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I, are nearly identical with those observed for doublet 1 of the 
unoxidized sample. It is due to the [FeI1(bpy),l3+ complex 
located in the center of the zeolite supercages. Parameters 
for doublet 2 are also comparable to those of doublet 2, Figure 
6a, and are again assigned to low-spin iron(I1) species. Since 
the abundance of this doublet has not changed following Clz 
treatment, within the uncertainty limits, it appears that these 
species are not available for oxidation. Indeed, the Fe(I1) ions 
of the *-type complex proposed for the unoxidized sample 
should not be accessible to C1, because they would be shielded 
by both of the complexes on either side of the 12-membered 
ring. Doublet 3 is also relatively unchanged following oxidation 
and remains assigned to an uncomplexed, high-spin Fe(II1) 
species. 

Doublet 4 of Figure 6b exhibits new parameters (Table I), 
and a low-spin iron(II1) tris(bipyridine) complex is assumed 
to be responsible for it. The very small IS of this species as 
well as the large QS value is characteristic of low-spin Fe(1- 
II).lz The sum of the abundance of doublets 1 and 4 agrees 
fairly well with the amount of tris(bipyridine) complex in the 
original [Fe"(bpy),]-Y( 13) sample. A chlorine oxidation 
efficiency of 33% is calculated from their abundance in 
agreement with the 34% value calculated from the diffuse- 
reflectance data. We assume that the trivalent iron complex 
experiences perturbations, possibly through T bonding of its 
bipyridine ligands to the doublet 2 Fe(I1) ion, in much the 
same way as its divalent counterpart. Comparison of the EPR 
data (Table 11) for the high- and low-loading trivalent complex 
tends to confirm this assumption. 

Conclusions 
Stable tris(2,2'-bipyridine)iron(II) complexes may be syn- 

thesized selectively upon exposure of Fe"-Y zeolites to the 
ligand at 200 OC. The reaction is most effective at iron 
loadings less than that necessary for formation of one complex 
per lattice supercage. The zeolite environment appears to 
exhibit a higher degree of negative charge density than that 
of aqueous solution phases or doped powder matrices. Any 
excess, uncomplexed Fe(1I) in the zeolite is forced from the 
supercage by the bulky bipyridine complex. At higher loadings 
the excess Fe(I1) may possibly form a-type complexes with 
the bipyridine ligands of the tris complex, perhaps bridging 
two such complexes in adjacent supercages. This proposed 
dual function for the bpy ligands should reduce their inter- 
action with the central iron atom of the tris complex. 

At lower loadings chlorine gas oxidizes the divalent tris- 
(bipyridine) complex with close to 90% efficiency. Since only 
partial oxidation is observed at higher loadings, it appears that 
either diffusion of the chlorine to the excess Fe(I1) is inhibited 
or perhaps there is no space for the formation of chlorine ions 
at the oxidation sites. The iron(II1) complexes also appear 
to be influenced by the higher negative charge density within 
the zeolite as compared to a doped powder sample. 
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Resonance-enhanced Raman vibrational spectra are reported for R ~ ( b p y ) , ~ +  and trissubstituted complexes of bipyridine 
substituted at  the ring 4-position, Ru(4-Xbpy),"+: X = NO2, OEt ( n  = 2); X = PEt3+ ( n  = 5 ) .  For comparison, spectra 
of Ru(bpy),C12, Ru(4,4'-Me2bpy),*+, and R~(4,4'-(NO,)~bpy)~Cl, are presented and analyzed. Analysis of the resonance 
Raman spectra for this series provides evidence for the nature of the bipyridine ring substituent effects on the electronic 
properties of the complexes. The ground-state properties are perturbed as shown by frequency shifts and the appearance 
of additional resonanceenhanced Raman bands. In addition, the variation in the relative intensities of the resonance-enhanced 
Raman bands can be related to the polarization of the excited state for the metal to ligand charge-transfer bands in resonance 
due to electronic effects of the substituents. 

