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Electron Paramagnetic Resonance Investigation of Some
11-Tungstoruthenate(I1I) Polyoxoanions
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EPR spectra of three Keggin structure polyoxotungstates con-
taining ruthenium(IIl), [PW;;039Ru(L)]*~ (L = H,O, pyridine,
dimethyl sulfoxide), have been recorded at 77 K and yield
details of the symmetry and ligand field parameters of the
embedded low-spin d° ruthenium cation. The magnitudes of
the g tensors and °%'°'Ru hyperfine coupling constants of the
dmso derivative show that the unpaired electron occupies a
d,,-type orbital as a result of the axial component of the li-
gand field with A(dy, — dy,d,,) = 6200 cm™'. A weak broad
absorption in the electronic spectrum at ca. 5600 cm™ is con-

sistent with this interpretation. A smaller rhombic component
imposed by the polytungstate ligand further splits the d,, and
d,, orbitals (< 2000 cm™). The orbital reduction factor k of
the dmso complex (0.69) is significantly smaller than those
for the aqua and pyridine derivatives (0.80, 0.83), and this
implies that, as previously found for the Ru" analog, the dmso
ligand is S-bonded in the Ru™ complex.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

The recognition that transition-metal cations could be in-
corporated into lacunary polyoxotungstate and -molybdate
anions, especially those based on the Keggin structure, has
a history dating back to the 1960s.I' It soon became evident
that such transition-metal-substituted polyoxometalates
(TMSP) could be considered as oxidation-resistant analogs
of metalloporphyrins, and subsequent investigations have
generated a voluminous literature describing the use of
TMSP as catalysts (or catalyst precursors) for a broad vari-
ety of oxidative reactions.l’! In particular, much attention
has been focused on polytungstates incorporating ruthe-
nium in view of that element’s documented catalytic activity
in other molecular environments.

Several years ago we reported the synthesis and charac-
terization of salts containing the anion [PW,;03,Ru"(L)]*",
where L = H,O and a variety of S-bonded ligands (sulfides
and sulfoxides) and activated alkenes such maleic and cro-
tonic acids.[?! Each of these polyoxoanions could be oxid-
ized to the paramagnetic Ru'™ derivative, and in the case
where L = H,O to the oxidoruthenium(IV) and -(V) ver-
sions. We have noted that the Ru™ anions yield well-defined
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EPR spectra that allow the present detailed analysis of the
symmetry and the ligand field parameters imposed upon
the ruthenium cation by the structure of the lacunary 11-
tungstophosphate anion.

Results and Discussion

Three anions [PW;;03Ru™(L)]*" (Figure 1) have been
studied as tetra-n-butylammonium salts, where L is H,O (1-
aq), dimethyl sulfoxide (1-dmso), and pyridine (1-py).
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Figure 1. Representation of the structure of [PW;;03Ru(L)]* in
mixed polyhedral and bond version. Ru = gray sphere, L = white
sphere.

The EPR spectrum of 1-dmso at 77 K, together with its
simulation, is shown in Figure 2. The three major lines are
characteristic of a rhombic system as expected, and the
high-field line also shows hyperfine satellites from *’Ru (/
= 5/2; 12.7%) and '©'Ru (I = 5/2; 17.1%). Both magnetic
isotopes have very similar nuclear moments and are indis-
tinguishable in the EPR spectra. The spectra of 1-aq. and
1-py (Supporting Information) are similar to that of 1-dmso
except that hyperfine features are not observed owing to
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the increased width of the high-field lines in these cases.
Experimental EPR parameters confirmed by the spectral
simulations are given in Table 1.
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Figure 2. X-band EPR spectrum of 1-dmso at 77 K (a) experimen-
tal (b) simulation.

Table 1. Experimental EPR parameters. [l

Anion &1 &2 &3 A, A A3
1-aq 2.494 2.311 1.697
1-py 2.579 2.338 1.603

1-dmso  2.296 2.192 1.877 < 20 < 20 60

[a] Hyperfine parameters in 10* cm .

Interpretation of the EPR Parameters

We use the method of Bleaney and O’Brien,™ which has
been applied to other low-spin 4d° ruthenium complexes.!!
This approach assumes that only the octahedral t,, orbitals
are included in the basis set. In the most general case the
lowest Kramers doublet can be written as

7= ANY) + BIE) + C-17)

7= A1) - BIET) + (1)

Where |1> = 7(1/\/2)(de + idyz): |71> = (1/\/2)((1,\2 - idy:)a |é>
= id,,, and the superscripts + and — represent the a and
spin wave functions, respectively. Operating on these func-
tions with the magnetic moment operator (kKL + g.S) yields
equations for g values in terms of the coefficients 4, B and
C, and the orbital reduction factor k.

gy = 2[2AC — B* + \2kB(C - A)]

g, = 2[24C + B> + \2kB(C + A)]

g. = 21 — 2B + k(4> — C?)]

