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ABSTRACT: Four novel polytantalotungstates
KsNa,[P,W,;3054(Ta0,);]-17H,0 (1), N B PR~ .T"M\
KgNagH,[PsWoTa;,(H,0)4(OH)50,34]-42H,0  (2), : T W wa
Cs;K; sHy s[SiW4(Ta0,);05,]-9H,0 (3), and
Cs105KHs s[Ta,04(SiWyTa;04),]-30H,0 (4) were synthe-
sized. Compounds 1 and 3 are tris-(peroxotantalum)-substituted
Dawson- and Keggin-type derivatives, whereas 2 and 4 are
tetrameric oligomers containing respectively an unprecedented :
{Ta;,} and {Ta4} cluster core. The photocatalytic activities of 2 | owe i'lrnu P Tang CHOH  HCHO
and 4 for H, evolution from water were evaluated. The
significantly enhanced performance against the control K¢[P,W 3Oq,] can be attributed to the modulation of the electronic
structures of these novel POMs by Ta incorporation. The highest activity observed so far with the use of 2 can be further

02p

rationalized by the presence of distorted heptacoordinate Ta atoms in the form of TaO, pentagonal bipyramid.

Bl INTRODUCTION

Since the discovery of the photocatalytic splitting of water on
TiO, electrodes by Fujishima and Honda in 1972, the
photocatalytic H, evolution has attracted much attention
because of the increasing energy crisis and environmental
issues." Over the past decades, great progresses have been made
in the discovery of metal oxide semiconductor (MOS, such as
TiO,, titanates, Ta,O; and tantalates)-based photocatalysts.'>
As soluble metal oxides, polyoxometalates (POMs) are well-
defined metal—oxygen clusters formed by early transition metal
of d° electronic conﬁguration.3 Similar to MOSs, POMs are
mostly constructed from corner- and edge-shared MOy (M =
Mo®, W%, Nb**, Ta%) octahedra. The similarities in
composition and structure endow POMs and MOSs with
similar electronic and light-absorption characteristics.* For
example, like the valence band (VB) and conduction band
(CB) in MOSs, the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) of POMs are also composed of oxygen 2p and
metal d orbitals, respectively.’ Upon irradiation, electrons in
POMs are promoted from HOMO to LUMO as from VB to
CB in MOSs inducing oxygen-to-metal charge transfer
(OMCT). In addition, the HOMO—-LUMO gap of POMs
generally approximates the band gap of MOSs. For example,
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the HOMO—LUMO gap of Keggin polyoxotungstates is about
2.8 eV, whereas the band gap of TiO, is about 3.2 eV.*S A
corollary is that POMs exhibit similar photochemical and
photocatalytic behaviors to MOS photocatalysts and may be
considered as soluble analogues of MOSs.”

As green photocatalysts, polyoxotungstates (POTs) have
been extensively studied for the degradation of organic
pollutants in water.**® The H, evolution activity of a few
POTs has also been investigated,” but the performance is not
nearly as good as that of MOS photocatalysts, among which Ta
oxides'® and tantalates'" such as Ta,O5, MTaO; (M = Na, K,
Li, Ag), M,Ta,0, (M = Ca, Ba), MTa,04 (M = Mg, Ba, Sr),
and La-doped NaTaOj are most notable. The high CB levels
have been proved to be key to the activity of these Ta-based
catalysts.'>* Because the CB level largely depends on the nature
of the metal(s) and can be tuned with appropriate combination
of metals,'? it may be feasible in the case of POT to lift their
relatively low LUMO energy levels,*® for example, by
incorporating Ta atoms in order to achieve mixing or
hybridization of TaSd and WS5d orbitals. As such, the
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photocatalytic H, evolution activity of the resulting poly-
tantalotungstates may be enhanced over pure polytungstates.

