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General Introduction 
 

Hydrogen Energy 

Molecular hydrogen (H2) is the simplest and lightest molecule consisting of two 

hydrogen atoms and exists as a gas at a wide temperature range because of the extremely 

low melting point (13.99 K) and boiling point (20.27 K) at ambient pressure (Table 1). 

The gravimetric energy density of H2 is 33.3 kWh/kg, which is approximately 2.7 times 

larger than that of general types of gasoline and the highest value in all materials due to 

the extremely low density (0.0899 g L−1) at standard temperature and pressure (STP).1 

The combustion process of H2 to release the latent energy produces only water (H2O), an 

environmentally-friendly material as the combustion product. In addition to the 

abovementioned industrial and environmental aspects, from the viewpoints of the 

renewability and richness in supply, H2 is receiving a lot of attention as a promising 

energy carrier to replace conventional fossil fuels (e.g. petroleum and coal) which are 

limited in quantity and produce carbon dioxide (CO2), a greenhouse gas during the energy 

production process. Therefore, the diverse research fields regarding H2 including systems 

of production, storage, delivery, and energy conversion have been vigorously investigated 

to realize a hydrogen society.2 Among them, the establishment of highly efficient 

hydrogen storage methods has been one of the most important challenges over recent 

decades. 

 

 

Table 1. Physical and chemical properties of molecular hydrogen (H2). 

Molecular Weight 2.01588 

Interatomic Distance 0.74 nm 

Molecular Diameter 0.269 nm 

Density 0.0899 g L−1 (STP) 

Bond Energy 432 kJ mol−1 

Melting Point (m.p.) 13.99 K 

Boiling Point (b.p.) 20.27 K 

Triple Point 13.80 K, 7.041 kPa 

Critical Point 32.94 K, 1.286 MPa 

Heat of Fusion (ΔHfus) 0.117 kJ mol−1 

Heat of Vaporization (ΔHvap) 0.904 kJ mol−1 

Gravimetric Energy Density 33.3 kWh kg−1 
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Hydrogen Storage 

The United States Department of Energy (DOE) has roughly classified hydrogen 

storage methods into two types: material-based and physical-based methods. Each 

method is subdivided into additional detail based on several physical and chemical factors 

(e.g. volumetric density, gravimetric density, storage materials, storage pressure, and 

operating temperature; Figure 1).3 

In the case of the material-based methods (e.g. porous materials, metal hydrides, 

and organic molecules), hydrogen is stored both molecularly and atomically. Porous 

materials (e.g. activated carbon4 and zeolite5) feature easy uptake and release processes 

due to the physisorption; however, the storage amount at mild condition is relatively low 

both volumetrically and gravimetrically. Metal hydrides (e.g. LaNi5H6 and NaAlH4)
6 also 

have been widely investigated as the storage materials and can generally store hydrogen 

with high volumetric density; however, the gravimetric density is considerably lower 

because of the metal element components. 3-Methyl-1,2-BN-cyclopentane and ammonia 

borane (NH3BH3) are the representative materials classified into chemical hydrogen 

methods.7 These compounds have a high density for hydrogen both volumetrically and 

gravimetrically; however, because the hydrogen is atomically stored through strong 

chemical bonds, appropriate catalytic treatments are required to release hydrogen by 

breaking the chemical bonds and to restore hydrogen into the materials after the release. 

In terms of subjects described above, physical-based methods are practically used much 

more than material-based methods thanks to the relatively high volumetric density and 

the superior reversibility. 

 

 

Figure 1. Classification of hydrogen storage.3a  
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The properties of basic physical-based hydrogen storage methods are tabulated 

(Table 2).8 Although each storage method has both advantages and disadvantages in terms 

of the energy density and storage condition, compression and liquefaction have been 

widely used as storage methods thanks to the higher delivery efficiency. For example, as 

one of the disadvantages, compressed H2 gas needs to be handled carefully because of the 

extremely strong reactivity and the high diffusion coefficient. In the case of liquid H2 

storage, which is also a superior and promising method for efficient H2 transport, one of 

the most obvious problems is ascribed to the extremely low storage temperature. Liquid 

H2 is stored in a cryogenic tank at 20 K and ambient pressure because of the low boiling 

point of 20.27 K at 1 atm (Table 1). Therefore, an efficient cooling process for 

liquefaction has been required; however, the most essential and latent problem in liquid 

H2 storage is the wasted consumption by boil-off caused by interconversion between 

nuclear spin isomers of H2 as well as the technical aspect of the storage vessel. 

 

 

Table 2. Properties of basic physical-based hydrogen storage methods.8 

 Compression Liquefaction 
Ultimate Target 

by DOE 

Volumetric Density / kg m−3 < 40 70.8 70 

Gravimetric Density / wt% 13 Size-dependent 7.5 

Storage Pressure / bar 800 1 5–12 

Operating Temperature / K 298 21 230–330 
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Nuclear Spin Isomers of Molecular Hydrogen 

Nuclear spin isomers exist in molecules containing two or more same atomic nuclei 

of which nuclear spin angular momentum is not zero (e.g. molecular hydrogen (H2), 

molecular deuterium (D2), and methane (CH4)) in equivalent positions of the molecule. 

For example, because atomic hydrogen (1H) is a fermion with a nuclear spin angular 

momentum of 1/2, H2 comprises of two different nuclear spin isomers: ortho-hydrogen 

(o-H2) with a parallel nuclear spin pair (I = 1) and para-hydrogen (p-H2) with an 

antiparallel nuclear spin pair (I = 0), where I is the total nuclear spin angular momentum 

(Figure 2a).9 The chemical properties (e.g. boiling point) of the two nuclear spin isomers 

are quite similar because their electronic structures are the same; however, the physical 

properties (e.g. specific heat capacity and thermal conductivity) are slightly different to a 

certain extent owing to the different internal energy originating from the rotational 

levels.9b,c The rotational energy (Erot) of the nuclear spin isomers is quantized by rotational 

quantum number (J) according to Pauli exclusion principle and expressed by an equation 

of Erot = BJ(J + 1), where B is the rotational constant and approximately 7.35 meV for H2 

in a free rotational state and J is exclusively even and odd values for p-H2 and o-H2, 

respectively (Equation 1 and Figure 2a). The abundance ratio of the nuclear spin isomer 

([o-H2]/[p-H2]) at a thermal equilibrium state is temperature-dependent based on 

Boltzmann distribution, where kB and T are Boltzmann constant and temperature, 

respectively (Equation 1 and Figure 2b).9d The [o-H2]/[p-H2] value is almost precisely 

3 over room temperature (RT) because of the almost simillar statistical multiplicity in the 

rotational states, and this mixture is usually regarded as normal-hydrogen (n-H2). With 

decreasing temperature, the p-H2 proportion gradually increases and the [o-H2]/[p-H2] 

value reaches approximately 1 around liquid N2 temperature (77 K). Below liquid H2 

temperature (20 K), p-H2 accounts for approximately 99.8 % in the isomeric mixtures 

because almost only the lowest rotational level of p-H2 with J = 0 is populated due to the 

sufficiently large value of B. 

 

 

Equation 1. Nuclear spin isomer ratio of molecular hydrogen. 

  

 o–H2  p–H2  =
 3 2𝐽 + 1 exp  −

𝐸rot
𝑘𝐵𝑇

 𝐽=odd

  2𝐽 + 1 exp  −
𝐸rot
𝑘𝐵𝑇 𝐽=even

=
 3 2𝐽 + 1 exp  −

𝐵𝐽 𝐽 + 1 
𝑘𝐵𝑇

 𝐽=odd

  2𝐽 + 1 exp  −
𝐵𝐽 𝐽 + 1 

𝑘𝐵𝑇  𝐽=even
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Figure 2. (a) Nuclear spin isomers for H2 (p-H2 and o-H2) and their rotational energy 

diagram, where I, Erot, 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-H2]/[p-H2]) for H2 

in the free rotational state. 
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Ortho-Para Conversion and Boil-Off Problem 

The nuclear spin conversion for H2 corresponding to a transition from o-H2 to p-H2 

(J = 0 ← 1), referred to as ortho-para (o-p) conversion, is theoretically a spin forbidden 

process according to a nuclear spin selection rule. Therefore, the o-p conversion 

expressed as a second-order reaction is extremely slow. In an isolated state (e.g. gas 

phase), the o-p conversion proceeds with a conversion time of the order of 1020 s because 

of the almost negligible intermolecular interaction.10a The conversion rate for liquid H2 is 

~1.14% h−1.10b In the solid phase, the rate was calculated to be 1.94% h−1,10c which was 

in good agreement with the experimental results of ~1.9% h−1.10d,e Because of the 

extremely slow conversion rates, the [o-H2]/[p-H2] value in n-H2 remains constant for a 

while even after liquefaction by an immediate cooling process; however, the o-p 

conversion slightly and gradually proceeds in liquefied H2 through interactions with the 

inner wall of the storage vessel and intermolecular collisions between H2 (Figure 3). 

Because the gradual interconversion generates a conversion heat of ~1400 J mol−1 per n-

H2 (~1050 J mol−1 per o-H2), which is sufficiently higher than the heat of vaporization of 

~900 J mol−1 (Table 1), the immediately liquefied H2 is easily evaporated again, which is 

referred to as a “boil-off” problem (Figure 3).11a If n-H2 at RT is liquefied without any 

catalytic treatment, the estimated weight loss by the boil-off is ~50% after 1 week and 

63.8% of the initial weight is evaporated at the end with a rate of ~18% day−1.11b 

According to the requirement from the DOE, the content of p-H2 should be usually 95% 

or more for the liquid storage.8b,11c In order to solve the boil-off problem in advance, o-

H2 should be converted to p-H2 as smoothly and completely as possible by solid catalyst 

before liquefaction (Figure 3). In industrial applications, catalytic treatment is used to 

accelerate the o-p conversion until an equilibrium state is reached at each temperature. 

The continuous conversion with the temperature lowering is the most theoretically 

efficient process because the more the conversion process becomes stepwise, the lower 

the energy loss becomes.11c  
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Figure 3. Schematic processes of liquefaction, ortho-para (o-p) conversion, vaporization 

and ideal catalytic treatment for H2, and the o-p ratio at each point.  
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Ortho-Para Conversion Acceleration by Solid Catalysts 

The conversion rate rapidly increases with pressure, increasing to 58% h−1 at 12.8 

GPa12a and ~260% h−1 at 58 GPa;12b however, high pressurization is impractical due to 

difficulties with handling and the potential explosion hazard. In order to accelerate o-p 

conversion through a catalytic process, a two-step method is practically used in industries, 

where H2 at RT is cooled down to first liquid N2 temperature (77 K) and subsequently to 

liquid H2 temperature (20 K). As the conversion catalyst, metal oxides or hydroxides (e.g. 

FeO(OH) and Cr2O3)
13 and diamagnetic metals (e.g. Cu and Ag)14 have been vigorously 

investigated and industrially used. The conversion time from the p-H2 concentration of 

25% to 90% is ~330 min for FeO(OH) at 20 K and 1 atm, which is 6.6 times faster than 

that of Cr2O3.
13d However, there is still room to improve the conversion rate and efficiency 

due to low contact frequency between o-H2 and the catalyst because only the surface of 

the solid catalysts is available for the acceleration of the o-p conversion. 

Highly pure amorphous solid water (ASW) systems have also been widely 

investigated for utility as the o-p conversion catalysts,15 where o-p conversion at a time 

of ~370 s on the surface has been observed by resonance-enhanced multi-photon 

ionization (REMPI) for the highly sensitive and rotational-state selective detection.15b In 

addition to the conversion acceleration by the ASW system, a mechanism of o-p 

conversion through excitation and relaxation processes induced by an inhomogeneous 

electric-field of 1010–1011 V m−1 on the catalyst surface has been proposed based on 

experimental results and theoretical analysis (Figure 4).15b In addition, there have been 

several proposed mechanisms for the activation of o-p conversions by giant 

inhomogeneous surface electric fields of non-magnetic materials.14g,16 However, in the 

case of ASW, sophisticated techniques for sample preparation and extremely low 

handling temperatures are required. 
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Figure 4. (a) Schematic experimental setup of resonance-enhanced multi-photon 

ionization (REMPI) for amorphous solid water (ASW) systems. (b) The state mixing of 

o-H2 and p-H2 under giant and inhomogeneous electric fields through stark coupling (SC: 

orange), intramolecular Fermi contact coupling (IFCC: blue) and enhanced spin-orbit 

coupling (ESOC: purple).15b  
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Ortho-Para Conversion by Porous Coordination Polymers 

In terms of contact probability with substrates and efficient excitation field, porous 

coordination polymers (PCPs), also known as metal-organic frameworks (MOFs), are 

expected to be effective as next generation o-p conversion catalysts that can be easily 

prepared and can replace conventional catalysts because of their high specific surface area 

and the local electric field in the pores. PCPs are a class of porous materials synthesized 

by self-assembly of metal ions or clusters as versatile nodes and organic ligands as 

bridging linkers and exhibit a variety of physical and chemical properties based on the 

component properties and the periodically ordered porous structure (Figure 5).17 Because 

molecules and ions can be adsorbed in the coordination space of PCPs through host-guest 

interactions (e.g. coordination bonds, van der Waals forces, electrostatic interactions, and 

π-π interactions), PCPs have been widely investigated to utilize as materials for various 

purposes (e.g. storage, separation, and catalysis; Figure 5). Contrary to the cases of 

conventional solid catalysts for o-p conversion, the improvement in o-p conversion 

efficiency of PCPs is expected because the coordination space, which limits the mobility 

of adsorbed H2 and enhances the effective surface area as well as the subsequent contact 

probability between the confined H2 and the framework. 

 

 

Figure 5. (a) Schematic structure of porous coordination polymer (PCP) consisting of 

metal ions or clusters with bridging ligands. (b) Examples of the diverse utility of PCPs. 
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The fundamental properties and quantum dynamics of H2 adsorbed in 

{ZnII
4O(bdc)3} (MOF-5; bdc2− = 1,4-benzenedicarboxylate) were analyzed by in-situ 

diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), where slow o-p 

conversion was observed with a conversion rate of approximately 25 % h−1 at 30 K, 

although the o-p ratio [o-H2]/[p-H2] remains close to 3 for several hours in the 

adsorbent.18a In other PCPs, {MII
2(dobdc)} (MOF-74(M); M = Mg, Co, Ni, and Zn; 

dobdc4− = 2,5-dioxidobenzene-1,4-dicarboxylate), o-p conversions were 

spectroscopically confirmed as well.18b An extremely fast o-p conversion was observed 

in MOF-74(Zn) with a conversion time of ~10 min at 40 K by in-situ DRIFTS, whereas 

the o-p conversion observed in MOF-5 occurred over a few hours (Figure 6).18c However, 

no further analysis and discussion concerning the details (e.g. mechanism and driving 

force) were given unfortunately in both cases of MOF-5 and MOF-74(M). 

 

 

Figure 6. (a) Schematic structure and components of MOF-5 and MOF-74(Zn). (b) 

Energy level diagram showing the rotational-vibrational transitions for H2, where ν is the 

vibrational quantum number. (c) In-situ diffuse reflectance infrared Fourier transform 

spectra (DRIFTS) of MOF-74(Zn) with different times of 55, 95, 135, 175, 280, 600, and 

2700 s (from light green to brown) after loading 1.8 H2 per Zn at 40 K.18b 
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In order to investigate the mechanism of o-p conversion in PCPs, an experimental 

demonstration was performed for the first time using a Hofmann-type PCP, 

{FeII(pz)[PdII(CN)4]} (FePd-pz; pz = pyrazine) as a material for o-p conversion.19 At a 

gas pressure of 80 kPa, FePd-pz adsorbed H2 with the amount of 2.7 and 3.5 molecule 

pore–1 at 65 and 35 K, respectively (Figure 7a). Using a combination of in-situ powder 

X-ray diffraction (PXRD) measurement under an H2 atmosphere and a maximum entropy 

method (MEM), the adsorption sites of H2 were determined to be the pore center (site-I) 

and several sites scattered between adjacent pyrazine ligands (site-II) at 65 K, and a 

diagonally-extended site including the site-I region (site-III) at 35 K (Figure 7b). Site-III 

has a large local electric field of 7.62 × 1010 V m−1 at the diagonal ends, while site-I has 

almost no electric field, meaning that H2 confined in FePd-pz at 35 K receives a large 

electric field gradient through site-exchange inside site-III. During the cooling process, 

in-situ Raman spectroscopy under an H2 atmosphere revealed o-p conversion within 600 

s, indicating that the large electric field gradient applied during the site-exchange of the 

confined H2 is effective for the swift o-p conversion (Figure 7c). Although the 

acceleration and the experimental elucidation of the mechanism of o-p conversion were 

successfully achieved, the observed conversion temperature was still around the boiling 

point of H2 (20.27 K), which is not suitable for practical catalytic acceleration. 

 

 

Figure 7. (a) Schematic crystal structure and temperature-dependent H2 isotherm of 

{Fe(pz)[Pd(CN)4]} (FePd-pz; pz = pyrazine). (b) MEM charge densities as equidensity 

contour surfaces in H2 adsorption and one-dimensional absolute electric fields in the 

desorbed state along the [110] direction on the (001) plane at 35 and 65 K. (c) In-situ 

temperature-dependent Raman spectra under an H2 atmosphere.19 
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Prussian Blue (PB) and Prussian Blue Analogs (PBAs) 

In order to improve o-p conversion temperature, we focused on Prussian Blue 

analogs (PBAs) as the next potential catalysts because of the H2 adsorption ability, ease 

of synthesis, diverse components, and local anisotropy derived from the defective 

structure. Prussian blue (PB), which is a dark blue metal complex with a chemical formula 

of {FeIII
4[FeII(CN)6]3}, has been used as a blue pigment over 300 years ago and widely 

studied in various functional materials for several decades.20 Because PB is a mixed-

valence complex, a combination of Fe2+ and [FeIII(CN)6]
3− instead of that of Fe3+ and 

[FeII(CN)6]
4− during synthetic process provides the same compound. The structure of PB 

was determined to be a 3-D cyano-bridged structure including water molecules (Figure 

8a).21 Remarkably, PB is an aperiodic system because one-fourth of the [FeII(CN)6]
4− 

units result defects from the ideal framework structure because of the charge balance, and 

1.5 H2O molecules on average are coordinated to the unsaturated octahedral Fe3+ site. 

Alternatively, PBAs have a similar framework structure with a general chemical formula 

of {AxMay[Mb(CN)6]z}, where A are monovalent cations (e.g. alkali cations and 

quaternary ammonium ions), and Ma and Mb are divalent or trivalent metal ions in an 

octahedral geometry (Figure 8). When A+ ions are included into the framework or Ma 

and Mb ions have the same valence, the ideal frameworks can be the non-defective 

framework structure with the formula of {AIMaII[MbIII(CN)6]} and {MaIII[MbIII(CN)6]}, 

respectively (Figure 8b and Figure 8c). On the other hand, when Ma ions are divalent 

and Mb ions are trivalent, one-third of defects in [MIII(CN)6]
3− moieties are formed in the 

framework structure of {Ma3[Mb(CN)6]2} (Figure 8a). The degree of freedom in the 

material design of PBAs is high thanks to a variety of metal ions. 