Introduction 
Considerable recent interest has arisen concerning the 

photochemical properties of trissubstituted metal complexes 
of 2,2'-bipyridine and various derivatives,14 particularly for 
ruthenium(I1) and its analogues iron(I1) and osmium(I1). Of 
particular interest are the unusual excited-state redox prop- 
erties of such species, which have been employed5v6 in various 
photochemical systems to generate molecular hydrogen. 

Numerous studies of the electronic absorption and emission 
spectra of the M(bpy)32+ complexes (M = Fe, Ru, Os) have 
appeared,'-I0 and the assignment of the principal visible ab- 
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sorption bands as metal (tz) to ligand (a*) charge transfer in 
origin is generally accepted, although more detailed assign- 
ments" have recently been presented. 

Resonance-enhanced Raman vibrational spectra are diag- 
nostic of the nature of electronic  transition^,'^-'^ since they 
reveal the normal modes most intimately coupled to the 
electronic transition in resonance. Resonance-enhanced Ra- 
man vibrational spectra of Ru(bpy)32+ have been reported,I4 
as well as time-resolved resonance Raman spectra (RRS) of 

(7) Day, P.; Sanders, N. J. J .  Chem. SOC. A 1967, 1536. 
(8) Palmer, R. A.; Piper, T. S. Inorg. Chem. 1966, 5, 864. 
(9) Hipps, K. W.; Crosby, G. A. J .  Am. Chem. SOC. 1975, 97, 7042. 

(10) Bryant, G. M.; Ferguson, J. E.; Powell, H. J. K. Aust. J. Chem. 1971, 
24, 251. 

(1 1) Felix, F.; Ferguson, J. E.; Gudel, H. U.; Ludi, A. J. Am. Chem. SOC. 
1980, 102, 4096. 

(12) Clark, R. J. H.; Stewart, B. Struct. Bonding (Berlin) 1979, 36, 1. 
(13) Nishimura, Y.; Hirakawa, A. Y.; Tsuboi, M. Adu. Infrared Raman 

Spectrosc. 1979, 5.  
(14) Bradley, P. G.; Kress, N.; Hornberger, B. A,; Dallinger, R. F.; Woo- 

druff, W. H. J. Am. Chem. SOC. 1981, 103, 7441. 

0020- 1669/82/ 132 1-223 1$0 1.25/0 0 1982 American Chemical Society 



2232 Inorganic Chemistry, Vol. 21, No. 6, 1982 

144 1 

Basu, Gafney, and Strekas 

1314 

A 
1031 

!14.. 

1000 1200 1400 1600 

A CM-'  
Figure 1. Resonance Raman spectra of (A) 0.76 mM Ru(4,4'- 
Me2bpy):+ in water, 457.9-nm excitation, (B) 1.0 mM Ru(bpy) C1 
in acetonitrile, 488.0-nm excitation, and (C) 0.5 mM Ru(bpy),'+ in2 
water, 457.9-nm excitation. Instrumental settings: 1 .O cm-l/s scan 
speed, 0.1-s time constant, 1000 counts/s full scale, 5-6 em-l spectral 
slit width. S designates the solvent band for acetonitrile. 

its excited state. These studies reveal the altered character 
of the bipyridine ?r system in the excited state. In both the 
ground and the excited state, the most strongly enhanced 
normal modes lie in the 1000-1700 cm-I region and correspond 
to vibrations of the coordinated bipyridine ligand. This is 
consistent with spectral assignments that specify charge 
transfer as the origin of the absorption bands in resonance. 

The nature of the excited state is also r e ~ e a l e d ' ~ J ~  by the 
normal modes that are subject to the greatest resonance en- 
hancement. The degree of this enhancement in Raman 
scattering intensity is related to the tendency of each normal 
mode to distort the molecule toward the excited-state equi- 
librium geometry. 

The substitution of various groups into the bipyridine ring 
system has been shown3 to significantly shift the visible ab- 
sorption bands of the trissubstituted complexes of ruthenium- 
(11), as well as the emission ~ p e c t r a , ' ~  and to alter the elec- 
trochemical proper tie^.^^'^ The resonance-enhanced Raman 
vibrational spectra of such species are of interest in further 
comparing both ground- and excited-state properties of such 
complexes with those of the parent compound, R ~ ( b p y ) ~ ~ + .  

