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www.rsc.org/ Heterogeneous catalysis of cyano-bridged polynuclear metal complexes, which were prepared by systematic replacement

of C-bound metal ions (M) and/or N-bound metal ions (MN) of Prussian blue ([MN(H20).],[Fe""(CN)¢]; MN = Fe", Ga", Mn",
Zn" or Co": [Fe"™(H20)x]y[MS(CN)s]; MC = Fe", Pt", Co", Ir'" or Ru"), was examined for hydrolysis of p-nitrophenol phosphate
(p-NPP) as a model compound of insecticides. Catalytic activity of the complexes was enhanced by employing metal ions in
higher oxidation states at C- and N-bound sites, although only N-bound metal ions act as active sites. The dependence of
initial rates for hydrolysis on the initial concentration of p-NPP suggested that the rate determining step is the adsorption
of p-NPP to catalyst surfaces. The surface acidity of each complex estimated by the heat of pyridine desorption is strongly
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Introduction

Organophosphates constitute the largest class of insecticides
and herbicides currently used all over the world.'?
Organophosphates are known as toxic compounds which inhibit
acetylcholinesterases to cause a rapidly progressive cholinergic
crisis.> Hydrolytic decomposition of organophosphates results
in lessening their toxicity.*> So far, some metalloenzymes and
metal oxides have been reported to act as the catalysts for
hydrolysis of organophosphates,® !> however, further
enhancement of the catalytic activity is demanded, because
some organophosphates are highly toxic even at very low
concentrations.

Metal complexes have recently emerged as promising
candidates as catalysts for hydrolysis of organophosphates
because of their high activity and tunability with defined active
sites.!3720 Recently, coordination polymers composed of metal
ions and bridging ligands have attracted much attention,
because they act as heterogeneous catalysts,?'™° which are
beneficial for easy handling, high robustness, high recyclability,
etc. The catalytic activity of coordination polymers can be
tuned by introducing various functional groups to bridging
ligands.*®*° The surface acid/base properties of coordination
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catalytic activity.
polymers seem important for hydrolysis of organophosphates,
however, the correlation between surface acidity and the
catalytic activity of coordination polymers has yet to be
clarified.0-3¢

Cyano-bridged polynuclear metal complexes known as
Prussian blue analogues are one of the simplest class of
coordination polymers, which possess defined active sites with
high tunability on the degree of coordinative saturation and
electronic structure by choosing an appropriate combination of
C- and N-bound metal ions. A typical formula of the complexes
can be expressed as [MN(H20)x]y[MS(CN)s] where the C-bound
metal ions and the N-bound metal ions are represented as M€
and MN, respectively. The numbers of x and y depend on the
oxidation states of M¢ and MN under consideration of charge
neutralisation. In the complexes with y > 1, MN ions can act as
catalytic active sites, because MN ions cannot take an
octahedral structure without coordination of extra ligands such
as water molecules, which can be liberated from metal ions to
provide binding sites for a substrate during the reaction (Fig.
1a).57%% Additionally, replacement of M ions easily modulates
the electronic structure of MN ions by changing the electron
donation ability of a CN ligand through the M®-CN bond,
resulting in enhancement of catalytic activity for redox

O:N
o] 1 mol% catalyst ﬁ
—D‘b + . PmOR
R PHE3.60°C - O R

Fig. 1 (a) Partial structure of a cyano-bridged polynuclear metal complex. (b) Scheme of
catalytic hydrolysis of organophosphates. R = H (p-nitrophenol phosphate, p-NPP) or
CHj3 (paraoxon methyl, PO).
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reactions, such as water oxidation, oxygenation of aromatic

39771 while the effect of MC ions on catalytic

compounds, etc,
activity of MN ions for acid-base reactions has not been
scrutinised.

Herein we report catalytic activity of a series of cyano-
bridged polynuclear metal complexes,
[MN(H20)«]y[Fe™M(CN)6] (MN = Fel', Ga', Mn', Zn"" or Co™)
and [Fe"™(H20)x],[M®(CN)s] (M€ = Fell, PtV, Co™, Ir'" or
Ru), for hydrolysis of organophosphates (Fig. 1b). Firstly,
effect of MN ions in [MN(H20)x]y[Fe™(CN)s] on catalysis was
examined by employing Fe, Gal, Mn', Zn" or Co'" ions as
MN ions. Then, effects of M€ ions on the catalysis of MN =
Fe" jons were investigated by employing MC ions with
different valences chosen from Fe'l, Pt'V, Co'l, Ir'' and Ru'.
The surface acidity of cyano-bridged polynuclear metal
complexes was evaluated by temperature programmed pyridine
desorption to correlate with catalytic activity for hydrolysis.
Finally, the reaction conditions were optimized in terms of pH
of the reaction solution, reaction temperature and morphology
of catalytic particles.

