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ABSTRACT 

Solid materials containing a lanthanoid ion (LnIII, Ln = Tb or Eu), i.e., lanthanoid oxide 

(LnIII
2O3), lanthanoid ions immobilized on silica-alumina by cation exchange (LnIII/Al-SiO2) and 

lanthanoid ions incorporated into cyano-bridged heterometallic coordination polymers 

([LnIII(H2O)x]y[M
C(CN)6], Ln = Tb or Eu; MC = FeIII or RuII; x ≥ 2), were examined as 

heterogeneous catalysts for hydrolysis of p-nitrophenyl phosphate (p-NPP). LnIII
2O3 and LnIII/Al-

SiO2 exhibit lower catalytic activity (~50% and ~55% for 72 h, respectively) than LnIII ions used 

as homogeneous catalysts (~65%) for the hydrolysis of p-NPP. Ex-situ IR measurements after the 

hydrolysis of p-NPP indicated that active sites of the heterogeneous catalysts were inhibited by a 

product of dihydrogen phosphate. On the other hand, [LnIII(H2O)x]y[M
C(CN)6] exhibited higher 

activity (≥80%) for the hydrolysis of p-NPP compared with not only the homogeneous LnIII 

catalysts but also cyano-bridged heterometallic coordination polymers containing 3d-metal ions 

such as FeIII ion (38%) previously reported as active catalysts. The high activity of 

[LnIII(H2O)x]y[M
C(CN)6] resulted from suitable interaction among LnIII ions in the coordination 

polymers, p-NPP and water as evidenced by the ex-situ IR measurements. 

 INTRODUCTION 

Organophosphates are a diverse group of pesticides and insecticides.1−4 Residual 

organophosphates found in soils, irrigation, and air should be removed to prevent adverse effects 

on human health.5−14 The residual organophosphates are usually removed by suitable adsorbents 

such as activated carbon. However, organophosphates at high concentrations cannot be removed 

entirely due to the limited capacity of the adsorbents. 
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Organophosphates at high concentrations can be efficiently degraded by catalytic materials.15−18 

In nature, a series of enzymes such as phosphatase and phosphodiesterase are used as catalysts for 

the hydrolytic decomposition of organophosphates.19−22 Many enzymes hold metal ions at active 

sites. In this context, metal ions such as zinc, copper, cobalt, and mercury ions have been used as 

homogeneous catalysts for the hydrolysis of organophosphates.23−30 Lanthanoid  (Ln) ions are also 

available as the hydrolysis catalysts due to their strong Lewis acidity in aqueous solutions.31−34 

Recently, the higher catalytic activity of cerium(IV) ions than 3d-metal ions has been reported for 

organophosphates hydrolysis because 4f orbitals of Ce ion readily interact with the orbitals of the 

phosphate group in an organophosphate.35−37  

Some metal ions have been reported to act as homogeneous catalysts highly active for the 

hydrolytic reaction in an aqueous solution. Heterogenization of the metal ions is strongly 

demanded for easy handling, high robustness, and facile separation after the catalytic reactions. 

However, the heterogenization often results in reducing the catalytic activity due to the limited 

diffusion of substrates and specific adsorption of products on the catalyst surfaces. 

Herein, heterogenization of LnIII catalysts is investigated for the catalytic hydrolysis of p-

nitrophenyl phosphate (p-NPP, Figure 1) while maintaining their high catalytic activity. The 

 

Figure 1. The chemical equation of the hydrolysis of p-nitrophenyl phosphate (p-NPP). 

heterogenization of LnIII-ion catalysts can be realized by three methods, i.e., preparation of 

lanthanoid oxides (LnIII
2O3), immobilization of the LnIII ions on silica-alumina (Al-SiO2) by the 

cation-exchange reaction (LnIII/Al-SiO2), and syntheses of cyano-bridged heterometallic 
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coordination polymers containing LnIII ions. Active sites of LnIII
2O3 are open LnIII sites 

accidentally formed on their surfaces. Active sites of LnIII/Al-SiO2 are formed on LnIII ions by the 

liberation of coordination water molecules. The catalytic/adsorption properties of open LnIII ions 

are hardly tunable in LnIII
2O3 and LnIII/Al-SiO2. On the other hand, catalytic and adsorption 

properties of open LnIII-ion sites formed on cyano-bridged heterometallic coordination polymers 

are tunable by combining metal ions by the electronic interaction through CN− ligands, as 

discussed in the previous reports using the coordination polymers as heterogeneous hydrolytic 

catalysts.38-39 The correlation between catalytic activity and adsorbed species on the surfaces of 

the catalysts is scrutinized by ex-situ IR measurements after the catalytic reactions. 

