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Spectroscopic data are presented for the [V(OH,)e** and [Ru(OHy)¢]** cations, from which inferences are drawn
regarding their structures in agueous solution. EPR and absorption spectra of solutions and glasses are supplemented
by spectra of the aqua ions in various crystalline environments, and the electronic and molecular structures inter-
related through elementary angular overlap model calculations. It is concluded that in aqueous solution the [Ru-
(OHy)e]** cation is localized in the all-horizontal D3y geometry, whereas the structure of the [V(OH,)s]** cation is
close to Ty, symmetry. These results are consistent with the most energetically favored geometries predicted by ab
initio calculations.

1. Introduction

The interplay between the molecular and electronic
structure of transition metal complexes is of key importance
to understanding their physical and chemical properties.
Many model studies have focused on the aqua fohgue
to their ubiquity, and the singular nature of the metahter
interaction®® The most symmetrical arrangement of six water All-horizontal Dsg T All-vertical Dsq
Igands about the meta center gives iseTiosymmelty  EL L B0 e s
(Figure 1), which is predicted to be favored by complexes in the caption of Figure % For theyall-horiziorﬁ[;d, Th, and !ﬁl-virtical
with nondegenerate ground terfdor complexes with D34 geometries showny = —45°, 0°, and+45° respectively.

orbital doublet ground terms, such as Cr(ll) and Mn(lll), a
pronounced, classical Jahiieller distortion is anticipated,  pygration structure favored by complexes with orbital triplet

involving a tetragonal elongation of the''NDs framework? ground terms is a more contentious isduEl-16 The b,
and numerous examples have been citetf. The optimal (Or) orbitals are weaklyr-antibonding; and their energies
are most sensitive to a concerted rotation of the water ligands
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Figure 2. Definition of the twist anglegp, characterizing the mode of
water coordination in a hexaaqua complexdenotes the degree by which
the HO plane is rotated about the-MD bond vector and is formally defined

as the angle between the horizontal plane (defined with the 3-fold axis
running through the top front octant of the MOctahedron) and the plane
which contains the MO bond vector and is parallel to the-H{ bond
vector of the coordinated water molecule.is ~—20° for the complex
shown in the figure.

ground terms, ab initio calculations predict the energy
minima to be strongly localized in either of thBgq
geometries;whereas for the corresponding first-row transi-
tion metal aqua ions, such as [Ti(Qk]®" and [V(OH)e]®T,
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aqueous solution, from which inferences are drawn regarding
their geometries. Our conclusions do indeed tally with the
most energetically favored structures predicted by theory.
The experimental data which we shall describe provide
information on the magnitude of the axial field splitting of
the?T,4 (On) and®T14 (On) ground terms of the [Ru(OH]3t
and [V(OH)g]®" cations, respectively. The wealth of ex-
perimental and theoretical work on aqua ions, with orbital
triplet ground terms, has shown that the orbital components
of the ground term are most sensitive to displacements along
the twisting internal coordinate, as defined by the twist angle
@.24141The relationship between the trigonal field splitting
of the ground term, and a concomitant rotation of the water
molecules about the MO bond vectors, in the formalism
of the angular overlap model (AOM), is given 1y’
A =3(e,; — €y) sin(2p) (1)
wheree,; andey parametrize the-bonding normal to and
in the plane of the water molecule, respectively. Wheis
negative, the gcomponent of the,§ one-electron orbitals is
lower lying, yielding nondegenerate trigonal ground terms
for the Ru(lll) and V(lIl) hexaaqua cations. Using this simple
expression, excellent agreement has been obtained between
the value ofgp, determined from crystallography, and the
energy of théAy — 3E4 (&) electronic Raman transition of
the [V(OH,)¢]®" cation, in a variety of crystal systerts2°
This expression is employed to relate the electronic and
molecular structures of the [V(Qhs]*" and [Ru(OH)g]3"
cations in aqueous solution.