Experimental Section

Materials. All chemicals used for synthesis were obtained
from chemical companies and used without further purification.
K3[Co™(CN)s], Ks[Ir(CN)s], Ka[Pt'V(CN)s], K2[Ru'(CN)s],
4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) were purchased from
Sigma-Aldrich Co. LLC. K3[Fe™(CN)s], K4[Fe''(CN)s]-3H20,
metal salts, p-nitrophenyl phosphate disodium salt hexahydrate

paraoxon methyl and

and dehydrated pyridine were delivered by Wako Pure
Chemical Industries, Ltd. Polyvinylpyrrolidone (K 30, average
molecular weight: 40,000) was obtained from Tokyo Chemical
Industry Co., Ltd. Purified water was provided by a water
purification system, Advantec RFD210TA, where the electronic
conductance was 18.2 MQ cm. [Fell(H20)1.5]a3[Fe’l(CN)s]
(Prussian blue), [Fe'(H20)2]1.5[Co™(CN)s], Fe'[Co™(CN)s],
[Co''(H20)2]1 5[Fe™(CN)s], [Fe''(H20)2]1.5[Ir"(CN)e],
[Mn''(H20)2]1 5[Fe™(CN)s], [Zn"(H20)2]1.5[Fe"(CN)e],
[Ga'(H20)1.5]43[Fe"(CN)s], Fe'lL,[PtV(CN)s) and
[Fe''(H20)3]2[Ru'(CN)s] were synthesised
literature procedures.”®7¢

Synthesis of Ga'"[Fe'"'(CN)¢]. An aqueous solution of
gallium(III) nitrate (0.18 M, 2.5 mL) was slowly added to an
aqueous solution of potassium ferricyanide (0.12 M, 2.5 mL).

according to

Then the solution was slowly evaporated to obtain the
precipitate. The formed precipitates were collected by filtration
and washed with distilled water several times. The precipitates
were dried at 60 °C for 12 h. IR (KBr): 3425 cm™! (von), 2121
cm™! (ven), 602 cm™! (vmc), 498 cm™! (Sm—cN).

Synthesis of Fe'[Ir'(CN)s]. An aqueous solution of
iron(IIT) nitrate (0.12 M, 2.5 mL) was slowly added to an
aqueous solution of potassium hexachloroiridate (0.12 M, 2.5
mL). Then the solution was slowly evaporated to obtain
precipitates. The formed precipitates were collected by
centrifugation and washed with distilled water several times.

2| J. Name., 2012, 00, 1-3

The precipitates were dried at 60 °C for 12 h. IR (KBr)i. 3423
em™! (von), 2185 e ! (vew). DOI: 10.1039/C8CY01015C

Synthesis of [Fe"(H20)15]43[Ru(CN)s]. An aqueous
solution of iron(IIl) nitrate (0.09 M, 2.5 mL) was slowly added
to an aqueous solution of K2[Ru(CN)¢] (0.12 M, 2.5 mL) with
vigorous stirring for 2 hours. The formed precipitates were
collected by filtration and washed with distilled water several
times. The precipitates were dried at 60 °C for 12 h. IR (KBr):
3415 ecm™ (von), 2087 cm™' (ven), 555 ecm™ (vMmc), 484 cm™!
(OM-c-N).

Shape-controlled synthesis of Prussian blue. Prussian
blue in cubic shape (PB-cube) was synthesised by a previously
reported procedure with slight modifications.”” An aqueous
solution of iron(Il) sulfate (12.5 mM, 60 mL) containing
sodium citrate (42.5 mM) was slowly added to an aqueous
solution of potassium ferricyanide (12.5 mM, 60 mL) with
vigorous stirring for 20 h. The formed precipitates were
collected by centrifugation and washed with distilled water
several times. The precipitates were dried at 60 °C for 12 h.

Prussian blue in spherical shape (PB-sphere) was prepared
according to a previously reported procedure with slight
modifications.”® An aqueous solution of K3[Fe(CN)s] (6.8
mM, 30 mL) containing polyvinylpyrrolidone (2.5 g) was
adjusted to pH 1.8 by adding hydrochloric acid. The mixture
was transferred to a Teflon-lined stainless-steel autoclave and
heated to 120 °C for 1 h. The formed precipitates were
collected by centrifugation after cooled down to room
temperature. The precipitates were washed with distilled water
several times and dried at 60 °C for 12 h.

Physical measurements. UV—vis absorption spectra of
reaction solutions were recorded on a JASCO V-770
spectrometer. IR spectra were recorded on a JASCO
FT/IR—6200 spectrometer for the samples pelletised with
potassium bromide. The atomic ratio of each complex was
determined using a Shimadzu EDX-730 X-ray fluorescence
spectrometer. Dynamic light scattering (DLS) experiments
were conducted at room temperature using a Malvern
Instruments Zetasizer Nano S90 Particle Size Analyzer.

N2 adsorption—desorption isotherms. Nitrogen (N2)
adsorption-desorption isotherms at —196 °C were obtained with
a Belsorp-mini (BEL Japan, Inc.) within a relative pressure
range from 0.01 to 101.3 kPa. Weighed samples (~100 mg)
were used for adsorption analysis after the removal of
physisorbed water at 120 °C for 1 h under vacuum conditions.
The samples were exposed to N2 and adsorbed amount of N2
was calculated from the change of pressure in a cell after
reaching equilibrium at —196 °C. The total surface area and the
outer surface area of each complex were calculated by the
Brunauer-Emmett-Teller (BET) method and the #-plot method,
respectively.

Powder X-ray diffraction. Powder X-ray diffraction
patterns were recorded on a Shimadzu XD—3A. Incident X-ray
radiation was produced by a Fe X-ray tube operating at 40 kV
and 15 mA with Fe Ka radiation (A = 1.94 A). The scan rate
was 1° min~! from 26 = 10—80°.

