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The dimeric, pentacopper(ll)-substituted tungstosilicate [Cus(OH)4(H,0)2(A-0i-SiWgOs3),]*°~ (1) has been characterized
by single-crystal X-ray diffraction, elemental analysis, IR, electrochemistry, magnetic measurements, electron
paramagnetic resonance (EPR), and mass spectrometry (MS). Magnetization and high-field EPR measurements
reveal that the pentameric copper core { Cus(OH)4(H,0),}®* of 1 exhibits strong antiferromagnetic interactions (J
=-51+6cmL J=-104 £ 1 cmL, and J, = —55 = 3 cm™Y) resulting in a spin St = %, ground state. EPR
data show that the unpaired electron spin density is localized on the spin-frustrated apical Cu?* ion with g,, =
2.4073 % 0.0005, g,, = 2.0672 + 0.0005, gy = 2.0240 + 0.0005, and A,, = —340 + 20 MHz (-0.0113 cm™). 1
can therefore be considered as a model system for a five-spin, electronically coupled, spin-frustrated system.
Polyanion 1, which is stable over a wide pH domain (pH 1-7), was characterized by cyclic voltammetry (CV) in a
pH 5 medium. Its CV was constituted by an initial two-step reduction of the Cu?* centers to Cu° through Cu*,
followed at more negative potential by the redox processes of the W centers. Controlled potential coulometry of 1
allows for the reduction of the five Cu?* centers, as seen by consumption of 10.05 + 0.05 electrons per molecule.
Polyanion 1 triggers efficiently the electrocatalytic reduction of nitrate and nitrite, and it also catalyzes the reduction
of N,O. To our knowledge, this is the first example of N,O catalytic reduction by a polyoxoanion. Fourier transform
ion cyclotron resonance MS was used to unambiguously assign the molecular weight of the solution-phase species
1 and the oxidation states of the Cu atoms in the central {Cus(OH)4(H,0),}5* core. Infrared (IR) multiphoton
dissociation MS/MS of 1 showed evidence of a condensation process similar to bronze formation at low irradiation
intensity. Higher IR intensity resulted in the formation of stable fragments consistent with those previously observed
in the solution chemistry of polyoxoanions.

Introduction structural variety. ® Although the class of POMs has been
known for about 200 years, the mechanism of formation of
POMs is not well understood and is commonly described as
self-assembly. Therefore, the systematic structural design of
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Polyoxometalates (POMs) are metalxygen cluster spe-
cies with a diverse compositional range and an enormous
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Transitional-metal-substituted POMs (TMSPs) have at-

tracted increasing attention in recent years because of their

highly tunable nature, coupled with their fascinating proper-
ties, resulting in potential applications in catalysis, material
science, and medicine!® Within the class of TMSPs, the
sandwich-type compounds represent the largest subclass.
To date, the Weakley-, HerveKrebs-, and Knoth-type
sandwich polyanions can be distinguished. However, con-
sidering that formation of polyanions occurs via self-
assembly, the discovery of novel TMSPs with fundamentally
novel structures continues to be a focus of considerable
ongoing research. These synthetic efforts are often ac-
companied by attempts to incorporate a large number of
paramagnetic transition-metal ions in lacunary polyanion
fragments, to obtain products with interesting magnetic and/
or redox properties.

The class of C#-containing, sandwich-type POMs is
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Table 1. Crystal Data and Structure Refinement foil

empirical formula CuH45K10090.5SibW1g
5567.6

space group P1(No. 2)

a(h) 13.4108(7)

b (A) 15.5496(8)

c(A) 24.1156(12)

o (deg) 100.0840(10)

S (deg) 101.9270(10)

y (deg) 103.3990(10)

V (A3) 4653.2(4)

z 2

T(°C) —100

wavelength (A) 0.71073

dcalcd (Mg m,3) 3.823

abs coeff (mm?) 23.653

R[I > 20(1)]2 0.069

R, (all data} 0.179

2R = J|IFol — IFcll/ZIFol. ® Ry = [IW(Fo? — FA) 3 W(Fo)? M2

resonance, redox behavior (electrochemistry), elemental
composition, metal charge state, and thermal fragmentation

well-known, and to date, numerous complexes have beenby ultrahigh-resolution mass spectrometry off{QH)4(H.O)(A-

reported. Most of these polyanions are dimeric and contain
three or four C&' centers, e.g., [GIiH20)s(XW¢O33)2] 2~

(X = AS”', Sb”), [CU4(H20)2(XW9034)2]n7 (X = PV, ASV, n

= 10; X = SiV, n = 12)1? In 2004, we reported on the

synthesis and magnetic properties of the tetracopper(ll)-sub-

stituted tungstoarsenate(lll) [Gu(H20)s(0-AsWgO33),] 8. 13
The year before, Mialane et al. described the tetramerig-Cu
containing tungstosilicaté. Very recently, we reported on
the wheel-shaped eicosacopper tungstophosphateGu
(OH)24(H20)12(PsW 450184125, which contains more Cti
ions than any other POM to date.

Late last year, two of us communicated the synthesis and
structure of the pentacopper(ll)-substituted polyoxoanion
[Cus(OH)4(H20)2(A-0-SiWe033)2] 12,26 In this paper, we
report on the magnetic susceptibility, electron paramagnetic

(4) Polyoxometalates. ItChemical Reiews Hill, C., Ed.; American
Chemical Society: Washington, DC, 1998.
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Netherlands, 2001.
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Pope, M. T., Eds.; Kluwer: Dordrecht, The Netherlands, 2002.

(7) Pope, M. T.Comput. Coord. Chem. 2003 4, 635.

(8) Hill, C. L. Comput. Coord. Chem. 2003 4, 679.

(9) Polyoxometalate Molecular Sciendgorras-Almenar, J. J., Coronado,
E., Miller, A., Pope, M. T., Eds.; Kluwer: Dordrecht, The Netherlands,
2004.

(10) Casan-Pastor, N.; Gomez-RomeroFront. Biosci.2004 9, 1759.
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W.; Ravot, D.Inorg. Chem.2004 43, 2308. (c) Mbomekalle, I. M.;
Keita, B.; Nadjo, L.; Hardcastle, K. I.; Hill, C. L.; Anderson, T. M.
Dalton Trans.2004 4094. (d) Yamase, T.; Ishikawa, E.; Fukaya, K.;
Nojiri, H.; Taniguchi, T.; Atake, TInorg. Chem.2004 43, 8150.

(12) (a) Kortz, U.; Al-Kassem, N. K.; Savelieff, M. G.; Al Kadi, N. A.;
Sadakane, MInorg. Chem.2001, 40, 4742. (b) Weakley, T. J. R;;
Finke, R. G.Inorg. Chem.199Q 29, 1235. (c) Bi, L.-H.; Huang, R.-
D.; Peng, J.; Wang, E.-B.; Wang, Y. H.; Hu, C.-\.. Chem. Soc.,
Dalton Trans.2001, 121. (d) Kortz, U.; Isber, S.; Dickman, M. H.;
Ravot, D.Inorg. Chem.200Q 39, 2915.
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(15) (a) Mal, S. S.; Kortz, UAngew. Chem., Int. EQ005 44, 3777. (b)
Jabbour, D.; Keita, B.; Nadjo, L.; Kortz, U.; Mal, S. Electrochem.
Commun2005 7, 841.

(16) Bi, L.-H.; Kortz, U.Inorg. Chem.2004 43, 7961.
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Experimental Setup

Synthesis.All reagents were used as purchased without further
purification. The trilacunary precursor 1fA-o-SiWgOs4 was
synthesized according to the published procedre.

