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By establishing suitable high-temperature preparation conditions we were able to grow the firdta@ed

crystals of kCrO;,, K,SeQ, CsMo0O,, BaSQ, BaCrQ, and BaSe@ Their polarized absorption spectra at low
temperatures are reported and discussed. These are very different from the ruthenate(VI) spectra in the literature,
and the lack of resemblance between calculated and measured spectra of ruthenass{ted to be Ru®"

in the past-is easily understood. ThH#, — 1A; spin-flip transition of Ru@~ peaks at7100 cntl. Stronger

bands due t8A, — 3T, and®T; are observed in the vis around 13 500 and 16 500'cnespectively, giving rise

to the green-blue color of most samples. In the BaB@st thelA; absorption line is split into three differently
polarized components exhibiting a strong temperature dependence. This can be analyzed in terms of a Boltzmann
population with three levels at 0, 13, and 18 @mcorresponding to the three spinor components of3the

ground state. In order to better understand the major changes which occur on going from thetrgd4d

electron configuration the spectroscopic data of Ru@re compared with those of Cy5, MnO42~, and Fe@~.

1. Introduction

Basic aqueous solutions of oxygenated ruthenium¥jown
as ruthenate(VI) iorrare of considerable importance in both
analytical and synthetic chemistry, and the rather puzzling
absorption spectrum has attracted much interest for many years.
For the spectrophotometric determination of ruthenium the
compounds are fused with a mixture of potassium hydroxide
and potassium nitrate, and the resulting cake is dissolved in
waterl™ In every case a clear orange-red solution of ruthenate-
(VI) with maximum absorbance at 465 nm (21 500 &nis
obtained. The solid line in Figure 1 shows the well-known
absorption spectrum of a ruthenate(VI) solution 10 M in KOH.

Many ruthenium(VI) complexes are effective catalysts for
the selective oxidation of various organic substrates either in
their own right or in conjunction with other species. Basic
aqueous solutions of ruthenate(VI) with persulfate as co-oxidant
are used to oxidize primary and secondary alcohols to carboxylic RN RN N N
acids and ketones, respectively, aldehydes to carboxylic acids, 15000 20000 25000 1 30000 35000
and activated primary and secondary alkyl halides to carboxylic Energy [em™]
acids and ketones, respectivély. The ruthenate/fg?~ Figure 1. Unpolarized room-temperature absorption spectra of a
reagent is both aesthetically and practically attractive in that it ruthenate(VI) solution 10 M in KOH (solid line) and Ru® doped
is self-indicating, the orange color becoming black on addition Nt BasQ (dotted line).
of substrate and returning to its original color when the oxidation
reaction is complete. These color changes have been explaine
in terms of an initial reduction of ruthenate(VI) to Rp@nd a
subsequent reoxidation byQg?~.7

In analogy to the 3#tetroxo complexes Cr@~, MnOs,
and Fe@, the ruthenate(VIl) ion with the 4delectron
configuration was thought to be Ry until about 20 years
ago. Accordingly, similar approaches were used for the

énterpretation of the absorption spectra of the? 3etraoxo
complexes and the ruthenate(VI1) ibri2 While the calculations
were quite successful in the description of the energy-level
structures of the Jdsystems, the assignment of the ruthenate-
(V1) spectrum has remained unclear. In particular, the wekak
— d bands peaking around 12 000 chin the spectra of the
3® complexes have not yet been observed for ruthenate(VI)
(see Figure 1).

In 1976 the structure of so-called barium ruthenate mono-
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found in a trigonal-bipyramidal configuration consisting of three
oxygens and two hydroxides, i.#ansRu(OH»Oz?~. Subse-
quently it turned out that in potassium ruthenate, nominally
known as KRuOs-H,O, the Ru(VI) ion has an analogous
trigonal-bipyramidal configuration and that the appropriate
formula is thus KRu(OH)O0s.1415 Both the barium and
potassium compounds are deep red in color. In contrast,;in Cs
RuQ, prepared by a solid-state reaction at 8@) the Ru(VI)
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air. These crystals are hygroscopic, and the color change indicates
the transition of Ru¢¥~ to thetransRu(OH)Os?>~ complex.

Barite-type mixed single crystals of BaM®u* (M = S, Cr, or
Se) were grown from a Na€KClI flux using the weight compositions
NaCl (32%), KCI (43%), and BaM£(25%). K:Ru(OH)}Os;was added
in concentrations of 0.1 and 1 mol % with respect to BaMer
absorption measurements in the UV/vis and near-infrared (near-IR)
regions, respectively. The starting materials were thoroughly mixed,
fired for 12 h at 750°C in air, and slowly cooled to 650C at —2.5

ion was quite recently found to be tetrahedrally coordinated by c/h ysing platinum crucibles with tight-fitting lids. In the case of the
four oxygens® Interestingly, these crystals are dark green rather 0.1 mol % doped samples of Bag@e found no signs of RuD
than red in color. It appears obvious, therefore, that the speciesformation and thus used the nominal Ru concentration to calculate
which causes the orange-red color of the ruthenate(VI) solution extinction coefficients and oscillator strengths. The size of the crystals

is actuallytransRu(OH)Oz%".

approaches 4 1.5 x 2 mn¥ along thea, b, andc axes, respectively.

In the present study we report the preparation and optical The axes are readily identified from the crystal morphology. The color

spectroscopy of the first Ru@ -doped single crystals. The aim
of this contribution is to elucidate the energy-level scheme for
RuOs~, a problem which has not been solved yet due to lack
of experimental data. The absorption spectrum of theidil
RuQs2 is, as expected, similar to the spectra of tetrahedrally
oxo-coordinated Jdions. In contrast, as we demonstrate in
Figure 1, it differs substantially from the ruthenate(VI) solution

of Ru(VI) doped samples of BaS@nd BaSe®is blue-gray and that
of BaCrQ;:RUf" is brown due to the yellow color of the host. Crystals
of BaSQ:RW" are strongly dichroic. They are deep blue, green, and
red in color for linearly polarized light witfe parallel toa, b, andc,
respectively.

