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Hybridization of [(OH)(terpy)Mnu-O),Mn(terpy)(OH)]3* (terpy= 2,2:6',2"'-terpyridine) @) and mica clay
yielded catalytic dioxygen (&) evolution from water using a ®eoxidant. The reaction was characterized by
various spectroscopic measurements and a kinetic analysis ef@ution. X-ray diffraction (XRD) data
indicates the interlayer separation of mica changes upon intercalatibnToe UV—vis diffuse reflectance
(RD) and Mn K-edge X-ray absorption near-edge structure (XANES) data suggest that the oxidation state of
the diu-oxo Mn, core is MA"'—=Mn'"V, but it is not intact. In aqueous solution, the reactiori efith a large
excess Cl¥ oxidant led to decomposition dfto form MnQ,~ ion without G, evolution, most possibly by its
disproportionation. However, MnQO formation is suppressed by adsorptionlobn clay. The maximum
turnover number for @evolution catalyzed byt adsorbed on mica and kaolin was 15 and 17, respectively,
under the optimum conditions. The catalysis occurs in the interlayer space of mica or on the surface of
kaolin, whereas Mn@ formation occurs in the liquid phase, involving local adsorption equilibria of adsorbed

1 at the interface between the clay surface and the liquid phase. The analysis\adl@ion activity showed

that the catalysis requires cooperation of two equivalenisaafsorbed on clay. The second-order rate constant
based on the concentration (moityof 1 per unit weight of clay was 2.# 0.1 mol* st g for mica, which

is appreciably lower than that for kaolin (234990.4 mol* s™* g). This difference can be explained by the
localized adsorption of on the surface for kaolin. However, the apparent turnover frequekey /s )

of 1 on mica was 2.2 times greater than on kaolin when the same fractional loading is compared. The higher
cation exchange capacity (CEC) of mica statistically affords a shorter distance between the anionic sites to
which 1 is attracted electrostatically, making the cooperative interaction between adsorbed moledules of
easier than that on kaolin. The higher CEC is important not only for attaining a higher loading but also for
the higher catalytic activity of adsorbdd

Introduction devices for providing a socially acceptable renewable energy
source®* A development of a catalyst for water oxidation to
evolve Q (eq 1) is a key task to yield a breakthrough for a
dechnology of water splitting.

Natural and synthetic clay compounds are favorable materials
for “green” environmental sustainability to which much attention
has been paid recently. They consist of hexahedral silicate sheet
or octahedral aluminate sheets and cations such akiH, Nat,

K+, and so forth sandwiched in an interlayer of a nanometer 2H,0
scale between these shektsThis unique structural feature is
capable of incorporating functional molecules or ions into the
interlayer by cation exchange. The interlayer space could be
expected as a potential site for a specific chemical reaction that
cannot be seen in homogeneous solutions. The expanding an
deepening of research related to hybridization of clay com-
pounds with functional molecules could give a guided thought o rtant for providing experimentally proven key reactions
to produce promising novel nanofunctional materials. __for proposals of the water oxidation mechanism by OEC, and

Many scientists and engineers have been seeking practicale geveral trailblazing works have been reported to give
catalysts to activate water for both @nd H production, which i o rtant key reaction®*®15 However, clear demonstrations
are indispensable to construction of artificial photosynthetic ¢ ,q catalytic @ evolution from water by synthetic manganese
oxo complexes had not been reported.

water oxidation catalyst

0, +4H" + 4e 1)

Water oxidation is catalyzed in photosynthetic oxygen
evolving complex (OEC)’ whose active site is known to
onsist of manganes®xo cluster. However, the mechanism

f water oxidation at OEC is still a question under deBSate.
OEC model studies using synthetic manganese complexes are
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catalyses related th and its derivative$-20 Recently, Baffert

et al. reported that electrochemical oxidatiori@annot produce

O, without the oxygen donor agent in soluti&hWe prelimi-
narily reported that the reaction df with a Cé" oxidant
catalytically produces ©from water whenl is adsorbed on
kaolin clay?° This illustrated a successful design of a hetero-
geneous catalyst by hybridization dfand a clay compound.
However, the catalysis by on solid clay matrixes has not yet
been sufficiently understood because of only an example for
investigation forl/kaolin, in which the experimental conditions
are unfortunately restricted by a low cation exchange capacity
(CEC) of kaolin. Herein, water oxidation catalysis is tested by
1 adsorbed on mica clay which is known to possess-af(B
times higher CEC than that of kaolin. This allows not only
reliably analyzable spectroscopic data to be gained for charac-
terization of thel/clay hybrid but also a wide concentration
range to be applied for a kinetic analysis of the catalysis. The
catalytic Q evolution induced by hybridization df and mica

is newly presented and characterized. The kinetic data for
lkaolin in a preliminary repo#® is partially included to
understand comprehensively the catalysislbgn solid clay
matrixes. Evidence for catalytic £&volution from water and
insights into the unique catalysis, including important influenc-
ing factors for the catalytic activity, will be provided.