MATERIALS AND METHODS 

Materials. All chemicals were used as delivered. Aqueous solutions were prepared with 

ultrapure water provided by a Barnstead Smart2Pure water purification system (Thermo Scientific, 

US), where the electronic conductance was 18.2 MΩ cm throughout the experiments. Potassium 

hexacyanocobaltate(III), potassium hexacyanoruthenate(II) hydrate, iron(III) nitrate nonahydrate, 

terbium(III) nitrate hexahydrate, europium(III) nitrate hexahydrate, cobalt(II) nitrate hexahydrate, 

terbium(III) oxide (TbIII
2O3), europium(III) oxide  (EuIII

2O3), disodium p-nitrophenyl phosphate 

hexahydrate, p-nitrophenol, and sodium hydroxide were purchased from FUJIFILM-Wako Pure 

Chemical Industries Corporation. Silica-alumina (grade 135) and 2-[4-(2-hydroxyethyl)-1-

piperazinyl]ethanesulfonic acid (HEPES) were obtained from Sigma-Aldrich Co. LLC. (US). 

TbIII
2O3 and EuIII

2O3 were treated at 100 °C for 2 h in vacuo to remove physiosorbed water. 

FeIII[CoIII(CN)6] (FeCo) and [FeIII(H2O)3/2]4/3[RuII(CN)6] (FeRu) were synthesized according to 

literature procedures.38, 40  
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Immobilization of Lanthanoid Ions on Silica-alumina (TbIII/Al-SiO2 and EuIII/Al-SiO2). 

Silica-alumina (grade 135, 0.1 g) immersed in an aqueous solution of LnIII(NO3)3 (Ln = Tb or Eu, 

0.01 M, 5 mL) was magnetically stirred for 24 h at room temperature. The silica-alumina was 

collected by centrifugation and washed with water (10 mL) at least three times followed by drying 

in vacuo at room temperature to obtain TbIII/Al-SiO2 and EuIII/Al-SiO2. Molar ratios determined 

by X-ray fluorescence: Tb/Si = 0.024 for TbIII/Al-SiO2; Eu/Si = 0.026 for EuIII/Al-SiO2. 

Synthesis of Lanthanoid Hexacyanocobaltate. An aqueous solution of potassium 

hexacyanometallate (III) (K3[CoIII(CN)6], 0.10 M, 3.0 mL) was slowly added to an aqueous 

solution of LnIII(NO3)3 (0.13 M, 3.0 mL) with vigorous stirring for 18 h. The formed precipitates 

were collected by centrifugation and washed with distilled water a few times. The precipitates 

were dried in vacuo for 12 h. Molar ratios determined by X-ray fluorescence: Tb/Co = 1:1 for 

terbium hexacyanocobaltate (TbCo); Eu/Co = 1.0 for euporium hexacyanocobaltate (EuCo). 

Synthesis of Lanthanoid Hexacyanoruthenate. An aqueous solution of potassium 

hexacyanoruthenate (II) (K4[RuII(CN)6], 0.10 M, 3.0 mL) was slowly added to an aqueous solution 

of LnIII(NO3)3 (0.10 M, 3.0 mL) with vigorous stirring for 18 h. The formed precipitates were 

collected by centrifugation and washed with distilled water a couple of times. The precipitates 

were dried in vacuo for 12 h. Molar ratios determined by X-ray fluorescence: Tb/Ru = 1.5 for 

terbium hexacyanoruthenate (TbRu); Eu/Ru = 1.4 for europium hexacyanoruthenate (EuRu). 

Physical Measurements. Ultraviolet−visible (UV−vis) absorption spectra were recorded on a 

spectrometer, JASCO V−770 (JASCO, Japan). Infrared (IR) spectra were obtained on a 

spectrometer, FT/IR−6200 (JASCO, Japan) with an attenuated total reflectance unit using a 

diamond window. Powder X-ray diffraction patterns were recorded on a diffractometer, MiniFlex 

600 (Rigaku, Japan). Incident X-ray radiation was produced by a Cu X-ray tube operating at 40 
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kV and 15 mA with Cu Kα radiation (λ = 1.54 Å). The scan rate was 5° min−1 from 2θ = 15−55°. 

The atomic ratio of heterometallic coordination polymers was determined using an X-ray 

fluorescence spectrometer, Epsilon 1 (Malvern PANalytical, Netherlands). Dynamic light 

scattering (DLS) experiments were conducted at room temperature using a Zetasizer Nano S90 

(Malvern PANalytical, Netherlands). 

Nitrogen (N2) adsorption-desorption isotherms at −196 °C were obtained with a Belsorp-mini II 

(MicrotracBEL, Japan). Weighed samples (~100 mg) were used for adsorption analysis after 

pretreatment at 200 °C for 2 h in vacuo. The samples were exposed to N2 within a relative pressure 

range from 0.01 to 101.3 kPa. The adsorbed amount of N2 was calculated from the pressure change 

in a cell after reaching equilibrium at −196 °C. The total and external surfaces areas were 

calculated from the Brunauer–Emmett–Teller (BET) plot and t-plot, respectively. 