For the assignment of an absorption line in the infrared (see section
4.1) we prepared a BaS®u sample under different conditions.
Using the weight composition NaCl (13%), KCI (18%), CsCl (64%),

spectrum. The failure to reproduce the measured spectrum ofand BaSQ (5%), we were able to grow BaS®U* crystals between

ruthenate(Vh-assumed to be Ru® in the past-is readily
understood. In the BaSMost the low-temperature absorption

620 and 450°C. These crystals are slightly worse in optical quality
compared to those grown from a Naf{Cl flux, and interestingly,

spectra are strongly polarized, thus allowing a detailed study they grew elongated alorig rather thara.

of the energy-level structure of Ry®. Finally, the spectro-
scopic data of Rugd~ are compared with those of the series of
3c? ions CrQ*", MnO4*~, and Fe@.

2. Experimental Section

2.1. Sample Preparation. We have prepared Ru®-doped single
crystals of kCrO,, K:SeQ, and CsMoO, with the 3-K,SO, structure
and BaSQ BaCrQ, and BaSe® with the barite structure. Both
structures crystallize in the orthorhombic space geomal’ In these
structures there are four crystallographically equivalentM@ns (M
is either S, Cr, Se, or Mo) per unit cell with a mirror plane perpendicular
to the crystallographib axis as the only symmetry element.

[-K2SO, type hosts are soluble in water, and single crystals doped
with the 3¢ ion FeQ?™ are easily obtained by slowly evaporating basic
aqueous hypochlorite (CIQ solutions saturated with the appropriate
host!® However, attempts to grow Ru®-doped crystals using similar

2.2. Absorption Measurements. Absorption spectra were recorded
on a double-beam spectrometer (Cary 5e) and, in the region below 4000
cm™! (>2.5 um), a Fourier transform infrared spectrometer (Perkin-
Elmer 1720 X) purged with N For sample cooling to8.K a closed-
cycle helium refrigerator (Air Products) was used, and variable
temperatures between 6 and 100 K were achieved with a cold helium-
gas flow technique.

In the -K,SO, structure Ru(VI) occupies a site for which tE¢ja
andE]||c spectra are essentially identical. Polarized absorption spectra
of RuQ?™ in that structure were thus recorded wihparallel and
perpendicular to thé axis.

Absorption spectra of BaMERU* (M = S, Cr, Se) were measured
with E parallel to the crystallographia/b and b/c axes of crystals
polished perpendicular wanda, respectively. We will show in section
4.2 that crystals with the barite structure are very favorable hosts for
RuQ2~ in that the polarized crystal spectra correspond, in essence, to
the polarized molecular spectra. The strong molecular polarizations

methods were unsuccessful, presumably due to the five-coordinatethus give rise to the strongly polarized crystal spectra presented in the

configuration of Ru(VI) in aqueous solution. In order to obtain FIO
doped samples we thus had to resort to other techniques.

Single crystals of Rug@—-doped kCrO, and K,SeQ were grown
by the flux-evaporation method using a mixture of KN&hd KOH as
flux medium. Best results were obtained with the weight compositions
KNO; (40%), KOH (40%), KCrO, (20%), or K:SeQ, (20%). K:Ru-
(OH),05; was added in concentrations of 2 mol % with respect to the

following.

3. Results

The polarized 15 K absorption spectra of BaSQf+ for E
parallel toa, b, andc are shown in Figure 2. In the near-infrared
(near-IR) region a very weak sharp line peaks at about 7320

hosts, and the mixtures were homogenized and fired in air for 10 h at cm™? (labeled!A; in Figure 2). The spectral region between

450°C and another 65 h at 44 using corundum boats. The green
crystals of KCrO,:RUF* obtained by this method have dimensions up
to2x 1 x 1 mn?. The K;SeQ:RW* crystals are slightly smaller and
turquoise in color. Black residues in the corundum boats indicated
the partial formation of Ru@during crystal growth, and the actual Ru
concentration in the samples is thus lower than 2 mol %.

CsMo0O;, crystals nominally doped with 0.5 mol % RO were
prepared by the solid-state reaction of,C8;, MoQO;, and KRu-
(OH),05 in the appropriate molar amounts at 950 in a platinum
crucible in air. Small crystals could be separated from the polycrys-
talline melt. Their color is green but gradually changes to orange in
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(17) (a) Wyckoff, R. W. GCrystal Structures2nd ed.; Interscience: New
York, 1965; Vol. 3; pp 45-47. (b) McGinnety, J. AActa Crystallogr.
B 1972 28, 2845. (c) Gattow, GActa Crystallogr.1962 15, 419. (d)
Gonschorek, W.; Hahn, TIZ. Kristallogr. 1973 138 167.
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11 000 and 23 000 cnmt consists of a highly polarization-
dependent band system. In each polarization we observe a
poorly structured broad band (denoted3y) with a shoulder
(®T,) on its low-energy side. Above 23 000 citwo very
intense bands are observed in all three polarizations. They are
very similar in position to the two lowest-energy bands observed
in the spectra of Rupand RuQ~,2 and it is thus relatively
straightforward to assign them to © Ru ligand-to-metal
charge-transfer (LMCT) transitions. Note thabipolarization
the LMCT 1 band has a distinct shoulder around 23 500%cm
The E||a, E||b, andE||c polarized 15 K absorption spectra
of BaSQ:Ru" in the 10 006-23 500 cn7? region are repro-
duced in Figure 3 as solid lines. In these graphs the dotted
curves were obtained from fits of two Gaussians to the
experimental spectra, and the broken lines show the sums of
each pair of fitted curves. Comparison of the measured and
calculated spectra shows that the correspondence is very good.
The fitted parameters together with the oscillator stren@ths
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Figure 2. E||a (solid line), E||b (broken line), ancE||c (dotted line)
polarized absorption spectra of BagRu™ at 15 K. d — d band

designations are given in thi parent symmetry. G~ Ru ligand-to-
metal charge-transfer bands are labeled LMCT 1/2. e [M-lcm~1]
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Figure 4. Temperature dependence of thk absorption region of
BaSQ:Ru*. TheE||a, E||b, andE||c polarized spectra are shown by
solid, broken, and dotted lines, respectively. The ground-state spinor
components are indicated in ti&, double group.