 

Figure 8. Schematic crystal structure of Prussian Blue (PB) and Prussian Blue Analogs 

(PBAs). (a) {FeIII
4[FeII(CN)6]3} or {MaII

3[MbIII(CN)6]2}. (b) {AMaII[MbIII(CN)6]}. (c) 

{MaIII[MbIII(CN)6]}. All lattice water molecules are omitted for clarity. Color codes; H: 

white, C: gray, N: blue, O: red, A: purple, FeIII for PB and Ma for PBAs: brown, FeII for 

PB and Mb for PBAs: yellow.20b  
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From the viewpoint of their porous structure, PBAs have been investigated as 

adsorbents for several kinds of small molecules and ions (e.g. CO2,
22 ammonia (NH3)

23, 

cesium ion (Cs+)24
, and noble gases25). H2 adsorption in PBAs was performed for the first 

time using {MII
3[CoIII(CN)6]2} (M3Co2; M = Mn, Fe, Co, Ni, Cu, Zn, and Cd) series.26a,b 

Moreover, H2 adsorption in other PBAs based on [MbII(CN)6]
4– (M = Fe and Ru) unit27 

and nitroprusside ([FeIII(CN)5(NO)]2–) unit28 has widely been reported as well as 

hexacyanometallate ([MIII(CN)6]
3–; M = Fe, Co, Rh, and Ir) series.26 

In terms of H2 adsorption sites in PBAs, the host-guest interactions between 

adsorbed H2 and PBA framework were directly observed in {MnII
3[CoIII(CN)6]2} 

(Mn3Co2) by a differential X-ray and neutron pair distribution function (PDF) analysis, 

which revealed that the adsorbed H2 molecules are disordered at a single position of the 

pore center to obtain maximal van der Waals interactions.29a In {CuII
3[CoIII(CN)6]2} 

(Cu3Co2), Rietveld structural refinement of the in-situ powder neutron diffraction 

measurement exhibited two H2 adsorption sites, which are the pore center as the most 

prominent adsorption site and the coordination site of the exposed Cu2+ center resulting 

from [CoIII(CN)6]
3– vacancies (Figure 9a).29b Furthermore, in-situ neutron vibrational 

spectroscopy of Cu3Co2 showed that an energy band around 14.7 meV was distributed, 

which is assigned to a rotational transition between the ground states of o-H2 and p-H2 (J 

= 0 ← 1), suggesting a range of local binding potentials of the adsorbed H2 because of 

the various potentials based on the different geometries of the Cu2+ sites (Figure 9b). In 

other words, the defective framework structure of PBAs can cause the split of rotational 

energy levels of adsorbed H2, possibly leading a change in [o-H2]/[p-H2] ratio from a 

theoretical ratio. 

 

 

Figure 9. (a) The structure of {CuII
3[CoIII(CN)6]2} (Cu3Co2) at an H2 loading of 1 H2 per 

Cu calculated by Rietveld refinement of high-resolution in-situ powder neutron 

diffractometry. Color codes: H2 (red), C (gray), N (blue), Co (light green), Cu (orange). 

(b) In-situ neutron vibrational spectra of Cu3Co2 with varying amounts of adsorbed H2.
29b  
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There is no report using PBAs as o-p conversion catalysts. In the case of FePd-pz 

which has regularly arranged pores, more than 2 molecules of H2 per pore can be absorbed 

and the swift o-p conversion occurs by a perturbation of the electric field gradient through 

site-exchange in a broadened adsorption site (site-III). On the other hand, the H2 

adsorption amount in PBAs is usually less than 1 molecule per pore, which suggests that 

the adsorbed H2 has high mobility even in the pore and o-p conversion through the 

defective sites instead of the site-exchange is expected. Moreover, the relatively high 

structural stability of PBAs is the reason for selection, although PCPs with a defective 

framework usually tend to be structurally fragile. In addition to the dynamics of H2 

molecules and the mechanical strength, from the aspect of the magnetic properties, while 

FeII-based Hofmann-type PCPs, {FeII(pz)[MII(CN)4]} (M = Ni, Pd, and Pt) has a 

diamagnetic framework at low temperature based on the Fe2+ in a low spin state,30 several 

PBAs can be porous magnets showing magnetic ordering at relatively higher temperature 

due to the short distances between the two different metal ions through the cyanide-

bridge.31 Therefore, evaluation for o-p conversion under an external magnetic field can 

provide beneficial knowledge regarding the effect of the magnetic field induced in the 

pores of the PCP on the o-p conversion of H2. Among well-known hexacyanometallate 

units, because [MbIII(CN)6]
3− (Mb = Co, Rh, and Ir) in d6 electron state is a diamagnetic 

unit and [FeIII(CN)6]
3− unit in d5 electron state provides magnetic PBAs with low 

magnetic ordering temperature, we selected [CrIII(CN)6]
3− in d3 electron state as the 

component unit of PBAs for o-p conversion catalysts. [CrIII(CN)6]
3−-based PBAs usually 

have a higher magnetic ordering temperature than the boiling point of H2;
31 however, their 

H2 adsorption property is quite unclear because of almost no reports about this property. 

Hence, structural stability and adsorption ability of [CrIII(CN)6]
3−-based PBAs are worth 

being investigated systematically for the evaluation of o-p conversion and other practical 

utilities. 
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Purpose of This Research 

In this study, we systematically synthesized PBAs using [CrIII(CN)6]
3− as a building 

unit. Then, their structural stability upon desolvation, adsorption capacity, and catalytic 

ability for the o-p conversion of H2 were investigated. 

In Chapter 1, we have systematically synthesized defective [CrIII(CN)6]
3−-based 

PBAs, {MII
3[CrIII(CN)6]2} (M3Cr2; M = VO, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Cd) and 

non-defective [CrIII(CN)6]
3−-based PBAs,{InIII[CrIII(CN)6]} (InCr) as a control sample, 

based on a typical method for synthesizing PBAs and discussed their structural stability 

upon application of the desolvation process of vacuuming at different temperatures, using 

powder X-ray diffractometry (PXRD) and Fourier transform infrared spectroscopy (FT-

IR) measurements. Moreover, their N2 and H2 adsorption measurements have been 

performed at 77 K. This research is the first report about H2 adsorption at liquid N2 

temperature (77 K) in defective [CrIII(CN)6]
3−-based PBAs with the chemical formula of 

{MII
3[CrIII(CN)6]2} (M3Cr2), regardless of many reports about the H2 adsorption in PBAs 

based on other hexacyanometallates, [MIII(CN)6]
3− (M = Fe, Co, Rh, and Ir). 

In Chapter 2, we have aimed to improve o-p conversion temperature using 

defective PBAs, {MII
3[CrIII(CN)6]2} (M3Cr2; M = Mn and Ni), which has local 

anisotropic pore spaces due to the structural defects and is expected to have the effect of 

a local electric field and magnetic field in the pores. We have confirmed the catalytic 

ability of M3Cr2 for the o-p conversion of H2 by in-situ Raman microspectroscopy under 

an H2 atmosphere at cryogenic temperatures (Figure 10). In the same way, we have 

evaluated the effect of the inner magnetic field of Mn3Cr2 on o-p conversion by the in-

situ Raman microspectroscopy under an external magnetic field. 

 

 

Figure 10. Schematic view of the o-p conversion of confined molecular H2 in PBAs. 
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Chapter 1 
 

Evaluation of Structural Stability and 

Hydrogen Adsorption Ability 

of Prussian Blue Analogs 
 

Abstract 

Prussian Blue analogs (PBAs) are a class of cyano-bridged porous coordination 

polymers (PCPs) with 3-D framework structure which have superior physical properties 

such as gas adsorption. Although a variety of studies on their excellent chemical and 

physical properties such as magnetism have vigorously proceeded, there are only a few 

reports about molecule adsorption in defective PBAs based on [CrIII(CN)6]
3− moiety as 

the building units because of their relatively lower structural stability than that of PBAs 

consisting of other hexacyanometallate building units. Therefore, in this chapter, 

[Cr(CN)6]
3−-based defective PBAs {MII

3[CrIII(CN)6]2·nH2O} (M3Cr2·nH2O; M = VO, 

Cr, Mn, Fe, Co, Ni, Cu, Zn, and Cd) and a non-defective PBA {InIII[CrIII(CN)6]·nH2O} 

(InCr·nH2O) as a reference material were used for systematic investigations on their 

structural stability and H2 adsorption ability for practical usage. From the results of 

powder X-ray diffractometry (RXPD) and Fourier transform infrared (FT-IR) 

spectroscopy of the samples activated at different temperatures, the activation 

temperature was optimized to be 60℃. Moreover, several PBAs with unsaturated metal 

sites which have high stability upon application of the activation process of heating under 

vacuum exhibited a large Brunauer-Emmett-Teller surface area (SABET) of 415–684 cm3 

g−1 and a great H2 uptake of 1.06–1.42 wt% at 77 K and 100 kPa, which are sufficiently 

comparable to the reported values of other PBAs. 
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Introduction 

Prussian Blue analogs (PBAs) are a class of cyano-bridged porous coordination 

polymers (PCPs) having a 3-D framework structure with a general chemical formula of 

{AxMay[Mb(CN)6]z}, where A is monovalent cations (e.g. alkali cations and quaternary 

ammonium ions) and Ma and Mb are divalent or trivalent metal ions. When Ma ions are 

divalent and Mb ions are trivalent, one-third of [MIII(CN)6]
3− moieties become vacancy 

in the framework structure of {MaII
3[MbIII(CN)6]2} because of the charge balance.1 From 

the viewpoints of the porous and defective structures, adsorption properties and 

subsequent utilities of PBAs have been widely investigated toward several kinds of small 

molecules and ions (e.g. carbon dioxide (CO2),
1 ammonia (NH3)

3, cesium ion (Cs+)4
, and 

noble gases5). H2 adsorption property of PBAs has been reported for mainly 

{MII
3[CoIII(CN)6]2} (M3Co2; M = Mn, Fe, Co, Ni, Cu, Zn, and Cd) series because of the 

relatively higher stability of [CoIII(CN)6]
3− moiety than other [MbIII(CN)6]

3− units.6 In 

addition, the H2 adsorption sites in Mn3Co2 and Cu3Co2 have been defined by in-situ 

diffraction techniques as well as adsorption behavior and amount.7 

On the other hand, [CrIII(CN)6]
3−-based PBAs have investigated as magnetic 

materials because of the d electronic structure of (t2g)
3 and a short distance between Cr3+ 

and the other metal centers through the bridging ligand of CN− ion.8 Moreover, the reports 

about molecule adsorption or ion adsorption using [CrIII(CN)6]
3−-based PBAs as the 

absorbents are extremely rare in spite of interests on the development of unique 

framework property interlocked with the adsorption property.6g,6l,8j Regarding H2 

adsorption in [CrIII(CN)6]
3−-based PBAs, although the abilities have been evaluated for 

non-defective PBAs including alkali ions in the pores6g and core-shell type PBAs,6l there 

is no report using defective [CrIII(CN)6]
3−-based PBAs as H2 adsorbents at liquid N2 

temperature (77K) which is the most common and convenient temperature for practical 

utility. Therefore, in this study, several defective PBAs {MII
3[CrIII(CN)6]2·nH2O} 

(M3Cr2·nH2O; M = VO, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Cd) and non-defective PBA 

{InIII[CrIII(CN)6]·nH2O} (InCr·nH2O) as a reference metarial were systematically 

synthesized using [CrIII(CN)6]
3− as building units, and their structural stability upon 

application of the activation process of heating under dynamic vacuum and H2 adsorption 

ability at 77 K were evaluated. 
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Physical Measurements 

Carbon, Hydrogen, and Nitrogen Elemental Analysis (CHN-EA) 

CHN-EA of C, H, and N atoms was conducted as quickly as possible after sample 

loading by the staff of the Technical Support Division, Graduate School of Science, 

Kyushu University. 

 

Energy Dispersive X-ray Fluorescence (EDXRF) Analysis 

EDXRF analysis was conducted on a Shimadzu Rayny EDX-720 to detect 

elements with an atomic number greater than or equal to 12 in the ambient air at RT. The 

results were averaged over three runs. X-ray voltage: 50 kV, X-ray current: 30 µA. 

 

Thermogravimetry analysis (TGA) 

TGA was conducted on a PerkinElmer STA6000 as quickly as possible after 

sample loading under a dry N2 atmosphere. Sample weight: ~10 mg, temperature range: 

25–725℃, heating rate: 10℃ min−1, N2 gas flow rate: 19.8 ml min−1. 

 

Fourier Transform Infrared (FT-IR) Spectroscopy 

FT-IR spectroscopy was conducted on a PerkinElmer FT-IR Spectrometer 

Spectrum Two using a universal attenuated total reflection (UATR) method in the ambient 

air at RT. Wavenumber range: 4000–400 cm−1, resolution: 4 cm−1, integrated number: 4 

times. 

 

Powder X-ray Diffractometry (RXPD) 

RXPD was conducted on a Rigaku Ultima IV diffractometer using graphite-

monochromated CuKα radiation and reflection-free single-crystal Si sample holder in the 

ambient air at RT. X-ray wavelength: 1.54184 Å, X-ray voltage: 40 kV, X-ray current: 40 

µA, angle range: 5–60°, scan rate: 1° min−1, data collecting step: 0.02°, integrated 

number: 1 time. 

 

Adsorption and Desorption Measurements 

N2 (99.999%) and H2 (99.999%) adsorption/desorption measurements were 

conducted on MicrotracBEL BELSORP-max volumetric adsorption equipment at 77 K 

using liquid N2 in a Dewar bottle. The prepared samples were activated again by heating 

at 60 ℃ for 4 h under vacuum after loading into the measurement glass tube before the 

measurement. Second virial coefficients: −1.824×10−8 (H2), −4.328×10−7 (N2); sample 

weight: ~35 mg, pressure range of 0–105 kPa, outgas rate: < 0.02 Pa min−1.  
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Sample Preparation 

All the chemicals were purchased as reagent grade and used without further 

purification. All the prepared samples were stored in a vial with screw cap and allowed 

to stand at 20 ℃ in the dark right before the measurements, and characterized by carbon, 

hydrogen, and nitrogen elemental analysis (CHN-EA), energy dispersive X-ray 

fluorescence (EDXRF) analysis, thermogravimetry analysis (TGA), Fourier transform 

infrared (FT-IR) spectroscopy, and powder X-ray diffractometry (RXPD). 

 

K3[CrIII(CN)6] 

K3[Cr(CN)6] was synthesized according to a reported synthetic method with some 

modifications.9 Mossy Zn (6.0 g, 91.8 mmol) was activated by immersing in 1 M HCl for 

5 min, thoroughly washed with distilled water, and dried well in advance. Then the 

activated mossy Zn was added to a degassed aqueous solution (40 mL) of CrCl3·6H2O 

(20.0 g, 75.1 mmol) under an N2 gas atmosphere at RT. After stirring over 3 h and removal 

of the remaining unreacted Zn by suction filtration, a solid CH3COONa·3H2O (24.0 g, 

176.4 mmol) was added to the resultant deep blue solution, which resulted in a rapid 

precipitate of chromium(II) acetate as a bright red powder. The precipitate was collected 

by suction filtration under an N2 gas atmosphere, repeatedly washed with degassed water, 

and dissolved in a degassed aqueous solution (50 ml) of KCN (30.0 g, 460.7 mmol). After 

removal of the slight precipitate by suction filtration, an excess amount of methanol (~500 

ml) was added to the dark green filtrate, which provided K4[CrII(CN)6] as a light green 

precipitate. The precipitate was collected by suction filtration, repeatedly washed with 

methanol, and allowed to stand over 2 h for the air oxidation of the CrII ion. After 

completion of color change to yellow, a few repeated reprecipitation from water by the 

addition of an excess amount of methanol gave pure K3[CrIII(CN)6]. Yellow crystalline 

powder. Yield: 15.5 g (47.7 mmol, 63.5% vs. CrCl3·6H2O). FT-IR (cm−1): ν(C≡N) = 2130; 

ν(Cr–C) = 454 (vs). EDXRF analysis (%): [K]/[Cr] = 2.85. No other elements were 

detected. 
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(VIVO)3[CrIII(CN)6]2·nH2O} ((VO)3Cr2·nH2O) 

All the operations for the synthesis were conducted in the dark to avoid the 

decomposition of K3[CrIII(CN)6]. An aqueous solution (10 mL) of K3[CrIII(CN)6] (325.4 

mg, 1.0 mmol) was added dropwise to an aqueous solution (10 mL) of VIVOSO4·xH2O (x 

= 3–4; 397.0 mg, ~1.8 mmol) with vigorous stirring at RT, resulting in precipitation of 

light green solid. After completing the drop and subsequent stirring for 10 mins, the dark 

gray suspension was allowed to stand at 10 ℃ for 1 week. After the standing, the dark 

gray precipitate was collected by centrifugation, repeatedly washed with distilled water 

to remove the unreacted reactants and the byproduct of K2SO4, and dried in the air. Dark 

gray powder. CHN-EA (%): Found: C 17.28, H 2.96, N 19.92; Calculated for 

{(VIVO)3[CrIII(CN)6]2·12H2O} (C12H24N12O15V3Cr2): C 17.30, H 2.90, N 20.17. FT-IR 

(cm–1): ν(H2O) = 3750–2800 (m, br), 3656 (w); ν(C≡N) = 2178 (m); δ(H2O) = 1675 (w), 

1606 (m); ν(V=O) = 977; ν(Cr–C) = 500 (vs), 419 (s). EDXRF analysis (%): [V]/[Cr] = 

1.63; [K]/[V] = 0.03; [S]/[V] = 0.03. 

 

{CrII
3[CrIII (CN)6]2·nH2O} (Cr3Cr2·nH2O) 

All the operations for the synthesis were conducted in the dark and under an Ar 

atmosphere to avoid the decomposition of K3[CrIII(CN)6] and the oxidation of the Cr2+ 

ion, respectively. A deoxidized aqueous solution (10 mL) by Ar-bubbling of 

K3[CrIII(CN)6] (325.4 mg, 1.0 mmol) was added dropwise to a deoxidized aqueous 

solution (10 mL) by Ar-bubbling of CrIICl2 (221.2 mg, 1.8 mmol) with vigorous stirring 

at RT, resulting in precipitation of black solid. After completing the drop and subsequent 

stirring for 10 mins, the black suspension was allowed to stand at 10 ℃ for 1 week. After 

the standing, the black precipitate was collected by centrifugation, repeatedly washed 

with distilled water to remove the unreacted reactants and the byproduct of KCl, and dried 

in the air. Gray powder. CHN-EA (%): Found: C 17.26, H 3.71, N 19.78; Calculated for 

{CrII
3[CrIII(CN)6]2·15H2O} (C12H30N12O15Cr5): C 17.11, H 3.59, N 19.95. FT-IR (cm–1): 

ν(H2O) = 3750–2700 (m, br), 3658 (w); ν(C≡N) = 2187 (m); δ(H2O) = 1632 (m); ν(Mn–

C) = 522 (vs), 436 (s). EDXRF analysis (%): [K]/[Cr] = 0.01; [Cl]/[Cr] = 0.02. 
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{MnII
3[CrIII (CN)6]2·nH2O} (Mn3Cr2·nH2O) 

All the operations for the synthesis were conducted in the dark and under an Ar 

atmosphere to avoid the decomposition of K3[CrIII(CN)6] and the oxidation of the Mn2+ 

ion, respectively. A deoxidized aqueous solution (10 mL) by Ar-bubbling of 

K3[CrIII(CN)6] (325.4 mg, 1.0 mmol) was added dropwise to a deoxidized aqueous 

solution (10 mL) by Ar-bubbling of MnIICl2·4H2O (356.2 mg, 1.8 mmol) with vigorous 

stirring at RT, resulting in precipitation of light green solid. After completing the drop and 

subsequent stirring for 10 mins, the light green suspension was allowed to stand at 10 ℃ 

for 1 week. After the standing, the light green precipitate was collected by centrifugation, 

repeatedly washed with distilled water to remove the unreacted reactants and the 

byproduct of KCl, and dried in the air. Light green powder. CHN-EA (%): Found: C 16.47, 

H 3.77, N 19.18; Calculated for {MnII
3[CrIII(CN)6]2·16H2O} (C12H32N12O16Cr2Mn3): C 

16.53, H 3.70, N 16.53. FT-IR (cm–1): ν(H2O) = 3750–2800 (m, br), 3651 (w), 3600 (w); 

ν(C≡N) = 2158 (m); δ(H2O) = 1607 (m); ν(Cr–C) = 472 (vs). EDXRF analysis (%): 

[Mn]/[Cr] = 1.38; [K]/[Cr] = 0.01; [Cl]/[Cr] = 0.00. 

