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The palladium-substituted tungstoantimonate(lll) [Cs,Na(H,0):10Pds(ct-SbW3033),]°~ (1) has been synthesized and
characterized by IR, elemental analysis, and electrochemistry. Single-crystal X-ray analysis was carried out on
Cs3KNas[Cs,Na(H20)10Pd3(ShW,Os3),]- 16.5H,0, which crystallizes in the monoclinic system, space group P2;,/m,
with a = 13.3963(13) A, b = 19.5970(19) A, ¢ = 18.1723(17) A, 8 = 100.416(2)°, and Z = 2. Polyanion 1
represents the first structurally characterized palladium(ll)-substituted polyoxometalate. The title polyoxoanion consists
of two (o-Sh™Wg033) Keggin moieties linked via three Pd?* ions leading to a sandwich-type structure. The palladium
centers are equivalent, and they are coordinated in a square-planar fashion. The central belt of 1 contains also one
sodium and two cesium ions which reduces the symmetry of the polyanion to C,,. Polyanion 1 was synthesized in
good yield by reaction of Pd(CH;COO), with Nag[SbW,Os33] in aqueous acidic medium (pH 4.8). A cyclic voltammetry
study of polyanion 1 in a pH 5 medium gives essentially the same characteristics as those observed for the
deposition of Pd® on the glassy carbon electrode surface from Pd?* solutions. The film thickness increases with the
number of potential cycles or the duration of potentiostatic electrolysis. The particularly sharp hydrogen sorption/
desorption pattern indicates the excellent quality of the Pd® deposit from polyanion 1.

Introduction by perceived and realized applications in many areas such
) as catalysis, analysis, medicine, biochemistry, material sci-
The existence of polyoxometalates (POMs for conven- ence. and so ofr®
ience) has been known for almost 200 years, and 1 century Among all known transition metal substituted polyoxo-

Iaf[er the firs_t structur_al details were revealeBOMSs con- metalates (TMSPs), the sandwich-type species are probably
stitute a rapidly growing class of molecular metakygen the largest subfamily. Since the discovery of the first

c!us_tgrs with an enormous dive_rsity of strucFu%e%_.‘l’he_ sandwich-type polyoxoanion, [GQt1,0)(B-a-PWgO34)7] ",
significant contemporary interest in POM chemistry is driven by Weakley et al. in 1973 several other sandwich-type

_ species have been identified over the last 30 years of research
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PV, AsY, M = Mn?*, Co*t, Ni?", CU#*, Zn?*, CPt; n = 6,

X =P, AsV, M = Fe'") and the Wells-Dawson derivatives
[M 4(X2W15056)2]n7 (X = PV, ASV, n=16, M= Mn2+, C02+,
Ni2t, Cwt, Zn?*, CPt, n = 12, M = Fet).10

The class of Herwtype sandwich POMs is based on

two lone pair-containingoa-Keggin fragments, e.g.of
As'"WyO33]°". The first member of this class ([GiH20)x-
(0-AsWy033)7]*27) was reported by Hefvet al. in 198212

Bi et al.

Ni2+, C02+), [(Zn(H20)3)2(W02)1,5(Zn(H20)2)0,5(,6-TeW9-
033)2]%7, [(VO(H20)2)1.(WO(H20)2)0 s(WO2)0 s(VO(H20))1.5
(ﬁ-TeW9033)2 77, and [M4(H20)10(ﬁ-XW9033)2] n- (n =6, X

= Ad'" and SH' , M = Fé'" and CH'; n = 4, X = S¢V,
TéV, M =Fe" and CH'; n=8, X = S&V, TeV, M = Mn",
Cd', Ni", zn'", Cd', and Hd).12

The class of Knoth-type sandwich POMs is based on two

A-a-Keggin fragments, e.gAFo-PWyO34)°~. The first mem-

Since then a number of isostructural derivatives have beenber of this class, [C#H20)s(A-a-PWy0s4)5] 12, was reported

characterized: [MH20)3(0-XWgOs3)2]" (n=12, X=As'",
S, M = Mn?*, Co*t, Ni2t, CWt, Zr?t; n= 10, X =S¢V,
TeV, M = C?*) and [(VOX(o-XWgOs3)2]™ (n = 12, X =
AS"I, SUII1 Billl; n= 11, X = ASIII)_ll,lZf

by Knoth et al. in 198522 Since then the following iso-
structural derivatives have been identified: s[IMXWgOs4)2]"
(n=14, X =SV, M = Sr**, C&"; n= 12, X = PV,
M = Mn?", Ni¢t, C&**, Zrn¢t, P, Si¥™; n=9, X = P,

