly added dropwise, and the
mixture was stirred overnight in the dark at room temperature. After
neutralization, the organic layer was extracted with CHCI,, dried with
anhydrous Na,SO4, and concentrated under reduced pressure.
Recrystallization from toluene gave 5,12-diazatetracene (DAT) as a
reddish-orange solid (yield: 47%).

'H-NMR (400 MHz, CDCl5, TMS): & (ppm) = 8.92 (s, 2H), 8.23
(dd, 2H), 8.13 (dd, 2H), 7.81 (dd, 2H), 7.54 (dd, 2H).

Elemental analysis for C;¢H;oN,: calculated (%) H 4.38, C 83.46, N
12.17; found (%) H 4.30, C 83.50, N 12.03.

Synthesis of D-MIL-53. AICl;+ 6H,0 (966 mg, 4 mmol), oxalic acid
dihydrate (504 mg, 4 mmol), and BDC-d, were added to 30 mL deionized
H,0 and put into a 50 mL Teflon-lined autoclave. The mixture was soni-
cated, heated at 220 °C for 72 h, and cooled to room temperature over
24 h in an oven. After filtering and washing the product with DMF (N,N-
dimethylformamide) and methanol, a colorless powder was obtained.

To remove the residual BDC-d, ligands from D-MIL-53, the
obtained powder was added to 15 mL DMF and heated to 120 °C for
16 h in the oven again. The resulting product was filtered and washed
with DMF and methanol. These procedures were repeated until the
peak from BDC-d, was no longer observed in thermogravimetric
measurements (at least three times). The product was then activated at
150 °C for 3 h.

In ambient air, activated MIL-53 immediately adsorbs water
molecules and forms hydrated structures* (denoted as D-MIL-
53> H,0).

Elemental analysis for [CgH;.0gD3.9205Al;]* 1.0(H,0): calculated (%)
H 3.06, C 41.75, N 0.00; found (%) H 3.05, C 41.80, N 0.00.

Introduction of DAT into D-MIL-53. D-MIL-53 (50 mg) was put into a
6 mL vial and dried under reduced pressure at room temperature over
3 h. The vial was placed in the dark for 1h at room temperature after
adding 2.5 mL dichloromethane solution of DAT (1 mM). The mixture
was centrifuged, washed with fresh dichloromethane (1.0 mL, seven
times), and dried under vacuum at 100 °C for 3 h. D-MIL-53>5DAT was
obtained as a yellow powder.

In the ambient air, D-MIL-53>DAT quickly absorbs water and
forms the hydrated structure (denoted as D-MIL-53>[DAT + H,0]).

Quantification of the number of DAT molecules in D-MIL-53ODAT.
The amount of DAT molecules in D-MIL-53 was calculated by UV-Vis
absorbance after digesting D-MIL-535DAT in aqueous Nas-EDTA

solution. DAT was extracted from 20.0 mg D-MIL-535DAT using
4.0mL dichloromethane after adding 4.0 mL aqueous Nay-EDTA
solution (125 mM). The absorbance at 475 nm of the dichloromethane
solution of DAT was 0.055 in a 1mm cell for 20.0 mg of D-MIL-
53>[DAT + H,0]. From the calibration curve, the concentration of the
solution was calculated to be 0.175 mM. Therefore, the total amount of
DAT in the 4.0 mL dichloromethane solution was found to be
0.70 umol (= 0.16 mg). Since 7.8 wt% of water was contained in D-MIL-
53>[DAT + H,0] (from the TGA curve), the weight of D-MIL-53>DAT
without water was determined to be 18.44 mg (21.74 umol). Thus, the
number of DAT molecules per unit cell of D-MIL-53 was estimated to be
0.70/21.74=0.032, which corresponds to 0.87wt% of DAT in D-
MIL-535DAT.

Introduction of guests into D-MIL-530DAT. Guest analytes (except
for FU and BQ) were introduced by exposing D-MIL-535DAT to each
guest vapor. D-MIL-535DAT was put into a 6 mL vial and dried under
reduced pressure at 80 °C for 3 h. The vial was placed in a Schlenk flask
containing a small amount of solvent containing activated 3 A mole-
cular sieves and stored in the dark overnight.