Catalysis Evaluation for the Hydrolysis of p-Nitrophenyl Phosphate. A typical procedure 

for catalysis measurements is as follows: a mixed solution of HEPES/NaOH buffer solution (0.1 

M, pH 7.0) and ethanol (3:7 v/v, 0.75 mL) containing disodium p-nitrophenyl phosphate (p-NPP, 

25 mM) and a catalyst in a sealed microtube was magnetically stirred at 900 rpm at 60 °C. The 

concentration of LnIII on the catalyst surfaces was fixed at 0.25 mM to compare the net activities 

of LnIII for each reaction. An aliquot (10 μL) sampled periodically from the reaction mixture was 

diluted with a HEPES/NaOH buffer solution (2,490 μL, 0.1 M, pH 8.3) and analyzed by a UV−vis 

spectrophotometer. The conversion of p-NPP at a certain reaction time was determined by the 

absorbance change at 400 nm ascribed to p-nitrophenolate ion (p-NP, ε = 1.57 × 104 M–1 cm). 
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RESULTS AND DISCUSSION 

Homogeneous Catalysis of Trivalent Lanthanoid Ions (LnIII, Ln = Tb or Eu) for the 

Hydrolysis of p-Nitrophenyl Phosphate. Homogeneous catalysis of trivalent terbium ion (TbIII) 

and europium ion (EuIII) for hydrolysis of p-nitrophenyl phosphate (p-NPP) was examined at 60 °C 

in a mixed solution of 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonate (HEPES/NaOH) 

buffer solution (0.1 M, pH 7.0) and ethanol (3:7 (v/v), 0.75 mL) containing lanthanoid nitrate 

(LnIII(NO3)3, 0.25 mM) and p-NPP (25 mM). The yield of the hydrolysis product, p-nitrophenolate 

ion (p-NP), was determined by the absorbance change at 400 nm (Figure 2a). TbIII and EuIII 

 

Figure 2. (a) Change of UV-visible spectra of a mixed solution of HEPES/NaOH buffer solution 

(0.1 M, pH 7.0) and ethanol (3:7 v/v, 0.75 mL) containing disodium p-nitrophenyl phosphate (p-

NPP, 25 mM) at 60 °C in the presence of terbium nitrate (TbIII(NO3)3, 0.25 mM). (b) Time profiles 

of p-NPP conversion to p-nitrophenolate ion (p-NP) in the absence (○) or presence of trivalent 

terbium (TbIII) ion (●), europium (EuIII) ion (■) or iron (FeIII) ion (◆). 
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ions exhibited comparable activity for the hydrolysis of p-NPP with the conversions of 65% and 

64% for 72 h, respectively, which were 2.5 times higher than those with trivalent 3d-metal ions 

such as FeIII ions and without catalysts (25% and 24% for 72 h, respectively, Figure 2b). The initial 

(<1 h) reaction rates (v0) for the reaction systems containing TbIII and EuIII ions were 3.0 × 10−4 

mol L−1 h−1 and 3.1 × 10−4 mol L−1 h−1, which were three times faster than those with FeIII ions and 

without catalysts (7.6 × 10−5 mol L−1 h−1 and 9.1 × 10−5 mol L−1 h−1, respectively).  

Heterogeneous Catalysis of Lanthanoid(III) Oxides and Silica-Alumina Containing LnIII 

Ions for the Hydrolysis of p-Nitrophenyl Phosphate. Heterogenization of the LnIII-ion catalysts 

(Ln = Tb or Eu) was carried out by preparation of lanthanoid oxides (LnIII
2O3) and immobilization 

of LnIII ions on silica-alumina by cation exchange method (LnIII/Al-SiO2, Ln = Tb or Eu). The 

amounts of Tb and Eu atoms immobilized on TbIII/Al-SiO2 and EuIII/Al-SiO2 were 0.033 mol g−1 

and 0.036 mol g−1, respectively, as determined by the X-ray fluorescence analyses.  

Nitrogen (N2) adsorption-desorption measurements were performed to determine the specific 

surface areas of the obtained catalysts. The type III isotherms were observed for TbIII
2O3 and 

EuIII
2O3, indicating the absence of interior micropores and mesopores (Figure S1a, b). The total 

surface areas calculated from the Brunauer–Emmett–Teller (BET) method were 5 and 9 m2 g–1 for 

TbIII
2O3 and EuIII

2O3, respectively (Table 1). The type IV isotherm observed for Al-SiO2 indicated 

the presence of interior mesopores (Figure S1c). The total surface areas calculated from the BET 

method and the external surface area calculated from t-plot were 361 and 8 m2 g–1, respectively. 