Table 1. Band Maximaimax, Molar Extinction Coefficientsmay,
Bandwidths at Half-Maximun¥,,,, and Oscillator Strengthisfor the
3A, — 3T, 3T, (d — d) transitions of Ru@~ in BaSQ, Obtained
from Gaussian Resolutions of the Polarized Spectra in Figure 3

E|la Ellb Ellc
3A2 — 3'|'2
C,, label 3B, 3B, SA;
Pmax (CITY) 13 950 13 000 14 750
emax(M~tcm™) 100 132 52
P12 (MY 1950 1915 2150
10 0.9 1.2 0.5
Ol‘l'|"'. 'I'['I'I'I':'!'I'IN 3A2*>3T1
12000 16000 20000 Cz, label °B2 °B1 °A,
B Vmax (CMTY) 17 050 15550 19 150
Energy [em™'] €emax(M~tcmY) 384 243 345
' . _ ' ) 4150 4000 4250
Figure 3. E|a, E||b, andE]||c polarizedd — d absorption spectra of 10% 74 45 6.7

BaSQ:RuU* at 15 K (solid lines). Designation of the bands is given in
C», notation with theTy parent term added in brackets. In each graph o o
the two Gaussians (dotted lines) were calculated with the fit parameterspolarization is due to the strony; absorption in the green/

in Table 1; their sums are shown by the broken lines. blue region and the low intensity 8T, in the red.
In Figure 4 we show the temperature dependence otAhe

are listed in Table 1. Note that in polarization the®T, absorption region in the near-IR of BagRu*. At 6 K asingle
absorption is considerably weaker tharaiandb polarizations. sharp line peaks at 7329 ctpredominantly forE||c. With

The spectra in Figure 3 provide the key for an understanding increasing temperature two hot bands at 7316 and 7311 cm
of the strong dichroism observed in BagRWf* crystals. Ina appear in thé anda polarizations, respectively. This is a clear
polarization both red and green are absorbed by3Th&T; indication for a 3-fold ground-state splitting of RO in the
transitions, resulting in the blue transmitted light. Egjb the BaSQ host, and we can analyze the temperature dependence

3T,/°T, absorptions are shifted to the red and the shoulder on of the relative line intensities in terms of a Boltzmann
the low-energy side of the LMCT 1 band cuts the blue edge population. In Figure 5 the intensity ratios of the two lines at
(see Figure 2), causing the green color. The red colar in 7316 and 7311 cri to the one at 7329 cnt are shown by
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Figure 5. Temperature dependence of the line intensitiesI'of
(squares) and’4 (triangles) relative td'; for the *A; absorption of
RuQ2?~ in BaSQ. See Figure 4 for band designations. The broken lines
were obtained from a Boltzmann fit with three levels at 0, 13, and 18
cm L, respectively.

Table 2. Average Band Maxima (in cm) for thed — d
Transitions of Ru@~ in the Barite ang3-K,SO, Type Hosts Used
for the Present Study

transition BaS@ BaCrQ, BaSeQ K,CrO,

K;SeQ CsMoO,

A,—'A; 7330 7115 7200 6965 7015 6 950
SA,—%T, 13900 13750 13800 13300 13415 13150
SA,—3%T; 17250 16600 17100 15950 16250 16100

a Symmetry labels are given in thi point group.

triangles and squares, respectively. The broken lines were
obtained from a Boltzmann fit with three levels at 0, 13, and
18 cntl, respectively. The correspondence with the experi-
mental data is excellent. The intensity ratios of the hot to the
cold components extrapolated for— c are 0.79 and 1.53 for
the lines at 7316 and 7311 cf respectively.

The absorption spectra of RyO in the BaCrQ and BaSe®
hosts, which are not presented here, are similar to those of
BaSQ:RuF shown in Figure 2. The band positions are listed
in Table 2; band designations are according to Figure 2. For
BaCrQu:Ruf" the upper limit of the measurable range is 20 000
cm?, given by the strong host absorption, and the overall
ground-state splitting of Ru@™ is 19 cnt®. In the BaSe®
host thelA; absorption is much broader and the ground-state
splitting thus unresolved.

Figure 6 shows th&||b polarized 15 K absorption spectrum
of K;SeQ:Ruf*. The spectrum is very similar in general
appearance to those of BaSRU* in Figure 2, consisting of
a weak sharp feature in the near-IR (labeléd in Figure 6),

a broad band in the vi$T,) with a shoulder on its low-energy
side €T,), and two intense LMCT bands above 22 000ém
(LMCT 1 and 2, respectively). Six members of a progression
in 760 cnT?! can be made out for the LMCT 1 band. TE&b
spectrum of KSeQ:RU™ and the spectra of Ru®& doped into

the isostructural KCrO, and CsMoO, hosts look very similar

to the one in Figure 6. The band positions in the three hosts
are included in Table 2.