The introduction of FU and BQ into the nanochannels of D-MIL-
53>DAT was performed by the sublimation method®. D-MIL-53>DAT
was evacuated at room temperature for 3 h. FU (35 mg) or BQ (60 mg)
were added to D-MIL-5305DAT, and the mixtures were put into a 30 mL
Schlenk flask. After 1h of evacuation, guests were sublimated and
absorbed directly into the nanopores of the MOF at 175 °C for FU and
80 °C for BQ under reduced pressure for 1h. Residual guests were
eliminated at 175°C or 80 °C under vacuum until the powder X-ray
diffraction (PXRD) peaks of bulk FU and BQ were no longer observed.
D-MIL-53>[DAT + FU] and D-MIL-535[DAT +BQ] were obtained as a
pale-yellow powder and a yellow powder, respectively.

Sample preparation for EPR measurements. Samples used in the EPR
measurements were prepared as follows: D-MIL-532[DAT + guests]
were put into 2 mm capillaries, which were plugged with cotton wool
to avoid sample scattering. For liquid guests, a small amount of guest
was added to the cotton wool to maintain the vapor pressure. The
capillaries were degassed under 77 K for more than 30 min with an oil
pump and sealed with a flame.

EPR spectroscopy

EPR measurements were performed on a Bruker E680 operated at
X-band (- 9.6 GHz) using 2 mm glass capillaries placed into 4 mm quartz
EPR tubes. A Bruker standard dielectric resonator was used as a
microwave resonator (ER4118X-MD5W) using TEO11 mode. The samples
were excited at a wavelength of 532 nm, excitation light intensity of
2-3 mJ/pulse, pulse width of 5-12 ns, and repetition rate of 30 Hz using a
Spectra-Physics Quanta-Ray YAG laser. The microwave intensity was
~0.06 mW for time-resolved measurements. For pulsed EPR measure-
ments, -2 u{W microwave was amplified by a 1kW amplifier and then
attenuated by an attenuator to 1/2 pulses with a pulse width of 16 ns.
16 ns and 24 ns microwave pulses were used as 1/2 pulse and 1 pulse,
respectively. Temperature was controlled by flowing liquid helium
using an Oxford Mercury iTC. The echo decay measurements were
conducted using a two-pulse spin echo sequence. The first /2 pulse
was irradiated 0.3 ps after laser excitation, and the pulse interval T was
varied. T, was obtained by single exponential fitting of decay curves.

Estimation of guest density
The number of guest molecules per unit cell of D-MIL-53 (ng,est) Was
calculated from the following equation (Supplementary Table 2):

no = Wioss(Mpytor + NparMpar)
guest
mguest(l - w[oss)

@
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where Wigss, Npat, Mmor, Mpat and Mgec are weight loss (weight of
guest) as a percentage of total weight, the number of DAT molecules
per unit cell of D-MIL-53, the molecular weight of a unit cell of D-MIL-53
(equivalent to 4 times chemical formula), the molecular weight of DAT,
and the molecular weight of the guest, respectively. The guest
accessible pore volume per MOF unit cell (Vpore) of MIL-53owater
was obtained as 638 A’ by Platon software. By subtracting this Vpore
from the volume of the MOF unit cell of MIL-535H,0 (Vyior, 977 A%)*,
the volume of the framework (Vegrucrure) Was estimated as 339 A2, This
Vstructure Was assumed to be same for all the D-MIL-53>[DAT + guest].
The percentage of guest occupied volume was estimated by the
following equation,

100n guest l/guest _ lOonguest Vguest

guest occupied volume (%) =

MOF — Vstructure Vpore

(03

where Ve is the volume of the guest molecule obtained from its
steric parameters (ref. 41 and Supplementary Table 5). The MOF unit
cell Vyor of some of D-MIL-532[DAT + guest] was estimated by PXRD
peak positions using the program DICVOL* (Supplementary Fig. 19and
Supplementary Table 6). For D-MIL-53>[DAT + guest] containing THF,
CHCl;, EtAc, h-Tol, EtOH, and AcNt as the guest, Vo Was estimated by
using the unit cell volume of MIL-53 (Fe)>guest*’, considering a linear
relationship between the unit cell volumes of MIL-53 (Al)>guest and
MIL-53 (Fe)>guest (Supplementary Fig. 20).

