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ABSTRACT: A series of all-inorganic, abundant-metal-based, high-
nuclearity cobalt—phosphate (Co—Pi) molecular catalysts [{Co,(OH),-
(PO, }4(SiW4034),]77 (1), [{Coy(OH);(PO,)}4(GeWo0s,),]*~ (2),
[{Co4(OH);(PO,)}4(PW4034),]**" (3), and [{Co,(OH)5(PO,)},(AsW,-
034)4]®*" (4) were synthesized and shown to be highly effective at
photocatalytic water oxidation. The {Co;s(PO,);} cluster contains a
Co,0, cubane which is structurally analogous to the [Mn;Ca0O,] core of
the oxygen-evolving complex (OEC) in photosystem II (PSII).
Compounds 1—4 were shown to be the first POM-based Co—Pi-cluster
molecular catalysts for visible light-driven water oxidation, thus serving as a
functional model of the OEC in PSIL. The systematic synthesis of four
isostructural analogues allowed for investigating the influence of different
heteroatoms in the POM ligands on the photocatalytic activities of these
Co—Pi cluster WOCs. Further, the POM-based photocatalysts readily

recrystallized from the photocatalytic reaction systems with the polyoxoanion structures unchanged, which together with the laser
flash photolysis, dynamic light-scattering, *'P NMR, UV—vis absorption, POM extraction, and ICP-MS analysis results
collectively confirmed that compounds 1—4 maintain their structural integrity under the photocatalytic conditions. This study
provides not only a valuable molecular model of the “Co—Pi” catalysts with a well-defined structure but also an unprecedented
opportunity to fine-tune high-nuclearity POM clusters for visible light-driven water splitting.

B INTRODUCTION

Sunlight provides abundant renewable energy source to meet
mankind’s future energy needs. Scientists have long been
interested in developing photocatalysts for solar energy
harvesting, transformation, and storage.l_6 Water oxidation to
dioxygen (2H,0 — 4H' + 4e” + O,) is considered the critical
step of the energy conversion scheme in both natural and
artificial photosynthesis.”~'” Co—Pj, an efficient heterogeneous
oxygen-evolving catalyst, has been reported as possible
structural and functional analogues to the {CaMn,} cubane
in PSIL¥"®'" To date, considerable progress has been made by
depositing Co—Pi catalysts on various photoelectrodes
including a-Fe,03, BiVO,, Si, ZnO, and WO; to afford highly
effective systems for water oxidation.”>* However, the
structure of Co—Pi catalysts remains largely unknown as a
result of the absence of detectable crystallites by X-ray
diffraction.*> The lack of detailed knowledge of the Co—Pi
structures hinders the delineation of structure—property
relationship which will aid in the further tuning of water

-4 ACS Publications  © 2014 American Chemical Society

5359

oxidation activities. Recently, significant efforts have been
devoted to exploring efficient, robust, and noble metal-free
water-splitting catalysts that can mimic the functions of the
{CaMn,} cubane in PSII,”*® and the progress in this field will
provide an important opportunity for constructing molecular
WOCs.*

Polyoxometalates (POMs), a class of metal—oxo clusters
with oxygen-enriched surfaces,> ~>* provide robust all-inorganic
ligand systems to encapsulate and protect active WOCs. The
POMs can also undergo fast, reversible, and stepwise
multielectron-transfer reactions without changing their struc-
tures. As a result, POMs have been explored as efficient
functional components for constructing molecular photo-
catalysts.35_39 For instance, lacunary POMs composed of W
and Mo centers in the highest oxidation states**™* have been
used as oxidatively resistant pure inorganic multidentate ligands
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in place of organic ligands for constructmg well-defined
structural models for photoredox processes. ** In this area, the
{Ru,} core embedded between two lacunary POM moieties has
been proved to be promising all-inorganic candidates for
WOCs,*™ and the single ruthenium substituted silico- and
germanotungstates have recently been shown to be equally
interesting targets

Given the extraordinarily large scale of solar energy
utilization, intense research efforts have recently been devoted
to mimicking photosynthesis with materials composed of earth-
abundant elements. The first carbon-free, abundant-metal-
based WOC [Co,(H,0),(PW,0;,),]'® was obtained by
sandwiching a {Co,} cluster between two lacunary POM
units, serving as an efficient WOC for chemical- and visible-
light-induced water oxidation.””** While this catalyst was
reported to undergo decompos1t10n to CoO, in the presence of
a high positive potential bias,**~” it should be noted that the
electrochemical water oxidation conditions used by Stracke et
al. are different from the photocatalytic water oxidation
conditions. Very recently, Hill et al. confirmed that the anion
[Co,(H,0),(PW,05,),]'°" functions as the dominant molec-
ular WOC, but not a precursor for CoO,**> The crystal
structure of a mixed-valence cobalt-containing polyoxoanion
[Co™Co"(H,0)W,,0;55]" was very recently determined,
which was reported to be an efficient and stable catalyst for
0, production via visible light-driven water oxidation.>* Sakai et
al. explored two Co'™-containing polymolybdate WOCs
[CoMog0,,Hy]*™ and [Co,Mo,,0;34H,]®", and confirmed
that the cobalt core is the O,-evolving site in these two
polyoxoanions.®> Other Co-based POMs have also been
reported, including Si-centered [Co,(H,0),(SiW,03,),]"%"
and [{Co,(#-OH)(H,0)3}(S,W1407)]''~, but the latter was
reported to be hydrolytically unstable.’**” Moreover, the
{Coy(H,0)4(0H);(HPO,),(PW,40;,);}'*™ has been reported
as a stable water oxidation electrocatalyst.

