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Scheme I1 
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N - M e I m  

in accordance with Scheme 11. The aging process in Me2S0 
does not produce an overall spin-state change on Fe, as evi- 
denced by the fact that the magnetic moment as measured by 
the Evans method is unchanged at  6.0 pB, and the ESR spectra 
of fresh and aged solutions a t  4.2 K show identical g = 6 ,  2 
spectra. 

Although the p-oxo oligomer [Fe(P-(NO),)],O is insoluble 
in Me2S0, solutions in CHCl, show little affinity for ligands 
such as N-MeIm, with an estimated 6, < (cf. pz = 65 
for the hydroxo complex in this solvent). 
Conclusion 

The series of compounds FeX(P-N4) has been shown to 
exhibit a diversity of magnetic behavior. Although a crystal 
structure of the C1- complex indicates an essentially high-spin 
character on Fe, albeit with an unusual axial ligand combi- 

nation, it is clear that magnetically this series of complexes 
is finely balanced near the spin-crossover point. Subtle var- 
iations in axial ligand and solvation appear to be sufficient to 
affect the spin state on Fe, a t  least in the solid state. The 
solution behavior, on the other hand, is more clearly defined. 
With a detailed understanding of the magnetic properties of 
these complexes now established, an interpretation of the 
behavior of the heteronuclear complexes Fe(P-N,)XCuZ+ is 
now possible and will be reported subsequently. 
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As a part of an investigation on completely inorganic photosensitizers, the photophysical properties of EuWl0O3~- have 
been fully characterized. The absorption spectra, emission spectra (under low and high resolution), and emission decay 
of E u W , ? O ~ , ~  under a variety of experimental conditions (solid state, H 2 0  or D,O solutions of different concentrations 
with or wthout the addition of neutral salts, rigid matrix at 77 K) are reported. On the basis of the results obtained concerning 
the number of 5D0 - 7F0 bands under high resolution, the splitting of the 5D0 - 7F, bands, and the decay of the emission 
intensity, the following is shown: (i) in aqueous solutions E u W ~ ~ ~ ~ ~ ~  maintains its integrity, but it is subjected to equilibria 
involving the coordination of water molecules to europium, the acid dissociation of coordinated water, and the formation 
of ion pairs with the cations present in solution; (ii) in very diluted solutions the predominant excited-state species contains 
four coordinated water molecules and possesses C,, symmetry; the lifetime of the SDo emitting state is 0.25 ms in H,O 
and 3.7 ms in D,O, showing that the main radiationless deactivation process involves coupling with OH oscillators; (iii) 
increasing ionic strength causes the appearance of more strongly emitting and longer lived species that contain fewer coordinated 
H20  molecules; (iv) in the solid state only one EuWlo0,,’ species is present, which exhibits DM symmetry and whose lifetime 
is 3 ms regardless of whether it has been crystallized from H20  or D20, showing that no water molecule is coordinated 
to Ed+; (v) emission can be obtained upon excitation of both the weak f - f bands in the visible and the strong bands 
in the UV region, which are attributed to 0 - W charge-transfer transitions within the W5Olsb “ligands”; (vi) the emission 
quantum yield in D20 solution is 0.5 on excitation at 394 nm (SL6 level) and 0.2 on excitation at 250 nm (0 - W charge 
transfer). The possible use of E u W ~ ~ ~ ~ ~ ~  as a photosensitizer is briefly discussed. 

Introduction 
Photochemical conversion of solar energy by redox cycles 

in homogeneous solution is based on photosensitizer and relay 
species that must induce and mediate electron-transfer steps 
of a thermodynamically uphill reaction., For example, the 
splitting of water by solar energy has been reported to occur 
when Ru(bpy),*+ (bpy = 2,2’-bipyridine) and methylviologen 
are used as a photosensitizer and relay species, respectively., 
Most of the molecules proposed so far as photosensitizers and 
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relays for such energy-conversion processes are organic com- 
pounds or transition-metal complexes containing aromatic 
ligands. These molecules usually do not show long-term sta- 
bility in the reaction medium because they may be involved 
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Istituto di Scienze Chimiche. (d) Istituto Chimico ‘G. Ciamician“. 
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‘Photochemical Conversion and Storage of Solar Energy”; Weizmann 
Science Press: Jerusalem, 1982. (c) Balazani, V.; Scandola, F. In 
“Energy Resources by Photochemistry and Catalysis”; Graetzel, M., 
Ed.; Academic Press: London, 1983; p 1. 
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Figure 1. Representation of the structure of the EuWlo036e anion 
in the solid state. 

