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This is the first report of the metal-to-ligand charge-transfer (MLCT)
emission spectra of the bis-ethylenediamine− and tetraammine−
bipyridineruthenium(II) complexes. The emission maxima occur at
800 and 840 nm, respectively, at 77 K in DMSO/H2O glasses.
The MLCT excited states of these complexes have short lifetimes
(less than 50 ns), and as a consequence, the emission intensities
are very small. The energies of the emission maxima are very
close to those expected on the basis of the difference in reduction
potentials of the metal and ligand (∆E1/2) and the values of the
reorganizational free energies (ør) of the vertical transitions
estimated from the electron-transfer self-exchange reactions of the
complexes (hνmax(em) = F∆E1/2 − ør, where F is Faraday’s
constant). The low energy of the emissions is in large part a
consequence of the substantial contributions of the reorganizational
free energies.

We have found that the metal-to-ligand charge-transfer
(MLCT) luminescences of several mixed ligand, am(m)ine-
polypyridine, complexes of ruthenium(II) (in 77 K glasses)
appear in the midrange near-infrared (NIR) region, Figure
1. It has been alleged1 that the [Ru(NH3)4(bpy)]2+ complex
does not emit. Furthermore, the emission properties of [Ru-
(en)2(bpy)]2+ described in the same report1 are not signifi-
cantly different from those of the bis-bipyridine complex.
The earlier report was in accord with the general expectation
that the MLCT excited states of many of these am(m)ine
complexes would be efficiently quenched by a lower energy
ligand-field (LF) excited state of the ruthenium(II) center.1,2

The basis for this expectation is not altogether obvious since
it depends on the relative ordering of the energies of the LF
and MLCT excited states at their potential energy (PE)
minima. The energies of the respective absorption maxima

are not simply related to the energies of the PE minima since
the energies of both kinds of transition contain reorganiza-
tional contributions that arise from the differences in
geometry, solvation, etc. of the ground and excited electronic
states; forEge

00 the energy of excited-state PE minimum,
andλr, the net reorganizational energy contribution3

While there is no doubt that the LF excited states of am-
(m)ine complexes are appreciably lower in energy than those
of their polypyridine analogues,4-6 the energies of the MLCT
excited states are also expected to decrease when bipyridine
is replaced by am(m)ines.4,7-13 The energy contributions can
be treated relatively simply for the MLCT absorption
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Figure 1. Emission spectra in DMSO-water glasses at 77 K of [Ru-
(bpy)3]2+ (left), [Ru(NH3)2(bpy)2]2+ (middle), and [Ru(NH3)4(bpy)]2+ (right).
The spectra were obtained separately and then superimposed; the intensity
scales are arbitrary and different for each complex. The sharp line at 1064
nm is second-order scattered light from the laser used for excitation.

hνmax(abs)) Ege
00 + λr (1)
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maxima. Since energies and free energies are equivalent for
vertical transitions (provided all terms are consistent, as
discussed elsewhere),9,14,15and the free energy quantities are
related to the readily measured differences in metal and
ligand reduction potentials (forEge

00),7-9,12,13,16the reorga-
nizational free energy,ør,3 can be based on the kinetics of
self-exchange electron-transfer reactions.8,9,12,13,15-19 Then, a
useful approximate relationship is8

It is important to note that the reorganizational free energy
of the [Ru(NH3)6]3+,2+ couple is about twice as large as that
of [Ru(bpy)3]3+,2+.10,19,20 Since the RuIII /RuII reduction po-
tentials decrease more markedly than the bpy/bpy- reduction
potentials when bipyridine (bpy) is replaced by an am(m)-
ine,10,19,20this tends to decrease the MLCT transition energy.
Thus, the variations inF∆E1/2 and ør are expected to
somewhat compensate in the MLCT absorption spectra, so
these vertical transitions are not of themselves representative
of the variations inEge

00 (see Table 1).

