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Abstract: Dynamic nuclear polarization utilizing photoexcited triplet 

electrons (triplet-DNP) has great potential for room-temperature 

hyperpolarization of nuclear spins. However, the polarization transfer 

to molecules of interest remains a challenge due to the fast spin 

relaxation and weak interaction with target molecules at room 

temperature in conventional host materials. Here, we demonstrate the 

first example of DNP of guest molecules in a porous material at 

around room temperature by utilizing the induced-fit-type structural 

transformation of a crystalline yet flexible metal-organic framework 

(MOF). In contrast to the usual hosts, 1H spin-lattice relaxation time 

becomes longer by accommodating a pharmaceutical model target 5-

fluorouracil as the flexible MOF changes its structure upon guest 

accommodation to maximize the host-guest interactions. Combined 

with triplet-DNP and cross-polarization, this system realizes an 

enhanced 19F-NMR signal of guest target molecules at around room 

temperature. 

Dynamic nuclear polarization (DNP) is the method for 
polarization transfer from electron spins to nuclear spins to 
overcome the limited sensitivity of nuclear magnetic resonance 
(NMR) and magnetic resonance imaging (MRI).[1-11] In particular, 
DNP utilizing photoexcited triplet electrons (triplet-DNP) has great 
potential as one of the methods for nuclear hyperpolarization at 
room temperature.[12-15] In general, triplet-DNP has been 
conducted in host matrices doped with polarizing agent molecules, 
where the photoexcited polarizing agent undergoes spin-selective 
intersystem crossing (ISC) and provides a non-equilibrium 
electron spin polarization in the triplet sublevels independent of 
temperature (Figure 1a). Then, the hyperpolarization of triplet 
electrons is transferred to nuclei by microwave irradiation under 
magnetic field sweep (integrated solid effect, ISE).[12] 

In recent years, many efforts have been devoted to 
developing new molecules, materials and methodologies to 
advance triplet-DNP into biological and medical applications.[16-21] 
However, while a few studies have achieved hyperpolarization of 
biologically-relevant molecules using triplet-DNP, those systems 
often require low temperatures (~100 K).[16,19,22] The reason for this, 
despite the temperature-independent polarization source being a 
key feature for triplet-DNP, is mainly that the polarization source 

and target molecules need to be dispersed in the low-temperature 
glasses to stop the molecular motions for the effective polarization 
transfer. Moreover, since it is difficult for the natively fluid hosts to 
fix the dynamics of guest molecules, the resulting mixtures often 
show dropping the nuclear spin-lattice relaxation time (T1) even at 
such low temperatures.[16,22] The use of target molecules itself as 
the host matrix can be a possible solution,[19,23-24] but the 
applicable target molecules are severely limited due to the strict 
requirements such as the long T1 at room temperature and the 
good dispersibility of polarizing agents.  

Another promising approach is to confine the polarization 
source and target molecules in the nanopores of porous materials, 
which is expected to enable hyperpolarization of a variety of guest 
molecules. Unique DNP systems based on various nanoporous 
materials have been developed,[8,25-28] and our group has also 
reported triplet-DNP of metal-organic frameworks (MOFs).[29] 
However, there have been no examples of polarization transfer to 
target guest molecules in nanoporous materials at around room 
temperature. This is because the mobility of the guest molecules 
could not be sufficiently suppressed near room temperature, and 
the polarization transfer did not occur efficiently.[30-31] 

Here, we report the first example of DNP of guest molecules 
in a porous material near room temperature through induced fit in 
a crystalline yet flexible MOF (Figure 1b). MOFs have been 
extensively studied as promising porous materials,[32-37] and the 
guest-responsive structural change, also called as the ‘breathing’ 
behavior, is one of the most fascinating features of MOFs not 
observed in conventional porous materials.[38-39] A representative 
breathing MOF [Al(µ2-OH)(BDC)]n (MIL-53; BDC = terephthalate) 
has been demonstrated to form the prominent host-guest 