in side reactions (e.g., double-bond hydrogenation); as a 
consequence, their turnover number is too small. As far as 
the requirement of a high turnover number is concerned, ideal 
photosensitizer and relay species should be transition-metal 
ions or transition-metal complexes containing inorganic ligands. 
Transition-metal ions, however, are useless because they exhibit 
unsatisfactory spectroscopic properties (e.g., very low extinction 
coefficients and very short excited-state lifetimes) and also poor 
kinetic behavior in electron-transfer reactions. On the other 
hand, the full potential of transition-metal complexes con- 
taining inorganic ligands has not yet been explored in depth. 
Some studies in this direction have been carried out by Gray 
et al. on binuclear halides,4a and reports have also appeared 
concerning polyoxometalates4b~c and a few other systems.4d*c 
We have begun an investigation in the field of completely 
inorganic photosensitizer and relay systems, focusing our at- 
tention on those species where a metal ion is encapsulated into 
polyoxoanionic structures' so as to yield complexes that may 
be considered inorganic cryptates. In this paper we report the 
photophysical characterization of EuWI0O32-. The redox 
behavior of the same compound in pulse and steady-state 
radiolysis experiments will be reported elsewhere. 

The decatungstoeuropate(9-) anion, first prepared by 
Peacock and Weakley* in 1971 as a potassium salt and ori- 
ginally formulated as EuWl0O3?-, is now known*13 to have 
composition EuWlo036e and to correspond to the coordination 
of two Ws0186 fragments (each consisting of five W 0 6  oc- 
tahedra sharing edges) to Eu3+, which is thus eight-coordinated 
(Figure 1). The luminescence spectrum of this compound 
was first reported by Stillman and Thomson14 with the purpose 
of deriving the site symmetry of Eu3+. More recently, Blasse 
et al.9*10 have studied the luminescence spectrum of solid 
samples of Na9EuWlo036.18H20 and K9EuW10036-1 8 H 2 0  
and Vel'tykova et al.lS have reported the spectrum of solutions 

(4) (a) Gray H. B.; Maverick, A. W. Science 1981,214,1201. (b) Yamase, 
T. Inorg. Chim. Acta 1982, 64, L155 and references therein. (c) 
Darwent, J.  R. J .  Chem. Soc., Chem. Commun. 1982, 798. (d) Kor- 
yakin, B. V.; Dzabiev, T. S.; Shilov, A. E. Dokl. Phys. Chem. (Engl. 
Transl.) 1976, 229, 614. (e) Stein, G.  Isr. J .  Chem. 1975, 14, 213. 

(5) Haas, Y.; Stein, G. J .  Phys. Chem. 1971, 75, 3668. 
(6) Van Houten, J.; Watts, R. J. J .  Am. Chem. SOC. 1975, 97, 3843. 
(7) Weakley, T. J. R. Struct. Bonding (Berlin) 1974, 18, 131. 
(8) Peacock, R. D.; Weakley, T. J. R. J .  Chem. SOC. A 1971, 1836. 
(9) Blassc, G.; Dirkens, G. J.; Zonnevijlle, F. J .  Inorg. Nucl. Chem. 1981, 

43, 2847. 
(10) Blasse, G.; Dirkens, G. J.; Zonnevijlle, F. Chem. Phys. Lett. 1981, 83, 

449. 
(11) Iball, J.; Low, J. N.; Weakley, T. J.  R. J .  Chem. Soc., Dalton Trans. 

1974, 202 1 .  
(12) Golubev, A. M.; Kazanskii, L. P.; Torchenkova, E. A.; Simonov, V. I.; 

Spitsyn, V. I. Dokl. Phys. Chem. (Engl. Trawl.)  1975, 222, 198. 
(13) Kazanskii, L. P.; Golubev, A. M.; Baburina, I. I.; Torchenkova, E. A.; 

Spitsyn, V. I. Izu. Akad. Nauk SSSR, Ser. Khim. 1978, 2215. 
(14) Stillman, M. J.; Thomson, A. J.  J .  Chem. SOC., Dalton Trans. 1976, 

1138. 
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Figure 2. Absorption spectra of EuW,oO& (a) 5.0 X M, natural 
pH; (b) 5.0 X M 
plus 1.0 X lo4 M NaOH; (d) solution b or c after addition of 1.0 
X lo4 M NaOH or HClO,, respectively; (e) 1.0 X M, natural 
PH. 

containing EuC13 and Na2W04 frozen at 77 K. 
Experimental Section 

NagEuWloO~6-l 8H20 was prepared as described by Peacock and 
Weakley.* Two different preparations gave samples having identical 
spectroscopic properties. D20 (C. Erba) was 99.9% pure, and the 
other chemicals were of reagent grade. 

Absorption spectra were recorded with a Cary 219 spectropho- 
tometer and emission spectra (under low resolution) with a Perkin- 
Elmer MPF 3 spectrofluorimeter equipped with a R 928 phototube. 
High-resolution emission spectra were obtained by a Jasco R 300 
Raman spectrometer using a Spectra-Physics Ar laser for excitation 
at 457.9,465.8, or 472.7 nm. Emission lifetimes were measured by 
a JK system 2000 neodymium Yag DLPY 4 laser, exciting with the 
fourth harmonic at 266 nm and following the emission at 620 f 10 
nm. The uncertainty on the emission lifetime values reported below 
is smaller than 5%. The emission quantum yields have been evaluated 
by the method described by Haas and Stein5 using as standards 
Eu(C10& = 0.20) for 394-nm excitation and R~(bpy) ,~+ (am 
= 0.042)6 for 250-nm excitation. 
Results 

Aqueous solutions of Na9EuWlo03, 10-5-10-1 M at their 
natural pH (-6) are stable. In particular, no change was 
observed in the absorption and emission spectra over a period 
of days. 

