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The 77 K emission spectra of a series of [Ru(Am)6-2n(bpy)n]2+ complexes (n ) 1-3) have been determined
in order to evaluate the effects of appreciable excited state (e)/ground state (g) configurational mixing on the
properties of simple electron-transfer systems. The principal focus is on the vibronic contributions, and the
correlated distortions of the bipyridine ligand in the emitting MLCT excited state. To address the issues that
are involved, the emission band shape at 77 K is interpreted as the sum of a fundamental component,
corresponding to the{e,0′} f {g,0} transition, and progressions in the ground-state vibrational modes that
correlate with the excited-state distortion. Literature values of the vibrational parameters determined from
the resonance-Raman (rR) for [Ru(NH3)4bpy]2+ and [Ru(bpy)3]2+ are used to model the emission spectra and
to evaluate the spectral analysis. The Gaussian fundamental component with an energyEf and bandwidth
∆ν1/2 is deconvoluted from the observed emission spectrum. The first-, second-, and third-order terms in the
progressions of the vibrational modes that contribute to the band shape are evaluated as the sums of Gaussian-
shaped contributions of width∆ν1/2. The fundamental and the rR parameters give an excellent fit of the
observed emission spectrum of [Ru(NH3)4bpy]2+, but not as good for the [Ru(bpy)3]2+ emission spectrum
probably because the Franck-Condon excited state probed by the rR is different in symmetry from the emitting
MLCT excited state. Variations in vibronic contributions for the series of complexes are evaluated in terms
of reorganizational energy profiles (emreps,Λx) derived from the observed spectra, and modeled using the
rR parameters. This modeling demonstrates that most of the intensity of the vibronic envelopes obtained
from the frozen solution emission spectra arises from the overlapping of first-order vibronic contributions of
significant bandwidth with additional convoluted contributions of higher order vibronic terms. The emrep
amplitudes of these complexes have their maxima at about 1500 cm-1 in frozen solution, andΛx(max) decreases
systematically by approximately 2-fold asEf decreases from 17 220 for [Ru(bpy)3]2+ to 12 040 cm-1 for
[Ru(NH3)4bpy]2+ through the series of complexes. Corrections for higher order contributions and bandwidth
differences based on the modeling with rR parameters indicate that the variations inΛx(max) imply somewhat
larger decreases in first-order bpy vibrational reorganizational energies. The large attenuation of vibrational
reorganizational energies of the [Ru(Am)6-2n(bpy)n]2+ complexes contrasts with the apparent similarity of
reorganizational energy amplitudes for the absorption and emission of [Ru(NH3)4bpy]2+. These observations
are consistent with increasing and very substantial excited-state/ground-state configurational mixing and
decreasing excited-state distortion asEf decreases, but more severe attenuation for singlet/singlet than triplet/
singlet mixing (Rge > Reg for the configurational mixing coefficients at the ground-state and excited-state
potential energy minima, respectively); it is inferred that 0.18g Rge

2 g 0.09 for [Ru(bpy)3]2+ and 0.37g
Rge

2 g 0.18 for [Ru(NH3)4bpy]2+ in DMSO/water glasses, where the ranges are based on models that there
is or is not a spin restriction on configurational mixing (Rge > Reg and Rge ) Reg), respectively, for these
complexes.

Introduction

Very strong donor-acceptor electronic coupling in an electron
transfer system can result in alterations, relative to weak
coupling limits, of the reaction driving force, the intrinsic barrier
to reaction, and even the theoretical model used to describe the
corresponding reaction rates. The complexes in which a metal
acts as an electron donor (D) and a coordinated polypyridine
ligand acts as an acceptor (A) typically have very intense metal-

to-ligand charge transfer (MLCT) absorbencies, and this implies
very strong D/A electronic coupling. Thus, electroabsorption
measurements indicate that the electronic matrix element (Hge;
the subscripts denote ground, g, and excited, e, states) associated
with the MLCT absorption for [RuII(NH3)5py]2+ is about 10 000
cm-1,1,2 and the comparison of a variety of measurements has
suggested thatHge≈ 7000 cm-1 for the corresponding transition
in RuII-bipyridine complexes.3 Consequently, the excited-state/
ground-state transitions of these complexes should serve as good
models for the investigation of the effects of strong electronic
coupling on simple electron-transfer systems. Large electronic
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matrix elements lead to appreciable configurational mixing
between the corresponding diabatic electronic states.4 For the
mixing coefficient given byRge) Hge/[Ege(d){1 + (Hge/Ege(d))2}1/2]
(for Ege(d)the vertical energy difference between the two diabatic
electronic states),4 the mixing of electronic states should lead
to systematic alterations in absorption and emission energies,
bandwidths, and band shapes for a series of closely related
complexes with a common chromophore but differences inEge.
The bandwidths and band shapes are, in principle, functions of
the contributions of the differences between the solvent and
molecular nuclear coordinates,∆Qk, of the electronic ground
and excited states.5-16 Increases in configurational mixing
between these states are expected to result in smaller differences
in their nuclear coordinates. In a recent report,17 we noted that
the vibronic sidebands in the DACT emissions of a series of
[Ru(Am)6-2n(bpy)n]2+ complexes (Am) an am(m)ine) decrease
systematically with the decreasing energy of the DACT emis-
sion, qualitatively consistent with the expected variations in the
extent of configurational mixing. The present report addresses
this attenuation of the vibronic sidebands of these complexes
more systematically by means of an examination of the vibronic
structure of their 77 K DACT emission spectra, and the
comparison of these vibronic contributions to those expected
based on previously reported resonance Raman (rR) spectra.18,19

This class of complexes has been very extensively studied,20-28

but issues related to the extent and the effects of configurational
mixing have been controversial,21,27,29-33 and some issues that
relate to the effects and variations of configurational mixing of
the lowest energy MLCT excited state with other, near in energy
electronic states are not well documented. For example, the high-
energy MLCT excited states of [Ru(bpy)3]2+ have been found
to cross between close-in-energy states of different formal spin
multiplicities on subpicosecond time scales34-37 and some of
the electron injection into semiconductor substrates occurs on
femtosecond time scales.38,39Since these electron transfer rates
are faster than the rate of vibrational equilibration, they imply
that Born-Oppernheimer approximation-based potential energy
(PE) surfaces are not useful in describing them. It is not clear
which molecular properties lead to these behaviors,36 but the
very large electronic matrix elements and the small energy
differences between many of the electronic states27 suggest that
appreciable configurational mixing may play an important role.

The squared displacements,∆Qk
2, usually represented as

vibrational reorganizational energies (λk) are important com-
ponents of the Franck-Condon contributions to absorption and
emission spectra,12,13,40-44 to excited-state relaxation,13,40,45,46and
to electron-transfer reactivity.6,14,25,47-58 The absorption and
emission spectra can be represented as sums of the contributions
of progressions of vibrational contributions for each of thek
displacements (whose vibrational frequencies) νk), and theλk

contribute to the intrinsic bandwidths of the emission compo-
nents for hνl < ∼4kBT, and to the band shape forhνh >
∼4kBT.5-9,12,13,15,16,25,59-61 The evaluation of these reorganiza-
tional components is very often based on the properties of the
separated donor and acceptor moieties. Thus, for very little
configurational mixing and if other factors are not important
the full width at half-height of each vibronic component of the
emission is62

On the other hand, the observed band shape can be related to
the contributions of higher frequency vibrational modes, and
for small displacements the intensity of the first-order vibronic
component of thehth displacement mode10,11

The variations in configurational mixing within a series of
related complexes may result in different sets of values of the
λk,3,8,9,59,60and one expects correlated variations in the experi-
mentally observable spectroscopic properties. Thus, there should
result variations in (1) absorption and emission zero point
energies, (2) bandwidths, and (3) band shapes (or skewness).
Standard perturbation theory arguments indicate that configu-
rational mixing should alter zero point energies4 and, more
pertinent to the present report, very strongly affect the reorga-
nizational energies.3,8,9,60 Figure 1 qualitatively illustrates the
effects of configurational mixing on the excited and ground-
state PE surfaces; the changes in the PE surfaces result in
changes in the emission band shapes. The effect on bandwidths
is not as obvious since many factors contribute to the bandwidth
of the observed emission envelope. It has been proposed that
the bandwidths of the vibronic components (in the absence of
other contributions) should be attenuated, compared to eq 1,
with increasing configurational mixing8,9,63 (for Reg < 0.3),

In principle, eq 3 might be useful in establishing the variations
in configurational mixing through a series of complexes.
However, other factors can also contribute to the emission
bandwidth. This is especially the case in solution studies since
there is necessarily a distribution of solvation environments and
this can alter bandwidths through the resulting range of values
of λl(d) and/or Eeg(d). A perturbation theory treatment of the
effects of the configurational mixing of the ground and excited
states leads to an expression for the attenuation of the overall
reorganizational energy,λr, for the parameters evaluated at the
excited-state PE minimum whenReg) Rge(i.e., for fluorescence;
the effects of spin restrictions on the reorganizational param-
eters60 result in Reg < Rge, and are treated in the Discussion
section) and forReg

2 < 0.1,3,60

The intensities of the emission components corresponding to
the high-frequency vibrational modes (hνh g 4kBT) should be
free of the inhomogeneous broadening and other effects that
complicate the interpretation of the bandwidths. If the attenu-
ation is the same for all the distortion modes, then decreases in
the low-energy sideband intensity of the emission spectrum can
be used to evaluate the overall changes in contributions of
vibrational reorganizational energies even in solution spectra
in which the individual vibronic components are not resolved.

We have recently generated empirical reorganizational energy
profiles (emreps) from D/A emission spectra in order to facilitate
the search for vibronic contributions of very high-frequency
vibrational modes.16,64In the present paper we examine the use
of emreps as a tool for determining variations inλk. In this report
we describe our studies of the attenuations of vibrational
reorganizational energies of the bipyridine ligand inferred from
the 77 K emission spectra of [Ru(Am)6-2n(bpy)n]2+ complexes.
We have selected these complexes as the substrates for this study
because (a) their excited state properties have been so exten-
sively characterized, (b) their very large MLCT absorptivities
imply appreciable configurational mixing, (c) they exhibit a wide
range of emission energies (Figure 2), (d) the vibrational modes
of the bpy ligand have been noted to make distinct contributions
to the band shape,13,27and (e) the emission in each complex, in

(I0′1)h ) (I0′0/hνh)λh (2)

∆ν1/2 = 4[kBTλl(d)(1 - 4Reg
2) ln 2]1/2 (3)

λr ≈ λr(d)(1 - 4Reg
2) (4)

∆ν1/2 = 4[kBTλl ln 2]1/2 (1)
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the simplest limit can be attributed to a common electronic
transition: {bpy-,RuIII } f {bpy,RuII}.