The class of Krebs-type sandwich POMs is based on M = Fe&*), [(CeOx(H20)(A-PWy0z4),]12~, and [(ZrOH)-

two lone pair-containing5-Keggin fragments, e.g.Sf
SH"Wg033%~. The first members of this class, (PH20)s-
(WOz)z(ﬂ-SbV\/g033)2](1472n)7 (Mn+ = Fe“, C02+, Mn2+,
Ni2"), were reported by Krebs et al. in 19%2.Since then

(A—SiW9034)2 11718

It can be noticed that in almost all of the above ex-
amples the incorporated transition metal ions are from the
first row. There are very few reports on sandwich-type poly-

some more isostructural derivatives have been character-oxotungstates substituted by 4d or 5d metals in general

ized:  ([Ma(H20)s(WOy)2(3-BiWgO3q)] 1420~ (MM =
Fet, Ca?t, Ni2f, Cuwt, Zn?"), [(VO(H,0))2(WO,) (-
BiW¢Os3)2] 20", [Sny.s(WO(OH))o s(WO,)2(3-XWgOs3)5] 105
(X = s@", Bi'"), [M3(H,0)s(WO,)(B-TeWoOz3)2]8~ (M =
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R. G.; Droege, M.; Hutchinson, J. R.; Gansow,JOAm. Chem. Soc.
1981, 103 1587. (c) Finke, R. G.; Droege, M. ihorg. Chem1983
22, 1006. (d) Evans, H. T.; Tourn€. M.; Tourrie G. F.; Weakley,
T. J. R.J. Chem. Soc., Dalton Tran$986 2699. (e) Finke, R. G.;
Droege, M. W.; Domaille, P. Jnorg. Chem1987, 26, 3886. (f) Wasfi,
S. H.; Rheingold, A. L.; Kokoszka, G. F.; Goldstein, A. IBorg.
Chem.1987 26, 2934. (g) Weakley, T. J. R.; Finke, R. @org.
Chem.199Q 29, 1235. (h) Gmmez-Garéa, C. J.; Coronado, E.; Bdsa
Almenar, J. JInorg. Chem1992 31, 1667. (i) Casaastor, N.; Bas-
Serra, J.; Coronado, E.; Pourroy, G.; Baker, L. C.JWVAm. Chem.
S0c.1992 114, 10380. (j) Gmez-Gar@, C. J.; Coronado, E.; Grez-
Romero, P.; CasaRastor, NInorg. Chem1993 32, 3378. (k) Gonez-
Garca, C. J.; Borfa-Almenar, J. J.; Coronado, E.; Ouahab|riorg.
Chem.1994 33, 4016. (I) Zhang, X.-Y.; Jameson, G. B.; O’Connor,
C. J.; Pope, M. TPolyhedron1996 15, 917. (m) Zhang, X.; Chen,
Q.; Duncan, D. C.; Campana, C.; Hill, C. Inorg. Chem.1997, 36,
4208. (n) Zhang, X.; Chen, Q.; Duncan, D. C.; Lachicotte, R. J.; Hill,
C. L. Inorg. Chem.1997 36, 4381. (0) Clemente-Juan, J. M,
Coronado, E.; GalxMascars, J. R.; Gmez-Gar@a, C. J.Inorg.
Chem.1999 38, 55. (p) Bi, L.-H.; Wang, E.-B.; Peng, J.; Huang, R.-
D.; Xu, L.; Hu, C.-W.Inorg. Chem.200Q 39, 671. (q) Bi, L.-H.;
Huang, R.-D.; Peng, J.; Wang, E.-B.; Wang, Y.-H.; Hu, C.dAChem.
Soc., Dalton Trans2001, 121. (r) Kortz, U.; Isber, S.; Dickman, M.
H.; Ravot, D.Inorg. Chem.200Q 39, 2915. (s) Limanski, E. M.;
Piepenbrink, M.; Droste, E.; Burgemeister, K.; KrebsJBClust. Sci.
2002 13, 369. (t) Rosu, C.; Crans, D. C.; Weakley, T. JARlyhedron
2002 21, 959. (u) Kortz, U.; Nellutla, S.; Stowe, A. C.; Dalal, N. S;
Rauwald, U.; Danquah, W.; Ravot, horg. Chem 2004 43, 2308.