Along this line of thinking, we have succeeded in making four
novel polytantalotungstates with the use of trivacant [P,W ;-
Og]"*™ and [SiW,04,]'" as ligands: K Na,[P,W,;-
O59(Ta0,)5]-17H,0 (1), KgNagH,[PsWoTaj,(H,0),-
(OH)50,36]-42H,0 (2), Cs3K35H,5[SiWo(Ta0,);05,]-9H,0
(3), and Csyo sKyHs [ Ta,06(SiWoTa30,4)4]-30H,0 (4). Com-
pounds 1 and 3 are tris-(peroxotantalum)-substituted Dawson-
and Keggin-type derivatives, respectively. Compounds 2 and 4
are tetrameric oligomers, containing respectively an unprece-
dented {Ta;,Os} (abbreviated as {Ta;,}) and {Ta;sO¢}
(abbreviated as {Ta;s}) cluster core. The photocatalytic H,
evolution activities of 2 and 4, with respect to
K¢[P,W,504,]-14H,0 (abbreviated as P,W,g), have been
evaluated. The H, evolution rate of 2 reaches 1250 ymol g™
h™', which is, to the best of our knowledge, highest among all
POT photocatalysts reported thus far.

B RESULTS AND DISCUSSION

Synthesis. The synthesis of Ta-containing POMs is
challenging largely due to the strong tendency of soluble Ta
precursors (e.g., [TagOo)®” or TaClg) to form intractable gel-
like materials in aqueous solution or Ta,O; precipitate. The
chemistry of polyoxotantalate (POTa) has been dominated by
that of the Lindqvist anion [TagO;y]%", which is under alkaline
conditions only."® As a result, there exist only a small number of
derivatives of [TagO1]% in the literature."* However, although
cluster compounds featuring {Ta,} and {Tag} cores stabilized
with organic ligands'® are known, they are prone to oxidation
and hydrolysis reactions leading to decomposition in aqueous
solutions.

In this article, we demonstrate that it is feasible to access
high-nuclearity Ta clusters under acidic conditions with the use
of trivacant Dawson- or Keggin-type POTs as supporting and
protecting ligands. By reacting [a-P,W sO¢]"*” and
[Tas04,]* in aqueous H,0, solution, compound 1, formulated
as KiNa,[P,W;,044(Ta0,);]-17H,0 based on evidence from
3P and "W NMR, IR, thermogravimetric analysis (Figure S3
of the Supporting Information), and elemental analyses (K, Na,
P, Ta, W), was obtained; despite our painstaking efforts, single
crystals suitable for X-ray diffraction still eluded us. Crucial to
the isolation of 1 is the use of excess H,O, to prevent the
formation of insoluble Ta,Os. Even so, it has been found that
[Tag015]®" decomposes if left in strongly acid solution for an
extended period of time. Therefore, the other two reactants,
namely hydrochloric acid and Naj,[a-P,W; O] should be
added swiftly to the [Taz0,4]%"/H,0, solution, after which the
pH value of the mixed solution was raised up to about pH 6.2
and the reaction went smoothly. The product yield was
maximized if the reaction was carried out at 45 °C for at least
one hour.

Compound 2 was obtained facilely and in good yield by
refluxing 1 in an acid solution, during which course the peroxo
groups of 1 are eliminated. It is of note that one-pot synthesis
without isolation of 1 only produced a complex product
mixture that is hard to purify. The complication may be caused
by the presence of various species present in the solution and at
equilibrium prior to the crystallization of 1; these species, by
going through disparate reaction pathways under reflux and in
an acidic solution, may lead to the formation of various
products present in the product mixture.

The syntheses of Keggin derivatives 3 and 4 are similar to
those of 1 and 2, respectively. Compound 3 was synthesized by
reacting [SiW,05,]""” with [Tag0,,]*” in an H,0, solution but
can only be precipitated out as mixed Cs/K salt by the addition
of solid CsCl Reflux of 3 in an acid solution afforded
compound 4 in moderate yield.

We also attempted the synthesis of the tris-tantalum
substituted monomeric species {P,W,;Ta;O4,} and
{SiW,Ta;0,0} respectively with classical Dawson or Keggin
structures, but failed. They, as controls, would be valuable in
investigating the effects of incorporating Ta into the POT
frameworks on the photocatalytic properties. We did not
succeed, however, possibly because the monomeric species are
unstable with a strong tendency to oligomerize under acidic
conditions with the formation of M-O-M bonding motifs.
Analogous chemistry has previously been demonstrated in Ti-
and Nb-containing POMs.'®

Structure Description. As shown in part a of Figure 1 and
Figure S1 of the Supporting Information, the polyanion of 2

Figure 1. (a) Polyhedral representation of polyanion 2a. (b) and (c)
Combined polyhedral/ball-and-stick representations of the {Ta;,}
cluster in 2a. Color scheme for polyhedra: WOy (teal), PO, (pink),
TaO, (lime); for spheres: Ta (gray), O (oxo, red; H,O, blue; OH,
cyan).

