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ferences in bond lengths between the saldpt complexes and our
saldien complex are small at best. Sterically, the saldpt and saldien
appear to be very similar with bond angles close to 90° and 180°
as expected. Consequently, the difference in the chemical behavior
of saldpt vs. saldien complexes is difficult to explain. One ex-
planation may involve the tenacity of the sixth ligand in the saldien
complexes compared to those of saldpt. The more rigid nature
of saldien may provide a barrier to easy substitution of the sixth
group, which would have a pronounced effect on the chemistry
of saldien complexes. We are currently reexamining the chemistry
of saldien complexes, particularly the cobalt case, with this concept
in mind.
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One-electron electrochemical reduction of the (H;W 3F¢Os4)®~ polyanion led to a mixed-valence compound. Electron trapping
has been studied by fluorine and proton ENDOR spectroscopy using WV as a probe. '°F ENDOR has shown that the unpaired
electron is trapped inside the equatorial rings of the 2:18 structure. 'H ENDOR has shown that the WOF polyhedron is not

strongly solvated.

Introduction

Fluoropolytungstates have recently been reported.!™ One of
them (H,W,3F4Os)3~ 2 belongs to the 2:18 series, the structure
of which was described by Dawson.* This polyanion is composed
of two XW,Q44 subunits that can be derived from the well-known
Keggin structure® by removing one WQj octahedron from three
different edge sharing W;0,, groups (Figure 1).

Two basic WO, units can be distinguished in such polyanion,
those belonging to W,0,, caps and those belonging to equatorial
belts.

'H and °F NMR experiments performed? on (H,W 3F¢Os6)*
have shown that the six fluorine atoms are distributed in two
groups with three fluorine located at the corners of the two tet-
rahedral cavities surrounding the hydrogen atoms. Two sets of
tungsten sites arise from such a structure, those WOy situated
at the caps of the polyanion and those WOSF situated at the
equatorial belts.

Like other polyanions, these fluoropolytungstates can be
electrochemically reduced,? leading to a mixed valence compound.
We recently used ESR and optical spectroscopy® to study the
electron delocalization process in the one-electron-reduced
(H,W,3FsOs)°~ compound.

The problem of electron trapping in the 2:18 structure is not
yet clearly understood. Previous work® suggested that it should
be trapped on one of the equatorial rings, i.e. on the WOF
octahedron of the fluoropolytungstate unit ((H,W,3FsO0s6)%).
However our ESR experiments® did not reveal any superhyperfine
coupling with 1°F nuclei even at very low temperature.

The aim of the present paper was to extend the characterization
of the reduced polyanion (H,W 3FsOs6)* by using ENDOR
spectroscopy. This approach provides a much better resolution
than is available with ESR.

* To whom correspondence should be addressed.

Experimental Section

(H,W3FOs)% fluoropolytungstate was prepared according to a
procedure previously described.! The purity of this polyanion was de-
termined by '*F NMR and chemical analysis.> Electrochemical reduc-
tion was performed under an argon atmosphere with a mercury cathode.
The imposed potential (-150 mV vs. SCE) was given by a Tacussel PRT
500 LC. The reduction of the 10~! M solution (HC! 0.1 M, NaCl 1 M)
was followed by coulometry using an IG5N integrator.

ESR and ENDOR spectra were recorded on a Bruker ER 220D ESR
spectrometer equipped with the Aspect 2000 computer-monitored EN-
DOR unit. The maximum rf power in the ENDOR coil was 160 W. The
modulation scheme employed was frequency modulation of the radiof-
requency. All experiments were carried out at temperatures between 4
and 10 K produced by using a helium-flow cryostat ESR 9 from Oxford
Instrument. The maximum ENDOR enhancement was obtained by
using an hf power of 2 mW and the maximum rf power available. The
10! M solution was merely frozen at these temperatures, without
glass-forming additives.

Results and Discussion

The ESR of a frozen solution at 4 K of the one-electron-reduced
(H,W,sF4Os)> polyanion is shown in Figure 2a. This spectrum
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Figure 1. (a) Structure of [H,W3F¢Os}% polyanion. (b) Partial view
of the polyanion showing the central cavity and a belt site.
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Figure 2. (a) ESR spectrum at 5 K of the one-electron-reduced
[H,W,gF¢Os6]® polyanion. The arrows indicate the magnetic fields
corresponding to the ENDOR spectra of figures 2-4. (b) Spectrum
obtained by integration of spectrum c. (c) ENDOR spectrum obtained
with magnetic field setting 8. v and vy indicate the RMN frequencies
of 'F and 'H nuclei.

is typical of a WY ion in a rhombic ligand field. No hyperfine
coupling with the 14% abundant **W nucleus (I = !/,) is ob-
served. This is a general feature of the tungsten polyanions, due
to the large ESR line width.>!® For the same reason, superhy-
perfin (shf) interactions with '°F and 'H nuclei are not resolved.

