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(Figure 1) and may equally be treated as a strain with 6, = 
90 and 270' (eq 12). Molecular fields of this symmetry seem 
still to be important at  x < o.45, however, if Cu2+ clusters 
above a certain critical size are considered only. Thus the 
observaton of two types of EPR signals in the intermediate 
concentration range indicates the presence of clusters above 
and below this critical size. This latter argument explains 
reasonably well the discontinuity in the shift of the (c param- 
eters (Figure 1 1 ) .  The change in the elastic forces between 
the CuF6 polyhedra due to the substitution of Zn2+ by Cu2+ 
ions is considerable in this specific host structure, which is 
related to the perovskite type. Similarly strong variations of 
the local distortions in dependence on the concentration of the 
Jahn-Teller cations have been observed in various other 
mixed-crystal 

The energy of the radial vibrations h w  is calculated to be 
-200 cm-' for x = 1 and -250 cm-' for x < 0.10 (eq 5 ) .  
These values seem reasonable in magnitude for metal-ligand 
vibrations in this type of compound. The angular energy, 
which induces the thermal fluctuation between the two sub- 
lattices can be estimated from eq 142 which holds for large 
values of 4En p / ( h ~ ) ~ .  For K2CuF4 one obtains hw' N 125 
crn-'. 

It is finally interesting to compare the dynamic behavior 
in the low concentration range with the one described by Silver 

(24) D. Reinen, H. 0. Wellem, and C. Friebel, Phys. Chem. Solids, in press. 
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and  get^.^' While in our system complete motional narrowing 
between minima of equal energies occurs, there is a small 
energy difference between them in Cu2+-doped Tutton salts, 
which is obviously induced by an orthorhombic host lattice 
strain. The g tensor is orthorhombic but exhibits a tendency 
toward tetragonal symmetry with increasing temperature due 
to extensive thermal population of the higher of the two levels. 
The EPR spectra of the stochiometric complex Cu(ter- 
py)2Br2.3Hz0 exhibit a similar behavior with incomplete 
motional narrowing even at high temperatures.22 After all 
Ba2CUxZnl-,F6 mixed crystals with x < 0.3 are the only 
systems so far described, in which Cu2+ occupies a tetragonally 
compressed site with a pure dZz ground state.'J 

The assignment of the electronic transitions in the ligand 
field spectra, in particular at low Cu2+ concentrations, remains 
doubtful (Figure 8). The change of cp with increasing x is not 
reflected by any variation of the intensity distribution or ad- 
ditional splittings, as one would expect on the basis of the EPR 
results. The same observation was made for the 
Ba2Znl-,CuxF6 mixed crystals. 
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The resonance Raman spectra of the diruthenium carboxylate complexes Ru2(02CCH3),C1, [ R u ~ ( O ~ C C H ~ ) ~ ( H ~ O ) ~ ]  +BFi,  
Ru2(O2CH),C1, R U ~ ( O ~ C C ~ H ~ ) ~ C ~ ,  and R u ~ ( O ~ C C ~ H , ) ~ C ~  have been recorded, at  room temperature as well as at ca. 80 
K, with exciting lines of wavenumber in the region of the electronic band which lies at  -21 000 cm-' for each complex. 
The Raman band which is the most resonance enhanced in each case is that at  326-340 cm-l. On the basis of studies 
of its depolarization ratio and of its lack of sensitivity to IgO substitution in the case of the acetate complex, this band is 
assigned to the vl(alg) fundamental, the Ru-Ru stretching mode (in Dlh nomenclature). A second band, at  369-432 cm-I, 
has its intensity modified (although to a lesser extent) when the complexes are irradiated in the 21 OOO-cm-' region. This 
band is also polarized, and on the basis of its shift (-5-13 cm-') on I8O substitution of the acetate complex, the band 
is unambiguously assigned to the v2(ale) fundamental, the symmetric Ru-0 stretching mode. The excitation profiles of 
these two Raman bands of each complex are discussed. These results, together with polarization dispersion results, imply 
that the resonant electronic transition is electric-dipole allowed in axial ( z )  polarization, a result which is in agreement 
with a recent molecular orbital treatment in which the transition was given the assignment 6% - 6e,, O(x)  - T*. Excitation 
to the x* state would lead to a decrease in Ru-Ru as well as in R u 4  x bonding and thus to a lengthening of both Ru-Ru 
and Ru-O bonds in the 6e, excited state. On resonance with the 6e, - 6e, transition, therefore, progressions in u(RuRu) 
as well as v(Ru0) would be expected, as observed, for the acetate complex. The other complexes show unexplained differences 
in this respect since they display u2 + ulvl but not c2u2 progressions. The observation of these progressions enables both 
harmonic wavenumbers and anharmonicity constants to be calculated. 