The vibronic contributions of the MLCT spectra of transition
metal complexes in ambient solution are often difficult to
determine: both absorption and emission spectra tend to have
large bandwidths that obscure the contributions of individual
components, and absorption spectra may be further complicated
by the convolution of several electronic transitions into the
absorption envelope.3,59,60Emission spectra in frozen solutions
are more useful for the comparison of the excited states of a
related series of complexes because the transitions almost always
involve a single excited and a single ground electronic state,
the contribution of the{e,0′} f {g,0} fundamental component
of the emission is relatively easy to identify, some vibronic
features can be resolved, and environmental differences between
complexes can be minimized. The interpretation of the vibronic
sidebands of even frozen solution emission specrtra is compli-
cated by the substantial component bandwidths and the resulting
convolution of the contributions when there are many contribut-
ing vibrational modes in the energy region examined.31,32 We
have used published resonance-Raman (rR) data reported for
[Ru(bpy)3]2+ 19 and for [Ru(NH3)4bpy]2+ 18 to examine the
interpretation of the contributions of vibronic sidebands to the
observed spectra.

Experimental Section

1. Materials. The ligands 2,2′-bipyridine (bpy) and ethyl-
enediamine (en) were purchased from Aldrich and used without
further purification. The complexes [Ru(bpy)3]Cl2, RuCl3‚xH2O
(x e 1), cis-Ru(bpy)2Cl2, and [Ru(NH3)5Cl]Cl2 were purchased
from Strem Chemicals and used as received. The complexes
[Ru(NH3)5(O3SCF3)](O3SCF3)2,65 [Ru(NH3)4bpy](PF6)2,66-68

[Ru(NH3)2(bpy)2](PF6)2,66-68 [Ru(bpy)]Cl4,69 [Ru(en)(bpy)2]-
(PF6)2,70 [Ru(bpy)2(O3SCF3)2],65 and [Ru([14]aneN4)bpy](PF6)2

71

([14]aneN4 (cyclam)) 1,4,8,11-tetraazacyclotetradecane) were
prepared by slight modifications of literature procedures (see
the Supporting Information, S1).72 All other reagents were
reagent grade. Organic solvents were spectral grade, and water
was deionized and distilled.

Elemental analyses of C, H, and N were performed at
Midwest Micro Laboratories (Indianapolis, IN) and are sum-
marized in Table S2a (Supporting Information).72

Am(m)ine deuterated complexes were prepared by dissolving
the corresponding proteo-complex in D2O and precipitating it
by adding saturated NaPF6/D2O solution into the mixture. This
procedure was repeated several times and characterized either
by IR spectra or by1H NMR. The 1H NMR data are reported
in Table S2b (Supporting Information).72

2. Instrumentation. Emission spectra at room temperature
in the 500-800 nm range were recorded on a SPEX Fluorolog
instrument, and corrected for instrument response with the
correction file packaged with the instrument’s software, or on
a SPEX Tau-2 instrument in the 500-850 nm range with
DataMax software. The Tau-2 detector response was useful to
about 850 nm. Longer wavelength emission spectra and low-
temperature emission spectra in 77 K glasses were determined
with a Princeton Instruments (Roper Scientific) OMAV/InGaAS
array detector mounted on an Acton SP500 spectrometer. The
InGaAs detector response is relatively poor for wavelengths
shorter than about 750 nm. For a few complexes with higher
energy emissions, such as [Ru(bpy)3]2+, we have used the
spectra determined using the InGaAs detector and second-order
diffraction of the Acton spectrometer (in addition to the
calibrated spectra determined with the SPEX Tau2). The
intensity responses of the Tau2 and InGaAs-based spectrometers
were calibrated with respect to the intensity output of an Oriel

Figure 1. A qualitative comparison of the effects of configurational
mixing on the ground state-excited state distortion in two closely related,
very strongly coupled systems which differ only in their excited-state
energies (upper dashed curves). The molecular distortion,∆Q ) Qe

0′

- Qg
0, decreases as the mixing increases; it is assumed that the

electronic coupling matrix element,Hge, is the same for the two systems
and that the mixing coefficient,Hge/Ege

0′0(d), depends only on the energy
difference of the diabatic states,Ege

0′0(d). The dashed curves represent
the (unmixed) diabatic states, the solid and dash-dot curves represent
the adiabatic states (after mixing), and the arrows indicate the direction
of shift of the respective PE minima (dark gray for the smallestEge

0′0,
light gray for the largest.). Note that the actual distortion is between
the adiabatic minima, block arrows.

Figure 2. Comparison of the emission spectra and spectral deconvo-
lutions for the [Ru(NH3)(6-2n)(bpy)n]2+ complexes. The black envelope
line is the original spectrum and the superimposed whiter line is the
fitted spectrum. The largest, high-energy Gaussian component (heavy
black line) is assigned as the fundamental. Spectra were obtained at
77 K in butyronitrile glasses.
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Model 63358 Quartz Tungsten Halogen lamp with NIST
traceable calibrated intensity output. The wavelength response
of the InGaAs spectrometer was calibrated with respect to the
Xe emission lines of an Oriel Spectral Calibration Lamp (model
6033). The emission data from the InGaAs spectrometer were
collected using the WinSpec program. Emission measurements
at 77 K were made using butyronitrile, DMSO:H2O (1:1), or
DMSO:D2O (1:1) glasses or the microcrystalline solid in 1 mm
i.d. cylindrical luminescence cells immersed in liquid nitrogen
in a quartz Dewar secured with a Derlin holder. Microcrystalline
solid samples were prepared by allowing solutions of the
complexes to evaporate in the luminescence sample cells. The
sample cell and Dewar were aligned for each experiment to
optimize the signal. Optical filters were used to reduce the
scattered laser light. At least 5-10 spectral scans were ac-
cumulated and averaged for each sample spectrum. Over the
course of this study spectra were accumulated for several
samples, and different preparations for each complex. We also
compared the spectra obtained on two or more instruments for
key compounds. We were able to obtain very good second-
order emission spectra of [Ru(bpy)3]2+ (1100-1600 nm region)
with the InGaAs detector-based system. Emission spectra
obtained in the Tau2 and InGaAs-based spectrometers differed
in their peak maxima by about 20 cm-1. The Tau2 response to
the Xe Spectral Calibration Lamp indicated a somewhat periodic
deviation of about(1 nm in wavelength responses.

Luminescence lifetimes were determined by passing the
emitted light through an ISA H-100 monochromator to a
Hammamatsu 950 PMT. The PMT was coupled to a LeCroy
9310 digital oscilloscope and interfaced to a computer.10

Software for this system was written by OLIS, Inc. (Jefferson,
GA).

The electrochemical measurements were performed with a
BAS model 100A electrochemical workstation using manufac-
turer-supplied software for instrument control and data manipu-
lation. Cyclic voltammograms (CV) were obtained using a three-
electrode system consisting of a Ag/AgCl reference electrode,
a Pt wire counter electrode, and a Pt disk working electrode for
measurements in dry CH3CN. The working electrode was
polished with 0.3 and 0.05µm Buehler alumina suspensions
and sonicated for a few seconds between polishing cycles. The
solutions consisted of the complex dissolved in acetonitrile
containing 0.1 mol/L TBAH (tetrabutylammonium hexafluo-
rophosphate) as electrolyte. Cyclic voltammograms were ref-
erenced internally to ferrocene (0.437 V vs Ag/AgCl) dissolved
in the same sample solutions. The data are summarized in Table
S3.72

UV-visible spectra were recorded using a Shimadzu UV-
2101PC spectrophotometer.1H NMR spectra were performed
using a Varian 300 Hz instrument.

3. Data Analysis Procedures.a. Emission Spectra.To
evaluate the fundamental component, the spectrometer ASCII
files were transferred to Excel and the observed spectral
intensities were divided by the emission energy (see eq 6 below)
and the intensity of the emission maximum was adjusted to 1.00.
The resulting spectral data were transferred to Grams-32 for
the Gaussian deconvolution. These fits were constructed so that
the Gaussian function representing the fundamental,Iνm(f),
matched the slope on the high-energy side of the experimental
emission as closely as possible while accounting for most of
the intensity of the high-energy feature, as described else-
where.3,64These deconvolutions are based on the representation
of the emission spectra as summations over Gaussian functions
corresponding to the fundamental (j ) 0) and other compo-

nents.12,14,43,44,73Only the fundamental components obtained by
this deconvolution procedure were used in the further analysis
of the band shape. The data reported here are for spectra with
reproducible band shapes and bandwidths, and they are the
average of 4-12 individually determined spectra. The spectral
deconvolutions are illustrated in Figure 2. The further interpreta-
tion of these spectra is based on the more detailed model for
progressions in vibronic components with Gaussian band shapes
as described below.

b. Empirical Reorganizational Energy Profiles(emreps). The
reorganizational energy profiles are based on eq 2 (solved for
λh) and constructed from the difference of the intensities of the
observed emission spectrum and those of the fundamental
component from the,Iνm(spec)- Iνm(f) (Iνm(spec)is the intensity of
the observed emission spectrum at the frequencyνm), then
multiplying the resulting difference spectrum byhνx/Imax(f), and
plotting the product vshνx, as described elsewhere;16,64see the
Supporting Information.72 The energy axis in the emrep is given
by,

in which hνd ) [hνmax(f) - hνm] is approximately corrected for
the displacement of the maxima of the reorganizational energy
components to higher energies than the corresponding maxima
for the vibronic contributions to the emission spectrum when
the vibronic components have significant bandwidths.72