The size of p-NPP (ca. 10 Å) is smaller than the mesopores of Al-SiO2, indicating that the LnIII 

ions distributed on the interior surface work as active sites as well as those on the external surface.  
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Table 1. Molar ratios of metal ions determined by X-ray fluorescence measurements, and total, 

microporous and external surface areas calculated from nitrogen (N2) adsorption-desorption 

isotherms of lanthanum oxides, silica-alumina, and cyano-bridged heterometallic coordination 

polymersa 

 Total surface 

areab, m2 g−1 

Microporous surface 

areac, m2 g−1 

External surface 

areac, m2 g−1 

Terbium oxide (TbIII
2O3) 5 − 5 

Europium oxide (EuIII
2O3) 9 − 9 

Silica-alumina (Al-SiO2) 361 353 8 

TbCo 4 − 4 

TbRu 5 − 5 

EuCo 4 − 4 

EuRu 6 − 6 

FeCo 135 112 23 

FeRu 213 195 18 

a. N2 adsorption-desorption isotherms are shown in Figure S1. 

b. Total surface areas were obtained by the Brunauer−Emmett−Teller (BET) method. 

c. Microporous and external surface areas were calculated by t-plot. 

 

Catalytic activity of the heterogeneous catalysts was examined for the hydrolysis of p-NPP at 

60 °C in a mixed solution of HEPES/NaOH buffer solution (0.1 M, pH 7.0) and ethanol (3:7 v/v, 

0.75 mL) containing the heterogeneous catalysts ([LnIII] = 0.25 mM) and p-NPP (25 mM). The 

conversions for 72 h for the reaction systems containing TbIII
2O3 (57%), EuIII

2O3 (52%), TbIII/Al-

SiO2 (50%) and EuIII/Al-SiO2 (51%) were all lower than those of corresponding LnIII ions acting 

as homogeneous catalysts in the reaction solutions (65% and 64% for TbIII and EuIII ions, 

respectively; Figure 3a and b). On the other hand, the v0s for the reaction systems containing 

TbIII
2O3 (2.8 × 10−4 mol L−1 h−1), EuIII

2O3 (3.3 × 10−4 mol L−1 h−1), TbIII/Al-SiO2 (3.0 × 10−4 mol 

L−1 h−1) and EuIII/Al-SiO2 (3.0 × 10−4 mol L−1 h−1) were comparable to those of corresponding LnIII 

ions (3.0 × 10−4 mol L−1 h−1 and 3.1 × 10−4 mol L−1 h−1 for TbIII and EuIII ions, respectively). 
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Figure 3. (a) Time profiles of the p-nitrophenyl phosphate (p-NPP) conversion to p-nitrophenolate 

ion (p-NP) in a mixed solution of HEPES/NaOH buffer solution (0.1 M, pH 7.0) and ethanol (3:7 

v/v, 0.75 mL) containing disodium p-nitrophenyl phosphate (p-NPP, 25 mM) at 60 °C in the 

presence of terbium oxide (TbIII
2O3, ■), terbium ion immobilized on silica-alumina (TbIII/Al-SiO2, 

▲), terbium hexacyanocobaltate (TbCo, ●), terbium hexacyanoruthenate (TbRu, ○), and terbium 

nitrate (◆). (b) Time profiles of the p-NPP conversion to p-NP in a mixed solution of 

HEPES/NaOH buffer solution (0.1 M, pH 7.0) and ethanol (3:7 v/v, 0.75 mL) containing p-NPP 

(25 mM) at 60 °C in the presence of europium oxide (EuIII
2O3,■), europium ion immobilized on 

silica-alumina (EuIII/Al-SiO2, ▲), europium hexacyanocobaltate (EuCo, ●), europium 

hexacyanoruthenate (EuRu, ○) and europium nitrate (◆). 

 

The reasons for the low catalytic activity of LnIII
2O3 and LnIII/Al-SiO2 (Ln = Tb or Eu) were 

confirmed by ex-situ infrared (IR) spectroscopy. LnIII
2O3 and LnIII/Al-SiO2 after the catalytic 

reactions exhibited peaks assignable to PO stretching (νPO) bands (1020˗1063 cm˗1) of dihydrogen 

phosphate (H2PO4
–) appeared after the catalytic reactions, although the peaks for LnIII/Al-SiO2 
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after the catalytic reactions were not obvious due to the overlapping with SiO stretching (νSiO) 

bands (ca. 1030 cm˗1) of Al-SiO2 (Figure 4a˗d). The results indicate that the low catalytic activity  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

 

Figure 4. Infrared (IR) spectra of (a) terbium oxide (TbIII
2O3), (b) europium oxide (EuIII

2O3), (c) 

TbIII/Al-SiO2, (d) EuIII/Al-SiO2, (e) terbium hexacyanocobaltate (TbCo), (f) terbium 

hexacyanoruthenate (TbRu), (g) europium hexacyanocobaltate (EuCo), and (h) europium 

hexacyanoruthenate (EuRu) after the catalytic hydrolysis of p-nitrophenyl phosphate (p-NPP, 25 

mM) in a mixed solution of HEPES/NaOH buffer solution (0.1 M, pH 7.0) and ethanol (3:7 v/v, 

0.75 mL) at 60 °C.  