For both the [V(OH)g]3" and [Ru(OR)e]3t cations, the

the tendency to distort is tempered, to a greater degree, bygata obtained in aqueous media are complemented by studies

steric effects.DFT calculations by Kallies and Meier suggest
that the calculatedy—S—D3q potential energy surface is
rather shallow for the [V(ObJg]*" and [Ti(OH)e]3" cations?
With the orientation of the plane of the water molecule, with
respect to a regular Mramework, defined by the twist
angle,¢,** depicted in Figure 2¢ = 0° for T, symmetry
andg = 45° and—45° for the all-vertical and all-horizontal
Dsq structures, respectively. For intermediate valueg of
the aqua ion possess&s (Cs) point symmetry, and the
theoretical minima for [V(OH)¢]®" and [Ti(OH)e)3" are
found atg = —9.4° and 13.6 respectively*

of the aqua ions in various crystal systems, where the
structures are, in part, dictated by hydrogen-bonding con-
straints, and the values af have been determined by
crystallography. Solid-state data are presented, or discussed,
for double sulfate salts of general formuld[M"'(OH,)q]-
(SOy)2*XH0, where the structural modification can be
altered by changing either the monovalent or tervalent
cation®2+23|n the S-alum modification, the tervalent cation
lies on a site o5 symmetry, the mode of water coordination
is trigonal planar, and values ¢f in the range—19.C° to
—22.C¢ have been determined, depending on the identity of

The array of theoretical calculations reported for aqua ions the tervalent catiof? In the a-alums, the site symmetry

are all performed on discrete molecular unit©« in the
gas phasé.* Therefore, while potentially instructive, the

is also S, but the value ofp is now ~0°, and the angle
between the M-O bond vector and the water plane~i¢9°.2*

relevance of these calculations to chemistry is questionable,sych a tilt of the water molecules is predicted to reduce

and many of the theoretical predictions await any kind of
experimental support. The structure of the [Ti(F"
cation in an amorphous solid of a 2-proponaflDmixture
was determined to be close to all-verti€,! whereas the
[V(OHy)g]®" cation adopts the all-horizont&lzy geometry

in the triflate salt [V(OH)g][HsO2](CFsSOs). 2 These results
are at variance with the calculations of Kallies and Meier,

slightly the magnitude of the metalvater &z anisotropy,
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although such discrepancies can always be imputed t0(22) Armstrong, R. S.; Beattie, J. K.; Best, S. P.; Skelton, B. W.; White,

hydrogen-bonding constraints.

This work presents an experimental study of the electronic

structures of the [V(Ob)g]®*" and [Ru(OH)e¢]®" cations in
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[Ru(OH)e]3* and [V(OHy)g]* in Aqueous Solution

given by the quantitye,n — e,)).2> When the identity of the
monovalent cation is changed from a group | metal to the
guanidinium cation, [C(NB3]*, the space group changes
from cubic Pa3) to trigonal P31m).?° In the guanidinium
salts there are two crystallographically distinct sites for the
aqua ion to occupy, one df; symmetry, the othets,,
present in the ratio 2:1. The stereochemistry of the [V{gk
cation in the guanidinium salt differs little for the two sites,
with ¢ ~ —45°, and an average tilt of the water molecules
of ~9°.29 For the studies in aqueous media, solutions were
prepared with either trifluoromethanesulfonate (triflate) or

p-toluenesulfonate, as the counterion. These anions are

known to be very poor ligands, and are not expected to
displace water from the first coordination sphere of the aqua
complex.

Throughout this work a number of abbreviations are
employed, examples of which are'WBH = M'[V(OH,)g]-
(SQy)2*XH.0; M'[Ga:Ru]SH= Ru(lll)-doped MGaSH; [Ru-
(OHy)q) 3 :trif = [Ru(OHy)g]®" in a dilute triflic acid/glycerol
glass; [Ru(OH)g]*":tos = [Ru(OH)e3t in a dilute p-
toluenesulfonic acid/glycerol glass.

2. Experimental Section

Synthesis [Ru(OH,)¢]3" solutions were prepared by dissolution
of [Ru(OH,)e](tos)?® in p-toluenesulfonic acid (1 M), trifluo-
romethanesulfonic (triflic) acid (1 M), or sulfuric acid (1 M), to
give pink solutions of Ru(ll) (ca. 0.2 M). The solutions were left
standing overnight, during which time the color evolved to yellow,
indicative of the oxidation of [Ru(Oks]?" to [Ru(OHy)g]3".2”
Glycerol was applied+50% v/v) to the Ru(lll) solutions prepared
in p-toluenesulfonic and triflic acid, and the resulting mixtures were

sealed under a He atmosphere in standard EPR tubes. The solutio

of [Ru(OHy)¢]3" in sulfuric acid was used in the preparation of
Gu[Ga:Ru]SH.