4. Modeling the Emission Spectra of [Ru(bpy)3]2+ and
[Ru(NH3)4bpy]2+ Based on Vibrational Parameters from
Resonance-Raman Spectra.Observed ambient and frozen
solution spectra clearly contain information about the contribu-
tions of distortion modes, but the interpretation of these
contributions is complicated by the appreciable bandwidths of
the spectral components. Very low temperature, crystalline solid-
state spectroscopic studies of [Ru(bpy)3]2+ 27 and ambient
resonance-Raman (rR) spectra of [Ru(bpy)3]2+ 19 and [Ru(NH3)4-
bpy]2+ 18 solutions have demonstrated that there are a large
number of molecular distortion modes in these complexes; see
Table 2. We have used the rR data to model the observed
emission spectra of these two complexes. This allows us to
examine some issues in regard to (a) the relevance of the rR
data (obtained from the region of the MLCT absorption) to the
emission (presumably from the triplet MLCT excited state), (b)
the effects of bandwidth variations on the information that may
be inferred from solution spectra about the basic molecular
parameters (zero point energies, vibronic contributions, etc.),
and (c) the extent to which emreps may be used to evaluate
variations in high-frequency vibrational reorganizational energy
contributions. We have used the rR parameters to evaluate most
aspects of our spectral analysis.

a. A Gaussian Component Model of the Contributions of the
Intensity Contributions of Vibronic Progressions.The emission
intensity at a frequencyνm can be represented in general form
as,12,42-44

In eq 6,η is the index of refraction,c is the speed of light,Heg

is the electronic matrix element, andHeg∆µeg/hνm has been
substituted for the transition dipole,Meg.12,42,74 Based on
Gaussian band shapes and a wave packet model and for the
contributions of a single vibrational mode, (FC) can be

hνx ) 2[hνmax(f)- hνm] -

[{hνmax(f) - hνm}2 + (∆ν1/2)
2/4 ln 2]1/2 (5)

Iνm
) 64π4

3h3c3 ln 10

νmη3Heg
2(∆µeg)

2

(4πøskBT)1/2
(FC) (6)
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represented by,12,43,44

The zero-point energy difference between the ground-state and
excited-state PE surfaces,E0′0, and the solvent reorganizational
energy associated with the redistribution of charge,λs, are
difficult to determine independently from the emission spectra
of species in solution, so we have chosen to express the functions
that are used in the evaluation of the emission spectra in terms
of parameters that are experimentally accessible: (i) the full
width at half-height,∆ν1/2, in the denominator of the exponen-
tial, in place of the more commonly used, solvent reorganiza-
tional free energy (øs); and (ii) the energy of the maximum of
the fundamental component of the emission spectrum,hνmax(f)

) E0′0 - λs. The maximum of the fundamental emission
component can be related to thermodynamic and kinetic
properties of the substrate,6,14,47,48,73,75

In eq 10, ∆Geg
o is the standard free energy difference and

between the zeroth vibrational levels of the excited-state and
ground-state PE surfaces, andøs is the difference in the free
energy of solvation for the ground state with the solvent
configured as appropriate for the excited-state PE minimum and
for the PE minimum of the ground state. These free energy
quantities are often available from other kinds of measurements,
e.g., estimates of their values are often based on electron-transfer
kinetic data and on electrochemical measurements, respec-
tively.14,23,73,75

In this model of the emission spectra we assume that all the
distortion modes have significant rR intensities and that there
are no differences in selection rules for rR contributions and
vibronic contributions to the emission spectra. In constructing
the higher order contributions to the emission spectra, we have

TABLE 1: Spectroscopic Properties and Excited State Decay Rate Constants for [Ru(Am)6-2n(bpy)n]2+ Complexesa

RuII complex
[ligands] hνabs(max)

hνem(max),
298 K

hνem(max),
77 K

hνmax(f), [∆ν1/2], 77 K
{hνmax(f), [∆ν1/2], 298 K} Λx(νx), 77 K

knr (µs-1), 77 K
{knr (µs-1), 298 K}

[(bpy)3] 21.9 (d/w) 15.98 (d/w) 17.12 (d/w) 17.22 [0.68] (d/w) 1.16 (1.49) (d/w) 0.23 (d/w){1.1 (d/w)}
{16.53 [1.64] (d/w)}

16.24 (bun) 17.25 (bun) 17.31 [0.64] (bun) 1.05 (1.50) (bun)
[(en)(bpy)2] 20.2 (d/w) 13.97 (d/w) 15.00 (d/w) 15.06 [0.78] (d/w) 1.00 (1.50) (d/w) 1.3 (d/w){12.3 (d/w)}

20.4 (bun) 14.35 (bun) 15.11 (bun) 15.16 [0.72] (bun) 0.88 (1.49) (bun) 0.69 (bun){10.2 (bun)}
[(NH3)2(bpy)2] 20.4 (d/w) 13.52 (d/w) 14.56 (d/w) 14.64 [0.91] (d/w) 0.99 (1.53) (d/w) 2.9 (d/w){25 (d/w)}

20.2 (bun) 13.98 (bun) 14.67 (bun) 14.70 [0.78] (bun) 0.86 (1.49) (bun) 1.7 (bun){14.5 (bun)}
[([14]aneN4)(bpy)] 19.0 (d/w) 12.94 (d/w) 13.96 (d/w) 14.01 [0.95] (d/w) 0.85 (1.44) (d/w) 1.59 (d/w){22.8 (d/w)}

19.3 (d/w) 13.38 (bun) 13.99 (bun) 14.03 [0.89] (bun) 0.81 (1.45) (bun) 0.975 (bun){19.0 (bun)}
[(en)2(bpy)] 19.1 (d/w) 11.81 (d/w) 12.82 (d/w) 12.88 [1.03] (d/w) 0.85 (1.45) (d/w) 26 (d/w)

19.2 (bun) 12.59 (bun) 13.01 (bun) 13.05 [0.89] (bun) 0.78 (1.45) (bun) 9.5 (bun)
[(NH3)4(bpy)] 18.8 (d/w) 12.02 (d/w) 12.09 [1.11] (d/w) 0.81 (1.45) (d/w) 39 (d/w)

19.0 (bun) 12.37 (bun) 12.42 [0.92] (bun) 0.80 (1.48) (bun) 22 (bun)
[(d4-en)(bpy)2] 20.3 (d/w)b 14.0 (d/w)b 15.00 (d/w)b 15.08 [0.78] (d/w) 0.99 (1.51) (d/w) 0.66 (d/w)b {6.2 (d/w)b}

20.4 (bun)c 14.5 (bun)c 15.0 (bun)c 15.17 [0.76] (bun) 0.77 (1.47) (bun) 0.41 (bun)c {9.0 (bun)c}
[(ND3)2(bpy)2] 20.3 (d/w)b 13.7 (d/w)b 14.57 (d/w)b 14.66 [0.91] (d/w) 0.98 (1.55) (d/w) 1.3 (d/w)b {13.7 (d/w)b}

20.3 (bun)c 14.1 (bun)c 14.5 (bun)c 14.62 [0.86] (bun) 1.01 (1.49) (bun)c 1.1 (bun)c {13 (bun)c}
[(d4-[14]aneN4)(bpy)] 19.0 (d/w) 12.94 (d/w) 13.94 (d/w)b 13.99 [0.97] (d/w) 0.85 (1.44) (d/w) 1.27 (d/w)b {19.0 (d/w)b}
[(d4-en)2(bpy)] 19.0 (d/w)b 12.83 (d/w)b 12.89 [1.04] (d/w) 0.84 (1.47) (d/w) 8.4 (d/w)b

19.2 (bun)c 12.9 (bun)c 12.98 [0.84] (bun) 0.82 (1.38) (bun) 5.1 (bun)c {41 (bun)c}
[(ND3)4(bpy)] 18.9 (d/w)b 12.04 (d/w)b 12.10 [1.13] (d/w) 0.80 (1.46) (d/w) 13 (d/w)b

19.2 (bun)c 12.2 (bun)c 12.41 [0.93] (bun) 0.79 (1.51) (bun) 12 (bun)c

a All energies in units of cm-1/103. Abbreviations: d/w) DMSO/water; bun) butyronitrile. b DMSO/D2O. c Trace amounts of H2O may have
been present.

TABLE 2: Summary of Resonance-Raman Parameters

for [Ru(bpy)3]2+19 for [Ru(NH3)4bpy]2+18

vibration (i)a νi(K), cm-1 ∆i(K) λi(K), cm-1 Si(K) νi(H), cm-1 ∆i(H) λi(H), cm-1 Si(H) Si(K)/Si(H)b

5 1608 0.31 77 0.048 1605 0.38 116 0.072 0.68
6 1563 0.47 171 0.110 1548 0.36 101 0.065 1.69
7 1491 0.73 397 0.266 1481 0.55 224 0.151 1.76
8 1450 0 0
9 1320 0.56 207 0.157 1331 0.41 111 0.084 1.87

10 1276 0.36 83 0.065
11 1264 0.09 5 0.004 1260 0.15 14 0.011 0.36
12 1176 0.48 135 0.115 1172 0.30 53 0.045 2.55
13 1110 0.16 14 0.013
14 1067 0.10 5 0.005
15 1043 0.16 13 0.013 1027 0.32 52 0.051 0.25
16 766 0.14 8 0.010
17 668 0.75 188 0.281 667 0.62 128 0.192 1.46

456 0.27 17 0.036
18 370 0.44 37 0.10 376 0.81 123 0.328 0.306
19 283 0.50 35 0.125 248 0.46 26 0.106 1.18

a Notation from Maruszewski et al.19 b Ratio of relative, first-order vibronic intensities.
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assumed that the harmonic and combination band contributions
are weighted equally. In effect, this model assumes very low
symmetry (see the following discussion of the spectral fits).

We have constructed the intensity of the{e,0′} f {g,0}
transition (the fundamental; forj ) 0) as a Gaussian function
with maximum intensityImax(f) at a frequency ofνmax(f) and full
width at half-height of∆ν1/2. The intensity of the fundamental
at a frequencyνm is,

The first-order vibronic terms are constructed as:

The second-order vibronic terms are constructed as:

The third-order terms are constructed as:

Then the intensity at a frequencyνm is calculated as:

The graphical presentation ofIνm(calcd) vs νm is the theoretical
spectrum constructed from resonance-Raman data. Note that
Imax(f) is a constant for any specific spectrum, but we do not
relate the values of this parameter found for one complex to
those found for another. The experimental spectrum is desig-
natedIνm(spec).