 

resulted from the product inhibition by the specific adsorption of H2PO4
–. 

Heterogeneous Catalysis of Cyano-bridged Heterometallic Coordination Polymers 

Containing N-bound LnIII Ions for the Hydrolysis of p-Nitrophenyl Phosphate. Not only 
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simple heterogenization but also tuning of interaction between LnIII ions and p-NPP is essential 

for the enhancement of heterogeneous catalysis for the hydrolysis of p-NPP. In this context, cyano-

bridged heterometallic coordination polymers are strong candidates for the heterogenization of 

LnIII-ion catalysts. The formula of cyano-bridged heterometallic coordination polymers can be 

described as [LnIII(H2O)x]y[M
C(CN)6], where MC represents the C-bound metal ions.41−45 Open 

sites are formed on LnIII ions after the liberation of aqua ligands. The catalytic and adsorption 

properties of open LnIII ion are manipulated by the coupled MC ions through conjugated CN– 

ligands.38-39 Herein, trivalent CoIII and divalent RuII ions are chosen as the MC ions to examine the 

effect of oxidation states of MC ions on the catalytic and adsorption properties.  

A series of cyano-bridged heterometallic coordination polymers, terbium hexacyanocobaltate 

(TbCo), terbium hexacyanoruthenate (TbRu), europium hexacyanocobaltate (EuCo), and 

europium hexacyanoruthenate (EuRu), were synthesized by mixing an aqueous solution 

containing LnIII(NO3)3 and an aqueous solution of potassium hexacyanometallate (K3[CoIII(CN)6] 

or K4[RuII(CN)6]) to yield precipitates. The molar ratio of MN/MC of each LnMC (Ln = Tb or Eu; 

MC = Co or Ru) determined by X-ray fluorescence spectroscopy was virtually the same as the 

theoretical formulae of the coordination polymers under consideration of the charge compensation. 

The scanning electron microscope (SEM) images showed that the particles size of each 

coordination polymer was less than 20 µm (Figure S2). No shape-controlled particles were 

obtained for TbRu and EuRu. On the other hand, the particles of TbCo and EuCo were grown to 

a rod-like shape.46 However, the morphology of the heterometallic coordination polymers 

insignificantly affected the crystal structure and heterogeneous catalysis, as described below.  

LnCos (Ln = Tb or Eu) provided powder X-ray diffraction (PXRD) patterns comparable to the 

simulated pattern of [EuIII(H2O)2][FeIII(CN)6]·2H2O in the space group Cmcm calculated from the 
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crystal structure, indicating that the formulae of LnCos can be described as 

[LnIII(H2O)2][CoIII(CN)6]·2H2O (Figure 5a).47 The LnIII ions in LnCos in a square antiprismatic 

geometry is coordinated by six N atoms of the CN– ligands and two O atoms of the aqua ligands. 

On the other hand, LnRus (Ln = Tb or Eu) provided the PXRD patterns comparable to the 

simulated pattern of [LaIII(H2O)3][FeIII(CN)6]·2H2O in the space group P63/m , where the LnIII ions 

are in a tricapped trigonal prism geometry (Figure 5b).48 The chemical formulae of LnRus can be 

estimated as [LnIII(H2O)9/2]4/3[RuII(CN)6]·2H2O under consideration of the charge compensation. 

Open LnIII ion sites available as catalytic active sites can be formed in both LnCos and LnRus by 

liberation of the aqua ligands. On the other hand, the C-bound CoIII and RuII ions hardly act as 

active sites due to their coordinative saturation. 