Crystals of Gu[Ga:Ru]SH were prepared by addition of the
solution containing [Ru(Oe]®™ in HSOy (1 M) to a freshly
prepared saturated solution of GuGaSH (0.543 M) i8®}, (6 M).

The amount of Ru(lll) was estimated at ca. 1% of the total tervalent
cation concentration. Crystals formed at room temperature over
several days.

[V(OH,)g]3* solutions (0.2 M) were prepared by dissolution of
V(CF3SG;);3 in dilute triflic acid (0.1 M) purged with argon. V(GF
S0;); was prepared by reflux of VI3 g) in neat triflic acid (10
g) under an argon atmosphere until HCI gas ceased to be evolve
(ca. 3 h). The solution was allowed to cool to room temperature
and the green precipitate of V(F0;); collected in good yield
(ca. 2.5 g). The preparation of guanidinium vanadium sulfate
hexahydrate (GuVSH) has been described previoiisly.

Instrumental Details. X-band EPR spectra were recorded on a
Bruker ELEXSYS spectrometer at the Department of Chemistry,
University of Bern, in conjunction with an Oxford instruments ESR
910 cryostat, together with a Bruker ER 4116 DM resonator.

EPR spectra were also obtained using the high-field, multifre-
quency EPR facility at the CNRS, Grenoble, France. Excitation
frequencies ranging from 95 to 460 GHz were employed in
conjunction with a static field ranging from 0 to 12 T. The
experimental setup has been described previdisly.

(25) Riesen H.; Dubicki, LInorg. Chem.200Q 39, 2206.
(26) Bernhard, P.; Biner, M.; Ludi, APolyhedron199Q 9, 1095-1097.
(27) Best, S. P.; Forsyth, J. B. Chem. Soc., Dalton Tran$99Q 3507.
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Figure 3. Experimental and simulated X-band EPR spectrum of Gu[Ga:
RU]SH. The experimental spectrum was collected at 5.0(1) K with 6.33
uW of 9.61277 GHz radiation, and a modulation amplitude of 1 G. The
simulated spectrum is a supersposition of two spectra, each corresponding
to anS = 1/, spin system withy valuesgp = 2.4270,g;, = 1.6990 andyy

= 2.4270,g9, = 1.6917 with the intensities scaled with a 2:1 ratio,
respectively.

A Cary 5e spectrometer was used to collect-tXs spectra.
Polished crystals of RbVSH, GuVSH, and Rb[Ga:V]SH were sealed
in a copper cell under a He atmosphere, and spectra acquired as a
n o .
function of temperature. The spectrum of a freshly prepared solution
of [V(OH,)g]®" (0.2 M) in dilute triflic acid (0.1 M) was obtained

using standard solution cells.

3. Results

[RU(OH)e)®*. In Figure 3 is shown 5 K powder EPR
spectrum of Gu[Ga:Ru]SH. The general form of the spectrum
is typical for an axially symmetri& = ¥/, spin system with
g0 > ¢..2° The low-field resonance, corresponding to tlae “
transition, displays two peaks, with a 2:1 ratio of integrated

0peak intensities. The more intense band is assigned to a

resonance arising from the Ru(lll) cation occupying @e

site of the crystal, and the less intense band to the occupation
of the Cg, site, in accordance with the 2:1 ratio of the sites
in the crystal lattic&® The “xy’ peak displays fine structure
attributable to hyperfine coupling with th®Ru (spin 3/,
abundance 13%) ari'Ru (spin®, abundance 17%) nuclei.
Also shown in Figure 3 is a simulation of the spectrum,
calculated using the software of Hggni WeiieThe
simulated spectrum consists of a superposition of 8o

(28) Muller, F.; Hopkins, A.; Coron, N.; Grynberg, M.; Brunel, L. C;
Martinez, G.Rev. Sci. Instrum1989 60, 3681. Barra, A.-L.; Brunel,
L. C.; Robert, J. BChem. Phys. Lettl99Q 165 107.

(29) Mabbs, F. E.; Collision, DElectron Paramagnetic Resonance of d
Transition Metal Compoundg£lsevier: Amsterdam, 1992.