We report here the synthesis, crystal structures, and
photocatalytic water oxidation activities of four stable Co—Pi
clusters: [{Co,(OH);(PO,)}4(SiW;034),]~ (1), [{Co,-
(OH);(PO,) }4(GeW503,),]%~ (2), [{Co,(OH);(PO,)},-
(PWo03,),]**~ (3) and [{Co,(OH);(PO,)},(AsW,0s,),]**"
(4). The hexadecanuclear Co—Pi cluster in these four
compounds contains a {Co,0,} cubane, which is analogous
to the [Mn;Ca0O,] cubane of the OEC in PSII. Compounds 1—
4 are proved to be efficient visible light-driven Co—Pi WOCs
with well-defined structures. Ge- and As-centers were
introduced into the photoactive POM-based WOCs for the
first time.® The systematic synthesis of four isostructural
analogues allowed for investigating the influence of different
heteroatoms of the POM ligands on the photocatalytic activities
of these WOCs.

B EXPERIMENTAL SECTION

Materials and Methods. [Ru(bpy);]Cl,-6H,0 and Na,S,0, were
purchased from Aldrich. Other chemicals used for the syntheses were
commercially purchased and used as received. Na [a-SiW,Os,]-
18H,0, Nay[a-GeW,0s5,]-18H,0, Nay[a-PW,04,]:7H,0 and B—
Nag[HAsW9034] 11H,0 were synthesized according to the liter-
ature,’"®* and characterized by IR spectroscopy. Elemental analyses
of Co, W, K, and Na were performed on a PLASMA-SPEC (I)
inductively coupled plasma (ICP) atomic emission spectrometer.
Thermogravimetric analyses were performed on a Perkin-Elmer TGA7
instrument in N, atmosphere with a heating rate of § °C-min™". IR
spectra were recorded in the range of 400—4000 cm™' on an Alpha
Centaurt FT-IR spectrophotometer with pressed KBr pellets.
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Nanosecond transient absorption measurements were performed
with an Edinburgh Instruments LP920-laser flash photolysis
spectrometer. The *'P NMR spectra were obtained at 295 K in §
mm o.d. tubes on a Bruker Ultra Shield 500 MHz spectrometer. The
chemical shifts are given with respect to 85% H;PO,. Single-crystal
data were collected on a Bruker Apex CCD diffractometer for 1—4 and
a Rigaku R-AXIS RAPID IP diffractometer for S—7 with graphite-
monochromated Mo—Ka radiation (4 = 0.71073 A). Suitable crystals
were mounted in a thin glass tube and transferred to the goniostat.
The structures of 1—7 were solved by the direct method and refined
by the full-matrix least-squares ﬁt on F* using the SHELXTL-97
crystallographic software package

Synthesis of 1 and 2. CoCl,-6H,0 (0.78 g, 3.26 mmol) was
dissolved in 40 mL of distilled water. Na;o[@-SiW,05,]-18H,0 (1.18
g, 0.40 mmol) was added, and the mixture was stirred until a clear,
purple solution was obtained. Na;PO,-12H,0 (0.60 g, 1.58 mmol)
was then added, while a pH of 8.5—9.0 was maintained with 1.0 M
KOH (aq). The resulting turbid solution was stirred for 3 h at room
temperature, and the purple precipitate was removed by filtration.
After that, S mL of 1.0 M KCI aqueous solution was added to the
filtrate, which was stirred for another 30 min, and then filtered. The
filtrate was kept in a S0 mL beaker to allow slow evaporation at room
temperature. After one week, dark-purple crystals suitable for X-ray
crystallography were obtained, washed with cold water, and air-dried
to give 210 mg of 1 (17.0% yield). Anal. Calcd (%): K, 0.63; Na, 5.56;
Co, 7.60; W, 53.3; Found: K, 0.55; Na, 5.64; Co, 7.69; W, 53.1. IR
(KBr disks): 1626 (s), 1421 (m), 1137 (s), 1086 (m), 940 (s), 874
(m), 703 (s), 574 (w), 539 (w), 509 (w), 484 cm™ (w). The
preparation of 2 (200 mg, 16.5% yield) is similar to that of 1, except
that 0.40 mmol Na,[a-GeW,0,,]-18H,0 was used instead of Na,,[a-
SiW,0;,]-18H,0 during the synthesis. Anal. Caled (%) for 2: K, 0.64;
Na, 5.61; Co, 7.67; W, 53.8; Found: K, 0.56; Na, 5.72; Co, 7.55; W,
54.1. IR (KBr pellet) for 2: U = 1627 (s), 1469 (m), 1087 (s), 927
(m), 811 (m), 664 (m), 582 (w), 524 (w), and 459 cm™" (w).