Addition of Hf or OH- in a 2:1 ratio with respect to the 
complex concentration did not appreciably change the pH of 
the solution and caused small and reversible spectral changes 
in the UV region (Figure 2). 

Upon addition of larger amounts of acids or bases, the 
complex undergoes decomposition reactions that, judging from 
the absorption and emission spectra, are at least in part ir- 
reversible. All the results described below were obtained with 
solutions at their natural pH unless otherwise noted. 

Absorption Spectra. The absorption spectrum of a diluted 
(5.0 X lo-' M) solution of E u W ~ ~ ~ ~ ~ ~  (Figure 2) shows the 
tail of an absorption band in the UV region with a shoulder 
at 250 nm ( E  = 13000). y o r e  concentrated solutions or 
diluted solutions containing large concentrations of other salts 
(e.g., 2 M KC1) show a spectrum of the same type but 
somewhat more intense. The very weak f - f bands of Eu3+ 
in the visible region can only be seen by using concentrated 
solutions (Figure 2). 

Emission Spectra and Quantum Yields. Figure 3 shows the 
emission spectra under low resolution (A,,, = 270 nm) and 

M plus 1.0 X lo4 M HClO,; (c) 5.0 X 

(15) Vel'tyukova, S. V.; Poluektov, N. S.; Kravchenko, T. B.; Kononenko, 
L. I. Dokl. Phys. Chem. (Engl. Transl.) 1978, 238, 165. 
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Figure 3. Luminescence spectra of E u W ~ ~ O ~ ~ ~  solutions under 
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Figure 4. Variations in the intensities of some emission bands of a 
1.0 X lo-' M EUW,~O,~' solution upon addition of KCl: 5Do - 'FO 
(0 ,580  nm); 'Do - 7F, (0,590 nm; 0 ,594  nm); 'Do -+ 'F2 (A, 613 
nm; A, 620 nm). 

C' 

Table I. Emission Lifetimes and Quantum Yields of E u W , , , ~ , , ~ .  
under Different Experimental Conditionsa 

different experimental conditions: (a) 5.0 X M solution, low 
resolution; (a') 5.0 X lO-' M solution, high resolution; (b) 1.0 X lo-' 
M solution, low resolution; (b') 1.0 X 10-' M solution, high resolution 
(a Gaussian analysis of the 'Do -+ 'FO band registered under higher 
sensitivity and resolution shows four components); (c) solid sample, 
low resolution; (c') solid sample, high resolution. 

under high resolution (A,,, = 465.8 nm) of EuWlo036' in 
different experimental conditions. Parts a and a' of Figure 
3 refer to a 5.0 X M solution at room temperature. The 
assignment of the various bands is given in the figure for 
identification purpose (see Discussion). As one can see, the 
most intense bands correspond to the 5Do - 7F2 and 5Do - 
7Fl transitions. The SDo - 7Fo band is also relatively intense, 
and under high resolution, it is split into a high-intensity peak 
at  17 254 cm-' and a very small peak (less than 10% of the 
overall area) at  17 233 cm-'. 

Addition of 1 .O X lo4 M HC104 caused a decrease in the 
relative intensity of the 17 233-cm-I peak while addition of 1 .O 
X l P M  NaOH caused an opposite effect. When D20 instead 
of H20 was used as a solvent, the emission spectrum became 
about 20 times more intense but the relative intensities of the 
various peaks did not change. Increasing the E u W ~ ~ ~ ~ ~ '  
concentration in H20 solutions up to 1 .O X lo4 M or addition 
of small amounts of neutral salts ( 1 0-3-1 0-2 M) did not cause 
substantial changes in the emission spectra. A further increase 
in the EuWl0O3:- concentration or the presence of large 
amounts of neutral salts caused progressive changes in the 
relative intensities of the bands under low resolution (see, e.g., 
Figure 4) and also modified the shape of the sDo - 7Fo 
emission under high resolution. All these changes are clearly 
seen on comparing parts a and a' (which, as we have seen, refer 
to a 5.0 X lW5 M solution) to parts b and b' of Figure 3 (which 
refer to a 1 .O X lo-' M solution). The 5Do - 7F1, sDo - 7F2, 
and 5Do - 7F4 emissions become much more intense than the 
5Do - 7F0 emission, which, under high resolution, shows now 
three peaks at 17 250, 17 245, and 17 232 cm-' and, according 
to the results of a Gaussian analysis, also a fourth component 
at  - 17 110 cm-I. This spectral behavior of concentrated 
solutions is in agreement with that reported by Stillman and 
Thomson.14 At 77 K, very diluted solutions exhibit a low- 