We report here the resonance-enhanced Raman spectra of 
selected complexes of the formula R ~ ( 4 - X b p y ) ~ ~ + ,  where X 
represents ethoxy (n = 2), triethylphosphonium (n  = 5), and 
nitro (n = 2). We also report the spectra for the related 
complexes Ru(bpy),ClZ and R~(4 ,4 ' - (NO~)~bpy) ,Cl~  as well 
as those of R ~ ( 4 , 4 ' - M e ~ b p y ) ~ ~ + ,  The Raman frequencies of 
2,2'-bipyridine in carbon disulfide and hydrochloric acid and 
in the solid state are presented for comparison. 
Experimental Section 

The ruthenium complexes were prepared and characterized by 
previously published  method^.^*^^'^ The 4-ethoxybipyridine complex 

(15) Basu, A.; Weiner, M.; Strekas, T. C.; Gafney, H. D. Imrg. Chem. 1982, 
21, 1085. 
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Figure 2. Resonance Raman spectra in aqueous solution: (A) 0.34 
mM R~(4-NO~bpy)~*+, 488.0-nm excitation; (B) 0.34 mM Ru(4- 
OEtbpy):+, 457.9-nm excitation; (C) 0.25 mM R~(4-PEt,+bpy)~~+, 
457.9-nm excitation; (D) 0.31 mM R~(bpy),~+, 457.9-nm excitation. 
Instrumental settings: (A) and (C) 1.0 cm-l/s scan speed, 0.1-s time 
constant, 1000 counts/s full scale, 5-6 cm-' spectral slit width; (B) 
same as (A) and (C), except 0.5 cm-l/s scan speed and 1.0-s time 
constant; (D) same as (A) and (C), except 10000 counts/s full scale. 

was formed from the 4-nitro-substituted tris complex in 95% etha- 
nol-water. The change in Raman spectrum most clearly indicated 
the loss of the substituted nitro group. The Raman spectrum of the 
new complex is consistent with the proposed15 formulation as an 
ethoxy-substituted bipyridine complex, as previously described. 

Raman spectra were obtained for solutions in water or acetonitrile. 
A typical complex concentration was 0.5 mM. Spectra were run in 
glass capillary cells (1 mm i.d.) with use of transverse excitation from 
an argon ion or argon-pumped dye (Rhodamine 6G) laser. The Raman 
spectrometer consists of a Spex 14018 double monochromator, an RCA 
C3 1034 photomultiplier tube, and Pacific Precision Instruments 
photon-counting equipment. Specific conditions are given in the figure 
captions. 
Results and Discussion 

Resonance Raman Spectra. The resonance-enhanced Ra- 
man vibrational spectra for the compounds studied are dis- 
played in Figures 1 and 2. The optical spectra are displayed 
in Figure 3. The excitation wavelengths used for the spectra 
displayed were 457.9- and 488.0-nm lines of an argon ion laser, 
as indicated, depending on which was closer to the visible 
absorption maximum. In general, these spectra are indicative 
of the relative intensity pattern found for any excitation within 
the range of available argon- or dye-laser (Rhodamine 6G) 
frequencies that falls within the absorption band at  a point 
where the absorbance is half-maximum or higher. Typical 
maximum resonance enhancements, relative to the symmetric 
stretch of sulfate (q ,  981 cm-') present as an internal standard 

n CM-' 



Ru(I1) Complexes of bpy and Substituted bpy 

Table I. Observed Raman Frequencies (900-1700 cm-’ ) for Bipyridine and Ruthenium(I1) Complexes of Bipyridine and 
Substituted Bipyridines 

RU(~PY),’’ Ru(bpy),Cl, Me,bpy),” OEtbpy),2+ PEt,+bpy), ’+ NO,bpy),z+ (NO,),bpy),Cl, bpy/CS, bpy/HClb assignt sc 
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R~(4,4’-  Ru(4- Ru(4- Ru(4- R~(4,4’- 

