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Hexa transition-metals incorporated polyoxotungstoarsenates, [Mg(Hy0)2(AsW9O34)2(AsWsO06)]'7~ M2+ =
Mn?*+, Co**!, Zn*), have been prepared at pH 7-8 and characterized by elemental analysis, electrochemistry, and
X-ray crystallography: Na;7[Mng(H20)2(AsW9034)2(AsW¢O26)]:41H,O (1), P2y /c, a = 17.73(1)1&, b= 22.34(1)1&,
c=35413)A, B=9537(3)°, V = 13963(14) A3, and Z = 4; Na;7[Cos(H,0),(AsWoO34)2(AsWOa)]-41H,0 (2),
P2i/c,a=17.65(1)A, b =2224(1)A, c =34.78(2) A, B = 95.84(2)°, V = 13584(13) A3, and Z = 4; Na;7[Zne(H,0),-
(AsW9034)2(AsWs026)1-38H20 (3), P21 /c, a = 17.6295(6) A, b = 22.2992(7) A, ¢ = 34.927(1) A, B = 95.695(2)°,
V = 13662.8(7) 10\3, and Z = 4. The anion of 1-3 consists of two B-oz [{M(H,0)}M;(AsWoO34)]>~ units joined by a
B-type hexa-vacant [AsWO]!''~ fragment, corresponding to a removal of the edge-sharing W30z moiety from B-&
[AsWy034]°~, to form a C,,-symmetric V-shaped geometry. Two edge-sharing MOg-octahedral triads (with M--M dis-
tances 3.2-3.4 A) are well-separated with M--M distances of 5.5-8.9 A. Three successive electrochemically quasi-revers-
ible two-electron Mn"/Mn"™ waves were observed in the cyclic voltammogram of 1. M?* ion with larger radius causes
an elongation of the As--As distances. A single Na' cation coordinated by three oxygen atoms (two belonging to B-o
[AsWo034]°~ and one belonging to B-[AsW¢O56]''7) in the crevice of the anion stabilizes the V-shaped structure.
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In the presence of trivalent rare-earth ions (Ln**) and diva-
lent transition-metal ions (M?*), B-type tri-vacant fragments
[As"W,0331°~ and [AsYW¢0s34]°~, which are produced by
removal of three WOg octahedra that are edge-sharing from
a-Keggin anions [As!"W ,040]°~ and [AsYW,049]>~ respec-
tively, self-assemble to form large-sized clusters such as
[Ce16(H20)36(WO2)4(W206)5(W5O015)4(0t-As"" W5 033)1,]70 7!
[K{Eu(H,0),(As™W¢033)}61*~.>  [Cs{Bu(H,0)2(As"™W,-
033)}41%7.2 [{M(H,0)}3(As"W4033),]~ (M = Mn**, Co**,
Cu®*, Zn*") > and [(M)4(H20)2(AsYW9034):]'" (M =
Mn?*, Fe?t, Co?t, Ni*t, Cu?*, Zn?**, Cd**).58 In [{M-
(H2O)}3(ASHIW9033)2]127, two B-«o [ASIHW9033]97 anions,
which incorporate As™O; trigonal pyramids, sandwich the
Mj; triangle with the D3;-symmetric geometry (in an o-Keggin
structural motif with the lone pair electrons of two As™' atoms
pointing away from each other.’ In [M4(H,0):(AsYWo-
014)21'°", on the other hand, two B-oz [AsYW034]°~ anions,
which incorporate AsVO, tetrahedra, sandwich the M, rhom-
bohedral-like tetragon with C;-symmetric geometry with a f-
Keggin structural motif.>® Figure 1 shows the Ds;,- and C;-
symmetric sandwiched structures of [{M(H,0)}3(As"TWo-
033)21'*" and [M4(H,0)2(AsYWo034),]'0".

