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Abstract:  
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 new quantum sensor 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 molecular 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. 
 
 
Introduction 

In the second quantum revolution, quantum information science (QIS) comprises the 
application of quantum mechanics to fields such as quantum computing1,2, quantum 
communication3,4, and quantum sensing5-10. Quantum bits (qubits) are its building 
blocks, and manipulating these superposition states creates new properties that cannot 
be achieved by classical bits11,12. Among the quantum technologies, quantum sensing 
will have an impact on a wide range of fields, including chemistry9 and biology10. 
Quantum sensing is defined as satisfying one or, in a narrower sense, all of the 
following three conditions5: (i) the use of qubits (two levels), qutrits (three levels), or 
qunuts (n levels) to measure physical quantities; (ii) the use of quantum coherence to 
measure physical quantities; and (iii) the use of quantum entanglement to improve the 
sensitivity and accuracy of measurements. An important parameter for quantum sensing 
is the time over which the coherence of spin correlations is preserved13. Since the 
sensitivity of quantum sensing depends on coherence time, a long coherence time is 
highly desirable5. 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 biomolecules8,10. However, defect 
centers are difficult to place in a specific position, and it is also difficult to selectively 
address different centers14. 

Unlike defect-based systems, molecular qubits14-31 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 (T2). Paramagnetic metal complexes15-18, radical pairs22, 
and metal complex-radical conjugates24-26 are typical examples of molecular qubits. 
Recent research efforts have realized high T2 values at low temperature by appropriate 
molecular design, but it remains challenging to achieve microsecond-scale T2 at room 
temperature. Furthermore, it remains unclear how to make molecular qubits responsive 
and selective to specific analytes. 

Except for a few pioneering examples27-30, photoexcited triplets are largely 
unexplored in the context of qubits. Photoexcited triplet states have the advantage that 
anisotropic spin-orbit coupling (SOC) allows temperature-independent sublevel 
selective intersystem crossing (ISC) from the photoexcited singlet state, creating highly 
polarized electronic states, even at room temperature32-35 (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 temperature and 
low magnetic fields. Furthermore, it has long been known that the triplet state of 
pentacene doped in dense p-terphenyl crystals exhibits a long T2 on the microsecond 
scale even at room temperature33. However, triplets have never been used for quantum 
sensing because they are buried in dense matrix crystals and cannot approach the target 
analyte. 

Here, we propose a new quantum sensing strategy in which triplet qubits are 
supported in nanoporous metal–organic frameworks (MOFs) to make the analyte 
molecules accessible, and the coherence time T2 of the triplet qubits is changed by 
flexibly changing the MOF structure through adsorption of the guest analyte. Although 
a few examples of quantum sensing using MOFs containing paramagnetic species in 
thermal equilibrium have been reported36,37, there have been no examples of using the 
non-equilibrium highly-polarized state, such as triplets, at room temperature, or using 
the flexible structure of MOFs to obtain different responses for the type of guest 
analyte.  

We selected MIL-53 as a flexible MOF that exhibits guest-responsive structural 
change, termed ‘breathing’ behavior38-40. One of the unique features of MOFs is that the 
crystal structure can be flexibly changed by adsorption and desorption of guest 
molecules41-43. The N-substituted tetracene, 5,12-diazatetracene (DAT)32, was employed 
as the triplet qubit. Compared with conventional pentacene, DAT has the advantages of 
good solubility 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 19F nuclear spins of the guest fluorouracil44.  

In this work, we introduced a variety of guest molecules into DAT-accommodated 
MIL-53 and evaluated T2 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 T2. Interestingly, the T2 of DAT in MIL-
53 shows various T2 depending on the type of guest analyte, with the longest T2 being 
longer than 1 μs at room temperature. This can be 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. 

 

Fig. 1. Quantum sensing using triplet qubits and a flexible MOF. a, Initialization of 
the triplet qubit. Two of the three triplet sublevels generated by photoexcitation 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. c, Guest molecules used in this research. 
 
Results and discussion 

DAT was introduced into partially deuterated MIL-53 [Al(µ2-OH)(BDC-d4)]n 
(denoted as D-MIL-53⸧DAT; BDC-d4 = perdeuterated terephthalate) by simply soaking 
D-MIL-53 in a DAT solution, according to our previous report44. The loading amount of 
DAT was estimated to be 0.87 wt% by UV–Vis absorbance after digesting D-MIL-53 
(Fig. S1), similar to our previous report44. The following 11 guests were introduced into 
D-MIL-53⸧DAT: H2O, 2-propanol (PrOH), pyridine (Py), 5-fluorouracil (FU), p-
benzoquinone (BQ), THF, chloroform (CHCl3), 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-dependent coherence time (T2). The coherence times (T2) 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 T2 was obtained as the decay constant. While 
DAT shows electron spin echo envelope modulation (ESEEM) due to hyperfine coupling 
with 1H nuclei and 14N nuclei at higher magnetic field, it does not affect the estimation of 
T2. The T2 values obtained at the higher and lower magnetic fields are similar (Table S1). 
A relatively short T2 of around 0.1 μs is observed for D-MIL-53⸧DAT 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 T2 (< 0.1 μs). This is not surprising, 
since proton nuclear spins usually work as noise and reduce coherence time13. Meanwhile, 
interestingly, the introduction of some guest molecules such as Py, FU, BQ, and THF 
clearly elongate T2 of the DAT triplets, despite the increase in proton and other nuclear 
spins that could cause spin relaxation. The T2 of DAT in the presence of FU and BQ are 
over 1 μs, which are notably long values as molecular qubits at room temperature.  

