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The ortho-isomer of molecular hydrogen (o-Hz) was
converted to the para-isomer (p-H,) within 600 s by using
Prussian blue analogs, {M"3[Cr'"'(CN)e].} (MCr; M = Mn
and Ni), as nuclear-spin conversion catalysts. The swift
conversion was confirmed by in-situ Raman micro-
spectroscopy under an H, gas atmosphere (100 kPa) in a low
temperature range (20-90 K). The o-p ratio observed in
MCr deviated from the theoretical value based on the
Boltzmann distribution of H, in a free rotational state to the
para-rich proportion, which suggested the promotion of the
0-p conversion at higher temperature.

Keywords: Nuclear spin conversion, Prussian blue
analogs, In-situ Raman microspectroscopy

H; is a highly promising alternative energy source to
conventional fossil fuels because of its high gravimetric
energy density and an environmentally friendly combustion
product of H,O. Among conventional physical methods for
H, storage, liquefaction is commonly used in industrial
settings because it facilitates the highest volumetric energy
density and transportation efficiency. Long-period storage
of liquid H,, however, is limited by not only technical
problems related to the storage vessel but also a latent “boil-
off problem” caused by nuclear spin conversion between
nuclear spin isomers. H, is comprised of two nuclear spin
isomers, i.e., ortho-H; (0-Hz; 1 = 1, J = odd) and para-H. (p-
Hz; 1 = 0, J = even), where | and J are total nuclear spin
angular momentum and rotational quantum number,
respectively (Figure 1a).! Their rotational energy levels
(Erot) are quantized by the J value according to the Pauli
exclusion principle. Moreover, the isomer ratio ([o-H2)/[p-
H.]) is a function of temperature (T) based on the
Boltzmann distribution with the rotational constant (B) of H,
and the Boltzmann constant (k), where B/k = 84.837 K (eq 1,
Figure 1b).
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Figure 1. (a) Rotational energy diagram of nuclear spin isomers for Hy,
where |, Eq, B, J, and n denote total nuclear spin angular momentum,
rotational energy, rotational constant, rotational quantum number, and
degeneracy number, respectively. (b) Temperature-dependent nuclear
spin isomer ratio ([o-H,)/[p-H:]).
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The ortho-para (0-p) conversion is a spin-forbidden
process with conversion rates of ~10%° s in the gas state,’
1.14% h in the liquid state,® and approximately 1.9% h
in the solid state.®¢ Moreover, this conversion is an
exothermic reaction with a heat of conversion of ~1.4 kJ
mol for 0-H,, which is higher than the heat of vaporization
of Hy (0.9 kI mol?). Thus, liquid H,, prepared by an
immediate cooling process without any catalytic treatment,
still contains ~75% of o0-Hy, which generates heat through
the o-p conversion.® This is termed as the boil-off problem.
Although solid catalysts to promote o-p conversion have
been actively developed to solve this problem, such as
magnetic materials* and diamagnetic metals,® several
challenges remain regarding the conversion rate and
efficiency. These challenges arise because of the low
contact probability between the catalyst surface and o-H..
Even when amorphous solid water systems are used as the
0-p conversion catalysts, sophisticated techniques for
sample preparation and extremely low handling temperature
are required.® Several mechanisms for the activated o-p
conversions by giant inhomogeneous surface electric fields
of non-magnetic materials have also been theoretically
proposed.>®’” From the abovementioned viewpoint, porous
materials with a high surface area and readily accessible
space can be considered excellent o-p conversion catalysts.
Hence, porous coordination polymers (PCPs), also known as
metal-organic frameworks (MOFs), have the potential to be
used as o-p conversion catalysts.2 MOF-5 and MOF-74 have
catalyzed o-p conversion; however, the detailed mechanism
of the observed conversion has not been elucidated.®* On
the other hand, we have reported a high catalytic ability of a
Hofmann-type PCP, {Fe'(pyrazine)[Pd"(CN)4]}, for o-p
conversion, which was accelerated by the perturbation of the
electric field gradient through site-exchange of H, confined
in the nano-sized pores around the boiling point of H,
(20.27 K).* In order to improve the conversion temperature,
we focused on energy level splitting of the triply
degenerated ground state of o-H, (J = 1) because the
splitting may increase the p-H, proportion based on the
Boltzmann distribution.*™ This phenomenon also has been
reported in a Prussian blue analog (PBA) having a defective
structure (Figure 2) 1% PBAs are cyanide-bridged PCPs with
diverse properties, such as high H, adsorption ability*® and a
magnetic property! derived from the 3-D porous structure.*?
Therefore, in this research, we selected PBA-based porous
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magnets, {M'"3[Cr'"'(CN)e]2-nH.0} (MCr-nH20; M = Mn
and Ni), as new o-p conversion catalysts and verified the
effect of magnetic perturbation induced in PCPs on o-p
conversion as an additional factor to improve conversion

temperature.
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Figure 2. Schematic crystal structure of defective Prussian blue
analogs (PBAS), {Ma's[Mg"(CN)s]o-nH,0} (MaMg-nH,0), where C,
N, O, divalent My, and trivalent Mg are colored in gray, cyan, red,
purple, and yellow, respectively, and lattice H,O molecules and H
atoms of coordinated H,O molecules are omitted for clarity.