The 'A; absorption region of KSeQ:Ruf" is shown on an
expanded scale in the inset of Figure 6. Similar to BaSO
RuF (Figure 4), we observe three closely spaced lines at 7006,
7014, and 7023 crii, respectively. Yet their relative intensities
are temperature independent and thus inconsistent with a 3-fold

Inorganic Chemistry, Vol. 36, No. 10, 1992087

8§ 04!
4 1 A
3 67 02
S T ]
3 ] E
g T B
S 4 — ]
§ T 0.0 IR RERERERERERE
< 1 6990 7030
2 —
3
]1A T,
1 LMCT 1
0 !‘l]]'l'l—l'li|YTIIIYITT'[TI‘I'IIII[lll|
10000 20000 30000

Energy [em™]
Figure 6. E||b polarized 15 K absorption spectrum of$eQ:Ru".
d — d band designations are given Ty notation. Ligand-to-metal
charge-transfer bands are labeled LMCT 1/2. The inset show#\the
absorption region on an expanded scale.
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Figure 7. Comparison of théA; absorption regions of Ru® in K-
CrO4 (unpolarized, 15 K) and BaSQE||c, 6 K). Vibrational sidebands
for progressions in the ©Ru—0 bending §) and Ru-O stretching
(v) modes are indicated.

sites?0 giving rise to the tripling of théA; line in Figure 6.
Similar effects were observed in the optical spectra s8¢0
Feft 18 and KSeQ:Mné*™.21 In the isostructural KCrO, and
CsMo0, hosts the'A; absorption regions consist of a single
line with a half-width of about 5 cri, giving an upper limit
for the ground-state splittings of Ry® of 5 cnTL.

Figure 7 compares th®A; absorption regions of Ru@® -
doped KCrO, and BaSQ at low temperatures. The sideband
structures built on the electronic origins at 6965 and 7329'cm
respectively, are strikingly different. In the spectrum of K
CrO4RUET we observe a single sideband of low intensity due
to the totally symmetric RuO stretching ¢) mode of 817 cm.,
The corresponding Huang-Rhys parameter which is defined by
the intensity ratio of the first sideband to the respective origin
line is S, = 0.04. For BaSQ@QRW" three members of a
progression in the ©Ru—0 bending §) mode of 365 cm?

ground-state splitting of Ru@". In this case the presence of
three lines is due to crystallographic phase transitions occurring
at 128 and 93 K? In the Pna2; low-temperature phase of,K
SeQ there are three crystallographically inequivalent $eO

(19) Chaudhuri, B. K.; Atake, T.; Chihara, 8olid State Commuri981,
38, 927.

(20) Yamada, N.; Ono, Y.; Ikeda, . Phys. Soc. Jpri984 53, 2565.

(21) Brunold, T. C.; Hazenkamp, M. F.;"@el, H. U.J. Am. Chem. Soc.
1995 117, 5598.
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with § = 0.26 and a series of low-frequency phonon modes
coupling to the electronic transition can be made out in addition
to the progression in the mode of 863 cm! (S, = 0.04).

The successful application of Cr(IV)-doped forsterite Mg
SiO,:Cr*) as tunable solid-state laser matéfafhas triggered
a flurry of spectroscopic and laser oriented studies of 3d
tetraoxo complexe¥:2432 |t was found that the Cr@,
MnO43~, and Fe@ ions all exhibit strong luminescence in

Brunold and Gdel

MnO2~ 3tand Fe@ 8in Cssymmetry. Therefore we assign
the sharp line peaking around 7000 ¢hin Figures 2 and 6 to
the 3A, — 1A spin-flip transition.

This assignment suggests ffeabsorption to occur at about
3800 cntl. This is a very difficult spectral region because of
the intense absorptions due te®ivibrations. Despite numer-
ous attempts we were not able to identify th&, — 1E
absorption in any of our crystals. We did observeagolarized

the near-IR persisting up to room temperature. We therefore very weak line at 3633 cm which was absent in undoped

tried very hard to detect luminescence from our FEr@loped
crystals. However, down to 3500 crhwe were not able to
observe luminescence from any of our R&Gdoped samples
even at low temperatures.

4, Discussion

4.1. Band Assignments in thelTy Approximation. With
the exception of KSeQ, at low temperaturé8the space group
of the host lattices used for the present studfiignal” The
only symmetry element of the host tetrahedra is a mirror plane
perpendicular to the crystallographiz axis, and the site
symmetry is thus reduced @s. In the low-temperature phase
of K;SeQ (space grougPna2;?%) the symmetry of the three
crystallographically inequivalent Sg© ions is further reduced
to Cl_ZO

However, the site symmetry in the various hosts is close to
tetrahedral, particularly in those with tffeK,SQO, structure, and
in a first approximation we analyze the absorption spectra
presented in Figures-2 and 6 in the parenfy point group.
The effect of theC; site perturbation is greatest in the barite-
type hosts, and it will be considered in the following section.

From the TanabeSugano diagram for aZ2dion in Ty
symmetry we expect three spin-allowdd— d absorptions of
RuO2™, i.e.3A; — 8T, 3T, and®T*(t22). In T4 only the two
3T, excitations are symmetry allowed, béA, — 3T*(t,9)
involves a two-electron excitation and therefore carries low
intensity. Itis thus relatively straightforward to assign the broad
band peaking around 16 500 chin the spectra of BaSQ
Ruf* (Figures 2 and 3) and #6eQ:Ruft (Figure 6) to3A, —
8T, and the shoulder on its low-energy side at about 13 500
cmt to 3A, — 3T, The3A, — 3T, splitting directly corre-
sponds to the ligand-field strengthD, giving a value of 10q
~ 13 500 cn1t.

