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TOF
Compound Oxidant mmol References
O,/mol Mn
Nano scale Mn oxide Ce(IV) 2.62 43
within NaY zeolite
Layered Mn-Ca oxide Ce(1V) 0.8-2.2 27,42
Layered Mn-Al, Zn, K,
Cd and Mg oxide Ce(IV) 22 24,44
Layered Ni(II) oxide Ce(1V) 0.4-0.6 45
CaMn,04.H,O Ce(IV) 0.54 20
Amorphous Mn Ru(bpy)s™ 0.06
. 46
Oxides Ce(IV) 0.52
Nanolayered Mn oxide Ce(IV) 0.45 This work
CaMn,04.4H,0 Ce(IV) 0.32 20
Mn oxide nanoclusters Ru(bpy);™’ 0.28 47
-MnO(OH) CAN 0.24 48
Mn oxide-coated Ce(1V) 0.22 49
montmorillonite
Layered Mn-Cu(Il) Ce(IV) 0.2-0.35 45
Mn;04 CAN 0.01-0.17 48
Octahedral Molecular Ru(bpy)s™ 0.11
Sieves
46
Ce(IV) 0.05
MnO; (colloid) Ce(IV) 0.09 50
(l-Ml’lOz 3+
nanowires Ru(bpy)s 0.059 51
CaMn;0s Ce(IV) 0.046 52
CaMn4Os Ce(IV) 0.035 53
(l-Ml’lOz 3+
nanotubes Ru(bpy)s 0.035 51
Mn,03 Ce(IV) 0.027 20
ﬁ —MIIOQ 3+
nanowires Ru(bpy)s 0.02 >
Ca,Mn30; Ce(IV) 0.016 53
CaMnOs Ce(IV) 0.012 53
Nano-sized A-MnO, Ru(bpy)s™ 0.03 54
Bulk a-MnO, Ru(bpy);*’ 0.01 51
Mn Complexes Ce(1V) 0.01-0.6 55-56
PSII Sunlight 1001‘(‘)?0 . 57,58
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Nanolayered Mn oxides have been prepared by a very simple, cheap and high-yield
method using soap, KOH, MnCl, and H;0,.
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Nanolayered Mn oxides have been prepared by a very simple, cheap and high-yield method
using soap, KOH, MnCl, and H,0O,. Scanning electron microscopy, transmission electron

microscopy, dynamic light scattering, thermogravimetric analysis, Fourier transform infrared
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spectroscopy, and X-ray diffraction spectrometry have been used to characterize the phase and

the morphology of the nanolayered Mn oxide. The nanolayered Mn oxide shows good catalytic

activity toward water oxidation in the presence of cerium(IV) ammonium nitrate.

Introduction

Mn oxides are attractive materials because of their physical and
chemical properties. They are low-cost and environmentally
friendly that were used as efficient catalysts for oxidation of
organic,' and inorganic compounds such as carbon monoxide,’
ammonia® and water.*'* They have also potential applications
for high energy density lithium batteries.'®'® They were used as
bulk, supported, nano-sized nanostructures with large surface
area, and colloidal forms. The structures of these compounds
are polynuclear and could favor the occurrence of multi-
electron and complicated reactions.

The simple, low-cost, environmentally friendly and high-yield
methods to synthesis of nanoscale Mn oxides, which could
exhibit the unique physiochemical properties as compared with
the bulk compound is necessary to use the compounds in
industrial application. Many methods for the synthesis of Mn
oxide nanoparticles were reported. Among them,
solvothermal,” oxidation/reduction, decomposition,21
surfactant-mediated®*** and oxidation-reduction®® are popular.
As the nanolayered Mn oxide is low-cost and environmentally
friendly, the method could be good candidate to synthesize
efficient catalysts in artificial photosynthetic systems. In Nature
water oxidation performs by a Mn-Ca cluster housed in a
protein matrix.® The structure can be considered as nano-sized
Mn oxido cluster in an organic matrix.'****” Thus, Mn oxides
as water-oxidizing catalysts are very interesting. They are
cheap, environmentally friendly, and used by Nature to oxidize
water.® They are even proposed as the product of
decomposition of Mn complexes in the presence of
(electro)chemical oxidants in water-oxidation reaction.>*30:3!
Thus, they are true catalysts in water-oxidation reaction by
many Mn complexes.>*%3!' In water oxidation reactions,