Introduction volving mixed +2,+3 oxidation states of ruthenium. The 
The dimeric complexes of ruthenium formed with bridging paramagnetism of the complexes is indicative of the presence 

carboxylate ligands, Ru2(O2CR),C1, were reported in 1966 of three unpaired electrons per dimer. The key structural 
by Stephenson and Wilkinsonl and were formulated as in- features of the butyrate complex were established by Cotton 

et aL2 to consist of four bridging butyrate groups per dimer, 

(1 )  Stephenson, T.A.; Wilkinson, G. J .  Inorg. Nucl. Chem. 1966, 28, 2285. (2) Bennet, M. J.; Caulton, K .  C.; Cotton, F. A. Inorg. Chem. 1969 8, 1. 
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the dimeric units (each of approximately Da symmetry) being 
linked by bridging chloride groups with the Ru-Cl-Ru angle 
being 125.4'. The bonding in these complexes has been of 
considerable interest from the outset, as has the assignment 
of the intense and characteristic band of the complexes at 
-21 000 cm-'. Although this band was initially thought to 
arise from a b2, - alg (6 - a,) and/or b2g - 22u (6 - 6:) 
transitioq2 which would be electric-dipole forbidden in D4* 
symmetry, resonance Raman (RR) studies indicated (for the 
acetate and butyrate ~omplexes)~ that it must arise from an 
electric-dipole-allowed transition with (by implication) axial 
( z )  polarization. By analogy with RR results and electronic 
band assignments for other metal-metal multiple-bonded 
species [Mo2C1814-, [Re2C1812-, and [Re2Br8]2-4" (since ex- 
tended to [Mo2BrJ4-),' of D4,, symmetry, the -21 000-cm-' 
band was assigned to the b, - bl, (6 - 6*) transition, which 
is allowed with the correct ( z )  polarization and is the lowest 
possible allowed transition with this polarization. 

Recent self-consistent-field (SCF) scattered-wave, X, 
calculations by Norman et a1.* have reopened the question of 
the assignment of the -21 000-cm-' band in the sense that 
they predict that the 6 - 6* transition of the free formate 
complex ion [Ru2(02CH),]+, should lie at 8800 cm-I rather 
than at -21 000 cm-I. Since the electronic spectrum of 
Ru2(02CCH3),C1 in D 2 0  (presumably that of the species 
[ R U ~ ( O ~ C C H ~ ) ~ ( D ~ O ) ~ ] + )  consists9 of two bands, one at 
23500 cm-' (emx = 699 M-I cm-') and the other, much 
weaker, at -10000 cm-I (t,,, = 60 M-I cm-I), it seemed 
logical on energy grounds (though hardly on intensity grounds) 
to assign the - 10000-cm-' band (despite its weakness) to the 
6 - 6* transition. The much stronger band at -21 000 cm-' 
was assigned to an O ( r )  - r*, 6e, - 6e, transition, one of 
whose components, ,B2, - ,BI, is allowed with z polarization. 
Very recent single-crystal polarized electronic spectra of 
R U ~ ( O ~ C C H ~ ) ~ C ~ ,  which crystallizes with [ R U ~ ( O ~ C C H ~ ) ~ ] +  
ions alternately with C1- ions as linear chains, have confirmed 
the z polarization of the -21 000-cm-' band and have been 
interpreted'O to be in agreement with the calculations and 
assignments of Norman et a1.* Accordingly, a more detailed 
RR investigation of a wider range of diruthenium tetra- 
carboxylate complexes is called for in order to establish wheter 
the RR spectra could be consistent with Norman's assignment 
of the -21 000-cm-' band of this class of complexes. 

Developments in RR technology, particularly those con- 
cerned with the routine holding of samples at liquid-nitrogen 
temperatures, were expected to lead to much improved RR 
spectra for the acetate and butyrate complexes studied pre- 
viously3 at room temperature only. This has indeed proved 
to be the case, and in particular the acetate complex yields 
a very rich and detailed RR spectrum at low temperatures. 
Many progressions involving both v 1  and v2, the RuRu and 
RuO symmetric stretching modes, have now been observed; 
which mode is v1 and which is v2 has been established defi- 
nitively by substitution of the acetate, and harmonic 
wavenumbers and anharmonicity constants have been calcu- 
lated. The excitation profiles of all Raman bands whose in- 
tensities are enhanced at or near resonance with the - 
2 1 000-cm-' band of each complex have now been measured, 
and the results are discussed in terms of the O(a) - r* 
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(3) Clark, R. J. H.; Franks, M. L. J. Chem. Soc., Dalton Trans. 1976, 1825. 
(4) Clark, R. J. H.; Franks, M. L. J .  Chem. Soc., Chem. Commun. 1974, 

316. 
(5) Clark, R. J. H.; Franks, M. L. J .  Am. Chem. Soc. 1975, 97, 2691. 
(6) Clark, R. J. H.; Franks, M. L. J Am. Chem. SOC. 1976, 98, 2763. 
(7) Clark, R. J. H.; D'Urso, N. R. J.  Am. Chem. SOC. 1978, 100, 3088. 
(8) Norman, J. G.; Renzoni, G. E.; Case, D. A. J. Am. Chem. Soc. 1979, 

101, 2526. 
(9) Wilson, C. R.; Taube, H. Inorg. Chem. 1975, 14, 2276. 

tion in Inorg. Chem. 
(10) Martin, D. S.; Newman, R. A,; Vlasnik, L. M., submitted for publica- 
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Figure 1. Resonance Raman spectrum of Ru2(02CCH3),C1 a t  ca. 
80 K obtained with 488.0-nm excitation and slit widths of 150/250/150 
pm. The assignments of the members of the various progressions are 
indicated. 

assignment for the resonant electronic transition. 

Experimental Section 
Preparation of Complexes. The complexes Ru2(02CR),C1, R = 

CH,, C2H5, or C3H7, were prepared by the modified method of 
Mitchell et al.," which consistently gives better yields than the original 
method.' [Ru2 (02CCH3)4(H20)2]BF4 was prepared by the method 
of Cotton et al." Ru2(02CH)4Cl was prepared by holding RuC13-H20 
(Johnson Matthey Ltd.) under reflux with formic acid for 1 h, this 
being a slight modification of the method of Mukaida et a1.13J4 
l80 isotopically substituted R U ~ ( O ~ C C H ~ ) ~ C ~  was prepared by 

adding dried RuCl, (0.024 g) and anhydrous LiCl (0.024 g) to a 
mixture of acetic acid (0.500 g) and acetic anhydride (0.500 g), both 
the acetic acid as well as the acetic anhydride containing 78.5 atom 
% l80 (Miles-Yeda Ltd.). The mixture was held under reflux, initially 
in an atmosphere of nitrogen and then in one of oxygen, for 4 h. The 
solution was sealed and cooled to 10 "C overnight, after which the 
resulting red-brown crystalline complex was filtered off and dried. 

