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Abstract

Activity of transtetraamminedichlororuthenium(lll) complex as water oxidation catalyst was studied both in a homoge-
neous aqueous solution (AS) and in a heterogeneous Nafion membrane (HM) using Ce(IV) oxidaan 3 fRuCl(NHz) 4]
was more active than any other mononuclear ammine ruthenium complex studied before. Inthe AS, the rate of evolved dioxygen
is second order with respect to the complex concentration, indicating that the complexes oxidize water molecules bimolecularly
in low concentration regions. In high concentration regions, the activity of water oxidation decreased with the increase of the
concentration, and at the same time dinitrogeg) @volved by a bimolecular decomposition process. In the HM, the activity
of the complex was remarkably high, and it was maintained for a long time at low concentratbfg mol dnt3). At middle
concentrations for the HM (0.02—0.05 mol d#), the activity of the complex decreased with increasing concentration because
of bimolecular decomposition. However, in high concentration regions the complex recovered the activity most probably due
to polymerization of the complex. The activity in the HM was analyzed in terms of the cooperative catalysis, the bimolecular
decomposition and the polymerization of the complex based on intermolecular distance distribution. © 2001 Elsevier Science
B.V. All rights reserved.
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1. Introduction tive efficient catalysis of water oxidation is important.
However, there have been only very few active water
Artificial photosynthesis is attracting a great deal to oxidation catalyst except our earlier works [9-12]. An
produce renewable energy resource from solar energyactive water oxidation molecular catalyst should fur-
and water [1-3]. There are many options of media and ther be developed in this regard.
functional materials to construct an artificial photosyn- ~ We found that Ru-red with ammine ligands and
thetic system [1-8]. We selected polymer membrane oxo-bridged trinuclear structure ([((NfERUORuU
and molecules as media as well as functional mate- (NHz)4ORuU(NHs)s]®") is active for water oxidation
rials to construct an artificial photosynthetic system. [9]. The Ru-red incorporated into a Nafion membrane
For an artificial photosynthetic system it is of impor- is stabilized against bimolecular decomposition. To
tance to use water as electron donor. To this objec- develop active catalysts for water oxidation, one of
the candidates is a molecular catalyst with a similar
"+ Corresponding author. Tek:81-29-228-8374; structure as Ru-re_d. We have s_tudied the_activity of
fax: +81-29-228-8374. mono-, di-, and trinuclear ammine ruthenium com-
E-mail addresskanekom@mito.ipc.ibaraki.ac.jp (M. Kaneko). plexes [7-12].
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In the present research, the activitytns[RuCl, about 0.8 during the experiments. The &olved was
(NH3)4]™ for water oxidation catalyst has been inves- analyzed on a gas chromatograph equipped with a 5A
tigated. It was found that its activity exceeds those molecular sieve column using argon carrier gas (flow

of other Ru complexes investigated before and the
activity was compared with those of Ru(MN}d and
RUCI(NHg)s.

2. Experimental

2.1. Materials

TransRu(NH3)Cl> was synthesized by the method
reported elsewhere [13]. Cerium(IV) diammonium ni-
trate was purchased from Wako Pure Chemical Indus-
tries, and a Nafion 117 membrane (thicknessdi78
from Aldrich Chemical Co. Inc.

2.2. Preparation of Nafion membrane incorporating
trans-[RUCh(NH3)4] T

Nafion membrane was swollen sufficiently by soak-
ing in distilled water for ca. 24 h. It was immersed
in atrans[RuCly(NHz)4]™ aqueous solution for more
than 5 h under dark conditions to incorporate the com-
plex by cation exchange into the membrane. The dark
conditions were adopted in order to prevent the com-
plex from isomerizing ta@is-form. The amount of the
complex incorporated into the membrane was esti-
mated from the visible absorption spectral change of
the aqueous solution before and after the incorpora-
tion of the complex. The complex concentration in the
membrane was calculated from the complex amount
and the membrane volume.

2.3. Dioxygen evolution

In a homogeneous aqueous solution (AS) system,
excess Ce(Ni2(NOz)s oxidant (31x 10~3 mol) was
added quickly to into an aqueous solution (5%rof
the complex in a reaction vessel under dark. In a het-
erogeneous Nafion membrane (HM) system, a mem-
brane (54 mrA volume) incorporating the complex
was put into pure water (5c)) and excess Ce(lV)
oxidant (31 x 10-3mol) was added quickly. In both

rate 40 crdmin—1) at 50°C.