(11) (a) Robert, F., Leyrie, M., Hefyes. Acta Crystallogr.1982 B38§
358. (b) Bming, M.; Nth, A.; Loose, |.; Krebs, BJ. Am. Chem. Soc.
1998 120, 7252. (c) Kortz, U.; Al-Kassem, N. K.; Savelieff, M. G.;
Al Kadi, N. A.; Sadakane, Minorg. Chem2001, 40, 4742. (d) Botar,
B.; Yamase, T.; Ishikawa, Hnorg. Chem. CommurR001, 4, 551.
(e) Yamase, T.; Botar, B.; Ishikawa, E.; Fukaya,Ghem. Lett2001,
56. (f) Mialane, P.; Marrot, J.; Rivie, E.; Nebout, J.; Hefyés. Inorg.
Chem.2001, 40, 44. (g) Kortz, U.; Nellutla, S.; Stowe, A. C.; Dalal,
N. S.; van Tol, J.; Bassil, B. Snorg. Chem.2004 43, 144.

(12) (a) Bwming, M.; Loose, I.; Pohimann, H.; Krebs, Bhem—Eur. J.
1997 3, 1232. (b) Loose, |.; Droste, E.;"Bmg, M.; Pohlmann, H.;
Dickman, M. H.; Rqs, C.; Pope, M. T.; Krebs, Bnorg. Chem1999
38, 2688. (c) Krebs, B.; Droste, E.; Piepenbrink, M.; Vollmer,G.
R. Acad. Sci. Paris, Ser. I200Q 3, 205. (d) Kortz, U.; Savelieff, M.
G.; Bassil, B. S.; Keita, B.; Nadjo, llnorg. Chem2002, 41, 783. (e)
Limanski, E. M.; Drewes, D.; Droste, E.; Bohner, R.; Krebs,JB.
Mol. Struct. 2003 656, 17. (f) Drewes, D.; Limanski, E. M;
Piepenbrink, M.; Krebs, B. ZAnorg. Allg. Chem2004 630, 58.
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and by Pd and Pt in particular. In 1986, Knoth et al. re-
ported on the synthesis of the sandwich-type polyoxoanion
[Pds(A-PWg034)]*?~ (see above) on the basis of elemental
analysis'® In 1991, Tourneet al. described the sandwich-
type heteropolyanion [WZnRBH,0),(B-0-ZnWg034)2]*%",
which was also characterized by elemental analysis.
1995, Neumann et al. resynthesized the same species and
characterized it by elemental analysis, electrochemistry,
IR, UV—vis, and W NMR spectroscopy® They also
investigated the catalytic activity of this polyanion in the
oxidation of alkanes and alkenes by peroxides. More re-
cently the same and also other authors showed that palla-
dium(ll)-substituted polyoxotungstates have excellent cata-
lytic properties for the selective and efficient transformation
of organic substraté§. The palladium congener, platinum,

is known to incorporate in the Pt(IV) state into Anderson-
type structured’

The above results show that the rational synthesis and
structural characterization of noble-metal-substituted POMs
is a challenge. Nevertheless, the potentially attractive catalytic
properties of such species are a strong motivation to undergo
this kind of research. Therefore, we initiated a systematic
study on the interaction of Ruand Pd" ions with the entire
arsenal of lacunary polyoxotungstates.

(13) (a) Knoth, W. H.; Domaille, P. J.; Farlee, R. Organometallics1985
4, 62. (b) Knoth, W. H.; Domaille, P. J.; Harlow, R. Inorg. Chem.
1986 25, 1577. (c) Finke, R. G.; Rapko, B.; Weakley, T. J.IRorg.
Chem, 1989 28, 1573. (d) Xin, F.; Pope, M. TJ. Am. Chem. Soc.
1996 118 7731. (e) Laronze, N.; Marrot, J.; HEn@. Inorg. Chem.
2003 42, 5857.