Two weak sharp lines are expected for the spin-flip transitions
3A, — 1E and!A;, respectively. 1E splits upon symmetry
lowering toCs, and we expect a pair of two closely spaced lines

BaSQ. However, from its temperature dependence we can
exclude that it is due to Ru®. This is supported by the lower
intensity of this line relative to the — d bands in a BaS©
RufT sample prepared under different conditions (section 2.1).
A more likely explanation of this line is an €H stretch
vibration of traces otransRu(OH)0s%~ doped into BaSQ
The fact that!A, lies far below3T, indicates that we must
be to the extreme right in the TanabBugano diagram. Indeed,
by fitting the three experimental transition energies in a ligand-
field calculation we obtain values for D@/Bcompiex Of about
55 in every host, wher@complex ~ 245 cnit is the Racah
parameter of Ru in the complex and a ratio@B = 3.7 was
assumed. An explanation for this unusually larg®@MBcomplex
value will be given in section 4.4.

The highest-energy completely occupied set of molecular
orbitals transforms ag &nd is purely ligand centered. Hence
promotion of an electron from to e formally corresponds to
a ligand-to-metal charge-transfer (LMCT) excitation. The
resulting electron configuration is°€® with the corresponding
triplet LMCT states3T; and 3T,. Only 3T; excitations are
symmetry allowed, and it is thus straightforward to assign the
strong LMCT 1 band in Figures 2 and 6%, — 3T (t; — e).
Thes3A, — 3T, (t; — e) transition is assumed to borrow intensity
from the nearby LMCT 1 transition through spiorbit coupling
and the low-symmetry crystal field, and we assign the shoulder
at 23 500 crmtin the E||b spectrum of BaS@RU (Figure 2)
to that transition. Although there is no such feature in the
spectrum of KSeQ:RW", both the unresolved vibrational
structure in the origin region and the asymmetric shape of the
LMCT 1 band indicate the overlap with a weak band on its
low-energy side.

From the vibrational structure observed on the LMCT 1 band
in the spectrum of KSeQ:RuW" (see Figure 6) we find a
frequency of 760 cmt for the totally symmetric stretch vibration
in the 3T, (t; — e) state. The corresponding frequency in the
1A state is 820 cmt, and we would expect a similar value in

rather than a single line in the hosts used for the present study.the ground state. This indicates that the-Rubonds become

This has been observed for the absorption of the Fdions
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K. R.; Jia, W.Phys. Re. 1994 B49, 15505.
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34, 184.

(27) Hazenkamp, M. F.; Glel, H. U.; Atanasov, M.; Kesper, U.; Reinen,
D. Phys. Re. 1996 B53 2367.

(28) Lachwa, H.; Reinen, Onorg. Chem.1989 28, 1044.

(29) Capobianco, J. A.; Cormier, G.; Moncorge; Manaa, HJ. Lumin.
1992 54, 1.

(30) Merkle, L. D.; Pinto, A.; Verdun, H. R.; Mcintosh, B\ppl. Phys.
Lett. 1992 61, 2368.

(31) Oetliker, U.; Herren, M.; Gdel, H. U.; Kesper, U.; Albrecht, C.;
Reinen, D.J. Chem. Phys1994 100 8656.

(32) Merkle, L. D.; Guyot, Y.; Chai, B. H. TJ. Appl. Phys1995 77,
474,

(33) Brunold, T. C.; Gdel, H. U.; Kick, S.; Huber, GJ. Lumin.1996
65, 293.

substantially weaker upon LMCT excitation.

Itis clear that the main reason for the poor agreement between
calculated and observed spectra of ruthenate(VI) in the past is
the erroneously assumed tetraoxo coordination of ruthenium-
(VI). ltis thus interesting to use the spectra presented here for
a comparison with calculated transition energies of Ru@n
the basis of a Hartreg-ock—Slater discrete variational method
calculation, which appears to be the most sophisticated calcula-
tion for RuQ?~ so far, it was suggested a long time ago that
the 3T (d — d) and first two3T; LMCT absorptions should be
observed at 12 000, 25 000, and 36 000 &ntespectively:!
These numbers are in reasonable agreement with our experi-
mental values of about 16 500, 26 000, and 32 000 ¢m
respectively. In contrast, they are in very poor agreement with
the band positions in the ruthenate(VI) spectrum (see Figure
1). The discrepancy has so far been blamed on the calculation.
We now realize that the experimental result was not correct
and the calculation pretty good.

4.2. Low-Symmetry Splittings in the Absorption Spec-
trum of BaSO4Ru®". In BaSQ the O-S—0O angles of the



Optical Absorption Spectra of Ru®

Figure 8. Schematic illustration of the Ru® ion in the BaSQhost.
The crystallographic and molecular axes are denotea by c andx,
Yy, z, respectively. The only symmetry element is a mirror plane
perpendicular toy(b), but the symmetry is approximate(y,,, the z
axis being the pseud6; axis.

sulfate ion vary between 105.9 and 11%41and the deviations
from T4 symmetry are thus substantial. The B0 site
symmetry isCs, but the symmetry lowering corresponds, in
essence, to &y — Cp, distortion. Therefore we analyze the
spectra of BaS@RU" in the C,, approximation. This approach
is based on the successful interpretation of the nGnd
MnO42~ spectra in BaS@ assuming an approximat&,,
symmetry3%3¢ The convention used for the orientation of the
molecularx, y, z axes of S(Ru)@# is illustrated in Figure 8.
The pseudoC; (z) axis bisects the angle between the two
oxygens above and below tl@& mirror planes. Both thex
andz axes lie in the mirror plane, rotated by 8 from thea
andc axes, respectivelyy is perpendicular te and coincides
with the b axis. Thea, b, andc polarized crystal spectra in
Figures 2-4 thus correspond in a good approximation tosxhe
y, andz polarized molecular spectra.