Catalysis evaluation for hydrolysis of organophosphates.
A typical procedure for catalysis measurements is as follows:

This journal is © The Royal Society of Chemistry 20xx
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HEPES buffer (100 mM, pH 8.3, 0.75 mL) containing p-
nitrophenyl phosphate (p-NPP, 25 mM) and a catalyst
([substrate]/[MN] = 100, [MN] is an amount of MN ions on the
active surface sites) was shaken at 900 rpm at 60 °C and using a
heating block mounted on an Eppendorf ThermoMixer C. The
reaction vial was removed from the shaker and quickly opened
for sampling an aliquot (10 pL). The aliquot was diluted with
HEPES buffer (100 mM, pH 8.3, 2,490 puL) and analysed by a
UV-vis spectrophotometer. The conversion of p-NPP as a
function of reaction time was obtained by monitoring the
increase of absorbance of the p-nitrophenolate ion (p-NP) at
410 nm (¢ = 1.57 x 10* M™! cm). Recycling performance was
evaluated by adding the buffer solution containing p-NPP to
catalysts taken out from the reaction solution.

Temperature-programmed  desorption (TPD) of
pyridine. TPD measurements using pyridine as a probe
molecule were performed by a MicrotracBEL BELCAT II. A
typical procedure is as follows: Each complex was pretreated to
remove physisorbed water with a flow of helium (He, 30 mL
min!) at 150 °C for 1 h, and then 5 kPa of pyridine in a He
flow (30 mL min™!) was adsorbed at 100 °C for 30 min. After
excess pyridine was removed with a He flow at 150 °C for 30
min, the temperature of the bed was increased linearly at a rate
of 2-10 °C min™! from 150 to 550 °C with a He flow (30 mL
min!). The desorbed pyridine was detected by a thermal
conductivity detector (TCD) heated at 135 °C.

Results and discussion

Effect of N-bound metal ions (MY) of cyano-bridged
polynuclear metal complexes (M€ = Fe!''l) on catalysis for
hydrolysis of organophosphates. A series of cyano-bridged
polynuclear metal complexes, [MN(H20)x]y[Fe"™(CN)s],
including [Fe"(H20)1.5]43[Fe"(CN)s] (Prussian blue, PB),
[Mn!(H20)2]1 s[Fe™(CN)¢], [Co[(H20)2]1 5[Fe™(CN)e],
[Zn"(H20)2]1.5[Fe™(CN)s¢], Ga'[Fe"(CN)s] and
[Ga'(H20)1.5]43[Fe'(CN)s], were prepared by mixing an
aqueous solution containing metal salts and an aqueous solution
of K3[Fe(CN)s] or K4[Fe''(CN)s] to yield precipitates. The
compositions of metal ions in the obtained precipitates were
determined by X-ray fluorescence spectroscopy (Table 1 and
Table S1 in ESI). The molar ratio of MN/MC of each complex
is virtually the same as that predicted from the valence of MN
and M€ ions within an experimental error. Some complexes
involved small amount of K* ion due to porous structure of
cyano-bridged polynuclear metal complexes, however, the
contaminated K* ions insignificantly affected on the catalysis as
described below.

All the complexes obtained herein provided the same X-ray
diffraction (XRD) patterns confirming their cubic structure
except for [Zn'(H20)2]1.5[Fe"'(CN)s], which is reported to have
several crystal structures (Table 1 and Fig. S1).7* The broad
peaks for [Fe™(H20)1.5]43[Fe(CN)s] resulted from poor
crystallinity or small-sized crystallites (Fig. Sla). The CN
stretching band (ven) of [MN(H20)«]y[Fe(CN)s] complexes
observed by infrared (IR) spectroscopy shifted to the higher

This journal is © The Royal Society of Chemistry 20xx
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wavenumber side compared with those of eagh, precussor,
because CN™ acts as a ¢ donor to decrea&thld élséifotr deisity
on the antibonding o* orbital by coordinating to metal ions
(Table 1 and Fig. S2).” The numbers of uncoordinated water
[MN(H20)x]y[Fe"™(CN)s] were
calculated by the weight losses in thermogravimetric analyses
(Fig. S3).

N2 adsorption-desorption isotherms of the complexes were

molecules contained in

obtained at —196 °C to investigate surface areas and pore
structures (Fig. S4). The total surface areas were determined by
the Brunauer-Emmett-Teller (BET) method as well as the
external surface areas by the #-plot method (Table 1). The type [
isotherms observed for all the complexes except
[Fe(H20)1.5]43[Fe'(CN)s] suggest a homogeneous distribution
of micropores (ca. 0.6 nm determined by the microporous (MP)
method) formed by the cubic lattice structure. Analysis of the
isotherms with the Barrett—Joyner—Halenda (BJH) method
confirmed the absence of meso- or macropores, suggesting that
the catalytic reactions of organophosphates (ca. 10 A) proceed
mainly on the external surfaces of complexes. The type IV
isotherm characteristic for mesoporous materials was obtained
for [Fe(H20)15]43[Fe(CN)s] (Fig. S4a). The size of
mesopores of [Fe'(H20)1.5]43[Fe''(CN)s] determined by the
BJH method was around 3.5 nm. The powder XRD of
[Fe"(H20)1.5]43[Fe"(CN)s) clearly indicated that
[Fe(H20)1.5]43[Fe(CN)s] is isostructural to other complexes
although the particles sizes are smaller, thus, the Type IV
isothermal behaviour resulted from accidentally formed
homogeneous gaps among [Fe''((H20)1.5]43[Fe'(CN)s] particles.