Figure 1. a) Typical scheme of triplet-DNP. ISC: intersystem crossing, IC: 
internal conversion. b) Schematic representation of the hyperpolarization of 
target nuclei in a flexible MOF at around room temperature by triplet-DNP and 
cross-polarization. 
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interactions with various guest molecules by adjusting its one-
dimensional channel structure.[40-42] We introduced a polarizing 
agent 5,12-diazatetracene (DAT)[43] and a benchmark 
pharmaceutical model compound 5-fluorouracil (5-FU)[16,44] into 
partially deuterated MIL-53 (denoted as D-MIL-53, Figure 2a). D-
MIL-53 showed an induced-fit-type structural change upon 5-FU 
uptake, and notably, this system showed an elongation of T1 by 
the guest accommodation, which is the opposite trend from the 
conventional glass systems. The triplet-DNP and subsequent 
cross-polarization (CP) sequences successfully enhanced the 
19F-NMR signal of guest 5-FU at around room temperature. 

Figure 2. a) Chemical structures of host D-MIL-53, polarizing agent DAT, and 
target 5-FU. b) CO2 adsorption isotherms at room temperature for D-MIL-53 and 
D-MIL-53⊃DAT. (c) PXRD patterns of D-MIL-53⊃[DAT+5-FU] (green) and 
simulated MIL-53 in the LP phase (gray).[40] Schematic representations of the 
host-guest structures are also shown. The lozenge diagonal lengths correpond 
to the cell parameters a and b as summarized in Table S1. (d) Comparison of 
saturation-recovery curves of D-MIL-53 with/without the guest molecules at 400 
MHz, room temperature. The recovery curves are fitted with single-exponential 
functions. 

The breathing MOF MIL-53 was synthesized by the oxalic 
acid modulation method (Scheme S1).[45] To suppress the spin-
lattice relaxation of the 1H nuclei in MIL-53 due to the rotation of 
phenyl rings, we constructed phenyl-deuterated MIL-53 (denoted 
as D-MIL-53) using the deuterated ligand BDC-d4. The air-stable 
and soluble polarizing agent DAT was synthesized and 
introduced into the nanochannels (pore size = 8.5×8.5 Å, large 
pore (LP) phase) of D-MIL-53. In our previous report using 
prototypical MOF ZIF-8,[29] polarizing agent was kinetically 
trapped by accelerating the MOF crystallization, whereas D-MIL-
53 could readily adsorb DAT post-synthetically to form a MOF-
polarizing agent composite (denoted as D-MIL-53⊃DAT).  

The aggregation of polarizing agents has been known to 
significantly degrade the polarization ability in triplet-DNP.[15] The 
dispersion of DAT inside D-MIL-53 was confirmed by UV-Vis 
absorption measurements (Figure S7). D-MIL-53⊃DAT showed a 
vibronic π-π* absorption band with peaks at 515.5, 480.5, and 
450.0 nm. These peaks were clearly sharpened and blue-shifted 

compared to those of bulk DAT solids. This trend was similar to 
that of DAT doped in p-terphenyl crystals in which a significant 
enhancement of 1H spin polarization was reported,[43] indicating 
that DAT molecules are well-dispersed in D-MIL-53. The amount 
of DAT in D-MIL-53 was optimized to prevent the aggregation of 
DAT molecules. From UV-Vis absorbance after digesting D-MIL-
53⊃DAT (Figure S8), the number of DAT molecules per unit cell 
of D-MIL-53 was estimated to be 0.006.  

The composite D-MIL-53⊃DAT showed a similar powder X-
ray diffraction (PXRD) pattern to that of hydrated D-MIL-53 
(narrow pore (NP) phase) that adsorbs water molecules in air 
(Figure S9). Thermogravimetric analysis (TGA) curves also 
showed similar weight losses at 25-100°C for D-MIL-53 and D-
MIL-53⊃DAT due to the dehydration process (Figure S10).[40] The 
CO2 adsorption isotherms of dehydrated D-MIL-53 and D-MIL-
53⊃DAT showed a multi-step adsorption (LP to NP phase) and 
hysteresis was observed in the desorption process (NP to LP 
phase, Figure 2b). These behaviors are characteristic of the 
unconstrained MIL-53 and are consistent with previous studies,[46-

47] confirming that the breathing behavior of MIL-53 is well retained 
after the DAT accommodation. 