T ,  ms 
@em 

H,O D,O D,O 
1.0 x 10-5 M 0.25 
L O X  10-4 M 0.24 3.7 0.5,b 0.2c 
1.0 X lW4 M + 2 M KC1 
1.0 x 10-3 M 
1.OX lo-' M (0.7),d 2.2* 3.7 0.5b 
solid state (Na' salt) 2.9h 3.1' 0.@*j 

(0.7): 3.1' 
(0.4): 2.1f 

a All the experiments were carried out a t  room temperature; the 
solutions were at their natural pH. 394-nm excitation. 250- 
nm excitation. Initial decay; see text. e Exponential decay 
after 1 ms. Exponential decay after 1.8 ms. p Exponential 
decay after 0.3 ms. Crystallized from H,O. Crystallized from 
D,O. Reference 10. 

resolution spectrum very similar to that of Figure 3a, except 
for the 5D0 -+ 'Fo band, which is much weaker. For more 
concentrated solutions at  77 K, the 5D0 - 7Fo emission be- 
comes even smaller, the sDo - 7F2 emission also becomes 
smaller, and the 5Do - 7F1 emission predominates. The 
emission spectrum of solid (polycrystalline powder) Na9Eu- 
W,o036.18H20 at  room temperature is shown in Figure 3c,c'. 
It is quite similar to that reported by other authors9J4 and 
closely resembles that of concentrated solutions at  77 K. It 
is worth noting that the 5Do - 7Fo band is much less intense 
than the 5Do -+ 7F1,2,4 bands and that it shows only one peak 
at  17 237 cm-l under high resolution. 

For diluted (<2 X lo" M) solutions no change was observed 
in the relative intensities of the various emission band when 
excitation was carried out at  465 nm instead of at 270 nm 
(low-resolution spectra). However, for concentrated solutions 
or for solutions containing large amounts of neutral salts, the 
relative intensities of the emission bands depended on the 
excitation wavelength (270 or 465 nm). The major difference 
concerns the 5D0 - 7F1 emission, which, compared with the 
5Do - 7Fo and 5Do - 7F2 ones, was much less intense on 
465-nm than on 270-nm excitation. Under high resolution, 
the relative intensities of the three distinct components of the 
5Do - 7Fo emission (1 .O X lo-' M solution, Figure 3b') were 
slightly different when the excitation was performed with each 
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one of the 457.9-, 465.8-, and 472.7-nm laser lines. 
Emission quantum yields were measured in D 2 0  solution 

for EuW,o0369- concentrations 1.0 X lo4 and 1.0 X M. 
The results obtained are shown in Table I. 

Emission Lifetimes. In dilute (104-10-5 M) H 2 0  solutions 
the luminescence showed excellent first-order 
decay with lifetime 0.25 ms. Excellent first-order decay was 
also observed in D 2 0  solutions where the lifetime was much 
longer, i.e. 3.7 ms. 

Increasing complex concentration or addition of neutral salts 
did not cause any change in the luminescence decay of D20 
solutions but strongly affected the luminescence decay of H20 
solutions (Table I). In H20 ,  the decay was no longer expo- 
nential over the entire range and at  least a short-lived and 
long-lived components could be identified. When the solutions 
were sufficiently concentrated (21  X M) or when large 
amounts of neutral salts were present, most of the luminesence 
intensity disappeared according to a slow, good exponential 
(over 3 lifetimes) decay. Solid samples crystallized from H20 
exhibit an excellent exponential decay with T = 2.9 ms. 
Crystallization from D 2 0  solutions yielded a solid with T = 
3.1 ms. 
Discussion 

It is well-known that the very peculiar spectroscopic prop- 
erties of Eu3+ can be profitably used to elucidate the com- 
position, structure, and geometry of the coordination envi- 
ronment.Ib2O In particular, from the spectral and decay 
characteristics of the luminescence emission it is possible to 
determine the number of different coordination sites, the 
symmetry of the coordination site, and the number of water 
molecules directly coordinated to the lanthanide ion. For this 
reason, Eu3+ and other luminescent lanthanide ions are ex- 
tensively used as probes of the structure of biological macro- 
m o l e c u l e ~ , ~ ~ . ' ~  polymeric materials:' and NMR shift reag- 
ents.20,22 

The 7F free-ion term of Eu3+ is split by spin-orbit coupling 
into seven 7FJ states (J = 0, ..., 6 )  spaced about 400-1 100 m-l 
apart.'7q23.24 Each one of these states is split by the local 
crystal field (Stark splitting) into a maximum of W + 1 states 
spaced about 50-200 apart. When E U W ~ ~ O ~ ~ '  is excited 
in the intense UV bands corresponding to oxygen-to-tungsten 
transitions within the W50186 "ligand" or in the weak visible 
bands corresponding to f-f excited states of the Eu3+ ion, 
radiationless deactivations lead to the lowest term of the 5DJ 
manifold, 'DO, from which virtually all luminescence to the 
7FJ manifold  arise^.'^,^^ The 'Do level is nondegenerate and 
therefore remains unsplit in crystal fields of all symmetry types. 
Thus, the splitting of the visible-region transitions 'Do - 7FJ 
( J  = 0, 1, 2, 3 or 4) reflects the crystal field splitting of the 
7FJ term and can yield clear information on the symmetry of 
the coordination 