MD simulation
1. Models construction for MD simulations

To construct model structures, we referred to the reported
experimental crystal structures of MIL-53 in degassed and
H,0-solvated phases*’, and optimized the infinite crystal structure
using the Crystall7 program®~® under periodic boundary conditions.
For the optimization, we employed the pob-TZVP-rev2 basis set™ for all
atoms and PBE functional®® together with Grimme D3 type dispersion
correction®.. The shrinking parameters were set to 2 and 2, and cell
parameters were fixed to the experimental ones. Similarly, we opti-
mized the MIL-53 in the BQ-solvated phase using the crystal structure
of the desolvated phases after we changed the cell parameters to the
estimated one in Supplementary Table 6. After the optimization of all
three systems, we constructed each model structure of the
2 x2 x4 supercell (16 unit cells), where the 4 cells correspond to the
pore direction. One DAT molecule was introduced into each model
using the insert-molecule tool in GROMACS®. According to the
experimental estimation of the amount of solvent molecules, 64 H,O
molecules and 64 BQ molecules are added into each model, respec-
tively, after the introduction of the DAT molecule.

2. Details of MD simulations

The force field parameters for the metal cluster of the MIL-53 were
generated by using the Seminario methods® in the MCPB.py modeling
tool®* of AmberTools18% with the general AMBER force field (GAFF)®.
The Lennard-Jones parameters for the Al atoms and the O atoms
coordinating to the Al atoms were taken from the universal force
field”’, and the Mulliken partial charges were taken for the literature®®,
The topologies files for the H,O, BQ, and DAT molecules were pre-
pared as follows. The geometries of the three molecules were opti-
mized using density functional theory at the B3LYP/6-311 + G(d, p) level
of theory. The Mulliken atomic charges were obtained from the single
point calculation at HF/6-31 G* level of theory. The optimization and
charge evaluation were conducted using Gaussian 16 Rev. C. 01,
Using the obtained geometries and charges, the amber topology files
were generated by the antechamber package’ with GAFF force field.
The amber topology files were converted into a GROMACS format
using the Python script, Acpype”.

For the equilibration of the solvents, first, energy minimization of
the systems was performed based on the steepest descent algorithm
with the threshold of the maximum force, 10.0 kJ/mol/nm. Second,
NVT equilibration for 20 ns at 300 K were carried out for relaxation of
the introduced solvent molecules within the pore, fixing the atomic
positions of the MIL-53.

The main MD simulations with the canonical ensemble were
performed without any restraints for 200 ns, and the snapshots were
collected every 5 ps. To keep the temperature at 300 K, the velocity
rescale thermostat was used’”. Dynamics were propagated with a
leapfrog integrator using a time step of 1fs for the equilibration
procedure and of 2 fs for the main MD simulation while preserving
bond lengths using a linear constraint solver algorithm’. The geo-
metric mixing rules were applied for cross-interactions. The particle-
mesh Ewald scheme’ was used for calculating the long-range elec-
trostatic interactions, while short-range contributions were com-
puted with a cutoff distance of 11 A. All simulations were carried out
under periodic boundary conditions using GROMACS software ver-
sion 2020.5%.

To analyze the mobility of the DAT molecule in the MIL-53, we
analyzed specific distances, as shown in Supplementary Figs. 15, 16,
and Supplementary Table 4. Furthermore, to provide a comprehensive
information about the spin relaxation, we conducted the analysis of
dynamics of u-OH (Supplementary Fig. 17).

Data availability

The processed data generated in this study have been deposited in the
figshare https://doi.org/10.6084/m9.figshare.20586825 and are avail-
able from the corresponding authors upon request’.
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