Instrumental Section. Raman spectra were recorded on both a Spex 
1401 spectrometer (1200 line mm-' Bausch and Lomb gratings) and 
a Spex 14018 R6 spectrometer (1800 line mm-I Jobin-Yvon holo- 
graphic gratings) in conjunction with Coherent Radiation CR52 Kr+ 
and Art lasers and a CR12 UV Art laser. One line (406.7 nm) was 
obtained by use of a Spectra Physics 170 Kr' laser in conjunction 
with a Jobin-Yvon Ramanor spectrometer with 2000 line mm-I 
gratings (courtesy of Dr. R. E. Hester, York). 

Resonance Raman spectra of the solids at  room temperature were 
obtained with use of a rotating-sample device, while spectra at  liq- 
uid-nitrogen temperature were obtained on solids as KCI disks held 
by grease onto the low-temperature probe of a cold cell. Solution 
spectra were recorded with the use of a rotating liquids cell. Raman 
band excitation profiles were obtained with use of rotating-solids device. 
The intensity standard was the v2(e) band of KC104 (465 cm-I); this 
standard was also cross-checked against the intensities of the ~4(t2), 
vl(al), and u3(t2) bands of KC104 (630, 942, and 1097 cm-I, re- 
spectively) with various exciting lines in order to establish the lack 
of any significant absorption effects. 

Electronic spectra were recorded on a Cary 14 spectrometer with 
samples dispersed in KC1 disks which were held a t  both 300 and 80 
K. 

Infrared spectra of complexes as Nujol mulls were recorded on a 
Perkin-Elmer 225 spectrometer. 

Resuits 
Ru2(O2CCH3),CI. The RR spectrum of R u ~ ( O ~ C C H ~ ) ~ C ~  

at ca. 80 K with 488.0-nm excitation is shown in Figure 1, and 

(11) Mitchell, R. W.; Spencer, A.; Wilkinson, G. J .  Chem. Soc., Dalton 
Trans. 1973, 846. 

(12) Bino, A.; Cotton, F. A.; Felthouse, T. R. Inorg. Chem. 1979,18,2599. 
(13) Mukaida, M.; Nornura, T.; Ishimori, T. Bull. Chem. Soc. Jpn. 1967, 

40, 2462. 
(14) Mukaida, M.; Nornura, T.; Ishimori, T. Bull. Chem. Soc. Jpn. 1972, 

45, 2143. 
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Table I. Wavenumbers of Members of Progressions Observed in 
the Resonance Raman Spectrum of the Complex 
[Ru,(O,CCH,),Cl] with 488.0-nm Excitation' 
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max/cm-' max/cm-', 
band RT L T ~  band LT 

327.3 
654.5 
981.5 

1307.5 
1634 

369.2 

694.8 
1020 
1345 

330.1 
660.0 
989.5 

1317 
1644.5 
1971.5 
2298 
2625 
2950 

372.1 
74 2 

1110 
1476 

1028 
1355 
1679 
2005 
2330 

700.2 

v 1  + 2v,c 
2v1 + 2v, 
3v, + 2v, 
4v, + 2v, 
5 v ,  t 2u, 
V I  + 3v,c 
V l  - VLd 
2v, - V L  

3v, - V L  

2v, - vx 
3v, - v, 
2v1 t vxd 
3v, t vx 
4v, + v, 
VI + vyd 

V I  + vz 
2v, + vz 
3v, t VI 

4v1  - "4 
V I  - vx 

2v1 vi 

1068.5 
1394.5 
1720 
2046 
2370 
1435 

304.0 
634.5 
964.5 

1292 
269 
5 99 
928 
720 

105 1 
1377 
490 
8 20 
560 
889 

-1220 

' RT = room temperature; LT = liquid nitrogen temperature. 
Estimated accuracies for the stronger bands are as follows: 
0-1000 cm-', t0.5 cm-'; 1000-2000 cm-', t1 cm-'; over 2000 
cm-', >2 cm-'. 
Ru,(O,CCH,),CI gives rise to the following bands in its RR 
spectrum: u , v ,  progression, v I  331.3, 2v1 662.2, 3vl 993.0, 
4v, 1323, 5 v ,  1653;u2v, progression, v ,  359.3 and 366.8, 
2v, 718.3 and 732.2, 3v, 1077 and 1098;u,v, t v ,  progression, 
vl  t v ,  689.8 and 698.0, 2vI + v ,  1020 and 1026 cm-'. Also 
members of the v ,  t u2vl progression. 
inferred to lie at 27 f 1 cm-I. v -band observed at 6 1  * 1 cm-'. 
vy =band observed at  161 t 1 cz-'. vz = band observed at 
230 f 1 cm-l. v ( C 0 )  is observed at 1581 cm" in the room- 
temperature spectrum but is not observed in that at ca. 80 K. 
A further very weak band is observed at 182.5 cm-'. 