(30) SIM, by Hagni Weihe, Department of Chemistry, University of
Copenhagen. Glerup, J.; Weihe, Atta Chem. Scand991, 45, 444—
448.
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Figure 4. Experimental and simulated X-band EPR spectrum of [Ru- :
(OHy)g]3*:trif. The experimental spectrum was collected at 6.0(1) K with .
0.2002 mW of 9.61296 GHz radiation, and a modulation amplitude of 4 G. !
The simulated spectrum corresponds t&an Y/, spin system withy values !
go=2.41,g, = 1.78. Rb[Ga:V]SH !
Table 1. Experimentalg Values for the [Ru(Ok)¢]3+ Catior? ¢~ 0° E
sample temp/K o (o] E
[RU(OHy)¢] 3" :trif 6 1.78(1) 2.41(2) } } } } }
[Ru(OHy)e] 3+ :trif 296 1.85(2) 2.31(2) 10 15 20 25 30x10°
[Ru(OH,)e]%*:tos 5 1.78(1) 2.41(2) Energy [em’]
[Ru(OH)e]3*:tos 296 1.85(2) 2.31(2) i ) )
Cs[Ga:Ru]SH 3 1.494(5) 2.517(5) Figure 5. Room temperature electronic spectra of the [VERH" cation,
Gu[Ga:RulSH Cz.) 5 1.6917(5) 2.427(2) in a dilute triflic acid solution, and in three different crystal systems.
Gu[Ga:Ru]SH C3) 5 1.6990(5) 2.427(2)
Gu[Ga:Ru]SH 50 1.707(2) 2.422(2)
Gu[Ga:Ru]SH 296 1.76(3) 2.39(2)

aThe g values for Cs[Ga:Ru]SH were taken from ref 34.

1/, spectra calculated with thg valuesgn = 2.4270,g, =

1.6990 andyn = 2.4270,g, = 1.6917 and scaled with a 2:1

ratio, respectively. Excellent agreement between theory and

experiment is obtained; the hyperfine interaction was not

included in the simulation.
In Figure 4 is shown th 5 K EPR spectrum of [Ru-

(OHy)¢] 3 :trif. Once again the spectrum is consistent with

an axially symmetricS = %/, spin system withgg > g,

suggesting that, in solution, the [Ru(@k]®* cation adopts

a.geomeFry of apprOXimate a.XiaI symmetry. A.ISO shown in Figure 6. Schematic diagram depicting the expected increase in energy

Figure 4 is a spectral simulation calculated wgth= 2.41, of the 3T'lg (F) — 3T (F) and Ty (F) — 3Tsg (P) (On) ligand field

g1 = 1.78, giving reasonable agreement with experiment. The transitions, as the twist angle decreases frén{Tg symmetry) to—45°

EPR spectrum of [Ru(O]3*:tos was virtually identical. (aII-hosrizontaIng ssymmetry). The broken lines denote the center-of-gravity
The EPR spectrum of the [RU(Q}'d]3+ cation could be of the 3Tzg (F) and®T 14 (P) terms. The values of the trigonal field splitting

] ) of 3T14 (F) ground term, shown on the figure, were determined by electronic
monitored up to room temperature for the crystalline and Raman spectroscopy.

glassy samples. In all cases thevalues converged as the h hth lution f 0 mi iod. Th K band
samples were warmed. A distinct axial spectrum could still through the so upon oral min period. The wea  ban at
ca. 13000 cm! is therefore assigned to a vanadium(lV)

be observed for the glassy samples at 295 K, suggesting that,

at this temperature, the rate of reorientation of the [Ru- Impurity. - .
(OH,)]** cation is slow on the EPR time scale. A compila- Also shown in Figure 5 are room temperature absorption

tion of g values vs temperature is given in Table 1. spectra of the [V(OR)e]*" cation in three crystal systems,

[V(OH »)6]*". The room temperature absorption spectrum yvhere the stereochemistrie_s of the [.V(Q@GT catiqns, .
of [V(OH,)¢J3* (0.2 M) in dilute triflic acid (0.1 M) is shown imposed by hydrogen-bonding constraints, differ primarily

in Figure 5. The spectrum is characterized by two broad in the values of th_e twist angle, §hown on the figure.
bands, assigned to th&s, (F) — Tz, (F) andTsg (F) — Spectra of th(.-','.CUli.)IC RbVSH3{modification) and _Rb[Ga:
3Ty, (P) (Oy) ligand field transitions, depicted in Figure 6. V]SH (a-modification) crystals were collected with unpo-

Band maxima are found at 16 800 (595 nm) and 25 006'cm larized radiation. GUVSH crystallizes in the trigonal space