The use of NaAs™O, instead of Na,HAsVO, in a prepara-
tion method of Ko[Zns(H20)2(AsYWy034),]1-23H,0° led to
the formation of [WCo0,(H,0)3(As™Wy033),]8~ which has
a different structure.’ Interestingly, when Na,HAsVO, was
used instead of NaAs™O, to prepare K;,[Cusz(H,0),(As™-

(@)

Fig. 1. Combined polyhedral/ball-and-stick representations
of D3,-symmetric [{M(H;0)}3(As™Wy033),]'?~ (a) and
C;-symmetric  [My(H,0)2(AsYWy034):]'%~ (b) anions
with the structure sandwiched by tri-vacant B-type frag-
ments. Blue, green, and orange in the polyhedral represen-
tation indicate WOg, AsO4, and MOs (or MOg) polyhedra
respectively, and green and black in ball-and-stick repre-
sentation indicate As™ and water O atoms respectively.

Wo033):]-11H,0,? V-shaped polyoxotungstates Na;7[Mng-
(H20)2(AsW9034)2(AsWs026)]-41H,0 (1), Naj7[Cos(H20),-
(AsW9034)2(AsWO36)]-41H,O0 (2), and Nay7[Zng(H20),-
(AsWo034)2(AsW0a6)]-38H,0 (3) were afforded.'® Com-
plexes 1-3 consist of two B-a [{M(H,0)}M3(AsWoO34)]>~
fragments joined by a B-type hexa-vacant [AsWOos]''~ frag-
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Table 1. Crystal Data, Structure Determination, and Refinement Data for 1, 2, and 3

1 2 3

Formula Na17Mn6A83W240137H36 Nal7C06A33W240137H36 Nal7ZH6AS3W240134H80C)
Formula weight 7636.22 7660.19 7644.82
Crystal system monoclinic monoclinic monoclinic
Space group P2/c P2 /c P2y/c
a/A 17.73(1) 17.65(1) 17.6295(6)
b//ck 22.34(1) 22.24(1) 22.2992(7)
C/z& 35.41(3) 34.78(2) 34.927(1)
B/° 95.37(3) 95.84(2) 95.695(2)
V/,&3 13963(14) 13584(13) 13662.8(7)
VA 4 4 4
Deaiea/gcm™ 3.632 3.745 3.683
F(000) 13576 13624 13444
/cm™! 210.96 218.61 220.47
260max/° 55 55 55
Crystal ; 0.10 x 0.05 x 0.03 0.12 x 0.07 x 0.04 0.15 x 0.12 x 0.10

dimensions/mm”
Temperature/°C —100.0 —100.0 —100.0
No. data 112711 121951 131334
R(int) 0.065 0.047 0.073
No. unique data 31674 31238 32008
No. refinement data 12138 14661 15114
No. variables 1005 942 960
GOF 1.000 0.857 1.008
R1? [I > 2.00(D)] 0.049 0.043 0.065
wR2Y [I > 1.00(])] 0.087 0.099 0.161
Maximum 0.000 0.000 0.000

a) R1 = Z||F,| — |Fc|l/Z|Fol. b) wR2 = [Ew(F2 — F2)?/Ew(F2)*]'/2. ¢) For 3 three sodium atoms were not
detected by X-ray diffraction due to the disorder. Therefore, the result of the elemental analysis was used for

determination of the content of Na*t in 3.

ment in approximate C», symmetry. The structure is analogous
to that of NajesNig2s[Nig(H20)2(AsW9O34)2(AsWsO06)]-
54H,0 reported by Kortz et al.'! However, our synthetic meth-
od has an advantage superior to their method: the crystalliza-
tion of the present compounds occurs within a few days, in
contrast with Kortz’s method, which needs several months
for crystallization. Hill et al. have also reported K4 75Najs0s-
[((Mn(H,0) }MnyPW9O34)2(PW6O26)] - 12H,0 and KsNayps-
[({Co(H20)}Co2PW9034)2(PWOs6)]- 12H,0,  prepared by
the decomposition of the Dj3,-symmetric sandwich-type poly-
oxometalate Kj;[{M(H0);}3(A-0¢ PWy0Os4)2] (M = Mn,
Co).1>"1% Surprisingly, when PYO43~ was used instead of
AsVO43, a V-shaped anion did not form; however, a C;-sym-
metric sandwich anion, [M4(H,0),(PYWyO34),]1'°~, did form.
The present paper describes the synthetic details of V-shaped
compounds 1-3 together with the structural characterization
involving a Na*t cation coordinated in the crevice of the V-
shaped structure.