This journal is © The Royal Society of Chemistry 2013

cerium(IV) ammonium nitrate (Ce(IV)) is an usual oxidant.*? It
is a non-oxo transfer and a strong one-electron oxidant.*?
Membrane-inlet mass spectrometry (MIMS) showed oxygen
evolution from catalysts in the presence of Ce(IV) is a true
water-oxidation reaction and both oxygen atoms of the O,
originate from the water.*® Glikman and Shcheglova from Russia
reported for the first time that MnO, is a water-oxidizing
catalyst in the presence of cerium(IV).** Electrochemical water
oxidation by MnO, was reported by Morita in 1977.%° Shilov
extended water oxidation by Mn oxides in the presence of
chemical oxidants.>® Harriman’s group in 1988 extensively
studies many metal oxides as water-oxidizing catalysts in the
presence of chemical oxidants.”” Among of these metal oxides,
Mn(III) oxide was reported as an efficient catalyst toward water
oxidation.>>*” Efficient water oxidation by nanostructured
Mn,0; clusters supported on mesoporous silica in the presence
of Ru(bpy)s>" was reported by Frei and Jiao.*® The proposed
roles for the silica support are providing high surface area for
Mn oxides, protecting the Mn ions from deactivation by surface
restructuring and helping in proton transfer.®® Layered A-Mn
oxides (A: inert-redox ions) without long-range order were
reported as efficient catalysts for water oxidation.”® Such
compounds show considerable thermodynamic stability. Gold
particles on these layered Mn oxides were reported to improve
activity of Mn oxide toward water oxidation both chemically
and electrochemically.>®*

Recently, our group showed that many phases from Mn oxide
in the presence of Ce(IV) or in electrochemical water oxidation
convert to a layered Mn oxide after a few hours."''*

Spiccia group showed that Mn oxide derived from a Mn
complex decomposition have one order of Mn higher water-
oxidation catalytic activity per Mn compared to many
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unsupported solid-state Mn oxide.*' The group recently using
TEM and electron scattering simulations results showed that the
structure exhibit high degree of layer mis-registration, and Mn
vacancies, compared to other Mn oxides. Thus, they proposed
that water oxidation in the compounds is related to the
differences in the degree of disorder.*'

Many of these methods to prepare efficient water-oxidizing Mn
oxides are expensive and thus a simple, high-yield and green
method are promising in this regard. Herein we report a very
simple and high-yield to synthesize nanolayered Mn oxide. In
the next step, we used the oxide as water-oxidizing catalyst.

Experimental

Material and methods

All reagents and solvents were purchased from the commercial
sources and were used without a further purification. Soap was
purchased from Tage company. As reported by the company,
the product was synthesized by sulfonic acid, sodium lauryl
sulfate, diethanolamine, cocamide diethanolamine, sodium
hydroxide, carbamid, methylene phosphonic acid, dye, sodium
chloride and water. Transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) were carried out with
Philips CM120 and LEO 1430VP, respectively. The X-ray
powder patterns were recorded with a X’Pert Pro MPD
from PANalytical company (CuK, radiation). MIR spectra of
KBr pellets of compounds were recorded on a Bruker vector 22
in the range between 400 and 4000 cm™'. Mn atomic absorption
spectroscopy (AAS) was performed on an Atomic Absorption
Spectrometer Varian Spectr AA 110. Dynamic light scattering
(DLS) result was obtained by a Nano ZS (red badge) ZEN 3600
from Malvern company. Prior to the analysis, the compounds
were added to 1 mL of concentrated nitric acid and H,O,, left at
room temperature for at least 1 h to ensure that the oxides were
completely dissolved. The solutions were then diluted to 25.0
mL and analysed by AAS. The thermogravimetric analysis
(TG) was performed by using a NETZSCH STA 409 PC/PG
instrument with a heating rate of 10 °C min ' in oxygen flow.

Synthesis

The compounds were prepared by a simple method. Soap,
H,0,, KOH, and MnCl, solutions were mixed (for details see
Table 1) in the same time to produce these nanolayered Mn
oxides (Fig. S1, ESI). The compounds were washed carefully
by water and calcined at different temperatures. Yield is more
than 95% based on MnCl,.