Synthesis of 3 and 4. CoCl,-6H,0 (0.78 g, 3.26 mmol) was
dissolved in 40 mL of distilled water. Nag[a-PW,0,,]-7H,0 (1.16 g,
0.40 mmol) was added and this mixture was stirred until a clear, purple
solution was obtained. Na;PO,-12H,0 (0.60 g, 1.58 mmol) was then
added while a pH of 8.3 — 9.0 was maintained with 1.0 M NaOH (aq).
The resulting turbid solution was stirred for 3 h at room temperature
and the purple precipitate was removed by filtration. After that, S mL
of 1.0 M NaCl solution was added to the filtrate, which was stirred for
another 30 min, and then filtered. The filtrate was kept in a 50 mL
beaker to allow slow evaporation at room temperature. After one week,
dark-purple crystals suitable for X-ray crystallography were obtained,
washed with cold water, and air-dried to give 190 mg of 3 (16.1%
yield). Anal. Calcd (%) for 3: Na, 5.45; Co, 7.98; W, 56.0; Found: Na,
5.36; Co, 7.83; W, 55.8. IR (KBr pellet) for 3: U = 1629 (s), 1517 (m),
1426 (w), 1138 (s), 1091 (w), 1030 (m), 936 (m), 883 (m), 808 (w),
712 (s), and 480 cm™" (w); the preparation of 4 (72 mg, 6.1% yield) is
similar to that of 3, except that 0.40 mmol B—Nag[HAsW,05,]-11H,0
was used instead of Nay[a-PWy05,]-7H,O during the synthesis. Anal.
Calcd (%) for 4: Na, 5.26; Co, 7.71; W, 54.1; Found: Na, 5.33; Co,
7.85; W, 54.2. IR (KBr pellet) for 4: U = 1626 (s), 1092 (m), 1037
(w), 950 (m), 858 (w), 842 (w), 800 (m), 697 (m), 590 (m), 510 (w),
466 (w), and 438 cm™" (w).

Visible Light-Driven Water Oxidation. The photocatalytic water
oxidation was carried out in an external illumination-type reaction
vessel with a magnetic stirrer and analyzed by using an automatic O,
monitoring system at room temperature. In the reaction vessel,
different concentrations of 1—4 (0 — 30 uM) were dissolved in 20 mL
of borate buffer solution (80 mM, pH 7.5—9.0), and Na,S,0; was used
as a sacrificial electron acceptor. The reaction solution was first
degassed by ultrasonication and added to the photosensitizer
[Ru(bpy);]CL, and then evacuated in the dark to ensure complete
air removal. The photoirradiation was performed using a 300 W Xe
lamp equipped with a long-pass filter (420 nm cutoff). The produced
O, was analyzed by gas chromatography with a GC7890T instrument
with a thermal conductivity detector and a S A molecular sieve column
(2 m X 3 mm) using Ar as carrier gas.
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B RESULTS AND DISCUSSION

Synthesis and Structures of 1—4. Co—Pi catalysts are
efficient oxygen-evolving complexes, but their structures remain
largely unknown. In this work, lacunary POMs were employed
as ideal oxidatively resistant, purely inorganic multidentate
ligands to isolate Co—Pi clusters from condensing into
amorphous solids (Figure 1). Room temperature reactions

Figure 1. Synthetic route to obtain Co—Pi clusters 1—4. Ball-and-stick
(a) and polyhedral (b) representations of trivacant POMs:
[XW303,]" (X = Si, Ge, n = 10; X = P and As, n = 9); (c) and
(d) structure of polyoxoanions 1—4. WOy, green octahedra; XO, of
trivacant POMs, orange tetrahedra; PO,, yellow tetrahedra; O, red
spheres; Co, violet spheres.

between four kinds of trivacant POMs, [SiW,0;,]'",
[GeW,0,,]'%, [PW,04,]°7, or [AsW,0;,]°” and CoCl,
followed by the addition of Na;PO, led to four stable Co—Pi
clusters: [{C°4(OH)3PO4}4(SiW9034)4]32_ (1), [{Co4(OH);-
PO,},(GeWy03,),]7 (2), [{Co4(OH);PO,},(PW505,),]%~
(3) or [{C04(OH)3PO4}4(ASW9O34)4]28_ (4).