The '*O (78.5%) substituted form of 

VL is a lattice mode, 

the wavenumbers and assignments of the observed bands at  
300 and 80 K are listed in Table I. The spectrum displays 
many overtone progressions, the main progression ulvl reaching 
as far as u1 = 9 and the ulyl + v2 one reaching as far as u1 = 
6. The u l v l  + v2 progression is more intense relative to the 
u lv l  progression at higher values of u1 than at  lower values. 
In addition there are weaker, less extensive progressions of the 
form u2v2 reaching u2 = 4, u lv l  + 2v2 reaching u l  = 5, v l  + 
u2v2 reaching u2 = 3,  u lv l  - vL reaching u1 = 4, u lv l  - v, 
reaching u ,  = 3, ulvl + v, reaching uI = 4 (the band corre- 
sponding to u1 = 1 is absent in this case), ulvl  + vy reaching 
u1 = 2 and uIv2 + v, reaching u1 = 3 (see Table I). This gives 
a total of ten progressions in the RR spectrum of Ru2(02C- 
CH3)4C1 involving, in all, six different modes. 

The weak band observed at  158 1 cm-I in the RR spectrum 
of the complex when held at room temperature is assigned to 
the v(C0) stretching mode of the coordinated acetate groups. 
However, the band could not be observed in the RR spectrum 
of the complex if the latter were held at ca. 80 K. 

The main progression-forming modes, v l  and v2, have pre- 
viously been assigned to v(RuRu) and v(RuO), respectively 
(both alg modes),3 and in order to substantiate this assignment 
unambiguously, R U ~ ( O ~ C C H ~ ) ~ C ~  was synthesized with the 
use of acetic acid and acetic anhydride, both substituted with 
78.5 atom % lSO. The results (Table I and Figure 2) clearly 
show that v 1  is unaffected by this substitution, fully consistent 
with its assignment as v(RuRu). On the other hand, the 
(single) v2 band is shifted from 372.1 cm-' for the I60 species 
to become a complicated pattern of bands in the 359.3- 
366.8-cm-I region. The calculated shift in v 2  from 

u' n (a1 

400 360 320 280 

Wavcnumbcr 1 cm-' 

F w e  2. Resonance Raman spectrum of (a) Ru~(%~CCH~)~CI  and 
(b) the same complex formed with 78.5 atom % I8O acetate, each 
obtained at ca. 80 K with 514.5-nm excitation and slit widths of 
50/100/50 pm. 

R U ~ ( ~ ~ O ~ C C H ~ ) ~ C ~  to Ru2(ls0 CCH3)4Cl is 21.3 cm-I, based 
simply on the factor (16/18)'f2, if no coupling between the 
RuO and other alg coordinates were occurring. Such behavior 
is fully consistent with expectation for an alg v(Ru0) mode, 
the complicated pattern of bands arising because of the nine 
different isotopic species present if, as is probable, the dis- 
tribution of 160:'80 is random; the pattern is further com- 
plicated by the possibility of isomers of many of the possible 
species.Is Thus the identification of v 2  and v(Ru0) is defi- 
nitive. 

The relative wavenumber order, v(Ru0) > v(RuRu), in 
these complexes, clearly established above, is to be contrasted 
with that equally clearly established by metal isotope sub- 
stitution for M O ~ ( O ~ C C H ~ ) ~ ,  viz., v(MoMo) > v(Mo0).I6 
The difference is presumably associated with the belief that 
the RuRu bond order is 2.5, whereas the Mo-Mo bond is 4. 

The excitation profiles (EP's) of the v l r  2vl, v(CO), v2, and 
v 1  + v2 bands of R u ~ ( O ~ C C H , ) ~ C ~ ,  measured from spectra of 
the complex at room temperature, are shown in Figure 3b for 
the range 457.9-752.5 nm. The EP's of the v l ,  2vl, v(CO), 
v2, and v 1  + v2 bands all maximize near the maximum of the 
resonant electronic band (-21 600 ~ m - ' ) , ~  although that for 
2vl is -300 cm-I (i.e., ca. 1 quantum of v l )  higher than that 
for vl. 

The EP of the v2 band displays a maximum at ca. 19 000 
cm-I and a minimum at ca. 20 500 cm-I and then rises toward 
the blue and ultraviolet regions, and with 363.8-nm excitation, 
Z(v2)/Z(vI) 1 1 (the Raman spectrum of the complex with this 
line in effect constitutes a "normal" Raman spectrum, and no 
overtones are observed). This is characteristic of an inter- 
ference operating for v2 between the (weaker) scattering as- 
sociated with the 21 600-cm-' band and the (more intense) 
scattering associated with a higher energy intense electronic 

(1 5 )  At 78.5 atom % IsO, the species present for a random distribution would 
be (designatin the oxygen isotopic content of Ru2(02CCHJ4CI only) 
as follows: &O), O.oo%, (160)7("0) 0.01%; (160)6(1sO)2 0.17%; 

(16) Hutchinson, B.; Morgan, J.; Cooper, C. B.; Mathey, Y.; Shriver, D. F. 
Inorg. Chem. 1979, 18, 2048. 