Since the 7Fo state is also nondegenerate, the 5D0 - 7Fo 
transition can never be split. On the other hand, it is well- 
known that even small changes in the coordination arrange- 
ment cause shifts of the order of 10 cm-' in the position of the 

(16) Richardson, F. S .  Chem. Rev. 1982, 82, 541. 
(17) Thomson. L. C. In 'Handbook on the Physics and Chemistry of Rare . ,  

Earths"; Gschneider, K. A., Jr., Eyring, i., Eds.; North-Holiand Pub- 
lishing Co.: Amsterdam, 1979; Vol. 3, p 209. 

(18) Blasse, G. In 'Handbook on the Physics and Chemistry of Rare Earths"; 
Gschneidner, K. A,, Jr., Eyring, L., Eds.; North-Holland Publishing Co.: 
Amsterdam, 1979; Vol. 4, p 237. 

(19) Horrocks, W. D., Jr.; Sudnick, D. R. Acc. Chem. Res. 1981, 24, 384. 
(20) Bryden, C. C.; Relley, C. N. Anal. Chem. 1982,54610. 
(21) Okamoto, Y.; Ueba, Y.; Dzanibekov, N. F.; Banks, E. Macromolecules 

1981, 24, 17. 
(22) Richardson, F. S.; Brittain, H. G. J .  Am. Chem. Soc. 1981, 103, 18. 
(23) Carnal, W. T. In 'Handbook on the Physics and Chemistry of Rare 

Earths"; Gschneider, K. A., Jr., Eyring, L., Eds.; North-Holland htb- 
lishing Co.: Amsterdam, 1979; Vol. 3, p 171. 

(24) Reisfeld, R. Sfruct. Bonding (Berlin) 1975, 22, 123. 
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7F0 - 5Do a b s o r p t i ~ n ~ ~ ? ~ ~  and 'Do - 7Fo e m i s ~ i o n ' ~ J ~ ~ ~ ~  bands. 
Thus, a high-resolution analysis of the 'Do - 7F0 transition 
can yield information on the presence of species having dif- 
ferent coordination arrangements. 

The deactivation of the emitting 'Do excited state is strongly 
enhanced by coupling with OH  oscillator^.^^ According to 
Horrocks and S u d n i ~ k , ' ~ ? ~ ~  the experimental decay constant 
(i.e., the reciprocal of the experimental excited-state lifetime) 
in H 2 0  solution can be written as 

k H 2 0  = krsd + knonrad + kOH (1) 

where krad is the radiative rate constant, knonrad is the rate 
constant for nonradiative deactivation that does not involve 
OH oscillators, and koH is the rate constant for nonradiative 
deactivation via the coupling with OH oscillators in the first 
coordination sphere. For Euaq3+, krad = 0.19, knonrad = 0.25, 
and koH = 9.5 ms-'.19 In D20 solution koH vanishes and kDzo 
equals kmd + knonrad, where the latter term includes any small 
deactivation via OD oscillators. For many Eu(II1) complexes 
in the solid state it has thus been ~ h o w n ' ~ , ~ *  that the number 
of coordinated water molecules, q, is related to kHzO and kDIO 
(in ms) by 

4 = ~ . W ~ H , O  - ~ D , o )  (2) 

with an estimated uncertainty in q of approximately f0.5 
water molecule. Thus, a direct measure of the number of 
Eu-coordinated water molecules is possible via luminescence 
decay measurements. 

We will now discuss the results obtained in an attempt to 
elucidate the geometrical and coordination situation of Eu3+ 
in aqueous solutions containing the E u W ~ ~ ~ ~ ~ ~  anion. It 
should be recalled that any information obtained from the 
analysis of the luminescence spectra and decays pertains to 
the site symmetry and the coordination arrangement of the 
emitting excited states. Whether or not this situation reflects 
the ground-state situation is, of course, a problem to be dis- 
cussed with great caution. 