 

{FeII
3[CrIII(CN)6]2·nH2O} (Fe3Cr2·nH2O) 

All the operations for the synthesis were conducted in the dark and under an Ar 

atmosphere to avoid the decomposition of K3[CrIII(CN)6] and the oxidation of the Fe2+ 

ion, respectively. A deoxidized aqueous solution (10 mL) by Ar-bubbling of 

K3[CrIII(CN)6] (325.4 mg, 1.0 mmol) was added dropwise to a deoxidized aqueous 

solution (10 mL) by Ar-bubbling of FeIICl2·4H2O (357.9 mg, 1.8 mmol) with vigorous 

stirring at RT, resulting in precipitation of orange solid. After completing the drop and 

subsequent stirring for 10 mins, the orange suspension was allowed to stand at 10 ℃ for 

1 week. After the standing, the orange precipitate was collected by centrifugation, 

repeatedly washed with distilled water to remove the unreacted reactants and the 

byproduct of KCl, and dried in the air. Orange powder. CHN-EA (%): Found: C 16.51, H 

3.71, N 19.22; Calculated for {FeII
3[CrIII(CN)6]2·16H2O} (C12H32N12O16Cr2Fe3): C 16.53, 

H 3.70, N 19.28. FT-IR (cm–1): ν(H2O) = 3750–2800 (m, br), 3648 (w), 3600 (w); ν(C≡N) 

= 2162 (m), 2102 (w); δ(H2O) = 1609 (m); ν(Cr–C) = 480 (vs). EDXRF analysis (%): 

[Fe]/[Cr] = 1.75; [K]/[Fe] = 0.00; [Cl]/[Fe] = 0.04. 
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{CoII
3[CrIII(CN)6]2·nH2O} (Co3Cr2·nH2O) 

All the operations for the synthesis were conducted in the dark to avoid the 

decomposition of K3[CrIII(CN)6]. An aqueous solution (10 mL) of K3[CrIII(CN)6] (325.4 

mg, 1.0 mmol) was added dropwise to an aqueous solution (10 mL) of CoIICl2·6H2O 

(428.3 mg, 1.8 mmol) with vigorous stirring at RT, resulting in precipitation of reddish-

orange solid. After completing the drop and subsequent stirring for 10 mins, the reddish-

orange suspension was allowed to stand at 10 ℃ for 1 week. After the standing, the 

reddish-orange precipitate was collected by centrifugation, repeatedly washed with 

distilled water to remove the unreacted reactants and the byproduct of KCl, and dried in 

the air. Reddish-orange powder. CHN-EA (%): Found: C 16.53, H 3.63, N 19.22; 

Calculated for {CoII
3[CrIII(CN)6]2·16H2O} (C12H32N12O16Cr2Co3): C 16.36, H 3.66, N 

19.07. FT-IR (cm–1): ν(H2O) = 3750–2800 (m, br), 3651 (w), 3600 (w); ν(C≡N) = 2170 

(m); δ(H2O) = 1610 (m); ν(Cr–C) = 486 (vs). EDXRF analysis (%): [Co]/[Cr] = 1.75; 

[K]/[Co] = 0.00; [Cl]/[Co] = 0.04. 

 

{NiII
3[CrIII(CN)6]2·nH2O} (Ni3Cr2·nH2O) 

All the operations for the synthesis were conducted in the dark to avoid the 

decomposition of K3[CrIII(CN)6]. An aqueous solution (10 mL) of K3[CrIII(CN)6] (325.4 

mg, 1.0 mmol) was added dropwise to an aqueous solution (10 mL) of NiIICl2·6H2O 

(427.8 mg, 1.8 mmol) with vigorous stirring at RT, resulting in precipitation of greenish-

blue solid. After completing the drop and subsequent stirring for 10 mins, the greenish-

blue suspension was allowed to stand at 10 ℃ for 1 week. After the standing, the greenish-

blue precipitate was collected by centrifugation, repeatedly washed with distilled water 

to remove the unreacted reactants and the byproduct of KCl, and dried in the air. Green 

powder. CHN-EA (%): Found: C 15.44, H 4.10, N 17.96; Calculated for 

{NiII
3[CrIII(CN)6]2·19H2O} (C12H38N12O19Cr2Ni3): C 15.42, H 4.10, N 17.98. FT-IR (cm–

1): ν(H2O) = 3750–2800 (m, br), 3647 (w); ν(C≡N) = 2169 (m); δ(H2O) = 1608 (m); ν(Cr–

C) = 487 (vs). EDXRF analysis (%): [Ni]/[Cr] = 1.74; [K]/[Ni] = 0.03; [Cl]/[Ni] = 0.04. 
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{CuII
3[CrIII(CN)6]2·nH2O} (Cu3Cr2·nH2O) 

All the operations for the synthesis were conducted in the dark to avoid the 

decomposition of K3[CrIII(CN)6]. An aqueous solution (10 mL) of K3[CrIII(CN)6] (325.4 

mg, 1.0 mmol) was added dropwise to an aqueous solution (10 mL) of CuIICl2·2H2O 

(360.9 mg, 1.8 mmol) with vigorous stirring at RT, resulting in precipitation of deep green 

solid. After completing the drop and subsequent stirring for 10 mins, the deep green 

suspension was allowed to stand at 10 ℃ for 1 week. After the standing, the deep green 

precipitate was collected by centrifugation, repeatedly washed with distilled water to 

remove the unreacted reactants and the byproduct of KCl, and dried in the air. Deep green 

powder. CHN-EA (%): Found: C 15.18, H 3.96, N 18.06; Calculated for 

{CuII
3[CrIII(CN)6]2·18H2O} (C12H36N12O18Cr2Cu3): C 15.48, H 3.90, N 18.05. FT-IR 

(cm–1): ν(H2O) = 3750–2700 (m, br), 3630 (w); ν(C≡N) = 2185 (w), 2116 (vs); δ(H2O) = 

1675 (w), 1607 (s); ν(Cr–C) = 503 (vs). EDXRF analysis (%): [Cu]/[Cr] = 1.47; [K]/[Cu] 

= 0.03; [Cl]/[Cu] = 0.04. 

 

{ZnII
3[CrIII(CN)6]2·nH2O} (Zn3Cr2·nH2O) 

All the operations for the synthesis were conducted in the dark to avoid the 

decomposition of K3[CrIII(CN)6]. An aqueous solution (10 mL) of K3[CrIII(CN)6] (325.4 

mg, 1.0 mmol) was added dropwise to an aqueous solution (10 mL) of ZnIICl2·(245.3 mg, 

1.8 mmol) with vigorous stirring at RT, resulting in precipitation of yellowish-white solid. 

After completing the drop and subsequent stirring for 10 mins, the yellowish-white 

suspension was allowed to stand at 10 ℃ for 1 week. After the standing, the yellowish-

white precipitate was collected by centrifugation, repeatedly washed with distilled water 

to remove the unreacted reactants and the byproduct of KCl, and dried in the air. 

Yellowish-white powder. CHN-EA (%): Found: C 16.60, H 3.33, N 19.20; Calculated for 

{ZnII
3[CrIII(CN)6]2·14H2O} (C12H28N12O14Cr2Zn3): C 16.67, H 3.26, N 19.44. FT-IR (cm–

1): ν(H2O) = 3750–2800 (m, br), 3655 (w); ν(C≡N) = 2175 (m); δ(H2O) = 1610 (m); ν(Cr–

C) = 485 (vs). EDXRF analysis (%): [Zn]/[Cr] = 1.38; [K]/[Zn] = 0.00; [Cl]/[Zn] = 0.05. 
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{CdII
3[CrIII(CN)6]2·nH2O} (Cd3Cr2·nH2O) 

All the operations for the synthesis were conducted in the dark to avoid the 

decomposition of K3[CrIII(CN)6]. An aqueous solution (10 mL) of K3[CrIII(CN)6] (325.4 

mg, 1.0 mmol) was added dropwise to an aqueous solution (10 mL) of CdIICl2·(330.0 mg, 

1.8 mmol) with vigorous stirring at RT, resulting in precipitation of yellowish-white solid. 

After completing the drop and subsequent stirring for 10 mins, the yellowish-white 

suspension was allowed to stand at 10 ℃ for 1 week. After the standing, the yellowish-

white precipitate was collected by centrifugation, repeatedly washed with distilled water 

to remove the unreacted reactants and the byproduct of KCl, and dried in the air. 

Yellowish-white powder. EA (%): Found: C 14.12, H 2.98, N 16.27; Calculated for 

{CdII
3[CrIII(CN)6]2·15H2O} (C12H30N12O15Cr2Cd3): C 14.08, H 2.95, N 16.42. FT-IR 

(cm–1): ν(H2O) = 3750–2800 (m, br), 3656 (w), 3600 (w); ν(C≡N) = 2165 (m); δ(H2O) = 

1609 (m); ν(Cr–C) = 471 (vs). EDXRF analysis (%): [Cd]/[Cr] = 1.62; [K]/[Cd] = 0.06; 

[Cl]/[Cd] = 0.00. 

 

{InIII[CrIII(CN)6]·nH2O} (InCr·nH2O) 

All the operations for the synthesis were conducted in the dark to avoid the 

decomposition of K3[CrIII(CN)6]. An aqueous solution (10 mL) of K3[CrIII(CN)6] (325.4 

mg, 1.0 mmol) was added dropwise to an aqueous solution (10 mL) of InIIICl3·(265.4 mg, 

1.2 mmol) with vigorous stirring at RT, resulting in precipitation of yellowish-white solid. 

After completing the drop and subsequent stirring for 10 mins, the yellowish-white 

suspension was allowed to stand at 10 ℃ for 1 week. After the standing, the yellowish-

white precipitate was collected by centrifugation, repeatedly washed with distilled water 

to remove the unreacted reactants and the byproduct of KCl, and dried in the air. 

Yellowish-white powder. CHN-EA (%): Found: C 20.94, H 0.68, N 24.46; Calculated for 

{InIII[CrIII(CN)6]·H2O} (C6H2N6OCrIn): C 21.14, H 0.59, N 24.65. FT-IR (cm–1): ν(C≡N) 

= 2194 (m); δ(H2O) = 1619 (m); ν(Cr–C) = 497 (vs). EDXRF analysis (%): [In]/[Cr] = 

0.90; [K]/[In] = 0.00; [Cl]/[In] = 0.02. 
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Results and Discussion 

All the samples were systematically prepared by a typical synthetic method of 

PBAs where the starting materials were mixed with stirring in aqueous media. The as-

synthesized samples were characterized by several methods of carbon, hydrogen, and 

nitrogen elemental analysis (CHN-EA), energy dispersive X-ray fluorescence (EDXRF) 

analysis, thermogravimetry analysis (TGA), Fourier transform infrared (FT-IR) 

spectroscopy, and powder X-ray diffractometry (RXPD). 

Regarding CHN-EA of PBAs, the weight percentage values for C and N elements 

result from only CN− ions of [Mb(CN)6]
3− units and the value of H element results from 

only interstitial H2O molecules. The resultant values of CHN-EA for all the as-

synthesized samples provided the same abundance ratio of C and N elements, and had a 

good agreement with the weight percentage calculated from an ideal framework formula 

including several hydrated H2O molecules, {MII
3[CrIII(CN)6]2·nH2O} (M3Cr2·nH2O; (M, 

n) = (VO, 12), (Cr, 15), (Mn, 16), (Fe, 16), (Co, 16), (Ni, 19), (Cu, 18), (Zn, 14), and (Cd, 

15)) and {InIII[CrIII(CN)6]·H2O} (InCr·nH2O), indicating their high purity (Table 1-1). 

 

 

Table 1-1. The observed and ideal values of carbon, hydrogen, and nitrogen elemental 

analysis (CHN-EA) and calculated number of H2O molecules (n) for the as-synthesized 

PBAs, {MII
3[CrIII(CN)6]2·nH2O} (M3Cr2·nH2O; M = VO, Cr, Mn, Fe, Co, Ni, Cu, Zn, 

and Cd) and {InIII[CrIII(CN)6]·nH2O} (InCr·nH2O). 

 
n 

[C] / wt% [H] / wt% [N] / wt% 

 Found Calcd. Found Calcd. Found Calcd. 

(VO)3Cr2nH2O 12 17.28 17.30 2.96 2.90 19.92 20.17 

Cr3Cr2nH2O 15 17.26 17.11 3.71 3.59 19.78 19.95 

Mn3Cr2nH2O 16 16.47 16.58 3.77 3.71 19.18 19.34 

Fe3Cr2nH2O 16 16.51 16.53 3.71 3.70 19.22 19.28 

Co3Cr2nH2O 16 16.53 16.36 3.63 3.66 19.22 19.07 

Ni3Cr2nH2O 19 15.44 15.42 4.10 4.10 17.96 17.98 

Cu3Cr2nH2O 18 15.18 15.48 3.96 3.90 18.06 18.05 

Zn3Cr2nH2O 14 16.60 16.67 3.33 3.26 19.20 19.44 

Cd3Cr2nH2O 15 14.12 14.08 2.98 2.95 16.27 16.42 

InCrnH2O 1 20.94 21.14 0.68 0.59 24.46 24.65 
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In the EDXRF analysis, the elemental ratio of [M]/[Cr] calculated from the 

observed weight percentage values was close to the ideal stoichiometric ratio of 1.5 for 

all the M3Cr2·nH2O, except Cr3Cr2nH2O which showed existence of Cr element with 

a weight percentage of ~100 %, and 1 for InCr·nH2O, which supported the results of 

CHN-EA (Table 1-2). A trace amount of some elements from the starting materials, S of 

SO4
2− (M =VO) form VOSO4·xH2O, Cl (M = Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, and In) 

from the chloride salts, and K from K3[Cr(CN)6], were detected as well, which were 

essentially neglectable because of the values below 0.7% toward the formula weight 

(Table 1-2). For the reasons mentioned above, in all the following sections in this chapter, 

all the prepared PBA samples were treated as having the ideal formula of 

{MII
3[CrIII(CN)6]2·nH2O} (M3Cr2·nH2O; M = VO, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Cd) 

and {InIII[CrIII(CN)6]·nH2O} (InCr·nH2O). 

 

 

Table 1-2. The observed values of energy dispersive X-ray fluorescence (EDXRF) 

analysis and calculated elemental ratios for the as-synthesized PBAs, 

{MII
3[CrIII(CN)6]2·nH2O} (M3Cr2·nH2O; M = VO, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Cd) 

and {InIII[CrIII(CN)6]·nH2O} (InCr·nH2O). 

 Weight percentage / wt% Ratio 

 [Ma] [Cr] [K] [Xb] [Ma]/[Cr] [K]/[Ma] [Xb]/[Ma] 

(VO)3Cr2nH2O 59.935 37.553 1.380 1.132 1.63 0.03 0.03 

Cr3Cr2nH2O 97.928 0.736 1.335 – 0.01 0.02 

Mn3Cr2nH2O 59.097 40.482 0.421 0.000 1.38 0.01 0.00 

Fe3Cr2nH2O 64.260 34.108 0.000 1.632 1.75 0.00 0.04 

Co3Cr2nH2O 65.404 32.022 0.000 1.574 1.75 0.00 0.04 

Ni3Cr2nH2O 64.440 32.715 1.288 1.557 1.74 0.03 0.04 

Cu3Cr2nH2O 62.573 34.876 1.155 1.396 1.47 0.03 0.04 

Zn3Cr2nH2O 62.333 35.978 0.000 1.690 1.38 0.00 0.05 

Cd3Cr2nH2O 76.592 21.810 1.598 0.000 1.62 0.06 0.00 

InCrnH2O 66.346 33.244 0.000 0.410 0.90 0.00 0.02 

aThe directly observed element of M was V instead of VO ions in (VO)3Cr2nH2O. bX is 

S (M = VO) and Cl (M = Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, and In).  
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In the FT-IR spectra, the observed peaks are assigned referring to cases of several 

reported PBAs.10 The peaks observed at a low-wavenumber of 419 and 436 cm−1 in 

(VO)3Cr2·nH2O and Cr3Cr2·nH2O, respectively, were possibly attributed to a vibration 

mode between Cr3+ center CN− ion (ν(Cr–C)) (Figure 1-1 and Table 1-3). For the other 

PBAs, the ν(Cr–C) modes seemingly appeared at a lower region below 400 cm−1. A 

bending mode between the two metal centers through CN− ligand (δ(Cr–C≡N)) was 

observed in a higher wavenumber range of 471–522 cm−1 compared to the same vibration 

mode at 454 cm−1 of K3[Cr(CN)6], indicating a formation of the cyano-bridged framework 

(Figure 1-1 and Table 1-3). A relevant bending mode of K+-including PB, 

{KFe[Fe(CN)6]}, referred to as soluble PB (δ(Fe–C≡N)) appears as a strong band at 600 

cm−1 because this mode is greatly sensitive to interstitial alkali cations;10 however, all the 

as-synthesized PBAs had no peak around the same wavenumber region, supporting the 

results of CHN-EA and EDXRF where almost no K element was detected. 

Several modes in a wide range of 2700–3750 cm−1 and around 1610 cm−1 were 

attributed to motions of H2O molecules of ν(O–H) and δ(H–O–H), respectively, 

indicating a presence of interstitial H2O molecules in the framework (Figure 1-1 and 

Table 1-3). In the modes of ν(O–H), the discernible sharp peaks in 3600–3658 cm−1 and 

the greatly broadened peak in the whole wavenumber region were derived from 

coordination H2O molecules on the M2+ sites and dynamic H2O molecules physisorbed 

and linked in a hydrogen-bond network, respectively (Figure 1-1 and Table 1-3). 

Therefore, InCrnH2O showed only the latter mode with a tiny intensity because of no 

unsaturated metal site on the In3+ center and 0.5 physisorbed H2O molecules per pore with 

a side of Cr–C≡N–In linkage (Figure 1-1). 

The formation of cyano-bridge was confirmed as well by a higher-wavenumber 

shift of the intense bands assigned to a vibration mode of CN− ion (ν(C≡N)) in a 

wavenumber region of 2150–2200 cm−1 from the same mode at 2130 cm−1 of the starting 

material, K3[Cr(CN)6], because σ-electron in antibonding orbital mainly contributes to 

the coordination to central metal ion of M2+ (Figure 1-1 and Table 1-3). The shoulder 

peak around 2140 cm−1 in M3Cr2·nH2O (M =VO, Co, and Ni) were possibly derived 

from free CN− groups located on the particle surface.11 The ν(C≡N) mode at 2102 cm−1 

for Fe3Cr2nH2O and 2116 cm−1 for Cu3Cr2nH2O, which were in lower wavenumber 

than that of K3[Cr(CN)6], suggested that cyanide flipping explained by the linkage 

isomerism has occurred in these samples, as with the reports.10b,12 
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The intense peak at 977 cm−1 observed in only (VO)3Cr2·nH2O was assigned to a 

vibration mode of vanadyl ion (ν(V=O)) as with the reports,9c,10b which was similar to the 

starting material of VOSO4·nH2O (n = 3–4) for (VO)3Cr2·nH2O which showed ν(V=O) 

mode at 999 cm−1 (Figure 1-1).9c,10b The observed higher-wavenumber shift of ν(V=O) 

possibly resulted from the change in the coordination environment of V4+ center. In 

addition, VOSO4·nH2O showed obvious vibration modes of SO4
2−, (ν1(SO4

2−) = 1018 

cm−1, ν2(SO4
2−) = 436 and 465 cm−1, ν3(SO4

2−) = 1074 cm−1, and ν4(SO4
2−) = 588 and 619 

cm−1), as with the reports.9c,10b,13 In contrast, although there are exceedingly tiny peaks at 

585, 1051, and 1131 cm−1 observed around the abovementioned peak positions in 

(VO)3Cr2·nH2O, the peak intensities were negligibly smaller than the other peaks, 

suggesting sufficient washing process to remove the unreacted reactants and the 

byproduct of K2SO4, which matched with the results of CHN-EA and EDXRF analysis 

(Table 1-2). 