Experimental

Synthesis. N3.17 [Mn6 (H20)2(ASW9034 )2 (ASW6026)] . 41H20
(1) was prepared as follows. An aqueous solution (60 mL at 60—
70°C) containing Na,WO,-2H,0 (59.5 g) and Na,HAsO4-7H,0
(6.3 g) was acidified with 6 M HCl (60 mL), and an aqueous solu-
tion (30 mL) of MnCl,-4H,0 (6.0 g) was slowly added affording
an orange-colored solution. The pH level of the mixture was ad-
justed to 7-8 with NaOH. The resultant solution was filtered
and cooled to room temperature. Crude yellow-colored crystallites

precipitated within one day. The crude product (1.0 g) was recrys-
tallized in an aqueous solution (40mL) of NaCl (1.0 g) and yel-
low-colored crystals of 1 were isolated when the solution was kept
overnight at room temperature. Yield: 9.2% (based on W). Anal.
Calcd for HggO137Na;7MngAsz Woy: Na, 5.12; Mn, 4.32; As, 2.94;
W, 57.78 wt %. Found: Na, 5.4; Mn, 4.2; As, 2.9; W, 57.5wt %. IR
(KBr disk): 949 (m), 880 (s), 831 (m), 780 (m), and 718 (s) cm~!.
Similar procedures by using Co(NO3),-6H,0 (8.8 g, 0.03 mol)
and Zn(NOs3), -6H,0 (8.9 g, 0.03 mol) instead of MnCl, gave vio-
let-colored crystals of Naj7[Cog(H20)2(AsW9O34)2(AsWeOo6)] -
41H,0 (2), and the colorless crystals of Na;7[Zng(H,0)2(AsWo-
034)2(AsWs02)]-38H,0 (3), respectively. Yield of 2: 11.0%
(based on W), and of 3: 7.5% (based on W). Anal. Calcd for
H360137N317C06AS3W24Z Na, 510, CO, 462, AS, 293, W, 57.60
wt%. Found: Na, 5.0; Co, 4.7; As, 3.0; W, 57.7wt%. IR
(KBr disk): 950 (m), 885 (s), 838 (m), 777 (m), and 716
(s) cm~!. Anal. Calcd for HgyO;3uNa7ZngAssWos: Na, 5.11;
Zn, 5.13; As, 2.94; W, 57.72wt%. Found: Na, 5.0; Zn, 5.2;
As, 3.0; W, 57.6wt%. IR (KBr disk): 953 (m), 892 (s), 834
(m), 781 (m), and 718 (s) cm™'.

X-ray Structure Determination. Data collection for X-ray
structural analysis was done on a Rigaku RAXIS-RAPID imaging
plate diffractometer with a graphite monochromator to 26,.x =
55° and Mo Ko radiation (1 = 0.710691&) generated at 50kV
and 38mA. The structures were solved by direct methods
(SHELXS-97)'% and refined using a full-matrix least-squares re-
finement. Crystallographic data are given in Table 1. Lorentz po-
larization effects and a numerical absorption correction (the pro-
gram Numabs'® and Shape!”) were applied to the intensity data,
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and H atoms were not included in the calculation. The W, As, Na,
Mn, Co, and Zn atoms were refined anisotropically (except for dis-
ordered atoms), while the rest were refined isotropically. In each
complex, some of the Na atoms and solvent water O atoms were
disordered. The occupancies of Nal6-Nal9 and 0136-0139 in 1,
and Nal5-Na20 and O134-0141 in 2 were fixed at 1/2 through-
out the refinements. For 3, three sodium atoms were not detected
by X-ray diffraction due to the disorder. Therefore, the result of the
elemental analysis was used for determination of the content of
Na™* in 3. All calculations were performed on F? using the Crystal-
Structure software package.'® Further details of the crystal struc-
ture investigation may be obtained from Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax:
(4+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.
fiz-informationsdienste.de/en/DB/icsd/depot_anforderung.html) on
quoting the deposition numbers CSD-416593 (1), CSD-416594 (2),
and CSD-416595 (3).