K 1d[Cus(OH) 4(H20)2(A-a-SiWgO33),] - 18.5H,0 (K-1). A 0.50-g
(0.16-mmol) sample of I[A-o-SiWsO34] was added with stirring
to a solution of 0.076 g (0.44 mmol) of Cy£2H,0 in 20 mL of
a 0.5 M NaAc buffer (pH 4.8). This solution was heated to°80
for 30 min and then cooled to room temperature and filtered. Slow
evaporation at room temperature resulted after abet Weeks
in green crystals that were filtered off and air-dried. Yield: 0.28 g
(63%). IR forK-1: 1008, 945, 915, 885, 810, 768, 698, 595, 546,
524 cn1t. Anal. Calcd (found) foK-1: K, 7.0 (7.2); Cu, 5.7 (5.6);

W, 59.4 (59.8); Si, 1.0 (1.1). Elemental analysis was performed by
Kanti Labs Ltd. in Mississauga, Canada.

X-ray Crystallography. A light-green block of K-1 with
dimensions 0.26< 0.20 x 0.16 mn¥ was mounted on a glass fiber
for indexing and intensity data collection at 173 K with a Bruker
D8 SMART APEX CCD single-crystal diffractometer by use of
Mo Ko radiation 4 = 0.710 73 A). Of the 22 732 unique reflections
(20max= 56.56), 19 331 reflectionsR: = 0.033) were considered
observed [ > 20(1)]. Direct methods were used to solve the
structure and to locate the tungsten and copper at@HEILXS-

97). Then the remaining atoms were found from successive
difference maps SHELXL-9%. The final cycle of refinement,
including the atomic coordinates, anisotropic thermal parameters
(W, Cu, Si, and K atoms), and isotropic thermal parameters (O
atoms), converged & = 0.069 andR, = 0.179 | > 24(1)]. In

the final difference map, the deepest hole wes184 e A3 and

the highest peak 4.938 e A Routine Lorentz and polarization
corrections were applied, and an absorption correction was per-
formed with the SADABSprogram!® Crystallographic data are
summarized in Table 1.

Magnetic MeasurementsMagnetic susceptibility measurements
were carried out on compacted powder samples from 1.8 to 300 K
at an external field of 0.1 T with a Quantum Design MPMS SQUID
magnetometer. The data were corrected for diamagnetism

(17) Laronze, N.; Marrot, J.; Hefyé&. Inorg. Chem.2003 42, 5857.
(18) Sheldrick, G. M.SADABS Siemens Analytical X-ray Instrument
Division: Madison, WI, 1995.
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estimated from Klemm constants and temperature-independent

paramagnetism of the €uions®

EPR MeasurementsPolycrystalline powder EPR spectra were
recorded at frequencies ranging from 34 to 190 GHz and in the
temperature range—-4300 K. A Bruker Elexsys-500 spectrometer
was used for Q-bandv(= 34 GHz) measurements, whereas the

high-frequency measurements were conducted with a custom-built
variable-frequency EPR spectrometer at the National High Magnetic

Field Laboratory in Tallahassee, FLAIl experimental spectra were
simulated with locally developed computer programs.
Electrochemical Methods and Materials.Pure water was used

throughout. It was obtained by passage through a RiOs 8 unit

followed by a Millipore-Q Academic purification set. All reagents

were of high-purity grade and were used as purchased without

further purification. The compositions of the various media were
as follows: for pH 3, 0.2 M Nzg5O; + H,SOy; for pH 5, 0.4 M
CH3;COONa+ CH3;COOH.

Electrochemical Experiments.The polyanion concentration was
2 x 1074 M. The solutions were deaerated thoroughly for at least
30 min with pure argon and kept under a positive pressure of this

gas during the experiments. The source, mounting, and polishing

of the glassy carbon (GC; Tokai, Japan) electrodes has been

described! The GC samples had a diameter of 3 mm. The
electrochemical apparatus was an EG&G 273 A driven by a PC

with M270 software. Potentials are referred to a saturated calomel
electrode (SCE). The counter electrode was a platinum gauze of

large surface area. All experiments were performed at room
temperature.

MS. Polyanion [Cg(OH)s(H20)(A-a-SiWgO33)2] 1% (1) was
isolated as am-tetrabutylammonium (TBA) salt by the addition
of solid TBABr to a solution ofL*6 followed by washing with HO.
Then the product was isolated by suction filtration and air-dried.
For MS analysis, a micromolar solution bfn acetonitrile (Fisher)
was infused, at 300 nL/min, into the microelectrospray source of a
home-built 9.4-T Fourier transform ion cyclotron resonance (FT-
ICR) instrument configured for mass-selective external ion ac-
cumulatior?? For MS/MS, the desired parent ion was isolated by
external quadrupole mass filtering and irradiation in the ICR cell
with a 40-W continuous-wave CQaser (Synrad, Mukilteo, WA)
to induce dissociation.

Results and Discussion

Synthesis and Structure.The dimeric title polyanioril
consists of two Aa-[SiWe034]*°~ Keggin moieties that are
linked via two adjacent WO—W bonds and stabilized by
a central Cus(OH)4(H.0),} & fragment, leading to a struc-
ture with idealizedC,, symmetry (see Figure 1&)Polyanion
1is stable over a very wide pH range (pH 1), as shown
by UV—vis and IR. The structure df can also be visualized
as an open WellsDawson polyanion [SV150s¢] 16~ (first
reported by Hervand co-workers}? which has taken up
the cationic copperoxo cluster{ Cus(OH)4(H20).}¢*. The

(19) (a) Vulfson, S. GMolecular Magnetochemistrysordon and Breach
Science: Newark, NJ, 1998. (b) Kahn, ®lolecular Magnetism
VCH: New York, 1993.

(20) (a) Cage, B.; Hassan, A. K.; Pardi, L. A.; Krzystek, J.; Brunel, L.-C.;
Dalal, N. S.J. Magn. Resarl997, 124, 495. (b) Hassan, A. K.; Pardi,
L. A.; Krzystek, J.; Sienkiewicz, A.; Goy, P.; Rohrer, M.; Brunel,
L.-C. J. Magn. Reson200Q 142, 300.

(21) Keita, B.; Girard, F.; Nadjo, L.; Contant, R.; Canny, J.; RichetJM.
Electroanal. Chem1999 478 76.

(22) Hakansson, K.; Chalmers, M. J.; Quinn, J. P.; McFarland, M. A.;
Hendrickson, C. L.; Marshall, A. GAnal. Chem2003 75, 3256.

Figure 1. (a) Ball-and-stick (left) and polyhedral (right) representations
of 1. The color code is as follows: copper, turquoise; tungsten, black; silicon,
green; oxygen, red. (b) Ball-and-stick representation of the cef@aj-
(OH)4(H20),} ¢ fragment of1.

structural details of thi§ Cus(OH)4(H,0),} 6" fragment are

of interest (see Figure 1b). Bond valence sum calculations
indicate that all bridging oxo groups linking adjacent copper
atoms are either mono- or diprotonafédSpecifically,
oxygen atoms O1CC, OC12, 0O25C, and O34C are mono-
protonated (OH), whereas oxygen atoms O13C and 024C
are diprotonated (kD).