The target 5-FU molecules were sublimated and introduced 
into the nanochannels of D-MIL-53⊃DAT. Note that the excess 
bulk 5-FU was removed until the PXRD peaks of bulk 5-FU 
disappeared (Figure S11). PXRD patterns showed a significant 
change of the host crystal structure, resulting in the formation of 
the host-guest composite described as D-MIL-53⊃[DAT+5-FU]. 
UV-Vis absorption spectrum of this composite showed slightly 
broad and blue-shifted π-π* absorption peaks (512.5, 479.0, 
447.5 nm, Figure S12). This small change would be attributed to 
the environmental changes surrounding DAT due to the presence 
of 5-FU. It rather indicates DAT molecules were not decomposed 
during the introduction of 5-FU thanks to their high stability. The 
TGA curve of D-MIL-53⊃[DAT+5-FU] showed 39% weight loss at 
190-310°C for the adsorbed 5-FU (Figure S13). This weight loss 
corresponds to 1.06 5-FU molecules per unit cell of the host, 
which is in good agreement with the number obtained by the 
elemental analysis (1.08). 

The structural transformation of the host was further 
characterized by Le Bail fitting of the PXRD pattern (Figure S14). 
The fitting result suggests that the crystal system of D-MIL-
53⊃[DAT+5-FU] remained the same as the original orthorhombic, 
but the lozenge-shaped 1-D channels were distorted and the 
angle of the lozenge was decreased (66.3°) compared to the 
guest-free MIL-53 (75.1°).[40] This indicates the induced-fit 
shrinkage of host D-MIL-53 to guest 5-FU (Figure 2c). The 
obtained lozenge diagonal lengths of D-MIL-53⊃[DAT+5-FU] 
were similar to those reported for MIL-53 loaded with one 
equivalent of quinone molecules in the same orthorhombic 
system (Table S1).[42] Considering the similarity of the molecular 
structure and the comparable number per unit cell of the host, it 
is suggested that 5-FU molecules are trapped in D-MIL-53 in a 
similar fashion for MIL-53⊃quinone[48] through π-π interactions 
with both neighboring 5-FU molecules and benzene rings of BDC-
d4 linkers. 

The nuclear spin relaxation property was evaluated by 
measuring spin-lattice relaxation time T1 of 1H nuclei (Figure 2d). 
The original 1H T1 value of D-MIL-53 was 49 s, but after the 
addition of 0.6 mol% DAT, the 1H T1 value slightly decreased to 
41 s. Such reduction in 1H T1 by the guest accommodation has 
also been observed in the previous triplet-DNP systems.[16,22,29] 
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On the other hand, interestingly, D-MIL-53⊃[DAT+5-FU], where 
the host MOF underwent the induced-fit to the guest 5-FU, 
showed a large increase in 1H T1 value to 88 s. These results 
suggest that the unfavorable molecular motions are effectively 
suppressed in the host-guest composite even at room 
temperature, which should be beneficial for polarization transfer. 

The intact electron spin polarization properties of DAT in the 
D-MIL-53⊃[DAT+5-FU] composite were confirmed by time-
resolved electron spin resonance (ESR) measurements at room 
temperature (Figure S1, S2). The ESR spectrum of D-MIL-
53⊃[DAT+5-FU] showed the typical line shape for the polarized 
triplet excited state of DAT (Figure 3a). The population rates in 
the three sublevels of the triplet state were estimated by using the 
EasySpin toolbox in MATLAB.[49] As expected from the 
comparison of UV-Vis absorption spectra, the zero-field splitting 
parameters (|D| = 1616 MHz, |E| = 164 MHz) and relative zero-
field populations (Px: Py: Pz = 0.706: 0.110: 0.184) of D-MIL-
53⊃[DAT+5-FU] were similar to those of DAT doped in p-
terphenyl (Table S2).[43] The triplet polarization lifetime was 6.5 μs 
(Figure 3b), which is long enough for the polarization transfer 
through the ISE sequence.  