(14) Tourrie C. M.; Tourrie G.. F.; Zonnevijlle, FJ. Chem. Soc., Dalton
Trans 1991, 143.

(15) Neumann, R.; Khenkin, A. Mnorg. Chem.1995 34, 5753.

(16) (a) Adam, W.; Alsters, P. L.; Neumann, R.; Saha-Moller, C. R.;
Seebach, D.; Beck, A. K.; Zhang, B. Org. Chem2003 68, 8222.
(b) Adam, W.; Alsters, P. L.; Neumann, R.; Saha-Moller, C. R.;
Sloboda-Rozner, D.; Zhang, R. Org. Chem 2003, 68, 1721. (c)
Kogan, V.; Aizenshtat, Z.; Neumann, Rew J. Chen2002 26, 272.
(d) Schuchardt, U.; Cardoso, D.; Sercheli, R.; Pereira, R.; de Cruz, R.
S.; Guerreiro, M. C.; Mandelli, D.; Spinace, E. V.; Fires, EAppl.
Catal., A2001, 211, 1. (e) Neumann, R.; Khenkin, A. M.; Juwiler,
D.; Miller, H.; Gara, M.J. Mol. Catal., A1997 117, 169.

(17) Lee, U.; Sasaki, YBull. Kor. Chem. Soc1994 15, 37.



[Cs:Na(H20)10Pds(0-SH" WeO33)5]°~

Table 1. Crystal and Structure Refinement Data for
CssKNag[CsoNa(H0)10Pch(SbWeOz3)2]-16.5H0 (1a)

emp formula CsHsoKNagOg2 P BSpW1g
fw 6253.2
space group (No.) P2;/m(11)
a(A) 13.3963(13)
b (A) 19.5970(19)
c(A) 18.1723(17)
S (deg) 100.416(2)
V (A3) 4692.1(8)

z 2

temp €C) —-100
wavelength (A) 0.71073
dcaic (Mg m—3) 4.369

abs coeff (mm?) 25.171

R[I > 20(I)]2 0.058

Ry (all data® 0.122

Figure 1. Combined polyhedral/ball-and-stick representation ot Nas
AR = S|IF| — IFl/SIFol. PRy = [SWF2 — FA2SW(F2)2]12, (H20)10Pc(SbWe033)2]°~ (1). The WG octahedra are shown in red, and
ZIIFol = IFell7xIFol. * R = [3W(Fo* = FA3w(FoY] the balls represent palladium (blue), antimony (green), cesium (yellow),
. . sodium (purple), and water molecules (red).
Here we report for the first time on the structural char-

acterization of a palladium(ll)-substituted polyoxoanion.

Experimental Section

Synthesis. The precursor polyanionoafSbWeOz3]®~ was syn-
thesized according to the published procedétahe identity of
the product was confirmed by infrared spectroscopy. All other
reagents were used as purchased without further purification.
CSQKNa5[CSQNa(Hzo)lopdg(SbW9033)2] +16.5H,0 (1a) A0.14
g (0.62 mmol) sample of Pd(GBOO), was dissolved with stirring
in 20 mL of 0.5 M Na(CHCOO) buffer (pH 4.8). Then 0.50 g
(0.20 mmol) of Ng[a-SbWeO33] was added in small portions. The
solution was heated to 8 for abou 1 h and filtered after it had
cooled, and then 0.5 mL of 1.0 M CsCl and KCI solutions,
respectively, were added to the red filtrate. Slow evaporation at
room temperature led to 0.39 g (yield 63%) of a reddish crystalline
product after about 1 month. IR: 937 (m), 884 (m), 851 (m), 765
(s), 672 (m), 518 (w), 472 (w), 444 (w) cth Anal. Caled (found) a0 (GC, Tokai, Japan) electrodes has been descdfbie
for CsKNag[CsNa(H,0)10Pc(SbWeOs3)2]-16.5H0:  Cs, 10.6 glassy carbon samples had a diameter of 3 mm. The electrochemical
(9.9); K, 0.6 (0.7); Na, 2.2 (2.1); W, 52.9 (52.3); Pd, 5.1 (4.8); Sb, geyp was an & & G 273 A driven by a PC with the M270

3.9 3.7). software. Potentials are quoted against a saturated calomel electrode

Elemental analysis was performed by Kanti Labs Ltd. in (gcEy) The counter electrode was a platinum gauze of large surface
Mississauga, Canada. Infrared spectra were recorded on KBr pellets, .o, "l experiments were performed at room temperature.
using a Nicolet Avatar spectrophotometer.