Table 1 The amounts of different compounds to synthesize nanolayered
Mn oxides.
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Compound H,0, Soap (mL) | MnCl,
(mL)/KOH (mg)
(mg) in 3.0 in 5.0 mL
mL water water
1 10/400 10 1250
2 10/400 10 500
3 2/400 2 250
4 10/400 10 250
5 2/400 2 100
6 2/400 2 50
7 10/400 10 25
8 2/400 2 5
9 10/400 10 100
10 10/400 10 100
11 10/400 - 500

MnCl,

H,0,, KOH and
water

- Soap
Scheme 1 Schematic image of the procedure for the synthesis of

nanolayered Mn oxides.
Water oxidation

Water oxidation experiments were performed by previously
reported method (Scheme S1, ESI).**

Results and discussion

Synthesis

After mixing H,O,, KOH, and MnCl, solutions, immediately,
nanolayered Mn oxide forms, which reacts with H,O, to evolve
O,. In the next step, big bubbles from soap in the presence of
O, were formed. Two factors are important in this procedure.
The first, soap molecules around particles inhibits
agglomeration of Mn oxide (Fig. S1, ESI). The second, the
growth of bubbles increase the distance among particles, and
again, inhibits agglomeration.

This journal is © The Royal Society of Chemistry 2012
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Scheme 2 A proposed mechanism to synthesize Mn oxide.

Characterization

IR spectra of these compounds show a broad band at ~ 3200-
3500 cm' related to antisymmetric and symmetric O-H
stretchings and at ~ 1630 cm™ related to H-O-H bending are
observed (Fig. S2, ESI). The absorption bands characteristic for
a MnOy core in the region ~ 520 cm™ assigned to stretching
vibrations of Mn-O bonds was also observed in the compounds.
Although high temperatures (> 250 °C) decompose organic
compounds, but weak peaks related to organic compounds in
soap (1047-1117 cm™") are present in the compounds until 350
°C (Fig. S2, ESD).

SEM images show nanolayered structures with thickness 10-30

nm in the compound (Fig. 1a,b). SEM images show that more .

agglomerization occurs if soap is not used in the procedure
(Fig. 1c). TEM and HRTEM images show clearly layers in this
compound (Fig. 1d,e, for more SEM and TEM images see Fig.
S3 and S4 images in ESI). In the support of layered structure,
XRD data for these prepared compounds at room temperature
was of poor resolution, but the peaks at 20 ~ 12, 25, 38 and 65°
found in most layered Mn oxides were observed in XRD
patterns of these compounds (Fig. 2f). DLS results show that
agglomeration occurs for the compounds in solution. These
results show that three peaks, 40, 80 and 140 nm, are observed

(Fig. 2g).

This journal is © The Royal Society of Chemistry 2012

Mode: BF

Mode: BF

Intensity

1600

1400

1200

1000

Page 6 of 9
ARTICLE

HT: 150kV

HT: 150kV

001

/7 .
Al

T T T r

20 40 60

2 Theta (degree)

80

f

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



Page 7 of 9

25

20+ Size Distribution by Number

g 15
]
o]
£ 10
=]
P4

5

0 i T —= |M T T 1

0 200 400 600 800 1000 1200
Size (r.nm)
g

Fig. 1 SEM images from 6 (a,b) and 11 (c). TEM images from 6 (d,e), XRD
pattern (f) and DLS (g) result from 6.

The derivative form of TGA (DTGQG) indicates two stages for
these compounds (Fig. 2). The first stage, which takes place
between 60 and 200°C is related to loss of water molecules.
The next step occurs between 200 and 500 °C, and is related to
decomposition of organic compounds from soap, remove OH
groups and phase conversions.

TG /% DTG /(%/min

100 s 0.2
98 J ~-7100
RGN, :
96 02

94 04

92 -06

90 -08

Value: £02.0 °C. 86.48 %

88
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Water oxidation

Herein we used Ce(IV) as an oxidant in our water-oxidation
experiments. The calcined nanolayered Mn oxides at 60-500 °C
showed different water-oxidizing activity in the presence of
Ce(IV). Usually, a maximum of water oxidation was observed
at 200-500 °C.** The effects of temperature are dehydration,
changes in the oxidation state of Mn, and the surfaces of these
oxides.** Thus, there are not possible to find which factor is
more important in this condition. The best turnover frequency
(TOF) for the compound is 0.45 mmol O,/Mn.s

In the next step we studied the effect of concentration of Ce(IV)
on water-oxidation reaction. We performed water-oxidation
reactions with different concentrations of Ce(IV) keeping all
other factors constant as shown in Fig. 3. First, the rate of water
oxidation increases with increasing in the concentration of
Ce(IV). This increasing of the rate of water oxidation in the less
concentration of Ce(IV) is linear in the range of 0.11-0.55 M of
Ce(IV). However, in the higher concentrations of Ce(IV), the
rate of water oxidation does not increase sharply because of th