Compounds 1—4 are isostructural and crystallize in the cubic
space group Fd3. Single-crystal X-ray diffraction analyses
revealed that compounds 1—4 all contain a high-nuclearity
Co—Pi cluster {Co,4(PO,),(OH),} ({Co,s}) encapsulated by
four [XWy0,,]"” (X = Si, Ge, P, and As) units (Figures 1 and
2). Only the structure of 1 is discussed in detail here. In the
asymmetric unit of 1, there are two crystallographically
independent cobalt ions Col and Co2 (Figures S1 and S2b,
Supporting Information [SI]). They are both in a hexa-
coordination environment. The coordination environment of
Col is completed by three oxygen atoms from the lacunary
POM units, two p3-OH groups, and an Op; atom, and the Co2
center is coordinated by three p;-OH groups and three Op
atoms.

The {Coys} cluster in compound 1 comprises a {Co0,0,}
cubane unit in its center capped by four {Co;} units and four
PO, ligands (Figure 2c and f). In the {C0,0,} cubane, the Co—
O distances fall into the range of 2.088(9)—2.137(7) A in 1,
2.114(13)—2.153(10) A in 2, 2.09(2)—2.144(16) A in 3, and
2.078(11)—2.164(10) A in 4, and the Co—Co distances are
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Figure 2. Polyhedral and ball-and-stick representations of the building
blocks (a) and polyoxoanions (b) of 1—4; ball-and-stick representation
of {Co;5(OH),(PO,).} (), {Co160:6} (d), {Co4(PO,),} (e), and
{C0,0,} (f) in 1—4. WOy, green octahedra; XO, of trivacant POMs,
orange tetrahedra; PO,, yellow tetrahedra; O, red spheres; Co, violet
spheres.

3.222, 3.242, 3.205, and 3.247 A, respectively. This structure is
reminiscent of that of the {CaMn,} active site of the OEC in
PSIL Further, the {Co,0,} cubane was coordinated by four
PO, ligands resulting in a {Co,(PO,),} cluster (Figure 2e),
which was connected with four Co; units via the PO, ligands
and 12 p13-OH groups, resulting in the high-nuclearity Co—Pi
cluster {Co,¢}. As shown in Figure S2c in SI, each PO,*~ ligand
coordinated with six Co®" ions via its four O atoms in the Co—
Pi cluster. Further, the high-nuclearity Co—Pi cluster was
encapsulated by four trivacant POM ligands [SiW,0;,]'"
forming an assembly with the idealized T; symmetry. A
previous study showed that the Co—Pi cluster-based
tungstophosphate, which was also composed of a {Co}
cluster encapsulated by four trivacant POM ligands
[PW,0,,]°7, exhibits interesting single-molecule magnet
behivor.”* All of the 16 cobalt ions in the {Co} cluster
exhibit a distorted octahedral coordination environment with
Co—0 bond lengths in the range 2.064(9)—2.332(10) A. Bond
valence sum (BVS) calculations indicated that all the cobalt
ions are in the +2 oxidation state, which was supported by the
X-ray photoelectron spectra of 1—4 (Figure S3, SI).
Alternatively, polyoxoanion 1 could be regarded as a tetramer
composed of four {Co,}-substituted [{Co,(OH);(SiW,05,),]
units, which are fused together by four PO, ligands to result in
the tetrameric polyoxotungstate cluster [{Co,(OH);PO,},
(SiWg034)4]**". In the [{Co,(OH);(SiWy0;,),] unit, the
trivacant POM unit {SiW,0;,}, derived from the saturated
Keggin structure by removal of three adjacent WO, octahedra,
provides seven oxygen donor atoms that are capable of
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coordinating with the {Co,} cluster (Figure S1, SI). As shown
in Figure S2e in SI, three of the four Co?" ions in one Keggin
unit substituted three WOg octahedra from three adjacent
triplets to form a saturated Keggin structure. The fourth Co*"
ion is linked to the Keggin anion by three y3;-OH atoms, which
are all monoprotonated as identified by BVS calculations. It is
worth mentioning that the high-nuclearity {Co,4} cluster is well
wrapped and separated by four {SiW,0;,} moieties, allowing
the Co—Pi cluster to be well isolated to form a WOC without
terminal atoms (such as H,O or Cl) coordinating to the central
Co*" ions.

Photocatalytic Water Oxidation by 1—4. The photo-
catalytic water oxidation activities of compounds 1—4 were
investigated in the borate buffer solution with [Ru(bpy);]** as
photosensitizer and S,04>" as sacrificial electron acceptor. 1—4
were shown to catalyze water oxidation to produce O, under
visible-light illumination as depicted in Scheme SI in S1.55%
The photocatalytic water oxidation was investigated with
different concentrations of 1—4 in 20 mL total volume, and
their catalytic performances were compared as shown in Figure
3. The O, rapidly formed after 5 min of visible light