X-ray Crystallography. A crystal oflawas mounted on aglass Results and Discussion
fiber for indexing and intensity data collection at 173 K on a Bruker . . ) .
D8 SMART APEX CCD single-crystal diffractometer using Mo Synthesis and Structure. The dimeric polyoxoanion
Ko radiation ¢ = 0.710 73 A). Direct methods were used to solve [Cs2Na(H0)10Pds(0-SbWeOs3)2]*~ (1) consists of two ¢-
the structure and to locate the heavy atoms (SHELXS97). Then SbWeOs3) moieties linked by three square-planaPPtbns
the remaining atoms were found from successive difference mapsresulting in a sandwich-type structure (see Figure 1). The
(SHELXL97). central belt ofl is completed by two Csand a N4 ion
Routine Lorentz and polarization corrections were applied, and which occupy the vacancies between the adjacent palladium
an absorption correction was performed using the SADABS centers, resulting in a polyanion with idealiz8g symmetry
program!® Crystallographic data are summarized in Table 1. (see Figure 2). The structure of the title polyoxoanion is
taiEleedcgocgesg]i:']Stri/fllri))ldrehvz\;aléeié)\ggsull:llistefglItg\:\?eudggog.l\/lltil:;visreog closely related to the copper(ll)-substituted tungstoanti-
Academ)i/cppurific%tion s?et. The measurements we);e perfc?rmed in monate(lll) [Na(H20)Cug(o- SbWeOs3)z]*” and the isos-
tructural tungstoarsenate(lll) [A&0)sCus(0-AsWgOs3)7]. % 11¢

0.4 M Na(CHCOO) + CH3COOH (pH 5), and the polyanion . .
concentration was 104 M. All cyclic voltammograms were 1€ only differences are (a) the copper(ll) ions have a square-

recorded at a scan rate of 2 mvisunless otherwise stated. The PYramidal coordination geometry (terminad®iligand) and
solutions were deaerated thoroughly for at least 30 min with pure () the space between the copper(ll) ions is occupied by three
argon and kept under a positive pressure of this gas during thesodium ions. The synthetic procedures of the copper(ll) and
experiments. The source, mounting, and polishing of the glassy palladium(ll) derivatives are also very similar. Polyanibn

Figure 2. Ball-and-stick representation of the central bellifThe color
code is the same as in Figure 1.

(18) Sheldrick, G. M.SADABS University of Gdtingen: Gitingen, (19) Keita, B.; Girard, F.; Nadjo, L.; Contant, R.; Belghiche, R.; Abbessi,
Germany, 1996. M. J. Electroanal. Chem2001, 508 70.
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was synthesized in good yield in a simple one-pot procedure
by interaction of P&" ions with [0-SbWyOs3]°~ in aqueous
acidic medium (pH 4.8).

Polyanionl represents the first structurally characterized
palladium(ll)-substituted polyoxoanion. There are very few
reports in the literature on palladium(ll)-substituted polyan-

Bi et al.

cations in the central belt of one and the same polyanion.
The sodium ion (Nal) irl is six-coordinated in the usual
fashion by fouru,-oxo groups (Pe¢O—W) of 1 and two
terminal water ligands (see Figures 1 and 2). The two cesium
ions (Cs3, Cs3 on the other hand are seven-coordinated by
the same type ofi,-oxo groups and three terminal water

ions, but for none of these species the molecular structureligands (see Figure 2). The Nai0 (2.42-2.45(1) A) and

could be determined by single-crystal X-ray diffractigh!45
Most likely the lack of single crystals suitable for X-ray
diffraction prevented such studies. This is somewhat surpris-
ing as (a) there are several pure?Pdalts commercially
available which can be reacted directly with lacunary
polyoxoanions and (b) in our hands the formation and
crystallization ofl did not prove to be extremely difficult.