1611a 1606b 1624a 1 6 2 6  160Y 
1611 

1567 1557 1554 1572 1570 
1560 1534 

1494 1485 1488 1494 1489 

1322 1318 1324 1338 1325 
1325 

1278 1272 1278 1275 1283 
1265 1238 1227 

1177 1171 1204 1172 1159 

1031 1027 1031 1028 1032 
1019 

Laser excitation at 457.9 nm. Laser excitation at 488.0 nm. 
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W A V t l f N C l H  j n m )  W A Y t l E N C T H  (nm) 

Figure 3. Visible absorption spectra, in aqueous solution unless 
otherwise noted, of complexes for which Raman results are reported. 
Left: Ru(bpy),,+ (-); R ~ ( 4 , 4 ’ - M e ~ b p y ) ~ ~ +  (- - -); Ru(bpy),CI2 in 
acetonitrile (.-.); R~(4,4’-(NO~)~bpy),C1~ in acetonitrile (-). Right: 
Ru(bpy),’+ (-)iR~(4-OEtbpy)3~+ (- - -); R~(4-PEtS+bpy),~+ (. 0 e); 

Ru( 4-N02bpy)3 (.-*-e). 

at 1 M concentration, are as follows: R~(4 -PEt~+bpy) ,~+  
1489-cm-’ mode, 1.6 X lo5; R ~ ( 4 - N O ~ b p y ) ~ ~ +  1487-cm-’ 
mode, 2.2 X lo5, 1359-cm-’ mode 3.0 X lo5. For Ru(bpy),Cl, 
and R~(4,4’-(NO~)~bpy) ,Cl~,  Raman excitation within both 
the argon- and dye-laser ranges were used to excite resonance 
Raman spectra. The qualitative features of spectra obtained 
in each region were not significantly different. 

Table I lists the observed frequencies for the ruthenium 
complexes as well as those for 2,2‘-bipyridine under various 
conditions. The geometryt6 in the solid state and in carbon 
disulfide is trans or transoid, while the geometry in hydro- 
chloric acid, for the monoprotonated form, is cisoid and should 
most closely approximate the geometry for coordinated bi- 
pyridine. 

Normal-Mode Analysis. R ~ ( b p y ) , ~ + .  Complete normal- 
coordinate calculations have been performed16 for bipyridine, 
as well as its 1:l complex with palladium dichloride, with the 
employment of infrared data. Using the assignments of Strukl 
and Walter, we can suggest the probable normal modes of 
coordinated bipyridine that appear in the resonance-enhanced 
Raman spectra of the parent compound of the series studied 
here, R ~ ( b p y ) , ~ + .  

Using a localized C,, symmetry for the coordinated bi- 
pyridine, including the ruthenium (Figure 4), we expect a 
maximum of 20 totally symmetric modes. Polarization studies 
show that only totally symmetric modes are observed for all 
the compounds studied in the region below 1700 cm-’. 

These 20 totally symmetric modes may be broken down into 
12 stretching modes, 4 C-H, 1 Ru-N, 4 C-C, 2 C-N, and 

(16) Strukl, J. S.; Walter, J. L. Specrrochim. Acta, Part A 1971,27A, 209, 
223. 
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Figure 4. Coordination geometry (C2J of Ru-bipyridine centers 
assumed in the discussion of vibrational analysis. 

1 inter-ring C-C stretch, 4 C-H in-plane deformations, and 
4 ring angle deformations, also in plane. The C-H stretching 
modes are not expected to show resonance enhancement, since 
the C-H a-bonding system is not coupled electronically to the 
chromophoric 7~ system of the bipyridine. No Raman bands 
in the C-H stretching region are in fact observed. There is 
also no strong evidence of Ru-N stretching modes in the 
low-frequency region below about 500 cm-’. This again is not 
without precedence since Ru-N bonding distances may not 
be significantly altered in the excited state, resulting in little 
resonance enhancement. 