Experimental Section

Materials. Mn(NOg),, KMNO,4, Ce(NH;)2(NO3)s (Wako Pure
Chemical Industries, Ltd.), terpy, 2;Bipyridine (bpy), and 1,-
10-phenanthroline (phen) (Aldrich Chemical Co. Inc.) were
purchased and used as received. Kaolin (Aldrich Chemical Co.
Inc.) and somasif (ME100) of mica clay (Co-op Chemical
Co., Inc., Japan) were given and used without further purifica-
tion.

Syntheses of [(OH)(terpy)Mn " (u-0),Mn 'V (terpy)(OH 5)]-
(NO3)s (1(NOs)s), [(SOs)(terpy)Mn " (u-O)Mn " (terpy)(SOu)]

(1a), [(bpy)Mn™ (u-0).Mn' (bpy)2](CIO 4)3 (2(ClO4)3), and
[(phen)aMn ! (u-O)2Mn" (phen)](ClO 4)s (3(ClO4)3). 1(NO3)s
was prepared by a similar procedure to literature by Collomb
et al?! An aqueous solution (3 mL, pH 3.0) of MN(NG;)»

(1.7 mmol) was mixed with an aqueous suspension (40 mL,
pH = 3.0) of terpy (1.7 mmol) to result in the yellow solution
(because of formation of [Mn(terpy$*), and then KMnQ(0.62
mmol in 5.8 mL water) was dropped into the solution with
stirring to give a dark green solution. A saturated NaN®
mL, pH = 3.0) was added to the solution after filtration.
Microcrystallinel(NO3); was given by cooling in a refrigerator
and was washed with ice water and diethyl ether. (0.44 g, 62%
yield) 1a, 2(ClO4)s, and3(ClO4)3 were synthesized according
to the literature by Limburg et al3 Cooper and Calvid? and
Manchanda et af3 respectively. These complexes were char-
acterized by IR and U¥vis absorption spectra.

Preparations of 1, 2, or 3/Clay Hybrids. To preparel, 2,
or 3/clay hybrids with the wide-ranging amount of the com-
plexes adsorbed, an aqueous solutior{@ mM, pH= 4.0)
of 1, 2, or 3 was added to an aqueous suspensionl&GmL,
pH = 4.0) of mica or kaolin (561400 mg). The resulting
suspension was filtrated after stirring for 30 min and then was
dried under vacuum to yieldh 2, or 3/clay hybrid. The amount
of 1, 2, or 3 adsorbed was measured by the visible absorption
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Figure 1. Adsorption isotherms for adsorption dfonto (a) mica and
(b) kaolin.

photometer (Shimadzu, Multispec-1500). "YVis DR spectra

of the I/mica hybrid were measured using a bVis spectro-
photometer (JASCO V-550) in a diffuse reflectance mode. XRD
patterns of thel/clay hybrids were taken in an X-ray diffrac-
tometer (MAC Science, MX-Labo). Mn K-edge X-ray absorp-
tion near-edge structure (XANES) measurements were carried
out in a transmission mode at BL-9A (Photon Factory in High
Energy Accelerator Research Organization, Tsukuba, Japan)
with a Si(111) double-crystal monochromator. lonization cham-
bers filled with N> for 1o (17 cm) and N (85%)—Ar (15%) for

I (31 cm) were used. High-energy X-rays from high-order
reflections were removed by a pair of flat quartz mirrors coated
with Rh/Ni that were aligned in parallel. The energy was defined
by assigning the first inflection point of the Cu foil spectrum
to 8980.3 eV. Normalization of XANES analysis was carried
out using REX2000 (Rigaku).

O, Evolution Experiments. An aqueous solution df, 2, or
3 was adjusted to pi 4.0 with HNG;, and then the adequate
small portion of an aqueous solution (1.0 M) of a Ce(@yH
(NOs)s oxidant was added to the solution. Otherwise, to the
aqueous suspension containing~I mg of thel, 2, or 3/clay
hybrid was added the adequate small portion of the aqueous
solution of C&. The reaction was typically followed in 2.0
mL of a liquid-phase volume at p& 1.0 and 25°C under the
conditions of a large excess (5200 mM) of Cé" versusl
(pH of the 1 solution changes to 1.0 by adding a"Qe The
amount of Q evolved was analyzed using a Clark type oxygen
electrode (Hansatech Instruments, Oxygraph OXYG1 and DW1/
AD unit) with 1 uM of the detection level of @dissolved in
water. Gas chromatograph (Shimadzu, GC-8A) equipped with
a 5 A molecular sieve column (argon carrier gas) was used to
analyze more than the xGamount restricted for our oxygen
electrode instrument because of release efg@s from the
electrode. Fot®O-labeling experiments usingHO, the evolved
gas was analyzed on an electron-impact-ionization mass spec-
trometer (JEOL, JMS-SX102).