The bridging structures of MC–CN–MN in the coordination polymers were confirmed by 

infrared (IR) spectroscopy. CN-stretching (νCN) bands of LnMCs shifted from those of 

K3[CoIII(CN)6] (2125 cm–1) and K4[RuII(CN)6] (2054 cm–1) in the higher wavenumber region 

(Figure S3). Such higher wavenumber shift evidenced the formation of MC–CN–MN bridging 

structures because the electron density of an antibonding sigma (σ*) orbital of CN ligand was 

reduced by the coordination to LnIII ions.49 Two νCNs of TbCo (2154 and 2162 cm–1) resulted from 

the involvement of two crystallographically-independent CN– moieties as observed in the crystal 

structure of [EuIII(H2O)2][FeIII(CN)6]·2H2O.47 νCNs of EuCo (2150 and 2158 cm–1) slightly shifted 

from those of TbCo in the lower-wavenumber region because the electron density of an σ* orbital 

was reduced by TbIII ions with smaller ionic radii compared with EuIII ions by the lanthanoid 

contraction.50-51 Single νCN peaks observed for TbRu and EuRu (2065 and 2069 cm–1, 

respectively) because all CN– moieties are crystallographically equivalent as evidenced by the 

crystal structure of [LaIII(H2O)3][FeIII(CN)6]·2H2O.48 νCNs of TbRu and EuRu shifted from those 
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Figure 5. (a) Observed powder X-ray diffraction (PXRD) patterns (2θ = 15−55°) of terbium 

hexacyanocobaltate (TbCo), europium hexacyanocobaltate (EuCo), and simulated PXRD pattern 

of europium hexacyanoferrate tetrahydrate ([EuIII(H2O)2][FeIII(CN)6]·2H2O) calculated from the 

deposited crystal structure (CCDC deposition No. 992673). (b) Observed PXRD patterns of 

terbium hexacyanoruthenate (TbRu), europium hexacyanoruthenate (EuRu), and simulated 

PXRD pattern of lanthanum hexacyanoferrate pentahydrate ([LaIII(H2O)3][FeIII(CN)6]·2H2O) 

calculated from the deposited crystal structure (CCDC deposition No. 1592456).  

 

of TbCo and EuCo (≥2150 cm–1) in the lower-wavenumber region because the electron density 

of an σ* orbital was reduced by the coordination to trivalent CoIII ions compared with divalent RuII 

ions.52 

Nitrogen (N2) adsorption-desorption measurements were performed to investigate the surface 

areas of LnMCs (Ln = Tb or Ru; MC = Fe or Ru) (Figure S1d–g). The type III isotherms observed 
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for LnMCs indicated the absence of interior micropores and mesopores. The total surface areas for 

LnMCs calculated from the Brunauer–Emmett–Teller (BET) method were 4, 5, 4, and 6 m2 g–1 for 

TbCo, TbRu, EuCo, and EuRu, respectively (Table 1). Micropores of LnMCs (< 4 Å) estimated 

from the crystal structures hardly allow penetration of N2 molecules, resulting in a low amount of 

N2 adsorption.47-48 The size of p-nitrophenyl phosphate (p-NPP, ca. 10 Å) is larger than the 

micropores of LnMCs, indicating that the LnIII ions available as active sites are distributed on the 

external surfaces of LnMCs particles. 

The catalytic activity of LnMCs ([LnIII] = 0.25 mM) was examined for the hydrolysis of p-NPP 

(25 mM). The conversions for the reactions in the presence of TbCo, TbRu, EuCo, and EuRu 

(88%, 80%, 88%, and 88% for 72 h, respectively) were all higher than those of LnIII
2O3 (~55%), 

LnIII/Al-SiO2 (~50%), and LnIII(NO3)3 (~65%) (Figure 3a and b). TbCo and EuCo exhibited 

higher v0s (3.4 × 10−4 mol L−1 h−1and 8.7 × 10−4 mol L−1 h−1, respectively) compared with the 

corresponding LnRus (3.0 × 10−4 mol L−1 h−1 and 4.0 × 10−4 mol L−1 h−1 for TbRu and EuRu, 

respectively), because of the enhanced surface acidity of the coordination polymers by trivalent 

CoIII ions compared with divalent RuII ions.38 

Reasons for high conversions of LnMCs were confirmed by ex-situ IR spectroscopy. IR 

measurements of LnMCs clarified that the broad νPO peaks assignable to H2PO4
– and sharp νPO 

peaks assignable to p-NPP appeared after the catalytic reaction (Figure 4e−h). Non-selective 

adsorption of H2PO4
– indicates that the product inhibition hardly occurred for LnMCs during the 

hydrolysis of p-NPP. The properties of the open LnIII-ion sites are affected by the electronic 

interactions between the C-bound metal ions, resulting in enhancement of the adsorption ability of 

LnIII ions for p-NPP. Such electronic interactions that enhance p-NPP adsorption cannot be 

expected for LnIII
2O3 and LnIII/Al-SiO2. The νPO peaks at 1099 and 977 cm–1 for p-NPP dissolved 
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in the reaction solution are assignable to asymmetric and symmetric νPO, respectively (Figure 4e−h, 

green lines).53,54 The asymmetric and symmetric νPO peaks observed for LnMCs after the reactions 

slightly shifted to lower and higher wavenumber sides, respectively, from those of p-NPP in the 

solution (1057 and 976 cm–1 for TbCo, 1061 and 985 cm–1 for TbRu, 1039 and 989 cm–1 for 