Hydrolysis of p-nitrophenyl phosphate (p-NPP) and
paraoxon methyl (PO) was examined at 60 °C in HEPES buffer
(100 mM, pH 8.3, 0.75 mL) containing
[MN(H20)x]y[Fe""™(CN)s] ([substrate]/[MN] = 100; [MN] is the
amount of MN ions on the external surface of
[MN(H20)x]y[Fe""™(CN)s]). The amount of the resulting p-
nitrophenolate ion (Amax = 410 nm) was determined by UV—vis
spectroscopy (Fig. 2a).# All of the [MN(H20)x]y[Fe"™(CN)¢]
catalysed hydrolysis of p-NPP and PO (Table 2, Fig. S5 and
S6). On the other hand, no catalytic activity observed for Fe3*
ions, which might be leached from [MN(H20)x]y[Fe!"™(CN)s],
(a) (b)

1.5 25

[N]
[=]

g b=
= €15 |
£ =
o o
8 Z10 | ® [Fe''(H,0); sJia[Fe'(CN);]
<< 15 4 No catalyst

5 F

0 A ——

0 10 20 30 40
Wavelength / nm Time /h

Fig. 2 (a) UV-Vis spectral change by hydrolysis of p-nitrophenyl phosphate (p-NPP,
25 mM) in a HEPES buffer (100 mM, pH 8.3, 0.75 mL) containing
[Fe'"(H20)1.5]a/3[Fe"(CN)g] (6.6 mg, [Substrate]/[Fe] = 100) at 60 °C. The peak at 410
nm assignable to p-nitrophenol (p-NP) grew, accompanied with decay of the
peak at 315 nm assignable to p-NPP. (b) Time profiles of the p-NP formation in
the presence and absence of [Fe(H,0)15]s/3[Fe"(CN)g].
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Table 1 Lattice parameters (a), CN stretching frequencies (vcy), Brunauer-Emmett—

Teller (BET) surface areas (S), external surface areas obtained bytploti{&e0 ARE

pore diameters obtained by the Barrett-Joyner-Halenda (BJH) method and/or the microporous (MP) method of cyano-bridged polynucledr@etd] ¢6fplexdsY01015C

Complex alA ven / cmHe S/m? gt Sext/ m? g 14 Pore diameter / nm
[Fe"(H;0), 5]43[Fe"(CN)° 10.2 2080 384 9 35
[Mn(H;0),], s[Fe™(CN)q] 10.5 2149 933 5 0.6
[CO"(H0),], s[Fe"™(CN)q] 10.3 2168 685 51 0.7
[Zn"(H,0)5], s[Fe"(CN)e] 10.4 2160 836 12 0.6
Ga[Fe"'(CN)s] 10.2 2121 202 7 0.7
[Gal"(H,0), s]as[Fe"(CN)] 10.1 2119 361 9 0.6
Fe''[PtV(CN)s] 10.6 2229 5 5 0.7
Fe'[CoM(CN)] 10.2 2185 72 5 0.7
Fe[I(CN)] 10.5 2185 136 5 0.7
[Fel'(H,0), s]os[Ru(CN)g] 10.5 2087 213 18 0.7
[Fe"(H,0)2], s[Co"(CN)e] 10.3 2166 172 27 0.7
[Fe'(H,0)2], s[I'"(CN)e] 10.5 2181 29 1 0.7
[Fe'(H,0)5].[Ru"(CN)q] 10.5 2098 26 23 0.7

“X-ray diffraction patterns, IR spectra, N> adsorption—desorption isotherms are
Fe ions in [Fe"(H,0); 5]4/3[Fe''(CN)s] are in mixed valence states.

shown in the Supporting Information, Fig. S1, S2 and S4, respectively. *The

Table 2 Comparison of catalytic activity of various [MN(H,0),],[MS(CN)¢] for hydrolysis of organophosphates

Catalyst Substrate Catalyst loaded / Conversion (%)” TOF /h™'? vo/mol L' h!e
mg’
[Fe''(H,0); 5]45[Fe"(CN)s] (PB) p-NPP 6.7 79 33 3.1x107
[Mn'(H,0),], s[Fe" (CN)s] p-NPP 10.8 46 1.9 6.5x107
[Co(H,0),]1.5[Fe"™ (CN)s] p-NPP 1.0 0.17 32x107
[Zn"(H,0),], s[Fe"(CN)¢] p-NPP 3.7 5 021 12%10%
Gal"[Fe(CN)q] p-NPP 8.2 15 0.63 6.1%107
[Ga"(H,0); s]s[Fe"(CN)e] p-NPP 5.7 26 0.13 1.1x 10
Fel[Co(CN)q] P-NPP 12.1 95 40 53%10°
Fe'TIr'™(CN)s] p-NPP 18.8 90 3.8 49x107
[Fe"(H,0); 5]as[Ru"(CN)s] p-NPP 34 81 34 4.1x107
[Fe"(H,0)], s[Co™(CN)s] p-NPP 18 27 1.1 1.0x 107
[Fe"(H,0) ], s[I"(CN)s] p-NPP 47 50 21 22x10°
[Fe"(H,0); ,[Ru"(CN)s] p-NPP 20 31 13 5110
F[POV(CN)e] P-NPP 10.1 38 16 25%10°
No catalyst p-NPP - 3 - 4.7x10°
[Fe''(H,0); 5]45[Fe"(CN)g] PO 6.7 5 0.21 1.6 x 1073
Fe'"[Co"(CN)q] PO 18 2 0.083 24 %10
No catalyst PO — 1 - 1.7 x107*

“[substrate]/[MN] = 100. [MN] is calculated from the number of MN atoms on the outer surface of complexes dispersed in reaction solutions. “Conversions
and turn-over frequencies (TOF) were calculated using the yield of p-nitrophenol (p-NP) in 24 h. “Initial reaction rates (vo) were measured in the initial 10

min.