(400 nm). In addition, a weak band at ca. 13 000&(70 group P31m. Spectra for this salt were collected with the
nm) is visible in the épectrum. The position of the band is electric vector of the incident radiation polarized paraliél (

coinc?dgnt With that eXpECted for the Vanadyl férand a (31) Lever, A. B. P.Inorganic Electronic Spectroscop¥lsevier: Am-
gain in intensity was observed after oxygen was bubbled sterdam, 1984.
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and perpendicularo] to the unique 3-fold axis. The low-
temperature absorption spectra of [V(Q&F in all three

crystal systems have been discussed, and assigned previ-

ously632The room temperature spectra presented in Figure
5 differ only in that the absorption bands are broader, and
are shifted slightly to lower energy. It is seen from Figure 5
that as the magnitude @f decreases, the general shift of
the ligand field bands is to lower energy. The electronic
absorption bands of Rb[Ga:V]SH occur at similar energies
to those observed for [V(Oh]*" in aqueous solution.

An attempt was also made to obtain high-field, high-
frequency EPR spectra of the [V(QW*" cation. Good
quality spectra were obtained for RoVSH and GuVSH, the
data for RbVSH having been presented and interpreted
previously*® However, no signal was obtained for Rb[Ga:
V]SH or for [V(OH,)e]*":trif. The failure to observe EPR

spectra in these systems cannot be attributed to the concen

tration of vanadium, as high-quality high-field multifrequency
EPR spectra have previously been reported for Cs[Ga:V]-
SH recorded under the same conditidhs.

4. Discussion

[RU(OH2)el3". In order to relate the experimentally
determinedy values of [Ru(OH)g]®":trif to a given stereo-
chemistry of the complex, we must first calculate howghe
values vary as a function @f. The [Ru(OH)g]*" cation is
a low-spin & complex, resulting in &T4 (Tw) ground term.
Excited-state configurations are sufficiently high in energy
that their influence may be neglected. It is then a straight-
forward task to formulate closed-form expressions for the
ground-stateg values of the [Ru(Ok)g]®" cation, in terms
of the spin-orbit coupling parametet, the orbital reduction
factor, k, and the axial ligand field splittingd, and these
are given in ref 17. The first step in the analysis is then to
obtain appropriate values d@f, k, and €,0 — ey), which
pertain to the Ru(ll)-water interaction. Reports of EPR
studies of the [Ru(OkJe]®" cation are, to our knowledge,
confined to powder and single-crystal measurements on Cs
[Ga:Ru]SH3* From this study, the following values were
determined at 3 Kg, = 1.494(5),g0 = 2.517(5), which were
subsequently interpreted, without a knowledge of the struc-
ture!” Following this study, neutron structures of CsGasH
and CsRuSH* have revealed regular 'MDg frameworks,
trigonal planar water coordination to the tervalent cations,
and values ofgp equal to —19.0° and —22.¢° for [Ga-
(OH,)g]*" and [Ru(OH)e]3t, respectively. Previous studies
on doped alums suggest that the dopant cation largely dictate
its immediate environmenit. A value of ¢ = —22.0° for
Cs[Ga:Ru]SH is therefore assumed. Inserting eq 1 into the
expressions for the ground-stgfealues, we calculatg, =
1.494,g, = 2.518 for the following parameterg, = —22.C,
£ =980 cm!, k = 0.865, and €,7 — ey) = 1200 cnl.

(32) Walker, I. M.; Carlin, R. LJ. Chem. Phys1967, 46, 3931-3936.

(33) Tregenna-Piggott, P. L. W.; Weihe, H.; Bendix, J.; Barra, A.-L'd&p
H.-U. Inorg. Chem.1999 38, 5928.

(34) Bernhard, P.; Stebler, A.; Ludi, Anorg. Chem.1984 23, 2151~
2155.

(35) Best, S. P.; Forsyth, J. B.; Tregenna-Piggott, P. LIWChem. Soc.,
Dalton Trans.1993 2711.
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Figure 7. Theoretical and experimental values of the [Ru(Obe]3"
cation. The theoretical values of and gy, shown as solid and broken
fines, were calculated using eq 1 and the expressions given in ref 17, with
the following parameters:efn — e) = 1200 cnt?, { = 980 cn1l, k =
0.865. The squares and circles denote the prinadpahlues determined

for the Cs[Ga:Ru]SH and Gu[Ga:Ru]SH systems, respectively, with the
corresponding values @f determined from crystallography. The triangles
denote the principad values of [Ru(OH)g]3*:trif. In this instance, they
values were plotted againgt = —45°, as this gave the best agreement
with the theoretical values.