The four ring-angle deformation modes are expected below 
about 1000 cm-’, and there are observed some weak to very 
weak Raman bands, particularly one between 660 and 670 
cm-’ for the various derivatives but at 668 cm-’ for the parent 
compound, R ~ ( b p y ) , ~ + .  These modes are apparently not 
subject to significant resonance enhancement. This is further 
demonstrated by the relatively low intensity in the metal 
complex resonance Raman spectra of the ring “breathing” 
mode, which appears just above 1000 cm-’ and is quite intense 
in the nonresonance spectrum of bipyridine in HCl. 

Of the 11 remaining totally symmetric modes, the C-H 
deformations should contribute primarily to frequencies below 
about 1200 cm-’ and the C-C and C-N stretching modes to 
frequencies above 1200 cm-’. A number of modes are of 
course highly mixed, but to the extent that C-H deformation 
coordinates contribute to a mode, one would expect less res- 
onance enhancement. In the spectra reported here, the Raman 
bands above 1300 cm-’ are generally the most intense. Sug- 
gested assignments for the seven (or possibly eight) reso- 
nance-enhanced Raman bands in the region above about 1000 
cm-’ for the parent compound are included in Table I. The 
most intense band at 1494 cm-’, which remains nearly as 
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intense in the other spectra reported here and shows a fre- 
quency range of only about 9 cm-I, is assigned to C-N stretch, 
along with another band at 1322 cm-I, which again varies little 
in frequency or relative intensity throughout the series of 
compounds. Since substitutions are at the ring 4-position, the 
C-N modes are spatially remote and may be expected to 
couple least strongly with substituent modes. The band at 1278 
cm-' is assigned to the C-C inter-ring stretch, after Strukl and 
Walter and because this mode is assignedI7 in this region for 
biphenyl and substituted biphenyls. This mode is relatively 
constant in frequency for all complexes studied. 

Less intense bands at 1031 (with shoulder) and 1177 cm-I 
are assigned as ring breathing and C-H deformation mixed 
with some stretching. The 1177-cm-' mode shows appreciable 
variation, from 1159 cm-' in R~(4-PEt~+bpy),~+ to 1204 cm-' 
in R~(4,4 ' -Me~bpy),~+.  Finally, the 1567- and 161 1-cm-' 
modes are associated with C-C stretching on the periphery 
of the bipyridine ring system. These bands are split and shifted 
most by position-4 substitutions. 

R~(4,4'-Me~bpy)~,+ and Ru(bpy)P2. For the bissubstituted 
bipyridine complex, the observed resonance-enhanced Raman 
spectra (Figure 1B) are quite similar for 488- and 570-nm 
excitation, on either side of the 550-nm visible absorption peak. 
The band pattern is almost identical with that of the tris 
complex, with lower frequencies (4-10 cm-I). 

Upon asymmetric substitution, at the 4- and 4'-positions of 
the bipyridine, the resonance Raman spectrum (Figure 1A) 
of the trissubstituted complex is again quite similar to that 
of the unsubstituted ligand complex. The 16 1 1-cm-' peak 
shifts to 1624 cm-' and the 1567-cm-' peak to 1554 cm-I. Two 
peaks are observed near 1278 cm-I, at 1278 and 1265 cm-I, 
and the 1 177-cm-' band is shifted to 1204 cm-'. The new band 
at 1265 cm-' is probably due to mixing of the C-C stretch for 
the methyl substituent with resonance-enhanced ring stretching 
modes, resulting in an enhancement of the otherwise uncoupled 
substituent stretches. The symmetric substitution produces 
only a single new resonance-enhanced band, due to this mixing 
with resonance-enhanced modes of higher frequency, probably 
ring C-C stretch. Asymmetric substitutions (i.e., in one ring 
only) can result in a larger number of observed modes, due 
to the removal of the degeneracy of the internal coordinate 
sets of the two ring systems as well as the mechanism just 
discussed. This will be actually observed to the extent that 
the degeneracy is in fact removed, if the substituent alters 
bonding in one ring with respect to that of another or if 
coupling occurs with resonance-enhanced normal coordinates 
within the single ring system. 