As expected, the octahedral coordination spheres of all
copper(ll) centers are JahiTeller distorted. The equatorial
Cu—O distances range from 1.907 to 2.084(13) A, whereas
the axial Cu-O distances are 2.280 to 2.387(13) A. The-Cu
O—Cu angles of the centrdiCus(OH)4(H20),} ¢t fragment
range from 83.6 to 129.3(6)and the Cet-Cu separations
in 1 range from 3.11 to 3.56 A.

The novel pentacopper-substituted polyaniois highly
interesting for magnetic, EPR, electrochemical, electroca-
talysis, and MS studies.

Magnetochemistry. Figure 2a shows magnetic suscepti-
bility data for K-1 as a plot ofymT vs T, whereT is the
temperature in Kelviny, T steadily decreases upon cooling
from 1.15 emeK/mol at 300 K to 0.44 emiK/mol at 80 K
and slowly saturates to 0.39 erkiimol as the temperature
further decreases to 1.8 K. Comparison of the low-temper-
ature saturation value (0.39 eriimol) to the calculated
value of 0.41 emiK/mol for S= %/, andg = 2.1 impliesS;
=1/, as the spin of the ground state.

(23) Laronze, N.; Marrot, J.; Hefy&. Chem. Commur2003 2360.
(24) Brown, I. D.; Altermatt, D Acta Crystallogr.1985 B41, 244.
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Table 2. Eigenvalues Associated with the Spin-Exchange Hamiltonian

for 12
n S E(Sr)
1 5, —Ja— Jo— 20
2 3y Ja—Jp— I
3 I, —Jat Jo— X
4 3/, Jat I —J
5 I, —Ja— Jat 30
1
6 1’2 Jat do— 2032 — 33, + 372
7 2 Jat Jo+20/32— 33, + 372
8 Y, Ja— Jo+ 20
9 Y, —Jat Jo+ 2%
10 1, Jat Jo+ 20

aSee text for details.

Table 3. Bond Distances (A) and Angles (deg) for the Central
{Cus(OH)4(H20)2} 6" Fragment inl

Cul Cu2 Cu3 Cud Cu5 CtO—Cu

013C 2.28(1) 2.37(1) 85.0(5)

OC12 1.95(1) 1.92(1) 128.4(6)

024C 2.30(2) 2.37(2) 83.6(5)

034C 1.95(1) 1.91(1) 129.3(7)

O1CC 2.09(1) 2.02(1) 1.96(1) 100.2(5), 122.6(6),
123.1(6)

025C 2.05(1) 2.03(1) 1.98(1) 99.5(5), 122.8(6),
123.1(6)

10 exp(¥ + 42) + 10 exp(X + 42 + 10 exp(4) + 10

Figure 2. (a) Plot of ymT vs T for K-1 atH = 0.1 T. (b) Calculated exp(x + 2y) + exp(Z + 2v XZ_Xy+y2) + exp(& — 2

spin-state energies, relative to the ground stat&-af The color code is ~/x2—xy+y2) + exp(Z + 2) + exp(X + 2) + exp@), andB

as follows: St = Y5 (black), Sr = %/, (red), andSr = %, (blue). (c) Spin- _
exchange coupling in theCus(OH)24(H20)2} 6+ core cff K-1, where the =3 exp(Z( +2y+ 52) +2 eXp(al + 42) +2 exp(Z( + 42)

numbering corresponds to that of Figure 1b. Up and down arrows on the 2 eXp(ét) +2 exp(2< + 2y) + exp(3z + 2~/x2—xy+y2) +

apical CU ion (Cub5) represent the spin frustration experienced by it.
exp(Z — 2V X—xy+y?) + exp(¥ + 2) + exp(X + 2) +
Following the numbering scheme in Figure 1b, the exp(), with x = JJ/KT, y = Jy/kT, andz = JJ/KT.

isotropic spin-exchange Hamiltonian fércan be given as The experimental data were fitted to eq 3 with,, Jp,
N Al n A A a P andJ. as fitting parameters. As shown in Figure 2a, the least-
Hexen = ~2[01251°S, 1 05655, + oSSy + 01555, + squares fit is quite satisfactory and yields= —51 + 6

I S+ 5SS+ ISy S+ ISy S (1) cm?, Jy = —104+ 1 cnr?, J. = —55+ 3 cnrl, andg =
L 2.035 + 0.002. The spin-state spectrum along with the
Considering theCz, symmetry of the pentamer, the above o0 gies relative to the ground state is shown in Figure 2b.
Hamiltonian can be rewritten as The doublet ground state is well separated from the first
S S r I -5 &.8 a8 excited state$ = Y%,) by ~70 cnt?! (~101 K), which is
Hoon= —20S SZ—_’_Z‘? ?"JA JZFJ‘B[.S{ Si-’:ssf Sﬂ 5.81 (2 consistent with our EPR results (vide infra).
dSS+SSHSS+SS () The observed values can be correlated with the molecular
structure by considering the available exchange pathways

wherediz = Jsa = Ja, Ji3 = Joa = Jp, @anddis = Jos = Jgs = _
12 s s e b S between the CU ions (see Table 3 for bond lengths and

Jss = J.. The Hamiltonian in eq 2 gives rise to 10 spin states : X
corresponding to the total spin operafar= 8 + & + & angles). Cul(3)-Cu2(4) are connected viaia-OH with a

+ &+ §, viz., five doublets & = 1/,), four quartets $r = bridging angle of abOL_Jt 129 _anq Cul(2,3,4)-Cu5 are
3,), and one sextetS = %). The eigenvalues associated CcOnnected via a-OH with a bridging angle of about 123
with the Hamiltonian in eq 2, obtained by solving the 82 thus giving rise to antiferromagnetic exchange interactions

32 matrix (see the Appendix for details), are listed in Table (Ja=—51+6cm*and) =-S5+ 3cm, respectiyely).
2. The molar magnetic susceptibility expression shown in ON the other hand, Cu1(2)Cu3(4) are connected via both

eq 3 was then obtained by substituting the energies given in& #2"OHz and aus-OH with bridging angles of about 84
Table 2 in the HeisenbergDirac—van Vleck equatioR® and 100, respectively, and therefore can interact either
ferromagnetically or antiferromagneticafyConsidering that

NERT the Cu-O bond lengths+2.05 A) are shorter along the-
Xm = \"2kT \B @) OH bridge than the,-OH, (~2.33 A) and the fact that Cul-
HereN is Avogadro’s number is the Landey factor, j is (25) Sa) |_|Crta]}yvlf8rC\!l,v V-EFIL: RichCeersolné;g \1/\&/3';;\1/8?5(()8)' JB. R.; lHoclizgsKn, D.
: ., Aatrela, W. e.lnorg. em. X . uvaylo, E. A}
_the electron Bohr magnetgh;s the Boltzmann constant, Kokozay, V. N.; Vasg”yeva' O. Y. Skeiton. B. W.: fézierska, X
is the temperature in KelvirA = 35 exp(X + 2y + 52) + Brunel, L.-C.; Ozarowski, Alnorg. Chem.2005 44, 206.
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(oI v =94.902 GHz

1 T=5K

gyy

L x

Intensity (a.u)
T

xx

'
=N
1

T T T T T

2.8 3.2 3.6
Field (T)

Figure 3. Polycrystalline powder EPR spectrum k1 at 94.902 GHz
and 5 K. The asterisk in the figure is from an impurity. See text for details.