(a) 1 (b)16 ——
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Figure 3. Kinetics of O, evolution in the photocatalytic system at
different concentrations of (a) 1; (b) 2; (c) 3; and (d) 4. The symbols
used to denote catalyst concentrations are: 0 uM (black ), 3 M (red
e), 5 uM (lime greenA), 10 uM (royal blueV¥), 15 uM (light blue
diamond), 20 uM (magenta left-pointing triangle), and 30 uM (teal
blue right-pointing triangle) (Error bar sd). Conditions: 300 W Xe
lamp, 420—800 nm; 1.0 mM [Ru(bpy);]Cl,, 5.0 mM Na,S,04, sodium
borate buffer pH 9.0 (80 mM); total reaction volume 20 mL; vigorous
stirring (1.5 X 10° rpm).

illumination, and the O, evolution rate decreased over time.
A maximum value of O, yield (O, yield = 2 X mole of O,/mol
of Na,S,04) (18.1% for 1, 31.0% for 2, 17.5% for 3, and 26.4%
for 4) and O, evolution amount (9.0 ymol for 1, 15.5 umol for
2, 8.7 umol for 3, and 13.2 umol for 4) were achieved for 0.4
umol of 1—4 (20 uM) after 90 min illumination. The O,
evolution amount corresponds to a turnover number (TON,
defined as n(0,)/n(catalyst)) of 22.5, 38.75, 20.25, and 33.0 for
1—4, respectively (Figure S4, SI). Accordingly, it was found that
the order of the maximum O, yield and O, evolution amount
catalyzed by 1—4 are P-centered 3 < Si-centered 1 < As-
centered 4 < Ge-centered 2. Also, the initial rate of water
oxidation was consistent with the above sequence of the
catalytic activity of these four catalysts. In 2011, Fukuzumi and
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co-workers reported that [Ru"(H,0)GeW,;05]°~ POM
exhibited a higher water oxidation catalytic activity than that
of [Ru(H,0)SiW,,03,]°7,* and a recent density functional
theory study supported that the WOC activity of a Ge-centered
mononuclear Ru POM catalyst is higher than that of the Si-
centered analogue.67 Further, we performed cyclic voltammetry
(CV) of compounds 1 and 2, which showed that 2 has a higher
electrocatalytic water oxidation activity than 1, and exhibits a
slightly lower overpotential (the onset potential for 1 and 2 are
~0.57 and ~0.53 V, respectively) (Figure SS, SI). The O, yield
increased with the catalyst concentrations increasing up to 20
UM and decreased with a higher catalyst concentration of 30
uM. However, the TON decreased from 44.5, 70.0, 54.2, and
71.5 to 22.5, 38.75, 20.25, and 33.0 for 1—4, respectively, with
their concentration increasing from 3 to 20 uM (Figure S4, SI).
Moreover, an insoluble substance was observed after the
catalytic reaction with 30 uM of 1—4, which was not observed
at low catalyst concentrations (<20 uM). This phenomenon
indicates the formation of ion-pairing salt precipitates, leading
to the decrease of water oxidation activity of 1—4 at high
catalyst concentrations.>*”>%® We attempted to redissolve the
POM—Ru(bpy), salts in aqueous solutions, and DLS revealed
the presence of particles of 263 and 336 nm in diameter for 1
and 3, respectively (Figures S6 and S7, SI). Further, SEM
images of the precipitates showed the existence of the
nanoparticles of ~100 nm and 150—250 nm in diameter for
1 and 3, respectively (Figure S8, SI). EDX analyses of these
nanoparticles indicated the presence of W, Ru, and Co (Figure
S9, SI). These results argue against the formation of the cobalt
oxide nanoparticle under the photocatalytic water oxidation
conditions.

The photoinduced water oxidation was also investigated in
the absence of 1-4. O, evolution was detected with a
maximum value of 0.19 umol after 90 min irradiation, which
corresponds to <2% of the amount of O, generated in the
presence of 1—4. In addition, there was no O, evolved without
photosensitizer or Na,S,0q. Further studies revealed that the
pH value and concentrations of photosensitizer and sacrificial
electron acceptor have important influences on the activity of
the catalyst. Photocatalytic activities of 1 and 2 were explored
by using 80 mM borate buffer with different pH values
containing 20 uM catalysts, 1.0 mM [Ru(bpy);]Cl,-6H,0, and
5.0 mM Na,$,0; (Figure 4). The O, evolution amount, O,
yield, and TON increased from 3.9 pmol to 9.0 pmol, from
7.8% to 18.1%, and from 9.75 to 22.5 for 1 with the pH value
increasing from 7.5 to 9.0. The O, evolution amount, O, yield,

@ (®)16
84
24
~
2% — %
34 %8'
o
=]
] 4l
0 T v y 0 T T v
0 30 60 90 (] 30 60 90
Time (min) Time (min)

Figure 4. Kinetics of O, evolution of the photocatalytic system at
different pHs of borate buffer (pH 7.5 (M); 8.0 (red ); 8.5 (lime
green A); 9.0 (royal blue¥)) with 20 M (a) 1 and (b) 2 (Error bar
sd). Conditions: 300 W Xe lamp, 420—800 nm; 1.0 mM [Ru(bpy),]-
Cl,, 5.0 mM Na,S,0s, sodium borate buffer (80 mM); total reaction
volume 20 mL; vigorous stirring (L5 x 10° rpm).
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and TON increased from S.5 pmol to 15.5 ymol, from 11.0% to
31.0%, and from 13.75 to 38.75 for 2 with the pH value
increasing from 7.5 to 9.0. These results are consistent with fact
that the water oxidation half reaction has a larger driving force
at higher pHs. We also found that the photocatalytic water
oxidation activity of 2 is higher than that of 1 in the same pH of
80 mM borate buffer.