4-Substituted Bipyridine Complexes of Ruthenium. The 
ethoxy substituent is, of the three studied here, the least 
perturbing with respect to the x system of the ligand (the 
absorption maximum is shifted to 460 nm, from 448 nm in 
the parent tris complex). The resonance Raman spectrum 
(Figure 2B) is most affected in the 1150-1350 cm-' region, 
where new modes at 1238 and 1338 cm-' appear. The 1275- 
and 1325-cm-' bands correspond to peaks in the parent com- 
pound. Mixing of Ph-0-R stretching can a c ~ o u n t ' ~  for the 
appearance of a new band in this region, possibly that at 1238 
cm-I. The splitting of the 1550-1650 cm-' C-C stretching 
modes is probably due to the slight electronic asymmetry 
induced by the ethoxy group with respect to the adjacent C-C 
bonds in the substituted ring. The 1494-cm-' C-N mode is 
relatively unaffected. 

The triethylphosphonium substitution at the 4-position 
perturbs the 1500-1650 cm-I region most in the resonance 
Raman spectrum (Figure 2C) of the tris complex. A band 
at 1534 cm-' is now comparable in intensity to the 1489-cm-' 

(17) Dollish, F. R.; Fateley, W. G.; Bentley, F. F. "Characteristic Raman 
Frequencies of Organic Compounds"; Wiley: New York, 1974. 
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C-N stretch, whereas a mode at 1570 cm-I, shifted little from 
the position in the parent complex spectrum, shows much lower 
relative intensity. The maximum in the visible absorption 
spectrum is now shifted to 466 nm, and the positive charge 
at the 4-position might be expected to polarize the charge- 
transfer transition toward the C-C bond region at the pe- 
riphery of the bipyridine ring that is substituted. The lower 
frequency (1534 cm-I) may reflect significant alteration of the 
C-C bonding due to u charge withdrawal by the triethyl- 
phosphonium. Unshifted bands in this region indicate a lack 
of effect on similar coordinates in the unsubstituted ring of 
the bipyridine. C-N stretch and C-C inter-ring stretch are 
similar in frequency for both the substituted and the unsub- 
stituted rings and show no splitting. The high resonance 
intensity of the C-C band at 1534 cm-' suggests an excited- 
state geometry in which more charge is transferred to the 
substituted ring and to a position further out on the ring 
system. 

In the resonance-enhanced Raman vibrational spectrum for 
the 4-nitro-substituted compound (Figure 2A) more new 
resonance-enhanced bands are observed than for any of the 
other compounds. By far the most striking feature of the 
Raman spectrum is a band at 1359 cm-I, which dominates the 
spectrum. This can be assigned as the symmetric stretch of 
the nitro substituent by analogy to other nitro-substituted 
aromatics'* such as nitrobenzene, where the band is observed 
at 1345 cm-I. The large resonance enhancement, coupled with 
the observed red shift of the visible charge-transfer band to 
486 nm, indicates the extent of coupling of the nitro group with 
the aromatic x system of bipyridine. Indeed, the extent of 
polarization of the charge-transfer transition toward the ni- 
tro-substituted ring must be quite large. Another mode at 1596 
cm-I may be due to mixing of the asymmetric nitro stretch 
(1 510 cm-l in nitrobenzene) with ring C-C stretch. As with 
the triethylphosphonium-substituted compound, the greatest 
frequency shifts occur in the peripheral C-C modes of the 
nitro-substituted ring. A band is observed at 1541 cm-' in 
addition to that at 1596 cm-I, while bands at 1607 and 1568 
cm-' are relatively unshifted from the positions in Ru(bpy),2+ 
spectra. A band at 1417 cm-' is assigned to the ring-NO, 
stretch and is resonance enhanced due to strong coupling with 
the bipyridine a system. 

Ru(4,4'-N02bpy)& The dinitro-substituted compound 
exhibits a resonance Raman spectrum (Table I) that is com- 
pletely dominated by the 1350-cm-' nitro symmetric stretch. 
Even the "invariant" C-N stretch in the 1490-cm-' region is 
no longer evident, but a much weaker band at 1467 cm-' is 
observed. Other bipyridine modes can be assigned, but they 
are significantly shifted from their positions in the parent 
complex. The conjugative electronic withdrawal of the nitro 
group on each ring is now dominant in effecting charge transfer 
to the periphery and onto the nitro groups. 