(160)s(180)1 1.24%, (160)r("0)* 5.68%; ('60)1("0)5 16.59%; (I6O)2- 
30.29%; ('60)("0), 31.59%; 14.42%. 
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Figure 3. Excitation profiles of v I  (0), 2vl (O) ,  v(C0) (v), v2 ( O ) ,  and v I  + v2 (m) for (a) R u ~ ( O ~ C H ) ~ C ~ ,  (b) R u ~ ( O ~ C C H ~ ) ~ C ~ ,  (c) 
R u ~ ( O ~ C C ~ H , ) ~ C ~ ,  and (d) R u ~ ( O ~ C C ~ H , ) ~ C I  obtained in each case at ca. 300 K (together with the electronic spectra also at ca. 300 K). 

band in the ultraviolet (probably u - u* with 
respect to the Ru-0 bonds). The interference is more apparent 
in EP's derived from spectra obtained where the sample is held 

at ca. 300 K rather than at ca. 80 K. 

to the resonant electronic transition. 
These results indicate that vl,  v2, and v(C0) are all coupled 

When Ru,(O,CCH,Kl is dissolved in water, in which case 
the cation iresent is almost certainly the [ R U ~ ( O ~ C C H & ~ -  
(H20)2]+ species, the electronic band maximum in the visible 
region shifts to higher wavenumbers to 23 500 cm-' (Table 11). 

(17) Stein, P.; Miskowski, V.; Woodruff, W. H.; Griffin, J.  P.; Werner, K. 
G.; Gaber, B. P.; Spiro, T. G. J .  Chem. Phys. 1976, 64, 2159. 

(18) Bosworth. Y. M.: Clark. R. J. H.: Turtle. P. C. J .  Chem. Soc.. Dalron . ,  
Trans 1976, 2027. ' 

(19) Zgierski, M. 2. 1. Raman Spectrosc. 1977, 6, 53. 
(20) Clark, R. J.  H.; Sourisseau, C. N o w .  J .  Chim. 1980, 4, 287. 
(21) Clark, R. J .  H.; Dines, T. J.  Mol. Phys., in press. 

A-polarization diipersion study of this species was carried out 
from 457.9 to 501.7 nm, the results being illustrated in Figure 
4. Off resonance (501.7 nm), the p values for v 1  and v2 were 



Diruthenium Tetracarboxylate Complexes 

Table 11. Electronic Band Maxima of Diruthenium 
Tetracarboxylate Species 
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Table 111. Wavenumbers of Members of Progressions Observed 
in the Resonance Raman Spectrum of the Complex 
[Ru,(O,CCH,),(H,O),]BF, Held at Ca  80 K with 
488.0-nm Excitation" 

band max/cm-' band max/cm-' 

KCl disk aqueous 

complex maxinrn max/nm 
transmission soln" 

Ru, (0, CH), C1 llO0vw -11oovw 
595 sh 
470 s 425 s 

310 vs 
Ru, (O,CCH,),Cl 11oow -11oovw 

560 sh 
475 s 425 s 

310 vs 
[ Ru, (O,CCH,),(H,O), ] BF, 1100 w 1150 vw 

565 sh 960 vw 
470 s 425 s 

310 vs 
Ru, (O,CC,H,),Cl 1090 w -11oovw 

570 sh 
495 s 425 s 

310 vs 
Ru, (O,CC,H,),CI 1090 w -11oovw 

580 sh 425 s 
490 s 310 vs 

" The species present is presumably [Ru,(O,CR),(H,O),]+ in 
each case. 

A mox - 425 nm 

O N  " ' " ' ' 1 

440 460 480 500 5 2 0  
A,/ nm 

Figure 4. Polarization dispersion of vI and v2 for R u ~ ( O ~ C C H ~ ) ~ C I  
in water. 

found to be 0.47 and 0.21, respectively, but as the resonance 
situation was approached, both p values approached the value 
of These results demonstrate not only that both v 1  and 
v 2  give rise to polarized bands, and therefore that the modes 
giving rise to them are totally symmetric, but also that the 
resonant electronic transition is axially (2 )  polarized.22 This 
result therefore clearly confirms the conclusions of earlier 
Raman3 and single-crystal electronic spectral studies'O as to 
the polarization of the resonant electronic band. 
[Ru~(O~CCH~)~(H~O)~]BF~. The RR spectrum of [Ru2- 

(02CCH3)4(HZ0)2]BF4 is also very detailed, the wavenumbers 
of the observed bands together with the band assignments 
being listed in Table 111. At resonance with the -21 000-~m-~ 
band of the complex, the following progressions are observed: 
u p l  to uI = 4, v lv l  + v2 to u1 = 2, u p z  to u2 = 3 together with 
bands attributable to u3, v 1  + 2v2, and v1 - vL; v I  and v2 are 
the v(RuRu) and v(Ru0) alg bands by analogy with the results 
(vide supra) for R U ~ ( O ~ C C H ~ ) ~ C I ,  and v3 is another Ra- 
man-active u(Ru0) mode. Although v3 lies between v1 and 

(22) Mortensen. 0. S.; Hassing, S .  Adu. Infrared Raman Spectrosc. 1980, 
6, 1. 

VI 325.7 u2 371.0 
738.0 651.1 2u, 

3vl  916.1 3v, 1103 
4 4  1301 V I  t Yz 693.0 

1015 VI + VLb 301.9 2u, + Y, 

u3 365.1 u1 t 2u, 1059 
" Estimated wavenumber accuracies as for footnote a of Table I. 
YL is a lattice mode inferred to lie at -24 cm-' (assignment 

2 V l  

uncertain). No band attributable to v(C0) was observed. 
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! 
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Figure 5. Excitation profiles of v l  (0), v2 (a), and v3 (v) for 
[ R U ~ ( O ~ C C H ~ ) ~ ( H ~ O ) ~ ] B F ~  at  ca. 80 K. 
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Figure 6. Resonance Raman spectrum of R u ~ ( O ~ C H ) ~ C ~  at ca. 80 
K obtained with 476.5-nm excitation and slit widths of 170/220/170 
r m .  

v2, it is not resonance enhanced. vL is thought to be a lattice 
mode inferred to lie at -24 cm-' (again, by analogy with the 
results for R u ~ ( O ~ C C H ~ ) ~ C I ,  for which a lattice mode of -27 
cm-' appeared to be involved in one four-membered pro- 
gression); alternatively, the 302-cm-' band could arise from 
an acetate mode. The RR spectrum of [ R U ~ ( O ~ C C H ~ ) ~ -  
(H20),]BF4 is thus neither as extensive nor as detailed as that 
of R u ~ ( O ~ C C H ~ ) ~ C I .  No band attributable to v(C0) was 
observed in the RR spectrum of this salt. 