  



37 

 

Figure 1-1. Normalized FT-IR spectra and photographs in the ambient air at RT of the 

starting material of K3[CrIII(CN)6] (black), the as-synthesized PBAs 

{MII
3[CrIII(CN)6]2·nH2O} (M3Cr2·nH2O; M = VO (dark blue), Cr (green), Mn (pink), Fe 

(orange), Co (red), Ni (light green), Cu (blue), Zn (light blue), and Cd (yellow)) and 

{InIII[CrIII(CN)6]·nH2O} (InCr·nH2O; purple). The spectra were normalized by each 

peak with the highest transmittance. Resolution: 4 cm−1.  
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Table 1-3. Selected wavenumber of the observable peaks in the FT-IR spectra in the 

ambient air at RT of the starting material K3[CrIII(CN)6], the as-synthesized PBAs 

{MII
3[CrIII(CN)6]2·nH2O} (M3Cr2·nH2O; M = VO, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Cd) 

and {InIII[CrIII(CN)6]·nH2O} (InCr·nH2O). 

 
ν(O–H) 

/ cm−1 

ν(C≡N) 

/ cm−1 

δ(H–O–H) 

/ cm−1 

δ(Cr–C≡N) 

/ cm−1 

ν(Cr–C) 

/ cm−1 

K3[Cr(CN)6]  2130 (m)  454 (vs)  

(VO)3Cr2nH2O 3656 (w) 2178 (m) 
1675 (w) 

1606 (m) 
500 (vs) 419 (s) 

Cr3Cr2nH2O 3658 (w) 2187 (m) 1632 (m) 522 (vs) 436 (s) 

Mn3Cr2nH2O 
3651 (w) 

3600 (w) 
2158 (m) 1607 (m) 472 (vs)  

Fe3Cr2nH2O 
3648 (w) 

3600 (w) 

2162 (m) 

2102 (w) 
1609 (m) 480 (vs)  

Co3Cr2nH2O 
3651 (w) 

3600 (w) 
2170 (m) 1610 (m) 486 (vs)  

Ni3Cr2nH2O 3647 (w) 2169 (m) 1608 (m) 487 (vs)  

Cu3Cr2nH2O 3630 (w) 
2185 (w) 

2116 (vs) 

1675 (w) 

1607 (s) 
503 (vs)  

Zn3Cr2nH2O 3655 (w) 2175 (m) 1610 (m) 485 (vs)  

Cd3Cr2nH2O 
3656 (w) 

3600 (w) 
2165 (m) 1609 (m) 471 (vs)  

InCrnH2O  2194 (m) 1619 (w) 497 (vs)  

*Mode: ν = stretching vibration, δ = bending vibration. 

*Intensity: vs = very strong, s = strong, m = medium, w = weak. 
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The PXRD patterns of all the as-synthesized PBAs are consistent with a typical 

face-centered cubic (fcc) structural pattern of PBAs with distinct, sharp, and intense peaks, 

indicating a successful formation of 3-D cyano-bridged structure of PBAs (Figure 1-2).1 

Estimating from the peak intensity and the signal to noise (S/N) ratio, the crystallinities 

of (VO)3Cr2nH2O and Co3Cr2nH2O were slightly lower than the other PBAs (Figure 

1-2). According to Bragg's law, the lattice spacing of (2 0 0) crystallographic plane (d(200)) 

which is corresponding to length of pore side (Cr–C≡N–M) was calculated, where n, λ, 

and θ are a positive integer, the wavelength of X-ray (CuKα: 1.54184 Å), and glancing 

angle, respectively (Equation 1-1 and Table 1-4).14 The crystallographic parameter of 

fcc structure is corresponding the length of Cr–C≡N–M–N≡C–Cr which is twice as long 

as the pore side of d(200). The 2d(200) values of the as-synthesized PBAs were in a range of 

10.41–10.97 Å, which were comparable with those of the other reported PBAs. (Table 1-

4).1  

 

 

Equation 1-1. Bragg's equation.14 

 

The crystallite sizes in the direction perpendicular to the (2 0 0) plane for the as-

synthesized PBAs (L(200)) were roughly calculated by Scherrer's equation using the full 

width half maximum (FWHM) values (β) at the (2 0 0) peak, where K (~0.939) is a 

dimensionless shape factor referred to as Scherrer’s constant (Equation 1-2 and Table 1-

4).15 The estimated values of L(200) were in a range of 11.0–46.6 nm. MCr2nH2O (M = 

VO, Cr, Co, Ni, and Cu) had a relatively smaller crystallite size than the other PBAs. 

 

 

Equation 1-2. Scherrer's equation.15 

  

𝑑 =
𝑛𝜆

2 sin𝜃
 

𝐿 =
𝐾𝜆

𝛽 cos𝜃
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Figure 1-2. Normalized PXRD patterns and photographs in the ambient air at RT of the 

simulated FeIII
4[FeII(CN)6]4·nH2O (black) with the Miller indexes,1d the as-synthesized 

PBAs {MII
3[CrIII(CN)6]2·nH2O} (M3Cr2·nH2O; M = VO (dark blue), Cr (green), Mn 

(pink), Fe (orange), Co (red), Ni (light green), Cu (blue), Zn (light blue), and Cd (yellow)) 

and {InIII[CrIII(CN)6]·nH2O} (InCr·nH2O; purple). The patterns were normalized by 

each peak with the strongest intensity. Scan rate: 1° min−1, data collecting step: 0.02°.  
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Table 1-4. The observed diffraction angle (2θ(200)) and the full width at half maximum 

(FWHM) value (β(200)) at a peak with a Miller index of (2 0 0) in the PXRD patterns of 

{MII
3[CrIII(CN)6]2·nH2O} (M3Cr2·nH2O; M = VO, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Cd) 

and {InIII[CrIII(CN)6]·nH2O} (InCr·nH2O) in the ambient air at RT. The lattice spacing 

distance (d(200)) and crystallite size in the direction perpendicular to the (2 0 0) 

crystallographic plane (L(200)) were calculated from Bragg's equation and Scherrer's 

equation, respectively. 

 2θ(200) / ° d(200) / Å 2d(200) / Å β(200) / ° L(200) / nm 

(VO)3Cr2nH2O 16.93 5.23 10.47 0.48 17.5 

Cr3Cr2nH2O 17.04 5.20 10.41 0.28 30.0 

Mn3Cr2nH2O 16.39 5.41 10.82 0.18 46.6 

Fe3Cr2nH2O 16.67 5.32 10.64 0.25 32.3 

Co3Cr2nH2O 16.80 5.28 10.56 0.43 19.1 

Ni3Cr2nH2O 16.94 5.24 10.47 0.77 11.0 

Cu3Cr2nH2O 17.04 5.20 10.41 0.40 21.0 

Zn3Cr2nH2O 16.72 5.30 10.60 0.18 41.9 

Cd3Cr2nH2O 16.17 5.48 10.97 0.21 39.9 

InCrnH2O 16.39 5.41 10.82 0.22 38.1 
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In the TGA of the as-synthesized PBAs, a large weight loss started from RT until 

an appearance of a plateau in a temperature range of approximately 100–300℃ except 

InCr which showed a gradual weight loss over the entire measurement temperature range 

(Figure 1-3). A weight loss in such temperature range should be corresponding to the 

removal of interstitial H2O molecules in PBAs. The observed values of weight loss are in 

good agreement with the values expected by CHN-EA except for Cr3Cr2nH2O (Figure 

1-3 and Table 1-5). In the case of Cr3Cr2nH2O, a weight loss of 22.0% corresponding 

to H2O molecules 8.9 H2O molecules appeared in the beginning and a gradual loss 

followed subsequently, indicating that approximately 6 H2O molecules remained by 

heating up until ~300℃ under a dry N2 atmosphere (Figure 1-3 and Table 1-5). This 

result was consistent with a reported case where a residue of 6 coordination H2O 

molecules existed even after heating under vacuum and harder activation cause the 

framework decomposition.8j 
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Figure 1-3. TGA curves of the as-synthesized PBAs {MII
3[CrIII(CN)6]2·nH2O} 

(M3Cr2·nH2O; M = VO (dark blue), Cr (green), Mn (pink), Fe (orange), Co (red), Ni 

(light green), Cu (blue), Zn (light blue), and Cd (yellow)) and {InIII[CrIII(CN)6]·nH2O} 

(InCr·nH2O; purple) under a dry N2 atmosphere. The measurement was performed as 

quickly as possible after sample loading. Heating rate: 10℃ min−1, N2 gas flow rate: 19.8 

ml min−1. 
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Table 1-5. The weight percentage and the number of H2O molecules (n) which are 

observed in TGA at different temperatures of 150, 200 and 250℃ and expected from 

carbon, hydrogen, and nitrogen elemental analysis (CHN-EA) of the as-synthesized PBAs 

{MII
3[CrIII(CN)6]2·nH2O} (M3Cr2·nH2O; M = VO, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Cd) 

and {InIII[CrIII(CN)6]·nH2O} (InCr·nH2O). 

 wt% n wt% n wt% n wt% n 

 at 150℃ at 200℃ at 250℃ 
expected from 

CHN-EA 

(VO)3Cr2nH2O 76.5 10.5 75.1 11.4 74.4 11.8 74.1 12 

Cr3Cr2nH2O 81.7 7.1 78.0 8.9 75.9 10.1 67.9 15 

Mn3Cr2nH2O 69.5 14.2 68.3 15.0 67.7 15.4 66.8 16 

Fe3Cr2nH2O 75.7 10.4 70.6 13.5 68.6 14.8 66.9 16 

Co3Cr2nH2O 71.6 13.0 69.8 14.2 69.0 14.8 67.3 16 

Ni3Cr2nH2O 66.4 16.6 64.0 18.5 63.2 19.1 63.4 19 

Cu3Cr2nH2O 68.9 15.2 67.1 16.5 65.3 17.9 65.2 18 

Zn3Cr2nH2O 72.6 12.8 72.1 13.1 71.6 13.5 70.8 14 

Cd3Cr2nH2O 74.7 14.2 74.3 14.5 73.9 14.8 73.6 15 

InCrnH2O 96.2 0.7 95.7 0.8 94.8 1.0 94.7 1 
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In order to evaluate the structural stability of the PBAs upon application of the 

activation process for dehydration, all the as-synthesized PBAs were heated at different 

activation temperatures (Tact) of 20, 40, 60, 80, 100, 120, 140, and 160℃ under reduced 

pressure for 24 h to obtain each activated sample. (VO)3Cr2, Cr3Cr2, and InCr series 

showed almost no obvious color change and Co3Cr2, Ni3Cr2, Zn3Cr2, and Cd3Cr2 series 

showed a slight color change to yellowish colors, whereas Mn3Cr2 and Fe3Cr2 series 

showed a gradual color change with a final darkening at the Tact of 140 and 160℃ (Figure 

1-4). Noteworthy, the deep green color of Cu3Cr2nH2O rapidly turned into reddish-

brown even after the activation at a low temperature of 20℃ (Figure 1-4). These observed 

color change conceivably derived from the removal of interstitial H2O molecules and 

framework decomposition. 
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Figure 1-4. Photographs in the ambient air at RT of the as-synthesized PBAs and their 

activated samples heated at different activation temperatures (Tact) of 20, 40, 60, 80, 100, 

120, 140, and 160℃ under dynamic vacuum for 24 h. 
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In order to obtain the detailed information about the framework stability toward the 

activation process, PXRD measurements in the ambient air at RT were performed for all 

the series of PBAs activated at each temperature (Figure 1-5–Figure 1-14). Moreover, in 

order to discuss the stability using some parameters, relative peak intensities (ITact/Ias-syn.) 

and relative peak FWHM values (βas-syn./βTact) for all the samples activated at each Tact 

were calculated using the values of the as-synthesized sample (Ias-syn. and βas-syn.) as 

standard values, regarding the intense peak at (2 0 0) crystallographic plane (Figure 1-

15). 

On the whole, similarly to the change in sample color (Figure 1-4), the intensity 

and the FWHM values tended to decrease with Tact increasing in the PXRD patterns of all 

the activated PBA series (Figure 1-5–Figure 1-14). For example, Co3Cr2, Ni3Cr2, and 

InCr series in all the Tact showed only slight changes in both the relative intensity (ITact/Ias-

syn. ≥ 0.8) and the relative FWHM value (βas-syn./βTact ≥ 0.8), indicating their greatly higher 

stability upon the activation until 160℃ than those of the other PBAs (Figure 1-9, Figure 

1-10, Figure 1-14, and Figure 1-15). Among the three PBAs, InCr showed the highest 

stability (ITact/Ias-syn. ≥ 0.85; βas-syn./βTact ≥ 0.9) possibly thanks to the non-defective 

structure. In the patterns of (VO)3Cr2, Cr3Cr2, and Zn3Cr2 series, although the peak 

intensity decreased and the FWHM values increased gradually with Tact increasing, the 

major peaks were observed with sufficiently observable intensity even at the highest Tact 

of 160℃ (0.3 ≤ I160℃/Ias-syn. ≤ 0.8; 0.3 ≤ βas-syn./β160℃ ≤ 0.8), suggesting relatively high 

stability (Figure 1-5, Figure 1-6, Figure 1-12, and Figure 1-15). The no or slight change 

in the sample color of these five defective PBA series (M3Cr2; M = VO, Cr, Co, Ni, and 

Zn) and the non-defective PBA series (InCr) mentioned above suggested the correlation 

between the color and the stability (Figure 1-4 and Figure 1-15). On the other hand, the 

peaks in Mn3Cr2, Fe3Cr2, Cu3Cr2, and Cd3Cr2 series were gradually broadened with Tact 

increasing and finally vanished at the Tact of 140, 80, 20 and 140℃, respectively (Figure 

1-7, Figure 1-8, Figure 1-11, Figure 1-13, and Figure 1-15). As a matter of fact, from 

the viewpoints of both relative parameters, these samples conceivably showed framework 

decomposition over the respective Tact (ITact/Ias-syn. ≤ 0.2; βas-syn./βTact ≤ 0.2; Figure 1-15). 

In the relatively low-Tact region, Mn3Cr2 series had stronger intensities and thinner 

FWHM values than Cd3Cr2 series (Figure 1-7, Figure 1-13, and Figure 1-15). Therefore, 

for the above discussion, the order of structural ability depending on the metal canter (M) 

upon application of the heating under reduced pressure was concluded to be In > (Co, Ni) 

> Cr > Zn > VO > Mn > Cd > Fe > Cu. 
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Figure 1-5. PXRD patterns in the ambient air at RT and photographs of the as-synthesized 

sample {(VIVO)3[CrIII(CN)6]2·nH2O} ((VO)3Cr2·nH2O: dark blue) and its activated 

samples heated at different activation temperatures (Tact) of 20, 40, 60, 80, 100, 120, 140, 

and 160℃ (colors from dark blue to gray) under reduced pressure for 24 h. The patterns 

were normalized by the peak with the strongest intensity of (VO)3Cr2·nH2O. Scan rate: 

1° min−1, data collecting step: 0.02°.  
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Figure 1-6. PXRD patterns in the ambient air at RT and photographs of the as-synthesized 

sample {CrII
3[CrIII(CN)6]2·nH2O} (Cr3Cr2·nH2O: green) and its activated samples 

heated at different activation temperatures (Tact) of 20, 40, 60, 80, 100, 120, 140, and 

160℃ (colors from green to gray) under reduced pressure for 24 h. The patterns were 

normalized by the peak with the strongest intensity of Cr3Cr2·nH2O. Scan rate: 1° min−1, 

data collecting step: 0.02°.  
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Figure 1-7. PXRD patterns in the ambient air at RT and photographs of the as-synthesized 

sample {MnII
3[CrIII(CN)6]2·nH2O} (Mn3Cr2·nH2O: pink) and its activated samples 

heated at different activation temperatures (Tact) of 20, 40, 60, 80, 100, 120, 140, and 

160℃ (colors from pink to gray) under reduced pressure for 24 h. The patterns were 

normalized by the peak with the strongest intensity of Mn3Cr2·nH2O. Scan rate: 1° min−1, 

data collecting step: 0.02°.  
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Figure 1-8. PXRD patterns in the ambient air at RT and photographs of the as-synthesized 

sample {FeII
3[CrIII(CN)6]2·nH2O} (Fe3Cr2·nH2O: orange) and its activated samples 

heated at different activation temperatures (Tact) of 20, 40, 60, 80, 100, 120, 140, and 

160℃ (colors from orange to gray) under reduced pressure for 24 h. The patterns were 

normalized by the peak with the strongest intensity of Fe3Cr2·nH2O. Scan rate: 1° min−1, 

data collecting step: 0.02°.  
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Figure 1-9. PXRD patterns in the ambient air at RT and photographs of the as-synthesized 

sample {CoII
3[CrIII(CN)6]2·nH2O} (Co3Cr2·nH2O: red) and its activated samples heated 

at different activation temperatures (Tact) of 20, 40, 60, 80, 100, 120, 140, and 160℃ 

(colors from red to gray) under reduced pressure for 24 h. The patterns were normalized 

by the peak with the strongest intensity of Co3Cr2·nH2O. Scan rate: 1° min−1, data 

collecting step: 0.02°.  
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Figure 1-10. PXRD patterns in the ambient air at RT and photographs of the as-

synthesized sample {NiII
3[CrIII(CN)6]2·nH2O} (Ni3Cr2·nH2O: light green) and its 

activated samples heated at different activation temperatures (Tact) of 20, 40, 60, 80, 100, 

120, 140, and 160℃ (colors from light green to gray) under reduced pressure for 24 h. 

The patterns were normalized by the peak with the strongest intensity of Ni3Cr2·nH2O. 