The values ofp and €.0 — eq) equate to a trigonal field
splitting, A, of —2500 cm! (eq 1), which compares to
—1940 cm? for [V(OH,)g]®", in the same crystal environ-
ment!® An increase in€,; — €y) is typical of the change

in the ligand field parameters that occurs on substituting a
first-row for a second-row transition metal eleméht.

It should be mentioned that the estimated values, d,
and A are very similar to those proffered by Daul and
Goursot, who analyzed thgvalues without any structural
information, relying instead on results from multiple scat-
tering Xo. MO calculations?’

In Figure 7 are shown the dependenciegoéndgn on
the anglep, calculated using the foregoing parameters. It is
seen that the principa values are predicted to be rather

sensitive to the value @f, owing to the change in the trigonal
field. We have recently published a paper on the variation
of the ground-statg values of the [Ti(OH)g]®" cation, for
values ofp between 0 and—45°.38 In that work it is shown
that this variation is a consequence of the change in the
magnitude of the linear JahiTeller coupling coefficients,
rather than a change in the trigonal field. Such considerations
do not apply for the [Ru(OkJ¢]®* cation, as the spinorbit
coupling is so large that effects of vibronic coupling are

%uenched. Nevertheless, before discussing the data for [Ru-

(OHy)g]*:trif, it is necessary to demonstrate that thegn
vs ¢ relationships in Figure 7 provide an accurate description
of the ground-state magnetic properties of the [RuffglFi"
cation, in other coordination environments. It was with this
mind that the EPR study of the Gu[Ga:Ru]SH system was
undertaken, for whiclp ~ —45°. The principalg values

for Gu[Ga:Ru]SH are shown as circles on Figure 7 and are
close to the theoretical values. The experimental valuwg of

(36) Carver, G.; Bendix, J.; Tregenna-Piggott, P. L.@em. Phys2002
282, 245.
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is slightly less than predicted, which could be a consequencewill not, to first-order, depend on the magnitude of these
of the mode of water coordination in Gu[Ga:Ru]SH being effects. The energies of the spin-allowed transitions will,

not exactly trigonal planar, as in Cs[Ga:Ru]SH. however, be strongly dependent on the magnitude of the axial
The EPR spectrum of [Ru(Oh#]>:trif is characterized  field splitting of the ground term, and we use this fact to
by well-definedg values, these being, = 1.78(1);gn = draw inferences regarding the geometry of the [VERH"

2.41(2) (6 K). If the [Ru(OH)g]®* cation were to exhibit no  cation in solution.

geometric preference in aqueous solution, adopting all |n Figure 6 is shown a schematic diagram depicting the
possible values ap, then this would manifest in a very wide  increase in the energies of the spin-allowed transitions, which
range of possiblg values, as suggested by the relationships s expected as the twist angle decreases frértp0-45°.

in Figure 7. The inhomogeneous broadening would be so Thjs arises from the increasing stabilization of g (S)
acute that one would not expect to observe an EPR spectrumMground term. On the figure is given the magnitude of the

Instead the [Ru(Obje]**:trif system has well-defined trigonal field splitting of the’T4 ground term forp = —21°

values, which can be associated with a well-defined structure. gnd—45°: 1940 and 2700 cri, respectively. These values

The experimentay values of [Ru(OH)e]**:trif are depicted  were determined by electronic Raman spectroscopy and are

by triangles on Figure 7, and match the theoretical values jn excellent agreement with AOM calculatiof€° The figure

for ¢ ~ —45°, although, as the reader will observe, the s of course oversimplified; the relative energies of g,

theoreticalg values are relatively insensitive to the value of (), 3T (F), and®Tyg (P) terms will shift slightly due to the