evidenced by reactions performed in the presence of Fe>" ions
(Fig. S7) suggests that [MN(H20)x]y[Fe"(CN)s] act as
heterogeneous catalysts. The highest p-NPP conversion of 79%
(24 h) with the initial reaction rate (vo) of 3.1 x 1073 mol L' h™!
(< 1 h) was obtained for the reaction system employing
[Fe(H20)15]43[Fe''(CN)s] as the catalyst (Fig. 2b). The
oxidation state of Fe ions in the MN position is in between +2
and +3, because Fe ions in [Fe"'(H20)1.5]43[Fe''(CN)s] take
mixed valence states. Moreover, vo for the reaction system
using Ga'[Fe(CN)s] is almost 50 times higher than that using
[Ga"(H20)1.5]43[Fe''(CN)s], which contains Fe ions in the
lower oxidation state at MC sites. These results suggest that
both MN and MC ions in higher oxidation states enhance
catalysis.

4| J. Name., 2012, 00, 1-3
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Effect of C-bound metal ions (M€) of cyano-bridged
polynuclear metal complexes (M~ = Fe!") for hydrolysis of
organophosphates. A series of cyano-bridged polynuclear
metal complexes having N-bound Fe ions,
([FeM(H20)x]y[MS(CN)s] (M€ = Fel'', P!V, Co™, Ir'" or Ru'),
were prepared by mixing an aqueous solution containing
potassium hexacyanometallate and Fe ion sources, FeSO4 or
Fe(NOs3)s (Table 1 and Fig. S1-S4). The complexes provided
XRD patterns indicating their cubic structure. Broader
diffraction peaks of Fe'[Co™(CN)s] evidenced poor
crystallinity or small-sized crystallites as same as
[Fe(H20)1.5]43[Fe''(CN)¢] (Fig. S1g).

A series of [FeV™(H20)x]y[MS(CN)s] complexes were
examined as catalysts for hydrolysis of p-NPP in HEPES buffer
(100 mM, pH 83) (Table 2 and Fig. S5). The highest

This journal is © The Royal Society of Chemistry 20xx
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conversion of 95% (24 h) with the highest vo of 5.3 x 1073 mol
L' h! was achieved for the reaction system using
FeM[Co™(CN)s]. The catalytic conversion, TON and vo for the
reaction systems using [Fe(H20)x]y[M“(CN)s] (M¢ = Co'l,
Ir™ and Ru') containing trivalent Fe ions were higher than
those using [Fe'(H20)x]y[MS(CN)s] containing divalent Fe ions.
The complexes possessing M€ in high oxidation states such as
Pt"V, Ir'" and Co™ typically provide increased conversion and k
compared with complexes having Ru', which is in the lowest
oxidation state. Thus, the presence of M¢ and/or MN in higher
oxidation states in [Fe"™(H20)x]y[MS(CN)s] is important to
achieve high catalytic activity.

Rate determining step for hydrolysis of
organophosphates. The rate-determining step in the catalytic
hydrolysis was determined by examination of the initial
reaction rates dependent on the concentration of the substrate.
Based on the Langmuir-Hinshelwood's kinetic model, the
reaction occurs through five reaction steps (R1-RS5): the
specific adsorption of p-NPP and H20 onto unoccupied surface

H20 + Cat 2 H20-Cat (R1)
p-NPP + Cat 2 p-NPP-Cat (R2)
p-NPP-Cat + H20-Cat 2 p-NP-Cat + Phos-Cat (R3)
p-NP-Cat 2 p-NP + Cat (R4)
Phos-Cat 2 Phos + Cat (R5)

sites of catalysts (Cat) yielding surface complexes (H20-Cat
and p-NPP-Cat), the reaction to form the surface complexes of
p-NP and phosphate ion (p-NP-Cat and Phos-Cat, respectively),
and the desorption of products to obtain free p-NP and
phosphate ions (Phos). Herein, the respective rate constants for
Rns (n = 1-5) are & and kn where Kn is defined as Kn= kn/k-n.
The concentration of H20 remains relatively constant, because
H2O0 is supplied in large excess. Thus, the equilibrium constant
K1’ is defined as K1 = Ki[H20]. A surface coverage by
compound X is now @x, where rotal is the fraction of occupied
sites, thus Gwtal = G20 + Gp-Npp + Op-Np + Ophos. The following
two mechanisms can be proposed.

Mechanism 1. When the surface reaction (R3) occurs more
quickly than the formation of surface complex with substrates
(R2), the overall rate of catalytic hydrolysis should depend on
the rate of R2. The adsorption/desorption equilibrium is written
by egs. 1-4. The overall rate equation for catalytic hydrolysis

k1[H20](1 — Brotal) = k16120 (1)
k30m200p-npp = k305 NPOphos )
kaOp-np = ka[p-NP](1 — Brotal) 3)
k-50phos = ks[Phos](1 — Brotal) “

described as v in eq. 5. The back reactions can be ignored at the
v = k2[p-NPP](1 — Orotal) — k26p-NpP

_ K4Ks(k2K1/K3[p—NPP]—k_,K,Ks [p—NP][Phos])
K1/K3K4Ks + K3K4Ks + [p—NP][Phos] + K, /K3Ks[p—NP] + K; K3K,[Phos]