Large reorganizational free energy contributions are
expected to result in relatively low energy emission spectra;
neglecting the singlet-triplet energy difference (twice the
exchange energy):8,9,11,13,21

This suggests that the tetraam(m)ine-polypyridine RuII

MLCT emission spectra should occur at relatively low
energies (Table 1). These estimates of (Ege

00 - λr)9,10,13,19

have led us to search for such spectra. Initial studies with a
Si-based diode array were encouraging,22 but we have only
been able to resolve reliable spectra with a Princeton
Instruments OMAV/InGaAs array detector and an Acton
SP500 spectrometer (wavelength calibration with respect to
Xe emission lines and intensity calibration relative to the
output of a NIST-traceable quartz-tungsten-halogen lamp).
The emissions of the tetraam(m)ine complexes are very
weak, and we have found them to be obscured by scattered
light in commercial fluorimeters. The scattered light problems
are minimized and readily identified when laser excitations
are used (Figure 1); the emission spectra of these complexes
obtained using 473 and 532 nm excitations from cw solid-
state lasers were indistinguishable. The energies of the 77
K MLCT emission maxima of the series of complexes,
[Ru(Am)6-2n(bpy)n]2+ (Am ) NH3 or en/2;n ) 1, 2, or 3),
are consistent with the variations of their differences in metal
and ligand reduction potentials, Figure 2. The correlation in
Figure 2 is qualitatively in accord with expectation for the
MLCT emission spectra of a series of related complexes.
However, it is emphasized that the conditions for the spectral
and electrochemical measurements are very different (77 K
glasses and ambient solutions, respectively), and that the
reorganizational free energies (and probably the exchange
energies)11,21vary systematically in the same order asF∆E1/2

(Table 1).
The importance of the comparisons in Figure 2 and Table

1 is that they are simple, and they provide an easy means of
estimating the energy range of an expected MLCT emission.
Rigorous correlations, involving measurements in the same
media (see comments above and in Table 1) and deconvo-
lution of the spectra to evaluate the energies, relative
intensities, and bandwidths of the 0-0′ and vibronic
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Table 1. Relationships between Optical and Thermal Properties of [Ru(Am)6-2n(bpy)n]2+ Complexesa

complex
hνmax (abs)
(ambient)b

hνmax (em)
(77 K)c F∆E1/2

d
ør°

(RuL3+,2+)/2e
∼300 K shift

expectedf
77 K shift

obsd

[Ru(bpy)3]2+ 21.8 17.2 21.1 3.4 0 0
[Ru(en)(bpy)2]2+ 20.16 16.0 19.2 3.9 2.4 1.2
[Ru(NH3)2(bpy)2]2+ 20.4 14.3 18.8 4.0 2.9 2.9
[Ru(en)2(bpy)]2+ 19.0 12.5 18.1 5.2 4.8 4.7
[Ru(NH3)4(bpy)]2+ 19.1 11.9 17.7 5.4 5.4 5.3

a All energies in units of (10-3 × cm-1 ) µm-1). Spectroscopic band maxima are from the raw, not deconvoluted, spectra.b In ambient DMSO/H2O (1/1)
solutions.8 c In DMSO/H2O (1/1) glasses at 77 K.d ∆E1/2 ) [E1/2(RuIII /RuII) - E1/2(bpy/bpy-)]; electrochemical measurements in ambient acetonitrile with
tetrabutylammonium hexafluorophosphate electrolyte.e Reorganizational free energies based on experimental rate constants for self-exchange electron-
transfer reactions,ør° = RTln(ket/KAκelνnu).8-10,19 This corresponds to a limit in which there is no electronic delocalization between the donor and acceptor,
generally,ør < ør°. f The difference between data in columns 4 and 5 for [Ru(bpy)3]2+ and the other complexes,∆hνmax(em; expected)) ([F∆E1/2 - ør]ref

- [F∆E1/2 - ør]complex), assuming thatør ) [ør(RuL3+,2+) + ør(bpy/bpy-)]/2, where RuL2+ is the complex indicated ion column 1;ør(bpy/bpy-) is treated
as a constant in this comparison.