Instrumentation. Infrared spectra were recorded on a Jasco
FT/IR-410 spectrometer as KBr discs. The contents of Na, As,
Mn, Co, Zn, and W were determined by X-ray fluorescence analy-
sis (with an accuracy of about 2% with a fundamental parameter
method for the uniform pellet of sample) on a Shimadzu EDX-800
spectrometer. The water content was measured by thermogravi-
metric method on an ULVAC-TGD9600MTS9000 instrument.
Cyclic voltammograms were measured with a combination of a
potentiostat (Hokuto Denko HA-301) with a function generator
(Nikko Keisoku NFG-3). Aqueous solutions containing 1 mM 1
(2 or 3) and 100 mM NaCl were purged with nitrogen gas and
measured by using a glassy carbon (¢) = 1 mm) working elec-
trode, a Pt-wire counter electrode, and a Ag/AgCl reference elec-
trode. After each measurement, the working electrode was polish-
ed with 0.3 um Al,O3 and rinsed with water to ensure reproduci-
ble results.

Results and Discussion

Figure 2a shows the structure of anion for 1-3. The anion of
1-3 (with yellow color, violet, and colorless, respectively)
consists of two B-o¢ [{M(H,0)}M>(AsWoO34)]>~ units joined
by a B-type hexa-vacant [AsWgOq]''~ fragment, which cor-
responds to removal of the edge-sharing W30g moiety from
B-a [AsWy034]°~, to form a V-shaped geometry with approx-
imate C,, symmetry. The [{M(H,0)}M>(AsWy034)]°>~ unit
incorporates three edge-sharing M at the site for the B-« junc-
tion to form a-Keggin structure. The W—O bond distances and
angles of all three structures of 1-3 are within the usual ranges,
and all M centers are octahedrally coordinated by six O atoms
with M-O bond distances of 1.97(2)-2.36(2) A. The three M
centers in each edge-sharing MOg octahedral triad are not
equivalent, because only one (M2 or M5) of them has a termi-
nal aqua ligand with the M2-095 distance of 2.15(3)1& (or
M5-096 distances of 2.14(2) A) for 1, 2.06(2) A (2.11(2) A)
for 2, and 2.09(3)13; (2.08(2) Ao;) for 3. Anions with analogous
structures have been prepared and X-ray crystallographically
characterized by other groups: KyNa;[Cog(H20)2(PW9O34),-
{CoW7026(OH), }]Co(H,0)4 - 13H,0,%2°  Nay6 5Nig 25[Nig-
(H20)2(AsW4034)2(AsW026)]-54H,0,'! Nay7[NisMn,(H,0),-
(PW9034),(PW056)]-50.5H,0,""  K475Nay25[Mng(H,0),-
(PW9034)2(PW02)]+ 12H,0,'*  and  KsNaja[Cog(H,0),-
(PW9034)2(PW¢Os6)]- 12H,0.'* The V-shaped structure of
the anion in 1-3 has Asl-As3 and As2--As3 distances of
5.919(6) and 5.959(5) A (Asl-As3-As2 angle of 144.4(1)°),

V-Shaped Polyoxotungstoarsenates
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Fig. 2. Ball-and-stick and polyhedral representations of
[M6(H20)2(AsW9034)2(AsW0r0)]'7~  (M?T = Mn?*,
Co**, and Zn?*) and a-Keggin [{M(H,0)}M,(AsWo-
O34)]?~ units (a), central B-type hexa-vacant [AsWg-
Oy]'!'~ fragment coordinating two M; triads (b), and
two M3 triads with edge-sharing in a prism-like geometry
(c). Blue, green, orange, black, and open circles indicate
W, As, M, O atoms of water, and O atoms, respectively.
Corresponding colors in the polyhedral representation
indicate WQOg, AsOy, and MOg polyhedra, respectively.