Cs3--0 (3.03-3.30(1) A) distances are in the expected
ranges.

Electrochemistry. To date Tourh's polyanion [WZnPg-
(H20)2(B-a-ZnWqO34)2]*?~ remains the only sandwich-type,
Pd-containing heteropolyanion which has been investigated
by electrochemistry*1>*Neumann et al. studied this species
by cyclic voltammetry in 0.5 M NacCl; the main observation

Nevertheless we have not been able to synthesize theconsisted in an irreversible peak attributed to the oxidation

hypothetical arsenic(lll) derivative df, [Cs;Na(HO);0Pck-
(0-AsWg0O33)2]°. By reacting P#" ions with [o-AsWoOs3]*~

of Pd?™ to Pd", followed by “one or possibly two one
electron reduction” waves due to “the palladium-mediated

using an analogous synthetic procedure, we obtained areduction of the tungsten ligand®.

different product, which will be described elsewhere. Inter-
estingly, Pope et al. also observed formation of different
products in their study on lone-pair-containing, monoorga-
notin-substituted polyaniorf8. This is different from re-
action of Cd" and Zritt ions with [o-SbWOs3° and
[a-AsWyOs33]°~ in neutral, aqueous medium, which resulted
in the isostructural polyanions [M@d,0)sM3(H20)s-
((l-XWgO33)2]97 X = As', Sp', M = Cuwt, Zn2+).11°

The bond lengths and angles of the twe$bWsOz3) caps
in 1 are not unusual, but it is of interest to investigate all
bond lengths and angles within the central section of the
polyanion (see Figure 2). The observed square-planar
coordination geometry of the palladium(ll) centerslins
expected for this &metal ion. The P&¢O bond lengths
(1.974-1.990(10) A) are very regular and in the expected
range, and the ©Pd—0O angles (88.391.5(5), 175.8
176.6(4)) are very close to the ideal values. These results
indicate that the square-planar (Pi@roups exhibit es-
sentially no strain, which probably explains why polyanion
1 is formed easily. Fofl the Pd--Pd distances are 4.39 A
and the Sk-Sb separation is 4.97 A, which compares to
the isostructural [NgH>0)sCus(H20)s(ai-SbhWe033),]°~ as
follows: Cu--Cu, 4.774.87 A, Sb:-Sb, 4.85 Atlc The
longer Sh--Sb separation irl can be explained with the
slightly longer Pd-O bond lengths compared to €O
(1.919-1.948(6) A), which leads to a larger separation of
the two @-SbWgOs3) caps inl. On the other hand, the shorter
Pd--Pd distances can be explained by the larger ionic radius
of Pt vs Cl2* (0.78 vs 0.71 A) as well as the fact that the
square-pyramidal Ctiions are displaced toward the terminal
water ligand (i.e. the exterior of the polyanion).

In addition to the three palladium(ll) ions polyanitmlso
incorporates two Csand a Na ion within the central belt
(see Figures 1 and 2). This is in complete agreement with
the other known sandwich polyanions of the Hetype,
which all have three alkali metal cations occupying the three
vacancies in the central békInterestingly,1 exhibits for
the first time cesium ions in these positions, which otherwise
had been filled by sodium or potassium ions. Furthermore,
1is the first example with two different kinds of alkali metal
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In the present case, the title compouraiwas studied by
cyclic voltammetry in 0.4 M (CHCOO™ + CH;COOH) pH
5 buffer corresponding essentially to its synthesis medium
(see Experimental Section). The scan rate was 2 mYV s
Figure 3A sketches the pattern observed fora 204 M
solution ofla. Provided the first scan was started frerf.1
V vs SCE in the negative potential direction, this pattern
was reproducibly obtained in all subsequent runs. In any case,
it was necessary to go, at least once, to a potential close to
that of the sharp cathodic peak to establish the film
characterized in the following. Actually, this program ensures
the deposition of Pton the electrode surface followed by
subsequent study of the film. The sharp cathodic peak is
narrow, with also a sharp and narrow anodic counterpart. It
features the hydrogen sorption/desorption processes. Provi-
sionally, the pronounced symmetry of this hydrogen wave
is worth pointing out. The anodic to cathodic peak potentials
difference is 17 mV in Figure 3A and remains small (12
mV) for the 5-fold thinner film in Figure 3B. In short, we
found that this cyclic voltammogram in Figure 3A features
essentially the same characteristics as the deposition behavior
of P& on the glassy carbon electrode surface froni*Pd
solutions, as suggested by comparison with results gathered
from the pertinent literaturg.
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939.

