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The nature of electronic communication and delocalization in L
molecular mixed-valence species has been a subject of much Ao
investigation, particularly with respect to the Creufzaube ion,
[(NH3)sRul(pz)P* (Wwhere pz= pyrazine) ().! After much experi-
mental investigation, including persuasive electroabsorptmml
resonance Ramamxperiments involving the near-infrared inter-
valence (IT) electronic absorption band, it was concludedXhst
a delocalized, averaged-valence species (Rebay’ class Il) best
described by a three-site vibronic coupling mé&déthat explicitly
includes an electronic state and vibrations of the bridging ligand.
A versatile and more recently investigated pyrazine-bridged mixed-
valence system is the “dimer” of trinuclear ruthenium clusters,
[(RusO)(OACk(CO)(L)]pz) (Figure 1), wherd. = 4-(dimethy-
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Figure 1. Ruthenium “dimers of trimers”.

lamino)pyridine @), pyridine @), or 4-cyanopyridine 4). The
electronic coupling between clusters can be tuned by different
choices of the ancillary pyridyl ligant, and dynamic effects of
electron transfer (ET) on infrared vibrational spectra can be
observed® Resonance Raman spectra with excitation in the IT
bands of these three ruthenium “dimers of trimers” are reported
here. These data provide the first opportunity to explore how
vibronic contributions of specific normal modes vary as electronic
communication strength is systematically adjusted in mixed-valence ‘ 1208
compounds near the localized-to-delocalized transition. The results |
of this study are broadly applicable to understanding electronic and
vibrational properties of mixed-valence compounds.

Figure 2 shows the Raman speéraf 2, 3, and4 as a function
of oxidation state in a region that highlights three pyrazine-based
Raman peaks. The excitation wavelength is not resonant in any 900 1000 1100 1200 1300 1400 1500 1600 1700
electronic transition in the (0) isovalent oxidation states, but for
the mixed-valence-{1) oxidation states the excitation is resonant
with the transition previously assigned as the IT band, centered at
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Figure 2. Raman spectral{xc = 752 nm) of2" (A), 3" (B), and4" (C).
T University of California. Solvent peaks are marked by an astertgkgnd minor peaks without labels
* Los Alamos National Laboratory. are tentatively assigned to ancillary pyridyl ligarid) (modes.
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Figure 3. Stick graph showing the frequencies (for the vy, andvg, pyrazine modes) and peak intensities for clusgr8", and4" (wheren =0 or —1).
Integrated peak intensities are relative to solvent{Clk) peaks at 1157 cni (v1 andvg,) and 1424 cm? (vsy). Estimated intensity uncertainties até0%.
approximately 830 nd? Raman bands at 1035, 1225, and 1605 the IT band, both il and in2-—4~. As is evident in infrared?
cm~tin the neutral complexes are assigned toitheve, andvg, Raman, and bridge-substitu&nstudies of ruthenium “dimers of
modes of pyrazine. Assignments were verified by comparison to trimers”, the importance of the mediating species in a full
analogous complexes with pyrazidg-as bridging ligant and understanding of electron transfer and delocalization between
noting the characteristic isotopic frequency shift&! strongly coupled sites should not be underestimated. These new

Two trends are observed for these bands as a function of results further demonstrate that resonance Raman spectra (and the
oxidation state. (i) All shift to lower frequency with more negative vibronic coupling information found therein) can be obtained as a
oxidation states. This is evidence of partial electronic occupation function of tunable electronic coupling. Analysis of coupling-
in the pyraziner* (LUMO) orbital in the (—1) oxidation state and dependent Raman results will increase the understanding of
suggests that electronic occupation on pyrazine is an importantelectronic structure and vibronic effects in bridge-mediated electron-
contributor to the electronic character of the mixed-valence state. transfer systems and will help address incompletely understood
(i) Band intensities are enhanced in thel() state due to their vibronic coupling issues at the localized-to-delocalized transition.
coupling to the IT electronic transition. Vibronic coupling of such Acknowledgment. We thank the Los Alamos LDRD program
symmetric bridging ligand modes to the IT band (or the-BN for support of this work. We also acknowledge support from NSF
transition) is predicted by the three-state model of Ondreéhen. (CHE-0079182, CHE-0315593).

In 27, 37, and4~, enhancement of symmetric pyrazine bands Supporting Information Available: Table of frequencies and
varies with the electronic coupling between clusters (see Figure intensities in spectra from Figures 2 and 3; table of peak assignments
3). Observed intensities follow the tre@d > 3~ > 4-, which is in pyrazineels species; electronic spectraaf, 37, and4~ with Raman
also the demonstrated trend in comproportionation constants andeXcitation frequency noted (PDF). This material is available free of
estimated intercluster ET raté&The trend in intensities may reflect ~ charge via the Internet at http://pubs.acs.org.
multiple factors. In the serie®™, 37, 47, the maximum of the IT
band shifts to longer wavelength and loses spectral intensity while
the bandwidth increases. Changes in bandwidth likely reflect
changes in vibronic coupling patterns and strengthg, vyhlch woul_d 3 Eﬁ?&_; Petrov, V.: Hupp, 3. TChem, Phys. Let1995 235, 521527,
also influence resonance Raman responses. Quantitative resolution (4) Robin, M. B.; Day, PAdy. Inorg. Chem. Radiochen1967, 10, 247—
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