(2a) consists of four tetrahedrally disposed lacunary Wells-
Dawson {P,W,;Oss} segments linked by a central {Tap}
cluster. Each Ta atom is heptacoordinate with O atoms,
forming a distorted pentagonal bipyramid of TaO, (parts b and
c of Figure 1). Three corner- and edge-shared TaO; units form
a secondary building unit {Ta;}; four such units are further
assembled to give the {Ta;,} core. It is tempting to consider
this Ta-oxo motif as a potential building block for the assembly
of polyoxotantalates and Ta-containing heterometallic POMs
characterized by gigantic cluster structures similar to the well-
known Mo-, W-, and Nb-based POMs."” We also note that
several tetrapod-Dawson POMs have been reported,®*~ %82
but they are all regular tetrahedra with ideal or approximate Td
symmetry. However, the unique configuration of the present
{Ta,,} cluster leads to a markedly different C2v symmetry of 2a
(Figure S2 of the Supporting Information).

As shown in Figure 2, in the {Ta;} unit, Tal and Ta3 atoms
are edge-shared, each coordinated by an O(P) atom with a Ta—
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Figure 2. Mixed polyhedral/ball-and-stick representation of the
quarter motif of polyanion 2a. Color scheme for polyhedra: WO
(teal), TaO, (lime); for spheres: W (teal), P (purple), O (red and
blue).

O(P) distance of 1.53 A. Ta2 is uniquely corner-shared with
Tal and Ta3, but not directly bonded to the O(P) atom as
indicated by the long Ta--O(P) separation of 3.90 A. It is
however coordinated by an aqua ligand with a normal Ta—
O(aqua) bond length of 2.17 A. The nature of these and other
O atoms in 2a is determined by the bond valence sums
(BVS)*! (Figure S3 of the Supporting Information): there are
four terminal H,O (0.50) and 8 yu,—OH (1.39—1.48) with the
rest being either y,-O (2.01—2.06) or 4i5-O atoms (2.15-2.21).
The BVS results for the other atoms in 2a are consistent with
the assignments of P(V) (4.63—5.12), Ta(V) (4.98—5.21), and
W(VI) (5.71-6.11).

Of particular note in the crystal structure of 3a, the polyanion
of compound 3, is that every Ta atom is coordinated by 5 O
atoms and one terminal 77>-peroxo group (Figures S4 and SS of
the Supporting Information). To our best knowledge, the latter
is the very first structurally proven Ta-peroxo motif providing a
valuable addition to the family of peroxo-containing
POMs.'?? The average O—O distance in the peroxo groups
of 3a is 1.50 A, which is close to the values found in the crystal
structures of hydrogen peroxide (1.49 A)*® and the
aforementioned peroxo-containing POMs.'*"*2

The crystal structure of 4a, the polyanion of compound 4,
consists of a {Ta,¢} cluster core surrounded by four {SiW,0;,}
units (Figure 3); the {Tas} core contains four tritantalum
groups from the Keggin units linked together by a central
Ta,Os motif (Figures 3 and Figure S6 of the Supporting
Information). Unlike the heptacoordinate Ta atoms of TaO; in
the structure of 2a, the Ta atoms in 4a are each hexacoordinate
with O, forming an octahedron of TaOg. On the basis of the
bond lengths found in the structures of 3 and 4, BVS analyses
yield the following results: W(VI), Ta(V), Si(IV), peroxo O of
3 (monovalent, 0.869—0.925), and other O atoms (divalent,
1.573—2.044).

Photocatalytic Activity. To demonstrate the potential use
of compounds 2 and 4 as photocatalysts and in hopes of
demonstrating the effects of Ta incorporation into POTs on
the enhancement of catalytic activity, the rate of H, evolution
from water under photolytic conditions was measured using the
Ta-free P,W,g as control.

Figure 3. Polyhedral representation of the polyanion 4a (left), and the
mixed polyhedral/ball-and-stick representation of the {Tas} cluster
(right). Color scheme: WOy (teal), SiO, (orange), TaOg (lime).