(5)
beginning of catalytic hydrolysis ([p-NP] = 0, [Phos] = 0) to
obtain the initial reaction rate (vo) described by a linear function,
eq. 6, using the initial concentration of p-NPP ([p-NPP]Jo).
_ kyKi[p—NPP],
Vo= ——
Ki+1

(6)

This journal is © The Royal Society of Chemistry 20xx

Catalysis Science & Technology

Mechanism 2. In this mechanism, the reaction,Qf, spbstrates
adsorbed on the catalyst surface (R3) is sipposedfs bSEHefi-
determining step in the whole -catalytic hydrolysis. The
adsorption/desorption equilibrium is written by egs. 1, 3, 4 and
7. The overall rate equation for catalytic hydrolysis can be

k2[p-NPP](1 — Ototal) = k-20p-npp @)
described as eq. 8. The back reactions can be ignored at the

v = k301:00p-NpP — k-30-NPOPhos

_ k3K1/K,[p—NPP] - k_3K,Ks [p—NP][Phos] (8)
(1 + K{+ K;[p—NPP] + K, [p—NP] + K5[Phos])2
beginning of hydrolysis ([p-NP] = 0, [Phos] = 0) to obtain the
initial reaction rate (vo) as described in eq. 9 which gives a

k3K, 'K,[p—NPP
Vo = 3K /K> [p lo (9)
(1 +Ky/+ K, [p—NPP])?

linear function between [p-NPP]o and /“"I:—PP]" (eq. 10).
0
kK, 'K, /“"':—P"]"=Kz[p-NPP10+K.’ +1 (10)
0

Hydrolysis of p-NPP was carried out with changing the
initial concentration of p-NPP ([p-NPPJo: 5-25 mM) in a
HEPES buffer (100 mM, pH 8.3, 0.75 mL) containing
Fe"[Co™(CN)s] (12.1 mg) at 60 °C. The initial reaction rate, vo,
is directly proportional to [p-NPPJo as predicted by eq. 6
however, no clear relationship was observed between

[p—NPP],
Vo

and [p-NPPJo (Fig. 3), suggesting that surface

adsorption of the substrates is the rate-determining step.

of Co"'[Fe'(CN)s]. The robustness of
Fe"[Co!"(CN)s] was examined by recycling tests for hydrolysis
of p-NPP (Fig. 4a). The conversions and the initial reaction
rates (vo) obtained for the reaction system using
Fe"[Co(CN)s] were 84% and 5.3 x 1072 mol L' h™! at the 1%
run, 61% and 3.6 x 103 mol L' h™! at the 2" run, and 38% and
1.9 x 1073 mol L' h™! at the 3" run, respectively. The slightly
higher initial reaction rate at the 2" run compared with that at
the 1" run could result from increase of effective surface area

Robustness

by decreasing particles sizes during the reaction as evidenced
by dynamic light scattering (DLS) measurements. The mean
particles size of Fe'[Co"(CN)s] before reaction was ca. 390
nm, which is larger than that after the 15 run (235 nm), with

a b
(a) 10 (b) 5
[ ]
- 8 19 o
= =
:g' 6 <18
< T . *
2 4 z 1.7
= S
X Y =
" = °
= 2 . 16
0 15
0 5 10 15 20 25 0 5 10 15 20 25
[p-NPP], / mM [p-NPP], / mM

Fig. 3 (a) Relationship between initial rate for hydrolysis of p-NPP (vo) and initial
concentrations of p-nitrophenyl phosphate ([p-NPP]o). (b) Relationship between and
\/([p-NPP]o/vD) and [p-NPP],. Hydrolysis of p-nitrophenyl phosphate (p-NPP, 5-25 mM)
was carried out in a HEPES buffer (100 mM, pH 8.3, 0.75 mL) containing Fe"'[Co"(CN)s]
(12.1 mg) at 60 °C.
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Fig. 4 (a) Time profiles of the formation of p-nitrophenol (p-NP) by hydrolysis of p-
phosphate (p-NPP) in the presence of Fe"[Co"(CN)s] (®) and
[Fe'"(H,0)1.5la/3[Fe"(CN)¢] (m) in the repetitive experiments. Hydrolysis of p-nitrophenyl
phosphate (p-NPP, 25 mM) was performed in a HEPES buffer (100 mM, pH 8.3, 0.75
mL) containing catalysts ([Substrate]/[Fe"] = 100). The complexes were recovered by

nitrophenyl

centrifugation after each run and used for the reactions under the same conditions. (b)
Particles size distribution of Fe!"[Co"(CN)e] dispersed in water before reactions (solid
line) and after the first run (dotted line) obtained by dynamic light scattering (DLS).

wide size distribution (Fig. 4b). However, the conversion
gradually decreased at the 2™ and 3™ runs. Metal oxide
catalysts such as ceria and titania used for the -catalytic
hydrolysis of organophosphates in literature are expected to
exhibit high durability under the reaction conditions. However,
metal complex catalysts are prone to decomposition as reported
in literature.*® The reaction systems using Fe''[Co((CN)s] and
[Fe''(H20)1.5]43[Fe""(CN)s] showed gradual
conversions of p-NPP during three repetitive runs (Fig. 4a),
implying that a part of cyano-bridged polynuclear metal
complexes was also gradually degraded to less active forms
during the reactions.®’ IR spectrum of Fe!"'[Co"(CN)e] after the
1% run showed the ven peak at 2169 cm™! although the ven peak
disappeared for the complex after the 3™ run. Thus, partial
decomposition of Fe'[Co(CN)s] and
[Fe''(H20)1.5]43[Fe'(CN)s] during reactions is a reason for the
deceleration of catalytic hydrolysis.