(2,3,4)---Cu5 interact antiferromagnetically via the same
OH bridge, we believe that Cul¢(2yCu3(4) are antiferromag- ,
netcally coupled via thei-OH bridge ¢, = ~104 1 £941e & Temperature deperdence of powcer EPR pectiition
cm™’). The magnetic exchange parameters obtained in theasterisk in the figure is from an impurity. See text for details.
present study are consistent with other pentanucledt Cu
complexes reported in the literatld®The spin-exchange
coupling scheme is shown in Figure 2c, where Cul, Cu2,
Cu3, and Cu4 are in the plane of paper and Cu5 is projecting
out of the plane. The dominant antiferromagnetic exchange
interactions in the plane align the spins antiparallel, thus
making Cu5 a spin-frustrated center.
EPR. Q-band (34 GHz) as well as 95- and 190-GHz EPR
measurements were carried out to complement our magnetic
susceptibility measurements. Figure 3 shows a 95-GHz
powder spectrum oK-1 at 5 K, and it is a typical Cif
spectrum, with a four-line hyperfine structur@.j on the
low-field Zeeman peakd;). We assign it to the spin-
frustrated apical CU ion. A« and A,y were not resolved,
implying that their magnitude is at leagg of the observed
line widths. The small high-field peaks marked with an
asterisk are from impurities. As the temperature increases,rigure 5. Experimental and simulated powder EPR spectr&df at
the hyperfine structure broadens out and disappears at abou®4.902 GHz and 5 K. The experimental spectrum was simulated by a
45 K, and finally the overall spectrum also broadens and 2ussian line shape with line widtB, = 23 + 2 mT, B,y = 13+ 2 mT,

. . dB, =7+ 0.5mT.
becomes unobservable above 60 K (see Figure 4). Neither "

the g values nor theA;, values exhibited any temperature electron-spin-polarization mechanism. The obsenyeuahi-
dependence in the range investigated, implying that the sotropy is not surprising if we consider the elongated
observed spectrum originates from a ground state, 8ere  hombic-octahedral stereochemistry around Cufl ¢éee

= 1> as discussed above. Figure 5 shows a representativq:igure 6). Theg and A values observed for our copper
simulation at 95 GHz and 5 K. The agreement between the pentamer are consistent with the literature values repad
observed and simulated spectra is considered to be satisfac,, 5 single octahedral oxygen-coordinated?Cion with

tory. The fact that the spectra at all frequencies were rpompic distortion and imply that the unpaired electron
reproduced satisfactorily with the Hamiltonian parameters (qsides in a 3d > type of molecular orbital. Below, we
9= 2.4073+ 0.00059,y = 2.0672+ 0.00059, = 2.0240  giscuyss the relationship between these parameters and the
+ 0.0005, andA,4 = 340 20 MHz (0.0113 cm) implies nature of the chemical bonding around the apica*Gan

that there is no net exchange field. We assigned a negative(Cu5 center) in terms of a simple molecular orbitatystal
sign for A,; based on the literatufé,i.e., A,, = —3404 20 field model.

MHz (—0.0113 cm?), as expected from the 3¢ inner s

(27) (a) Maki, A. H.; McGarvey, B. RJ. Chem. Phys1958 29, 31 and

(26) (a) Gojon, E.; Gaillard, J.; Latour, J.-M.; Laugier,Idorg. Chem. 35. (b) McGarvey, B. RJ. Phys. Chem1967, 71, 51.
1987, 26, 2046. (b) Shanmugam, M.; Muthuvijayan, L.; Tiwary, S.  (28) For example, see: (a) Hathaway, B. J.; Billing, D.G@ord. Chem.
K.; Chakravarty, A. RInorg. Chem 1995 34, 5091. (c) Doyle, A. Rev. 197Q 5, 143. (b) Abragam, A.; Bleaney, Electron Paramag-
A.; Parsons, S.; Solan, G. A.; Winpenny, EJPChem. Soc., Dalton netic Resonance of Transition Igri3over Publications: New York,
Trans.1997 2131. (d) Song, Y.; Liu, J.-C,; Liu, Y.-J.; Zhu, D.-R; 1970. (c) Pilbrow, J. R.Transition lon Electron Paramagnetic
Zhuang, J.-Z.; You, X.-ZInorg. Chim. Acta200Q 305 135. (e) ResonanceOxford University Press: New York, 1990. (d) Dalal, N.
Papaefstathiou, G. S.; Raptopoulou, C. P.; Tsoshos, A.; Terzis, A; S.; Millar, J. M.; Jagadeesh, M. S.; Seehra, MJ.SChem. Physl 981
Bakalbassis, E. G.; Perlepes, S.lforg. Chem 200Q 39, 4658. 74, 1916.
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Figure 6. Coordination environment of Cu5 iK-1. The bond lengths

are given in order to show the distortion present at the Cu center. The choice

of x andy axes is arbitrary.

Considering that the apical €uion is in an all-oxygen
ligand environment, the small differences in CtG¢qbond
lengths will be ignored and the site symmetry offCwill

be taken asC,,. Unfortunately, our lack of resolution

regarding the measurement &, and A, and the ap-
proximation of C4, site symmetry for the apical Cuion

Nellutla et al.

g, = 2.0023— 240°6°IAE,,, (6b)

A, = P[—k — (4/T)® + (g, — 2.0023)+ (g, — 2.0023)]
(6¢)

A= Pl—k + (2/7)a? + (11/14)@, — 2.0023)] (6d)

In the expressions 6al, 4 is the spir-orbit coupling
constant for a free ioM\Eyy = Exy — Ex-y2, AExy; = Exyz
— BEe-y, P = 2.0023)8¢n(r 3)aw and« is the isotropic
hyperfine (contact) term arising from the polarization of inner
s electrons by the unpaired spin in the d orbital.

The values forAE,, and AE,,, were determined by
running the optical absorption &F-1 in an aqueous solution.
The spectrum consists of a broad peak aroundx1.20*
cm-and, on the basis of the literatui@;*lis taken a\E,.
The intense charge-transfer transitions set inats x 10*
cm~twith no hint of any shoulder. We therefore tak&,,y,
> 2.5 x 10 cm™L. On the basis of. = —828 cm! (free-

render the following discussion to be only qualitative, but ion value for Cé@*), P = 0.036 cn! (free-ion value for
nevertheless instructive. Furthermore, we shall use theClW*), k = 0.33,g) = g;; = 2.4073,00 = (G« + G)/2 =

expressions-28ac.2%reported for eDgy CU?T ion with 3de_y2

2.0456, andy, = A, = —0.0113 cm? in egs 6a-c, the

ground state. This assumption is justified because Hathawayfollowing values can be deduced for the bonding parameters

and Billing have showA$? that the expressions for thg

values are the same for equivalent point groups, provided

the ground state is identical. In other wordgvalue
expressions foDg4, Dap, Ca,, andD2g Symmetries will be the

a, y, ando:

=071, y*=1.0, 6°=0.92

same if the ground state of a metal ion is identical in all of These values are in reasonable agreement with other similar

the point groups.

On the basis of group theory, allowance for covalent
bonding is made by combining the proper linear combination
of ligand orbitals with the copper d orbitals to give the wave

functions of the forr@’-282.c.d.29
Pe0¢ = ¥) = ad_, + (1 — ®) g, (0xygen)
Ppr(3Z = 17) = By + (1 = 72 e (OXygen)
Pea(Xy) = 70y, + (1 = 7)) 2pg,(0xygen)

Pe(xzy2) = 0d,,,, + (1 — 69)2peloxygen)  (4)

tetragonal C&" complexes reported in the literatiie?8a.c.29
A value of 0.71 for a? indicates a moderate~B0%)
contribution from the oxygen orbitals.