The photocatalysis of all three compounds was first
characterized by the color change of the reaction mixture
from colorless to deep blue, an indication of the reduction of
W(VI). The color remained if the system was protected from
oxygen. However, reoxidation of W(V) to W(VI) occurred
within hours of air or oxygen exposure with decoloration of the
deep-blue solution.

With the use of 2 and in the presence of Pt cocatalyst formed
by the reduction of H,PtCls at the beginning of the
photoreaction, H, evolved steadily at a rate of 375 pmol h™!
after irradiation for 45 min, highest among all known POT
photocatalysts. The total amount of H, evolved over 12 h is
101 mL (4.5 mmol), and the corresponding turnover number
[(moles of H, formed)/(moles of 2)] is 247. No obvious
decline in the H, evolution rate was observed within 36 h
(Figure 4 and Figure S19 of the Supporting Information). In
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Figure 4. Dependence of H, production on irradiation time with the
use of 2 (black), 4 (red), and P,W;s (blue) as photocatalysts. The
experiments were performed in 270 mL of solution containing S0 mL
CH;OH, 220 mL 0.5 M HC], 0.2 mL H,PtCl; solution (1.48 mg Pt),
and 0.3 g catalysts.

comparison, the use of 4 and P,W;4 (control) under otherwise
exactly the same reaction conditions led to the production of
H, at rates of 241 and 89 umol h™', respectively (Figure 4).
The H, evolution rate of 2, 4 and P,W,; were respectively
1250, 803, 297, if using umol g_1 h™! as unit.

These results merit further discussion. First of all, the
significantly higher rates with the use of 2 and 4 versus the
P,W,g control clearly indicate the positive effects of Ta
incorporation on the photocatalytic activity, possibly due to the
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modulation of the electronic structure by way of mixing the
W35d and TaSd orbitals and specifically raising the LUMO level
of the polytantalotungstates with respect to Ta-free POTs.
Second, the noticeably higher rate of H, evolution in the case of
2 versus 4 may be rationalized in terms of its unique structure.
On the one hand, the TaO, pentagonal bipyramids in 2 are
severely distorted as reflected by the Ta—O bond lengths
between 1.92 A and 2.18 A and the O—Ta—O bond angles
between 67.0° to 156.9°. It is commonly believed that the
dipole moment originated from the distortion of M-O
polyhedra is important for charge separation in the photolytic
process and consequently the resulting catalytic activities of
POMs."**** On the other hand, the formation of protonated
intermediates in titania and homogeneous organometallic
complex systems has been shown to play important roles in
the photocatalytic production of H,.*® In 2, 4 aqua ligands and
8 4,—OH are bonded directly to Ta atoms in the {Ta;,}
cluster, providing effective pathway(s) for electron transfer and
the subsequent reduction of proton to H/H,. Third, compound
2 can be regenerated and recovered (Figure S18 of the
Supporting Information) when the deep-blue reaction mixture
was reoxidized by exposure to air or oxygen. The robustness of
2 and its catalytically active equivalents under the acidic
catalytic conditions is collectively supported by the following
evidence: (1) No change took place in the *'P NMR spectrum
of 2 after its storage in acid solution for four months (part B of
Figure S21 of the Supporting Information); (2) Compound 2
can be recrystallized repeatedly in nearly quantitative yields
from acidic solutions (aq. HCl, HNO;, or H,SO,; 0.1-1.0 M
[H']); (3) The cyclic voltammograms of 2 in 1.0 M H,SO,/
Na,SO, are reproducible in multiple scans (Figure S16 of the
Supporting Information) suggesting that 2 is stable during the
reversible redox process leading to the photocatalysis; (4) the
IR and P NMR spectra of the recovered sample after
photocatalytic experiments (Figure S20 and part C of Figure
S21 of the Supporting Information) are the same as those
produced from the as-prepared 2.

Analogous photocatalytic studies were not done for
compounds 1 and 3 because neither can maintain their
structural and compositional integrity during the photocatalytic
reactions because of the presence of the easily reduced Ta-
peroxo moieties. A gamut of reduction products including 2, 4,
and some unknown species was produced; the species possibly
responsible for catalysis cannot be unambiguously identified.