decrease in

Effects of temperature, pH, reaction solvent and
morphologies of [Fe"'(H20)1.5]43[Fe''(CN)s] on catalysis.
Catalysis of Fell[Co"(CN)s] was examined at
temperatures between 40 and 70 °C (Fig. 5). The conversion of
p-NPP in 10 h gradually increased with temperature reached
80% for 10 h at 70 °C.

various

25

[p-NP]/ mM

0 5 10
Time /h
Fig. 5 Time profiles of p-nitrophenol (p-NP) formation by hydrolysis of p-nitrophenyl
phosphate (p-NPP, 25 mM) in a HEPES buffer (100 mM, pH 8.3, 0.75 mL) containing
Fe'"[Co"(CN)e] ([Substrate]/[Fe] = 100) at temperatures of 40, 50, 60 and 70 °C.

& Technolc

Journal Name

The effect of pH on catalytic hydrolysis of pINRP.in the
presence of Fe'[Co"(CN)s] was examired!:d0ePIHEHH Gange
from 6 to 10 (Fig. 6). The conversion of p-NPP performed in
the presence of Fe"[Co™(CN)s] exceeded 80% in 10 h at pH >
8 although the conversions significantly lowered to ~20% under
the conditions of pH 6 to 7, in which vo under basic conditions
is more than double that of pH 7.

The hydrolysis of p-NPP in a mixture of ethanol and
HEPES buffer (pH 8.3, v/v = 2/1) in the presence of
Fe'[Co™(CN)s] was slightly slower than that in pure HEPES
buffer although the initial rate was comparable to that of
complete HEPES buffer system (Fig. 7a). On the other hand,
the activity of [Fe(H20)1.5]43[Fe''(CN)s] for catalytic
hydrolysis in the mixed solvent was comparable to that in pure
HEPES buffer (Fig. 7b), although [Fe((H20)1.5]43[Fel(CN)s] is
less active than Fe[Co"(CN)s] because of lower oxidation
state of the MN ion. As described above, the rate determining
step of the reaction is the adsorption of substrate on the catalyst
surface. The lower activity of [Fel'((H20)1.5]43[Fe'(CN)s] in the
mixed solvent indicates that ethanol adsorption disturbs
substrate adsorption. The small effect of the reaction solvents
on the catalytic activity of [Fe(H20)1.5]43[Fe'l(CN)s] suggests
that no competitive adsorption of the substrate and ethanol
occurs.
of [Fe™(H20)1.5]43[Fe"(CN)s]
(Prussian blue) on catalytic activity was examined using

Effect of morphologies

Prussian blue nanoparticles in cubic shape (PB-cube) and in

(a) 25 (b) 8
2 ::g @ Fe!'[Co'(CN)]
20 HepHs _ & No catalyst Y
WpHO = 6 .
= 4 pH 10 i [ ]
£ 15 [=F =
— [=]
5 LY
10 |
3 s
x
5 £2r .
@
0 0 - -
0 5 10 6 7 8 9 10
Time/h pH

Fig. 6 (a) Time profiles of p-nitrophenol (p-NP) formation by hydrolysis of p-nitrophenyl
phosphate (p-NPP, 25 mM) in a HEPES buffer (100 mM, pH 6-10, 0.75 mL) containing
Fe''[Co"(CN)e] ([Substrate]/[Fe] = 100) at 60 °C. (b) The plot of the initial reaction rate
(vo) vs pH.

(@) g5 ®) o5
@ HEPES buffer @ HEPES buffer
4 Ethanol and HEPES buffer (viv = 2/1) 4% Ethanol and HEPES buffer (viv = 2/1)
20 ! 20 +
E 15 % 15
o o y
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Time /h Time /h

Fig. 7 Time profiles of the formation of p-nitrophenol (p-NP) by hydrolysis of p-
nitrophenyl phosphate (p-NPP, 25 mM) in HEPES buffer (0.75 mL, pH 8.3) or mixture of
ethanol and HEPES buffer (pH 8.3) (0.75 mL, v/v = 2/1) in the presence of (a)
Fe'[Co"(CN)e] and (b) [Fe(H,0)1.5]a/3[Fe"(CN)g] at 60 °C.
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spherical shape (PB-sphere).””’® The morphologies and size
distributions of PB nanoparticles were confirmed by scanning
electron microscope (SEM) measurements (Fig. 8a—c). The ven
peaks in IR spectra and unit cell parameters determined by
XRD of PB-cube and PB-sphere are comparable to those of
Prussian blue prepared by a conventional method (PB, Table
S2). The sharper XRD peaks observed for PB-cube and PB-
sphere evidenced their higher crystallinity than PB (Fig. S8).
PB-cube and PB-sphere exhibited N2 adsorption-desorption
isotherms of the type I form, suggesting the absence of meso-
or macropores (Fig. S9 and Table S2). These results suggest
that PB-cube and PB-sphere are highly crystalline. The highest
p-NPP conversion of 79% (24 h) with vo of 3.1 x 1073 mol L™!
h™! was obtained for the reaction system using PB (Fig. 8d).
Lower crystallinity of PB with many defect sites may
contribute to the acceleration of the reaction. The defect sites of
cyano-bridged polynuclear metal complexes are generated on
MY ions, because M ions in M®(CN)s tend to maintain the
coordinatively saturated structure without extra-ligand. The MN
ions at defect sites are coordinated by water molecules as extra-
ligand exchangeable with substrate molecules. The lower
crystallinity of PB increases the average number of
coordination of water molecules on MN, resulting in high
catalytic activity.