Kinetic Analysis of Photocatalytic Water Oxidation.
The photocatalytic water oxidation was also studied with
different concentrations of photosensitizer and sacrificial
electron acceptor (a and b of Figure S). The amount of O,

(a) (b) 16
8 12
S o)
§ E
o 3°
=) ~
4
0 T T r 0- T T "
0 30 60 90 0 30 60 90
Time (min) Time (min)
© @16
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S'al ~
Q 44
0 T T r 0 r T -
0 30 60 90 0 30 60 92
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Figure S. Kinetics of O, evolution of the photocatalytic system at
different [Ru(bpy);]** concentrations (0 mM (black W); 0.1 mM (red
e); 0.2 mM (royal blue A); 0.4 mM (teal blue¥); 0.5 mM (magenta
left pointing triangle); 0.8 mM (olive green right pointing triangle);
0.9 mM (navy blue diamond); 1.0 mM (lime green star)) with 20 uM
(a) 1 and (b) 2, and at different Na,S,04 concentrations (0 mM, (H);
1.0 mM, (red e); 2.0 mM, (royal blueA); 3.0 mM, (teal blueV); 4.0
mM (magenta left pointing triangle); 5.0 mM (olive green right
pointing triangle); 6.0 mM (navy blue diamond); 7.0 mM (lime green
star)) with 20 uM (c) 1 and (d) 2 (Error bar sd). Conditions: Xe
lamp, 420—800 nm; sodium borate buffer pH 9.0 (80 mM); total
reaction volume 20 mL; vigorous stirring (1.5 X 10° rpm).

evolution catalyzed by 1 and 2 both increased when the
[Ru(bpy);]Cl, concentration increased from 0.1 mM to 1.0
mM. The O, yield increased from 3.78% to 18.1% for 1 and
from 5.26% to 31.0% for 2. The corresponding TON increases
from 4.7 to 22.6 for 1 and from 6.58 to 38.75 for 2. We also
observed that the amount of O, evolution catalyzed by 2 is
higher than that catalyzed by 1 in the same concentration of
[Ru(bpy);]Cl,. For compound 1, the initial oxygen evolution
rate shows linear dependence on the concentration of
[Ru(bpy);]** at a constant concentration of S,04"" (Figure
6a). The initial oxygen evolution rate also shows linear
dependence on the concentration of $,04* with its
concentration lower than 5 mM and reaches saturation at the
concentration of >5 mM. These experimental results indicate
that the reaction is first order to both [Ru(bpy);]** and S,04*~
(eq 1) at low S,04>" concentrations. A rate constant k of 9.16
M~ min™' was derived from linear fitting of initial oxygen
evolution rates against [Ru(bpy);]** concentrations.

d[0,]

e k[Ru][S,0;7]

(1)
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Figure 6. Initial O, evolution rate vs (a) [Ru(bpy);**] ([S,04*]1 =5
mM, [1] = 20 uM) and (b) [$,057] ([Ru(bpy);**] = 1 mM, [1] = 20
uM) for 1; the initial O, evolution rate vs the concentrations of
catalysts (c) 1 and (d) 2 ([Ru(bpy);**] = 1 mM, [S,04*"] = 5 mM).
Conditions: Xe lamp, 420—800 nm; sodium borate buffer pH 9.0 (80
mM); total reaction volume 20 mL; vigorous stirring (1.5 X 10° rpm).
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However, the influence of Na,S,04 concentration on the
photocatalytic water oxidation activity of compound 2 is
different from that of 1. The O, evolution amount decreased
with the increasing concentration of Na,$,0g in the 5 =7 mM
concentration range (Figure 5d), and the TON decreased from
3875 to 26.75. A similar photocatalytic behavior is also
observed for compound 4 (Figure S10, SI). As shown in Figure
S10 in SI, the photocatalytic water oxidation reactions of
compound 2 deviated from the first order in terms of
[Ru(bpy);]*" or S,04>~ concentration, which indicates a highly
complex process of photocatalytic water oxidation by 2.°° Parts
c and d of Figure 6 show that initial oxygen evolution rates of 1
and 2 in the first 300 s are first order to the concentration of
the catalysts with high [Ru(bpy);]** and S,04*~ concentrations
(relative to catalyst concentration).