3. Results and discussion

Fig. 1 shows the dependencies of the amountof O
evolved on the reaction time for the AS and HM sys-
tems with the same amount of the catalyst. The rate
of Oz evolved in the HM is much higher than that in
the AS. The Q evolution in the AS saturated after
ca. 50 min most probably due to decomposition of the
catalyst [9-12] despite the excess amount of Ce(lV),
while that in the HM continued even after 120 min.
It is suggested that the fixation in Nafion membrane
prevents the complex from decomposing [9-12]. The
initial O2 evolution rate {o,, mol s 1) and N evolu-
tion rate (/n,, mol s~1) were obtained from the initial
slope at time zero. The plots ¥, andVy, versus the
complex concentration in the AS are shown in Fig. 2.
The Vo, is second order with respect to the complex
concentration at low concentrations as shown in the
inset of Fig. 2, indicating that two complex molecules
works for & evolution. N> evolution is attributed to
a bimolecular decomposition of the complex due to

8
- 1 F
o
.?E 6 |
o
T 5 ¢
c
S 4t
ey
=
o 37
>
(] 2L
o~
(o) e
o |
0 50 100 150
Time / min

the systems_, the atmosphere in the react|on. vessel Wa$i 1 Time dependence of,Gevolved in AS @) and HM O):
replaced with argon gas before Ce(IV) oxidant was he uysed amounts are complexx110-6mol; Ce(IV) oxidant,
added. No buffer solution was used, and the pH was 3 x 103 mol; membrane volume,.5 x 10-5 dm=3; water, 5c.



H. Shiroishi et al./Journal of Molecular Catalysis A: Chemical 169 (2001) 269-273

3
@)
% ©)
Eoof &
1
o o
\N _ 08
z
S Bos
@) 2
-g 1 | 30.4
'1 O > 0.2
Qo &
0
> o 0 . .
Concentration /10 moldm°
0 &—-‘—A A A
0 0.2 0.4 0.6 08 1

Concentration /10 moldm™

Fig. 2. Dependence of initial rate of evolved, @O) and N

(A) evolution on catalyst concentration in AS: Ce(IV) oxidant,
3x10~3 mol; water, 5 cr. The inset shows the rate ob@volution

in lower concentrations, and the solid line is a fitted curve based
on second order of the concentration.

oxidation of the ammine ligands [9-12] becausg,

is second order with respect to the complex concen-

tration in the AS and that the rate of evolved @e-
creased at high concentrations.

Fig. 3 shows the dependence of the apparent

first-order rate constant ofGevolution Kapp S™1) on
concentration in the AS and HM. The rate constant
kapp is defined by the following equation:

Vo
ka - _2
pp nRu

1)

wherengy (Mol) is the amount of the complex in the
solution or membrane. In the HM, the value lghp
increases linearly with the concentration at low con-
centrations. This initial linear increase is attributable
to the cooperative oxidation of water by two catalyst
molecules. In the middle concentration regions, the
activity of the complex decreased sharply due to bi-
molecular decomposition. The activity of the catalyst
in the HM is remarkably higher than that in the AS.
This could be attributed to a proper configuration of
the complexes in the Nafion membrane which could
facilitate cooperative water oxidation, in addition to
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Fig. 3. Relationship betwedgpp and concentration in AS®) and

HM (O). The solid line is the calculated curve based on Eq. (7)
(vide infra) and the dashed line is the calculated curve based on
Eq. (5). The inset illustrates the plots for AS at low concentrations.

suppression of a bimolecular decomposition due to the
fixation of the catalyst in the membrane.

The activity of the complex in the HM was ana-
lyzed based on intermolecular distance distribution as
follows. The probability densitf?(r) in a Poisson dis-
tribution is represented by the following equation:

P(r) = 4nr®Naac x 10724
xexp[—%(4n(r3 — s} Naac x 10724)] @)

wherec (moldm3) is the concentration of the com-
plex in the membranelNa the Avogadro’s number,

r (nm) the distance between the nearest neighboring
moleculesy the degree of localization of the catalyst
(in the present Nafion membrane estimated as 40)
[9], and s (nm) represents contact distance between
the complexes. The complex volume was estimated
from the distance, angle of the atoms and the van der
Waal’s radius of hydrogen and chlorine atoms. Fig. 4
shows the intermolecular distance distribution at var-
ious complex concentrations in the membrane. It is
assumed that the catalyst existing between the co-
operative catalysis distance.4¢, nm) and the critical
decomposition distance, nm) are able to oxidize
water molecules [9-12].
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Fig. 4. Intermolecular distance distribution between the

nearest-neighbor complexes in the membrane at various complex

concentrations.