EuCo, and 1060 and 985 cm–1 for EuRu), although symmetric νPO peaks were not obvious due to 

the overlap with the broad νPO peaks of H2PO4
–. The shifts resulted from the significant distortions 

of PO bonds by forming coordination bonds with metal ions and hydrogen bonds with water 

coordinating to the metal ion, as evidenced by the spectroscopic studies on organophosphate 

adsorption on goethite and uranium(IV) hydroxide.55,56 The estimated formulae of LnMCs are 

[LnIII(H2O)3][CoIII(CN)6] or [LnIII(H2O)9/2]4/3[RuII(CN)6], indicating that  open sites (≥3) are 

formed on each LnIII ion available as adsorption sites of p-NPP and water. The strong interaction 

between adsorbed p-NPP and water on a LnIII ion resulted in acceleration of the hydrolysis of p-

NPP on the surface of LnMCs. 

Catalysis Comparison of Cyano-bridged Heterometallic Coordination Polymers 

Composed of LnIII Ions with Other Catalysts. The high activity of LnMCs was manifested by 

the catalysis comparison with cyano-bridged heterometallic coordination polymers containing 3d-

metal ions as N-bound metal ions. Iron(III) ion was chosen as the MN ion because of its high 

activity among 3d-metal ions, as reported previously.38 Iron(III) hexacyanocobaltate (FeCo) and 

iron(III) hexacyanoruthenate (FeRu) were synthesized according to the reported procedures.38, 40  

The total surface areas for FeCo and FeRu calculated from the BET method based on their N2 

adsorption-desorption isotherms were 135 and 213 m2 g–1, respectively (Table 1 and Figure S2h–

i). The external surface areas for FeCo and FeRu calculated from the t-plot method were 23 and 

18 m2 g–1, respectively. 
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The activity of FeRu ([FeIII] = 0.25 mM) as a heterogeneous catalyst was examined for the 

hydrolysis of p-NPP (25 mM). The conversion for 72 h and v0 of FeRu (36% and 1.6 × 10−4 mol 

L−1 h−1, respectively) were lower than those of LnMCs owing to the stronger Lewis acidity of LnIII 

ions than FeIII ions (Figure 6). The activity of FeCo ([FeIII] = 0.25 mM) as a heterogeneous catalyst 

was also examined in the same reaction conditions; however, the formation of p-NP was observed 

even after removing FeCo from the reaction solution (Figure S4). Several cyano-bridged 

coordination polymers having a colloidal nature act as homogeneous catalysts.57−60 IR spectrum 

of the supernatant indicates that colloidal FeCo particles were dispersed in the supernatant without 

decomposition to [CoIII(CN)6]
3– ions (Figure S5). The size of colloidal FeCo particles in the 

supernatant was estimated to be several tens nm by the dynamic light scattering (DLS) 

measurement (Figure S6a), which was much smaller than FeCo particles removed from the 

reaction solution (>400 nm, Figure S6b). Thus, the colloidal FeCo particles formed during the 

reaction worked as a catalyst for the hydrolysis of p-NPP. These results indicate that the 

incorporation of LnIII ions contributes to the enhancement of the heterogeneous catalytic activity 

as well as durability of cyano-bridged heterometallic coordination polymers compared with the 

incorporation of FeIII ions. 

Catalytic performance of reported catalysts containing Ln ions was summarized in Table S1 in terms of 

conversions, half-life times (t1/2s) of organophosphates, and turn-over frequencies (TOFs) for the hydrolysis 

of various organophosphates, although the organophosphates examined in the previous studies have slightly 

different reactivity from p-NPP. The values shown in Table S1 were obtained at the optimum pH and 

temperature of each catalyst. The TOFs were calculated using the initial (≤1 h) reaction rate (v0) 

and the concentration of Ln ions in each reaction system to compare 
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Figure 6. Time profiles of the p-nitrophenyl phosphate (p-NPP) conversion to p-nitrophenolate 

ion (p-NP) in a mixed solution of HEPES/NaOH buffer solution (0.1 M, pH 7.0) and ethanol (3:7 

v/v, 0.75 mL) containing disodium p-nitrophenyl phosphate (p-NPP, 25 mM) at 60 °C in the 

presence of terbium hexacyanocobaltate (TbCo, ▲), terbium hexacyanoruthenate (TbRu, △), 

europium hexacyanocobaltate (EuCo, ●), europium hexacyanoruthenate (EuRu, ○), or iron 

hexacyanoruthenate (FeRu, ■). 