Solid State. For solid samples, no splitting of the 'Do -+ 

7Fo transition can be observed (Figure 3c' and ref 14). This 
indicates that in the solid state there is substantially only one 
type of EuWlo036e anion and that these anions occupy sub- 
stantially equivalent symmetry sites. The X-ray data on the 
isomorphous Ce(1V)" and U(IV)12 decatungstates show that 
for the heteroion there is only one crystallographic site of D M  
symmetry (Figure 1) if crystal forces are neglected. Under 
such a symmetry, the 'Do - 7F0 and 'Do - 7F2 transitions 
are forbidden, the 5Do - 7F1 transition is magnetic dipole 
allowed and split into two components (A2 and E3), and the 
'Do - 7F4 transition has two allowed components (B2 and E,) 
for the electric dipole 0perat0r.l~ As noted by Blasse et al.?,'O 
the observed emission spectrum (Figure 3c and ref 9) is in fair 
agreement with the above expectations if one considers that 
the 5Do - 7F2 transition is hyper~ensitive~~ (i.e., its transition 
probability can increase drastically by minor changes in the 
surroundings) and that the Eu3+ site symmetry in the crystal 
is actually lower than 

The presence of practically only one type of E u W ~ ~ ~ ~ ~ +  
anions in the crystal is also in agreement with the strictly 
exponential decay of the luminescence emission. The values 
obtained for the emission lifetimes under different conditions 
(Table I) give other important pieces of information. The 

(25) Geier, G.; Jatgensen, C. K. Chem. Phys. Left .  1971, 9, 263. 
(26) Kostromina, N. A.; Tananaeva, N.  N .  Russ. J .  Inorg. Chem. (Engl. 

Transl.) 1971, 16, 1256. 
(27) Stein, G.; Wtirzberg, E. J .  Chem. Phys. 1975, 62, 208. 
(28) Horrocks, W. D., Jr.; Sudnick, D. R. J.  Am. Chem. Soc. 1979,102,334. 
(29) Henrie, D. E.; Fellows, R. L.; Choppin, G. R. Coord. Chem. Reu. 1976, 

18, 199. Peacock, R.  D. Sfrucf.  Bonding (Berlin) 1975, 22, 83. 
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almost coincident lifetime values found for crystals obtained 
from H 2 0  or D 2 0  solutions show that in the solid state no 
water molecule is coordinated to Eu3+, in agreement with the 
previously mentioned X-ray data.",12 On the other hand, the 
fact that the lifetime is shorter in the solid state than in D20 
solution suggests that the interaction between Eu3+ and the 
W50,,6- ligands is stronger in the solid state. 

Solutions at Low Ionic Strength. For diluted solutions of 
EuWI0O32- in the absence of neutral salt the 5Do - 7Fo 
transition shows two components (Figure 3a'), indicating that 
two emitting species are present. The ratio between the in- 
tensities of the two 5Do - 7F0 peaks and the relative intensities 
(under low resolution) of all the emission bands do not change 
on changing excitation wavelength. This behavior may be 
explained in two ways: (i) there is only one ground-state 
species that, during its excited-state lifetime, gives rise to 
another species in the excited ~ ta te ;~O.~l  (ii) there are two 
ground-state species whose excited states undergo equilibrium 
during their 

The dependence of the relative intensities of the two 'Do - 
7Fo peaks on addition of H+ or OH- (see Results) shows that 
the two species are related by an acid-base equilibrium. We 
have found (Figure 2) that the absorption spectrum also un- 
dergoes reversible changes upon addition of H+ or OH-. Since 
the absorption spectrum is a ground-state property, we must 
conclude that species related by an acid-base equilibrium are 
certainly present in the ground state. Thus, the second ex- 
planation above seems more plausible, and in such a case the 
area of the two 5Do - 7Fo peaks reflects the relative con- 
centrations of the emitting species,32 which would be in an 
approximate 9:l ratio in solution at natural pH. This ratio 
would also hold for the ground state if the equilibrium constant 
is the same in the excited and ground states. 

The much longer emission lifetime in D,O solution com- 
pared with that in H20  solution (Table I) shows that the 
europium ion of E u W ~ ~ ~ ~ ~ ~ -  is indeed coordinated to water 
molecules. From eq 2 a value of 3.9 is obtained for q, indi- 
cating that there are four coordinated water molecules. The 
acid-base equilibrium discussed above concerns most likely 
those water molecules: 

EUWl@36(H20)49- E ~ w ~ ~ o ~ ~ ( H ~ o ) ~ ( o H ) ~ ~  4- H+ 
(3) 

A comparison between parts c and a of Figure 3 shows that 
there are large changes in the relative intensities of the emission 
bands in passing from the solid state to diluted solutions. 
Taking the magnetic dipole 5Do - 7F1 transition as an internal 
standard,14 the most prominent variations are the increase in 
intensity of the 5D0 - 7F2 transition, which is forbidden in 
DM symmetry, and a strong increase in the intensity of the 
5D0 - 'Fo transition, which becomes allowed only under C,, 
C,,, and C, symmetry g r o ~ p s . ' ~ . ~ ~  Coordination of four water 
molecules would in fact lower the D4d symmetry of the solid 
E u W ~ ~ ~ ~ ~ ~ -  anion (Figure 1) to C4, because the water mol- 
ecules cannot lie exactly in the reflection plane of the alter- 
nating S8 axis. Under the C4, symmetry of the tetraaquo 
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According to Marcantonatos et aL3' for Eu- 3+ the excited 5Do level has 
a different coordination ability than the 7?0 ground state. 
Marcantonatos, M. D.; Deschaux, M.; Vuillemuier, J. J .  Chem. Phys. 
Lett. 1981, 82, 36. 
It can be assumed that the two species have the same oscillator strength 
for the 'Fo G 'Do transitions (see ref 25 and 26). Since the rate of 
equilibration of the two species in the excited state is faster than the 
excited-state decay" (see below), the two species have the same lifetime 
and thus the same emission quantum yield. It follows that the area of 
the two emission peaks are proportional to the concentrations of the two . .  
emitting species. 
Nieuwport, W. C.; Blasse, G.; Bril, A. In "Optical Properties of Ions 
in Crystals"; Crosswhite, H. M., Moos, H. W.; Eds.; Interscience: New 
York, 1967; p 161. 