Interpretation of Visible Electronic Transitions. The gen- 
erally accepted assignment7-" for the 450-nm visible ab- 
sorption band of Ru(bpy)>+ as metal (t,) to ligand (..*) charge 
transfer is, as already mentioned, quite in keeping with the 
observation of bipyridine ring vibrations in the resonance 
Raman scattering upon excitation near the peak maximum. 
The same is generally true for the series of 4-substituted bi- 
pyridine complexes reported here. For the bissubstituted 
Ru(bpy),Cl,, in which the optical spectrum is quite altered, 
with bands at 375 and 55 1 nm in acetonitrile, the resonance 
Raman results indicate that the 550-nm band terminates in 
a a* orbital that must be nearly identical with that found for 
the 450-nm charge-transfer band of Ru(bpy),'+. The same 
vibrational modes are resonance enhanced with excitation to 

(18) Berhinger, J. In "Raman Spectroscopy: Theory and Practice"; Szy- 
manski, H. A,,  Ed.; Plenum Press: New York, 1967; Vol. 1,  p 168. 
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the high- (488 nm) or low-frequency (570 nm) side of the 
maximum. In addition, the relative intensities of these modes 
are very similar to those found for R ~ ( b p y ) ~ ~ + .  This further 
indicates the similarity of the excited-state geometries. 

From the resonance Raman spectrum of Ru(4,4'- 
Me2bpy)32+ we note the small effect of symmetric (4,4') 
substitution on the frequencies of the resonance-enhanced 
Raman modes. Upon asymmetric substitution (Le., one ring 
only), one observes the emergence of a pattern in which the 
Raman frequencies of one ring of the bipyridine system remain 
relatively unshifted as compared to those of the parent com- 
pound, whereas the substituted ring results in some shifted 
frequencies as well as additional resonance-enhanced bands 
due to mixing of substituent modes with resonance-enhanced 
ring modes. Of course, not all modes in the substituted-ring 
system are altered. In particular, the C-N stretching mode 
at  about 1488 cm-' seems quite invariant throughout the series 
of compounds with the exception of the 4,4'-dinitro compound. 
When such a dual set of observed modes exists, it gives rise 
to the possibility of following the transfer of charge onto the 
bipyridine ring system in the excited state as influenced by 
various substituents. 

A comparison of the resonance Raman spectra for the 
parent compound and the ethoxy-substituted compound shows 
little change in the pattern of relative intensities even though 
new modes are observed due to the substitution. For the 
triethylphosphonium-substituted compound a very intense 
mode at  1534 cm-' due to peripheral C-C stretch indicates 
the transfer of charge in the direction of the substituted ring 
system. The 1489-cm-' band is equally intense but, along with 
the 1609-cm-' mode, is apparently not sufficiently shifted from 
the unsubstituted ring value to allow a distinction. Note the 
low intensity of the 1570-cm-' mode, which is assigned to the 
peripheral C-C stretch of the unsubstituted ring (corre- 

sponding to the 1534-cm-l band). 
In the nitro-substituted compound, the coupling of the 

strongly electron-withdrawing nitro group with the bipyridine 
?r system has an even more dramatic effect on the resonance 
Raman spectrum. The dominance of the intense symmetric 
nitro stretching mode at 1359 cm-I is unique among the spectra 
reported here and indicates that the nitro moiety is part of the 
chromophoric system. A great deal of charge must be 
transferred to the nitro group in the excited state, and this has 
been proposedls as an explanation for the unique absence of 
detectable luminescence for this substituted bipyridine complex 
of ruthenium(I1). Because the nitro gorup can couple well 
with solvent (e.g., through hydrogen bonding), this may provide 
a facile, rapid pathway for vibrational depopulation of the 
excited state. The observed shift of only the nitro stretch to 
1352 cm-I in ethanol is further evidence of this type of solvent 
interaction. 