The T2 value was plotted against the cell volume of MIL-53 (Fig. 2b). With increasing 
cell volume, T2 shows a non-monotonic trend, becoming longer and then shorter. Triplet 
qubit and flexible MOF hybrids exhibit different coherence times for various guest 
molecules, enabling room-temperature quantum chemical sensing of neutral molecules 
that has not been reported previously. 



 
Fig. 2. Guest-dependent T2 of DAT triplets in D-MIL-53. a, Spin echo sequence used 
for T2 measurement. The intervals of microwave pulses and echo detection were varied. 
b, Plot of T2 obtained by the single-exponential fitting of the spin echo decay curves 
against the unit cell volume of MIL-53. Only the T2 obtained from the low field peaks 
where the effect of ESEEM was small is plotted. c, Spin echo decay curves after pulsed 
photoexcitation at 532 nm for empty (D-MIL-53⸧DAT) and guest-filled (D-MIL-
53⸧[DAT+guest]) samples 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.  

 
 
Possible mechanism of guest-dependent T2. To obtain information about the interaction 
of DAT with guest molecules in the ground and excited triplet state, we obtained UV–
Vis absorption and time-resolved EPR spectra, respectively. For D-MIL-
53⸧[DAT+H2O] (MIL-53 immediately absorbs water and forms a hydrated structure), 
DAT shows absorption peaks at 450, 480, and 515 nm derived from π–π* transitions. 
This is consistent with the absorption peaks of DAT molecularly dispersed in p-terphenyl 
and is clearly different from the red-shifted peaks of DAT in its aggregated solid state, as 
we previously reported32 (Fig. S2). With the exception of BQ, where the guest itself shows 
absorption, no significant change in the absorption spectrum is observed when various 
guest molecules are introduced (Fig. S3). This indicates that the interaction between DAT 
and the guest molecules is small in the 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. The EPR spectra were simulated using the EasySpin 
toolbox45 in MATLAB (red lines in Fig. 3a, Table S1). There are no large differences in 
the relative zero-field populations (Px : Py : Pz) and zero-field splitting parameters (D 



and E) between the samples, indicating the absence of strong electronic interactions 
between the DAT triplet and guest analytes. 

The spin–lattice relaxation time (T1) was estimated from the decay of the EPR signal 
after light irradiation (Fig. 3b). The T1 value for each sample is more than an order of 
magnitude longer than the corresponding T2 value, indicating that T2 is not dominated 
by T1 (Fig. S4, Table S1). The guest-dependence of T1 shows a similar trend to that of 
T2, with some exceptions (such as water). This result suggests that additional relaxation 
mechanisms exist for spin–spin relaxation.  
 

Fig. 3. Time-resolved EPR measurements of DAT in D-MIL-53. a, Time-resolved 
EPR spectra at 0.1–0.5 µs for empty (D-MIL-53⸧DAT) and guest-filled (D-MIL-
53⸧[DAT+guest]) samples at room temperature. The simulated EPR spectra are shown 
as red lines. b, Decays of the ESR peaks at higher and lower magnetic field after pulsed 
photoexcitation at 532 nm for empty (D-MIL-53⸧DAT) and guest-filled (D-MIL-
53⸧[DAT+guest]) samples at room temperature. Decay curves were fitted by a single 
exponential function and the fitting results are shown as red curves.  
 
 

To gain insight into the local molecular density around DAT in the MOF nanopores, 
thermogravimetric analysis (TGA) was performed (Fig. S5). The MOF cell volume 
minus the framework volume was approximated as the pore volume, and the volume 
fraction of the pore volume occupied by the guest was estimated. Interestingly, the 
larger the volume fraction occupied by the guest, the longer the T2 (Fig. 4). h-Tol does 
not fit this trend, and it is possible that the rotation of the methyl group is responsible 
for shortening T2

13. When perdeuterated toluene (d-Tol) is introduced as a guest, T2 for 



the DAT triplet id extended to ~0.3 μs (Fig. S6), which matches the trend for the other 
guest molecules. This suggests that, in the absence of a particularly relaxing substituent 
such as a methyl group, the higher the volume fraction occupied by guest (or local 
molecular density), the more the motility of DAT is suppressed and the longer T2 is. As 
for the terephthalate ligand of MIL-53, there is no change in T2 for the DAT triplet in 
the deuterated and protonated forms. There is little change in the T2 of the DAT triplet 
when H2O and D2O are used as guest molecules.  