Results and Discussion

Adsorption of 1 onto Clay Compounds.When an aqueous
solution of1 was added to an agueous suspension of mica or

spectral change of the aqueous solution before and after addingaolin, 1 was adsorbed onto clay by cation exchange with.Na

clay.
Spectroscopic MeasurementsReactions ofl with a Ce
oxidant in an aqueous solution were followed by BWs

The adsorption isotherms &fonto mica and kaolin are shown
in Figure 1. The concentratiomvgs/mol g~2) of 1 adsorbed on
clay rose steeply at very low (almost zero) equilibrium

spectral change as measured using a photodiode array spectrazoncentration ¢{M) of 1 in the solution, indicating the high
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Figure 2. XRD patterns of mica and/mica hybrids. (a) Dry mica
and (b) mica kept in aerobic conditions. Theoncentrationwags (fags,

for Umica hybrids are (c) 0.012 (3%), (d) 0.041 (10%), (e) 0.082 (20%),
(f) 0.12 (30%), (g) 0.15 (36.5%), (h) 0.16 (40%), (i) 0.25 (60%), and
() 0.33 mmol g? (80%).

adsorption equilibrium constant @fonto clays. The maximum
concentration ({addmax = 0.411 mmol g?) of 1 adsorbed onto
mica was 20 times higher than that (0.022 mnid)dor kaolin.
These values are consistent with CEC of mica (1.2 mey g
and kaolin (0.020.15 meq g') when considering trivalence
of 1 cation. The fractional loadingx90) of 1 onto clay was
defined asfaqd = Wagd(Waddmax @and was used in some cases
for convenience.

Characterization of a 1/Mica Hybrid. XRD Spectroscopic
MeasurementsAn XRD spectroscopic technique was used to
evaluate the layer structure of mica and kaolin adsorhirighe
XRD pattern of kaolin with an intense sharp peak@t212.36
degrees did not change by adsorptioigfhowing thatl does
not change the layer structure of kaolinis considered to be
adsorbed onto the surface of kaolin. By contrast, the XRD
pattern of mica changed drastically by adsorptiot,@&fs shown
in Figure 2. The XRD pattern (Figure 2a) of dry mica gave an
intense peak at®= 9.2 degrees, corresponding to an interlayer
distance of 9.56 A. However, when mica was kept in air, the
peak shifted to = 7.18 degrees (interlayer distance of 12.3
A) by hydration of N& ions (Figure 2b). The XRD pattern of
the I/mica hybrid exhibited a peak at2= 7.12 degrees and a
shoulder at 2 = 7.92 degrees in the low concentration{s=
0.012 mmol g1, fags= 3%) of adsorbed. As the concentration
increased, the peak intensity increased, indicating thi
intercalated into the interlayer of mica. Mtygs = 0.12 mmol
07! (faus= 30%), the shoulder almost disappeared, resulting in
an intense and sharp peak & 2 6.96 degrees (interlayer
distance of 12.7 A). The peak was loweredat = 60% and
ultimately became very broad ad 2= 6.9~5.4 degrees dtgs
= 80%. The more ordered layer structure was givefi@t=
30% relative to the other concentrations (exckpi= 0%).
The interspace distance between the layerfggat= 30% can
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Figure 3. UV-vis DR spectra ofl/mica hybrids with variousvags (fas9
as indicated on figure. Inset shows the plots of Kubelkunk at 400
nm Vs fags

700

is different from the DR spectrum df (as a powder) with a
shoulder at 414 nm and peaks at 556 and 662 nm, suggesting
that adsorbed is not intact on mica. Figure 3 shows the BV

vis DR spectra of th&/mica hybrid with the various concentra-
tions of 1 adsorbed. The KubelkaMunk (KM) values increased
almost linearly withfags below fags = 20% (inset of Figure 3),
with the unchanged peak wavelengthn{x = 406 nm) and
spectral shape in the whole concentrations employed. This
indicates that the different spectrum betwekrand 1/mica
hybrid is independent of its concentration on mica. The KM
values plateaued at more thiag,= 20%. This can be explained

by a sort of a filter effect; the species close to the mica surface
could absorb light sufficiently under the hidkys conditions,

so that light absorption of the deeply intercalated species could
not be reflected in the KM values.