The intensity of the fundamental is fixed relative to the
intensities of the rR components, eq 2, but the intensity of the
fundamental obtained from Gaussian deconvolution of the
observed spectra, when combined with the rR components
results in a spectrum that is 10-30% more intense than that
observed. To fit the spectrum, the numerical file containing the
fundamental and the rR-based components was either scaled in
EXCEL to match the experimental spectrum at the emission
maximum or transferred to Grams32 and the intensities were
matched with those of the experimental spectrum by adjusting
Imax(f). The rR fits were further optimized by slightly altering
∆ν1/2.

Results

1. The Observed Emission Spectra.The pertinent absorp-
tion, emission, and lifetime data are summarized in Table 1.
The fittings of the fundamental to the observed emission spectra
are illustrated for butyronitrile solutions in Figure 2. The MLCT
excited state emissions of the am(m)ine-polypyridyl complexes
are weak, even at 77 K, and at appreciably lower energies than
that of the [Ru(bpy)3]2+ complex.

2. Observations on the Resonance-Raman Spectral Pa-
rameters Reported for [Ru(bpy)3]2+ and [Ru(NH3)4bpy]2+.
If the MLCT absorption in each complex corresponds to a
{RuII,bpy} f {RuIII ,bpy-} transition, then in the simplest limit
one expects that the same bpy-centered vibrational modes
contribute to both spectra. Equations 2 and 4, based on a two-
state model, suggest that the ratio of the intensities of the first-
order vibronic sidebands that originate from these vibrational
modes of the two complexes is a constant that can be correlated
to the electron density delocalized (Reg

2). The relative intensities
of the first-order vibrational mode contributions (Si) obtained
from the rR data of [Ru(bpy)3]2+ 19 and [Ru(NH3)4bpy]2+ 18 are
summarized in Table 2 and the ratios of these intensities in
Figure 3. The ratios of these intensities for the two complexes
vary over a considerable range: the apparent displacements in
several modes are larger for [Ru(bpy)3]2+ than for [Ru(NH3)4-
bpy]2+, as expected, but reversed for some of the other
vibrational modes (Table 2 and Figure 3). The variations of the
intensity ratios for the same vibrational modes in the different
complexes has been noted previously.43 A very similar pattern
of variations of the relative intensities of the vibronic compo-
nents has been observed for the rR spectra obtained from
excitations of the MLCT absorption bands of [Os(py)6-2n(bpy)n]2+

complexes.76 Some differences are expected forνi < 1000 cm-1

owing to differences in the metal-ligand skeletal vibrations,
and there may also be some contributions in this range from
the approach used to determine the displacements from the
observed spectra.18 Errors in the estimation of the low-frequency
displacements will result in some smaller errors in the estimates
of second-order terms. The variations of the relative intensities
of the higher frequency vibronic terms must have a different
origin. The resonance-Raman spectrum probes the Franck-
Condon excited state,43 and according to the Franck-Condon
principle, this excited state and the ground state must have the
same nuclear coordinates and symmetry. This corresponds to
D3 andC2V symmetry for [Ru(bpy)3]2+ and [Ru(NH3)4bpy]2+,
respectively. This difference in symmetry necessarily corre-
sponds to differences in the Franck-Condon excited state
nuclear and electronic structure and this is likely to be the origin
of the different apparent displacements in the bpy vibrational

Iνm(f) = Imax(f)e
-{[hνmax(f)-hνm]2/(∆ν1/2

2/4 ln 2)} (11)
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( λh
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)e-{[hνmax(f)-hνh-hνm]2/(∆ν1/2
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2/4 ln 2)} (13)

Iνm(0′3) =
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∑
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∑
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×
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)( λj

hνj
)( λk

hνk
)e-{[hνmax(f)-hνi-hνj-hνk-hνm]2/(∆ν1/2

2/4 ln 2)} (14)

Iνm(calcd)= Iνm(f) + Iνm(0'1) + Iνm(0'2) + Iνm(0'3) + ... (15)

Figure 3. Ratio of reorganizational energy parameters in the range of
bpy skeletal vibrations. Square points for reported rR components; ratio
of Λx from experimental emission spectra in butyronitrile, heavy blue
line; ratio of Λx from experimental emission spectra in DMSO/water,
heavy black line; ratio ofΛx based on emission spectra constructed
from the reported rR parameters with the bandwidth observed in
butyronitrile, brown line; ratio ofΛx based on emission spectra
constructed from the reported rR parameters with the bandwidth
observed in DMSO/water, green line.
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modes. In fluid solution the excited state of [Ru(bpy)3]2+

apparently relaxes from the higher symmetry (“at leastC3’’) 36

to the localizedC2V state in about 60 fs.36 If this relaxation also
occurs in frozen solution, then the rR data for [Ru(bpy)3]2+ do
not properly describe the distortion of the emitting state.

Figure 3 compares (a) the ratios of the emreps based on the
observed emission spectra of these complexes, (b) the ratios of
the reorganizational energies of the reported rR frequencies,18,19

and (c) the ratio of emreps based on the spectra calculated from
the reported rR vibrational reorganizational energies and the
bandwidth of the fundamental inferred from the observed
emission spectra. If we discount the weakest rR vibrational
modes (those withλi < 10 cm-1 for [Ru(bpy)3]2+), then the
vibrations at about 1043 (1027) and 1608 (1605) cm-1 (reported
vibrational frequencies of [Ru(NH3)4bpy]2+ in parentheses) have
smaller reorganizational energies for [Ru(bpy)3]2+ than for [Ru-
(NH3)4bpy]2+, and the ratio of reorganizational energies for the
1176 (1172) vibrational mode seems anomalously large; this
could also be the origin of the very large ratio of second-order
contributions in the 2000-2400 cm-1 spectral region for the
[Ru(bpy)3]2+ and [Ru(NH3)4bpy]2+ emreps based on the spectral
fits of the rR data (∆ν1/2 ) 750 and 1040 cm-1, respectively,
for both the fitted and experimental spectra).

Overall, the comparison of the rR data for the two complexes
implies that the distortions of the bipyridyl ligands are different
in their pattern as well as in amplitude for the two complexes.
Likely origins of this effect are (a) differences in symmetry
between the Franck-Condon excited state and the emitting state
and/or (b) differences in the electronic states that are configu-
rationally mixed with the emitting state. The Franck-Condon
excited state of [Ru(bpy)3]2+ can be described as a symmetry
adapted combination of the three equivalent diabatic MLCT
excited states that each localize the excited electron on a
different bpy ligand. ThisD3, “delocalized” structure of the
Franck-Condon excited state of [Ru(bpy)3]2+ and theC2V,
“localized” Franck-Condon excited state of [Ru(NH3)4bpy]2+

should be expected to have different distortions. It is important
to observe that a “delocalized” Franck-Condon excited state
of [Ru(bpy)3]2+ need not have the same electron density in each
of the bpy ligands since lowest energy MLCT excited states of
[Ru(bpy)3]2+ are expected to have the{dπ(e)3,π*(e)}, {dπ-
(a2),π*(e)} and{dπ(e)3,π*(a2)} electronic configurations (where
the Ru dπ-donor orbitals and theπ*-acceptor orbitals of the
bpy ligands are adapted toD3 symmetry). The MLCT excited
states corresponding to the{dπ(e)3,π*(e)} configuration have
(A1 + A2 + E) symmetries77 and theA1 f A2 and A1 f E
MLCT transitions are dipole allowed (z andx,y, respectively).
The Franck-Condon excited states based on the{dπ(e)3,π*-
(e)} configuration will not have electron density equally
distributed over the bpy ligands.

Even if the emitting3MLCT excited state of [Ru(bpy)3]2+

has the electron predominately localized in theπ* orbital of a
single bpy, the vertical energy differences with the3MLCT′
excited states that “localize” the electron on the other two bpy
ligands are small and there should be appreciable mixing of
these excited states. This MLCT/MLCT′ configurational mixing
is not available for [Ru(NH3)4bpy]2+, and this difference in
excited-state configurational mixing could result in excited-state
distortions that are different in kind as well as degree. Some
issues of the differences in distortion are illustrated by consider-
ing the subset of metal-ligand vibrational modes for the [Ru-
(bpy)3]2+ complex: in theC2 limit (electron localized on a single
bpy) there are 15 nondegenerate skeletal vibrations, while in
the D3 symmetry of the ground state there will only be 11

nondegenerate vibrations. This will result in differences in
vibrational frequencies and probably differences in the relative
displacements in the different modes. The skeletal modes of
the bpy ligands are more complicated since there are three times
as many vibrational modes inD3 symmetry as inC2 symmetry,
and the vibrational modes of the individual bpy ligands must
be properly adapted toD3 symmetry. For example, there is a
single breathing mode vibration (a symmetrical mode, as) in C2

symmetry, and in the limit of weak configurational mixing the
as modes of the three equivalent bpy ligands may be combined
to construct two correlated vibrations (e and a1) in D3 symmetry.
Even in this approximation the e vibrational mode is a weighted
combination of the ligand as atomic motions of the individual
ligands (e.g., [2as - as′ - as′′] and [as′ - as′′]) and the correlated
excited state displacements are not easily interpreted in terms
of a single breathing motion. This linear combination of the
ligand vibrational modes will be less useful when the configu-
rational mixing is very strong, and it will be necessary to treat
the coupled motions of the individual atoms of the ligands using
some form of a normal coordinate analysis.

3. Fits of the Emission Spectra with the rR-Based Models.
a. The 77 K Spectra.The rR-based models fit the 77 K emission
spectra of both complexes quite well; however, the fit of the
rR observations to the [Ru(NH3)4bpy]2+ spectrum in Figure 4
is excellent while the fit is not as good for [Ru(bpy)3]2+. We
have found that the fit of the vibrational parameters to the
experimental emission spectrum of the latter is improved if the
λi (or Si) of [Ru(bpy)3]2+ are adjusted to equal 1.3-1.5 times
the corresponding vibrational parameters for [Ru(NH3)4bpy]2+

(Figure 4), but these fits are still not nearly as good as the fit of
rR parameters to the [Ru(NH3)4bpy]2+ emission.