As shown in Figure 3, O, quickly formed under visible-light
illumination. An initial turnover frequency (TOF) in the first
300 s reached 0.053 s and 0.105 s~ for compounds 1 and 2,
respectively. Here the TOF for oxygen evolution is defined as
O, evolution amount/catalyst amount/At, where At is
expressed in seconds. These TOF values are comparable to
those of other Co-POM water oxidation catalysts.”>>>*” For
example, the two reported Co'-based POMs with WOC
activity, [Co,(H,0),(PW,05,)]1*°" and [{Co,(u-OH)-
(H,0),}(Si,W,40,0)]"'", have initial water oxidation TOF
values of 0.08 s™' and 0.1 s7!, respectively.”**>*" However,
[{Co,(u-OH)(H,0);}(Si,W,50-,)]"'~ is unstable and slowly
undergoes hydrolysis in the catalytic process. For the Co™-
based POMs, a slightly higher initial TOF values of 0.11 s~ for
[CoMo40,,H]*™ and 0.16 s™* for [Co,Mo0,,03H,]* were
achieved with 300 W Xe irradiation (400—800 nm).>® Recently,
a TOF of 0.5 s (in 60 s) was reported for a mixed-valence
cobalt cluster-containing POM [Co™Co(H,0)W,,0,0]7">*
To support these comparisons, we also determined the water
oxidation catalytic activity of [Co,(H,0),(PW,0;,)]'°" under
our experimental conditions, which gave similar TOFs to those
of the present Co-POMs (Figure S12a, SI).

Reuse of 1—4. The reuse of catalysts 1—4 was carried out
by addition of another S mM of Na,S,05 to the reaction
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solution after the first completion of catalytic experiment.****>*

In the second run, the O, evolution amount decreased to 6.1,
9.1, 6.0, and 8.3 umol for 1—4, respectively (Figure S13, SI).
DLS measurements showed the absence of any particles after
the second run of photocatalytic water oxidation. In addition,
after completion of the first run, 0.3—0.5 mM of the
photosensitizer was added to reaction system together with
another S mM of Na,S,0q, and then photocatalytic water
oxidation was run by the same operation as the first run.
However, the O, evolution amount was similar to that of
adding only S mM of Na,$,0; after the first run (Figure S13,
SI). Further, the sodium borate buffer has a low buffer capacity
at pH < 8.0. The pH after the photocatalytic experiments was
determined and listed in Table S3 in SI. A significant drop of
the pH value was observed for the photocatalytic system in
sodium borate buffers with pH < 8. Also, we performed another
second run of photocatalytic reaction by the addition of
Na,B,0; to adjust the pH value of the reaction solution back to
9.0. The O, evolution amount was slightly higher than the red
curve in Figure S13 in SL These results indicate that the loss of
the O, evolution activity after the first reaction run is influenced
by a combination of several factors of the complicated solution
environment after photocatalysis.

The Stability Studies on 1—4. Recently, the stability of
molecular WOCs has received scrutiny as the WOCs might
decompose into catalytically active oxide nanoparticles. POM-
based WOCs can potentially have advantages because of the
encapsulation and protection of active WOCs by the oxidatively
stable POMs. In this work, we tested the stability of the Co—Pi
clusters by laser flash photolysis and DLS measurements.
Nanosecond laser flash photolysis experiments were carried out
to measure the hole-transfer rates between the [Ru(bpy),]**
and the catalysts of 1—4. The [Ru(bpy);]** is in situ
photogenerated in a few microseconds by irradiation of the
solution containing 50 uM [Ru(bpy);]** and 5.0 mM S,04*"
(Figure S14, SI) followed by hole scavenging by 1—4. The
black trace shows the constant [Ru(bpy);]*" concentration
obtained in the absence of 1—4, and the other traces display the
obvious reduction of [Ru(bpy);]** in the presence of 1—4
measured at different time intervals. The hole-scavenging
activity of 1—4 remains constant with different aging times,
revealing that 1—4 is stable over this time-scale.”

DLS measurements were performed in a solution of 20 #M 1
or 2, [Ru(bpy),]** (1 mM), Na,S,04 (5 mM) in 80 mM borate
buffer (pH 9.0) after 90 min irradiation with a 300 W Xe lamp.
The DLS results showed that no nanoparticles can be detected
after photocatalytic water oxidation (Figures S1S and S16, SI).
In addition, the same experiments were also conducted by using
10 uM Co(NO;),-6H,0 instead of 20 #M 1 or 2 . After 15 min
of irradiation, nanoparticles with a diameter of ~147.7 nm were
readily detected (Figure S17, SI). These results provide strong
evidence that metal hydroxide/oxide nanoparticles (especially
cobalt hydroxide/oxide nanoparticles) are not generated from
the hydrolytic decomposition of 1 and 2 after the photocatalytic
experiments.