4| J. Name., 2012, 00, 1-3
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e decomposition of catalysts. In this regard, at higher
concentration of Ce(IV), MnOy is detected. With increasing
amount catalyst, TOF is constant in the range of 0.2-0.25 (Fig.
3¢).
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Fig. 3 Water oxidation of an aqueous solution of 0.22-0.55 M Ce(IV) (40
mL) at 25.0 °C in the presence of calcined 9 at 300 °C (a). Water oxidation
of an aqueous solution of Ce(IV)(0.11 M, 40 mL) at 25.0 °C in the presence
of different amounts (mg) of calcined 9 at 300 °C (b). TOF at 25.0 °C for 1
(magenta), 2 (cyan), 3 (red), 4 (green), S (blue) and 6 (black) prepared at
different temperatures in the presence of Ce(IV) (0.11 M) (c).

This journal is © The Royal Society of Chemistry 2012
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Comparing with other Mn oxides, these oxides show good water
oxidizing activity in the presence of Ce(IV). Regarding Table 2, the
compounds are more efficient than bulk Mn oxides, crystalline and
nano sized B-MnO,, Nano-sized A-MnO,, a-MnO,, Nano-sized a-
Mn,05. In addition to it, these compounds could be synthesized by a
low-cost and environmentally friendly procedure.

Table 2 TOFs for water oxidation catalyzed by the various Mn based
catalysts for water oxidation in the presence of non-oxygen transfer oxidant.

Mechanism water oxidation by metal oxides is an enigma in
inorganic chemistry.*>* The water oxidation occur as a four-
electron reaction, or in multiple steps with intermediates such as
‘OH, H,0, or O,". Comparing the standard reduction potentials for
Ce(IV)/Ce(IID), it is clear that Ce(IV) cannot oxidize water to ‘OH,
H,0, or O,". Thus, in Mn oxides multiple Mn sites are involved in
charge delocalization and accumulation to a four-electron water-
oxidation mechanism.*’

As shown in Scheme 3, they are four proposed mechanism for water
oxidation by these Mn oxides. We found that pu-O groups are too
inert to involve in O-O formation. Thus, we proposed patway i or ii
(Scheme 3) for a molecular mechanism for water oxidation. In
other words, four Ce(IV) ions oxidize four Mn ions step-by-step
such that, after four charge-accumulation steps, a multi-electron
oxidation proceeds yielding O, from water by pathway i or ii.

Scheme 3 Proposed mechanisms for water oxidation by the layered Mn
oxide:'"® Nucleophilic attack of hydroxide on a terminal oxido (i); coupling of
terminal oxido ligands (ii), attack of hydroxide on a bridging oxido ligand
(iii), coupling of bridging oxido ligands (iv). Image and caption are from ref.
59.

Conclusions

Nano-layered Mn oxide, as a low-cost, easily synthesized and
environmentally friendly compound, was synthesized by a
simple method, and high-yield in moderated temperature, and
characterized by SEM, DLS, XRD, FTIR, AAS and TEM.
Comparing with other Mn oxides, these compound act as good
catalysts for water oxidation in the presence Ce(IV). These
nano-layered Mn oxides as easily synthesized, cheap and
environmentally friendly compounds are very promising
candidates to be used as water-oxidizing catalysts in artificial
photosynthetic systems.

Acknowledgements

This journal is © The Royal Society of Chemistry 2012

The authors are grateful to the Institute for Advanced Studies in
Basic Sciences and the National Elite Foundation for financial
support.

Notes and references

“Department of Chemistry, Institute for Advanced Studies in Basic
Sciences (IASBS), Zanjan, 45137-66731, Iran

"Center of Climate Change and Global Warming, Institute for
Advanced Studies in Basic Sciences (IASBS), Zanjan, 45137-66731, Iran

*Corresponding author; Phone: (+98) 24 3315 3201, E-mail:

mmnajafpour@iasbs.ac.ir

1 R.J. K. Taylor, M. Reid, J. Foot and S. A. Raw, Acc. Chem. Res.,
2005, 38, 851.

2 C.S. Brooks, J. Cat., 1967, 8, 272.

3 A. Wollner, F. Lange, H. Schmelz and H. Knozinger, Appl. Catal. A4,
1993, 94, 181.

4 Y. Gorlin and T. F. Jaramillo, J. Am. Chem. Soc., 2010, 132, 13612.

5 R. K. Hocking, R. Brimblecombe, L.-Y. Chang, A. Singh, M. H.
Cheah, C. Glover, W. H. Casey and L. Spiccia, Nat. Chem.,
2011, 3, 461.