Scan rate: 1° min−1, data collecting step: 0.02°.  
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Figure 1-11. PXRD patterns in the ambient air at RT and photographs of the as-

synthesized sample {CuII
3[CrIII(CN)6]2·nH2O} (Cu3Cr2·nH2O: blue) and its activated 

samples heated at different activation temperatures (Tact) of 20, 40, 60, 80, 100, 120, 140, 

and 160℃ (colors from blue to gray) under reduced pressure for 24 h. The patterns were 

normalized by the peak with the strongest intensity of Cu3Cr2·nH2O. Scan rate: 1° min−1, 

data collecting step: 0.02°.  
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Figure 1-12. PXRD patterns in the ambient air at RT and photographs of the as-

synthesized sample {ZnII
3[CrIII(CN)6]2·nH2O} (Zn3Cr2·nH2O: light blue) and its 

activated samples heated at different activation temperatures (Tact) of 20, 40, 60, 80, 100, 

120, 140, and 160℃ (colors from light blue to gray) under reduced pressure for 24 h. The 

patterns were normalized by the peak with the strongest intensity of Zn3Cr2·nH2O. Scan 

rate: 1° min−1, data collecting step: 0.02°.  
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Figure 1-13. PXRD patterns in the ambient air at RT and photographs of the as-

synthesized sample {CdII
3[CrIII(CN)6]2·nH2O} (Cd3Cr2·nH2O: yellow) and its activated 

samples heated at different activation temperatures (Tact) of 20, 40, 60, 80, 100, 120, 140, 

and 160℃ (colors from yellow to gray) under reduced pressure for 24 h. The patterns 

were normalized by the peak with the strongest intensity of Cd3Cr2·nH2O. Scan rate: 1° 

min−1, data collecting step: 0.02°.  
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Figure 1-14. PXRD patterns in the ambient air at RT and photographs of the as-

synthesized sample {InIII[CrIII(CN)6]·nH2O} (InCr·nH2O: purple) and its activated 

samples heated at different activation temperatures (Tact) of 20, 40, 60, 80, 100, 120, 140, 

and 160℃ (colors from purple to gray) under reduced pressure for 24 h. The patterns 

were normalized by the peak with the strongest intensity of InCr·nH2O. Scan rate: 1° 

min−1, data collecting step: 0.02°.  
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Figure 1-15. Relative values of intensity and full width at half maximum (FWHM) at (2 

0 0) crystallographic plane calculated from PXRD results compared to those of the as-

synthesized sample. (a) Relative peak intensity (ITact/Ias-syn). (b) Relative FWHM value 

(βas-syn/βTact). Color code: {MII
3[CrIII(CN)6]2} (M3Cr2; M = VO (dark blue), Cr (green), 

Mn (pink), Fe (orange), Co (red), Ni (light green), Cu (blue), Zn (light blue), and Cd 

(yellow)) series and {InIII[CrIII(CN)6]} (InCr; purple) series.  
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Furthermore, as well as the PXRD measurement, FT-IR measurements in the 

ambient air at RT were performed for all the PBAs activated at each temperature (Figure 

1-16–Figure 1-25). In the FT-IR spectra, while most of the PBA series at all the Tact 

exhibited almost no change, broadening of ν(C≡N) peaks was observed and a new peak 

conceivably assigned to δ(Cr–C≡N) mode gradually appeared around 575 cm−1 with Tact 

increasing in Co3Cr2 and Ni3Cr2 series, suggesting changes in the geometry of M2+ ion 

center form octahedral to another distorted preferable one such as tetrahedral and square 

planner, respectively (Figure 1-19 and Figure 1-20). Their greatly high structural 

stability discussed from the PXRD measurements would support this prediction that 

geometry change occurred instead of framework decomposition. On the other hand, 

Fe3Cr2 and Cu3Cr2 series showed completely different behaviors from those of the 

abovementioned PBA series. In the case of Fe3Cr2 series, the intensity of ν(C≡N) peaks 

at lower wavenumber than that of K3[Cr(CN)6] increased over the Tact of 40℃ (Figure 1-

19). Moreover, in a higher Tact range over 100℃, the peak intensity became strongly and 

the higher-wavenumber ν(C≡N) peak which was originally observed as a major peak in 

the as-synthesized sample almost vanished (Figure 1-19). In the case of Cu3Cr2 series, 

similar behavior occurred over the decomposition temperatures of 20℃ and several 

unknown peaks newly appeared in a wavenumber range of 800–1400 cm−1 (Figure 1-22). 

From both results of PXRD and FT-IR measurements, Fe3Cr2 and Cu3Cr2 series 

conceivably showed cyano-bridge dissociations and a subsequent framework 

decomposition over 20 and 80℃, respectively. 
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Figure 1-16. FT-IR spectra in the ambient air at RT and photographs of the as-synthesized 

sample {(VIVO)3[Cr(CN)6]2·nH2O} ((VO)3Cr2·nH2O: dark blue) and its activated 

samples heated at different activation temperatures (Tact) of 20, 40, 60, 80, 100, 120, 140, 

and 160℃ (colors from dark blue to gray) under reduced pressure for 24 h. Resolution: 4 

cm−1.  
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Figure 1-17. FT-IR spectra in the ambient air at RT and photographs of the as-synthesized 

sample {Cr3[Cr(CN)6]2·nH2O} (Cr3Cr2·nH2O: dark blue) and its activated samples 

heated at different activation temperatures (Tact) of 20, 40, 60, 80, 100, 120, 140, and 

160℃ (colors from green to gray) under reduced pressure for 24 h. Resolution: 4 cm−1.  
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Figure 1-18. FT-IR spectra in the ambient air at RT and photographs of the as-synthesized 

sample {Mn3[Cr(CN)6]2·nH2O} (Mn3Cr2·nH2O: pink) and its activated samples heated 

at different activation temperatures (Tact) of 20, 40, 60, 80, 100, 120, 140, and 160℃ 

(colors from pink to gray) under reduced pressure for 24 h. Resolution: 4 cm−1.  
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Figure 1-19. FT-IR spectra in the ambient air at RT and photographs of the as-synthesized 

sample {Fe3[Cr(CN)6]2·nH2O} (Fe3Cr2·nH2O: orange) and its activated samples heated 

at different activation temperatures (Tact) of 20, 40, 60, 80, 100, 120, 140, and 160℃ 

(colors from orange to gray) under reduced pressure for 24 h. Resolution: 4 cm−1.  
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Figure 1-20. FT-IR spectra in the ambient air at RT and photographs of the as-synthesized 

sample {Co3[Cr(CN)6]2·nH2O} (Co3Cr2·nH2O: red) and its activated samples heated at 

different activation temperatures (Tact) of 20, 40, 60, 80, 100, 120, 140, and 160℃ (colors 

from red to gray) under reduced pressure for 24 h. Resolution: 4 cm−1.  
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Figure 1-21. FT-IR spectra in the ambient air at RT and photographs of the as-synthesized 

sample {Ni3[Cr(CN)6]2·nH2O} (Ni3Cr2·nH2O: light green) and its activated samples 

heated at different activation temperatures (Tact) of 20, 40, 60, 80, 100, 120, 140, and 

160℃ (colors from light green to gray) under reduced pressure for 24 h. Resolution: 4 

cm−1.  
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Figure 1-22. FT-IR spectra in the ambient air at RT and photographs of the as-synthesized 

sample {Cu3[Cr(CN)6]2·nH2O} (Cu3Cr2·nH2O: blue) and its activated samples heated at 

different activation temperatures (Tact) of 20, 40, 60, 80, 100, 120, 140, and 160℃ (colors 

from blue to gray) under reduced pressure for 24 h. Resolution: 4 cm−1.  
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Figure 1-23. FT-IR spectra in the ambient air at RT and photographs of the as-synthesized 

sample {Zn3[Cr(CN)6]2·nH2O} (Zn3Cr2·nH2O: light blue) and its activated samples 

heated at different activation temperatures (Tact) of 20, 40, 60, 80, 100, 120, 140, and 

160℃ (colors from light blue to gray) under reduced pressure for 24 h. Resolution: 4 

cm−1.  
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Figure 1-24. FT-IR spectra in the ambient air at RT and photographs of the as-synthesized 

sample {Cd3[Cr(CN)6]2·nH2O} (Cd3Cr2·nH2O: yellow) and its activated samples heated 

at different activation temperatures (Tact) of 20, 40, 60, 80, 100, 120, 140, and 160℃ 

(colors from yellow to gray) under reduced pressure for 24 h. Resolution: 4 cm−1.  
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Figure 1-25. FT-IR spectra in the ambient air at RT and photographs of the as-synthesized 

sample {In[Cr(CN)6]·nH2O} (InCr·nH2O: purple) and its activated samples heated at 

different activation temperatures (Tact) of 20, 40, 60, 80, 100, 120, 140, and 160℃ (colors 

from purple to gray) under reduced pressure for 24 h. Resolution: 4 cm−1.  
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In addition to the thermal stability discussed above, the structural stability was 

evaluated as well using the samples which have been exposed to the air for 1 month at 

20℃. Through the exposure process, M3Cr2·nH2O (M = VO, Cr, Mn, Co, Ni, Zn, and 

Cd) and InCr·nH2O showed no change in the FT-IR spectra (Figure 1-26), and no 

remarkable decrease in the intensity and no remarkable change in the FWHM value of 

the PXRD peaks (Figure 1-27). On the other hand, the behaviors of Fe3Cr2nH2O and 

Cu3Cr2nH2O, which were the most and second most unstable thermally, differed from 

those of the other PBAs. In the case of Fe3Cr2nH2O, the transmittance of the lower-

wavenumber ν(C≡N) mode at 2102 cm−1 was significantly enhanced after the exposure, 

whereas the higher-wavenumber ν(C≡N) mode at 2162 cm−1 showed no change in the 

transmittance in the FT-IR spectra (Figure 1-26). Regarding the PXRD measurement, 

Fe3Cr2nH2O maintained the pattern of typical PBAs with decrease in intensity to the 

same extent as some of the other PBAs; however, the peak of (2 0 0) plane was shifted 

from 16.67° to 16.73°, indicating a framework shrinkage from the lattice parameter from 

10.64 Å to 10.60 Å (Figure 1-27). This shrinkage was likely derived from the linkage 

isomerization as mentioned before. In the case of Cu3Cr2nH2O, the transmittance of 

lower-wavenumber ν(C≡N) mode at 2116 cm−1 was slightly enhanced after the exposure, 

whereas the higher-wavenumber ν(C≡N) mode at 2185 cm−1 vanished completely in the 

FT-IR spectra (Figure 1-26). The PXRD pattern of Cu3Cr2nH2O was completely 

changed to an amorphous phase (Figure 1-27). The tendencies observed in Fe3Cr2nH2O 

and Cu3Cr2nH2O were quite similar to those observed in the evaluation of thermal 

stability. There was no relationship observed between the structural stability and the 

crystallite size, suggesting that the stability is strongly related to the chemical components 

instead of the crystallinity (Table 1-4).  
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Figure 1-26. Normalized FT-IR spectra and photographs in the ambient air at RT of the 

as-synthesized PBAs {MII
3[CrIII(CN)6]2·nH2O} (M3Cr2·nH2O; M = VO (dark blue), Cr 

(green), Mn (pink), Fe (orange), Co (red), Ni (light green), Cu (blue), Zn (light blue), and 

Cd (yellow)), {InIII[CrIII(CN)6]·nH2O} (InCr·nH2O; purple), and those exposed to the 

air for 1 month (gray). The spectra were normalized by each peak with the highest 

transmittance. Resolution: 4 cm−1.  
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Figure 1-27. Normalized PXRD patterns and photographs in the ambient air at RT of the 

as-synthesized PBAs {MII
3[CrIII(CN)6]2·nH2O} (M3Cr2·nH2O; M = VO (dark blue), Cr 

(green), Mn (pink), Fe (orange), Co (red), Ni (light green), Cu (blue), Zn (light blue), and 

Cd (yellow)), {InIII[CrIII(CN)6]·nH2O} (InCr·nH2O; purple), and those exposed to the 

air for 1 month (gray). The patterns were normalized by each peak with the strongest 

intensity of the as-synthesized samples. Scan rate: 1° min−1, data collecting step: 0.02°.  
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For the N2 and H2 adsorption and desorption measurements, a temperature of 60 ℃ 

was selected as the optimized Tact because all the PBAs except Cu3Cr2 series keep the 3-

D structure by the activation at this temperature. N2 and H2 adsorption and desorption 

measurements of all the activated PBAs were performed at 77 K until 105 kPa. 

In the N2 adsorption process, Brunauer-Emmett-Teller surface area (SABET) of the 

activated PBAs was calculated from the obtained isotherm, where the parameters of v, vm, 

P0, P, c, NA, V, s, and a denote adsorption amount, monolayer adsorption amount, 

saturation pressure, measurement pressure, condensation coefficient, Avogadro's number, 

adsorbate volume, adsorption cross-section of the adsorbate, and adsorbent mass, 

respectively (Equation 1-3, Figure 1-28 and Table 1-6).17a As the s value of N2 at 77 K, 

0.162 nm2 was used. All the PBAs showed type-I or type-II behavior in the International 

Union of Pure and Applied Chemistry (IUPAC) classification with various adsorption 

amounts, indicating existence of micropores.16 The observed type-II behavior with a 

dramatic increase in adsorption amount at higher pressures is likely associated with 

delayed capillary condensation within aggregates of nanocrystals, which is supported by 

the relatively small crystallite size (L) calculated from the PXRD patterns (Table 1-4).17b 

Among them, Mn3Cr2, Fe3Cr2, Co3Cr2, Ni3Cr2, Zn3Cr2, and Cd3Cr2 series showed 

large SABET values in a range of 415–684 m2 g−1 which is a comparable value to the 

reported values of Ma3Co2 series (Figure 1-28 and Table 1-6).6a,b,d,e,k (VO)3Cr2, Cr3Cr2, 

Cu3Cr2, and InCr series, however, had less and no adsorption ability (Figure 1-28 and 

Table 1-6). None of the prepared PBAs showed a PXRD pattern which agreed with that 

of a two-fold interpenetrated PBA FeII[MnIV(CN)6] which has almost no void space.18 

Therefore, the observed poor adsorption ability is assumed because of slightly distorted 

framework structure and less number of coordination unsaturated metal sites because of 

the V=O bonds for (VO)3Cr2, no coordination unsaturated metal sites because of H2O 

molecules coordinating to the Cr2+ ion centers for Cr3Cr2, exceedingly weak stability 

upon the activation for Cu3Cr2, and non-defective structure with extremely narrow pore 

window for InCr. 

 

 
Equation 1-3. Equations of Brunauer-Emmett-Teller theory.17a  
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H2 adsorption and desorption measurements were performed at 77 K until 105 kPa 

as well as N2 isotherm (Figure 1-29). Each obtained H2 adsorption isotherm was fitted 

by Langmuir-Freundlich equation as a function of adsorption amount (nP) versus pressure 

(P) to obtain the expected adsorption amount at saturation (nmax) at 77 K using Langmuir-

Freundlich constants of B and t (Equation 1-4, Figure 1-29 and Table 1-6).17b The 

Langmuir-Freundlich equation provides more accurate predictions over a larger pressure 

range and at saturation than other fittings. In the cases of Mn3Cr2, Fe3Cr2, Co3Cr2, 

Ni3Cr2, Zn3Cr2, and Cd3Cr2 which showed a relatively large SABET, the actual adsorption 

amounts at 100 kPa and the expected amounts were in a weight percentage range of 1.06–

1.42 and 1.47–2.10 wt%, respectively (Figure 1-29 and Table 1-6). This H2 adsorption 

amount of [CrIII(CN)6]
3−-based PBAs are comparable to the reported values of other 

defective PBAs, Ma3Mb2 (Mb = Fe, Co, Rh, and Ir) series (Table 1-6).6 This result 

provides the potential of [CrIII(CN)6]
3−-based PBAs as absorbents for gas molecules and 

functional materials using property interlocked with the adsorption property. 

 

 

Equation 1-4. Langmuir-Freundlich equation.17b  

𝑛𝑃

𝑛max
=

𝐵 ∗ 𝑃 1 𝑡  

1 + 𝐵 ∗ 𝑃 1 𝑡  
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Figure 1-28. (●) Adsorption process and (○) desorption process in N2 isotherms at 77 K 

of the activated PBAs {MII
3[CrIII(CN)6]2} (M3Cr2·nH2O; M = VO (dark blue), Cr (green), 

Mn (pink), Fe (orange), Co (red), Ni (light green), Cu (blue), Zn (light blue), and Cd 

(yellow)) and {InIII[CrIII(CN)6]} (InCr·nH2O; purple) heated at 60℃ under reduced 

pressure for 24 h.  
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Figure 1-29. (●) Adsorption process, (○) desorption process, and (–) Langmuir-

Freundlich fitting for the adsorption process in H2 isotherms at 77 K of the activated PBAs 

{MII
3[CrIII(CN)6]2} (M3Cr2·nH2O; M = VO (dark blue), Cr (green), Mn (pink), Fe 

(orange), Co (red), Ni (light green), Cu (blue), Zn (light blue), and Cd (yellow)) and 

{InIII[CrIII(CN)6]} (InCr·nH2O; purple) heated at 60℃ under reduced pressure for 24 h.  
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Table 1-6. Brunauer-Emmett-Teller surface area (SABET), H2 adsorption amount at 77 K 

and Langmuir-Freundlich fitting parameters of the activated PBAs {MII
3[CrIII(CN)6]2} 

(M3Cr2·nH2O; M = VO, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Cd) and {InIII[CrIII(CN)6]} 

(InCr·nH2O) heated at 60℃ under reduced pressure for 24 h. 

 
SABET 

/ m2 g−1 

H2 Adsorption Amount at 77 K 

/ wt% 

Langmuir-Freundlich 

constants 

n100kPa nmax B t 

(VO)3Cr2 19 0.09 0.11 0.15 1.35 

Cr3Cr2 315 0.34 0.78 0.05 1.74 

Mn3Cr2 684 1.42 2.10 0.05 1.25 

Fe3Cr2 571 1.07 1.61 0.06 1.33 

Co3Cr2 514 1.08 1.47 0.11 1.45 

Ni3Cr2 415 1.22 1.54 0.10 1.30 

Cu3Cr2 101 0.27 0.82 0.04 1.92 

Zn3Cr2 590 1.15 1.63 0.04 1.15 

Cd3Cr2 532 1.06 1.64 0.05 1.29 

InCr 47 0.08 0.56 0.02 2.29 
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To the contrary, no H2 absorption was surprisingly confirmed in dehydrated 

samples of other several 3-D PCPs based on [CrIII(CN)6]
3− building units including 

polydentate amines as co-ligands coordinating to Ma2+ ions, [MnII(en)]3[CrIII(CN)6]2 

(Mn3Cr2-en; en = ethylenediamine),19a,b,d [MnII(glya)]3[CrIII(CN)6]2 (Mn3Cr2-glya; glya 

= glycinamide),19b [Ni(dipn)]3[CrIII(CN)6]2 (Ni3Cr2-dipn; dipn = 

dipropylenetriamine),19c,d and [MnII(NNdmenH)][CrIII(CN)6] (MnCr-NNdmenH; 

NNdmen = N,N-dimethylethylenediamine),19e indicating that the center-faced defective 

structure of PBAs is crucial for H2 uptake (Figure 1-30). 

 

 

Figure 1-30. H2 adsorption isomers at 77 K of [MnII(en)]3[CrIII(CN)6]2 (red: Mn3Cr2-en; 

en = ethylenediamine), [MnII(glya)]3[CrIII(CN)6]2 (yellow: Mn3Cr2-glya; glya = 

glycinamide), [Ni(dipn)]3[CrIII(CN)6]2 (green: Ni3Cr2-dipn; dipn = dipropylenetriamine), 

and [MnII(NNdmenH)][CrIII(CN)6] (blue: MnCr-NNdmenH; NNdmen = N,N-dimethyl-

ethylenediamine).  
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Conclusions 

In summary, [CrIII(CN)6]
3−-based PBAs {MII

3[CrIII(CN)6]2·nH2O} (M3Cr2·nH2O; 

M = VO, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Cd) and {InIII[CrIII(CN)6]·nH2O} (InCr·nH2O) 

were systematically synthesized and characterized by several physical analyses. The 

structural stability of the PBAs was evaluated by PXRD and FT-IR measurements using 

the samples activated at different temperatures (Tact) under a dynamic vacuum, where the 

order of stability depending on the metal canter (M) was In > (Co, Ni) > Cr > Zn > VO > 

Mn > Cd > Fe > Cu. After activation at the optimized Tact of 60℃ under reduced pressure 

for 24 h, M3Cr2 (M = Mn, Fe, Co, Ni, Cu, Zn, and Cd) series showed a large Brunauer-

Emmett-Teller surface area (SABET) of 415–684 m2 g−1 and H2 adsorption property with 

an adsorption amount of 1.06–1.42 wt% at 100 kPa and liquid N2 temperature of 77 K, 

whereas M3Cr2 (M = VO, Cr, and Cu) and InCr series showed less adsorption ability 

because of the less accessible metal sites and framework stability. These results suggested 

the potential of several defective [Cr(CN)6]
3−-based PBAs as adsorbents for physical and 

chemical properties combined with the gas adsorption property.  
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Chapter 2 
 

Swift and Efficient Nuclear Spin 

Conversion of Molecular Hydrogen 

in Prussian Blue Analogs 
 

 

Abstract 

Catalytic acceleration of nuclear spin conversion for molecular hydrogen (H2), 

referred to as ortho-para (o-p) conversion, is strongly required for liquid H2 storage in a 

long period because of two latent properties of the conversion: spin-forbidden and 

exothermic processes. The ortho-isomer of molecular hydrogen (o-H2) was converted to 

the para-isomer (p-H2) within 600 s by using Prussian blue analogs, {MII
3[CrIII(CN)6]2} 

(M3Cr2; M = Mn and Ni), as nuclear-spin conversion catalysts. The swift conversion was 

confirmed by in-situ Raman micro-spectroscopy under an H2 gas atmosphere (100 kPa) 

in a low-temperature range (20–90 K). The o-p ratio observed in M3Cr2 deviated from 

the theoretical value based on the Boltzmann distribution of H2 in a free rotational state 

to the para-rich proportion, which suggested the promotion of the o-p conversion at a 

higher temperature (Figure 2-1). 