The splitting of the relevant ligand-field states of RAO
upon Ty — Cy, distortion is illustrated in Figure 9. Electric-
dipole allowed transitions from thH&#\, ground state are shown
by arrows: solid, broken, and dotted lines correspong(&),
y(b), and z(c) polarized transitions, respectively. With this
polarization information we can readily identify the orbital
components of théT, and®T; states; the assignment is given

in Figure 3 and the relevant numbers characterizing the

transitions are collected in Table 1. Gy, symmetry the’A,
— 3T, transition is forbidden irz polarization and therefore
appears only as a weak shoulder in Bjg spectrum (see Figure

3). However, its presence indicates that the selection rule is

slightly relaxed. This is likely due to the combined action of
the additionalC,, — C; distortion and spirrorbit coupling.

By inspection of Figure 3 and Table 1 we note that the
bandwidths for théT,/3T, absorptions differ by a factor of about
2. This can be qualitatively understood in terms of a simple

modef’” assuming the bandwidths to be governed by the slopes

of their transition energies with respect to variations in all ligand-
field parameters with changing geometry. Table 1 shows thal
the ratio of the totafT1/3T; splittings and thus the ratio of the
geometry dependence of thE/°T, transition energies (i.e. their

slopes) is close to 2. Therefore we expect the corresponding

bandwidths to differ by a factor of about 2, in good agreement
with the experimental finding.

Let us now consider the effect of sptorbit (SO) coupling
in the approximate,, symmetry for the’A, — A, transition.
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Figure 9. Ty — Cy, splitting of the relevant ligand-field states of
RuQ2~. In Tq symmetry electron configurations are given in paren-
theses. Splittings relate to the polarized spectra in Figures 4 and 5 and
are drawn to scale. Electric-dipole allowed transitions from the ground
state are indicated by arrows: Solid, broken, and dotted lines(aye

y(b), andz(c) polarized, respectively. The effect of spiarbit (SO)
coupling is sketched for théA, — 1A; transition on the right-hand
side (note the scale change).

As sketched on the right-hand side of Figure 9 ¥Ae ground
state splits into the three spinor compondntsl's, I'2, and we
expect three differently polarized transitionsTtg[*A1]. Ac-
cordingly, the observed clear-cut polarization of the three lines
in Figure 4 allows an unambiguous identification of the three
components; the result is shown in Figure 9.

In Tq symmetry the!A; state cannot mix with the adjacent
3T, state through spinorbit coupling in first order, and it is
therefore assumed to borrow its intensity fré#y — STy This
is supported by the roughly constant value for the intensity ratios
of theA1/°T; absorptions in the three polarizations, in contrast
to the correspondingA /3T, intensity ratios.

An interesting effect is observed in th&; absorption region
of RuO2~ when we look at different host lattices. As shown
in Figure 7 the vibrational sideband intensity is very different
in the host lattices BaS{and K.CrO,. Both the3A, ground
and!A; excited states are orbitally nondegenerate and only the
totally symmetric breathingv] mode can thus couple to the
3A, — A, transition inTy symmetry. However, on lowering
the symmetry tdC; both the e andhtbending §) modes acquire
some totally symmetric character and may thus also couple to
this transition. Hence the Huand@rhys parametefs can be
used as a measure for the distortion of the EuGon in a
certain host lattice. The experiment® values arex0 and

1 0.26 for KCrOzRWP™ and BaSQRU*, respectively (see Figure

7). The strikingly different sideband intensity for the
progression in these hosts is thus readily explained in terms of
the different site distortions which is much stronger in BaSO
The mean deviations of the €M —0O anglesg; from the
tetrahedral anglerr, = 109.5, given byAg = Y632, |pi —

@14, are 0.5 and 22in K,CrO, and BaSQ, respectivelyt’ In
contrast, the HuangRhys paramete§, is very similar in all

the hosts and only about 0.04. This low value reflects the minor
change in the ReO bond length upoAA; excitation, as we
expect for a spin-flip transition.

Recently, the Rugd~ ion has been the subject of a theoretical
study using density functional theot$. While the computed
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Ru—0O distances of Rupand RuQ~ were found in good i

agreement with experiment, the bond length in B1Owvas " E
calculated significantly too long. It was then suggested that _— P E e
the accepted picture of the electronic structure of Ru@nay T s
need a revision. The ground state of R&Owas postulated to =
be 3E with an éa! electron configuration rather th&a, (€?), + + + -+
where ais a mainly Ru centered molecular orbital with a strong

5s character. However, the spectroscopic results presented here e
clearly demonstrate that ligand-field theory is valid, the ground e i °’§
state thus 8A; as in the corresponding 3domplexes Crg#~, ——— o
MnO4%~, and Fe@~. The involvement of the ;amolecular g
orbital in the results of ref 38 must be an artifact of the —_—— &
calculation. We suspect that it might be due to an insufficient trans-
definition of the 5s basis functions. Ru(OH),>* RuO,* Ru(OH),0,%

4.3. Assignment of the Ruthenate(VI) Spectrumtrans- . .
Ru(OH),03%". The assignment of the absorption spectrum of E'Sg:f,,12@?2%?&3?8,_Eg;fnrteQg\lzcgcl)arthgbrgaslgegévsus(gﬁgf e
transRu(OHRO#*~ has been the subject of much confusion in - mojecular orbitals, obtained from an extendeitkizl molecular-orbital
the past. First we note that in the spectra of Ru@P, and calculation. The shaded areas mark the fully occupied mainly ligand-
RuQ,~, 4d (not shown), the first observable absorptions peak centered orbitals.
at 26 000 and 32 000 crh, respectively’, matching closely in
position and oscillator strength the LMCT 1 and 2 bands o
RuOs?~ in Figure 1. This demonstrates that the effective charge

f Table 3. Comparison of Spectroscopic Data for the® Bohs
CrOs*~, MnOg2~, and Fe@~ and the 48 lon RuQ?-

on ruthenium in these three complexes is roughly the same Cro# 2 MnO# " FeQ® © RuO*
although its formal charge increases frarb to +8 along the host CaGeQ, CaVO.Cl K;SO, BaSQ
series Ru@*~, RuQ;~, and RuQ. This is supported by the A (degy 6.5 4.5 03 2.z
similar values reported for the average-Rb bond lengths of ;_%E)oq (cm ) 2'07(?0 %'07(5)00 ﬁg%oo 11;%00
i 16 i 39 i 40