The ESR spectrum can be only described by the three magnetic
parameters g, = 1.811, g, = 1.852, and g, = 1.917. These values
were obtained by computer simulation of the ESR spectrum by
using a Gaussian line shape (AB = 3 mT) and are in good
agreement with those previously reported.®® The ENDOR
spectrum shown in Figure 2c was obtained by partially saturating
the ESR spectrum at the magnetic field B, labeled 8 while
sweeping the rf field. With this field setting the ENDOR spectra
clearly exhibit two different sets of components. The strongest
one is an intense pair of closely spaced and broad lines centered
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Figure 3. '°F ENDOR spectra. Spectra a— correspond to magnetic field
settings «, 3, and «, respectively (see Figure 2a).

at the proton frequency vy. This response results from purely
dipolar coupling of the unpaired electron spin with surrounding
protons. In addition we observed other ENDOR components
centered at the nuclear frequency vg of the °F nucleus. The °F
ENDOR line at high frequency is hidden by the proton ENDOR
components. However the presence of the '’F ENDOR line is
deduced from the distortion it produces on the high-frequency part
of the proton ENDOR signal, as shown on the integrated spectrum
in Figure 2b.

F ENDOR. For the interpretation of the fluorine ENDOR
spectra, we have to determine if the two pairs of lines belong to
one or two different nuclei. This is possible by saturating the low-
and high-field sides of the ESR spectrum (position « and v in
Figure 2a). With the magnetic field set at position «, we saturate
only those molecules which have their g, tensor axes parallel to
Byl Since both WO, and WO,F polyhedra of the polyanion
structure have a short WO, bond (about 1.7 A, O, being the
terminal oxygen), the z axis of the g tensor is almost colllinear
to this bond. The corresponding ENDOR spectrum is shown in
Figure 3a. With this field setting the spectrum is very simple
and consists of a single and nearly symmetrical ENDOR line
corresponding to a W~F hyperfine (hf) coupling of 2.3 MHz. In
contrast the ENDOR spectrum shown in Figure 3¢, obtained with
field setting v, corresponds to molecules which have their g, tensor
axis parallel to B, In this case three ENDOR lines are resolved,
corresponding to two hf couplings of 0.27 and 1.94 MHz. Since
the field setting + selects molecules with a specific orientation,
the observation of two different hf interactions indicates that we
are dealing with two different kinds of fluorine nuclei. If only
one fluorine is involved in the ENDOR spectrum, the two pairs
of lines should collapse when By is shifted gradually from position
B to v.!2  Consequently two different W-F couplings can be
distinguished: one almost purely isotropic with |4F .| = 2.3 MHz
and |4F .| = 1.94 MHz corresponding to a near fluorine nucleus,
and a smaller coupling of ~0.27 MHz corresponding to distant
fluorine nuclei.

The existence of two very different types of fluorine atoms can
be explained only if the electron is trapped on one of the belt sites,
as previously proposed.’ In that case one fluorine is directly bonded
to the tungsten ion (W-F = 2.3 A) while the two others are more
distant. The fact that the two extrema of the hf coupling for the
near fluorine are obtained when By is respectively parallel and
perpendicular to the short WO, bond confirms this interpretation.
In contrast, if the electron is trapped in one of the cap sites, the
three fluorines are distant and should give rise to small, and almost
purely dipolar coupling. Furthermore, the W-F directions are
not collinear to the short WO, bond in that case, and consequently
the hf coupling measured when By is set at position « and + should
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Figure 4. '"H ENDOR spectra. Spectra a and b correspond to magnetic
field settings « and +, respectively (see Figure 2a).

not correspond to the extrema, contrary to the experimental results.