The 
behavior of v1 and u2 is closely similar to that of the anhydrous 
acetate except that vl and v2 both maximize at ca. 20000 cm-' 
and tha t  the interference effect for v2 is only slight. The 
relative enhancement of v2 with respect to v3 in the resonance 

The EP's of v l r  v2, and v 3  are given in Figure 5 .  
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Table IV. Wavenumbers of Members of Progressions Observed in the Resonance Raman Spectra of the Complexes Ru,(O,CH),Cl, 
Ru,(O,CC,H,),Cl, and Ru,(O,CC,H,),CI with 488.Gnm Excitationa 

Clark and Ferris 

339.0 
677.4 

1016 
1353 
1690 

408 
432 
770 

1107 
467.5 
810 

1152 

552.5 
895 

-1235 
1580 

337.5 339.3 
672.0 676.7 

1007.5 1014.0 
1335 1345.0 

1675 
2009 
2342 

395.0 397.2 
734.5 

1069.5 
312.8 
650 

598 

1590 1591 

332.6 
664.2 
995.3 

1326 
1656 
1985 
2313 

379.6 
710.0 

1040 
311 
636 

1582 

a See footnote u of Table I. The assignment of the very weak band at 408 cm-' in the spectrum of Ru,(O,CH),Cl is unknown. u,, 
v y ,  and vz are the designations given to band inferred to lie at 128.5 cm'' and the bands both observed and inferred to lie at 216 and 260 
cm-l, respectively. U L  is the designation given to a lattice mode inferred to lie at -25 cm-'. 

region shows that u3 plays little significant part in the RR 
spectrum. This result demonstrates that the presence of axial 
water molecules (with v(0H) infrared bands at 3440 and 3240 
crn-') does not affect significantly the relative intensities of 
v1 and v2. However, the degree of mixing between the RuRu 
and RuO symmetry coordinates is less for this complex than 
for the anhydrous acetate, as signified by shorter progressions 
observed. 

R u ~ ( O ~ C H ) ~ C ~ .  The RR spectrum of R u ~ ( O ~ C H ) ~ C ~  is 
shown in Figure 6,  and the wavenumbers of the observed bands 
together with the band assignments are listed in Table IV. 
Unlike the RR spectrum of R u ~ ( O ~ C C H ~ ) ~ C I ,  for which many 
progressions appear involving both u1 and v2, that of the for- 
mate is dominated by the ulul progression which reaches u1 
= 5, together with three other three-membered progressions 
in u l .  The very weak band at 432 cm-' appears to be v2, 
u(Ru0) (excited state value 420 cm-1)23 but no progressions 
involving u2 could be observed. 

The EP's of v1 and 2ul (Figure 3a) both maximize near to 
the resonant electronic band maximum, as in the case of the 
analogous acetate complex. 
RU~(O~CC~H~)~CL The RR spectrum of R U ~ ( O ~ C C ~ H ~ ) ~ C I  

is shown in Figure 7, and the wavenumbers of the observed 
bands together with the band assignments are given in Table 
IV. Like the RR spectrum of the formate, that of the pro- 
pionate is dominated by the u l v l  progression, reaching u1 = 
7 .  Less-intense, shorter progressions in u l ,  viz., ulv l  + v2 to 
uI = 2, ulu l  - uL also to u1 = 2, are also observed. v(C0) in 
the RR spectrum of this complex is at 1591 cm-' and is ob- 
served in spectra taken at both 300 and 80 K. 

The EPs  of ul ,  2ul, and v(C0) all maximize (19750,20 100, 
and 20 100 cm-', respectively) near the maximum of the re- 
sonant electronic transition (20 200 cm-') (Figure 3c). The 
EP and 21' is thus -350 cm-' (Le., - 1 quantum of v l )  above 
that of vl ;  tests showed (see Experimental Section) that this 
effect was not caused by self-absorption. The EP of u2 is, 
however, very different from those described above since it 
minimizes in the vicinity of the maximum of the resonant 
electronic transition. As for the similar case of Ru2(02CC- 

(23) V. Miskowski, personal communication. 
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Figure 7. Resonance Raman spectra of Ru2(O2CC2H5)C1 at ca. 80 
K obtained with 5 1 4 5 ,  4 9 6 5 ,  488.0-, and 476.5-nm excitation. 