species, the 5D0 - 'Fo transition is electric dipole allowed, the 
5Do - 7F1 transition is magnetic dipole allowed and splits into 
A2 and E components, the 5Do - 7F2 transition has electric 
dipole allowed Al and E components, and the 5D0 - 7F4 
transition has electric dipole allowed 2 Al and 2 E components. 
The observed spectrum (Figure 3a) is fully consistent with a 
C4, symmetry for the predominant species of EuWI0O32- in 
aqueous solution. 

Solutions at High Ionic Strength. As we have seen under 
Results, an increase in the ionic strength causes the appearance 
of a higher number of species, as is shown by the four com- 
ponents of the 5Do - 'Fo transition (Figure 3b'). Since dif- 
ferent species may give rise to transitions at very similar or 
even coincident wave number^,^^^^^^^^ it is likely that at  high 
ionic strength even more species than the four identified from 
Figure 3b' are present. This is also supported by the fact that 
none of the peaks of Figure 3b' occur at the same wavenumber 
as the predominant peak of Figure 3a'. 

Increasing ionic strength (i) decreases the number of water 
molecules available to coordinate or solvate the various ions 
(e.g., in 2 M KCl there are about 14 H 2 0  molecules per ion), 
(ii) affects the acid-base equilibria, and (iii) favors association 
between cations and the strongly charged EuWlo036F anions. 
These three phenomena are, of course, related to one another. 
Thus, EuWI0O32- in solutions of high ionic strength is ex- 
pected to give rise to a complicated series of equilibria. This 
complicated situation is also confirmed by the nonexponential 
decay of the luminescence emission and by the excitation- 
wavelength dependence of the emission spectra. These results 
also show that the equilibria are so complicated that there is 
not enough time in the excited state to reach complete 
equilibration among the various species. Under such condi- 
tions, predominant but low-emitting species may give small 
contributions to the emission spectrum. Anyway, the presence 
of long-lived components of the order of 2-3 ms shows that 
even in relatively dilute solutions species containing less than 
one water molecule are already present. 

Conclusions. E u W ~ ~ ~ ~ ~ ~  is a well-characterized complex, 
which in the solid state exhibits D M  symmetry (Figure 1). In 
aqueous solutions the complex mantains its integrity but it is 
subjected to equilibria involving the coordination of water 
molecules to europium, the acid dissociation of the coordinated 
water, and the formation of ion pairs with cations. In very 
diluted solutions and in the absence of neutral salts there are 
two excited species; the predominant one (-90%) contains 
four coordinated water molecules and possesses C, symmetry, 
and the other one ( - 10%) most likely contains three coor- 
dinated water molecules and a coordinated OH- ion. These 
seem to be the fust examples of 12-coordinate Eu3+ in solution. 
Increasing ionic strength causes the formation of species that 
contain fewer water molecules and/or are associated with 
cations, and crystallization induces the expulsion of water from 
the first coordination sphere. 

E u W ~ ~ ~ ~ ~ ~  is a strongly luminescent complex. Its emission 
quantum yield is 0.5 in D 2 0  solutions upon 394-nm excitation. 
The emission quantum yield decreases in H 2 0  because of the 
deactivating effect of O H  oscillators on the $Do emitting state 
and upon UV excitation presumably because of a relatively 
low conversion efficiency of the 0 - W charge-transfer ex- 
cited states into the europium 5Do emitting state. 

The excited-state energy (2.1 eV) and the excited-state 
lifetime (ms range) would be very appropriate for the use of 
E u W , , ~ ~ ~ '  as a photosensitizer. However, the low absorption 
in the visible region and the relatively low efficiency of con- 
version from the allowed charge-transfer excited states of the 
W,OlS6- ligands to the long-lived 'Do excited state are severe 
drawbacks that should be eliminated (or, at least, reduced) 
in some way. The redox properties of the complex are pres- 
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ently the object of investigations in these laboratories. 
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Relativistic MS-Xa calculations have been performed for an IrCl2- cluster. Good agreement with experiment is obtained 
for the photoionization, optical (absorption), and electron spin resonance spectra. The incidence of the relativistic effects 
is pointed out, and the ability of the numerical wave function is emphasized to describe the magnetic properties. The calculation 
of these latter properties is based on a corrected ground-state wave function and takes into account admixtures of singly 
and doubly excited states. Different procedures for the normalization of the wave function (truncated by the scattered-wave 
method) have been tested in the ( r - 3 )  integral calculations. 