 

 

Figure 2-1. Schematic view of the swift and efficient ortho-para (o-p) conversion of 

molecular hydrogen (H2) confined in PBAs.  
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Introduction 

H2 is a highly promising alternative energy source to conventional fossil fuels 

thanks to its greatly high gravimetric energy density (~141.9 MJ kg−1) and an 

environmentally friendly combustion product of H2O. Among conventional physical 

methods for H2 storage, liquefaction is commonly used in industrial settings because it 

facilitates the highest volumetric energy density and transportation efficiency. Long-

period storage of liquid H2, however, is limited by not only technical problems related to 

the storage vessel but also a latent “boil-off problem” caused by nuclear spin 

interconversion between nuclear spin isomers of H2. H2 is comprised of two nuclear spin 

isomers, i.e. ortho-H2 (o-H2; I = 1, J = odd) and para-H2 (p-H2; I = 0, J = even), where I 

and J are total nuclear spin angular momentum and rotational quantum number, 

respectively (Figure 2-2a).1 According to the Pauli exclusion principle, their rotational 

energy levels (Erot) are quantized by the J value (Figure 2-2a). Moreover, the isomer ratio 

([o-H2]/[p-H2]) is a function of temperature (T) based on the Boltzmann distribution with 

the rotational constant (B) of H2 and the Boltzmann constant (k), where B/k = 84.837 K 

(Equation 2-1 and Figure 2-2b).1 The [o-H2]/[p-H2] value is almost 3 over room 

temperature (RT) and ~1 around liquid N2 temperature of 77 K. At extremely low 

temperatures below the boiling point of H2, almost all H2 is p-H2 because of the most 

stable rotational energy level with J = 0. 

 

 

Figure 2-2. (a) Schematic image of nuclear spin isomers of H2 (p-H2 and o-H2) and their 

rotational energy diagram of nuclear spin isomers for H2, where I, Erot, 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-H2]/[p-H2]).  
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Equation 2-1. Nuclear spin isomer ratio of molecular hydrogen (H2). 

 

The nuclear spin conversion from o-H2 to p-H2, called as ortho-para (o-p) 

conversion, is a spin-forbidden process with conversion rates of ~1010 s in the gas state,1 

1.14% h−1 in the liquid state,2a and approximately 1.9% h−1 in the solid-state.2b–d Moreover, 

this conversion is an exothermic reaction with heat of conversion of ~1400 J mol–1 for n-

H2, which is higher than the heat of vaporization of H2 (~900 J mol−1). Thus, liquid H2, 

which was prepared by an immediate cooling process without any catalytic treatment still 

contains ~75% of o-H2, which generates large heat through the o-p conversion.3 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 materials4 and 

diamagnetic metals,5 several challenges remain regarding the conversion rate and 

efficiency. These challenges arise because of the low contact probability between the 

catalyst surface and o-H2. Even when amorphous solid water systems which are known 

to have a great catalytic ability on o-p conversion are used as the conversion catalysts, 

sophisticated techniques for sample preparation and extremely low handling temperatures 

are required.6 Several mechanisms for the activated o-p conversions by giant 

inhomogeneous surface electric fields of non-magnetic materials have also been 

theoretically proposed.5g,7 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 novel o-p conversion catalysts.8 

For example, MOF-5 and MOF-74 have catalyzed o-p conversion; however, the detailed 

mechanism of the observed conversion (e.g. driving force and mechanism) has not been 

elucidated.9a–c On the other hand, a high catalytic ability of a Hofmann-type PCP, 

{FeII(pz)[PdII(CN)4]} (FePd-pz: pz = pyrazine), for o-p conversion has been reported, 

which was accelerated by the perturbation of the electric field gradient through adsorption 

site-exchange of H2 confined in the nano-sized pores around the boiling point of H2 (20.27 

K).9d  

 o–H2  p–H2  =
 3 2𝐽 + 1 exp  −

𝐸rot
𝑘𝐵𝑇

 𝐽=odd

  2𝐽 + 1 exp  −
𝐸rot
𝑘𝐵𝑇 𝐽=even

=
 3 2𝐽 + 1 exp  −

𝐵𝐽 𝐽 + 1 
𝑘𝐵𝑇

 𝐽=odd

  2𝐽 + 1 exp  −
𝐵𝐽 𝐽 + 1 

𝑘𝐵𝑇  𝐽=even
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As the next step, in order to improve the conversion temperature, we focused on 

energy level splitting of the triply degenerated ground state of o-H2 (J = 1) because the 

splitting may increase the p-H2 proportion based on the Boltzmann distribution.4h,5g This 

phenomenon also has been reported in a Prussian blue analog (PBA), {CuII
3[CoIII(CN)6]2}, 

having a defective structure (Figure 2-3).
10 PBAs are cyanide-bridged PCPs with diverse 

properties, such as high H2 adsorption ability11 and a magnetic property12 derived from 

the 3-D porous structure.13 Therefore, in this research, we selected PBA-based porous 

magnets, {MII
3[CrIII(CN)6]2} (M3Cr2; 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. As discussed in chapter 1, Mn3Cr2 

and Ni3Cr2 had sufficient framework stability until 120 and 160℃, respectively, and 

showed the highest and the second-highest H2 adsorption amount in weight percentage 

among the all prepared PBAs, which are the reason for selecting Mn2+ and Ni2+ ions as 

the component in addition to the magnetic property. 

 

 

Figure 2-3. Schematic crystal structure of defective Prussian blue analogs (PBAs), 

{MaII
3[MbIII(CN)6]2·nH2O} (Ma3Mb2·nH2O). The lattice H2O molecules and H atoms 

of coordinated H2O molecules are omitted for clarity. Color codes: C (gray), N (cyan), O 

(red), divalent Ma (purple), trivalent Mb (yellow).  



89 

Physical Measurements 

Carbon, Hydrogen, and Nitrogen Elemental Analysis (CHN-EA) 

CHN-EA of C, H, and N atoms was conducted as quickly as possible after sample 

loading by the staff of the Technical Support Division, Graduate School of Science, 

Kyushu University. 

 

Powder X-ray Diffractometry (RXPD) 

RXPD was conducted on a Rigaku Ultima IV diffractometer using graphite-

monochromated CuKα radiation and reflection-free single-crystal Si sample holder in the 

ambient air at RT. X-ray wavelength: 1.54184 Å, X-ray voltage: 40 kV, X-ray current: 40 

µA, angle range: 5–60°, scan rate: 1° min−1, data collecting step: 0.02°, integrated 

number: 1 time. 

 

Scanning Electron Microscopy (SEM) 

SEM was conducted on Micro-Calorimeter FESEM TES+ULTRA55 in The 

Ultramicroscopy Research Center, Kyushu University. Electron high tension (EHT) 

value: 10.00 keV. 

 

Thermogravimetry analysis (TGA) 

TGA was conducted on a PerkinElmer STA6000 as quickly as possible after 

sample loading under dry an N2 atmosphere. Sample weight: ~10 mg, temperature range: 

30–700℃, heating rate: 5℃ min−1, N2 gas flow rate: 19.8 ml min−1. 

 

Energy Dispersive X-ray Fluorescence (EDXRF) Analysis 

EDXRF analysis was conducted on a Shimadzu Rayny EDX-720 to detect 

elements with an atomic number greater than or equal to 12 in the ambient air at RT. The 

results were averaged over three runs. X-ray voltage: 50 kV, X-ray current: 30 µA. 

 

Fourier Transform Infrared (FT-IR) Spectroscopy 

FT-IR spectroscopy was conducted on a JASCO FT/IR-4200 spectrometer using 

an attenuated total reflection (ATR) method in the ambient air at RT. Wavenumber range: 

4000–650 cm−1, resolution: 4 cm−1, integrated number: 1024 times.  
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Adsorption/Desorption Measurements 

N2 (99.999%) and H2 (99.999%) adsorption/desorption measurements were 

conducted on MicrotracBEL BELSORP-max volumetric adsorption equipment at 77 K 

using liquid N2 in a Dewar bottle. The prepared samples were activated again by heating 

at 120 ℃ for 4 h under vacuum after loading into the measurement glass tube before the 

measurement. Second virial coefficients: −1.824×10−8 (H2), −4.328×10−7 (N2); sample 

weight: ~35 mg, pressure range of 0–105 kPa, outgas rate: < 0.02 Pa min−1. 

 

Magnetic Susceptibility Measurement 

Magnetic susceptibility of the ground sample was recorded by Quantum Design 

MPMS-XL5R with a superconducting quantum interference device (SQUID). The 

sample was put into a gelatin capsule, placed in a plastic straw, fixed to the end of the 

sample transport rod, and activated again by heating at 330 K over 3 h in the machine 

before the measurement. Applied DC magnetic field: 10 Oe, minimum temperature: 2 K. 

 

In-situ Raman Spectroscopy 

Raman spectroscopy was carried on using Horiba Jobin Yvon iHR320 imaging 

spectrometer, Horiba Jobin Yvon Synapse CCD detector, Laser Quantum torus 532 laser, 

and a nickel-plated Raman sample cell (Laser beam wavelength: 532 nm, Laser beam 

exposure time: 30 s, Integrated number: 20 times). For in-situ Raman spectroscopy under 

an H2 gas atmosphere, the measurement temperature was controlled by UW404 CryoMini 

Compressor with BELCryo-20K temperature control system using Lake Shore Model 331 

Cryogenic Temperature Controller, and the H2 gas pressure was controlled by 

MicrotracBEL BELSORP-max volumetric adsorption equipment. For the measurement 

of samples, neutral density (ND) filters with the total optical density (OD) of 1.6 were 

used for weakening the excitation light intensity to avoid sample decomposition. For the 

controlled measurement of Raman sample cell, the ND filter was not used to use an 

excitation laser with maximum intensity. In order to magnetize samples, a commercial 

neodymium magnet of 2000 Oe was embedded into the cell of the Raman sample cell.  
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Sample Preparation 

All the chemicals were purchased as reagent grade and used without further 

purification. All the prepared samples were stored in a vial with screw cap and allowed 

to stand at RT in the dark right before the measurements and characterized by carbon, 

hydrogen, and nitrogen elemental analysis (CHN-EA), scanning electron microscopy 

(SEM), energy dispersive X-ray fluorescence (EDXRF) analysis, thermogravimetry 

analysis (TGA), Fourier transform infrared (FT-IR) spectroscopy, and powder X-ray 

diffractometry (RXPD). 

 

K3[CrIII(CN)6] 

K3[Cr(CN)6] was synthesized according to a reported synthetic method with some 

modifications.12i,14 Mossy Zn (6.0 g, 91.8 mmol) was activated by immersing in 1 M HCl 

for 5 min, thoroughly washed with distilled water, and dried well in advance. Then the 

activated mossy Zn was added to a degassed aqueous solution (40 mL) of CrCl3·6H2O 

(20.0 g, 75.1 mmol) under an N2 gas atmosphere at RT. After stirring over 3 h and removal 

of the remaining unreacted Zn by suction filtration, a solid CH3COONa·3H2O (24.0 g, 

176.4 mmol) was added to the resultant deep blue solution, which resulted in a rapid 

precipitate of chromium(II) acetate as a bright red powder. The precipitate was collected 

by suction filtration under an N2 gas atmosphere, repeatedly washed with degassed water, 

and dissolved in a degassed aqueous solution (50 ml) of KCN (30.0 g, 460.7 mmol). After 

removal of the slight precipitate by suction filtration, an excess amount of methanol (~500 

ml) was added to the dark green filtrate, which provided K4[CrII(CN)6] as a light green 

precipitate. The precipitate was collected by suction filtration, repeatedly washed with 

methanol, and allowed to stand over 2 h for the air oxidation of the CrII ion. After 

completion of color change to yellow, a few repeated reprecipitation from water by the 

addition of an excess amount of methanol gave pure K3[CrIII(CN)6]. Yellow crystalline 

powder. Yield: 15.5 g (47.7 mmol, 63.5% vs. CrCl3·6H2O). FT-IR (cm−1): ν(C≡N) = 2130; 

ν(Cr–C) = 454 (vs). EDXRF analysis (%): [K]/[Cr] = 2.85. No other elements were 

detected.  
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{MnII
3[CrIII(CN)6]2·14H2O} (Mn3Cr2·14H2O) 

All the operations for the synthesis were conducted in the dark to avoid the 

decomposition of K3[Cr(CN)6]. A degassed aqueous solution (50 mL) of K3[Cr(CN)6] 

(325.4 mg, 1.0 mmol) was added dropwise to a degassed aqueous solution (50 mL) of 

MnCl2·4H2O (395.8 mg, 2.0 mmol) with stirring under an N2 gas atmosphere at RT, 

resulting in precipitation of light-green solid. After stirring over 2 days, the light-green 

precipitate was collected by centrifugation, repeatedly washed with distilled water, and 

dried in the air. Light-green powder. Yield: 228.3 mg (0.27 mmol, 54.8% vs. K3[Cr(CN)6]). 

CHN-EA (%): Found: C 17.66, H 3.26, N 20.12; Calcd. for {Mn3[Cr(CN)6]2·14H2O} 

(C12H28N12O14Cr2Mn3): C 17.30, H 3.39, N 20.17. FT-IR (cm−1): ν(OH) = 3800–2900 (br), 

ν(C≡N) = 2162 (s), δ(H2O) = 1611 (m). SEM-EDX analysis (%): [Mn]/[Cr] = 1.40. 

EDXRF analysis (%): [Mn]/[Cr] = 1.37, [K]/[Mn] < 0.05. 

 

{NiII
3[CrIII(CN)6]2·15H2O} (Ni3Cr2·15H2O) 

All the operations for the synthesis were conducted in the dark to avoid the 

decomposition of K3[Cr(CN)6]. An aqueous solution (50 mL) of K3[Cr(CN)6] (325.4 mg, 

1.0 mmol) was added dropwise to a aqueous solution (50 mL) of NiCl2·6H2O (475.4 mg, 

2.0 mmol) with stirring at RT, resulting in precipitation of light-blue solid. After stirring 

over 2 days, the light-blue precipitate was collected by centrifugation, repeatedly washed 

with distilled water, and dried in the air. Green powder. Yield: 374.8 mg (0.43 mmol, 

86.9% vs. K3[Cr(CN)6]). CHN-EA (%): Found: C 16.69, H 3.56, N 19.20; Calcd. for 

{Ni3[Cr(CN)6]2·15H2O} (C12H30N12O15Cr2Ni3): C 16.71, H 3.51, N 19.49. FT-IR (cm−1): 

ν(OH) = 3800–2900 (br), ν(C≡N) = 2169 (s), δ(H2O) = 1610 (m). SEM-EDX analysis 

(%): [Ni]/[Cr] = 1.57. EDXRF analysis (%): [Ni]/[Cr] = 1.78, [K]/[Ni] < 0.01.  
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Results and Discussion 

Both Mn3Cr2·nH2O and Ni3Cr2·nH2O were prepared by a typical synthetic 

method for PBAs, which is a mixing method of respective aqueous solutions of 

MIICl2·xH2O and K3[CrIII(CN)6]. Energy dispersive X-ray fluorescence (EDXRF) and 

scanning electron microscopy with energy dispersive X-ray (SEM-EDX) analysis of 

M3Cr2·nH2O 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 

2-4 and Table 2-1–Table 2-2). The number of total lattice and coordination H2O 

molecules (n) was determined to be 14 for Mn3Cr2 and 15 for Ni3Cr2 by carbon, 

hydrogen, and nitrogen elemental analysis (CHN-EA) and thermogravimetry analysis 

(TGA) of M3Cr2·nH2O (Figure 2-5). The trace amount of K+ was ignored at this stage. 

In the Fourier transform infrared (FT-IR) spectra of M3Cr2·nH2O, the O-H stretching 

mode (ν(O–H)) and H-O-H bending mode (δ(H–O–H)) in H2O molecules were observed 

in 3800–2900 cm−1 and around 1610 cm−1, respectively (Figure 2-6). The powder X-ray 

diffraction (PXRD) patterns of M3Cr2·nH2O showed good crystallinity and were in good 

agreement with the typical diffraction pattern of PBAs (Figure 2-7).12 

The dehydrated samples, M3Cr2, were prepared by heating M3Cr2·nH2O at 120℃ 

for 24 h under vacuum. In the FT-IR spectra, the broad bands of ν(H2O) and δ(H2O) modes 

disappeared and the ν(C≡N) band slightly broadened without a large wavenumber shift, 

indicating the removal of H2O molecules and the retainment of the cyanide-bridged 

framework after the dehydration treatment, respectively (Figure 2-6 and Table 2-3). 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 MII sites, with the elimination of coordinated H2O (Figure 2-7). 
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Figure 2-4. SEM images and elemental mapping of (a) Mn3Cr2·14H2O and (b) 

Ni3Cr2·15H2O. Color codes: Cr (green), Mn (red), and Ni (orange). Electron high tension 

(EHT) value: 10.00 keV. 

 

 

Table 2-1. EDXRF and SEM-EDX results of Mn3Cr2·14H2O. 

 [Mn] / wt% [Cr] / wt% [Mn] / [Cr] 

SEM-EDX 59.744 40.456 1.40 

EDXRF 59.142 40.858 1.37 

Ideal Value 61.313 38.687 1.50 

 

 

Table 2-2. EDXRF and SEM-EDX results of Ni3Cr2·15H2O. 

 [Ni] / wt% [Cr] / wt% [Ni] / [Cr] 

SEM-EDX 63.963 36.037 1.57 

EDXRF 66.769 33.231 1.78 

Ideal Value 62.870 37.130 1.50 
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Figure 2-5. TGA curves of (a) Mn3Cr2·14H2O and (b) Ni3Cr2·15H2O under a dry N2. 

The measurement was performed as quickly as possible after sample loading. Heating 

rate: 5℃ min−1, N2 gas flow rate: 19.8 ml min−1.  
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Figure 2-6. FT-IR spectra in the ambient air at RT of K3[Cr(CN)6] (yellow), 

Mn3Cr2·14H2O (orange), Mn3Cr2 (red), Ni3Cr2·15H2O (yellow-green), and Ni3Cr2 

(green). Resolution: 4 cm−1, integrated number: 1024 times. 

 

 

Table 2-3. The observed wavenumber of stretching vibration mode of cyanide anion 

(ν(C≡N)) in the FT-IR spectra in the ambient air at RT of K3[Cr(CN)6], Mn3Cr2·14H2O, 

Mn3Cr2, Ni3Cr2·15H2O, and Ni3Cr2. 