These results suggest that the spin–spin relaxation is mainly affected by the motion of 
DAT itself rather than the surrounding nuclear spins. Further analysis using techniques 
such as solid-state NMR and terahertz spectroscopy may reveal the detailed dynamics of 
DAT, but the amount of DAT incorporated into MOF is only 0.87 wt%, so is difficult to 
get such insights due to the much larger amounts of host ligands and other guest 
molecules present. 

To support the idea that DAT dynamics is the main factor determining T2, we 
measured T2 at lower temperatures in the empty, guest-free state (D-MIL-53⸧DAT) 
(Fig. S7). The T2 of the DAT triplet, which is 0.1 μs at room temperature, is longer at 
100 and 50 K at 1.0 and 2.8 μs, respectively. Conversely, in p-terphenyl, which is a 
solid and dense crystal, the DAT triplet shows a long T2 of 2.4 μs, even at room 
temperature. These results indicate that magnetic field fluctuations based on the 
molecular motion of DAT, such as librational motion, are the main cause of spin–spin 
relaxation13. 

 



Fig. 4. Dependence of T2 on volume fraction occupied by the guest. T2 and volume 
fraction occupied by the guest are plotted for empty (D-MIL-53⸧DAT) and guest-filled 
(D-MIL-53⸧[DAT+guest]) samples. 
 
 
Conclusions 

This study is the first to demonstrate quantum sensing of diverse neutral molecules by 
hybridizing triplet qubits in flexible MOFs. The photoexcited triplet, which is 
initializable at room temperature and exhibits a long coherence time (T2), 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. 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. Furthermore, by introducing various triplet qubits into 
flexible and rigid MOFs as guest molecules or ligands, a "quantum nose" that can 
distinguish a wide range of molecule types could be realized. The control of MOF 
orientation is expected to enable more advanced quantum sensing by sophisticated qubit 
manipulation. Triplets can also be detected optically by phosphorescence and delayed 
fluorescence, leading to highly sensitive sensing and, ultimately, to single molecule 
quantum sensing27,46. The triplet-MOF complex will provide an ultra-sensitive and 
highly selective quantum sensing platform that will have 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 
(AlCl3ꞏ6H2O) and p-benzoquinone (BQ) were purchased from Sigma-Aldrich. p-Terphenyl was 
purchased from FUJIFILM Wako Pure Chemical and purified by zone melting. o-
Phenylenediamine, potassium dichromate (K2Cr2O7), and ethylenediamine-N,N,N',N'-tetraacetic 
acid, tetrasodium salt tetrahydrate (Na4-EDTA) were purchased from FUJIFILM Wako Pure 
Chemical. 2,3-Dihydroxynaphthalene and 5-fluorouracil (FU) were purchased from TCI. 
Glacial acetic acid and oxalic acid dihydrate were purchased from Kishida Chemical. 
Terephthalic acid-d4 (BDC-d4) (ring-d4, 98 atom%) was purchased from Cambridge Isotope 
Laboratories, Inc. 5,12-Diazatetracene (DAT) and deuterated MIL-53 (D-MIL-53) were 
prepared following the literature with slight modifications32,47.  
 
General characterization 
Solution-state 1H-NMR (400 MHz) spectra were recorded on a JEOL JNM-ECZ400 
spectrometer using 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 spectrophotometer. Fluorescence spectra 
were obtained using a JASCO FP-8700 fluorescence spectrometer. Thermogravimetric analysis 
curves were obtained on a Rigaku Thermo Plus EVO2 under N2.  
 
Sample preparation 
The samples were prepared according to a previously reported method with slight 
modifications32,47. 
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 ℃ for 1 h under N2 atmosphere. After 



filtering and washing the crude product with methanol, 5,12-dihydrodibenzo[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. K2Cr2O7 (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 CHCl3, dried with anhydrous Na2SO4, and 
concentrated under reduced pressure. Recrystallization from toluene gave 5,12-diazatetracene 
(DAT) as a reddish-orange solid (yield: 47%).  
1H-NMR (400 MHz, CDCl3, TMS): δ (ppm) = 8.92 (s, 2H), 8.23 (dd, 2H), 8.13 (dd, 2H), 7.81 
(dd, 2H), 7.54 (dd, 2H).  
Elemental analysis for C16H10N2: 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 
AlCl3ꞏ6H2O (966 mg, 4 mmol), oxalic acid dihydrate (504 mg, 4 mmol), and terephthalic acid-
d4 (BDC-d4) were added to 30 mL deionized H2O and put into a 50 mL Teflon-lined autoclave. 
The mixture was sonicated, heated at 220 ℃ for 72 h, and cooled to room temperature over 24 h 
in an oven. After filtering and washing the product with DMF and methanol, a colorless powder 
was obtained. 