Electrochemistry. The cyclic voltammogram (CV) ot
in a pH 5 medium is shown in Figure 7A. In the potential
domain explored, it consists of four reduction waves with
peak potentials located respectively a0.170, —0.268,
—0.736, and—0.858 V vs SCE. The last two chemically
reversible waves are attributed to the redox processes of the
W centers. To the first two reduction waves is associated a
single oxidation process located &t0.056 V, with the
characteristic shape usually encountered for by the oxidation
of adsorbed species. These first two waves and their
oxidation counterpart are attributed to the redox processes
of the C#" centers. The shapes and potential locations of

When these wave functions are applied to the Hamiltonian the CV of 1 are comparable to those observed for the CV of

of Abragam and Pryé°(cf. eq 5), the magnetic param-

eters obtained?%2c42%re given in eq 6.

A =g BHS + g AHS+HE) +AST AT, +
sl) ©)

g, = 2.0023— 8l0’y’/AE,, (6a)

(29) (a) Stevens, K. W. HProc. R. Soc. Londoi953 A219 542. (b)
Owen, J.Proc. R. Soc. Londo955 A227 183; Discuss. Faraday
Soc 1955 19, 127. (c) Kivelson, D.; Neiman, R. Chem. Physl961
35, 149. (d) Gersmann, H. R.; Swalen, J.DChem. Physl962 36,
3221.

(30) Abragam, A.; Pryce, H. M. LProc. R. Soc. Londoh951 A205 135;
1951, A206 164.
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CuSQ under the same concentration and supporting elec-
trolyte conditions’? The reduction peak potentials of CugO
are located at-0.156 and—0.442 V, respectively. In both
compounds, the pattern features the two-step reduction of
Cu?t to CW through Cd, generally observed in the presence
of strong ligands such as Clor NH;.2335 Figure 7B

(31) Billing, D. E.; Hathaway, B. JJ. Chem. Soc. A968 1516.

(32) Keita, B.; Mbomekalle, I. M.; Nadjo, LElectrochem. Commu2003
5, 830.

(33) Greenwood, N. N.; Earnshaw, &hemistry of the Element&nd ed.;
Butterworth-Heinemann: Oxford, U.K., 1997; pp 1193000.

(34) Walcarius, A.; Despas, C.; Bessis, JAnal. Chim. Actal999 385,
79.

(35) Keita, B.; Abdeljalil, E.; Nadjo, L.; Avisse, B.; Contant, R.; Canny,
J.; Richet, M.Electrochem. Commur200Q 2, 145.
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Figure 8. Comparison of the CVs of X 1074 M 1 restricted to the Cu
waves in pH 3 (0.2 M Ng58O; + H2SOy) and pH 5 (0.4 M CHCOONa+
20.0F CH3COOH) media. The scan rate was 10 mV/s, the working electrode was
' GC, and the reference electrode was SCE.

10 .0l to start readily from the very beginning of the composite
< Cw"™ wave. Analogous observations were made with Cu
3‘ sandwich—type POMs, [Q(HzO)g(Xlesose)z]l& (X = As
- 0.0} or P) (abbreviated aSusX;W3).3?

Among the explanations that might be offered for this

10 ol observation, the following could be retained: (i) the com-

i ’ plexing ability of the POM framework is depressed when

its overall negative charge is decreased upon protonation;
(i) the SO2~ anions present in the pH 3 medium are less
powerful stabilizing agents than GEOO™ anions for the
Figure 7. CVs runinapH 5 (0.4 M CHCOONa+ CH,COOH) buffer  cyt species. In a continuation of this reasoning, it was
solution. The scan rate was 10 mV/s, the working electrode was GC, and . . L
the reference electrode was SCE. For more detailed information, see thelNteresting to study the competition between the POM
text. (A) CV of 2 x 104 M 1 restricted to the Cu4waves and the first two ~ framework and chloride anions for the complexation of the
e e e et ok v s g COPPET CEIrS n the pH 3 ulfate medium, where the reduced
by 4 for an easier comparison. Cu' forms might experience a weak stabilization by the
oxometalate. For example, upon addition of a 500-fold excess
compares their CVs and indicates that these two steps aresf chloride (0.1 M Ct vs 0.2 mM of1), a partial extraction
better separated for CugGhan 1. Controlled potential  of Ci?* from the POM was observed and the extracte@Cu
coulometry just negative of the peak potential of the second showed the same CV as Cug®These results indicate that,
reduction process df indicates the consumption of 10.05 i such special conditions, the copper sandwich-type com-
+ 0.05 electrons per molecule, indicating that the fivé'Cu pounds CusX4Wso, X = As or P) are more stable against
centers are actually reduced. copper extraction. As a matter of fact, despite a slight
Like the observations made for most POMSs, the electro- g gification of their CVs attributed to the replacement of
chemical characteristics df are pH-dependent. Figure 8 1 5 jigands by chloride, no extraction of Euwas obtained
illustrates such variations for Cu and W waveslofvhen even wih 1 M CI- (5000-fold excess® Finally, the W
the pH varies from 5 to 3. The expected classical positive
potential shift of the whole CV pattern was obtained when
the acidity of the supporting electrolyte increased. The Cu
waves are practically merged in the pH 3 medium, and the
charge released by the reoxidation of the corresponding
deposited Ctiwas roughly 20% larger than that measured
in the pH 5 medium. In another respect, the’ @aposition
occurs more easily from the pH 3 medium and was found

-0.8 -0.4 0.0 0.4
E/Vvs.SCE

waves are clearly separated from the Cu waves. Note that,
in the pH 3 medium, the second W wave is very close to an
irreversible wave with a large current (Figure S1 in the
Supporting Information). As for Cu-monosubstituted PG¥s,
this wave, located at0.875 V, is attributed to the hydrogen
evolution reaction on Cudeposited on the GC electrode.

Electrocatalysis of NQ, Reduction. Nitrate reduction was
selected to test the catalytic abilities bf Studies of N@~
(36) Actually, comparison of the CVs of 0.2 and 0.5 mM CuSéveals and NO, which are possible intermediate chemicals in the

that the exact potential location of the second reduction wave of the yaqyction of nitrate, were also carried out. In the following,
salt depends on its initial concentration and shifts in the positive

direction when the concentration increases. This observation can be all electrocatalysis tests were performed in a pH 5 medium.

understood by considering that the second reduction 8f @acurs : : :
on larger and larger amounts of deposited @hen the concentration (a) Reduction of Nitrate. The CVs were run as a function

of CuSQ increases. of the excess parametgr(y = Cno,/Cpowm) With the same
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Figure 9. Electrocatalysis of the reduction of nitrate in the presence of 2
x 104 M 1in a pH 5 medium (0.4 M CECOONa+ CH3;COOH). The
scan rate was 2 mV/s, the working electrode was GC, and the reference
electrode was SCE.
10.0 [
potential scan rate. As is apparent from Figure 9, the addition
of even modest amounts of nitrate induced a large cathodic <
current enhancement, starting in a potential domain of the Fo.07
first W wave. Concomitantly, the reversibility of the W~
waves was suppressed. These observations indicate an 0 o
efficient reduction of nitrate by the reduced specieg.dh ) T
the explored potential domain, no reduction of nitrate could

be obtained on the GC electrode in the absence of POM. . L : L . L .
-0.8 -0.4 0.0 0.4