Introduction 
The hexachloroiridate complex IrC12- is a well-known 

outer-sphere oxidant, extensively used in electron-transfer 
reactions,' and both its structure and reactivity have been 
studied for a long time by many experimental techniques. 
Photochemical studies2 have shown that this complex can 
undergo intramolecular redox reactions after irradiation with 
a wavelength corresponding to the charge-transfer bands. 
These electrophilic properties arise from the electronic 
structure of this d5 complex. The ground-state (GS) electronic 
energy levels have been investigated in numerous studies of 
~ p t i c a l , ~ - ~  magnetic circular dichroism: and photoelectron 
spectra7 of this compound, though uncertainties remain for 
the assignment of some absorption bands. 

The magnetic properties have been largely studied by 
magnetic s~sceptibility,8~~ nuclear quadrupole resonance,lOJ 
and electron spin resonance12-16 measurements. The first 
observation of superhyperfine coupling (interaction of the 
unpaired electron spin with ligand nuclear spin) was already 
reported in 1953,12 leading to the first unambiguous experi- 
mental evidence of the delocalization of the metal d electrons 
over the whole molecule. Since then, this complex has been 
of considerable experimental and theoretical interest especially 
due to the covalent nature of the metal-ligand binding and 
to the existence of ir bonds in addition to the u bonds. 

In spite of this ample experimental information, there is a 
lack of theoretical studies using molecular orbital (MO) 
models, except extended Hiickel calculations (EH) .5*17 This 
situation is unfortunate since quantitative theoretical de- 
scription and interpretations of several properties could be of 
interest (origin and sign of the Fermi term, main contributions 
to the hyperfine tensor, etc.). 

It is therefore interesting to perform a detailed theoretical 
investigation of this complex by using the multiple-scattering 
(MS) Xa-MO method, which has already been shown to give 
realistic descriptions of various properties of complexes.'8-20 
As in the previously reported study of IrC163-,21 the mass- 
velocity and Darwin relativistic corrections are included 
self-consistently while the spin-orbit interactions are evaluated 

YENSCM. * UniversitC Claude Bernard Lyon I. 
1 UniversitC de Fribourg. 

Table I. Xa Parameters for IrCl,' 

sphere 01 exchange 
region radii, au parameter 

I1 2.5767 0.69310 
c 1  2.5961 0.72325 
outer sphere 6.9614 0.71894 
intersphere 0.71894 

by an application of first-order perturbation theory, once 
self-consistency has been reached. 

In this paper, we will present the ground-state electronic 
structure of IrC162- and related properties such as electronic 
excitations and ionization energies. The quality of the M S - X a  
relativistic wave functions will be tested by calculating the 
hyperfine interaction parameters of both the Ir and C1 atoms 
in the complex. These parameters are then compared to both 
experimental values and parameters obtained through non- 
relativistic calculations. The great importance of the relativistic 
corrections, particularly on the Fermi term, which reflects the 

(a) Gardner. H. C.: Kochi. J. K. J. Am. Chem. SOC. 1975. 97. 1855. 
(bj Chen, J.'Y.; Kkhi ,  J. K. Ibid. 1977, 99, 1450. (c) Wong,'C. L.; 
Kochi, J. K. Ibid. 1979, 101, 5593. 
Balzani, V.; Carassati, V. "Photochemistry of Coordination 
Compounds"; Academic Press: London, 1970. 
Jsrgensen, C. K. Mol. Phys. 1979, 2, 309. 
Jsrgensen, C. K. Acta Chem. Scand. 1963, 17, 1034. 
Sleight, T. P.; Hare, C. R. J .  Phys. Chem. 1968, 72, 2207. 
McCaffery, A. J.; Rowe, M. D.; Rice, D. A. J. Chem. SOC., Dalton 
Trans. 1973, 1605. 
Cox, L. E.; Hercules, D. M. J. Electron Specfrosc. Relat. Phenom. 
1973, I, 193. 
Westland, A. D.; Bhiwandker, N. C. Can. J .  Chem. 1961, 39, 2353. 
Sloth. E. N.: Gardner. C. S .  J .  Chem. Phvs. 1954. 22. 2064. 
Ito, K.; Nakamura, D.'; Ito, K.; Kubo, M.'Inorg. &em. 1963, 2, 690. 
Lindop, A. J. J. Phys. C 1970, 3, 1984. 
Owen, J.; Stevens, K. W. H. Nature (London) 1953, 171, 836. 
Griffiths, J. H. E.; Owen, J.; Ward, I. M .  Proc. R .  SOC. London, Ser. 
A 1954, 219, 526. 
Griffiths, J. H. E.; Owen, J. Proc. R.  SOC. London, Ser. A 1954, 226, 
96. 
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