3P NMR spectrum of compound 3 was taken to ascertain
that the phosphate groups coordinate to the central {Co ¢}
cluster in the borate buffer solution. Two *'P peaks at ~642
and 2156 ppm were observed (Figure S18, SI). These results
indicate that phosphorus atoms exhibit two different chemical
environments in the POM anions, which is consistent with the
single-crystal structure.
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Recently, Hill and co-workers devised an ingenious
extraction method to address the molecular POM photocatalyst
stability issue. POM species were extracted from the solution
using tetraalkylammonium salts by taking advantage of the
highly anionic nature of POMs, and the remaining soluble
species could be easily quantified by elemental analysis.>®> We
performed a similar study by using tetra-n-heptylammonium
nitrate to extract the POM from the aqueous solution of the
Co,—POMs. After extraction of Co;4—POMs from solutions,
inductively coupled plasma mass spectrometry (ICP-MS) was
performed to quantify the amount of Co-containing species
remaining in solution. Aging 20 uM of compounds 1-3 in 80
mM pH 9.0 sodium borate buffer for 3 h, followed by the
extraction technique, yielded a concentration of cobalt at 0.65,
0.87, and 091 yM remaining in the reaction solution for
compounds 1, 2, and 3, respectively (Table S4, SI). The
corresponding W concentrations are 1.46, 2.20, and 1.81 uM
for these solutions, respectively. The POM extraction and ICP-
MS analysis results thus indicated that less than <0.3% of
POMs could have decomposed to release Co®* ions in the
borate buffer. To rule out that the dissociated Co** ions could
be responsible for the observed photocatalytic water oxidation
activity of 1—4, we have performed the catalytic reaction with 1
uM Co(NO,),-6H,0 under the same catalytic conditions. This
experiment only produced a very small amount of O, (<6% of
those produced by 1—4).

For comparison, we also performed the photocatalytic water
oxidation with 20 uM Co(NO;),-6H,0 under the same
conditions. As shown in Figure S12b in SI, compounds 1—4
exhibited higher catalytic activity than the control Co*" ions.
Further, we performed the UV—vis spectra of compounds 1—4
in different pH values (7.5, 8.0, 8.5, and 9.0) with different
aging times (0—90 min). As shown in Figures S19—S22 in SI,
the UV—vis spectra remained unchanged with the time,
supporting the stability of the POMs under these conditions.

These photocatalysts were also readily recrystallized from the
photocatalytic systems with the polyoxoanion structures
unchanged. After the photocatalytic experiment, the solution
(with 20 uM catalysts) was kept at room temperature, and the
solvent was allowed to slowly evaporate. After 2—3 weeks,
single crystals suitable for X-ray crystallography recrystallized
from the photocatalytic systems containing compounds 1-3.
These crystals have the formulas of Naj,[{Co,(OH);PO,},
(SiW4034)4]-52H,0  (5), Nay,[{Co4(OH);PO,},(GeW,-
034)4]:114H,0 (6), and Nay[{Co,(OH);PO,},(PW403,)4]:
S8H,0 (7), respectively. Single-crystal X-ray diffraction
analyses revealed that compounds 5 and 6 crystallized in the
chiral space group I23 (flack parameters —0.02(3) and
0.26(8)), and compound 7 crystallized in the Pbcn space
group (Table S2, SI). Although they crystallized in the different
space groups from those of compounds 1—4, polyoxoanions 5—
7 also contained a high-nuclearity Co—Pi cluster
{Co,4,(P0O,),(OH),,} encapsulated by four trivacant
[XW4034]"" units, keeping the structural integrity of
polyoxoanions in 1-3 (Figure S23, SI). In addition, the
activity of photocatalytic water oxidation of the {Co}
compounds aged for 2 h and 48 h was the same as that of
the fresh catalyst, which also provided additional evidence that
compounds 1—4 were the molecular catalysts for the water
oxidation reaction (Figure S24, SI).
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B CONCLUSIONS

A series of carbon-free high-nuclearity Co—Pi clusters were
synthesized and reported as the POM-based Co—Pi molecular
photocatalysts. This study provides not only a valuable
molecular model of the “Co—Pi” catalysts with a well-defined
structure but also an unprecedented opportunity to fine-tune
high-nuclearity POM clusters for visible light-driven water
splitting. Their photocatalytic water oxidation activities have
been systematically investigated and showed that 1—4 are all
effective molecular catalysts and the photocatalytic performance
is 3 < 1 < 4 < 2 under visible light irradiation. As 1—4 are a
series of Si-centered, Ge-centered, P-centered, and As-centered
POM:s with analogous structure, the comparison of the catalytic
activity among 1—4 for water oxidation provides valuable
insight into the influence of heteroatoms on oxygen evolution
as well as the further design and synthesis of more stable and
efficient WOCs. Multiple experiments collectively confirmed
that compounds 1—4 are genuine molecular catalysts and
maintain their structural integrity under the photocatalytic
conditions.
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