 ν(C≡N) / cm−1 

K3[Cr(CN)6] 2130 

Mn3Cr2·14H2O 2162 

Mn3Cr2 2162 

Ni3Cr2·15H2O 2169 

Ni3Cr2 2175 
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Figure 2-7. PXRD patterns in the ambient air at RT of Mn3Cr2·14H2O (orange), Mn3Cr2 

(red), Ni3Cr2·15H2O (yellow-green), and Ni3Cr2 (green), and simulated PXRD pattern 

of a PBA, K0.4MnII
2.8[CrIII(CN)6]2·12H2O (black).13s Scan rate: 1° min−1, data collecting 

step: 0.02°, integrated number: 1 time. 
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The Brunauer-Emmett-Teller specific surface areas (SABET) of the dehydrated 

samples, Mn3Cr2 and Ni3Cr2, were estimated from the results of N2 adsorption at 77 K 

to be 683 and 620 m2 g−1, respectively, which were in the same range of the SABET values 

of other reported PBAs (Figure 2-8 and Table 2-4).11 In the H2 adsorption measurement 

at 77 K, both of Mn3Cr2 and Ni3Cr2 exhibited type-I behavior of typical microporous 

materials in the International Union of Pure and Applied Chemistry (IUPAC) 

classification,15 with an adsorption amount of ~0.7 H2 molecules per pore at 100 kPa 

(Figure 2-3 and Figure 2-9).  
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Figure 2-8. N2 adsorption (●)/desorption (○) isotherms of Mn3Cr2 (red) and Ni3Cr2 

(green) at 77 K. 

 

 
Figure 2-9. H2 adsorption (●) and desorption (○) isotherms of Mn3Cr2 (red) and Ni3Cr2 

(green) at 77 K.  
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Table 2-4. Brunauer-Emmett-Teller specific surface areas (SABET) and adsorption amount 

of H2 (na(H2)) around 100 kPa and at liquid N2 temperature of several PBAs, 

{MaII
3[MbIII(CN)6]2} (Ma3Mb2). 

PBA SABET / m2 g−1 na(H2) / wt% Reference 

Mn3Cr2 683 1.4 This work 

Ni3Cr2 620 1.4 This work 

Mn3Co2 870 1.5 11a 

Mn3Co2 756 1.0 11b 

Fe3Co2 770 1.3 11a 

Fe3Co2 350 0.7 11b 

Co3Co2 800 1.4 11a 

Co3Co2 719 1.0 11b 

Co3Co2 692 1.3 11e 

Ni3Co2 560 1.3 11a 

Ni3Co2 668 1.1 11b 

Cu3Co2 730 1.7 11a 

Cu3Co2 478 0.4 11b 

Cu3Co2 750 1.7 11d 

Zn3Co2 720 1.3 11a 

Zn3Co2 697 1.1 11b 

Zn3Co2 609 1.2 11e 

Cd3Co2 667 1.2 11b 

Cd3Co2 573 1.3 11k 

Cd3Co2 376 1.0 11k 
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The nuclear spin state of H2 confined in M3Cr2 was confirmed by in-situ Raman 

microspectroscopy under an H2 atmosphere at 100 kPa (Figure 2-10). The spectra 

indicated by bottom black lines were obtained under reduced pressure at 90 K, where the 

observed broad Raman bands around 394 cm–1 for Mn3Cr2 and 525 cm−1 for Ni3Cr2 were 

assigned to the vibration modes of the host framework (Figure 2-10). After the injection 

of H2 gas (100 kPa), two Raman-active bands newly appeared around 355 and 588 cm−1 

at 90 K (Figure 2-10). These bands were assigned to the rotational transition of S0(0) (J 

= 2 ← 0) for confined p-H2 and S0(1) (J = 3 ← 1) for confined o-H2 on comparison with 

the spectra of the desorption state and considering the Boltzmann distribution of H2 

(Equation 2-1). Moreover, Raman bands of free H2, which correspond to the energy gap 

between the initial and final states of each S0(0) and S0(1) transitions, were observed at 

354 and 587 cm–1, respectively (Figure 2-2a).16 In both types of Mn3Cr2 and Ni3Cr2, the 

increase in total peak intensities of S0(0) and S0(1) transitions as the temperature decreased 

suggests an increase in the amount that is adsorbed, because the Raman bands of H2 in a 

free state were not detected in the measurement condition with a relatively weak laser 

intensity. The peak intensity of p-H2 gradually increased with cooling, whereas that of o-

H2 gradually decreased with cooling and almost vanished around 30 K (Figure 2-10). In 

addition to the peak intensity change, time-profiles of the intensity of both S0(0) and S0(1) 

transitions showed rapid saturation and constancy during the integration processing (600 

s), which suggested that the system reached an equilibrium state at the initial process. 

This rate was based on the laser exposure time (30 s) and the cumulative number (20 

times). Judging from the measurement condition and the high mobility of the adsorbed 

H2, the detected o-p conversion occurred not on the surface of Mn3Cr2 but inside the pore. 

Consequently, the o-p conversion for H2 confined in M3Cr2 was completed with a time 

constant of 600 s at its longest.   
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Figure 2-10. Temperature-dependent in-situ Raman spectra of (a) Mn3Cr2 and (b) Ni3Cr2 

under reduced pressure (black line) and H2 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.  
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The [o-H2]/[p-H2] values observed in M3Cr2 were calculated from the integrated 

values of the peak areas of S0(0) and S0(1) transitions obtained from the spectrum of the 

desorption state (Figure 2-10; black line) as the baseline, where fT,P(v) and v are the 

function of spectra at a certain temperature (T) and pressure (P), and the Raman shift, 

respectively (Equation 2-2 and Figure 2-11). In the controlled experiments, where only 

a nickel-plated Raman sample cell without M3Cr2 was used, the [o-H2]/[p-H2] 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 the o-p conversion (Figure 2-12 and Figure 2-

13). In both cases of the observed [o-H2]/[p-H2] values in M3Cr2, the observed [o-H2]/[p-

H2] values decreased with lowering temperature, and the observed values were lower than 

the theoretical values of free H2 above 40 K, which indicated a successful increase in the 

o-p conversion temperature (Figure 2-11). In addition to the observed ratio, over the 

entire measurement temperature range, the observed full width at half maximum 

(FWHM) of both the S0(0) and S0(1) transitions in M3Cr2 (~6 cm–1) was larger than those 

obtained by the abovementioned controlled experiments (~3 cm–1), which suggests a 

rotational restraint of H2 confined in M3Cr2 (Figure 2-10 and Figure 2-12). Because the 

Boltzmann distribution relating to the [o-H2]/[p-H2] value depends on only the rotational 

constant (B) of H2 (eq 1), the resultant deviation of the o-p ratio suggests the rotational 

restraint of the confined o-H2. Such rotational restraint would be caused by the locally 

anisotropic potential fields derived from the structural defects of M3Cr2, which is 

supported by the rotational-vibrational density of states for H2 confined in another PBA, 

CuII
3[CoIII(CN)6]2 (Cu3Co2).10b Because the [o-H2]/[p-H2] values observed for FePd-pz 

having a non-defective porous structure followed the Boltzmann distribution,9d the 

resultant deviation for M3Cr2 suggested the contribution of a defective porous structure 

to provide a para-enriched isomer ratio. The similar results of both types of M3Cr2 

suggest the importance of the defective porous structure instead of the framework 

components for achieving effective o-p conversion and ratio. 

 

 

Equation 2-2. An equation to calculate the observed ratio of nuclear spin isomer.  

 o-H2  p-H2  =   𝑓𝑇,100kPa  𝑣 − 𝑓90K,0kPa  𝑣  d𝑣
592.1

581.0

  𝑓𝑇,100kPa  𝑣 − 𝑓90K,0kPa  𝑣  d𝑣
360.8

349.7
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Figure 2-11. Temperature-dependent abundance ratio of the nuclear spin isomer ([o-

H2]/[p-H2]) for H2 confined in Mn3Cr2 (red) and Ni3Cr2 (green), estimated ratio obtained 

during cooling from room temperature without catalytic treatment (pink), and theoretical 

ratio in thermal equilibrium based on the Boltzmann distribution of H2 in a free rotational 

state (black). The inset is an enlarged view of the low temperature region.  
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Figure 2-12. Temperature-dependent in-situ Raman spectra of nickel-plated Raman 

sample cell without M3Cr2 under reduced pressure (black line) and H2 gas atmosphere at 

100 kPa (colored lines) using an excitation laser with a wavelength of 532 nm. No neutral 

density (ND) filter was used.  
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Figure 2-13. Temperature-dependent abundance ratio of the nuclear spin isomer ([o-

H2]/[p-H2]) for H2 observed on nickel-plated Raman sample cell (●) and theoretical ratio 

in thermal equilibrium based on Boltzmann distribution of H2 in a free rotational state (–).  
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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. Mn3Cr2·nH2O shows ferrimagnetic behavior below a magnetic ordering 

temperature (Tc) of 63 K (n = 12)12j and 67 K (n = 15),12e while Ni3Cr2·nH2O shows 

ferromagnetic behavior below Tc of 56 K (n = 9),12i 60 K (n = 12),12a and 72 K (n = 16).12e 

On the other hand, Mn3Cr2 showed a ferrimagnetic ordering at 108 K (Figure 2-14), and 

Ni3Cr2 showed a ferromagnetic ordering at 18 K (Figure 2-15). The different magnetic 

behavior from that of Ni3Cr2·nH2O 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 MII sites due to dehydration.12a,e,f,i,j,m Because the strict 

orthogonality of magnetic orbitals between Ni2+ and Cr3+ is broken by the geometry 

changes, the ferromagnetic coupling between Ni2+ and Cr3+ is weakened. In particular, 

diamagnetic Ni2+ centers having square planar geometry are partially generated by 

dehydration. The diamagnetic Ni2+ centers break the interaction pathways and cause a 

fragmentation of magnetic domains. These factors resulted in a decrease in Tc and 

superparamagnetic-like behavior. The AC magnetic behavior of Ni3Cr2 showed a slight 

frequency dependence, which supported the superparamagnetic-like behavior (Figure 2-

16).  
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Figure 2-14. Magnetic properties of Mn3Cr2 under an applied field of 10 Oe. (a) χM vs T 

plot (●) and χMT vs T plot (○). (b) Field-cooled magnetization (FCM; ○), remnant 

magnetization (RM; △), zero-field-cooled magnetization (ZFCM; □).  
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Figure 2-15. Magnetic properties of Ni3Cr2 under an applied field of 10 Oe. (a) χM vs T 

plot (●) and χMT vs T plot (○). (b) Field-cooled magnetization (FCM; ○), remnant 

magnetization (RM; △), zero-field-cooled magnetization (ZFCM; □).  
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Figure 2-16. AC magnetic behavior of Ni3Cr2 with frequencies of 1 (red), 10 (yellow), 

100 (green), and 1000 Hz (blue). (a) χ’ vs T plot. (b) χ” vs T plot.  
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Because the Tc of Ni3Cr2 is lower than the measurement temperature, only Mn3Cr2 

was used for the evaluation of the magnetic perturbation. For magnetization of Mn3Cr2 

during the assessment, 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 Mn3Cr2. The magnetized Mn3Cr2 exhibited a quick conversion within 600 

s (Figure 2-17); however, there was no notable difference in the isomer ratio between the 

magnetized and the non-magnetized Mn3Cr2 (Figure 2-18). From the viewpoint of the 

proposed mechanism of o-p conversion through an excitation process by external 

stimuli,5g,7 the inner magnetic field and paramagnetic metal ions might play a part in the 

promotion of the o-p conversion. Here diamagnetic ZnII
3[CoIII(CN)6]2 (Zn3Co2) is 

expected to give more significant information about effects of paramagnetic centers; 

however, the o-p ratio in Zn3Co2, unfortunately, could not be determined by this 

measurement with an excitation light wavelength of 532 nm due to extremely strong and 

broad fluorescent band overlapping with the Raman bands of S0(0) for p-H2 and S0(1) for 

o-H2.  
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Figure 2-17. Temperature-dependent in-situ Raman spectra of Mn3Cr2 under reduced 

pressure (black line) and H2 gas atmosphere at 100 kPa (colored lines), where a 

neodymium magnet was embedded into the backside of Raman sample basket to 

magnetize the sample.  
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Figure 2-18. Temperature-dependent abundance ratio of the nuclear spin isomer ([o-

H2]/[p-H2]) for H2 confined in Mn3Cr2 under external magnetic field of 0 Oe (red plots) 

and 2000 Oe (blue plots), estimated ratio obtained in cooling process from RT without 

catalytic treatment (pink), and theoretical ratio in thermal equilibrium based on the 

Boltzmann distribution of H2 in the free rotational state (black line). The inset is an 

enlarged view of the low-temperature region.  
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Conclusions 

In conclusion, two magnetic PBAs with a large Brunauer-Emmett-Teller surface 

area (SABET), {MnII
3[CrIII(CN)6]2} (Mn3Cr2; SABET = 683 m2 g–1) and {NiII

3[CrIII(CN)6]2} 

(Ni3Cr2; SABET = 620 m2 g–1), showed type-I behavior in the H2 adsorption at 77 K and 

exhibited a swift ortho-para (o-p) conversion at a temperature range of 20–90 K within 

the time constant of 600 s, which was confirmed by in-situ Raman microspectroscopy 

under an H2 gas atmosphere (100 kPa) and applied magnetic field (0 and 2000 Oe). 

Furthermore, the deviation of the o-p ratio ([o-H2]/[p-H2]) below the theoretical 

abundance ratio based on the Boltzmann distribution of H2 in a free rotational state 

suggested the promotion of the o-p conversion at higher temperatures. These 

experimental pieces of evidence indicated the feasibility of PBAs having a defective 

porous framework as swift and efficient o-p conversion catalysts.  
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Concluding Remarks 
 

In this thesis, the author systematically prepared defective [CrIII(CN)6]
3−-based 

Prussian Blue analogs (PBAs), {MII
3[CrIII(CN)6]2·nH2O} (M3Cr2·nH2O), and studied on 

their structural stability of upon application of the activation process for dehydration, 

adsorption properties toward N2 and H2 as guest molecules at liquid N2 temperature (77 

K), and catalytic ability on nuclear spin conversion of H2 (ortho-para (o-p) conversion). 

Although physical properties (e.g. magnetism) of defective [CrIII(CN)6]
3−-based PBAs 

have been widely studied, there are only a few reports regarding their adsorption property, 

and their H2 adsorption property at 77 K was completely unclear. The dehydrated M3Cr2 

(M = Mn, Fe, Co, Ni, Zn, and Cd) which had a large specific surface area and unsaturated 

metal sites exhibited type-I H2 adsorption behavior with an adsorption amount of 1.06–

1.42 wt% at 100 kPa, which is a comparable value to the reported values of other PBAs. 

The systematic investigations on the structural stability upon application of the heating 

under reduced pressure and the adsorption measurements toward N2 and H2 at 77 K 

provided potential availability of several M3Cr2 series as adsorption materials which have 

physical and/or chemical framework properties interlocked with the adsorption property. 

In addition to the systematic investigation on structural stability and adsorption ability, 

swift and efficient o-p conversion for physisorbed H2 was achieved within 600 s at longest 

using Mn3Cr2 and Ni3Cr2 as porous catalysts, which was confirmed by in-situ Raman 

microspectroscopy under an H2 atmosphere. This result is the first report to confirm the 

o-p ratio for the H2 confined in the anisotropic pore which deviated to para-enriched 

proportion, providing essential and rational guidance that porous structure with 

framework defects is effective to improve both of o-p conversion rate and efficiency. 

These works highlighted the potential availability of [CrIII(CN)6]
3−-based PBAs as 

molecule absorbents and materials applying the adsorption properties. More systematic 

investigations on the adsorption property and catalytic ability for o-p conversion would 

provide novel and sophisticated designs for ideal catalysis of o-p conversion and other 

unique utilities. 
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Swift and Efficient Nuclear Spin Conversion of Molecular Hydrogen Confined
in Prussian Blue Analogs
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The ortho-isomer of molecular hydrogen (o-H2) was
converted to the para-isomer (p-H2) within 600 s by using
Prussian blue analogs, {MII

3[CrIII(CN)6]2} (MCr; M = Mn and
Ni), as nuclear-spin conversion catalysts. The swift conversion
was confirmed by in-situ Raman micro-spectroscopy under an
H2 gas atmosphere (100 kPa) in a low temperature range (20­
90K). The o-p ratio observed in MCr deviated from the
theoretical value based on the Boltzmann distribution of H2 in a
free rotational state to the para-rich proportion, which suggested
the promotion of the o-p conversion at higher temperature.

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

H2 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
H2O. Among conventional physical methods for H2 storage,
liquefaction is commonly used in industrial settings because it
facilitates the highest volumetric energy density and trans-
portation efficiency. Long-period storage of liquid H2, 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. H2 is comprised
of two nuclear spin isomers, i.e., ortho-H2 (o-H2; I = 1, J = odd)
and para-H2 (p-H2; I = 0, J = even), where I and J are total
nuclear spin angular momentum and rotational quantum number,
respectively (Figure 1a).1 Their rotational energy levels (Erot)
are quantized by the J value according to the Pauli exclusion
principle. Moreover, the isomer ratio ([o-H2]/[p-H2]) is a
function of temperature (T ) based on the Boltzmann distribution
with the rotational constant (B) of H2 and the Boltzmann
constant (k), where B/k = 84.837K (eq 1, Figure 1b).1

ð1Þ

The ortho-para (o-p) conversion is a spin-forbidden process
with conversion rates of ³1010 s in the gas state,1 1.14% h¹1

in the liquid state,2a and approximately 1.9% h¹1 in the solid
state.2b­2d Moreover, this conversion is an exothermic reaction
with a heat of conversion of ³1.4 kJmol¹1 for o-H2, which is
higher than the heat of vaporization of H2 (0.9 kJmol¹1). Thus,
liquid H2, prepared by an immediate cooling process without any
catalytic treatment, still contains ³75% of o-H2, which generates
heat through the o-p conversion.3 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 materials4 and diamagnetic metals,5 several challenges
remain regarding the conversion rate and efficiency. These
challenges arise because of the low contact probability between
the catalyst surface and o-H2. Even when amorphous solid water
systems are used as the o-p conversion catalysts, sophisticated
techniques for sample preparation and extremely low handling
temperature are required.6 Several mechanisms for the activated
o-p conversions by giant inhomogeneous surface electric fields of
non-magnetic materials have also been proposed theoretically.5g,7

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.8 MOF-5 and MOF-74 have catalyzed o-p conversion;
however, the detailed mechanism of the observed conversion has
not been elucidated.9a­9c On the other hand, we have reported a
high catalytic ability of a Hofmann-type PCP, {FeII(pyrazine)-
[PdII(CN)4]}, for o-p conversion, which was accelerated by the
perturbation of the electric field gradient through site-exchange
ofH2 confined in the nano-sized pores around the boiling point of
H2 (20.27K).9d In order to improve the conversion temperature,
we focused on energy level splitting of the triply degenerate
ground state of o-H2 (J = 1) because the splitting may increase
the p-H2 proportion based on the Boltzmann distribution.4h,5g

This phenomenon also has been reported in a Prussian blue
analog (PBA) having a defective structure (Figure 2).10c PBAs
are cyanide-bridged PCPs with diverse properties, such as high
H2 adsorption ability10 and a magnetic property11 derived from
the 3-D porous structure.12 Therefore, in this research, we
selected PBA-based porous magnets, {MII

3[CrIII(CN)6]2¢nH2O}
(MCr¢nH2O; 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.

Figure 1. (a) Rotational energy diagram of nuclear spin
isomers for H2, where I, Erot, B, J, and n denote total nuclear
spin angular momentum, rotational energy, rotational constant,
rotational quantum number, and degeneracy number, respec-
tively. (b) Temperature-dependent nuclear spin isomer ratio
([o-H2]/[p-H2]).

