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The mixed-valence state of compounds with multiple redox
centers has been a subject of considerable scientific intérésts.
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1 (L =Py, R =4-tert-butylpheny)
2 (L =PyCN, R = 4-tert-butylphenyl)

Figure 1. Ruthenium porphyrin dimerg and 2.

Some of these compounds show characteristic intervalence-panq structure is characteristic of the coupling between a discrete

charge-transfer bands in the near-IR region. Typical examples

energy level and a continuum, and is often referred to “antireso-

are mixed-valence multinuclear metal complexes such as Creutz-,5,c6"13 To our knowledge, the EMV coupling reported so far

Taube ion$and lanthanide porphyrin sandwich complek&se

is restricted to systems in the solid-state such as MEM(TGN®)

charge-transfer transition of the lanthanide complexes shows ag.q [OS(OEP)(pyz)(Pdln-1* MEM(TCNQ), shows a prominent

strong vibronic structure at around 8000 émOther intriguing

examples are the cation radicals of the special pair of bacterio-

coupling of conduction electrons and vibrational modes in the
range around 2206100 cnt. A pyrazine-bridged mixed-valence

chlorophyll (BChl). The radicals show a broad but distinct optical 5mium porphvrin polvmer. [OS(OEP)(byz in fluorolube
absorption ascribable to the intervalence transition, which occurs i i1 alsg sﬁogvs apn gntire’s[ona(nce a)épayrczlgargn’lsoﬂl.é?n

in the mid-IR region down to 2600 cm*° A striking feature is
that the broad band shows a derivative-like dispersion form at
around 2100 cm. In these systems of radicals of the special

pair and the lanthanide complexes, the broad band shape of theg

We report here the first example of well-defined molecular
compounds that show a remarkable electron-molecular-vibration
coupling in the range 2006700 cn1? both in the solid state and
n solution. The molecules are cofacial ruthenium porphyrin

low-energy electronic transitions and the vibronic structures have gimers with a Ru(/11,1l) oxidation state. The most remarkable
been regarded as overlapping transitions from the ground statefga e s that the entire range of porphyrin vibrations all shows

to various vibrational levels of the excited electronic state. Thus,
they have been essentially analyzed using the Fra@dndon
factor calculatior?:*

However, in the cases where the intervalence transition is
extremely low in energy €£2100 cnt!) and appears in the
wavenumber region of vibrational fundamentals (transitions of
v = 0to 1), another type of the electreribration coupling takes

conductors:12This coupling, termed EMV (electrermolecular
vibration) coupling, occurs between the discrete vibrational levels
of the electronic ground state and the vibronic continuum of the
low-lying electronic excited state. The EMV coupling results in
a “derivative-like band structure” of the vibrational mode in the
broad electronic band of the mid-IR spectra. The derivative-like
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a strong antiresonance coupling with an electronic transition, this
coupling appearing even in solution spectra.

The cofacial ruthenium porphyrin dimers, [RR-PytB;P)(Py)k
1 (Ru(I1,11)) and [RuU'"(2-PytB:P)(PyCN)} 2, shown in Figure 1,
were prepared by the method reported previotfsihey exhibited
stepwise electrochemical oxidations at the metal centes@$ Ry

1111 and Ruy(1LID/(111,11) due to strong interactions between
place, which has been observed in one-dimensional organic( ) (11 1D/ ) g

the cofacially arranged ruthenium porphyrin units. The one-
electron oxidation ofl by stoichiometric titration withJenabled
us to isolate a mixed-valence complex of [Ru(2-PjR}l.

In situ Fourier transform infrared reflection absorption spec-
troscopy (FT-IRRAS) was applied to the study of interfacial
electrochemistry’ The measurements were carried out using a
Bio-Rad FTS-30 spectrometer equipped with a HgCdTe detector
cooled with liquid-N. A gold working electrode (diameter, 8 mm)
was pushed against the Ga#indow by a micrometer head. Since
the solution layer between the electrode and the window was very
thin ( ~1 um), the electrochemical reactions of the species were
completed instantaneously when the electrode potential changed.
A total of 128 interferrograms with a resolution of 4 chwere
collected at each potential, wheRes the reflectance at O potential
andAR is the difference in reflectance at the measured potential
versus 0 potential. The results are presented in the form of the
normalized reflectance decreaseAR/R, which corresponds to
the absorption change from KU, I1).
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Figure 2. In situ FT-IRRAS of the [Ru(2-Pyt8)(Py)} 1 (Ru(l1,11))