6 F. Jiao and H. Frei, Energy Environ. Sci., 2010, 3, 1018.

7 N. Birkner, S. Nayeri, B. Pashaei, M. M. Najafpour, W. H. Casey and
A. Navrotsky, PNAS, 2013, 110, 8801.

8 F.Jiao and H. Frei, Chem. Commun., 2010, 46, 2920.

9 M. M. Najafpour, K. C. Leonard, F.F. Fan, M. Amouzadeh
Tabrizi, A. J. Bard, C. K. King'ondu, S. L. Suib, B.
Haghighi and S. I. Allakhverdiev, Dalton Trans., 2013, 42,
5085.

10 M. M. Najafpour, B. Haghighi, M. Z. Ghobadi and D. J. Sedigh,
Chem. Commun., 2013, 49, 8824.

11 M. M. Najafpour, B. Haghighi, D. J. Sedigh and M. Z. Ghobadi,
Dalton Trans., 2013, 42, 16683.

12 M. M. Najafpour, F. Rahimi, M. Fathollahzadeh, B. Haghighi, M.
Holynska, T. Tomo and S. I. Allakhverdiev, Dalton Trans.,
2014, 43, 10866.

13 M. M. Najafpour, M. A. Tabrizi, B. Haghighi and Govindjee, Dalton
Trans., 2012, 41, 3906; M. M. Najafpour, M. A. Tabrizi, B.
Haghighi and Govindjee, Dalton Trans., 2013, 42, 879.

14 M. Wiechen, M. M. Najafpour, S. I. Allakhverdiev and L. Spiccia,
Energy Environ. Sci., 2014,7,2203.

15 M. Wiechen and L. Spiccia, ChemCatChem, 2014, 6, 439.

16 J. Kim and A. Manthiram, Nature, 1997, 390, 265.

17 K. Kang, Y. S. Meng, J. Breger, C. P. Grey and G. Ceder, Science,
2006, 311, 977.

18 A.R. Armstrong and P. G. Bruce, Nature, 1996, 381, 499.

19 W. Zhang, Z. Yang, Y. Liu, S. Tang, X. Han and M. Chen, J. Crys.
Growth., 2004, 263, 394.

20 M. M. Najafpour, T. Ehrenberg, M. Wiechen and P. 3793, Angew.
Chem. Int. Ed., 2010, 49, 2233.

21 M. Salavati-Niasari, F. Davar and M. Mazaheri, Polyhedron, 2008,
27, 3467; M. M. Najafpour, F. Rahimi, M. Amini, S. Nayeri
and M. Bagherzadeh, Dalton Trans.,2012, 41, 11026.

22 Z.-R. Tian, W. Tong, J.-Y. Wang, N.-G. Duan, V. V. Krishnan and S.
L. Suib, Science, 1997, 276, 926; J. Park, E. Kang, C. J. Bae,
J.-G. Park, H.-J. Noh, J.-Y. Kim, J.-H. Park, H. M. Park and T.
Hyeon, J. Phys. Chem. B, 2004, 108, 13594.

23 J. R. Rockenberger, E. C. Scher and A. P. Alivisatos, J. Am. Chem.
Soc., 1999, 121, 11595.

24 M. M. Najafpour, D. J. Sedigh, B. Pashaei and S. Nayeri, New J.
Chem., 2013, 37, 2448.

25 Y. Umena, K. Kawakami, J.-R. Shen and N. Kamiya, Nature, 2011,
473, 55.

26 M. M. Najafpour, A. N. Moghaddam, Y. N. Yang, E.-M. Aro, R.
Carpentier, J. J. Eaton-Rye, C.-H. Lee and S. 1. Allakhverdiev,
Photosynth. Res.,2012,114, 1.