B SUMMARY

In summary, two tris-(peroxotantalum)-substituted polytanta-
lotungstates (1 and 3) and two high-nuclearity Ta cluster-
containing polytantalotungstates (2 and 4) were obtained by
facile aqueous routes in which two different trivacant
polytungstates were used to control the assembly of the
unprecedented and highest-nuclearity Ta cluster cores.
Significant photocatalytic activities of 2 and 4 for H, production
from water were demonstrated with respect to the use of
K¢[P,W,50¢,]-14H,0, a structurally closely related and Ta-free
polyoxotungstate, clearly suggesting the importance of
modulating the electronic structure of these novels POMs by
way of Ta incorporation. Compound 2 is characterized by
uniquely structured pentagonal bipyramids of TaO,. This
severely distorted building unit is presumably responsible for
the observed photocatalytic effects of 2 because of its enhanced
ability to promote charge separation and to prevent electron—
hole recombination during the photolytic process. Further-

more, the presence of Ta-bonded aqua and hydroxo ligands is
believed to offer the pathways for facile electron transfer for the
reduction of proton to H,. Thus, the present work not only
adds four novel members to a new all-important family of
POMs but also offers a new approach to the development of
effective photocatalysts for the production of H,, a much
sought-after clean energy source. Our future work will be
extended to the Ta/W, Ta/Nb, and Ta/Mo mixed-metal
POMs systems.

B EXPERIMENTAL SECTION

Materials and Instruments. K [P,W;30,]-14H,0 was synthe-
sized according to a published procedure.”® The IR spectra in KBr
pellets were recorded in the range 400—4000 cm™' with an Alpha
Centaurt FT /IR spectrophotometer. Elemental analyses for Cs, Na, P,
K, Si, Ta, and W were determined with a PLASMASPEC (I) ICP
atomic emission spectrometer. Thermogravimetric analyses were
carried out by using a PerkinElmer TGA7 instrument, with a heating
rate of 10 °C/min, under a nitrogen atmosphere. UV—vis absorption
spectra were obtained by using a 752 PC UV—Vis spectrophotometer.
Powder X-ray diffraction (PXRD) measurements were performed on a
Rigaku D/MAX-3 instrument with Cu—Ka radiation in the angular
range 26 = 3—60° at 293 K. UV—vis diffuse reflectance spectra (UV—
vis/DRS) were recorded on a Cary 500 UV—vis-NIR spectrometer.
The W NMR spectra and P NMR spectra were measured on
Avance—400 Bruker NMR spectrometers. Electrochemical measure-
ments were performed with a CHI660B electrochemical workstation
(Chenhua Instruments Co. Shanghai, China). Three—electrode
system was employed in this study. The glass carbon electrode (d =
3 mm) was used as a working electrode, the Ag/AgCl electrode as a
reference electrode, and Pt coil as a counter electrode. All potentials
were measured and reported versus the Ag/AgCl. All of the
experiments were conducted at ambient temperature (25—-30 °C).
The H, evolution reaction was performed in an inner-irradiation-type
quartz reactor. The reaction solution was irradiated with the UV light
emitted by a 250 W high-pressure Hg lamp (CEL-LAM 250). The
amounts of H, evolved were determined using a gas chromatograph
(Agilent 6890N).

Synthesis of 1. K;[Ta,0,,]-17H,0% (2.20 g, 1.10 mmol) was
dissolved in an H,0, solution (12 mL of 30% aqueous H,0O, in 160
mL of water). With vigorous stirring, HCI (aq. 1.0 M) was added in
one aliquot (14 mL), followed by the immediate addition of Naj,[a-
P,W,504c]-18H,0%® (9.50 g, 2.20 mmol). The resulting mixture was
stirred with heating at 45 °C for 1 h, cooled to room temperature, and
then filtered to remove some white precipitate. To the filtrate was
added solid KCl (7.0 g). The mixture was stirred for 40 min and
filtered to remove the small amount of white precipitate formed. To
the yellow filtrate was again added KCl (25 g), and the mixture was
stirred for another 40 min and then filtered to collect the yellow
precipitate formed. The precipitate was washed first with ethanol (12
mL) and then diethyl ether (12 mL), and dried in air to give the
product as a yellow powder (5.9 g, 53% yield based on Ta precursor).
Anal. Caled (%) for K¢Na,[P,W,;049(Ta0,);]-17H,0: Na 1.84, P
1.24, K 391, Ta 10.87, W 55.20; found Na 1.80, P 1.28, K 3.83, Ta
10.96, W 54.88. IR (KBr disks): 1089(s), 952(s), 916(sh), 854(sh),
772(vs), 559(vw), 526(w). 3P NMR (ppm) —10.5, —14.5. "W NMR
(ppm) —150.2, —187.0, —216.4.