@ in the range-35" to —45°. Itis concluded that in aqueous  off-diagonal trigonal field. Furthermore, a small increase in

solution the [Ru(OHk)¢]*" cation adopts a geometry close to  the Racah parameters is expected for the Rb[Ga:V]SH system

all-horizontalDsg. on account of the tilt of the water molecules, which will
‘The g values of both Gu[Ga:Ru]SH and [Ru(@&l*":  also affect the transition energi&sNevertheless, AOM

trif converge as the temperature increases (Table 1). We have.a|cylations, which we have performed using all 45 electronic

recently collected single-crystal Raman data on GuGaSH, py5sis functiond? suggest that such considerations are

yvhich provide no intimation of any gross structural change gwarfed by the change in the magnitude of the diagonal

in this temperature rangé.For the Gu[Ga:Ru]SH sample,  rigonal field splitting of the ground term. Ag decreases

therefore, the temperature dependence ofghealues is  from (° to —45°, a general increase in the transition energies

attributed to a change in the quantisg{ — ey) and/or in of the 3T14 (F) — 3T (F) and3Tyg (F) — 3Ty, (P) 1) is

the quantityl, most likely arising from the increase in the expected on account of the stabilization of #Ag (S) ground

average Ra-O bond length, which is to be expected upon term, and this is borne out by the single-crystal absorption
increasing temperature. This being the case, the convergencepectra presented in Figure 5.

of the g values of [Ru(OH)g]*":trif does not necessarily
imply a change in the value of, with which we are
concerned.

Absorption spectra of solutions containing the vanadium-
(1) cation are well-known, and an excellent review article

. ; . . on vanadium(lll) in aqueous solution has been provided by
[V(OH 2)¢]*". The low-temperature, electronic absorption Roland Meier and co-workef§.The absorption spectra of

band p.roﬂles of GUVSH are broad bgt struc.tured, and have vanadium(lll) as a function of sulfate concentration have
been disscussed and assigned previously, in the frameworl%een particularly well characteriz8das the [V(OH)gJ®"
of a ligand field modef? We have nothing further to add V(OH)5(SQ)]*, and [V(OH)«(SQ).]~ complexes a’re

. . 2 , 4 2
conceming these assignments, except to say that they shoul oughtSto be present, in large concentrations, in the blood
not be taken too literally. The deconvolution of thiag (F) of ascidians! For the present study, care was taken to

53 3 —5 3 in- i
T2g (F) and®Tyg (F) = T1g (P) (Or) spin-aliowed ligand prepare a vanadium(lll) solution free from anions such as

field bands into components arising from the axial field if hlori f thei :
splittings of the? T, (F) and®T1g (P) (Or) terms is confounded sulfate and c oru;ie because of their tendency to coordinate
9 9 directly to vanadium(ll1):°42? Triflate was chosen as the

by strong excited-state Jahiieller effects, a very clear counteranion as it is both inert and a poor ligand. Further-

example of which has recently been demonstrated in themore, in the triflate salt [V(OR)e[HsO5(CFsS0y)s the

+ i 38 i
spectrum of the [VQ(OHZ)“]. cation:” In an analysis of stereochemistry of the [V(OB]®" cation has been shown
the low-temperature absorption band profiles of RbVSH and : .
to be close to all-horizontdDsy by single-crystal neutron

. 16 i -
Rb[Ga:VISH;> we have shown that excited-state Jahn diffraction!® a result at variance with the most energetically

aforesaid liganel el transitions, beyon hat expected rom 12/016d SIUCIUTe pecicted by DFT calculaigrie room
9 » 0%y P temperature absorption spectrum of VESBs); (0.2 M)

a simple ligand field model; and this is most clearly seenin L . : A
the spectrum of Rb[Ga:VISH, for which ~ 0°. However, dllssolve.d in triflic acid (0.1 M) is shown in Figure 5, along
with solid-state spectra. The peak maxima occur at very

although it is true that a proper analysis of the band profiles ". . . AR
requires a rigorous treatment of the combined effects of low- similar energies to those reported for the [V(Q§f" cation

symmetry ligand fields and dynamic Jahneller coupling,
the center of gravity of théT,q (F) and®T4 (P) (On) terms

(39) LIGFIELD ver. 0.92, by Jesper Bendix 1998, Department of Chem-
istry, University of Copenhagen.
(40) Meier, R.; Boddin, M.; Mitzenheim, S.; Kanamori, Klet. lons Biol.