H3)4Cl, this observation is consistent with the operation of 
interference effects. 
Ru~(O~CC~H~)~CI. The RR spectrum of Ru2(02CC3H7)&1 

is very similar to that of the formate and propionate in that 
it is dominated by the intense ulvl  progression, reaching u1 = 
7, together with the less intense and shorter progressions ulvl  + u2 to u1 = 2 and u lu l  - vL also to u1 = 2. u(C0) occurs a t  
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Table V. Harmonic Wavenumbers and Anharmonicity Constants for the Diruthenium Tetracarboxylates (cm-I ) 
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complex W1 X l l  XI2 w2 

Ru, (O,CH),Cl 339.5 t 0.3 -0.24 t 0.02 -1.5 * 1 432' 
Ru2(02CCH3)4Cla 330.8 t 0.3 -0.31 t 0.02 -2.0 ? 0.2 374.2 ? 0.5 
[Ru, (O,CCH,),(H,O), 1 BF, 326.0 t 0.3 -0.15 * 0.02 -3.5 ? 1 374.2 t 0.5 
Ru, (O,CC, H,),Cl 341.8 f 0.3 -1.1 t 0.05 -2.2 * 0.4 397.2' 
Ru,(O,CC,H,),CI 333.2 t 0.3 -0.35 * 0.02 -2.1 t 0.3 379.6' 

a For this complex, the following constants could also be determined: x,, = - 1.0, * 0.2 cm-' and x, L = 0.8 0.2 cm-', where the latter 
For this complex, x 2 1  =-1.7 * 0.2 cm-'. ' The value quoted is that is the cross term connecting u1 with a lattice mode, YL, at 27 cm-'. 

for Y , ,  not w 2  ; only insufficient data points could be established with which to determine w,.  

1582 cm-I in both 300 and 80 K spectra (Table IV). 
The EP's of vl, 2vl, and u(C0) all maximize (19850,20250, 

and 20 200 cm-', respectively) close to the maximum of the 
resonant electronic transition (20 400 cm-'), with that of 2vl 
again being of the order of 1 quantum of v1 above that of v1 
(Figure 3d). The EP of v2 also minimizes, as in the case of 
that of the other complexes, in the vicinity of the maximum 
in the resonant electronic band. This interference effect is less 
evident in spectra recorded from samples of the complex held 
at ca. 80 K than from those held at room temperature. 

The EP of v1 of this complex, and also that of the acetate 
and propionate, shows a small inflexion near 17 000 cm-', a 
wavenumber which is close to that of a shoulder observed in 
the electronic spectrum of each complex at 17 600 cm-'. 

Harmonic Frequencies and Anharmonicity Constants. The 
observation of a large number of overtone bands under RR 
conditions permits the determination of various harmonic 
wavenumbers and anharmonicity constants.24 The data for 
R u ~ ( O ~ C C H ~ ) ~ C ~  are particularly extensive, and the following 
constants could be obtained in this case: w1 and xll  from the 
intercept and slope of the plot of v(uIvl)/ul vs. u1 (and similarly 
w2 and x ~ ~ ) ,  xI2 from the difference between the intercept for 
the plot of v(ulul/u)l vs. u1 and that for the plot of [v(ulvl + 

The results of all the analyses on the complexes studied are 
given in Table V. 

The wI values for the four complexes R u ~ ( O ~ C R ) ~ C I  are 
all accurately defined by the data, and three of the four xl l  
values established are very small (1-0.35 cm-l). The xl l  for 
the propionate is larger (-1.1 cm-') than this, which is difficult 
to understand, although it might be connected with the fact 
that this complex alone differs significantly from D4h symmetry 
(S, since the difference between the two crystallographically 
independent Ru-Ru-O angles is 7' with an esd of l0).l2 The 
x12 values for the complexes R u ~ ( O ~ C R ) ~ C I  (--2 cm-I) are 
also similar to one another, although that for the diaquo salt 
(albeit determined only inaccurately) appears to be rather 
larger than this. 

The wider interest in the RR results presented in the pre- 
vious section lies in their bearing on the nature of, and as- 
signments for, the resonant electronic transition at -21 000 
cm-' in each complex. The polarization dispersion results on 
the v1 and v2 modes of the [ R u ~ ( O ~ C C H ~ ) ~ ( H ~ O ) ~ ] +  ion 
confirm the previous Raman results3 as well as results of the 
singlecrystal electronic spectral study of Martin et al.1° in that 
the resonant electronic transition is shown to be allowed and 
z polarized. Although it was earlier proposed3 that the reso- 
nant electronic transition is the bzr - bl, (6 - 6* transition), 
which has the correct polarization, the recent SCF calculations 
of Norman et a1.* on the formate complex indicate that it is 
the 6e, - 6e,, O(T) - A* transition, the 4B2u - 4BI, com- 
ponent of which is also allowed in z polarization. The present 
RR results, being much more detailed and extensive than the 
earlier ones (on account of the complexes being held at ca. 

U P 2 )  - V ( U 2 ~ 2 ) 1 / U l  vs. 01. 

(24) Campbell, J. R.; Clark, R. J. H. Mol. Phys. 1978, 36, 1133. 

n 

6CQ 
n" 

Figure 8. Representation of the 6% O ( r )  and 6e, r* orbitals. 

80 rather than 300 K), allow further consideration of this new 
assignment of the resonant electronic transition to be made. 