MCr-nH.O were prepared by mixing aqueous
solutions of M"Cl,-xH,0 and Ks[Cr'"'(CN)e] (see Supporting
Information). Energy dispersive X-ray fluorescence
(EDXRF) and scanning electron microscopy with energy
dispersive X-ray (SEM-EDX) analysis of MCr-nH0
indicated that the componential ratio ([M]/[Cr]) is consistent
with the calculated value of 1.5 and the contamination of K*
is below 0.1% in each batch (Figure S1 and Tables S1, S2).
The number of total lattice and coordinated H,O molecules
(n) was determined to be 14 for MnCr and 15 for NiCr by
elemental analysis and thermogravimetry analysis (TGA) of
MCr-nH20 (Figure S2). The trace amount of K* was
ignored at this stage. In the Fourier transform infrared (FT-
IR) spectra of MCr-nH2O, the O-H stretching mode
(v(OH)) and H-O-H bending mode (6(H.O)) were observed
in 3800-2900 cm™ and around 1610 cm™, respectively
(Figure S3). The powder X-ray diffraction (PXRD) patterns
of MCr-nH20 were in good agreement with the typical
diffraction pattern of PBAs (Figure S4).12

The dehydrated samples, MCr, were prepared by
heating MCr-nH.O at 120°C for 24 h under vacuum. In the
FT-IR spectra, the broad bands of v(OH) and 6(H-O) modes
disappeared and the v(C=N) band slightly broadened
without a large wavenumber shift, indicating the removal of
H,O molecules and the retainment of the cyanide-bridged
framework after the dehydration treatment, respectively
(Figure S3, Table S3). The PXRD patterns exhibited
essentially the same results before and after the dehydration
treatment, except for a broadening and a higher angle shift
in almost all the peaks, which suggested shrinkage and
distortion of the lattice by a change in the coordination
geometry of the M" sites, with the elimination of
coordinated H,O (Figure S4). The Brunauer-Emmett-Teller
specific surface areas (SAger) of the dehydrated samples,
MnCr and NiCr, were estimated from the results of N,
adsorption at 77 K to be 683 and 620 m? g, respectively,
which were in the same range of the SAger values of other
reported PBAs (Figure S5, Table S4).1° In the H, adsorption
measurement at 77 K, both of MnCr and NiCr exhibited
type-1 behavior of typical microporous materials in the
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IUPAC classification,'® with an adsorption amount of ~0.7
H, molecules per pore at 100 kPa (Figures 2, 3).
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Figure 3. H, adsorption (e) and desorption (o) isotherms of MnCr
(red) and NiCr (green) at 77 K.
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Figure 4. Temperature-dependent in-situ Raman spectra of (a) MnCr
and (b) NiCr under reduced pressure (black line) and H, gas
atmosphere at 100 kPa (colored lines) using an excitation laser with a
wavelength of 532 nm. Neutral density (ND) filters with a total optical
density (OD) of 1.6 were used to weaken the intensity of the excitation
laser.

The nuclear spin state of H, confined in MCr was
confirmed by in-situ Raman microspectroscopy under 100
kPa of H, atmosphere (Figure 4). The spectra indicated by
bottom black lines in Figures 4(a) and 4(b) were obtained
under reduced pressure at 90 K, where the observed broad
Raman bands around 394 cm for MnCr and 525 cm for
NiCr were assigned to the vibration modes of the host
framework. After the injection of H, gas, two Raman-active
bands newly appeared around 354.5 and 587.8 cm™ at 90 K
(Figure 4, red line). These bands were assigned to the
rotational transition of Se(0) (J = 2 « 0) for confined p-H;
and Sp(1) (J =3 « 1) for confined o-H, on comparison with
the spectra of the desorption state and considering the
Boltzmann distribution of H, (eq 1). Moreover, Raman
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bands of free H,, which correspond to the energy gap
between the initial and final states of each So(0) and So(1)
transitions, were observed at 354 and 587 cm™?, respectively
(Figure 1a).2* In both types of MCr (MnCr and NiCr), the
increase of total peak intensities of Se(0) and So(1)
transitions as the temperature decreased suggests an increase
in the amount that is adsorbed, because the Raman bands of
free-H, were not detected in the measurement condition.
The peak intensity of p-H, gradually increased with cooling,
whereas that of o-H gradually decreased with cooling and
almost vanished around 30 K (Figure 4). In addition, time-
profiles of the intensity of both S¢(0) and Se(1) transitions
showed rapid saturation and constancy during the
integration processing (600 s), which suggested that the
system reached an equilibrium state at initial process.
Consequently, the o-p conversion for H, confined in MCr
was completed with a time constant of 600 s at its longest.
This was based on the laser exposure time (30 s) and the
cumulative number (20 times).
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Figure 5. Temperature-dependent abundance ratio of the nuclear spin

isomer ([0-H,)/[p-H,]) for H, confined in MnCr (red) and NiCr (green),

estimated ratio obtained in cooling process from room temperature
without catalytic treatment (pink), and theoretical ratio in thermal
equilibrium based on the Boltzmann distribution of H, in a free
rotational state (black). The inset is an enlarged view of the low
temperature region.