system in 0.1 M TBA(PE)-CHCI; solution at around 23C. Concentra-
tion of the dimer is~0.5 mM. Inset is a cyclic voltammogram @&f o 067
[+
Q
Figure 2 shows in situ IRRAS spectra bfat potentials of O, =
300, and 800 mV versus Ag/AgCl, respectively. Compared to a £ 0.4
cyclic voltammogram observed under the same conditions, shown g
in the inset, the Ru complex is expected to exist ag(IRL), s
Ru(111,11), and Ru(l11,111) at these potentials, respectively. It is S 0.21
remarkable that a broad absorption band was observed in the <
region between 2000 and 1000 chin the spectrum of Ryl 1), 0.0
while this absorption band is absent in the IRRAS spectra ¢f Ru 2500 2000 1500 1000 500
(1,1 and Ruw(1l1,111). Significant intensity changes of several Wavenumber / cm”

vib[?tional_bands were observed in the region of less than 1700 Figyre 4. IR spectrum (KBr disk) of [Ru(2-Pyt@)(Py)bl with a Ru-
cm*. Similar band changes in the mid-IR region were also (I oxidation state (solid line) and its calculated spectrum (dotted line).
observed in the KBr pellet for R(ll,Il), as shown in Figure . _ o )

318 The system o2 gave the same spectral contour. These results modified by totally symmetric monomer vibrations and antireso-
demonstrate that the coupled spectra are characteristic of the Ru hance peaks at frequencies of the vibrational modes. To confirm
(I11,11) electronic states. this coupling in the present system, the KBr spectrum of-Ru

The solvent-subtracted solution spectrum of(Rull) in a low (IL1) was compared with a calculated spectrum based on the
concentrated (0.03 mM) Gigl, solution, measured by using a dielectric function similar to eq 2.26 in ref 3. An excellent
0.1 mm cell with KRS-5 windows, is almost the same as the agreement between both spectra was obtained as shown in Figure
spectra of the KBr disk of Raill,Il) and also of Ru(lIl,I1) in 4, by adjusting parameters in the EMV model and assuming a
the FT-IRRAS cell. Such a coupled broad band in the IR region Strongly active infrared band at 1642 chm _ _
of 4000-250 cntt was neither observed in the corresponding  In conclusion, IR spectra (KBr mull and in solution) and in
monomer complexes of R(2-PytB;)(Py), and [RU'(2-PytB;)- situ FT-IRRAS measurements disclosed the presence of antireso-
(Py)]*, nor in the mixed-valence carbonyl dimer complex of [Ru- nance couplings of ground-state molecular vibrations to an
(2-PytBsP)(CO)L*, where oxidation of porphyrin rings occurs.  electronic transition in the dimer ion of [Ru(2-P)¢_gﬂ5]2+ in Fhe_

The observed spectra described above suggest that the anomaange of 2006-700 cn™. The spectrum contour is very similar
lous infrared band shape of Kll,II) may be explained by to that of cation radicals of BChl which show several antireso-
assuming an intervalence transition at around 1500 !éfn nance-like peaks at around 2100 ¢m
According to the EMV coupling theory for the dimer-system with

an unpaired electron given by Rice et %athe broad band is Supporting Information Available: Calculation procedures for the
simulation of the IR spectrum (KBr disk) of [Ru(2-PyB)(Py)}!, that

. r("lﬁ;ITTs Ssim;g:{%b?%ere%é% ';T-;%R";\isnlii}gife&ﬁ StﬁléCt;UZC{ﬂrE?n thig is, Rw(lIL,I) of 1 (PDF). This material is available free of charge via
gharacteristic I?)f the Rdll, Il) state, bgcausegthe relation can belzoobserved the Internet at http://pubs.acs.org.
only when the molar absorptivity; i, of the unique Ry(ll1,11) spectrum in JA994297G
FT-IRRAS measurements is significantly larger than that of(RU), that

! o ° >
:?fr;g’"conzgrﬁrlgti%% l()}‘oé(tnﬁglﬁerence spectrum, where, for examplgy C (19) This broad band at around 1500 ¢nin the present study is ascribed
e to an intervalence transiton band. Another intervalence transition in this system
Absorbance= ;5 1 Gy + €1uCin = €uu(Cun + Cun) has been observed at 6670 ¢nf1500 nm)® The relation between the two
o ' o ' ' ' bands is now under investigation. The presence of such multiple transitions
= (e — €, G 1) is documented in ref 6.