The Mn K-Edge XANES Measurementfie Mn K-edge
XANES spectra of thel/mica hybrid are shown in Figure 4,
including those ofl (Mn""'—Mn'v) and [(SQ)(terpy)MnV (u-
0)Mn"(terpy)(SQ)] (1a) (MnV—Mn') as powders. The
XANES spectrum of thel/mica hybrid (vags = 0.082 mmol
gL, fags= 20%) exhibited a shoulder at 6551.1 eV and a peak
at 6561.6 eV, which are almost identical to that figg = 60%

(a shoulder at 6550.9 eV and a peak at 6561.6 eV). This is
consistent with the UVvis DR spectroscopic data independent
of the concentration df (vide supra). It is well-known that the
Mn K-edge shifts to a high-energy region by an increase in an
oxidation state of Mn centers in a dioxo Mn, complex?* The
comparison in the Mn K-edge among thvenica hybrid,1, and
lacould provide an insight into the oxidation state of Mn centers
in the adsorbed species on mica. K-edge energy was evaluated
by energy at the local minimum around 6551 eV for the second-
order derivative Mn K-edge XANES spectra (a lower item in
Figure 4). The Mn K-edge energy (6551.1 eV)Ioivas lower

by 2.0 eV than that (6553.1 eV) dfa This is consistent with
the result reported by Visser et al. on Mn K-edge XANES
measurements of [(phen)MrQO).Mn(phen)f™4* in an aceto-
nitrile solution, in which the K-edge shifted to a high-energy

be given as 6.1 A from the interlayer distance (12.7 A) and the region by 2.2 eV in oxidation from the Mh-MnV to

thickness (6.6 A) of the layer. This is consistent with the
molecular size o (13.2x 11.1x 4.8 A) on the basis of crystal

MnV=Mn'V states of the die-oxo Mn, core?* The K-edges
(6551.1 eV forfags = 20%, 6550.9 eV foff,gs= 60%) for the

graphic data and van der Waals radius (1.2 A) of a hydrogen 1/mica hybrid were almost identical to that (6551.1 eV)lof

atom.
UV—Vis DR Spectroscopic Measurementhe UV—vis DR
spectrum of thé/mica hybrid exhibited a peak at 406 nm. This

rather than that ofa This suggests that the oxidation state of
the diu-oxo M, core in the adsorbed species on mica could
be Mn"'—Mn'V 25
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The magnified spectra in the range of 653%47 eV are
shown in the inset of Figure 4 for the pre-edge peak around 0.5
6540 eV, assigned to a dipole-forbidden-2s3d transition of
the Mn center. The spectrum tfexhibited a pre-edge peak at
6539.3 eV, while the spectra of tHémica hybrid exhibit two
separate pre-edge peaks at 6539.8 and 6542.1 eV. Pre-edge peak 0.0
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ce
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=

energy corresponds to the energy difference between the 1s level ' c /10°M
and the unoccupied 3d levels of the center ion, the latter of 0
which are influenced by the ligand fiet§:28 The higher pre-  Figure 6. Plots of initial rate {wnos-) of MnO,~ formation vs

edge energy (at 6542.1 eV) for thémica hybrid could be concentrati_on ¢) of 1. Inset shows plots (1f l0@mnos— VS log Co.
explained by an increase of the unoccupied 3d levels, possibly Concentration of C&, 10 mM; pH= 1.0; 25°C.
because of a distorted local coordination structure of Mn ions. ) i i ) -
However, it is also established that pre-edge peak energyspectral change in a reaction with 8 equiv of\Cexhibited t.he
depends on the valence state of the center ions: pre-edge peagPPearance of the absorption bandiakx = 545 nm with
energy shifts to higher energy with an increase in the oxidation ylbratlon structures th_at are a chara_ctenstlc featlrre of hK/tnO
number of iror?®-3 The possible explanation by the higher 10N concomitantly with the formation ?f the Mh-Mn'"
valence state could not be excluded for the higher pre-edgeSPEcies. In a reaction with 20 equiv of estoichiometric
energy in Mn K-edge XANES spectra of tHémica hybrid. formation o_f MnQ~ from 1 was |nd|cated by appearance of
We are considering a significant distortion bfadsorbed on e absorption band @kax = 545 nm with an isosbestic point
mica. However, it is still unproven whether it can rationalisti- 2t 489 nm, as shown in Figure S.
cally explain the UV-vis DR spectroscopic features (Figure  To reveal the mechanism of MnOformation, its kinetics
3). was studied under the conditions of a large excess bf.Cae
Reactions of 1 with a C& Oxidant in Water. Reactions  initial rate (mnos-) of MnO4~ formation was given from the
of 1 with a CéV oxidant in water were investigated using a initial slope of the absorbance changelatx = 545 nm ¢ =
UV—vis absorption spectroscopic technique. The absorption 2344 Mt cm™). It increased with the concentratiogo) of 1
spectral change in a reaction bfwith 1 equiv of C& shows  as shown in Figure 6, and the plots of laghos- versus logeo
the absorption increase at 440 nm and the absorption decreasgave a straight line with the slope of 2.870.17 and intercept
at 700 nm with an isosbestic point of 580 nm. This is close to = 1.32=+ 0.66 (inset of Figure 6). The slope shows that MnO
the absorption spectral change in formation of [(Jterpy)- formation can be analyzed as a second-order reaction with
Mn"Y (u-O)Mn' (terpy)(OH)]4* (Mnv—Mn!V) by dispropor- respect tol. It is most possibly formed by disproportionation
tionation of1 promoted by a pH decrease, as reported by Chen of the hlgh oxidation state df in a rate-determining step. The
et al1” (The absorbance at 450 nm increased and the absorptiorseécond-order rate constant for MpGormation was calculated
at 660 nm decreased with an isosbestic point at 565 nm.) Thisto be 2.1x 10t M~! s™* from the intercept.
result suggests that the reaction bfwith 1 equiv of Cé&’ O, evolution by 1 from water was tested in an aqueous
stoichiometrically produces MA—Mn" in solution3? The solution containing 0-£0.5 mM 1 and a large excess (100 mM)
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TABLE 1: Summary of Amount ( noz) of O, Evolved and Turnover Number (TN) of Complexes for G, Evolution Experiments?