 

the net activities of Ln ions. t1/2s in the reaction systems containing LnMCs (≤24 h, [Ln]/[substrate] 

= 1%, entry 10–13) were much shorter than those containing the reported coordination polymer 

catalysts for the hydrolysis of bis(p-nitrophenyl)phosphate (≥3.4 days) even in the presence of the 

high concentration of Ln ions ([Ln]/[substrate] ≥10%, entry 1-4).61–63 TOFs of the reaction systems 

containing LnIII
0.33[LnIII

4(OH)4(OAc)3(H2O)7][Rh4Zn4O(L-cysteine)12] were ~0.23 for the 
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hydrolysis of p-NPP ([Ln]/[p-NPP] = 22%, entry 5), which was lower than those of EuCo (3.3 h–

1, entry 11).64 An exceptional example is CeIV
6O4(OH)4(1,4-benzenedicarboxylate)6 

([CeIV]/[dimethyl p-nitrophenyl phosphate] = 36%) with the conversion of 88% for 1 h, t1/2 of 8 

min, and TOFs of 2.4 h–1, which are benchmark values in the hydrolysis of organophosphates by 

Ln catalysts (entry 6).36 However, such a high activity is observed only in highly basic conditions 

with high catalyst concentrations. EuCo exhibited the comparable TOF with CeIV
6O4(OH)4(1,4-

benzenedicarboxylate)6 at neutral pH (3.3 h–1, entry 11) with low catalyst concentration as 1%, 

manifesting that choice of coordination polymers would enable to remove organophosphates at 

various pH conditions. 

The high activity of LnMCs for the hydrolysis of p-NPP was evidenced by the comparison to 

catalysts other than coordination polymers in the reaction systems with [Ln]/[p-NPP] ratio of 1%. 

The conversion of p-NPP and TOF in the reaction system containing EuCo (88% for 3 days and 

3.3 h–1, respectively, entry 11) were much higher than those containing EuIII(cryptate[2.2.1])Cl3 

(4% for 3.8 days and 0.075 h–1, entry 7), [GdIII(OAc)3(H2O)2]2 (2% for 2 h and 1.0 h–1, entry 8) 

and LaIII ions immobilized on hectorite (20% for 8.7 days, 0.17 h–1, entry 9).65–67 Ex-situ IR and 

mass spectroscopic analyses indicated that the low activity resulted from strong adsorption of 

(di)hydrogen phosphate as well as LnIII
2O3 and LnIII/Al-SiO2 in our study. 

CONCLUSIONS 

Heterogenization of trivalent lanthanoid-ion (LnIII, Ln = Tb or Eu) catalysts was investigated to 

enhance the catalytic activity for the hydrolysis of p-nitrophenyl phosphate (p-NPP). The 

heterogenization was carried out by the preparation of lanthanoid oxides (LnIII
2O3), the 

immobilization of the LnIII ions on silica-alumina, and the synthesis of cyano-bridged 

heterometallic coordination polymers containing LnIII ions as the N-bound metal ions 
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([LnIII(H2O)x]y[M
C(CN)6], Ln = Tb or Eu; MC = FeIII or RuII; x ≥ 2). The higher initial reaction 

rates (v0) and conversions of p-NPP were observed in the reactions using LnMCs as heterogeneous 

catalysts compared with those using LnIII
2O3 and silica-alumina immobilizing the LnIII ions. 

Significantly, LnCos exhibited higher activity than LnRus due to the strong surface Lewis acidity 

of trivalent C-bound metal ions. The activity of LnMCs was also higher than FeMCs because of 

the strong Lewis acidity and stability of LnMCs. Ex-situ infrared (IR) spectra of LnIII
2O3 and silica-

alumina immobilizing LnIII ions were inhibited by the dihydrogen phosphate (H2PO4
–) by the 

specific adsorption of H2PO4
–. On the other hand, p-NPP preferably interacts with LnMCs because 

of the change of electronic properties of LnIII ions by the C-bound metal ions through conjugated 

CN− ligands. The adsorbed p-NPP on LnIII ions has strong interaction with water coordinating to 

the LnIII ions, resulting in the acceleration of hydrolysis on the LnMCs surfaces. The basic insight 

disclosed here is beneficial to develop novel catalysts utilizing LnIII ions in cyano-bridged metal complexes 

with high activity. 
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Synopsis 

Heterogenization of trivalent lanthanoid (LnIII) ion catalysts was carried out by preparation of 

lanthanoid oxides, immobilization of the LnIII ions on a silica-alumina support, and syntheses of 

cyano-bridged coordination polymers containing LnIII ions as the N-bound metal ions. The cyano-

bridged coordination polymers exhibited the highest activity for hydrolysis of p-nitrophenyl 

phosphate due to the facile interaction between organophosphates and the limited inhibition by 

hydrolytic products as revealed by ex-situ IR spectroscopy. 