hνmax(abs)) F∆E1/2 + ør (2)

hνmax(em)= F∆E1/2 - ør (3)
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components can provide important additional information;
they may permit evaluation of exchange energy contribu-
tions9,13,21and the effects of anharmonicities that arise from
configurational mixing.9,11,13,23,24An important effect of the
configurational mixing between the ground and excited
electronic states in these complexes is the progressive
attenuation reorganizational energy contributions as the
emission energy decreases;9,23,24 this effect is most evident
in the systematic decrease in the intensity of the vibronic
sidebands of the spectra in Figure 1. These points will be
addressed in detail in a later report. From a conceptual point
of view, it is important to observe that these details, while
important, amount to fine structure and the larger features
of MLCT spectroscopy can be treated in terms of simple
electron-transfer concepts.10-13

The difficulties encountered in previous attempts to detect
tetraam(m)ine-polypyridine-ruthenium(II) emission spectra
undoubtedly have arisen from the difficulty in detecting
emissions at these relatively long wavelengths and from the
small emission intensities. The shift ofhνmax(em) values to
low energies is consistent with the relatively large reorga-
nizational free energy contributions. Although one expects
solvent reorganizational energy contributions to be attenuated
in the glassy medium, bandwidths of the fundamental
components of the deconvoluted emission spectra do increase
with the number of am(m)ines through the series of
complexes. The small intensities of these emissions correlate
with their very short lifetimes; our preliminary results indicate
that the 77 K lifetime of the MLCT emission of [Ru(NH3)4-
(bpy)]2+ is ca. 25 ns. Thermally activated crossing to a low-
lying ligand field excited state is not likely to be a significant
issue at 77 K. The lifetimes of the MLCT excited states of
this group of complexes decrease systematically as the
number of N-H moieties coordinated to RuII increases.25

High frequency vibrational modes in a molecule are expected
to relatively efficiently quench an electronic excited state.26-29

However, Eeg
00 decreases as the number of NH moieties

increases, and the two contributions to lifetimes of the
complexes are difficult to separate. Am(m)ine perdeuteration
results in increases in emission lifetimes;kNH/kND increases
from less than 2 to more than 3 as the number of NH moieties

increases. This contrasts markedly with the effect of am-
(m)ine perdeuteration on the2E emissions of some CrIII

complexes,30 or on the transition metal-to-transition metal
electron-transfer emissions of CrIII (CN-)RuII complexes.31

For these complexes, the ratio of lifetimes,τD/τH, is roughly
proportional to the number (or degeneracy) of coordinated
N-H moieties. However, the ratios of lifetimes may not be
a definitive indicator of the contribution of high-frequency
modes since the heavy isotope (C-D or N-D) may also
have a significant role in quenching the excited state. If this
were to be the case, then the degeneracy factors would
approximately cancel in the ratio of lifetimes.

The work reported here has utilized of the transferability
of the basic parameters derived from thermal measurements
on electron-transfer systems to guide the search for optical
emissions. Several important, but difficult, issues (exchange
energies, frozen solvent modes, etc.) have been deferred to
a later report. The general theoretical basis for the inter-
relationships between the different measurements under
ambient conditions is well-known,17,32-35 and applications
of the basic arguments to the MLCT absorptions and
emissions of polypyridyl complexes have been reported.9-12,16,36

However, the usefulness of the simplest level of these
relationships has not been widely appreciated, as is evidenced
in the general acceptance of the claim that [Ru(NH3)4(bpy)]2+

does not emit. Some of this reluctance to apply electron-
transfer concepts to MLCT excited states of polypyridyl
complexes may arise from the expectation that the simple
arguments will “break down” when the donor-acceptor
coupling (manifested in the very large absorptivities) is as
strong as it is in these complexes. However, the deviations
from the simple diabatic (or zero coupling) limit are a
function of the extent of electron delocalization. Since the
vertical energy differences are relatively large in these
complexes, the extent of electron delocalization is small, and
the deviations from the diabatic limit can be treated with
standard perturbation theory.9-13,19
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Figure 2. Correlation of 77 K emission maxima for [Ru(Am)6-2n(bpy)n]2+

complexes with the difference in RuIII /RuII and bpy/bpy- reduction potentials
(the complexes in the figure are ordered, top to bottom, as in Table 1).
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