The fraction of the complex able to oxidize water
cooperatively is expressed by Eq. (3) as

RCOZ/ COP(r)dr

4 exp[_ A (r3, — s3)acNa x 10—24} @)

3

The fraction of the complex decomposing bimolecu-
larly is expressed by Eqg. (4) as

rd
Rdec=/ P(r)dr

=1—exp[—

A (r3 — s3)acNa x 10724 @
3

The turnover number (TN) of the complex fop ©@vo-
lution can then be expressed by Eq. (5) as follows:

kapp = kOZ(RCT — Rded (5)

whereko, (1) is a constant to express the intrinsic

activity of the catalyst. We applied Eq. (5) to the data
of Fig. 3 using a nonlinear least-squares method, and
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Fig. 5. Visible absorption spectral changes of Nafion membrane
incorporatingtrans[RuClx(NH3)4]*: (a) before the reaction; (b)
after 2min; (c) after 5min of water oxidation.

recovers against the prediction by using Eq. (5). This
behavior is different from [Ru(Nk)g]?t [11] and
[RUCI(NHz3)s]%* [10].

Fig. 5 shows a visible absorption spectral change of
a Nafion membrane incorporating the catalyst at high
concentration (0.15 mol dn¥) before adding Ce(IV)
as well as after a few minutes of water oxidation reac-
tion. The absorption rose immediately after beginning
the reaction with the addition of Ce(IV). The absorp-
tion band around 530 nm appeared immediately that
is attributable to the absorption by a trinuclear ruthe-
nium (llI-IV=Ill) as inferred from a close resemblance
to that of Ru-red. Another new absorption appeared
around 750 nm after 5min that might be attributable
to a polynuclear complex.

When assuming that the complexes existing within
the distancer, are polymerized, the fraction of the
polymerized complex is expressed by Eq. (4).

Rp=/ pP(r) dr

3

47 (r3 — s3)acNp x 1024
:l—exp[— 7 (rp — $T)Ch } (6)

the calculated curve is shown as a dashed line in Fig. Apparent first-order rate constant can then be ex-

3. The calculated curve fits well with the experimen-
tal dots at low to middle concentrations. However,

pressed by the sum of the catalyses by the mononu-

) ' clear and the polynuclear complexes.
the calculated curve does not agree with the experi- poly P

mental data at high concentrations where the activity kapp= ko,(RcT — Rded + k'Rp

()
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Table 1
Summary of the parameters of the ruthenium complexes for water oxidation in a Nafion membrane
Complex Catalytic ability ko, (shH rg (nM)  reo (NM)  ky (shH rp (nm) s (nm) Reference
[Ru(NHz)e]3t Two-electron oxidation 3.5 10°° 0.82 1.21 - - 0.75 [9]
[Ru(NHg)sCI>* Two-electron oxidation 2.% 102 0.84 1.26 - - 0.75 [8]
Trans[RuCl(NHs)4]T  Two-electron oxidation 9.6« 102  0.93 1.66 8.7x 101 0.78 0.78 Present work
[{Ru(NHs)s}2(n-O)I°+  Four-electron oxidation 1.k 1072 1.02 - - - 0.94 [10]
Ru-red Four-electron oxidation 44 1072 1.23 - - - 1.06 [7]

wherek' is the intrinsic activity of the polynuclear
complex. Eq. (7) was applied to thie,p, versus
c data for the HM in Fig. 3 using the nonlinear

least-squares method, and the calculated curve is

shown as a solid line. The calculated curve fits well

with the experimental data. The parameters obtained

by the best fitting were summarized in Table 1 with
other complexes reported [9-12]. For the present
trans[RUuCl(NH3)4] ", the activity of the assumed
polynuclear complex is higher than the starting com-
plex by one order of magnitude. The activity of
the complex increased with substitution of the am-
mine ligands by chloro ligands. Chloro ligands of
the complex would be substituted by water at the
beginning of the reaction resulting in efficient wa-
ter oxidation, but the details are open to the future
investigation.

4. Conclusion

The activity of transtetraamminedichlororuthe-
nium(lll) complex as water oxidation catalyst was
investigated in AS and in HM systems using Ce(lV)
oxidant. The activity of the complex in the HM
is much higher than that in the AS. In the middle
concentration regions, the activity of the complex
decreased sharply, but in high concentration re-
gions, the activity recovered most probably due to

polymerization of the complex. The substitution of
the ammine ligands by chloro ligands improves the
activity for water oxidation.
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