5.824(4) and 5.861(4)10% (144.40(7)°), and 5.819(5) and
5.857(5)1& (144.46(9)°), respectively. If a M>* cation with a
larger radius is used, elongation of As--As distances occurs,
which is similar to [Niﬁ(Hzo)z(ASW9034)2(ASW6026)]17_
(As--As distances of 5.776(7) and 5.816(6)A and Asl--As3--
As2 angle of 144.7(1)°).!! The edge-sharing M30,(H,0) tri-
ads for the two a-Keggin [{MO(H,0)}(MO5)>(AsWoO34)]3~
wings in the V-shaped geometry have M-M distances of
3.351(8)—3.443(8)/& (with M--M-M angles of 59.3(2)-
61.3(2)°) in 1, 3.217(6)—3.299(5);& (with 59.1(1)-61.6(1)°)
in 2, and 3.244(6)-3.368(6) A (with 58.5(1)-62.3(1)°) in 3
(Fig. 2b). These edge-sharing MOg octahedral M3 triangles
are linked through the B-type hexa-vacant [AsW¢Oo6]!''~ frag-
ment with dihedral angles of 72.635° between the Mj-triangle
planes and a prism-like geometry between the two M3 trian-
gles and M--M distances of 5.56(1) (M1--M4), 5.60(1) (M3--
M6), and 9.015(8) A (M2--M5) in 1, 73.226° and 5.540(6),
5.521(6), and 8.847(5)A in 2, and 73.254° and 5.496(7),
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Fig. 3. Structural motif, represented by combined poly-
hedral/ball-and-stick, of a single Nat cation situated at
the crevice of [MG(HQO)Z(ASW9034)2(ASW6026)]]7_.
Blue, green, and orange in the polyhedral representation
indicate WOg, AsOy4, and MOg polyhedra respectively,
and yellow and black in ball-and-stick representation indi-
cate Na® and water O atoms, respectively.

5.509(7), and 8.833(6)A in 3. Thus, the two functionalized
M;-triangles are well-separated in the anion (Fig. 2c), as is
demonstrated by the electrochemical behavior (shown below).

Similar to [Ni6(H20)2(ASW9034)2(ASW6026)]]77,1l a sin-
gle Na™ cation lies in the crevice of the V-shaped anion of
1-3, stabilizing the structure and is coordinated by two oxygen
atoms (046 and 047, or O53 and O54) belonging to B-o
[AsWo034]°~ fragment and one oxygen atom (079 or 084)
belonging to B-[AsWgO]''~ fragment in Na-O distances of
2.44-2770 A. The Na* cation forms the rhombohedral-like tet-
ragon together with an alternating M triangle, which can be
discriminated from the My tetragon with the B-junction for
the sandwich-type [M4(H,0),(AsYWo034):]'9~ (Fig. 1b).58
Figure 3 shows the Na* cation coordinated in the crevice of
the V-shaped anion, probably as an energetic requirement for
the structural stabilization. Attempts to replace the Na™ cation
in the crevice with other cations were unsuccessful, and the de-
composition of the V-shaped anion occurred probably to afford
the sandwich-type anion: the color of an aqueous solution con-
taining 2 and alkaline-metal chlorides, such as KCI, RbCl, and
CsCl changes from violet to blue while refluxing for 4-5h.
The IR spectra of the precipitated products are shown in
Fig. 4, and the IR spectrum of the C;-symmetric sandwich
anion of Kio[Cos(H20)2(AsWyO34)2]-23H,07 is included
for comparison. The reaction of 2 with K*, Rb™, and Cs*
resulted in the appearance of absorptions around at 770 and
840cm~! in IR spectra which suggests the formation of
[Co4(H20),(AsWo034),]1'°~, while refluxing with NaCl gave
almost the same IR spectrum as 2.