The current increase can be expressed more quantitatively E/Vvs.SCE

through the catalytic efficiency CAT defined as
Figure 10. Electrocatalysis of the reduction of two N@ the presence
. d d of 2 x 1004 M 1in a pH 5 medium (0.4 M CCOONa+ CH3;COOH).
CAT = 100(pom + NO;~ leom/lpom The scan rate was 2 mV/s, the working electrode was GC, and the reference
electrode was SCE.

wherelpom + no,~ represents the reduction current of the POM
in the presence of nitrate amdl,,, the reduction current for
the POM alone. In the present experiments, CAT values, . . ;
measured at-0.9 V, varied from 618% to 1393% far = compared to the 4'-fold' increase for nitrate. Tentatwgly, one
10 and 30, respectively. Corresponding CAT values evaluatedp_os_Slble explanaﬂon is that the reductloq _mechan_lsms of
in the same conditions as those for copper sandwich—typen'mte and nitrate are not the same. Provisionally, it must
POMs CusXaWaso, X = As or P2 were distinctly lower also be noted thal is a good electrocatalyst for nitrite
than those obtained here. The results for such CAT valuesf€duction in moregaC|d|c media, where a mixture of NO and
are gathered for comparison in the Supporting Information HNO2 is present® For example, Figure S2 (see the Sup-

(see Table S1). For example, the CAT value measured atPorting Information) compares the results obtained at pH 5
—0.9 V andy = 30 for CusPsW3o was roughly 4 times and 3. It was also found thdt catalyzes the reduction of

smaller than that fofl, as seen in this tabFé. N2O (see Figure 10B). To our knowledge, this is the first

(b) Reduction of NO,~ and N,O. Figure 10A indicates time that such a catalysis by a POM is described.

that, upon reductiort, catalyzes also the reduction of nitrite  Finally, it emerges from the results of the electrocatalytic
at pH 5. This reduction was found to occur before the reduction of NQ that Cé#* ions complexed by POMs keep
deposition of a substantial amount of Tin a potential their catalytic properties with supplementary advantages.
domain distinctly positive of that necessary for nitrate These advantages include the effect of accumulation of active
reduction. The CAT values fat and CusX4Wzo (X = As Cu centers withirl, a complex stable in a large pH domain
or P) were less different than observed in the case of nitrate.(pH 1—7),!6 and the possibility of generating highly reduced
products, owing to the electrons available in reduced W

(37) Keita, B.; Abdeljalil, E.; Nadjo, L.; Contant, R.; Belghiche, R. domains.
Electrochem. Commur2001, 3, 56.

(38) The presence of one more Cu atonilinompared taCusX4Wso (X
= As or P), inducing a surface increase during® @aposition in the (39) At pH 3, the actual active species should be HN@d/or NO. As a

For example, the CAT value measured-d1.17 V andy =
30 was just 1.5 times larger fat than for CusP,W 3o,

former case, might not be the only parameter to explain this difference matter of fact, the sequence HN& H* + NO,™ (pK, = 3.3 at 18
in catalytic efficiency. The quality of the deposited Cfilm might °C) is known, and HN@disproportionates in a fairly acidic solution:
also intervene. For example, it is well-known that the particle size 3HNO, — HNOs + 2NO + H20. The rate of this reaction is known
and morphology are important factors for the catalytic efficiency. to be low.
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Figure 11. ESI FT-ICR negative-ion mass spectrum of TSA[Cus(OH)4(H20). (SiWyOs3)7] in acetonitrile. Labels denote the number of (TBA, H)
counterions. All identified species feature a loss of twHigands from the Ctthydroxo—aqua core. The inset shows the calculated (bars) and measured
(circles) isotopic distributions for the (4,%) species with the assigned formula (TBA[Cu"s(OH)4(SiWg033)2])*".

Table 4. Accuracy of FT-ICR MS Measured Averagez Values (determined from the reciprocal of the spacing between
Relative to the Isotopic Distribution Computed for the Assigned adiacentnvz peaks in a aiven isotopic distribution) of the
Chemical Formula | . P . 9 . P . .

MS species are consistent with-2and 6+ oxidation states

_ averagfmlz of the Cu and W metal ions, respectively. This result is
species  calcd from chemical formula _measd _ error (ppm)  consistent with the charges obtained from X-ray diffrac-
(2,58 1765.76 1765.59 a tion (XRD) characterization of the K salt of in the
(1,65 1685.30 168565  a solid state. As previously reported for POM species in
(5, 1y 1505.11 1505.16 7 o . - .

@ 2f- 1444.76 1444.77 7 solution* polyanionl exhibited a large degree of cation-
(3, 3y~ 1384.41 1384.48 8 ization, with the species differing in mass by 241.5 Da
(2,45~ 1324.07 1324.04 -9 corresponding to the exchange of a TBA counterion for a
(L, 5" 1263.72 1263.79 10 proton. The exact ratio of TBA to H in the ion-ex-
(0, )~ 1203.38 1203.39 10 . N

(L 45~ 101078 1010.80 13 changed product before dissolution is not known, but
(0: 5~ 962.50 962.43 —13 judging from the relative abundance of the species in the

4— charge envelope, polyaniah can accommodate three
%to four TBA counterions in solution, with the remaining
charge balance carried out by protons. That observation is

Mass Spectrometry. (a) Product Characterization by also in good agreement with steric considerations for TBA

Electrospray lonization (ESI) FT-ICR MS. Figure 11 and1.

shows the negative-ion mass spectrum of TBA The loss of two HO molecules from the central Cu
[Cus(OH)4(H20)2(SiWe033),] in acetonitrile. Consistent —hydroxo—aqua core was the only fragmentation observed in
with the polyanionic nature of, only negative ions were  the MS data. The low affinity of these two8 molecules
observed. The high resolution of FT-ICR MS allowed is consistent with their large GtO bond lengths [2.28

us to accurately assign a molecular formula to each spe-2.37(2) A] based on the XRD structutlt is not known if
cies by comparing the MS data to putative isotopic distri- the two HO ligands are removed in solution through
butions (see Figure 11, inset). The reported averaie displacement by solvent molecules or in the ESI process by
is the number-averag®e/z value for each isotopic distribu-  intermolecular collisions.

tion (Table 4). The precision (and thus accuracy) in  |n addition to the Keggin dimet, another species was
the determination ofwz is proportional to the signal-to-  observed by MS. That species behaves like a polyanion in
noise ratio and digital resolution (data points per peak that we observed a series of- 2and 3- species that differ
width).*® Although many of the isotopic distributions py roughly 241.5 Da. The chemical formula for that species
exhibited relatively low S/N ratios and limited digital has not been assigned but is close in mass to a single Keggin
resolution, measurement accuracy, nevertheless, suffices fogtrycture. The presence of bound TBA counterions makes it

aThe charge state is unambiguous, but the elemental composition canno
be determined with certainty because of a too low signal-to-noise ratio.

unequivocal assignment of chemical formulas. unlikely that this species results from gas-phase dissociation
The highest-magnitude peaks in the mass spectrum wereof the Keggin dimer structure during ESI. As our infrared
assigned to a series §TBAH,[Cus(OH)4(SiWgOs3)2]} "~ multiphoton dissociation (IRMPD) data show, the energy

species. Series consistingrof= 3—5 species were observed. required for core splitting would have removed all of the
The assigned chemical formulas and overall charge valuesbound TBA counterions.