The [0-H)/[p-H:] values observed in MCr were
calculated from the integrated values of the peak areas of
So(0) and Se(1) transitions obtained from the spectrum of the
desorption state (Figure 4, black line) as the baseline, where
fre(v) and v are the function of spectra at a certain
temperature (T) and pressure (P), and the Raman shift,
respectively (eq. 2, Figure 5). In the controlled experiments,
wherein only a nickel-plated Raman sample cell without
MCr was used, the [0-H;]/[p-H] value was constant in the
temperature range from 90 to 20 K and the time range of
600 s, indicating that there is no effect of the instrument on
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the o-p conversion (Figures S6, S7). Figure 5 shows
observed [0-H2]/[p-H2] values in MCr. In both cases, the
observed [o-H:]/[p-H2] values decreased with lowering
temperature, and the observed values were lower than the
theoretical values of free H, above 40 K, which indicated
successful increase in the conversion temperature. In
addition, over the entire measurement temperature range,
the observed full width at half maximum (FWHM) of both
the So(0) and So(1) transitions in MCr (~6 cm™) was larger
than those obtained by the abovementioned controlled
experiments (~3 cm™), which suggests a rotational restraint
of H, confined in MCr (Figures 5, S6). Because the
Boltzmann distribution relating to the [0-H]/[p-H.] value
depends on only the rotational constant (B) of H (eq 1), the
resultant deviation of the o-p ratio suggests the rotational
restraint of the confined o-H,. Such rotational restraint
would be caused by the locally anisotropic potential fields
derived from the structural defects of MCr, which is
supported by rotational-vibrational density of states for H,
confined in a PBA, Cu';[Co"'(CN)]..2 Because the [o-
H2l/[p-Hz] values observed for {Fe(pyrazine)[Pd(CN)4]}
having a non-defective porous structure followed the
Boltzmann distribution,® the resultant deviation for MCr
suggested the contribution of a defective porous structure to
provide a para-enriched isomer ratio. The similar results of
both types of MCr suggest the importance of the defective
porous structure instead of the framework components for
achieving effective o-p conversion and ratio.

In order to verify the perturbation effect of the
magnetic field in the pore on o-p conversion, the in-situ
Raman spectroscopy was conducted again by using
magnetized PBAs. MnCr showed a ferrimagnetic ordering
at 108 K (Figure S8). NiCr showed a ferromagnetic
ordering at 18 K (Figure S9). The different magnetic
behavior from that of NiCr-nH:O reflects a change in the
magnetic interaction and a decrease in the magnetic domain
size resulting from changes in the geometry and d electron
configuration of the M'" sites due to dehydration.**®
Because the magnetic ordering temperature of NiCr is
lower than the measurement temperature, only MnCr was
used for the evaluation of the magnetic perturbation. For
magnetization of MnCr, a commercial neodymium magnet
of 2000 Oe was embedded into the backside of the Raman
sample cell, in which the magnetic field is sufficiently
strong to magnetize MnCr. The magnetized MnCr
exhibited a quick conversion within 600 s (Figure S10);
however, there was no notable difference in the isomer ratio
between the magnetized and the non-magnetized MnCr
(Figure S11). From the viewpoint of the proposed
mechanism of o-p conversion through excitation by external
stimuli,®¥7 the inner magnetic field and paramagnetic metal
ions might play a part in the promotion of the o-p
conversion. Here diamagnetic Zn"s[Co"'(CN)g]. (ZnCo) is
expected to give significant information about effects of
paramagnetic centers on the o-p conversion, but the o-p
ratio could not be evaluated by this measurement due to a
broad fluorescent band of ZnCo overlapping with the
Raman bands of Sy(0) for p-H; and Se(1) for 0-H..
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In conclusion, two magnetic PBAs, MnCr (SAger =
683 m? g) and NiCr (SAger = 620 m? g1), showed type-I
H, adsorption behavior and exhibited a swift o-p conversion
within the time constant of 600 s, which was confirmed by
in-situ Raman microspectroscopy under an H, gas
atmosphere and applied magnetic field (0 and 2000 Oe).
Furthermore, the deviation of the o-p ratio ([0-H]/[p-H:])
below the theoretical abundance ratio based on the
Boltzmann distribution of free H, suggested the promotion
of the o-p conversion at higher temperatures. These results
indicated the feasibility of PBAs having a defective porous
framework as swift and efficient o-p conversion catalysts.
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