Since the fundamentals make dominant contributions to both
emission spectra and since we obtain a statistical best fit of the
fundamental in these spectra, the quality of the fits of the rR
data is most critically tested in the calculated difference spectra,

The difference spectrum calculated for [Ru(NH3)4(bpy)]2+ from
the rR data using eq 16 and obtained by subtracting the
fundamentalIνm(exp;diff) ) (Iνm(spec) - If), whereIf is based on
the Grams32 deconvolution and adjusted to be compatible with
the rR vibronic components (see discussion below) from the
observed spectrum are almost identical in shape and differ only
slightly in amplitude (Figure 5). The 5-10% larger amplitude
of the calculated difference spectrum is probably within the
range of the uncertainties in our determinations of energies,
intensities, and bandwidths that result from limitations of the
optical alignment of the sample cell and the resolution and
calibration of the detection system (see also Appendix A).
However, this difference could also arise because the electronic
state populated by absorption and probed by the rR is not the
emitting state.41,43

There are much larger discrepancies of the calculated
(Iνm(calcd;diff)) and observed (Iνm(exp;diff)) difference spectra for [Ru-
(bpy)3]2+, even when the ratios of vibronic intensities are fixed
relative to those for [Ru(NH3)4bpy]2+. Despite these discrep-
ancies, it is important to note that the rR data do reasonably
reproduce to the energies and amplitudes of the dominant
features of the difference spectrum of [Ru(bpy)3]2+, and that
the agreement is much better at high frequencies (νd > 1000
cm-1) than at low frequencies (see comments in section 2
above). This is also the case when the fundamental used to
obtain the observed difference spectrum is based on the Grams32
deconvolution (not adjusted for the rR data, compare Figures 5

Iνm(calcd,diff) = Iνm(0′1) + Iνm(0′2) + Iνm(0′3) + ... (16)
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and 12). The latter is an important observation since rR data
are only available for a few complexes.

We have assumed that there are no differences in selection
rules for vibronic contributions to the emission and the
resonance-Raman spectra inC2 or C2V symmetry, and we have
used eqs 11-15 to construct the contributions of the first-,
second-, and third-order vibronic components to the emission
spectrum as a function of component bandwidth for [Ru(bpy)3]2+

and for [Ru(NH3)4bpy]2+. The higher order contributions are
constructed as the sums of all the harmonics and of all the
combination bands of the coupled vibrational modes found in
the rR spectra. It is important to observe that the second-order
contributions are significant in the 1500 cm-1 region of the
dominant vibronic feature of both spectra. The failure to include
the contributions of the combination bands results in much worse
fits. The sum of the contributions of each order of these
components is indicated separately in Figure 4.

b. The Ambient Emission Spectrum of[Ru(bpy)3]2+. The
ambient emission of this complex is broad and featureless.
The component bandwidths seem to be about double those found
in the 77 K spectrum, consistent with the temperature dif-

ference and eq 1. Our modeling of the emission spectra
(described below) demonstrates that a consequence of increases
in bandwidth is the increasing importance of second- and third-
order vibronic contributions and a shift of the observed emis-
sion maximum to lower energies, see Figures 10 and 11. The
fundamental obtained from the ambient spectrum by our
Grams32 procedure hashνmax(f) ) 16 270 cm-1 and ∆ν1/2 )
1760 cm-1. We have used the reported19 rR parameters to refine
these estimates and obtain the parameters reported in Table 1.
Adjusting the fundamental to fit the rR parameters increases
hνmax(f) by 1.5% and reduces∆ν1/2 by 7.5%, but it results
in a 33% reduction of the apparent intensity of this compo-
nent. This uncertainty in the intensity of the fundamental
makes it nearly impossible to assess the vibronic contribu-
tions (see eq 2) to the unstructured emission unless other
information, such as the rR parameters, is available. It is
important to note thatΛx almost doubles between 77 and 300
K. Our modeling (see below) demonstrates that this is a
consequence of the increase of component bandwidths and it
does not suggest a temperature dependence of the excited-state
distortion.

Figure 4. Fittings of resonance-Raman data to the 77 K emission spectra observed in (1:1) DMSO/water, left column, and butyronitrile, right
column, for [Ru(bpy)3]2+ (a-d) and [Ru(NH3)4bpy]2+ (e and f). The observed spectra are the heavy black curves. The fitted spectra, heavy red
curves (Iνm(calcd)), are the convolutions of the fundamental, purple curve, and the sums of the first-order, blue curve, second-order, green curve, and
third-order, brown curve, vibronic components; see eqs 11-15. For panels a, b, e, and f, the reorganizational energies are based on the reported
resonance-Raman parameters; for panel c theλi are assumed to be 1.4 times the values ofλi for each of the vibrational frequencies,νi, reported for
[Ru(NH3)4bpy]2+; for panel d the ratio ofλi was assumed to be 1.3.
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4. The Evaluation of Procedures and Parameters Used in
the Spectral Analysis Using rR-Based Gaussian Vibronic
Component Models.We have used the rR parameters for [Ru-
(bpy)3]2+ and [Ru(NH3)4bpy]2+ to model the dependence of the
observable spectroscopic properties on component bandwidths.
We have used the rR parameters for both complexes in order
to bracket the variations of emission spectra for the complexes
described in this report. This modeling enables us to make
bandwidth corrections in order to better evaluate trends in the
observed emission spectra.

a. Resonance-Raman-Based Modeling of the Grams32 De-
conVolution Procedure.The modeling indicates that there is very
little variation in the energy of the fundamental,hνf(fit) , with
∆ν1/2. There are larger variations in its intensity,Iνm(f;fit) , with
∆ν1/2. These are approximately linear (r2 ) 0.995) over the range
of ∆ν1/2 ) 600-1300 cm-1 and for [Ru(bpy)3]2+ and [Ru-
(NH3)4bpy]2+ respectively (∆ν1/2 in cm-1),

The bandwidths of the Grams32 fitted fundamentals vary

linearly with the input bandwidths (over the same range as
above); the fits for [Ru(bpy)3]2+ and [Ru(NH3)4bpy]2+ respec-
tively are (r2 ) 0.995)

b. Resonance-Raman-Based Modeling of emreps.The enve-
lope of vibronic contributions to an emrep is the sum over the
reorganizational energy contributions of all the contributing
vibrational modes. Since the vibronic components have signifi-
cant bandwidths, their contributions to an emrep will also have
a significant bandwidth. To compare the emreps of different
complexes, it is necessary to correct for any effects of the
variations of component bandwidths. To emphasize that the
envelopes are the sums of such contributions, we have labeled
them asΛx; similarly, and because we have made a bandwidth
correction, eq 5, we label the vibrational energy axis “hνx”. The
shapes, amplitudes (Λx), and energies (hνx) of the principal
features of these profiles are reproducible, within reasonable
error limits (5-10%), in different determinations of the spectra.
Changing the energy and width of the fundamental changes the
reorganizational energy profile parameters, and this is the
principal source of uncertainty in the inferred reorganizational
energy contributions (see Appendix A). The uncertainties are
much larger for the lower frequency vibrations (forhνx < 500
cm-1, the uncertainty inΛx is greater than 50% since∆ν1/2 is
of the order of 1000 cm-1 andIf makes a very large percentage
contribution to the observed emission intensity)64 than for those
displaced by more than 1000 cm-1 from the maximum of the
fundamental (uncertainties of less than about(15% of Λx).64

The experimental and calculated emreps are compared in
Figure 6. The apparent reorganizational energies are reasonably
consistent with those obtained from the experimental spectra:
the energy and amplitude of the major vibronic contributions
at about 1500 cm-1 are reproduced reasonably well (these
contributions are reproduced best for the rR parameters of [Ru-
(bpy)3]2+ adjusted to be in a constant ratio to those of [Ru-

Figure 5. Comparison of the experimental,Iνm(exp;diff) (black curves),
and calculated,Iνm(calcd;diff) (dashed red curves), difference spectra. The
fundamental,I f, used forIνm(exp;diff) ) (Iνm(spec)- I f) was obtained from
Grams32 fits of the experimental emission spectra and adjusted to fit
the rR data;Iνm(calcd;diff) was calculated from the resonance-Raman
parameters (eq 16). Emission spectra at 77 K obtained in DMSO/water,
left column, and butyronitrile, right column.Iνm(calcd;diff) for [Ru(bpy)3]2+

based on the reported19 rR parameters, top row, and withIνm(calcd;diff)

for [Ru(bpy)3]2+ based on the reorganizational energies of these
parameters adjusted to 1.4 times (middle left) and 1.3 times (middle
right) the corresponding values ofλi of [Ru(NH3)4bpy]2+. Comparisons
of Iνm(calcd;diff) and Iνm(exp;diff) for [Ru(NH3)4bpy]2+, bottom.

[Iνm(f;fit) - Iνm(f)]/Iνm(f) )

((3.25( 0.09)× 10-4)∆ν1/2(fit) - 0.18( 0.01 (17)

[Iνm(f;fit) - Iνm(f)]/Iνm(f) )

((4.99( 0.17)× 10-4)∆ν1/2(fit) - 0.21( 0.02 (18)

Figure 6. Comparison of emreps based on experimental (77 K)
emission spectra, heavy line, to those based on the best fit of resonance-
Raman data, light line for [Ru(bpy)3]2+, top, and [Ru(NH3bpy]2+,
bottom, in DMSO/water, left, and butyronitrile, right. Most of the
amplitude differences of the calculated and experimental emreps arise
from the differences betweenImax(f) as evaluated from the Grams32
fitting and that with the intensity adjusted to accommodate the rR data.

∆ν1/2(fit) ) (1.22( 0.03)∆ν1/2 - 157( 37 (19)

∆ν1/2(fit) ) (1.04( 0.01)∆ν1/2 - 13 ( 12 (20)
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(NH3)4bpy]2+). Even at 1500 cm-1, the second-order vibronic
components contribute 10-35% toΛx. Nevertheless, the ratios
of emreps of different compounds are relatively weakly de-
pendent on the bandwidth (see Figure 3), and useful information
about the differences in multimode excited state distortions of
a series of complexes can be obtained, with relatively small
corrections, from the emreps of complexes with component
bandwidths less than about 1500 cm-1.