(21) Representative papers on’Rigposition from P#" solutions and its
electrochemical behaviours include the following: (a) Lubert, K.-H.;
Guttmann, M.; Beyer, LJ. Electroanal. Chem1999 462 174. (b)
Lubert, K.-H.; Guttmann, M.; Beyer, L.; Kalcher, Klectrochem.
Commun.200], 3, 102. (c) Zhang, X.-G.; Arikawa, T.; Murakami,
Y.; Yahikozawa, K.; Takasu, YElectrochim. Actal995 40, 1889.
(d) Ball, M. J.; Lucas, C. A.; Markovic, N. M.; Stamenkovic, V.; Ross,
P. N.Surf. Sci2002 518 201. (e) Tong, X. Q.; Aindow, M.; Farr, J.
P. G. J. Electroanal. Chem1995 395 117. (f) Tateishi, N.;
Yahikozawa, K.; Nashimura, K.; Suzuki, M.; lwanaga, Y.; Watanabe,
M.; Enami, E.; Matsuda, Y.; Takasu,. Electrochim. Actal 991, 36,
1235. (g) Zhang, X.-G.; Murakami, Y.; Yahikozawa, K.; Takasu, Y.
Electrochim. Actal997, 42, 223. (h) Markovic, N. M.; Lucas, C. A;;
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Figure 3. Cyclic voltammetry (CV) characterization of 2 1074 M
CsKNas[CsNa(H0)10Pth(SbWe033)7] *16.5H0 (1a) solution in 0.4 M
(CHsCOO™~ + CH3COOH) pH = 5 buffer: working electrode, glassy
carbon; reference electrode, SCE; scan rate, 2 mV(8) Representative

direction and back te-0.1 V represents unambiguously the
oxidation of the deposited Pd surface followed by the
reduction of the oxide. For clarity, the domain fron.1 to
—0.536 V and back was studied in more detail in Figure 3B
on a thin film prepared on purpose. The pattern is compared,
in superposition with the cyclic voltammogram obtained from
a solution of PdS@containing the same Pdion concentra-
tion asla Several details linked with the different environ-
ments of the PH centers distinguish the two patterns. In
Figure 3B, the larger current intensity and the negative po-
tential shift of the broad "first” cathodic wave dfa com-
pared with the corresponding one for uncomplexetf alist
be pointed out. A rough evaluation of the difference in half-
peak potentials gives 90 mV. Actually, this broad wave exists
always from the very first voltammetric run of a solution of
1a, while it is hardly visible in the first run of free Pd
ions alone. We found that the film deposition can be per-
formed in a large potential domain; however, the film thick-
ness increases faster and faster when more and more negative
values are selected either for the cathodic end of the cyclic
potential scan, or, alternatively, for controlled potential elec-
trolysis. As expected, the thickness increases also with the
number of cycles or the duration of potentiostatic electrolysis.
These observations parallel the literature results for deposi-
tion from uncomplexed FPd cations?* Typically, the po-
tential was cycled in our experiments betweef.1 and
—0.536 V for deposition. Also, the perfect symmetry of the
hydrogen sorption/desorption wave following the® Bdposi-
tion wave from the complex stands in contrast with the
relative asymmetry of the same process in the case of
uncomplexed P4, for which an anodic to cathodic peak
potentials difference of 75 mV was measured in Figure 3B.
Tentatively, this difference in shape might be related to the
better quality of the Ptdeposit from a solution ofa

Finally, Figure 3C sketches the following series of
experiments. After deposition of a thin film on the glassy
carbon surface, the electrode was taken out of the solution,
copiously rinsed with Millipore water, eventually left for
some time in the open air, and then soaked in pure supporting
electrolyte (pH= 5). The dotted line curve in Figure 3C
shows that the pattern obtained in Figure 3A is exactly
reproduced, except for the broad “first” deposition wave
which is missing. Incidentally, this experiment demonstrates
the perfect stability of the film. Upon addition d& to the
supporting electrolyte, the full line curve in Figure 3C was
obtained with restoration of the usually observed deposition
wave. Upon increase of the potential scan rate from 2 to