(37) Carver, G.; Tregenna-Piggott, P. L. W. Unpublished work. Syst.1995 31, 45-88.
(38) Bussiee, G.; Beaulac, R.; Cardinal-David, B.; Reber@ord. Chem. (41) Frank, P.; Hodgson, K. @norg. Chem.200Q 39, 6018-6027.
Rev. 2001, 219-221, 509-543. (42) Furman, S. C.; Garner, C. $. Am. Chem. S0d.95Q 72, 1785.
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in perchlorate solutions of varying pH and ionic stredgth  would not be so severe; we would have expected to observe
suggesting no gross change in the electronic structure of thean EPR spectrum. The inability to observe an EPR spectrum
aqua ion as a consequence of exchange of triflate forfor Rb[Ga:V]SH, down to temperatures o6 K, may also
perchlorate. The €ld transitions are not anomalously broad, be a consequence of efficient spilattice relaxation.
and the band maxima are clearly closer in energy to those
observed for Rb[Ga:V]SH¢( ~ 0°) compared to GuVSH - Summary
(¢ ~ —45°), suggesting that, in solution, the stereochemistry  In this work, spectroscopic data have been presented and
of the [V(OH)e]** cation is closer toT, than the all-  analyzed for the [Ru(Ohe]®* and [V(OH)e]3* cations, both
horizontal D3y geometry. in the solid state and in aqueous solution. The EPR study of
Good-quality high-field, high-frequency EPR spectra were [Ru(OH,)e]3t provides strong evidence that, in solution, the
obtained for RbVSH and GuVSH. The spectra for RoVSH aqua ion is localized in the all-horizontfllsy geometry.
have been presented previously, from which the ground-stateAbsorption spectra for the [V(Oh]*+ cation are consistent
spin-Hamiltonian parameters have been determined withwith the aqua ion adopting a geometry clos@tsymmetry.
excellent precisioA® As no EPR transitions attributable to  This inference is tentative, however, as attempts to determine
a vanadium(lll) species were observed for the [V(RH": the ground-state electronic structure directly by high-field
trif sample, the EPR spectra of GUVSH do not assist in the multifrequency EPR were not successful.
main objective of the present study, and hence will be  Our conclusions are consistent with the most energetically
presented in a future publication, along with electronic favored structures of the [Ru(QM]** and [V(OH)el3"
Raman data. However, the reason why we were not able tocations predicted by ab initio calculatidris-bravo. This
observe an EPR spectrum for Rb[Ga:V]SH and [VERH": work should bring cheer to quantum chemists who model
trif must be addressed. For valuesjobetween 0 and—45°, chemical reactions in aqueous metlldowever, we recom-
the trigonal field lifts the degeneracy of t&4 (On) ground mend that caution be applied when rationalizing solid-state
term, leaving théA, component lower lying**" The 3-fold phenomena on the basis of the results of the same calcula-
degeneracy is lifted to second-order by spambit coupling, tions. It is curious that the [V(O)]®* cation in dilute triflic
and the magnitude of the zero-field-splitting, is of the acid seems to adopt a stereochemistry closg taut, in the
order ~(AM)7A, for AL < A, whereA is the expectation  salt formed from the saturated solution, the structure is close
value of thel; operator® For RoVSH,D = 4.906(4) cnm*, to all-horizontalDsy. Furthermore, in the following paper, it
whereas for GUVSHD = 3.73(5) cmi*;?° the reduction in  shall be shown that the value @fin the cesiung alums of
D being consistent with the increase in the magnitude of the formula Cs[M"(OD,)g](SO4)»6D,0 is anomalously negative
trigonal field. For values ofy close to zeroD and d/dg for both the Ru(lll) and V(lIl) cationd? suggesting that, in
are large because of the sip 2lependence of the trigonal the solid state, both these aqua ions exhibit a tendency to
field (eq 1). A relatively small distribution in the value ¢f distort towards the all-horizont&l, structure. The ongoing
would then give rise to a large distribution in the rang®of  challenge for quantum chemists is to tackle molecules of
values, such that inhomogeneous broadening would renderever-increasing size and complexity. As far as the aqua ions
the EPR spectrum undetectable. We believe that it is for this are concerned, it would be interesting to calculate the energy
reason that we were unable to observe an EPR spectrum fobf the complexes along th&—S—Dag potential energy
[V(OHy)e]**:trif. Using a similar approach as that applied surface when the second coordination sphere is included. The
to calculate the ground-stagevalues of [Ru(OH)¢]**, we value of¢, corresponding to the configuration of minimum
have calculated thB vs ¢ relation, from which EPR band  energy, may well be dependent upon the strength of the
profiles for [V(OH)e]*" have been calculated, for differing  hydrogen bonds, emanating from the aqua ion.
degrees of inhomogeneity. If the valuesyoivere distributed
between—35° and —45° for [V(OH,)¢]3:trif, as we have
inferred for [Ru(OH)g)3*:trif, the inhomogeneous broadening
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