The redox processes of M** (=Mn?* and Co®") in the V-
shaped anions are observed in the potential range of 0.00-
1.20V (vs Ag/AgCl). The cyclic voltammogram of 1 with a
rest potential at 0.08 V in aqueous solutions had three succes-
sive Mn""/Mn"" oxidations in the range of 0.30-0.60 V. The
three quasi-reversible Mn"/Mn™ couples at 0.32, 0.44, and
0.58 V vs Ag/AgCl for anodic peaks are accompanied by com-
posite cathodic peaks with more negative potential for each
at 30-40mV at 0.28, 0.41, and 0.54V, as shown in Fig. 5a.
The cyclic voltammogram of Naj;(NH4)[{Mn(H,O)}3(SbWo-
013)2]-45H,0%" in an aqueous solution at pH of 6.5 showed
three quasi-reversible one-electron Mn"/Mn" couples at
0.30/0.24, 0.44/0.38, and 0.56/0.50 V with about 60mV of
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Fig. 4. Infrared spectra of 2 (a), precipitates obtained by re-
flux of 2 (1.0g) in aqueous solutions (60 mL) containing
NaCl (5.0 g) (b), KCI (1.5 g) (c), RbClI (1.0 g) (d), and CsCl
(1.0 g) (e), and K;9[Co4(H20)2(AsW9O34)2]1-23H,0 (f).
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Fig. 5. Cyclic voltammograms of 1 (a), Na;;(NH4)[{Mn-
(H,0) }3(SbW4033),]1-45H,0 (b), and 2 (c) with a scan
rate of 10mVs~'.

the potential difference between the redox peaks (Fig. 5b).
In conjunction with the result of the Djj,-symmetric [{Mn-
(H,0)}3(SbWy033),]'>~ anion, which incorporates three
MnO4(H,0)-pyramid moieties in the center, the three succes-
sive sets of the redox peaks with the potential difference of
about 30 mV between anodic and cathodic peaks in cyclic vol-
tammogram of 1 are assigned to three quasi-reversible two-
electron redox processes corresponding to 2(Mn''3)/2(Mn'!,-
Mn),  2(Mn,Mn™)/2(Mn"™n™",), and 2(Mn"™n"™,)/
2(Mn"5) for two well-separated edge-sharing MnQOg octahe-
dral Mns-triangles in the C,,-symmetric anion (Fig. 2). The
electrochemical decomposition of the anion occurred at 0.90 V
for Mn™/Mn'V oxidation (data not shown).?> Quasi-reversible
peaks around at 1.04/0.97 V (Fig. 5c) observed for 2 suggest
that occurrence of the two-electron redox process 2(Co''z)/
2(Co",Co™) occurred at the two Cos triangles in the anion.
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Conclusion

The use of Na,HAsVO, instead of NaAs™O, in the prepa-
ration of K]z[CU3(H20)2(ASHIW9O33)2]-11H203 led to the
isolation of the Cy,-symmetric V-shaped polyoxotungstoarsen-
ates [Mg(H20)2(AsWo034)2(AsWeO06)]'"’~ M = Mn 1, Co
2, and Zn 3), which consist of two B-o¢ [{M(H,0)}M,-
(AsW9034)]>~ units joined by a B-type hexa-vacant [AsWg-
Oy6]''~ fragment. A single Na* cation situated in the crevice
of the anion structure appears to stabilize the V-shaped geom-
etry. Approximately rhombohedral-like NaM;-tetragon togeth-
er with the edge-sharing MOg octahedral triad in o-Keggin
[{M(H,0)}M>(AsWyO34)]>~ unit can be discriminated from
the My tetragon with the B-junction for the C;-symmetric sand-
wich-type [M4(H20),(AsYW034),]1'%~ anion, which is form-
ed by the treatment of 1-3 with other large alkaline-metal cat-
ions (K*, Rb™, and Cs*). The three successive electrochemi-
cally quasi-reversible Mn'/Mn™" waves for the edge-sharing
MnOg-octahedral Mnj triad in the cyclic voltammogram of 1
are two-electron processes arising from the large separation
of the two Mnj triads in the anion.

This work was supported by Grants-in-Aid for Scientific
Research, Nos. 14204067 and 17002006 from the Ministry
of Education, Culture, Sports, Science and Technology, Japan,
and CREST of JST.
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