As demonstrated by this study, the investigation of the 
resonance Raman spectra of an appropriate series of complexes 
of a metal with substituted ligands can provide insight con- 
cerning the nature of the electronic transitions for such a series. 
In addition, certain properties of the excited states may be 
inferred from such an analysis. 

Acknowledgment. The authors wish to acknowledge support 
for this research provided by Research Corp., the Petroleum 
Research Fund, administered by the American Chemical 
Society, and the City University of New York PSC-BHE 
Research Award Program. 

Registry NO. Ru(bpy)?+, 15 158-62-0; Ru(bpy)$lz, 15746-57-3; 
R~(4,4'-Me~bpy)~~+, 32881-03-1; R~(4-OEtbpy),~~, 80106-00-9; 
R~(4-PEtp+bpy)3~+, 73891-49-3; R~(4-N02bpy)3~+, 73891-47-1; 
R~(4,4'-(NO2)2bpy)2C12, 73891-51-7; bpy, 366-18-7. 

Contribution from the Department of Hydrocarbon Chemistry, 
Faculty of Engineering, Kyoto University, Kyoto 606, Japan 

Study of Anion Radicals of Dicobalt Carbonyl Derivatives, 
P-n -Bus P(OMe)3, and As-i-Bu3) 

SHIGERU HAYASHIDA, TAKASHI KAWAMURA,* and TEIJIRO YONEZAWA 
Received June 19, 1981 

Anion radicals of CO*(CO)~(ER~)~ (ER3 = P-n-Bu3, P(OMe)3, and As-i-Bu3) are generated by exposure of 2-methyl- 
tetrahydrofuran solutions of their parent neutral complexes to 6oco y rays at 77 K and examined with ESR. The odd electron 
is accommodated in the intermetallic u* MO. The odd-electron densities on cobalt orbitals have small dependence on the 
axial ligand: p(Co d.2) = 0.31-0.32 and p(Co 4s) = 0.010-0.015. The odd-electron density on the central atom of the 
axial ligand is 0.10 for the phosphine complex and 0.05406 for the phosphite and the arsine complexes. This ligand dependence 
of the odd-electron distribution is interpreted with an orbital interaction scheme corresponding to a competitive sharing 
of the odd electron on the cobalt atoms between the lone pair orbitals on the axial and equatorial ligands. Carbonyl A* 

and cobalt 4p, orbitals are suggested to not be important contaminants in the intermetallic u* orbital. Anion radicals of 
dimanganese decacarbonyl derivatives are predicted to have a possibility of an axial ligand dependence of the odd-electron 
distribution different from that of the present dicobalt anions on a basis of an LCAO-Hartree-Fock-Slater calculation. 

The cobalt complexes C O ~ ( C O ) ~ ( E R ~ ) ~  (ER3 = P-n-Bu3, CoC stretching frequencies of this class of complexes correlate 
P(OMe)3, and As-i-Bu,) have a nonbridged D3d geometry with with ?r-acceptor properties of the axial ligands as in the case 
an intermetallic single bond.' Manningla suggested that the of dimanganese decacarbonyl derivatives.2 Gray and his 

co-workers3 have investigated their electronic spectra with 
conclusions that the intense absorptions at  393 and 360 nm 
of C O ~ ( C O ) ~ ( P P ~ ~ ) ~  and CO~(CO), [P(OM~) , ]~ ,  respectively, 
are due to the intermetallic u-u* transition. Poe and Jackson4 

(1) (a) Manning, A. R. J .  Chem. SOC. 1968, 1135. (b) Ibers, J.  A. J .  
Organomet. Chem. 1968, 14,423. 

(2) Lewis, J.; Manning, A.  R.; Miller, J. R. J .  Chem. SOC. 1966, 845. 
(3) Abrahamson, H. B.; Frazier, C. C.; Ginley, D. S.; Gray, H. B.; Lilien- 

thal, J.; Tyler, D. R.; Wrighton, M. S. Inorg. Chem. 1977, 16, 1554. 
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