compounds Nagdmol clay amount of clay/mg Noumol TN

[Mn,(u-O)(terpyp(OH2)2]%" (1) 1.0 nd 0.0 0.0

5.0 né 0.0 0.0

50.0 né 0.0 0.0

0.0 kaolin 50 0.0

0.13 kaolin 50 2.240.21) 17 ¢1.6)

0.26 kaolin 50 3.440.02) 13 ¢0.1)

0.46 kaolin 50 6.6£0.53) 14 ¢1.2)

0.0 mica 10 0.0

0.25 mica 10 0.95 3.8

0.50 mica 10 3.740.15) 7.3 £0.3)

1.0 mica 10 1540.6) 15 ¢0.6)

15 mica 10 2341.5) 15 &1.0)
[Mn2(u-O)(bpy)]®t (2) 1.0 ne 0.0 0.0

0.46 kaolin 50 0.2640.01) 0.52 £0.02)

1.5 mica 10 1.04£0.02) 0.68 £0.01)
[Mn,(u-O)(phen)]®t (3) 1.0 nd 0.0 0.0

0.46 kaolin 50 0.2610.01) 0.57 £0.02)

1.5 mica 10 0.7140.12) 0.47 £0.08)
MnO4~ 10.0 né 0.0 0.0
MnO; 10.0 naé 0.0 0.0
Mn2*+ 0.92 né 0.0 0.0

0.92 kaolin 50 0.0 0.0
terpyH,"" 0.92 kaolin 50 0.0 0.0

aReaction conditions are as follows: the amount of¥Gidant, 1.0

mmol; reaction time, 4 days; liquid-phase volume, 10 mL; gas-phase

volume, 3 mL.no, was measured using a gas chromatograjptomogeneous solutio.Suspension.

of CéY oxidant, but it was not observed at all, nor wag O
evolved using a 1850-fold larger concentration df (5 mM
1, 100 mM C¢") (see Table 1).

Reactions of 1/Clay Hybrids with a CeV Oxidant in
Water. Reactions of thé/clay hybrids with a large excess €e
oxidant in water produced a significant amount gfi@contrast
to no G evolution byl in solution. Data on @evolution are
summarized in Table 1. Qevolution was not observed when
using mica withoutl as a control. The amoumntdz/mol) of O,
evolved increased with the amountd/mol) of 1 adsorbed on
either kaolin or mica, showing that,@ evolved byl adsorbed
on clay. The maximum turnover number (TN) bfvas almost
the same for mica (TN 15) and kaolin (TN= 17). This result
corroborates thal adsorbed on clay catalyzes, ®volution.
To define the catalysis, similarg£&volution experiments were
extended to various manganese species including VMG,
and MnQ in water, as well as adsorbed Kfand terpyH™
on mica or kaolin. In none of the trials using these species was

O; evolution detected. These results show the unique catalysis

by 1 adsorbed on the clay.

[(bpy)Mn" (u-O}Mn" (bpy)]** (2) and [(phemMn"' (u-O)-
Mn'V(phen}]®* (3) have comparable structures withbut no
terminal water ligands. The similar experiments were carried
out using2 or 3 in solution and on clays to compare with the
reactions ofL with a Cév oxidant. For neithe nor 3 was G
evolved in the solution, but it was for boiclay and3/clay.
However, TN values are less than unity fafclay (TN =
0.5~0.7) and for3/clay (TN = 0.5~0.6) 33 showing that neither
2 nor 3 adsorbed on clay works as a catalyst foreévolution.
This result suggests that terminal water coordination sites could
be important for the catalysis by adsorbkd

For clay hybrid systems, the MnOion formed by decom-
position of1 was also observed in a liquid phase after removal
of the clay hybrids by centrifugatiotf. The amount fynos—/
mol) and yield ®Pynos-) of MNO4~ formed for a 30-min reaction
are summarized in Table 2 including the data for the solution.
Pynos— Was 56.3-85.8% in solutions under the conditions.
However, ®ynos- (18.3~31.3%) for thel/clay hybrids was