The evaluation of the attenuation of vibronic sidebands by
eq 4 is based on the first-order vibronic components. One would
expect greater attenuation (∼[1 - 4Reg

2]2) of second-order
components as expressed in eq 13, and the evaluation of the
differences of band shape must take account of the different
contributions of first- and second-order components. Since the
key parameters are functions of the bandwidth, we can use the
rR modeling to estimate that part ofΛx(max) that arises only from
first-order vibronic contributions at any specified value of the
bandwidth. The attenuation effects are most easily interpreted
in terms of the sum of first-order component contributions,Λ1st,
but each compound has a different intrinsic bandwidth, and the
reorganizational parameters are functions of the bandwidth; for

example, from the modeling for[Ru(bpy)3]2+ and [Ru(NH3)4-
bpy]2+, respectively,

Equations 21 and 22 imply thatΛ1st(cor) ) (0.32)|∂∆ν1/2| +
562 for [Ru(Am)2(bpy)2]2+.

For the 600e ∆ν1/2 e 1500 cm-1 range of bandwidths, the
modeling for [Ru(bpy)3]2+ gives the first-order contributions
(r2 ) 0.99): For [Ru(bpy)3]2+ (evaluated atνd ) 1493 cm-1),
I lst/Itotal ) 0.957( 0.003- ((1.71( 0.04)× 10-4)∆ν1/2; and
for [Ru(NH3)4bpy]2+ (evaluated atνd ) 1481 cm-1), I lst/Itotal )
0.781 ( 0.004 - ((1.16 ( 0.03) × 10-4)∆ν1/2. Bandwidth
corrections can be made in eitherΛ1st or Λx. The apparent
attenuations are slightly larger (10-25%) when the bandwidth
corrections are made inΛ1st, and this approach has been used
for the parameters in Tables 3 and 4.

The corrections used in these tables for [Ru(bpy)3]2+ and [Ru-
(NH3)4bpy]2+ respectively evaluated at the emrep maxima are,

From eqs 23 and 24 we infer for [Ru(Am)2(bpy)2]2+: Λ1st(νx)

) (0.46)Λx(max) + 319.
When the complexes compared differ in bandwidth a cor-

rection for this difference must be made. We have made the
corrections for bandwidths in the range of∆ν1/2(fit) ) 600-
1500 cm-1 based on,

and eqs 21 and 22;∂∆ν1/2 is the difference between the reference
and observed bandwidths and the subscriptk ) x, 1st, etc.

Based on these corrections, and assuming that the distortion
of the bpy ligand is simply proportional to the amount of charge
that is delocalized between the metal and the ligand, the different
bpy-ligand distortions of the complexes give rise to differences
in attenuation of the vibronic contributions. For purposes of
experimental correlations this is represented as,

TABLE 3: Parameters Calculated for Attenuation Plotsa

DMSO/water butyronitrileRuII complex
[ligands] ∆ν1/2 Λx(obsd) Λ1st(vx)

b Λ1st(corr)
c Λx(corr) hνmax(f)

d neReff
2 e ∆ν1/2 Λx(obsd) Λ1st(vx)

b Λ1st(corr)
c Λx(corr)

d hνf(max) neReff
2 e

[(bpy)3] 680 1160 970 970 1160 17220 0.36( 0.05 640 1050 920 920 1050 17310 0.36( 0.08
[en(bpy)2] 780 1000 780 750 960 15060 0.47( 0.06 720 880 720 700 850 15160 0.47( 0.10
[(NH3)2(bpy)2] 910 990 770 700 900 14640 0.49( 0.07 780 860 710 670 810 14700 0.50( 0.10
[([14]aneN4)bpy] 950 850 600 510 740 14010 0.54( 0.07 890 810 580 500 710 14030 0.54( 0.11
[(en)2bpy] 1030 850 600 480 700 12880 0.64( 0.09 890 780 560 480 680 13050 0.63( 0.13
[(NH3)4bpy] 1110 810 580 440 640 12090 0.73( 0.10 920 800 570 480 690 12420 0.70( 0.15
[(d4-en)(bpy)2] 780 990 770 740 960 15080 0.47( 0.06
[(ND3)2(bpy)2] 910 980 770 700 890 14660 0.49( 0.07
[(d4-[14]aneN4)bpy] 970 850 600 500 730 13990 0.54( 0.07
[(d4-en)2bpy] 1040 840 590 480 690 12890 0.64( 0.09
[(ND3)4bpy] 1130 800 570 430 620 12010 0.73( 0.10

a All energies in cm-1. b For [Ru(bpy)3]2+: Λ1st(vx) ) (0.47( 0.03)Λx + (426( 44). For [Ru(Am)4(bpy)]2+: Λ1st(vx) ) (0.454( 0.02)Λx + (213
( 20). For [Ru(Am)2(bpy)2]2+: Λ1st(vx) ) (0.46)Λx + (319). c For [Ru(Am)4(bpy)]2+: Λ1st(corr) ) Λ1st - {0.32[∆υ1/2([Ru(Am)4(bpy)]2+) -
∆υ1/2([Ru(bpy)3]2+)]}. For [Ru(Am)2(bpy)2]2+: Λ1st(corr)) Λ1st - {0.32[∆υ1/2([Ru(Am)2(bpy)2]2+) - ∆υ1/2([Ru(bpy)3]2+)]}. d Appendix A, eqs A2,
A3, and A4.e Apparent value ofneReg

2 based on eq 26:neReg
2 ) 1 - Λ1st(corr)/Λ1st(corr)

o. Λ1st(corr)
o ) 1370 cm-1 in DMSO/water and 1330 cm-1 in

butyronitrile (see Table 4).

TABLE 4: Reorganizational Energy Attenuation Parameters
for [Ru(Am) 6-2n(bpy)n]2+ Complexes

solvent
complexes
selecteda kb

intercept
(Λo),b,c cm-1 a × 109 b,c

DMSO/water all (NH, ND)d x(obsd) 1420( 70 0.068( 0.009
1st 1240( 100 0.084( 0.015
1st(corr) 1370( 110 0.11( 0.01
x(corr) 1580( 90 0.093( 0.010

NH3, ND3
e x(obsd) 1470( 40 0.068( 0.006

1st 1300( 50 0.083( 0.008
1st(corr) 1420( 80 0.10( 0.01
x(corr) 1610( 70 0.091( 0.008

butyronitrile all (NH)f x(obsd) 1250( 100 0.062( 0.017
1st 1240( 130 0.090( 0.020
1st(corr) 1330( 150 0.11( 0.02
x(corr) 1370( 120 0.084( 0.018

NH3
g x(obsd) 1270( 160 0.060( 0.025

1st 1250( 110 0.086( 0.018
1st(corr) 1350( 130 0.10( 0.02
x(corr) 1380( 170 0.080( 0.024

a [Ru(Am)6-2n(bpy)n]2+ complexes in Table 1; NH and ND refer to
the respective isotopometers.b ForΛk ) Λo - aΛo/(hνmax(f))2. c R2 from
0.88 to 0.98.d All of [Ru(Am)6-2n(bpy)n]2+ complexes (n ) 1-3 and
Am ) NH, ND), see Table 3.e [Ru(bpy)3]2+, [Ru(NH3/ND3)2(bpy)2]2+,
and [Ru(NH3/ND3)4(bpy)]2+ complexes.f All of [Ru(Am)6-2n(bpy)n]2+

complexes (n ) 1-3 and Am ) NH), see Table 3.g [Ru(bpy)3]2+,
[Ru(NH3)2(bpy)2]2+, and [Ru(NH3)4(bpy)]2+ complexes.

Λ1st(cor)) (0.33( 0.05)|∂∆ν1/2| + 742( 48 (21)

Λ1st(cor)) (0.32( 0.005)|∂∆ν1/2| + 382( 5 (22)

Λ1st(νx) ) (0.470( 0.03)Λx(max) + (426( 44) (23)

Λ1st(νx) ) (0.454( 0.02)Λx(max) + (213( 20) (24)

Λk(cor) ) Λk -
dΛk

d∆ν1/2
|∂∆ν1/2| (25)

Λ1st = Λ1st
o(1 - neReff

2) (26)
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Where in the simplest two state model and forReff
2 ) Reg

2 <
0.1, ne ) 4 (eqs 3 and 4),Λk

o at a specific energy (e.g., 1500
cm-1) and bandwidth is the sum of first, second, and higher
order reorganizational energy contributions in the absence of
configurational mixing (note that the intercept contains sub-
stantial bandwidth and other contributions and does not have a
simple interpretation), andReg

2 is the fraction of electron density
delocalized in the MLCT excited state. Equation 26 provides a
reasonable correlation for the values ofΛk obtained for the
[Ru(Am)6-2n(bpy)n]2+ complexes employed in this study as
demonstrated in Figure 7; values ofΛx(max), both the values
directly inferred from the experimental spectrum (Λx(obsd)) and
the values corrected for differences in bandwidth (Λx(corr)), are
included in this figure for comparison. The correlation param-

eters are summarized in Table 4. The respective values ofΛ1st

estimated for [Ru(NH3)4bpy]2+ and [Ru(bpy)3]2+ in butyronitrile
are 570( 40 and 920( 30 cm-1 (in DMSO/water,Λ1st ) 570
( 40 and 970( 35 cm-1); the bandwidth correction (eqs 22
and 26) givesΛ1st(corr)) 480 (430) cm-1 for [Ru(NH3)4bpy]2+.
This indicates that the first-order reorganizational energy
components for the bpy distortion modes of [Ru(NH3)4bpy]2+

average about 50% of those of [Ru(bpy)3]2+ (the ratio is (1.95
( 0.15)-1). The attenuation effect appears to be the same in
the two frozen matrices. This is a very large effect. It is an
effect that is reflected in the modeling by the observation that
first-order contributions constitute about 86% of the intensity
of [Ru(bpy)3]2+ in the bandwidth range observed experimentally
but only 65% for [Ru(NH3)4bpy]2+; when corrected for band-
width this gives a reorganizational energy ratio of about 1.5.
Interpreted in terms of eq 4, a 1.5- to 2-fold attenuation implies
a very large amount of configurational mixing for the [Ru(NH3)4-
bpy]2+ complex in the region of its excited-state PE minimum.