Because 42 + B> + C? = 1, values for 4, B, and C can
be determined from the experimental g values, and these
can then be used to determine the ligand field parameters
A and V in terms of the spin-orbit coupling constant A:
ViA = (24 + N2B)Cl(A2 - C?)

AlL = —AI(N2B) — 0.5 + (412C)(VIA)
5212
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where A represents the separation of the d,, orbital from
the d,. and d,. orbitals generated by an axial distortion,
and V represents the separation between the d,. and d,.
orbitals by a rhombic distortion. A positive value of A me-
ans that the d,, orbital has a higher energy than the d..,
d,. orbitals.

The signs of the g values cannot be determined experi-
mentally, and all possible combinations of signs must be
considered to interpret them. Comparing the experimental
g values with the values in the literature, only two accept-
able solutions can be found. We note that McGarvey has
presented useful guidelines for assigning and analyzing the
principal g values for low-spin d° complexes.l®) Application
of these guidelines to our data, see Supporting Information,
also leads to the same two solutions. These solutions are
presented in Table 2.

Table 2. Two possible acceptable fits to the experimental g values.

Solution 1 Solution 2
1-aq 1-py 1-dmso 1-aq 1-py 1-dmso

g —2.4% -2.579 2296 |-1.697 -1.603 -1.877
g 2311 -2.338  -2.192 | -2311 2338 -2.192
g 1.697 1.603 1.877 |-2494 2579 2296
A 0.232 0.264 0.151 0.846 0.852 0.833
B 0972 0.964 0.988 0.530 0.518 0.552
c  -0.029 -0.036  -0.020 0.060 0.072 0.031
k 0.80 0.83 0.69 1.14 1.15 1.09
A 336 2.96 5.14 -0.18 -0.22 -0.10
ViA -1.01 -1.00 -1.56 0.21 0.24 0.11

Solution 1 has a positive A, which corresponds to the
electron hole in the d,, orbital. Solution 2 corresponds to
the hole in the (d,. *d,.) orbitals and very small axial and
rhombic distortions. An acceptable range for the orbital re-
duction factor k is controversial. Some authors!”! use 0.75
< k < 2.0, whereas others>®8] prefer lower values. Since all
of our values except one are in the former range we consider
both solutions to be acceptable. However, further insight
into the symmetry of the ruthenium ion in 1-dmso can be
provided by the magnitude of the observed hyperfine cou-
pling constants.

Bleaney and O’Brien have presented expressions for these
constants. With the z axis of the g tensor along a cubic axis,
and with the x and y axes each making an angle f with a
cubic axis, the constants are given by

A, = P[-(2B*> + 6C2%cos4f + 11N24B + 2AC — 1TN2BC)/7 + K(B>
+240)]

A, = P[-(2B% + 6C%cos4f + 11N24B — 24C — 1TN2BC)/T + w(B> —
240)]

A, = P[(12 — 2842 — 16B% + 6\2AB)/T + (1 — 2B?)]

where x is the core-polarization constant and P =

ngﬁeﬁN<r73>-
A useful parameter related to x is the core polarization

hyperfine field per unit spin:
7= —15k<r3>

Although the signs of the hyperfine coupling constants
are not known, P, x, <r>>, and y can be calculated for
various combinations of signs, and a proper combination
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can yield acceptable values of P, etc. The sign of P must be
negative for the nuclear g factors of *Ru and '"'Ru are
both negative, —0.258y and —0.28fy, respectively. As both
<r3> and y are expected to be reduced by covalency from
their free ion values, <r3>,4 = 6.5 au and y = -8.5 au, they
should not exceed these values. Therefore, these values may
be taken as criteria for determining the best solution. The
A, and 4, values cannot be determined from the spectrum,
but simulation indicates that they are less than 0.002 cm™!.
Although the angle f is not known, the term containing
cos4f should be negligibly small for both solutions. The co-
efficients of Solution 1 (Table 2) give acceptable <> and
x values for 4. = 0.0060 cm™' and -0.0031 < (4, + 4,)/2
< -0.0001 cm ™. For example if it is assumed that (A4, + A4,)/
2 =-0.0020 cm!, the results would be P =-0.00395cm ™!, x
=1.14, <r3> =4.5au, and y = —7.7 au. The values of A4,
and A4, can then be calculated to be -0.0022 and
—0.0018 cm !, respectively. In contrast, no reasonable value
of <r3> could be obtained from the coefficients of Solu-
tion 2, and we therefore conclude that Solution 1 is the only
acceptable result for the ligand field parameters of Ru'! in
the three tungstoruthenate polyoxoanions.