(40) Chen, L.; Cottrell, C. E.; Marshall, A. G@hemom. Intell. Lab. Syst. (41) Bonchio, M.; Bortolini, O.; Conte, V.; Sartorel, Eur. J. Inorg. Chem.
1986 1, 51. 2003 699.
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[Cu(Il)s(SiWs0sz) (SiWs033) 1+
(4722.98 Da) (a)

[(WO5)s0] / \ [Cu(I1)z05(Si02)(WOs)7]
(1407.03 Da) (b) (1858.04 Da) (d)
+ +

[Cu(11)50(SIW5033)Si0x(WOs)s] = [Cu(ll)s(SIWs033)(WOs3)2]
(3315.95 Da) (c) (2864.94 Da) (e)
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Figure 12. IRMPD FT-ICR MS/MS spectrum of quadrupole-isolated TB#B{Cus(OH)4(SiWsO33)7] precursor ions. Species a results from TBA and OH
removal during the initial fragmentation. The subsequent appearance of fragmetitéc)odnd (d)+ (e) is consistent with the fragmentation of a (see text
for details).

(b) POM Fragmentation Analysis by IRMPD MS/MS. inset). The two sets of fragments were assigned to the
Fragmentation of WellsDawson-type POM derivatives formulas [WsO1]>~ and [CuSi;W1204]>~ and the
(e.g., [NeBP,W15067]°") has previously been reported as part formulas [CuSiW;0.?~ and [CuSiW;10s9)%", respec-
of the fast atom bombardment (FAB) MS characteriza- tively.

tion#24 The observed fragmentation patterns provided e first set of fragments has been observed previously
important information regarding the structure of the parent during the fragmentation of Finke’s [NBW:sOs:]° during

ion and identities of stable fragments, worthy of investigation gag MS, and both fragments have well-known solution
in their own right. Our fragmentation experiments differ from analogue€? In particular, the fragment with the formula
those above in that the soft ionization allowed us to separate[Weolglz_ (corresponding to the well-known Lindqvist ion)
MS and MS/MS experlmehts. A_‘IS(_)' the use of IRMPD rather was also previously observed during the formation of the
than collision-induced dissociation (CID) allowed more Keggin structure in watd? and as a CID fragmetft of
selective dissociation, with the dissociation of lowest-energy [W1Os]*~. The absence of Cu in the p@1> fragment

bonds taking place first. implies that removal of the oxygen atoms from the-Cu

~ The most abundant products from IRMPD of the phygroxo core did not incorporate the Cu ions into the Keggin
isolated{ TBA,H4[Cus(OH)4(SiWs03z3),]} 4~ precursor at low units.

(2.5 Wicn?) laser irradiation intensity exhibit mass
differences that correspond to the loss of TBAOHOHand
OH~ fragments from the precursor. The lowest-mass
species of significant abundance at average1180.8 was

The second fragmentation pathway is consistent with the
separation of the two stable Keggin units along the former
Cus—hydroxo core while keeping the two bridging tungsten

assigned to the formula [€8i;W1sOsg*, in which the Cu atoms with the Cgicontaining fragment. Because the ions

and W oxidation states weret2and 6t, respectively. That in the secqnd set are more abundant, _it appears that this
formula corresponds to a net loss of two TBAOH and fragmentation pathway is more energetically favored than

three BO molecules from the parent ion. The most the first. The presence of a fragmentation mechanism not
likely loss mechanism is the reaction of €lydroxo core observed during FAB MS could be the result of a different
oxygen atoms with the TBA and H counterions. The higher Structure of the parent ion or the differences between IRMPD
basicity of those oxygen atoms relative to those in the and CID fragmentation. Further evidence of differences
Keggin unit makes them more likely to react with the between the fragmentation methods is the presence of TBA
counterions. Also, intermediate species consistent with the COUNterions in the fragments observed by FAB. Finally, the
loss of oxygen atoms from intercalated metako fragments ~ aPparent presence of multiple fragmen_tatlon pathways could
were observed after thermal decomposition of very large @lS0 be explained by two precursor ions with one set of

multi-Keggin-based POMs during conversion to tungsten fragments quickly losing neutral species to give the appear-
bronzes ance of a common precursor.

At higher irradiation intensity (5 W/cB), two sets of 2- At the highest laser intensity (12 W/én a series of
fragments are observed such that the sums of the fragmenfWOs), structures similar to those previously reported for
masses and assigned formulas in each set yield the mass and/asfi's Wells-Dawson derivatives was observ&dThe
formula of the [CySiW1406s]*~ Species (see Figure 12, majority of the structures featured a Cu atom, further

suggesting that the Cu forms strong bonds to the Keggin

(42) (a) Finke, R. G.; Trovarelli, Anorg. Chem1993 32, 6034. (b) Wasfi, structure similar to the niobium in Finke’s wofk.
S. H.; Costello, C. ESynth. React. Inorg. MetOrg. Chem.1989
19, 1059.

(43) Wasfi, S. H.; Costello, C. E.; Rheingold, A. L.; Haggerty, Blrirg. (45) Deery, M. J.; Howarth, O. W.; Jennings, K. R.Chem. Soc., Dalton
Chem.1991, 30, 1788. Trans.1997, 4783.

(44) Wassermann, K.; Pope, M. T.; Salmen, M.; Dann, J. T.; Lunk, H. J. (46) Lau, T. C.; Wang, J.; Guevermont, R.; Siu, K. WChem. Soc., Chem.
J. Solid State Chen200Q 149, 378. Commun.1995 877.
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Conclusions

Polyanionl has been characterized by several analytical
techniques in the solid state (magnetism and EPR), in
solution (electrochemistry and electrocatalysis), and in the
gas phase (MS).

The magnetization and EPR studies establish thgtGleg
(OH)4(H20),} 8" in K-1 has a spin-doublett = */,) ground
state, with the unpaired electron localized mainly on the
apical Cd@" ion. The ground state is separated from the first
excited S = Y, spin state by~70 cn1?! (~101 K). EPR
spectra were satisfactorily simulated with the spin Hamil-
tonian parameterg,, = 2.4073=+ 0.0005,g,y = 2.0672+
0.0005,g4« = 2.0240+ 0.0005, and®\,,= —340+ 20 MHz
(—0.0113 cnl). Theg values are consistent with a,8dz-
type molecular orbital ground state, as expected for & Cu
ion in an axially-elongated octahedral coordination with
oxygen. A qualitative analysis of tleeandA,; values yields
o? = 0.71, wherena is the molecular orbital coefficient of
the ground state, indicating a moderate30%) contribution
from the oxygen orbitals.

The electrochemical characterizationlo€an be divided
in two potential domains. In the first domain, the XCu
reduction pattern in this complex closely resembles that of
CuSQ under identical experimental conditions. A two-step
reduction of Cé" to CWP through Cu was observed, with
the expected modulation in potential locations due to the
difference in ligands. It is noteworthy that all of the Tu
centers il are electroactive. Reduction of the W framework

started in a more negative potential domain. The accumula-

tion of CU?* centers inl was found to be very beneficial for
the electrocatalytic reduction of NOncluding nitrate, nitrite,
and NO. In the case of nitrate reduction, the observed
efficiency was much higher than that obtained previously
with Cu sandwich-type POMs. To our knowleddegcon-
stitutes the first example of electrocatalysis of the reduction
of N,O by a POM.