The considerations in this section are based on the fits of the
respective rR data to the emission spectra of [Ru(bpy)3]2+ and
[ [Ru(NH3)4bpy]2+. These considerations indicate that in order
to evaluate the changes in the vibronic contributions to the
emission spectra of these complexes it is necessary to (i)
evaluate the fundamental (e.g., based on the Grams32 fits, as
described above), (ii) correct the amplitude of the deconvoluted
fundamental (e.g., with an interpolation based on eqs 17 and
18), (iii) use the corrected fundamental to generate an emrep,
(iv) estimateΛx(1st) (e.g., with an interpolation based eqs 21
and 22), and (v) correct for differences in∆ν1/2 with an
interpolation based on eqs 23-25. Since all of the parameters
of interest can be parametrized as functions of∆ν1/2, some of
these steps may be bypassed (as in eqs 23 and 24). The
evaluation of reorganizational parameters for the complexes
studied is summarized in Table 3.

6. Excited-State Lifetimes.The luminescence decays of these
complexes were fitted well by single exponentials. The lumi-
nescence decays of [Ru(NH3)4bpy]2+, with a lifetime of about
25 ns, were close to the detection limits of our system; limits
were determined by analog/digital conversion, trigger jitter, and
laser pulse width (with the averaging of>50 signals, probably
(5-10 ns).

7. The Contributions of Very High Frequency (νh > 2000
cm-1) Vibrational Modes. We have searched for the contribu-
tions of N-H and C-H stretching modes to the emission
spectrum. These contributions appear to be very small. The
details will be treated elsewhere.78 Some of the observations
on the perdeuterio-am(m)ine complexes are included here in
order to improve the statistics in the evaluation of vibronic
attenuation (Figure 7).

Discussion

We have found that the energies and band shapes of the
77 K frozen solution emission spectra of a series of
[Ru(Am)6-2n(bpy)n]2+ complexes vary markedly as the number
of am(m)ines (Am) is changed: (1) the emission energies
decrease asn increases; (2) the intrinsic, component bandwidth,
∆ν1/2, increases in this same order; and (3) the relative
amplitudes of low-energy contributions to the emission band
are markedly attenuated as the energy of the fundamental
component (hνmax(f) ) E0′0 - øs) decreases. The changes in band
shape can be addressed in terms of the expected changes in
configurational mixing and/or of electronic delocalization with
the differences in ground- and excited-state energies. Thus, the
intensities of the emission at energies smaller than (hνmax(f) -

Figure 7. Attenuation of bipyridine ligand reorganizational energies
of [Ru(Am)6-2n(bpy)n]2+ complexes in DMSO/water (top) and butry-
onitrile (bottom) glasses at 77 K. Based onΛk/Λk

o ) (1 - neReff
2). The

squares, circles, and diamonds areΛx(obsd), Λx(corr) and Λ1st(corr),
respectively. The filled symbols are the NH complexes of
[Ru(Am)6-2n(bpy)n]2+, n ) 1-3, and the open symbols are the ND
isotopomers of [Ru(Am)6-2n(bpy)n]2+, n )1-2. The data are from Table
3; the parameters for the least-squares fits are summarized in Table 4.
Λx(obsd)is obtained from emreps generated withIf(max) from the Grams32
fit; Λx(corr) is based on eqs A2-A4; andΛ1st(corr) is based on eqs 21-
25. The sequence of complexes from top to bottom in each figure is
the same as in Figure 8.
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∆ν1/2) are attributed to vibronic contributions that arise from
bipyridine ligand distortions in the MLCT excited states, and
these contributions can be represented as the sum of the intensity
contributions of progressions of vibrational modes that correlate
with the excited-state distortion. These vibronic contributions
decrease in amplitude with increases in ground-state/excited-
state configurational mixing, and the configurational mixing
increases with decreases in the energy difference of these states.
Very large variations in configurational mixing are implied by
the very substantial attenuation of vibronic contributions to the
emission through the series of complexes.

We have evaluated the emission band shapes in terms of
reorganizational energy profiles (emreps). We have used a model
based on the resonance-Raman lines reported for [Ru(bpy)3]2+ 19

and [Ru(NH3)4bpy]2+ 18 and Gaussian band shapes for each of
those vibronic components in our spectral analysis. A number
of important aspects of the determinations ofEmax(f) and of the
emreps need to be discussed before we address the vibronic
attenuation and its implications.

1. The Evaluation of the [Ru(Am)6-2n(bpy)n]2+ MLCT
Excited-State Energies.We have used Gaussian deconvolutions
by means of the Grams32 program to obtain the energies of
the fundamentals. The rR-based modeling indicates that this
approach underestimates the energy of the fundamental by about
0.2% for [Ru(bpy)3]2+ and by about 1% for [Ru(NH3)4bpy]2+.
Deconvolutions of the broad and unstructured ambient solution
emission spectra of these complexes are far less reliable, but
the value ofEmax(f) ) 16 530 cm-1 obtained by fitting the
emission of [Ru(bpy)3]2+ in ambient DMSO/water solutions
using resonance-Raman parameters to model the band shape
(see Table 1) is in excellent agreement with the value ofEmax(f)

) 16800 ( 200 cm-1 obtained in water by photoacoustic
microcalorimetry.79,80

The energies of MLCT excited states of polypyridyl com-
plexes are often based on correlations with electrochemical
oxidations and reductions in ambient solutions.23 While Figure
8 demonstrates that this provides a very good correlation for
the complexes considered here (r2 ) 0.97),Emax(f) andF∆E1/2

(values summarized in Table S3, Supporting Information)72 are
not simply (1:1) correlated:F∆E1/2 > Emax(f) and the differences
vary systematically from 3.7× 103 cm-1 for [Ru(bpy)3]2+ to
5.3× 103 cm-1 for [Ru(NH3)4bpy]2+. Some of these differences
must arise from the differences in the experimental conditions
(fluid and frozen solutions for∆E1/2 andEmax(f), respectively;
when both measurements are in fluid solution, the discrepancy
for [Ru(bpy)3]2+ is about 700 cm-1 larger), and in the different
ways in which the solvent affects the electrochemical and
spectroscopic measurements.3 A substantial part of these dif-
ferences must also arise from systematic variations in the
exchange energy,Kexch (i.e., for 2Kexch = the singlet/triplet
MLCT excited-state energy difference), which is of the order
of a few thousand wavenumbers for these complexes and is
expected to be much larger for [Ru(NH3)4bpy]2+ than for [Ru-
(bpy)3]2+,33 and larger for the triplet MLCT excited states than
for the doublet states generated electrochemically.3,59,60 The
electrochemical measurements do not provide a good estimate
of MLCT excited-state energies, or even of the variations in
those energies in these complexes. However, the good empirical
correlations betweenEmax(f) and∆E1/2 that result from systematic
variations in parameters for a series of closely related complexes
are qualitatively useful in verifying the assignments of optical
transitions.

2. Some Implications of the rR Modeling.Overall the rR-
based modeling indicates that the 77 K spectral band shapes of

these complexes can be used to obtain useful information about
the variations in vibronic intensities and, consequently, about
the differences in excited state distortions in the series of
complexes. The modeling also demonstrates how strongly the
vibronic contributions to the observed spectrum vary with
spectral bandwidth. Several specific points are important here:

a. Spectral Fittings.The rR data for [Ru(NH3)4bpy]2+ provide
an excellent fit of the vibronic contributions to the observed
spectrum, Figures 4 and 5. The fits of the rR data for [Ru-
(bpy)3]2+ to the observed spectrum are improved if the reor-
ganizational energies for the bpy vibrations are held in a constant
ratio to those of the corresponding vibrations of [Ru(NH3)4-
bpy]2+, Figures 4 and 5. Since the rR parameters are obtained
for the Franck-Condon singlet excited states of these com-
plexes, the fits to the 77 K emission spectra are probably all
better than one might have expected.41,43

b. Component Bandwidth Contributions to the OVerall
Spectral Features.While the energy and bandwidth of the
Grams32-deconvoluted fundamentals are only very weakly
dependent on bandwidth, the apparent intensity of this evaluation
of the fundamental does increase significantly as the bandwidth
increases. This results in very large uncertainties in the
evaluation of the vibronic contributions with small vibrational
energies (νd < 500 cm-1) and the evaluation is based only on
the observed spectrum and the deconvoluted fundamental. We
set the intensity of the emission maximum equal to one in our
spectral analysis, so increases of component bandwidth result
in dramatic changes of the band shape and a shift of the energy
of the emission maximum as illustrated in Figure 10. For
bandwidths in the range observed for the complexes discussed
here (700-1300 cm-1), the vibronic “band” at an energy about
1500 cm-1 lower thanEmax(f) is a composite of the contributions
of overlapping first-order components (83-74% for [Ru-
(bpy)3]2+ and 72-63% for [Ru(NH3)4bpy]2+) and second-order
components (17-24% and 28-34%, respectively). Obviously,

Figure 8. CorrelationEmax(f), evaluated by Grams32 deconvolution of
the 77 K emission spectra in 77 K butyronitrile solutions (Table 1),
with ∆E1/2, determined in ambient acetonitrile solutions: [Ru(bpy)3]2+,
1; [Ru(en)(bpy)2]2+, 2; [Ru(NH3)2(bpy)2]2+, 3; [Ru([14]aneN4)bpy]2+,
4; [Ru(en)2bpy]2+, 5; [Ru(NH3)4bpy]2+, 6. Least-squares line (dashed):
Emax(f) ) (1.48 ( 0.13)∆E1/2 - (13.6 ( 2.5), cm-1/103. For purposes
of comparison, the upper dashed line is based onEmax(f) ) ∆E1/2.
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the representation of this spectral feature by a single high
frequency vibronic component would greatly misrepresent the
excited state distortion and result in an incorrect evaluation of
the vibronic contributions to the emission spectra. We have
found that single high frequency vibrational mode models give
very poor fits to the emission spectra, especially in the long
wavelength regions.

c. The EValuation of Variations in the Vibronic Contributions
Through the Series of Complexes.Since the construction of
emreps depends on the ratio of intensities, eq 3, and since all
of the intensity quantities increase with component bandwidth,
the variations of emrep amplitudes are less sensitive to changes
in bandwidths than are the spectral intensities. On the other hand,
the substantial overlapping of first-, second-, and third-order
components can complicate the interpretation of changes in
emrep amplitudes. All of the pertinent parameters are functions
of the bandwidth (see the Results section and Appendix A),
and the rR-based modeling indicates that the net first-order
vibronic contributions toΛx(max) can be estimated using eqs 23
and 24. To evaluate the attenuation of reorganizational energies,
we have corrected for the effects of the bandwidth differences
between compounds using eqs 21, 22, and 26.