CV of the pattern observed upon cycling continuously the electrode potential 100 mV s, the deposition wave shows a clear tendency

between—0.536 anct-1.0 V. The arrow indicates the direction of the first
scan, which starts at0.1 V. (B) Comparison of the deposition and hydrogen
domains for two thin films built respectively from2 10~4 M lasolution

and 6x 1074 M PdSQ solution, strictly using the same cycling conditions.
(C) Characterization of a thin film, taken out of the deposition solution,
thoroughly rinsed with Millipore water and studied successively in the pure
pH 5 supporting electrolyte (dotted line) and after addition of 2074 M
lato the electrolyte (full line). For further details, see the text.

The voltammogram in Figure 3A can be divided in two

for reversibility. Tentatively, this observation might be
associated with one or both of the following processes:
reoxidation of the reduced heteropolyanion and oxidation or
desorption of the two forms of hydrogen. It is worth noting
the absence of any clearly defined W-wave in the whole
voltammetric pattern. Assistance of such a process by the
deposited Pd and its merging with the deposition wave cannot
be excluded. Other W-waves might be expected beyond the

potential domains to be analyzed in sequence. The domainhydrogen wave, in loose analogy with the previous study of

starting from —0.1 to +1.0 V in the positive potential

[Fes(H20)10(B-SbWe033)2].6712¢ However, observation of
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these eventually more negative W-waves is precluded by thepyramidal geometry. Here we reported on the first example
large intensity of the hydrogen evolution process (not shown). of a 4d metal ion derivative of the Hertgpe sandwich
The remarkable electrochemical properties of the depositedstructure.
film call, indeed, for complementary studies. In particular,  Cyclic voltammetry of the title polyaniod in a pH 5
it is planned to observe the morphology of the film by near- medium resulted in the deposition of a°Pim on the
field microscopy. A study of the conductivity can also help glassy carbon electrode surface. This film is remarkable in
to explain its behavior. Finally, EQCM (electrochemical that it gives a particularly sharp hydrogen sorption/desorp-
quartz crystal microbalance) will be used to follow the tion pattern, thus indicating the excellent quality of thé Pd
thickness of the film as a function of the charge consumed deposit from polyaniori.
for its deposition or its oxidation. However, with the present ~ Currently we investigate if the arsenic(lll), selenium(lV),
results, only a rough estimate of the film thickness can be and tellurium(lV) derivatives ofl can also be synthesized.
given. Typically, the reoxidation of the film shown in Figure We are also interested if it is possible to incorporate more
3A necessitates 83& 10°° C, which corresponds to about than three palladium(ll) ions in this structural type. In future
2.6 x 10'° Pd atoms. With an atomic radius of 1.40 A for work we plan to perform catalytic studies on the title
Pd?2 a monolayer of these atoms would cover an area of polyanionl.
1.6 x 1074 m?. With an electrode of 7.0% 10°% m? surface Acknowledgment. We thank J. Futuwi and M. Zhelyaz-
area, the deposited film corresponds to about 20 monolayersyoya for help in the laboratory. U.K. thanks the International
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We have synthesized the novel tripalladium(ll)-substituted research support. Figures 1 and 2 were generated by Diamond
heteropolyanion [Gia(H.0)10Pc(0-SbWeO33)2]°~ (1). The ~ Version 2.1e (Crystal Impact GbR).
title polyanionl represents the first structurally characterized ~ Note Added after ASAP: A decimal point was missing
palladium-substituted polyoxometalate. Polyaniarontains from the range of PO bond lengths fod in the Results
three equivalent, square planar’Pdenters linking two ¢- and Discussion section of the version of this paper posted
SbWeOz3) fragments. The dimeric, sandwich-type structure ASAP on May 27, 2004. The decimal point is present in the
of 1 has been observed previously for a number of 3d metal version posted on May 28, 2004.
ion derivatives, but in all of them the incorporated transition Supporting Information Available: One X-ray crystallographic
metal ions were five-coordinated resulting in a square fje in CIF format. This material is available free of charge via the
Internet at http://pubs.acs.org.
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