1.76 Ain CsRuQ,,**1.79 Ain KRuQ,® and 1.71 Ain RuQ Beompiox(cm ' 540 500 370 955

In comparison with BaSERU, the first two strong absorp- 8 = Beompie/Be® 0.54 0.42 0.27 0.28
tions in the ruthenate(Vl) spectrum, peaking at 21 500 and 10D/Beompiex 17 21 35 55
27 000 cnm?, respectively, are red-shifted by about 6000ém Uma(LMCT 1) (cm™?) 43000 33 000 21000 27700
see Figure 1. However, they are very similar in shape and f(LM3CT 1)3 0.1 or 0.02 0.03
: . 10°f(3A, — °Ty) 0.05 1.0 8 0.9
intensity to the LMCT 1 and LMCT 2 bands of Ry®O, 10%(%A, — °Ty) 1 9 ~16 6.2
respectively. We therefore assign them to charge-transfer rather¢, . ...= g¢o (cm™Y)i 170 200 180 550
thand — d transitions. From a chemical viewpoint it seems 3A; splitting (cnT?) 0.1 0.5 0.1 18
reasongbl‘é that, prowded the electron affinity is higher for a From refs 26 and 27 From refs 28 and 3% From refs 33 and
hydroxide than oxide as we would expect, these bands can beg3 4 average deviation from tetrahedral angle, = 109.5 for the
assigned to O~ Ru charge-transfer bands. host tetrahedronAg = Y32, |¢i — @r,). ©From ref 17.f From fits

This assignment is supported by the following considerations. of the experimental transition energies in the framework of a ligand-
From the crystal structures of 0,18 and K;Ru(OH))0z1415 field calculation using the free-ion rati@/Bo of 4.2 (CrQ*"),%” 4.35
it is known that the equatorial rutheniunoxygen bond lengths g"é?{iﬁgfﬁﬁggﬁgﬁ: f‘gg 3(3-12;5;21;&%?0&%“%;Oa';ifa;s
P ; i - 0 ) .
::n the Iattez'; are the same as in FﬁO .Therefo(rje, on go_l(rjlg solution, from ref 441 Free-ion valueg, from ref 45, extrapolated for
rom RuQ?~ to trans—Ru(OHkOs , we just need to consider  ppt.
the effect of replacing one oxygen by two hydroxides and a

spatial rearrangement of the other three oxygens. We expecty,, hydrogens were placed along the-RH bonds at a distance
an increa;;e in bc.)t.h the ligand-field strength at t.he Ru sjte and ot 0.85 A from the corresponding oxygens. In Figure 10 the
the effective positive charge on ruthenium. This explains the gjeyant molecular orbitals are plotted relative to the set of half-
observed red-shift of the ©& Ru LMCT absorptions (see Figure o4 e molecular orbitals. In Ru(OHA* the fully occupied

1) and suggests a blue-shift for tde~ d transitions. Withthe 5y ligand-centered orbitals are substantially lower in energy
d— d bands of RuG’~ occurring in close energetic vicinity 0 han in the RuG?- andtransRu(OH»0s2~ complexes (shaded
the first LMCT band oftransRu(OH)Oz*", see Figure 1, the  5rea5 in Figure 10). This supports our assignment of the first
d — d absorptions of ruthenate(V1) are likely superimposed by opservable bands in the ruthenate(VI) spectrum (Figure 1) to
the stronger LMCT bands. _ O — Ru rather than HG~ Ru CT transitions. The calculation

~ We performed an extended'ekel molecular-orbital calcula-  pregicts that the lowest-energy LMCT bands are slightly red-
tion*? for the three complexes Ru(ORJ (hypothetical),  ghifted in the spectrum ofransRu(OHYOs2~ relative to
RuQ,#, andtransRu(OHYO#*~ to verify our assignment of  Rru02- as observed (Figure 1). It also suggests a marked
the ruthenat_e(VI) spectrum based on qualitative arguments. Forincrease in ligand-field strength on going from R&Oto trans-

the calculations we assumely symmetry for Ru(OHy*, Ru(OHY042", thus confirming our assumption that tHe— d
RuQs?~, andDz, symmetry fortransRu(OHYOs*~. The Ru-O bands in the spectrum of ruthenate(VI) are hidden by the intense
and Ru-OH bond lengths of 1.76 and 2.03 A, respectively, | McT absorptions.

were taken from the ¥Ru(OH)Os crystal structuré®> and 4.4. Comparison of Spectroscopic Data of Rugi~ with