TABLE 2: Summary of Amount ( nynos—) and Yield
(®mnos—) of MNO 4~ Formed in Reactions of 1 and a C¥
Oxidant?

amountof  Nagd  Nwnoa—
system clay/mg 107"mol 107" mol ®unos°%
homogeneous solution 1.2 0.90 75.0
2.4 2.1 85.8
4.8 2.7 56.3
1l/kaolin 75 1.5 0.47 31.3
75 3.0 0.77 25.7
75 7.0 1.3 18.3
Umica 10 4.8 0.95 19.8
40 4.8 1.2 24.6
75 51 0.97 19.0

aReaction conditions are as follows: the concentration ot Ce
oxidant, 50 mM; reaction time, 30 min; liquid-phase volume, 2 mL.
b nmnos— Was measured from absorbancelaty = 545 nm € = 2344
M~ cmY). ¢ Dynos— Was defined asiyinos— Normalized bynags

much less than in solutions under the comparable conditions.
This shows that adsorption df onto the clay significantly
suppresses the decompositionlafo form MnO,~.

180-Labeling O, Evolution Experiments using H,180. To
identify an oxygen atom source for,@volution,80-labeling
experiments were carried out using'fD, and the evolved gas
was analyzed on an electron-impact-ionization mass (EIM)
spectrometer. In a 0 media (47.5 and 23.8 v/v %,40),
the EIM spectra gave the peaksratz = 34 and 36, corre-
sponding to'%0'80 and!80,, additionally to the peak fol%0,
at m/z = 32, in contrast to no peaks a¥z = 34 and 36 for
natural abundance water. (Figure 7) The amounts%6%,
160180, and'®0, are analyzed from the intensitiesralz = 32,

34, and 36, respectively. The;®volution data are summarized
in Table 3. The content fractior(gc) of an 180 atom in Q
evolved is consistent with thO content in the water media.
It was thus corroborated that the oxygen atoms jre@lved
are exclusively originated from water.

Kinetic Analysis and Influencing Factors of the O
Evolution for the 1/Clay Hybrids. The time course of ©
evolved in the reaction af/mica with a large excess eion
is shown in Figure 8, including data for a homogeneous solution



23112 J. Phys. Chem. B, Vol. 110, No. 46, 2006

C160‘!BO
l || | CTO c*o,
I Ar |

H,°0 23.8%

2

Normalized intensity

28 30 32 34 36 38 40 42 44 46 48 50

m/z

Figure 7. Electron-impact-ionization mass (EIM) spectra f8OD-
labeling Q evolution experiments usinykaolin (75 mg) withwags=
9.3umol g%; reaction time, 7 days; liquid volume, 1.0 mL; gas-phase
volume, 6.3 mL.

TABLE 3: Summary of O, Evolution Data in 180-Labeling
Experiments Using 1/Kaolir?

Noz/umol°
H,180 viv % 160, 160180 180, D185 %
0 5.6 0 0 0
23.8 2.7 1.6 0.24 23
47.5 1.9 2.4 1.0 41

aKaolin, 75 mg;n.s = 0.7 umol; reaction time, 7 days; liquid
volume, 1.0 mL; gas-phase volume, 6.3 nilObtained from intensity
atm/z = 32, 34, and 36 using calibration on, @bundance® @140 is
fraction of 180 atom in Q evolution.
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Figure 8. Time courses of the amount of,@volved in reactions of
1 and a 50 mM C¥ oxidant. (a) Aqueous solution df (1.5 zmol;
0.75 mM), (b) aqueous solution witholif (c) aqueous suspension of
mica clay (10 mg) adsorbing 1m0l 1 (Wags= 0.15 mmol g*; fags=
36.5%), and (d) aqueous suspension of mica clay (10 mg) without
Liquid volume, 2.0 mL; pH= 1.0.

of 1 containing the same amount (kB10l) of 1 for comparison.
The initial O; evolution rate goz/mol s1) was calculated from
the initial slope of the time course. The inset in Figure 9 shows
the comparison obo, between thel/mica and thel/kaolin
hybrids (both clay amounts are 75 mg). Tiagsrange forl/mica

is much wider than that fot/kaolin, and the maximuno,
value for the former is 7.6 times higher than that for the latter
under the conditions employedafs < 8 umol). This result is
ascribed to the higher CEC of mica.
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Figure 9. Plots of initial rate go/mol s™) of O, evolution vs the
amount (g9 of 1 for the various amounts of mica. The amounts of
mica are (a) 10 mg (closed circles), (b) 40 mg (half-closed circles),
and (c) 75 mg (open circles) fd/mica. 50 mM C¢#'; liquid volume,

2.0 mL; pH= 1.0. The inset shows the magnified figure for comparison
betweenl/mica andl/kaolin. Open circles in the inset are the same
data as plots (c) fot/mica (75 mg). Open squares are (d) data for
Lkaolin (75 mg). The sameo, data in a lown,gs region for /kaolin
(open squres) were cited from ref 20.
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Figure 10. Plots of amounttfunos-) of MNO,~ formed vs the amount
(nag9 of 1 for various amounts of clay. The amounts of mica are (a) 10
mg (closed circles), (b) 40 mg (half-closed circles), and (c) 75 mg (open
circles) forl/mica. (d) 75 mg (open squares) fbkaolin, 50 mM C¢';
liquid volume, 2.0 mL; pH= 1.0. nmnos— Was measured after a 30-
min reaction.