Synthesis of 2. A yellow solution of 1 (1.0 g) in 20 mL of HCI
(0.5 M) was refluxed for S h to produce a colorless solution. It was
cooled to room temperature and filtered. The filtrate was allowed to
evaporate at room temperature, affording single crystals suitable for X-
ray crystallography (yield 76% based on 1). Anal. Caled (%) for
KgNagH,[P;W¢,Ta;,(H,0),(OH)0,54]-42H,0: Na 0.98, P 1.33, K
1.67, Ta 11.62, W 59.01; found Na 1.05, P 1.27, K 1.74, Ta 11.24, W
58.67. IR (KBr disks): 1092(s), 960(s), 919(sh), 768(s), 557(vw),
523(w). P NMR (ppm) —11.4, —14.4.

Compound 2 can also be obtained by refluxing 1.0 g of 1 in 20 mL
of HNO; (0.5 M) or H,SO, (0.25 M) for S h till the yellow solution
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was decolored. Upon cooling and standing of the filtrate, the product
was obtained as well-faceted crystals (yield: 71% in HNO; and 72% in
H,SO,). If necessary, 2 can be recrystallized from an acidic solution
(0.1-1.0 M [H'] for HCl, HNO;, or H,SO,) in nearly quantitative
yield.

Synthesis of 3. To a solution containing Kg[TasOy,]-17H,0 (3.15
g, 1.57 mmol), H,0, (30 mL, 30% aqueous H,0,), and water (190
mL) was added with vigorous stirring 24 mL of HCl solution (aq. 1.0
M) in one aliquot. Finely powdered A-a-Na,,SiW,0;,-18H,0% (8.73
g, 3.14 mmol) was added immediately after. The resulting mixture was
stirred at 45 °C for 30 min to produce a yellow solution to which solid
CsCl (30 g, 179 mmol) was added (Note: The use of less expensive
KCl did not lead to the precipitation of the product.). This mixture
was stirred for 30 min and then filtered. The yellow precipitate
collected was washed with two 15—mL aliquots of diethyl ether and
then dried in air (yield 40%, based on Ta precursor). Yellow single
crystals suitable for X-ray crystallography were obtained by
recrystallization from a dilute H,O, solution in 82% yield. Anal
Calcd for Cs;K; sHys[SiWo(T20,);05,]-9H,0: Si, 0.78; K, 3.79; Cs,
11.04; Ta, 15.03; W, 45.81. Found: Si, 0.82; K, 3.90; Cs, 11.25; Ta,
14.78; W, 45.43. IR (KBr disks): 998 (sh), 962 (w), 916 (s), 848 (sh),
790 (vs), 668 (w), 616 (w), 577 (vw), 535(w), 492(w).

Synthesis of 4. The yellow solution prepared by dissolving 3 (0.80
g 0.22 mmol) in 30 mL of HCl solution (aq. 0.5 M) was decolored
after reflux for 2 h. It was cooled to room temperature, and then
filtered to remove the white precipitate. The filtrate was allowed to
evaporate at room temperature, from which colorless crystals suitable
for X-ray diffraction were obtained in one week (yield: 34% based on
3). Anal. Caled for Cs;o K Hss[Ta,06(SiWoTa30,0),]-30H,0: Si,
0.77; K, 1.08; Cs, 10.53; Ta, 19.95; W, 45.61. Found: Si, 0.83; K, 1.24;
Cs, 10.77; Ta, 19.56; W, 46.04. IR (KBr disks): 1062 (w), 987 (w),
915(s), 782(s), 688(vs), 521(w).

Photocatalytic Studies. To an aqueous methanol solution
containing 50 mL CH;OH and 220 mL 0.5 M HCI was added the
catalyst (2, 4, or P,Wg, 0.3 g) and 0.2 mL H,PtCl, solution (0.038 M,
containing 1.48 mg Pt).** The resulting solution was irradiated with a
250 W high-pressure Hg lamp.
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