27 M. M. Najafpour, S. Nayeri and B. Pashaei, Dalton Trans., 2011, 40,
9374.

28 M. M. Najafpour, F. Rahimi, E.-M. Aro, C.-H. Lee and S. L
Allakhverdiev, J. Royal Soc. Inter., 2012, 9, 2383.

J. Name., 2012, 00, 1-3 | 5

Page 8 of 9



Page 9 of 9

29
30

31

32
33
34
35
36
37

38
39
40

7))
43
44
45
46
47

49
50
51
53
54
55
56
57

58
59
60

Dalton Transactions

M. M. Najafpour and A. N. Moghaddam, Dalton Trans., 2012, 41,
10292.
M. M. Najafpour, A. N. Moghaddam, H. Dau and 1. Zaharieva, J.
Am. Chem. Soc., 2014, 136, 7245.
M. M. Najafpour, M. Hotynska, A. Nasser Shamkhali, S. Habib
Kazemi, W. Hillier, E. Amini, M. Ghaemmaghami, D. Jafarian
Sedigh, A. Nemati Moghaddam, R. Mohamadi, S. Zaynalpoor
and K. Beckmann, Dalton Trans., 2014, 43, 13122.
A. R. Parent, R. H. Crabtree and G. W. Brudvig, Chem. Soc. Rev.,
2013, 42, 2247.
D. Shevela, S. Koroidov, M. M. Najafpour, J. Messinger and P. Kurz,
Chem. Eur. J., 2011, 17, 5415.
V. Y. Shafirovich, N. K. Khannanov and A. E. Shilov, J. Inorg.
Biochem., 1981, 15, 113.
M. Morita, C. Iwakura and H. Tamura, Electrochim. Acta, 1977, 22,
325.
V. Y. Shafirovich and A. E. Shilov, Kinet. Catal. (USSR)(Engl.
Transl.);(United States), 1979, 20.
A. Harriman, I. J. Pickering, J. M. Thomas and P. A. Christensen, J.
Chem. Soc. Faraday Trans., 1988, 84, 2795.
M. M. Najafpour, F. Rahimi, D. J. Sedigh, R. Carpentier, J. J. Eaton-
Rye, J.-R. Shen and S. 1. Allakhverdiev, Photosynth. Res.,
2013, 117, 423.
Y. Gorlin, C.-J. Chung, J. D. Benck, D. Nordlund, L. Seitz, T.-C.
Weng, D. Sokaras, B. M. Clemens and T. F. Jaramillo, J. Am.
Chem. Soc., 2014, 136, 4920.
M. M. Najafpour and D. J. Sedigh, Dalton Trans., 2013, 42, 12173.
S. L. Y. Chang, A. Singh, R. K. Hocking, C.Dwyer and L.
Spiccia, J. Mater. Chem. A,2014, 2, 3730.
C. E. Frey, M. Wiechen and P. Kurz, Dalton Trans., 2014, 43, 4370.
M. M. Najafpour, B. Pashaei, Dalton Trans., 41,2012, 10156.
M. M. Najafpour, B. Pashaei and S. Nayeri, Dalton Trans., 2012, 41,
7134.

M. M. Najafpour, M. Abasi and M. Hotynska, RSC Adv., 2014, 4, 36017.

A. lyer, J. Del-Pilar, C. Kithongo King'ondu, E. Kissel, H. Fabian
Garces, H. Huang, A. M. El-Sawy, P. K. Dutta and S. L.
Suib, J. Phys. Chem. C, 2012, 116, 6474.

Y. Okuno, O. Yonemitsu and Y. Chiba, Chem. Lett., 1983, 815.

M. M. Najafpur, R. Mostafalu and B. Kaboudin, J. Photochem.
Photobiol. B, Submitted Manuscript,
M. M. Najafpour and A. N. Moghaddam, New J. Chem., 2012, 36, 2514.
M. M. Najafpour, Dalton Trans.,2011, 40, 3805.
V. B. R. Boppana and F. Jiao, Chem. Commun., 2011, 47, 8973.
M. M. Najafpour, Dalton Trans.,2011, 40, 3793.
M. M. Najafpour, S. Nayeri and B. Pashaei, Dalton Trans., 2012, 41,
4799.

D. M. Robinson, Y. B. Go, M. Greenblatt and G. C. Dismukes, J. Am.
Chem. Soc., 2010, 132, 11467.

C. W. Cady, R. H. Crabtree and G. W. Brudvig, Coord. Chem. Rev.,
2008, 252, 444.

R. Ramaraj, A. Kira and M. Kaneko, Angew. Chem., 1986, 98, 824.

G. C. Dismukes, R. Brimblecombe, G. A. N. Felton, R. S. Pryadun, J. E.
Sheats and L. Spiccia, G. F. Swiegers, Acc. Chem. Res.,
2009, 42, 1935.

G. Ananyev and G. C. Dismukes, Photosynth. Res., 2005, 84, 355.

M. M. Najafpour and M. Abbasi Isaloo, RSC Adv., 2014, 4, 6375.

M. M. Najafpour, A. Nemati Moghaddam and Y. Sakha, Dalton Trans.,

2013,42,11012.

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

This journal is © The Royal Society of Chemistry 2012