Received: November 11, 2019 | Accepted: December 4, 2019 | Web Released: December 10, 2019 CL-190829

Chem. Lett. 2020, 49, 149–152 | doi:10.1246/cl.190829 © 2020 The Chemical Society of Japan | 149

https://dx.doi.org/10.1246/cl.190829


MCr¢nH2O were prepared by mixing aqueous solutions of
MIICl2¢xH2O and K3[Cr III(CN)6] (see Supporting Information).
Energy dispersive X-ray fluorescence (EDXRF) and scanning
electron microscopy with energy dispersive X-ray (SEM-EDX)
analysis of MCr¢nH2O 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
H2O molecules (n) was determined to be 14 for MnCr and 15
for NiCr by elemental analysis and thermogravimetry analysis
(TGA) of MCr¢nH2O (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 (¯ (OH)) and
H-O-H bending mode (¤(H2O)) were observed at 3800­2900
cm¹1 and around 1610 cm¹1, respectively (Figure S3). The
powder X-ray diffraction (PXRD) patterns of MCr¢nH2O were
in good agreement with the typical diffraction pattern of PBAs
(Figure S4).12

The dehydrated samples, MCr, were prepared by heating
MCr¢nH2O at 120 °C for 24 h under vacuum. In the FT-IR
spectra, the broad bands of ¯ (OH) and ¤(H2O) modes disap-
peared and the ¯ (CÔN) band slightly broadened without a large
wavenumber shift, indicating the removal of H2O 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 MII sites, with the elimination
of coordinated H2O (Figure S4). The Brunauer-Emmett-Teller
specific surface areas (SABET) of the dehydrated samples, MnCr
and NiCr, were estimated from the results of N2 adsorption at
77K to be 683 and 620m2 g¹1, respectively, which were in
the same range of the SABET values of other reported PBAs
(Figure S5, Table S4).10 In the H2 adsorption measurement at
77K, both MnCr and NiCr exhibited type-I behavior of typical
microporous materials in the IUPAC classification,13 with an
adsorption amount of ³0.7H2 molecules per pore at 100 kPa
(Figures 2, 3).

The nuclear spin state of H2 confined in MCr was
confirmed by in-situ Raman microspectroscopy under 100 kPa
of H2 atmosphere (Figure 4). The spectra indicated by bottom
black lines in Figures 4(a) and 4(b) were obtained under reduced

pressure at 90K, where the observed broad Raman bands around
394 cm¹1 forMnCr and 525 cm¹1 for NiCr were assigned to the
vibration modes of the host framework. After the injection of
H2 gas, two Raman-active bands newly appeared around 354.5
and 587.8 cm¹1 at 90K (Figure 4, red line). These bands were
assigned to the rotational transition of S0(0) (J = 2 ← 0) for
confined p-H2 and S0(1) (J = 3 ← 1) for confined o-H2 on
comparison with the spectra of the desorption state and
considering the Boltzmann distribution of H2 (eq 1). Moreover,
Raman bands of free H2, which correspond to the energy gap
between the initial and final states of each S0(0) and S0(1)
transitions, were observed at 354 and 587 cm¹1, respectively
(Figure 1a).14 In both types of MCr (MnCr and NiCr), the
increase of total peak intensities of S0(0) and S0(1) transitions as
the temperature decreased suggests an increase in the amount
that is adsorbed, because the Raman bands of free-H2 were not
detected in the measurement conditions. The peak intensity of
p-H2 gradually increased with cooling, whereas that of o-H2

gradually decreased with cooling and almost vanished around

Figure 2. Schematic crystal structure of defective Prussian
blue analogs (PBAs), {MA

II
3[MB

III(CN)6]2¢nH2O} (MAMB¢
nH2O), where C, N, O, divalent MA, and trivalent MB are
colored in gray, cyan, red, purple, and yellow, respectively, and
lattice H2O molecules and H atoms of coordinated H2O
molecules are omitted for clarity.

Figure 3. H2 adsorption ( ) and desorption ( ) isotherms of
MnCr (red) and NiCr (green) at 77K.

Figure 4. Temperature-dependent in-situ Raman spectra of (a)
MnCr and (b) NiCr under reduced pressure (black line) and H2

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.
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30K (Figure 4). In addition, time-profiles of the intensity of
both S0(0) and S0(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 H2 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).

ð2Þ
The [o-H2]/[p-H2] values observed in MCr were calculated

from the integrated values of the peak areas of S0(0) and S0(1)
transitions obtained from the spectrum of the desorption state
(Figure 4, black line) as the baseline, where fT,P(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 [o-H2]/[p-H2] value was
constant in the temperature range from 90 to 20K and the time
range of 600 s, indicating that there is no effect of the instrument
on the o-p conversion (Figures S6, S7). Figure 5 shows observed
[o-H2]/[p-H2] values inMCr. In both cases, the observed [o-H2]/
[p-H2] values decreased with lowering temperature, and the
observed values were lower than the theoretical values of free
H2 above 40K, 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 S0(0) and S0(1) transitions in MCr
(³6 cm¹1) was larger than those obtained by the abovementioned
controlled experiments (³3 cm¹1), which suggests a rotational
restraint of H2 confined in MCr (Figures 5, S6). Because the
Boltzmann distribution relating to the [o-H2]/[p-H2] value
depends on only the rotational constant (B) of H2 (eq 1), the
resultant deviation of the o-p ratio suggests the rotational restraint
of the confined o-H2. 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 H2 confined in a PBA,
CuII3[CoIII(CN)6]2.10c Because the [o-H2]/[p-H2] values observed
for {Fe(pyrazine)[Pd(CN)4]} having a non-defective porous
structure followed the Boltzmann distribution,9d 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 compo-
nents 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 spec-
troscopy was conducted again by using magnetized PBAs.
MnCr showed a ferrimagnetic ordering at 108K (Figure S8).
NiCr showed a ferromagnetic ordering at 18K (Figure S9). The
different magnetic behavior from that of NiCr¢nH2O 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 MII sites due to dehydra-
tion.11d,11j 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 magnetiza-
tion of MnCr, a commercial neodymium magnet of 2000Oe
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,5g,7 the inner magnetic field and paramagnetic
metal ions might play a part in the promotion of the o-p
conversion. Here diamagnetic ZnII3[CoIII(CN)6]2 (ZnCo) is
expected to give significant information about effects of para-
magnetic 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 S0(0) for
p-H2 and S0(1) for o-H2.

In conclusion, two magnetic PBAs, MnCr (SABET =
683m2 g¹1) and NiCr (SABET = 620m2 g¹1), showed type-I H2

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 H2 gas atmosphere and
applied magnetic field (0 and 2000Oe). Furthermore, the
deviation of the o-p ratio ([o-H2]/[p-H2]) below the theoretical
abundance ratio based on the Boltzmann distribution of free
H2 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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Figure 5. Temperature-dependent abundance ratio of the
nuclear spin isomer ([o-H2]/[p-H2]) for H2 confined in MnCr
(red) and NiCr (green), estimated ratio obtained during cooling
from room temperature without catalytic treatment (pink), and
theoretical ratio in thermal equilibrium based on the Boltzmann
distribution of H2 in a free rotational state (black). The inset is an
enlarged view of the low temperature region.
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Materials 

All chemicals were purchased as reagent grade and used without further purification. 

 

Synthesis of K3[Cr(CN)6] 

K3[Cr(CN)6] was synthesized according to a reported synthetic method with some 

modifications.S1–S3 Mossy Zn (6.0 g, 91.8 mmol) was activated by immersing in 1 M HCl for 5 min, 

thoroughly washed with distilled water, and dried well in advance. Then the activated mossy Zn was 

added to a degassed aqueous solution (40 mL) of CrCl3·6H2O (20.0 g, 75.1 mmol) under a N2 gas 

atmosphere at room temperature. After stirring over 3 h and removal of the remaining unreacted Zn 

by suction filtration, a solid CH3COONa·3H2O (24.0 g, 176.4 mmol) was added to the resultant deep 

blue solution, which resulted in a rapid precipitate of chromium(II) acetate as bright red powder. The 

precipitate was collected by suction filtration under a N2 gas atmosphere, repeatedly washed with 

degassed water, and dissolved in a degassed aqueous solution (50 ml) of KCN (30.0 g, 460.7 mmol). 

After removal of slight precipitate by suction filtration, an excess amount of methanol (~500 ml) was 

added to the dark green filtrate, which provided K4[CrII(CN)6] as a light green precipitate. The 

precipitate was collected by suction filtration, repeatedly washed with methanol, and allowed to 

stand over 2 h for the air oxidation of the CrII ion. After completion of color change to yellow, a few 

repeated reprecipitation from water by an addition of an excess amount of methanol gave pure 

K3[CrIII(CN)6]. Yellow crystalline powder. Yield: 15.5 g (47.7 mmol, 63.5% vs. CrCl3·6H2O). FT-IR 

(cm–1): νC≡N = 2130. EDXRF analysis (%): [K]/[Cr] = 2.85. No other elements were detected. 
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Synthesis of {Mn3[Cr(CN)6]2·14H2O} (MnCr·14H2O) 

All the operations for the synthesis were conducted in the dark to avoid the decomposition of 

K3[Cr(CN)6]. A degassed aqueous solution (50 mL) of K3[Cr(CN)6] (325.4 mg, 1.0 mmol) was 

added dropwise to a degassed aqueous solution (50 mL) of MnCl2·4H2O (395.8 mg, 2.0 mmol) with 

stirring under a N2 gas atmosphere at room temperature, resulting in precipitation of light-green solid. 

After stirring over 2 days, the light-green precipitate was collected by centrifugation, repeatedly 

washed with distilled water, and dried in the air. Light-green powder. Yield: 228.3 mg (0.27 mmol, 

54.8% vs. K3[Cr(CN)6]). Elemental analysis (%): Found: C 17.66, H 3.26, N 20.12; Calcd. for 

{Mn3[Cr(CN)6]2·14H2O} (C12H28N12O14Cr2Mn3): C 17.30, H 3.39, N 20.17. FT-IR (cm–1): ν(OH) = 

3800–2900 (br), ν(C≡N) = 2162 (s), δ(H2O) = 1611 (m). SEM-EDX analysis (%): [Mn]/[Cr] = 1.40. 

EDXRF analysis (%): [Mn]/[Cr] = 1.37, [K]/[Mn] < 0.05. 

 

Synthesis of {Ni3[Cr(CN)6]2·15H2O} (NiCr·15H2O) 

All the operations for the synthesis were conducted in the dark to avoid the decomposition of 

K3[Cr(CN)6]. An aqueous solution (50 mL) of K3[Cr(CN)6] (325.4 mg, 1.0 mmol) was added 

dropwise to a aqueous solution (50 mL) of NiCl2·6H2O (475.4 mg, 2.0 mmol) with stirring at room 

temperature, resulting in precipitation of light-blue solid. After stirring over 2 days, the light-blue 

precipitate was collected by centrifugation, repeatedly washed with distilled water, and dried in the 

air. Green powder. Yield: 374.8 mg (0.43 mmol, 86.9% vs. K3[Cr(CN)6]). Elemental analysis (%): 

Found: C 16.69, H 3.56, N 19.20; Calcd. for {Ni3[Cr(CN)6]2·15H2O} (C12H30N12O15Cr2Ni3): C 

16.71, H 3.51, N 19.49. FT-IR (cm–1): ν(OH) = 3800–2900 (br), ν(C≡N) = 2169 (s), δ(H2O) = 1610 

(m). SEM-EDX analysis (%): [Ni]/[Cr] = 1.57. EDXRF analysis (%): [Ni]/[Cr] = 1.78, [K]/[Ni] < 

0.01. 
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Physical Measurement 

Elemental analysis of C, H, and N atoms was conducted as quick as possible after loading 

sample by the staff of the Technical Support Division, Graduate School of Science, Kyushu 

University. 

 

Powder X-ray diffractometry (RXPD) was conducted on a Rigaku Ultima IV diffractrometer 

using graphite-monochromated CuKα radiation and reflection-free single crystal Si sample holder in 

the air at room temperature (X-ray voltage: 40 kV, X-ray current: 40 µA, Angle range: 3–50°, Scan 

speed: 1° min–1, Data-collecting step: 0.02°). 

 

Scanning electron microscopy (SEM) was conducted on Micro-Calorimeter FESEM 

TES+ULTRA55 in The Ultramicroscopy Research Center, Kyushu University (Electron high 

tension (EHT) value: 10.00 keV). 

 

Thermogravimetry analysis (TGA) was conducted on a Perkin Elmer STA6000 as quick as 

possible after loading sample under dry N2 atmosphere (Temperature range: 30–700℃, Heating rate: 

5℃ min–1, N2 gas flow rate: 19.8 ml min–1). 

 

Energy dispersive X-ray fluorescence (EDXRF) analysis was conducted on a Shimadzu Rayny 

EDX-720 (X-ray voltage: 50 kV, X-ray current: 30 µA). The results were averaged over three runs. 

Fourier transform infrared (FT-IR) spectroscopy was conducted on a JASCO FT/IR-4200 

spectrometer using ATR method in the air at room temperature (Wavenumber range: 4000–650 cm–1, 

Resolution: 4 cm–1, Cumulative number: 1024 times). 

 

The N2 (99.999%) and H2 (99.999%) adsorption/desorption measurements were conducted on 

MicrotracBEL BELSORP-max volumetric adsorption equipment at 77 K using liquid N2 in a Dewar 

bottle (Pressure range of 0–105 kPa). The samples were activated again by heating at 120 ℃ for 4 h 

under vacuum after loading into the measurement glass tube before the measurement. 

 

Magnetic susceptibility of the ground sample was recorded by Quantum Design MPMS-XL5R 

SQUID (Applied DC magnetic field: 10 Oe, Minimum temperature: 2 K). The sample was put into a 

gelatin capsule, placed in a plastic straw, fixed to the end of sample transport rod, and activated 

again by heating at 330 K over 3 h in the machine before the measurement. 
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Raman spectroscopy was carried on using Horiba Jobin Yvon iHR320 imaging spectrometer, 

Horiba Jobin Yvon Synapse CCD detector, Laser Quantum torus 532 laser, and a nickel-plated 

Raman sample cell (Laser beam wavelength: 532 nm, Laser beam exposure time: 30 s, Cumulative 

number: 20 times). For in-situ Raman spectroscopy under an H2 gas atmosphere, the measurement 

temperature was controlled by UW404 CryoMini Compressor with BELCryo-20K temperature 

control system using Lake Shore Model 331 Cryogenic Temperature Controller, and the H2 gas 

pressure was controlled by MicrotracBEL BELSORP-max volumetric adsorption equipment. For the 

measurement of samples, neutral density (ND) filters with the total optical density (OD) of 1.6 were 

used for weakening the excitation light intensity to avoid sample decomposition. For the controlled 

measurement of Raman sample cell, ND filter was not used to use an excitation laser with a 

maximum intensity. In order to magnetize samples, a commercial neodymium magnet of 2000 Oe 

was embedded into the cell of the Raman sample cell. 
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Figure S1.  SEM images and elemental mapping of (a) MnCr·14H2O and (b) NiCr·15H2O, where 

Cr, Mn and Ni in the elemental mapping are colored in green, red and orange, respectively. 

 

 

Table S1.  EDXRF and SEM-EDX results of MnCr·14H2O. 

 [Mn] / wt% [Cr] / wt% [Mn] / [Cr] 

SEM-EDX 59.744 40.456 1.40 

EDXRF 59.142 40.858 1.37 

Calculated value 61.313 38.687 1.50 

 

 

Table S2.  EDXRF and SEM-EDX results of NiCr·15H2O. 

 [Ni] / wt% [Cr] / wt% [Ni] / [Cr] 

SEM-EDX 63.963 36.037 1.57 

EDXRF 66.769 33.231 1.78 

Calculated value 62.870 37.130 1.50 
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Figure S2.  TGA curves of (a) MnCr·14H2O and (b) NiCr·15H2O. 
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Figure S3.  FT-IR spectra of K3[Cr(CN)6] (yellow), MnCr·14H2O (orange), MnCr (red), 

NiCr·15H2O (yellow-green), and NiCr (green) in the air at room temperature. 

 

 

Table S3.  The observed wavenumber of stretching vibration mode of cyanide anion (ν(C≡N)) in 

the FT-IR spectra of K3[Cr(CN)6], MnCr·14H2O, MnCr, NiCr·15H2O, and NiCr in the air at room 

temperature. 

 ν(C≡N) / cm–1 

K3[Cr(CN)6] 2130 

MnCr·14H2O 2162 

MnCr 2162 

NiCr·15H2O 2169 

NiCr 2175 



Electronic Supporting Information for Chemistry Letters 
© 2019 The Chemical Society of Japan 

 

Figure S4.  PXRD patterns of MnCr·14H2O (orange), MnCr (red), NiCr·15H2O (yellow-green), 

and NiCr (green) in the air at room temperature, and simulated PXRD pattern of a PBA, 

K0.4MnII
2.8[CrIII(CN)6]2·12H2O (black).12b 
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Figure S5.  N2 adsorption (●)/desorption (○) isotherms of MnCr (red) and NiCr (green) at 77 K. 
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Table S4.  Brunauer-Emmett-Teller specific surface areas (SABET) and adsorption amount of H2 

(na(H2)) around 100 kPa and in 75‒78 K of some PBAs, {MA
II

3[MB
III(CN)6]2} (MAMB). 

PBA SABET / m2 g–1 na(H2) / wt% Reference 

MnCr 683 1.4 This work 

NiCr 620 1.4 This work 

MnCo 870 1.5 10a 

MnCo 756 1.0 10b 

FeCo 770 1.3 10a 

FeCo 350 0.7 10b 

CoCo 800 1.4 10a 

CoCo 719 1.0 10b 

CoCo 692 1.3 10e 

NiCo 560 1.3 10a 

NiCo 668 1.1 10b 

CuCo 730 1.7 10a 

CuCo 478 0.4 10b 

CuCo 750 1.7 10d 

ZnCo 720 1.3 10a 

ZnCo 697 1.1 10b 

ZnCo 609 1.2 10e 

CdCo 667 1.2 10b 

CdCo 573 1.3 10i 

CdCo 376 1.0 10i 
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Figure S6.  Temperature-dependent in-situ Raman spectra of nickel-plated Raman sample cell 

without MCr under reduced pressure (black line) and H2 gas atmosphere at 100 kPa (colored lines) 

using an excitation laser with a wavelength of 532 nm without a neutral density (ND) filter. 
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Figure S7.  Temperature-dependent abundance ratio of the nuclear spin isomer ([o-H2]/[p-H2]) for 

H2 observed on nickel-plated Raman sample cell (●) and theoretical ratio in thermal equilibrium 

based on Boltzmann distribution of H2 in free rotational state (–). 
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Figure S8.  Magnetic properties of MnCr under an applied field of 10 Oe. (a) 𝜒M vs T plot (●) and 

𝜒MT vs T plot (○). (b) Field-cooled magnetization (FCM; ○), remnant magnetization (RM; △), 

zero-field-cooled magnetization (ZFCM; □). 
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Figure S9.  Magnetic properties of NiCr under an applied field of 10 Oe. (a) 𝜒M vs T plot (●) and 

𝜒MT vs T plot (○). (b) Field-cooled magnetization (FCM; ○), remnant magnetization (RM; △), 

zero-field-cooled magnetization (ZFCM; □). 
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Figure S10.  Temperature-dependent in-situ Raman spectra of MnCr under reduced pressure 

(black line) and H2 gas atmosphere at 100 kPa (colored lines), where a neodymium magnet was 

embedded into the backside of Raman sample basket to magnetize the sample. 
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Figure S11.  Temperature-dependent abundance ratio of the nuclear spin isomer ([o-H2]/[p-H2]) for 

H2 confined in MnCr under external magnetic field of 0 Oe (red plots) and 2000 Oe (blue plots), 

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 H2 in free 

rotational state (black line). The inset is an enlarged view of the low temperature region. 
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