Owing to the short W-F distance of 2.3 A,3 the hf coupling
appears surprisingly small and isotropic. This implies that the
anisotropic part of the W—F coupling is very small (|AFP| =0.1
(4) MHz) and that the hf interaction is dominated by a small
isotropic coupling (J4F| = 2.0 (8) MHz). Such a small value for
AF,,, can be explained considering the electronic ground state.
Because of the short WO, bond, the unpaired electron lies in the
nonbonding 5d,, orbital, which is perpendicular to the O,W-F
direction. Consequently a direct transfer of fluorine 2s spin density
to this 5d,,, orbital is forbidden by symmetry.!* If this mechanism
is allowed, it should give rise to a large and positive value for 4F,.
However a small and negative value for AF, may result from a
polarized transfer of fluorine 2s spin density to the empty 5dz?
orbital.!* Furthermore a small and positive value is also possible
if there exits a small admixture of 5d,z in the 5d,, ground state.
This imples a symmetry C, or C, for the WO;F polyhedron,
consistently with the crsytallographic data, which indicate a C;
symmetry in nonreduced Dawson polyanions.®

The anisotropic part of the hf coupling |4F,| ~ 0.14 MHz is
considerably smaller than the value 4F; ~ +6 MHz expected from
a point ion dipole expression AFy = ggnBByr~? with r = 2.3 A.
This implies that the positive value of 4, is compensated by an
important negative contribution to the hf coupling.

'H ENDOR. The proton matrix ENDOR signal obtained by
saturating the ESR spectrum at position 3 is shown in Figure 2c.
Despite this field setting, which gave the best sensitivity, we were
unable to detect local ENDOR transitions.

However this signal clearly exhibits a resolved structure when
By is set at position a, corresponding to the selection of molecules
with their O,~WV-F axes nearly parallel to B, (Figure 4a). A
pair of lines separated by 0.76 MHz, which appears only with this
field setting, is absent when Bj is perpendicular to the O~WY-F
axis (field setting v and 3; Figures 4b and 2c). These features
suggest that the unpaired electron spin interacts with one or several
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protons oriented approximately along the O-WV-F direction (4%,
= +0.76 MHz). The other part of the ENDOR signal centered
at vy corresponds to interactions with more distant protons and
also to the perpendicular part of the hf coupling with the near
protons. It is tempting to attribute this proton to the hydrogen
inside the tetrahedral cavity OF;, However two argument inva-
lidate this hypothesis:

(i) Since the proton is located approximately along the g, tensor
axis and the unpaired electron spin is trapped in the nonbonding
5d,, orbital, the W-H interaction should be purely dipolar. The
proton in the tetrahedral cavity is situated at about 3.5-4 A from
the WY probe, which should give rise to a larger shf coupling (4%,
~ +1.5 MHz) than those observed (4%, ~ +0.4 MHz).

(ii) A similar 'H ENDOR signal was observed in photoreduced
[PW,;0,40]% polyanion'® with Keggin structure® in which the
tetrahedral cavity contains a phosphorus atom instead of a proton.

Thus the observed ENDOR signal corresponds to protons lo-
cated outside the polyanion. A proton trapped at the terminal
oxygen O, gives rise to strong dipolar interaction'* while protons
located at bridging oxygen W—O-W would be characterized by
strong isotropic and dipolar coupling values.!* The small coupling
value measured corresponds to a W-H distance of about 6 A,
which is too large to be consistent with a proton located on the
WO F polyhedron. It is more likely that these protons belong
to the first shell of solvent molecules. However the results clearly
indicate that these molecules are not randomly distributed but
that the nearest H,O molecules are approximately oriented along
the O~W-F direction.

One unanswered issue is the lack of an ENDOR signal cor-
responding to the proton of the OF; tetrahedral cavity. In the
nonreduced polyanion (H,W sF¢Os)%" this proton was detected
by NMR.2 Recent ENDOR experiments performed on
[PVW ;04,]% «; and «; isomers!S have shown that 3P ( = 1/,)
nuclei located inside the tetrahedral cavity can be readily detected.
In addition NMR studies** performed on Keggin fluoropoly-
tungstates have shown that these central protons are located near
the oxygen atom and rotate around the ternary axis of the tet-
rahedral cavity. These compounds also exhibit proton exchange
properties.* The strong broadening of the 'H NMR transitions
observed in the (H,W,5F¢Os¢)° polyanion? is also consistent with
such proton mobility. Let us now consider the ENDOR response
of this proton. Since it is trapped on the oxygen atom of the central
cavity OF,, the shf coupling is most probably purely dipolar. The
slow motion of this proton would partially average this dipolar
interaction, which should produce an important broadening of the
ENDOR transitions.

Conclusion

The present work represents the first ENDOR measurements
on polyanions. The enhanced resolution offered by this technique
provides considerable insight concerning electron trapping in this
material. Fluorine and proton ENDOR spectra were consistent
with one electron trapped at one tungsten ion located inside the
equatorial belts of (H,W gF¢Os6)*. They also indicate that the
polyanions are not strongly solvated; i.e., there is no proton trapped
on the WOF polyhedra. Investigations of other tungsten and
vanadium polyanions are currently under way.
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