To remove the residual BDC-d4 ligands from D-MIL-53, the obtained powder was added to 
15 mL DMF and heated to 120 ℃ 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-d4 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 
structures39 (denoted as D-MIL-53⸧water).  

Elemental analysis for [C8H1.08D3.92O5Al1]ꞏ1.0(H2O): 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 1 h 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⸧DAT 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+water]). 
Quantification of the number of DAT molecules in D-MIL-53⸧DAT 
The amount of DAT molecules in D-MIL-53 was calculated by UV–Vis absorbance after 
digesting D-MIL-53⸧DAT in aqueous Na4-EDTA solution. DAT was extracted from 20.0 mg 
D-MIL-53⸧DAT using 4.0 mL dichloromethane after adding 4.0 mL aqueous Na4-EDTA 
solution (125 mM). The absorbance at 475 nm of the dichloromethane solution of DAT was 
0.055 in a 1 mm cell for 20.0 mg of D-MIL-53⸧[DAT+water]. 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 µmol (= 0.16 mg). Since 7.8 
wt% of water was contained in D-MIL-53⸧[DAT+water] (from the TGA curve), the weight of 
D-MIL-53⸧DAT without water was determined to be 18.44 mg (86.95 µmol). Thus, the 
number of DAT molecules per unit cell of D-MIL-53 was estimated to be 0.70/86.95 = 0.008, 
which corresponds to 0.87 wt% of DAT in D-MIL-53⸧DAT. 
Introduction of guests into D-MIL-53⸧DAT 
Guest analytes (except for 5-fluorouracil (FU) and p-benzoquinone (BQ)) were introduced by 
exposing D-MIL-53⸧DAT to each guest vapor. D-MIL-53⸧DAT 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 3A molecular 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 method48. D-MIL-53⸧DAT was evacuated at room temperature for 3 h. FU (35 
mg) or BQ (60 mg) were added to D-MIL-53⸧DAT and the mixtures were put into a 30 mL 
Schlenk flask. After 1 h 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 1 h. 
Residual guests were eliminated at 175 °C or 80 °C under vacuum until the PXRD peaks of bulk 
FU and BQ were no longer observed. D-MIL-53⸧[DAT+FU] and D-MIL-53⸧[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-53⸧[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. The samples were excited at a 
wavelength of 532 nm, excitation light intensity of 2~3 mJ/pulse, and repetition rate of 30 Hz 
using a Spectra-Physics Quanta-Ray YAG laser. The microwave intensities were ~0.06 mW 
for time-resolved measurements and ~2 μW for pulsed EPR measurements. 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 π/2 pulse was 
irradiated 0.3 μs after laser excitation and the pulse interval τ was varied. T2 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 (nguest) was calculated from the 
following equation (Table S2): 

𝑛௨௦௧ ൌ
𝑤௦௦ሺ𝑚ெைி  𝑛்𝑚்ሻ

𝑚௨௦௧ሺ1 െ 𝑤௦௦ሻ
 

where wloss, nDAT, mMOF, mDAT and mguest 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 D-
MIL-53, the molecular weight of DAT, and the molecular weight of the guest, respectively. The 
pore volume per MOF unit cell (Vpore) of MIL-53⸧water was obtained as 638 Å3 by Platon 
software. By subtracting this Vpore from the volume of the MOF unit cell of MIL-53⸧H2O 
(VMOF, 977 Å3)39, the volume of the framework (Vstructure) was estimated as 339 Å3. 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, 

𝑔𝑢𝑒𝑠𝑡 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 ሺ%ሻ ൌ
100𝑛௨௦௧𝑉௨௦௧
𝑉ெைி െ 𝑉௦௧௨௧௨

ൌ  
100𝑛௨௦௧𝑉௨௦௧

𝑉
 

where Vguest is the volume of the guest molecule obtained from its steric parameters (ref. 40 and 
Table S3). The MOF unit cell VMOF of some of D-MIL-53⸧[DAT+guest] was estimated by 
PXRD peak positions using the program DICVOL49 (Fig. S8, Table S3). For D-MIL-
53⸧[DAT+guest] containing THF, CHCl3, EtAc, h-Tol, EtOH, and AcNt as the guest, VMOF was 
estimated by using the unit cell volume of MIL-53 (Fe)⸧guest40, considering a linear 
relationship between the unit cell volumes of MIL-53 (Al)⸧guest and MIL-53 (Fe)⸧guest (Fig. 
S9). 
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