The 6e, O(A) orbital is described by Norman et al. as 
mainly Ru-O bonding but with significnat (24%) Ru-Ru r 
character. From the representation of the 6% and 6e, orbitals 
(Figure 8), between which the resonant electronic transition 
is indicated to take place on the basis of Norman's calculations, 
it is clear that this transition would lead to a reduction in the 
Ru-Ru as well as in the Ru-O A bond order. Thus the com- 
plex would be expected to increase its Ru-Ru as well as its 
Ru-O bonds in the 6e, excited state, and this in turn would 
be expected to lead in its RR spectrum to the appearance of 
Franck-Condon progressions in v(RuRu) as well as v(Ru0). 
This is indeed what is observed for R u ~ ( O ~ C C H ~ ) ~ C ~  in its 
ca. 80 K RR s p t r u m ,  and so the RR results on this complex 
are consistent with Norman's assignment of the resonant 
electronic transition. Moreover, the fact that the EP of v(CO), 
where observed, also follows the contour of the resonant 
electronic transition, albeit without the RR spectrum displaying 
overtones of this mode, is likewise understandable in terms of 
the change of CO A bond order ( A  - nonbonding) indicated 
in Figure 8 during the O(A) - A* transition. However, the 
most obvious confirmatory experiment of irradiating the 
complexes at - loo00 cm-', i.e., within the contour of the very 
weak band attributed by Norman et a1.8 to the 6 - 6* tran- 
sition, is not yet feasible owing to the lack of suitable exciting 
lines. Such irradiation, if the - 10 000-cm-' band is indeed 
the 6 - 6* transition, should lead to a progression in vl ,  the 
v(RuRu) mode only, since the b - 6* orbitals are thought to 
possess little ligand character, being composed almost entirely 
of weakly coupled metal d, orbitals. Norman's calculations 
indicate that the charge distribution in the 6 orbitals is indeed 
predominantly metal based (71%) and only slightly different 
from that in the 6* orbital (84%). 

Although Norman's assignment for the resonant electronic 
transition in the case of R u ~ ( O ~ C C H ~ ) ~ C I  is fully consistent 
with the RR results, those for the formate, propionate, and 
butyrate are less so. In those cases, u2 is weak, no overtone 
of v2 is observed, and no progression of the sort ulv l  + u2 
reaches beyond u1 = 2. It is difficult to understand why the 
RR spectra of these three complexes should differ in this 
respect from that of the acetate since there can be little doubt 
that the resonant electronic transition has the same assignment 
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strongly in this case. This would, of course, lead to the greatest 
intensity borrowing for v2 and associated modes of the acetate 
complex, a situation made clear in Figure 9 for the various 
complexes of the sort Ru2(O2CR),C1; note especially that for 
the '*Osubstituted acetate complex, Z(v2) / l (v l )  is much higher 
than that for the unsubstituted complex, a particularly com- 
pelling result in this context. 

Although the observation of combination-band progressions 
of the sort ulvl  + u2v2 is not, of itself, a consequence of the 
Duschinsky effect (the change in composition of the Q1 and 
Q2 normal coordinates, in terms of their constituent symmetry 
coordinates, on electronic excitation),2s27 the possibility that 
the change, with ul ,  of the relative intensities of members of 
the ulv l  and v2 + ulvl  progressions is so (Figure l), requires 
further consideration. 

("0 substituted) 

20 L 
0 0.2 0.4  0.6 0.0 

I l V 2 ) / 1 W , )  

Figure 9. Relationship between v(Ru0) - v(RuRu) and 1(u2)/1(vJ 
for the carboxylate complexes of the type R u ~ ( O ~ C R ) ~ C I  (R = CH3, 
C2HS, or C3H7) at 514.5-nm excitation. 

in all cases. The explanation of this unexpected observation 
may lie in the fact that v(RuRu) and v(Ru0) are closest in 
wavenumber in the case of the acetate and, therefore, that the 
RuRu and RuO symmetry coordinates are coupled most 
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Absorption and reflectance spectra of cis-dihalobis(2,4-pentanedionato) complexes of Ti(IV), Zr(IV), Ge(IV), and Sn(IV) 
have been measured under water- and alcohol-free conditions. The majority of absorption maxima in the vis-UV region 
is assigned to TT* transitions of the acetylacetonate ligands which are subject to the effect of different degrees of metal-ligand 
?r-electron bonding. Significant ?r bonding, as realized in the titanium compounds, leads to electron delocalization over 
the complex molecule and increases the splitting of the various ? r ~ *  band components. Ligand to metal charge-transfer 
transitions are likely only for the iodo complexes. However, *-bonded acetylacetonate intermixes ligand-metal charge-transfer 
states into ?r,r* excited states which is particularly effective in Ti(1V) complexes. Halogen ligands are able to perturb 
this mechanism more effectively when *-electron delocalization is large. The intermixing of charge-transfer states is important 
for relatively large metal optical electronegativities which are a measure of the availability of these energy levels. 

Introduction 
&Diketones can bind in a variety of ways to metallic ions.' 

In the most common species the diketone is present as an 
enolate anion acting as a bidentate ligand via the oxygen 
atoms. Optical spectra in absorption and emission have been 
measured frequently although in many cases the bands could 
not be assigned with confidence, since comparison with the- 
oretical results could not be made, due to the lack of reliable 
calculations. Because of its metal-ligand r-bonding capa- 
bility,2 questions concerning the ring current3 (aromaticity) 
in the chelate are raised, and the problem of delocalization 
of ligand a-electrons over the whole complex is pertinent. 

( I )  D. W. Thompon, Strucr. Bonding (Berlin), 9, 27 (1971). 
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(1970). 
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Early theoretical worK'3 starts with assumption of delocalized 
electrons, by applying convenient Hiickel MO theory. How- 
ever, a closer analysis of spectra, performed with a theoretical 
procedure of higher sophistication which uses a localized 
model, results in a better understanding of experimental 
findings on closed-shell as well as open-shell metal tris(ace- 
tylacetonates).6 The application of the latter model is also 
easy for the very simple spectrum of closed-shell complex 
compounds, which is characteristic of many acetylacetonates. 
The result agrees well with the assignment obtained from the 
CD spectrum of the complex ion' [S i ( a~ac )~ ]+  which allows 

(4) D. W. Barnum, J .  Inorg. Nucl. Chem., 21, 221 (1961). 
(5) D. W. Barnum, J. Inorg. Nucl. Chem., 22, 183 (1961). 
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