The values of A/Z for the three complexes correspond to
the energy separation between the half-filled d,, orbital and
the d..,d,. orbitals generated by the axial distortion from
ideal octahedral geometry. The similar values for 1-aq
(3.36) and 1-py (2.96) differ significantly from that for 1-
dmso (5.14). The free ruthenium ion spin-orbit parameter
J is reportedP¥ to be 1197 cm™! so that A for 1-dmso should
be ca. 6150 cm™! (1625 nm). The electronic spectrum of a
solution of 1-dmso in acetonitrile is shown in Figure 3. The
broad weak band (¢ = 24 Lmol 'cm™') at ca. 1800 nm is
consistent with this argument. The corresponding transi-
tions for the other complexes could not be observed owing
to strong solvent absorption at wavelengths > 2200 nm. As
indicated by the values shown in Table 2 the effects of the
rhombic component, V; of the ligand field are much smaller
than A and range from ca. 1800 to 2000 cm™ .
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Figure 3. Near-IR absorption spectrum of 1-dmso in acetonitrile.

Recent '82W Méssbauer datal'?l for several Keggin poly-
tungstates [XW;,04]" show that an individual tungsten
atom experiences an asymmetry parameter, # (which is
roughly analogous to the rhombic distortion, V74, discussed
here) that increases from ca. 0.30 to ca. 1.0 as the oxidation
state of X decreases. It would be of interest to discover
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whether this change is paralleled by other yet-to-be-synthe-
sized [XW;03oRu™(L)]"*~ anions.

The observed variations in the orbital reduction factor k&
[0.80 (aq), 0.83 (py) vs. 0.69 (dmso)] imply a greater degree
of covalency for the dmso—Ru bond. It is plausible to as-
cribe this to an S-bonded isomer as was found to be the
case for the Ru'f complex.’! Although S-bonded Ru'f com-
plexes are commonplace, it has been noted™ that the penta-
mmineruthenium(IIT)-dmso complex undergoes spontane-
ous isomerization (Ru-S to Ru-0, k =7 X 102s!). How-
ever, the stabilization of the S-bonded isomer in 1-dmso is
consistent with the other experimental evidence (especially
W NMR spectra) demonstrating that the lacunary cavity in
polyoxometalates functions as a “m-acceptor” macrocyclic
ligand as a result of the vacant d,-type orbitals of the adja-
cent WYT atoms.™!

Conclusions

Analysis of the EPR spectra of ruthenium(III) incorpo-
rated in Keggin structure polytungstates provides detailed
insights into the magnitudes of the axial and rhombic com-
ponents of the ligand field imposed by the lacunary ligand
[PW;,039]"". The larger ligand field and lower orbital re-
duction factor of the dmso complex compared with the cor-
responding values for the aqua and pyridine derivatives sug-
gest that the dmso ligand is S-bonded to the Ru'! center of
the polytungstate.

Experimental Section

The preparation and identification of tetra-n-butylammonium salts
of 1-aq and 1-py have been described in the previous paper.”*! Prep-
aration of the corresponding salt of 1-dmso was achieved as fol-
lows. An aqueous solution containing brown Csy[PW;,O5oRu'"
I(dmso)]3®! [48 mg in 15 mL of sulfate buffer (pH = 3)] was electro-
lytically oxidized by 1 Faraday/mol at a graphite cloth electrode at
+0.75 V vs. SCE. The resulting pale yellow solution displayed the
same cyclic voltammogram as the Ru!! anion with the open-circuit
voltage shifted from less than 0 V to more than +0.70 V. The de-
sired salt was precipitated by the addition of 100 mg of tetra-n-
butylammonium hydrogen sulfate. The isolated salt was washed
with water and air-dried. 3'P NMR (CD;CN): 6 = -31 ppm (v 5 =
820 Hz) [cf. 6 = —10.8 ppm (vos = 2.0 Hz) for the Ru'' anion in
D,0].

EPR spectra were recorded with a Varian E-4 X-band spectrometer
at 77 K. The polyoxometalate samples were prepared as solutions
in acetonitrile to which an equal volume of toluene was added to
ensure the formation of a good glass at 77 K. Programs for the
spectral simulation and calculation of the ligand field parameters
were written by H. S.[1]

Supporting Information (see footnote on the first page of this arti-
cle): Traces of experimental EPR spectra of 1-aq and 1-py; analysis
of the g values according to ref.[®]
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