Evaluation of surface acidity by temperature-
programmed desorption using pyridine. Basic conditions of
reaction media accelerate hydrolysis of p-NPP as described
above. However, acidic properties of catalytic surfaces are
important for polarisation of phosphorus—oxygen bond of p-
NPP, which succumbs to nucleophilic attack by OH™.*° Surface
acidity of each complex was evaluated by heat of desorption of
pyridine (AHs) determined by the temperature-programmed
desorption (TPD).8"8 The used amount of a sample and
pretreatment temperature for the TPD measurements were

(d) 25
4 PB

B PB-cube
@ PB-sphere

N
=]

o

[p-NP]/ mM
3

(3]

500 nm

0 10 20 30
Time/h
Fig. 8 SEM images of (a) PB, (b) PB-cube and (c) PB-sphere. (d) Time profiles of p-
nitrophenol (p-NP) formation by hydrolysis of p-nitrophenyl phosphate (p-NPP, 25 mM)
in a HEPES buffer (100 mM, pH 8.3, 0.75 mL) containing PB in different morphologies
([Substrate]/[Fe] = 100) at 60 °C.

ARTICLE

carefully chosen (Fig. S10 and S11), because the ratig.of ysed
amount of a sample and the gas flow rate {MAEPIMTEENEES 160
the temperature of pyridine-desorption maximum (7m), and
appropriate pretreatment temperature is important for complete
removal of physisorbed water without decomposition of
samples. Tm shifted by changing the ramp rate (f) can be
correlated with AHs by using eq. 11 for all cyano-bridged

2 _ 02
In DL = 2Ly (G20 s 2H) (11)
RTy FAR

polynuclear metal complexes (Fig. S12), where R, F, 5, Vs and
A stand for the gas constant, gas flow rate, coverage of catalyst
surfaces, catalyst volume and pre-exponential factor,
respectively.®? AHs calculated from the slopes of the plots in

Fig. 9a were 152, 160, 222, 176, 98 kJ mol! for
[Fe™(H20)1.5]a3[Fe™(CN)s], Fe'[Co(CN)s],
[Mnll(H20)2]1 s[Fe(CN)q], Gall[Fell(CN)e] and

[Fe'(H20)2]1.5[Co™(CN)s], respectively. Cyano-bridged
polynuclear metal complexes with larger AH exhibited higher
vo for hydrolysis of p-nitrophenyl phosphate (p-NPP) (Fig. 9b
and Table S3). The complexes with larger AH have stronger
surface acidity, thus, the hydrolysis of organophosphates is
accelerated by the cyano-bridged polynuclear metal complexes
with strong surface acidity. The strong adsorption of
organophosphate molecules to the surfaces of cyano-bridged
polynuclear metal complexes accelerates the reaction, because
the rate-determining step of hydrolysis is adsorption of
organophosphates to the surface of cyano-bridged polynuclear
metal complexes. However, [Mn!(H20)2]1.5[Fe(CN)¢] with
the largest AH has the initial reaction rate slightly slower than
expected. As mentioned in the previous section, strong surface
acidity would decelerate desorption of adsorbed ethanol, thus,
the strong surface acidity of [Mn''(H20)2]1.5[Fe™(CN)s] may
decelerate the reaction by products inhibition.

Conclusions

Cyano-bridged polynuclear metal complexes prepared by
systematic replacement of MN or M€

(a) (b)

" *
= 6
To12 =
E = "
< =
£ 5 4 F
& £
5 1 2 *
= x 9 L
E <
= o
o
10 L + . 0 .
14 16 18 2 22 50 150 250
1UTy=x 103/ K1 AH 1 kJ mol™!

Fig. 9 (a) Plots of In(Tu?/p) vs 1/Tw, where Ty is the temperature of pyridine-desorption
maximum; f is the ramp rate, and (b) Relationship between the heat of pyridine
desorption  (AH)  of  [Fe"(H,0)1s]as3[Fe"(CN)e] (e),  Fe"[Co"(CN)e] (m),
[Mn"(H,0),]15[Fe"(CN)e] (@), Ga"'[Fe(CN)e] (A) and [Fe"(H,0)2]1s[Co"(CN)e] (o) and
the initial reaction rate (vo) for hydrolysis of p-nitrophenyl phosphate (p-NPP, 25 mM)
in a HEPES buffer (100 mM, pH 8.3, 0.75 mlL) containing each complex
([Substrate]/[MN] = 100) at 60 °C.
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(IMN(H20)«]y[Fe(CN)¢]; MN= Fe'l, Ga''l, Mn", Zn" or Co'":
[Fe(H20)x]y[MS(CN)s]; M€ = Fell, Pt!V, Co™™, Ir'" or Ru')
exhibited catalytic activity for hydrolysis of organophosphates.
Among them, Fe"[Co(CN)s] exhibited the highest catalytic
activity for hydrolysis of p-nitrophenyl phosphate where the
initial reaction rate was 1000 times higher than that obtained
without catalysts. Significant improvement of catalytic activity
was achieved by employing M® and/or MN ions in high
oxidation states. Cyano-bridged polynuclear metal complexes
with stronger surface acidity exhibited higher catalytic activity
for hydrolysis of organophosphates. Thus, fine tuning of
surface acidity of coordination polymers by systematic
replacement of metal ions is a promising way to achieve highly
active catalysts for hydrolysis of harmful organophosphates.
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