Figure 3. a) Time-resolved ESR spectrum of D-MIL-53⊃[DAT+5-FU] just after 
photoexcitation at 527 nm and simulated spectrum. Fitting parameters are 
summarized in Table S2. b) Decay of the ESR peak at 353 mT under pulsed 
excitation at 527 nm and the result of single-exponential fitting. c) 1H-DNP build-
up curve of D-MIL-53⊃[DAT+5-FU] at around room temperature and the result 
of double-exponential fitting. Fitting parameters are shown in Table S3. The 
enhancement factor was calculated by comparing the peak area with thermal 
equilibrium. d) 28.2 MHz 1H-NMR signals of under thermal conditions (100 
scans) and after triplet-DNP (ISE sequence for 3 min, 1 scan) at around room 
temperature. 

Triplet-DNP in the D-MIL-53⊃[DAT+5-FU] was conducted 
by using a home-built spectrometer with an ISE sequence at 0.66 
T and room temperature (Figure S3, S4). The polarizing agent 
DAT was photoexcited by a pulsed 527 nm laser, followed by 17.6 
GHz microwave irradiation for 30 μs with field sweep for 
polarization transfer to 1H nuclei. After repeating this process, the  
polarized sample was shuttled into the NMR coil above the 
resonator within 1 s to obtain the 1H-NMR signal. Since the 
accumulation of 1H spin polarization competes with spin−lattice 

relaxation, the enhancement factor of the 1H-NMR signal 
saturates as the repetition of the ISE sequence (Figure 3c). After 
the triplet-DNP process for 3 min, the D-MIL-53⊃[DAT+5-FU] 
showed the 64-fold enhancement of the 1H-NMR signal at around 
room temperature (Figure 3d). 

The enhanced 1H spin polarization was successfully 
transferred to 19F nuclei of target guest 5-FU by using the typical 
CP sequence. The strengths of the magnetic fields irradiated to 
1H and 19F spins were kept at about 50 kHz, and the contact time 
was set to 0.5 ms. After the CP sequence following the triplet-
DNP for 100 s (Figure 4a), the D-MIL-53⊃[DAT+5-FU] composite 
clearly showed the 38-fold enhanced 19F-NMR signal (Figure 4b). 
This result provides the first example of DNP of guest molecules 
in a porous host at around room temperature. Theoretically, the 
maximum 19F-NMR enhancement factor obtained by CP is 
defined as the product of the 1H-NMR enhancement factor and 
the ratio of the gyromagnetic ratio (= γH/γF).[30] Therefore, the 
optimal CP in D-MIL-53⊃[DAT+5-FU] can result in 67-fold 19F-
NMR enhancement at maximum, and thus the experimental 
efficiency of the CP was estimated to be about 57%. This value is 
comparable to that of the reported o-terphenyl glass system at low 
temperature (ca. 70%, 120 K),[16] and the optimization of 
Hartmann-Hahn matching and pulse sequence design (e.g. 
variable-amplitude CP) would lead to higher enhancements.  

Figure 4. a) Sequence of the triplet-DNP-CP process. b) 26.5 MHz 19F-NMR 
signals of D-MIL-53⊃[DAT+5-FU] under thermal conditions (100 scans) and 
after triplet-DNP-CP (ISE sequence for 100 s followed by CP, 15 scans) at 
around room temperature. 

In conclusion, the hyperpolarization of guest molecules in a 
porous host material was achieved for the first time at around 
room temperature. The crystalline yet flexible MOF incorporated 
the guest target molecules with changing its pore structure to 
adjust the host-guest interactions. The unique phenomenon was 
observed in which the 1H spin-lattice relaxation time T1 was rather 
extended by the guest incorporation. In addition, the strong host-
guest interaction suppresses the mobility of the guest target 
molecules sufficiently to realize the polarization transfer to guest 
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molecules through triplet-DNP and CP even at around room 
temperature. Although the current work focused only on the 
benchmark model target 5-FU, there are diverse approaches 
using MOFs such as the chemical functionalization and the 
tunable guest/stimuli-responsive behavior,[50] which would 
expand the versatility of the current concept for other molecules 
of interest.[51] We believe that this strategy exploiting the 
chemistry of soft porous crystals will provide new perspectives for 
the development of innovative materials and technologies in 
room-temperature DNP. 
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