The MS results illustrate the utility of the high resolution
and ion handling ability of the FT-ICR mass analyzer applied

to large POM species in solution. The accurate assignment
of the molecular weight of the solution-phase species and

the oxidation states of the W and Cu atoms in these specie

allow the characterization of a chemically useful system as

well as the study of reactions in progress. IRMPD MS/MS
of 1 allows the investigation of the stability of the metal
oxide lattice in the absence of solvent effects. The observe
fragments yield insight into the formation mechanism by
identifying the most stable segmentslofThe observation
of fragmentation products similar to species previously

observed during thermal decomposition and solution chem-

istry of POMs suggest that IRMPD generates chemi-
cally relevant fragments that improve the understanding

of the structure and formation mechanisms of these spe-

cies.

S

A salient feature of this work is the utilization of
several structural characterization techniques to probe the
chemistry of transition-metal-substituted POMs. Each tech-
nigue provides complementary information, with FT MS as
the newly introduced methodology. Here XRD provides
fundamental knowledge of the polyanion structure and
bonding of the overall lattice. Electrochemistry demonstrates
the structural integrity of polyaniorl in solution and
elucidates its redox properties and electrocatalytic potential.
Magnetization and EPR techniques reveal the magnetic
properties of the material, interpretable on the basis of the
structural and electrochemical oxidation state information.
The exchange constants, ERR values, and hyperfine
parameters were interpreted according to the bonding
parameters from the X-ray data, in turn enabling us to deduce
the molecular orbital description of the unpaired electron in
the Cy moiety of 1. Finally, FT-ICR MS provides a
measurement of the molecular weight and total charge of
isolated polyanion species in the gas phase. That information
complements the structural and compositional datalfor
obtained from single-crystal XRD in the solid state, the
reduction potentials from electrochemical measurements in
solution, and the spin states from EPR in the solid state.
Therefore, FT-ICR MS provides new information on
possible changes to the polyanion structure that
accompany the transition from solution to the gas
phase. IRMPD MS/MS experiments in the gas phase
shed light on the relative thermodynamic stability of the
structural components in polyaniod. The observed
structural and charge stability of the coppéydroxo
cluster in 1 is consistent with the CV results in
solution, and the structure degradation patterns observed
are consistent with those previously reported for thermal
conversion of similar POM structures during bronze
formation in the solid state. The apparent consistency
of the degradation mechanism df suggests that the
observed fragmentation results from intrinsic polyanion
properties and that solid-state or solvent effects are probably
negligible.
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Appendix

A. Basis Functions.The spin wave functions for the penta-
mer Cy are derived from the basis gdls;, Ms,, Ms3, Msy,
Mss[] whereMs is the microstate corresponding to the
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ion. Because each €uhas§ = %,, Ms can taket+/,, —%,
and from here onward this is represented respectively,as
—. Because thé/isr values corresponding to the total spin
Sris Msr = = Ms, we haveMs; = +5,, +£%,, and+,.
The possible linear combinations ds would give the
complete set of eigenfunctions;.

Ms; = 7/, Ms, = =/,

I+ 4+ =D - - -, - 0= 2,
Ms; = ¥, Ms, = —%,
=+ =D, |+ -, -, - 0= 0,
I+ =+ HOEG, |-+, =, — — = By
I+ +, =+ =G, |-, =+~ — = By
I+, + + = +0= G |-, — —, + —0= By
I+ +,+ + —OE G |-~ — — +(= D,
Ms, =", Ms, = =/,
= =+ + +EG, |+ + - — (=2,
=+, =+ =Gy [+, —, +, —, = By
=+, 4 — 0=y |+, —, — +, =By
=+ —O=By |+, —, —, —, +0= By

I+, = — + +0= 2y,
I+, =+, —, +0= 2,

|_! +1 +1 K _D: @21
|—, +, —, +, —[=3,

I+, =+ + =0, |-+ - — +(=3,
I+ + - = +=0, |- -+ + =0,
I+, + =+ =0 |- -+ — +(= 0y
I+ + = —EG =~ HE Gy

B. Exchange Matrix (32 x 32). The expanded form of
the spin-exchange Hamiltonian given in eq 2 is:

Hexcrl: A_ Z‘Ja[A(AS%\xASZx + ASlyASZX +AASLZASZZ) —t (AssxASfx :i_

S8+ S50~ UGS 55,7850+
5858+ 55 - UGS 8,5+
5.8)+ (5.5, 55,758)+ 6&+ 55, +

SiS) t (SuSi+ SSy +S:3)] (B.1)

From the relation$, = (5" + $7)/2 and§, = (St — §)/2i,
the Hamiltonian in eq B.1 can be rewritten as:

Hoen=—230(5,5) + &S +585)+(§S5) +
G&S +55N 255 +E'S +5§)+
GS) + (&S +5 5N -205.5) + G+

SSEN+ESHTES +5§H+ES)+
G&S +55N+6E8)+ES +559 B2

The exchange matrix corresponding to the Hamiltonian in
eq B.2 with the matrix elementsd|HexcdD[Ican then be
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constructed as:

(27}

| |0 O; O Os O

@y —c|-a|=b| 0| —c

Os|-a|-c| 0 |-b| —c

Os|-b| 0 |—c|-a| —c

5| 0 |-b|-a|—c| —c

Os|—c|—c|—c|—| B |9 Os Oy On O O O O Ois O

9718 |0|-b|—|-b| O || O] 0O

s |0 |e|-a|l—<|-a| 00|00 |—| 0

Oy |-b|-a|y|—c|[ 0 |-a|O0 [-b| 0 |-

Op|l—-c|—c|—c| ¢ | 0|0 |-a|0|-b]| O

Ou|-b|-a| 0| 0| y|-al-<c|[-b|-—c]|0

D2/0|0|-al0|-a|le|—<| 0] 0|

Oi|—-| 0|0 |-a|—<c|—<c|c| 0| O0]|-b

Dy 0] 0[-b| 0 |-b|[O]|] 0|5 |—c|—c

Dis| 0| —-| 0| -b|—=—<| 0|0 ]|—<| c|-a

Ow| 0|0 |—| 0|0 |—<|-b|—<|-a|c

017 Ois Di9 O D2 O O o Ors D2

Q7! 8|0 |-b|—<|-b| O |—<|O0]|O0]O

Oi| 0| e|-a|l-—c|=-a| 0| 0|0 ]|—<|O

Dy|-b|-a| y|-| 0 |-a|0]|-b| 0 |-

Op|-<c|—<|-<| ¢ | 0] 0|-al0]|-b| O

Oyl -b|-a| 0|0 |y|-al-c|-b|—=—<|0

Dis| 0| —<| 0| -b|—<| 0|0 |—<]|c|-a

x| 0|0 || 0|0 | —<|-b|-—<c|-a|c|Oy Ox O O O

Oyl - |=-a|=-b| 0 | —c

O|-a|l—<| 0 |-b|-c

Dp|-b| 0| —|-a|-c

D) 0 | -b|-a|—|-c

Os1| = | = | —c || B |9

D2 o

wherea = —J,— Ja— 2, =2 — Ja— Jp, 0 = —Ja +
Ine€=da— I,y =Jdat I, a=Jdy b=J, andc=J.. The
eigenvalues of the above given exchange matrix are listed
in Table 2.

Supporting Information Available: Table S1 shows the cata-
lytic efficiencies for the electrocatalytic reduction of nitrate by
compared to Cu sandwich-type POMs, Figure S1 shows the CV of
1 extended to show the hydrogen evolution reaction wave just nega-
tive of the second W wave, and Figure S2 shows electrocatalysis
of the reduction of nitrite in the presence bf Complete X-ray
crystallographic data fdk-1 (CIF format) are also provided. This
material is available free of charge via the Internet at http:/
/pubs.acs.org.
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