(38) Deeth, R 33, Chem. Soc.. Dalton Tran095 1537 CrO4*, MnO4%~, and FeQ?2~. Table 3 offers a comparison
eeth, R. JJ. Chem. Soc., Dalton Tran . ; i ; ;
(39) Silverman, M. D.: Levy, H. AJ. Am. Chem. Sod.954 76, 3317, of experimental spectroscopic data for the series &fiBds
(40) Schaefer, L.; Seip, H. MActa Chem. Scand.967, 21, 737.
(41) Klaning, U.; Symons, M. C. RJ. Chem. Socl961 3204. (43) Wagner, B.; Reinen, D.; Brunold, T. C.;"@al, H. U.Inorg. Chem.
(42) Calzaferri Group, ICONC computer program, release 1989; Depar- 1995 34, 1934.
tement fu Chemie und Biochemie, UniversitBern, Freiestrasse 3, (44) Carrington, A.; Symons, M. C. R. Chem. Socl956 3373.
CH-3000 Bern 9, Switzerland. (45) Bendix, J.; Brorson, M.; ScHar, C. E.Inorg. Chem1993 32, 2838.
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symmetry is close tdy with Ap = 0.5° 17 and the large splitting
cro,* O ® of 18. cnt! at the strongly distorted sulfate site in Baﬁ@igu.reT
: | 4) with Agp = 2.22.17 On the other hand, the GS splitting
: K increases despite the decreasing valueNgralong the series
; \ CrO~, MnO42~, and Ru@~. This is qualitatively understood
; by the increasing value of the SO coupling paramé&tehpiex
Mn043‘ O ® M where we assume thtomplex= S0 (See Table 3).
\ The spin-allowedd — d transitions are assumed to borrow
! \ their intensity, in essence, from nearby LMCT transitions
! \ through the crystal field. As the charge on the metal ion
FeO 2- O ’ Fe6+ increases, the first LMCT transition shifts to the red and the
45 8T,, 3T1 (d — d) absorptions are thus expected to become
/ stronger, in agreement with the experimental finding (see Table
3). Yet, in the case of Mng~ and RuQ?-, this simple rule
seems to be violated. However, in that case the larger separation
Ru042‘ O— @ rR* between thel — d and LMCT transitions for Mng¥~ is more
than compensated by the higher intensity of the LMCT 1
I absorption (see Table 3).
0 500 1 1000 1500 The intensities of the LMCT 1 absorptions of Fg0and
Blem] RuQs2~ are surprisingly low for charge-transfer transitions; see
Figure 11. (@) Free-ion Racah parameteBs of four d* ions, from Table 3. Quantum theory predicts that for a constant transition
e ek opeste e S 1o oy ibole moMentucr the Oscllator stengtt scales Inearly
calculation. Data for the 3dcomplexes are taken from refs 27, 31, with the trangltlon energy; i.e.f V'”L’_‘"CT,|2'4? The observed .
and 33. dependence is stronger, see Table 3, indicating that the transition
dipole moment decreases as the formal charge of the metal ion
CrO#~, MnO2-, and Fe@ and the 4dion RuQ2-, all in increases. The same holds for the series &fiBds VO,

tetrahedral coordination. Although the distortions of the respec- CrOs*~, and MnQ™.33 Along this series the oscillator strength

tive host tetrahedron (expressed in termagf) vary consider- f of the first allowed LMCT transition decreases from 0.15 to
ably, most of the parameters in Table 3 were found to be rather 0-09 and 0.03, while the 4pseak PositidRax shifts from 36 900
insensitive to the host, thus allowing a discussion of gross trends!© 26 800 and 18 300 cm.*® We ascribe this to the increasing
covalency which lowers the transition dipole moment of charge-

transfer transitions.

[ T T T T | T T T T I T T T T

along this series.

With increasing formal charge on the metal ion the bond
length ry—o decreases and the ligand-field strengthD@0
increases along the series of23dns. Ligand-field theory
predicts 1@q to depend on the-5th power ofru—o. The Despite the fact that the absorption spectrum of basic aqueous
observed dependence is weaker. This is a consequence o§ojutions of ruthenium(Vl), i.e. the so-called ruthenate(VI) ion,
increasing covalency along the series €rQ MnO,;*~, and has been widely used for the spectrophotometric determination
FeQ#~ which is nicely reflected by the decreasing value of the of rythenium, it has never been really understood because it
nephelauxetic ratig = BeompiedBo; see Table 3. Fe£™ and has been ascribed to the wrong species. With the first absorption
RuO#~ have similarj values of 0.27 and 0.28, respectively. gpectra of RuG# reported here we clear up the situation. The
In Figure 11 theBcompiex values obtained from fits of the  proplem turns out to be an experimental rather than a compu-
eXperimentaI transition energies ina ||gand'f|e|d calculation are tational one. The absorption Spectrum of ruthenate(V|) solu-
plotted for the four complexes and compared to the correspond-tions, erroneously assumed to contain Budor many years,

5. Conclusions

ing Bo values of the free ion. From Cgd to FeQ?  the is shown to be strikingly different from the real RO
increase in the covalency is so strong that the increase in thespectrum. The %lion R is larger than the 3dions CF,
free-ion Racah paramet® is more than compensated, is Mn5*, and F&", and the preferred configuration in basic aqueous
smaller for R&" than for F&", and theBeompiex Value is thus  solutions is thusransRu(OH)0#2~ rather than Rug¥.

27
further reduced down the row FgO to RuQ?".  In contrast, Under suitable conditions the Ry® ion can be stabilized

the 1Mq parameter follows an opposite trend; i.e., itincreases j, yarious crystal lattices, and its optical absorption spectrum

along the series Cr", MnO;*>", FeQ?” and down the rowto o pe studied in detail. The spectroscopic data for Rué

RuQ?", and we obtain the unusually largelBcompiexvalue  picely into the trends observed for the series of draoxo

of 55 for RuQ?™. complexes, far exceeding their limits in many cases due to the
In first order the ground-state (GS) splitting is induced by different radial parts of 3d and 4d wave functions. Although

spin—orbit (SO) interaction of the otherwise degenerate spinor with a value of 55 the relative ligand-field strengthPBcompiex

components ofA; with corresponding components of tAE, approaches the strong-field limit, ligand-field theory is still

state, which is split by the low-symmetry crystal fiéfdThe applicable.

GS splitting is then roughly given b@iomp,ex OE/(10Dg)?,%6 ) ] .

where Ecomplex iS the effective SO coupling parameter abid Ackn.owledg.ment. T_hls work was f!nanC|aIIy supported by

the 3T, splitting. OE is expected to scale with the distortion the Swiss National Science Foundation.

Ag. This is nicely confirmed by the small GS splitting of less  |cgg13143

than 5 cntt in K,CrOq (see Figure 7) in which the Cr(VI) site
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