The plots ofvo, versusnggsare shown in Figure 9 fat/mica
with various amounts of mica (275 mg). vo2 increased
upward withnagsunder the conditions employed for 40 and 75
mg mica. Howeveryo, for 10 mg mica thereafter departed from
the upward curvature abovggys= 2.0 umol, which is ascribed
to elution of 1 from mica into a liquid phase to promote
decomposition of. to MnO,~ ion. vop was higher as the amount
of mica is lower comparing the samgysbelownygs= 2.0umol.
(voz order: 10> 40 > 75 mg).

On the other handivynos— measured in parallel with the,,
increased wit,gs as shown in Figure 1®.1n contrast to the
vo2 data (Figure 9), the profiles @fynos- Versusnagswere the
same betweerl/kaolin and1/mica and were independent of
the amount of mica. These results suggest that Mri@mation
from adsorbedl takes place in the liquid phase, whereas the
catalytic Q evolution takes place in the interlayer space of the
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Figure 11. Plots of Ko2)app VS the amountriyg of 1. The amounts of
mica are (a) 10 mg (closed circles), (b) 40 mg (half-closed circles),

and (c) 75 mg (open circles) fd/mica and (d) 75 mg (open squares)
for 1/kaolin. The conditions are indicated in Figure 9.

mica. There could be local adsorption equilibria of adsorbed

at the interface between the clay surface and the liquid phase.

MnO,~ prefers to be formed in the liquid phase rather than on
the clay. This is supported by MnOformation suppressed by
the adsorption of on the mica. (vide supra) MnO formation
might still occur on clay, but it could be much slower relative
to the Q evolution.

The upward curvature ino, versusygsplots (Figure 9) shows
that the specific @evolution increases with increasingys The
O, evolution was analyzed by the kinetic model (eq 2) assuming
on combination between first- and second-ordere@olutions
with respect to the adsorbdd

= KMyt KoMyge (2)
whereky/s™ andk,/mol~! s~1 are first-order and second-order
rate constants for evolution, respectively. For comparison
of the turnover frequency of adsorbed on claysyo, was
normalized byn,gsto define the apparent turnover frequency,

(Ko2)apds ™%, as eq 3.
(kOZ)app= UOZInadsz kl + k2nads (3)

The plots of koo)app VErsusnags gave the straight lines with
significant slopes passing through the origin for edtdhay (at
Nags < 2.0 umol for 10 mg mica and atyg4s < 0.9 umol for
1/kaolin), as shown in Figure 11. The significant slope (corre-
spondingk; in eq 3) suggests that,@ predominantly evolved
by a bimolecular reaction df adsorbed on clay. It is most likely
that adsorbed works cooperatively for the catalysis. It may
take place by intermolecular coupling of MO that could be
formed by successive oxidation of a terminal water ligand on
1, on the basis of noncatalytic activity &f and 3 for O,
evolution. However, no evidence for involvement of ¥4rO

in the catalysis is obtained. The fitting of eq 3 to the2fapp
data yielded almost zero for the and thek, values depending
on the amount of mica ((2.% 0.3) x 1, (0.69 £ 0.01) x

1, and (0.344 0.03) x 1? mol~1 s~1for 10, 40, and 75 mg
mica, respectively).

All the (ko2)appdata for 16-40 mg mica were replotted versus
concentratiowags (Mol g1 instead ofnags(mol) in Figure 12.
The plots exhibited the significant linearity below 0.2 mmol
g%, showing thatKo2)appis principally related tavags The slope

Vo2 ads
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Figure 12. Plots of Ko2)appVs the concentratiomiqg of 1. (a) /mica;
10 mg (closed circles), 40 mg (half-closed circles), and 75 mg (open
circles). (b)l/kaolin; 75 mg (open squares).
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Figure 13. Plots of koz)appVs the loading amount.¢g of 1. (a) I/mica;
10 mg (closed circles), 40 mg (half-closed circles, and 75 mg (open
circles). (b)1/kaolin; 75 mg (open squares).

of the linear plots of Ko)app Versuswygsyieldsky’ = 2.7+ 0.1
mol~! s™1 g of a second-order rate constant on the basig,@f
For comparison,Koz)appfor 1/kaolin was plotted versusagsin
Figure 12 together. Thie' for L/kaolin was 23.9+ 0.4 mol™
s1 g, which is 8.9 times higher than that fd/mica. This
difference could be explained by localized adsorptiori @in
the kaolin surface. Fdi/mica, 1 is intercalated into an interlayer
as well as adsorbed on a surface of mica (see Figure 2). On the
other hand,l is adsorbed only on a surface fitkaolin (vide
supra), resulting in a localized adsorption obn the kaolin
surface. Nevertheless, the maximukyAapp for 1/mica was
higher than that fofl/kaolin under respective optimum condi-
tions. This is attributed to the higher loading bbecause of
the higher CEC of mica.

To reveal the influence of CEC offd,)app it was replotted
versusfagdo in Figure 13 for both thé/mica and thel/kaolin
hybrids. The Ko2)appincreased linearly at a lofggsregion, and
the maximum Koz)appWas observed arourfghs= 50% for both
the hybrids. The Koz)app for I/mica was 2.2 times higher in
average (in the slope of the line) than thatXf«aolin comparing
the saméd,qs This can be explained by considering the statistical
distance between anionic sites on clay to whicis attracted
electrostatically. The higher CEC of mica statistically affords a
shorter distance between the anionic sites, making the coopera-
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tive interaction between adsorbed moleculesl afasier than (13) Limburg, J.; Vrettos, J. S.; Chen, H. Y.; de Paula, J. C.; Crabtree,

that on kaolin. The higher CEC is important not only for R '14 B,{lUd"itg' $VSVJ Am. Chﬁm'sso‘zk(.)AO% 123 éﬁ:”' it Ed. Enal
attaining a higher loading but also for the higher catalytic activity 1954 )33 ?ggg_’ - Dasayama, W, sasakiangew. Lhem., int. =d. =g

of adsorbedL. (15) Shimazaki, Y.; Nagano, T.; Takesue, H.; Ye, B.-H.; Tani, F.; Naruta,
Y. Angew. Chem., Int. EQ2004 43, 98.
Conclusion (16) Chen, H.; Tagore, R.; Das, S.; Incarvito, C.; Faller, J. W.; Crabtree,
R. H.; Brudvig, G. W.Inorg. Chem.2005 44, 7661.
The present paper illustrates evidence of catalytie@lution (17) Chen, H.; Faller, J. W.; Crabtree, R. H.; Brudvig, G. WAm.

from water induced by adsorption bonto solid clay. It requires ~ Chem. Soc2004 126, 7345. ,
cooperative interaction of two equivalents badsorbed. The (18) Baffert, C.; Romain, S.; Richardot, A.; Lepretre, J.-C.; Lefebvre,

Vi in the i | fmi h i B.; Deronzier, A.; Collomb, M.-NJ. Am. Chem. So@005 127, 13694.
catalysis occurs in the interlayer space of mica or on the surface (19) Wolpher, H.; Huang, P.; Borgstroem, M.; Bergquist, J.; Styring,

of kaolin, whereas the decompositionlofo form MnQ,~ ions S.; Sun, L.; Akermark, BCatal. Today2004 98, 529.
occurs in the liquid phase, involving local adsorption equilibria  (20) Yagi, M.; Narita, K.J. Am. Chem. So@004 126 8084.
of adsorbedl at the interface between the clay surface and the _ (21) Collomb, M. N.; Deronzier, A.; Richardot, A.; PecautNew J.

. S Chem.1999 23, 351.
liquid phase. Nevertheless, MaOformation is suppressed by 22) Coiper S R.: Calvin. MI. Am. Chem. Sod.977 99, 6623.

adsorption ofl on clay. The concentrat_ion and localization _of  (23) Manchanda, R.; Brudvig, G. W.; Degala, S.; Crabtree, Rnbtg.
1 adsorbed on clay, as well as the distance between anionicChem.1994 33, 5157.
sites on clay statistically related to its cation exchange capacity, (24) Visser, H.; Anxolabe, E.; Lhe‘re-Mallart; Bergmann, U.; Glatzel,

; ; ; P.; Robblee, J. H.; Cramer, S. P.; Girerd, J.-J.; Sauer, K.; Klein, M. P.;
are the important factors for the cooperative catalysis. TheseYachan dra, V. KJ. Am. Chem. So@001 123 703L.

results undOUbtedly provide a f_'rSt_Step for deve_l()pment of (25) In the earlier communicatici,we considered that is adsorbed

nanohybrid catalysts for water oxidation to evolveusing clay on kaolin as the M —Mn'V state on the basis of the Uwis diffuse

compounds. reflectance spectroscopic data. However, we reconsider that the species
adsorbed on kaolin is the Mi-Mn'V state from the present Mn K-edge

. ., XANES data for thel/mica hybrid.
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