3. The Attenuation of Vibronic Sidebands.a. General.We
have explored the quantitative evaluation of the attenuation of
the spectral contributions of the bpy vibrational modes (il-
lustrated in Figure 2) of the [Ru(Am)6-2n(bpy)n]2+ complexes
using (1) emrep maxima for these complexes and (2) the emrep
maxima with rR modeling based corrections for bandwidth
differences and (3) with rR modeling based corrections for the
overlapping contributions of first- and second-order vibronic
envelopes. The results of this analysis are illustrated in Figure
7 and summarized in Tables 3 and 4. On the average, the bpy
vibrational reorganizational energy contributions of [Ru(NH3)4-
bpy]2+ vary from 49% (forΛ1st(corr)) to 60% (for Λx(corr)) of
those for [Ru(bpy)3]2+; Reg is larger for the tetraammine
complex, corresponding to appreciably greater configurational
mixing, and eqs 4 and 26 predict greater vibronic attenuation
for this complex.

The attenuation implied in Figure 7 is very large. However,
such substantial attenuation with the decreases of the excited
state/ground state energy difference contrasts with the apparently
very good fit of the emission spectrum of [Ru(NH3)4bpy]2+ to
the rR data since the difference of the ambient absorption
maximum of about 19× 103 cm-1 andhνmax(f) ) (12 to 13)×
103 cm-1 at 77 K is comparable to the range of emission
energies represented in Figure 7, and this implies that there
should be a considerably greater attenuation of the vibronic
contributions in the emission spectrum. Some very general
aspects of these complicated issues are discussed here.

b. Possible Interpretations of the Attenuation Parameter
neReff

2. Equation 4 is most readily interpreted in terms of a two-
state system in which the ground and excited states have the
same spin multiplicity. The emitting Ru/bpy MLCT excited
states have significant triplet spin character and some deviations
from the simple two-state limit might be expected. The basic
elements of a two-state model can be preserved if one considers
only configurational mixing between the3MLCT excited state
and the ground state, with the electronic matrix element
represented as,

whereHso is the matrix element for spin-orbit coupling between
the 1MLCT and 3MLCT excited states,EST = 2Kexch, andHge

is the matrix element for1MLCT/ground-state electronic

coupling (estimated to be about 7000 cm-1).3 From Table 3,
Λ1st(corr;B) - Λ1st(corr;A) ) 530 cm-1 (where the subscripts (A)
and (B) designate parameters for the complexes [Ru(NH3)4-
bpy]2+ and [Ru(bpy)3]2+, respectively, for data obtained in
DMSO/water), orne(∆Reff

2) = 0.37. This corresponds to very
substantial attenuation, and it suggests that at least some of these
complexes fall outside the range of applicability of eq 4 (Rge

2

e ∼0.1). ForHeff ≈ 7000 cm-1 the values ofne(∆Reff
2) = 0.37

and a = 1 × 108 cm2 from Table 4 imply thatne ≈ 2;
alternatively for the limit represented in eq 4,ne ≈ 4 leads to
Heff ≈ 5000 cm-1. Since the rR data probe the Franck-Condon
excited state for absorption, and since the respective differences
in vertical excited- and ground-state energies are about 19 000
and 13 000 cm-1 for the absorption and emission maxima of
[Ru(NH3)4bpy]2+, respectively, it is interesting to note that the
effective values ofne = 2 for the emission andne = 4 for the
spin-allowed absorption are consistent with the large attenuation
inferred from Figure 7 and with the similarities of attenuation
for emission and absorption implied by the fits of rR data in
Figures 4 and 5 (a value ofHge = 7000 cm-1 results in about
a 10% larger vibronic contribution at 1500 cm-1 for absorption
than for emission). SinceHeg < Hge, the equivalent of eqs 4
and 26 for the emission in frozen solutions should be written60

A very approximate value ofHeg ≈ 3300 cm-1 results forHge

= 7000 cm-1 andEST ≈ 4000 cm-1. However, the magnitude
of the attenuation of the vibronic contributions to the emission
spectra may be too large to be accommodated by the simple
perturbation theory arguments used here and higher order
contributions to eqs 26 and 28 should be taken into account.

The data for the [Ru(bpy)3]2+ complex are consistently above
the correlation lines in Figure 7, and this implies slightly less
attenuation than expected for this complex. This deviation may
be a consequence of MLCT/MLCT′ configurational mixing
(mentioned above) and we will try to address this in future
studies. Nevertheless, the very large attenuation of the vibronic
contributions to the emission of [Ru(NH3)4bpy]2+ indicates that
there is a great deal of configurational mixing between the
MLCT excited state and the ground state of this complex, and
that this results in the relatively small reorganizational param-
eters. The higher order terms in eq 26 are of the order ofRij

4

and have the opposite sign from theRij
2 terms. This might

account for the relatively small variations among theΛk for
the [Ru(Am)4bpy]2+ complexes. These issues and other con-
sequences of such extensive configurational mixing will be
explored elsewhere.

4. Some Implications for Interpretation of the Nonradia-
tive Relaxation Rate Constants.Nonradiative rate constants
can be treated in the nonadiabatic limit with equations of the
same general form as the equations used to describe the
emission;12,25thus, in the semiclassical limit (κel is an electronic
transmission coefficient andνeff is the frequency of correlated
nuclear motions),54

the nuclear transmission coefficient (κnu) ) (FC). In applications
of equations of the general form of eq 29 to the estimation of
77 K rate constants, the exponential factor in eq 7 behaves
approximately as a delta function since the denominator in the
exponential is very small compared toEmax(f). This leads to an
isoenergetic crossing from the MLCT excited state to the ground
state that requires the depositing of the excited-state energy,

Heg = (Hso/EST)Hge (27)

Λk = Λk
o (1 - 2Rge

2 - 2Reg
2 + ...) (28)

knr = κelνeffκnu (29)
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E0′0, in a very large number of vibrational quanta. For the highest
energy vibration reported in the rR studies of [Ru(NH3)4bpy]2+,
j ≈ Emax(f)/hνi must be greater than or equal to 7 (Tables 2 and
S472). This can be compared to the fitting of the emission spectra
to the rR data using eqs 11-15, which required the calculation
of over 103 third-order contributions (j ) 3 in eqs 6-9) using
eq 14. There will be a vastly larger number of terms contributing
to (FC) when j ) 7. The delta function behavior of the
exponential factor of (FC), mentioned above, and the very small
magnitudes for the contributions forj > 4 of terms withSi ,
1 (see Tables 2 and S4) will limit the importance of most of
the possible vibrational relaxation channels, but there are still
a very large number of vibrational relaxation channels in which
this energy can be deposited. Thus, vibrational combinations
such as (7ν5 + ν17), (7ν6 + ν8), (7ν7), (6ν7 + ν5), (6ν7 + ν11 +
ν15), etc. should contribute to the overall relaxation probability.
As a consequence, the sum of the probabilities of all the
combinations of contributing vibrational channels can be large
even if the probability of relaxation in any one channel is very
small. Although no single channel can dominate the relaxation
process, the higher powers of (S7)j/j! for ν7 ) 1481 cm-1 are
large relative to those of the other vibrational modes in Table
2 (see Table S4).72 Nevertheless, one expects a very large
number of vibrational relaxation channels that combine several
relatively high-frequency distortion modes, such asν7, which
have relatively large values ofSm with a few lower frequency
modes which also have relatively large values ofSk to make
significant contributions toknr. The overall contributions can
be approximately formulated

wherek ) ∑m
all modeskm is the number of vibrational quanta in

the relaxation channel. Thus, it is surprising that there is a rough
empirical correlation betweenknr, Sx ) (Λx(max)/hνx(max)), andj
the largest integer less than (hνmax(f)/hνx(max)),

This correlation is equivalent to assuming that a single
vibrational mode of frequencyνx(max) with a vibrational reor-
ganizational energyΛx(max) determines the back electron-transfer
kinetics, and that at 77 K the exponential factor in (FC) is
approximately one (for reasons noted above). For a single
contributing vibrational mode (k) and forE0′0 . hνk, eq 30 can
be put in the very simple form45

where we treat the preexponential factor as an adjustable
empirical parameter. The correlation ofknr, Λx(max) andhνx(max)

based on eq 32, Figure 9, is slightly better than that based on
eq 30; the least-squares value ofA ≈ (3 ( 2) × 1013 s-1. Since
a single mode approach does not properly represent the emission
spectrum, it is not surprising that eqs 31 and 32 (withA ≈ (3
( 2) × 1013 s-1) both overestimate the ambient value ofknr for
[Ru(bpy)3]2+ by 2 to 3 orders of magnitude even when the
values ofΛx(max) andhνx(max) are based on fitting the ambient
spectrum to the resonance Raman parameters. With respect to
the details of the fitting, this discrepancy arises largely because
the resulting value ofhνx(max) is so large, as a consequence of

the much larger bandwidth, andj is relatively small. The more
general point is that a single vibrational mode model of inverted
region electron transfer cannot properly represent a system in
which there are a very large number of quanta (as forj g 7)
and many different vibrational modes are implicated in the
excited-state distortion. In fact, eqs 31 and 32 give the most
weight to the highest frequency vibrational modes (e.g., N-H
or C-H) for which the values ofj are relatively small. The
vibrational reorganizational energies of these modes are very
small (<30 cm-1) as are the corresponding values ofSMH

(<0.01), but the vibrational frequencies are very large soj can
be in the range of 4-6 suggesting relatively large contributions;
however, the kinetic effects of N-H or C-H perdeuteration
are small and the contributions of these vibrational modes to
the relaxation process must be very small.26,81 The relatively
good fit of 77 K decay rate constants for the [Ru(Am)6-2n-
(bpy)n]2+ complexes to these equations by using values ofΛx(max)

andhνx(max) obtained in the glassy matrices, as shown in Figure
9, is surprising.

Conclusions

We have found that the bipyridine ring vibrational reorga-
nizational energy contributions to the 77 K emission spectra of
[Ru(Am)6-2n(bpy)n]2+ complexes are very strongly attenuated
as the MLCT excited-state energy decreases. Reorganizational
energy profiles (emreps) have been employed to demonstrate
that these vibrational reorganizational energy contributions to
the emission spectrum of [Ru(NH3)4bpy]2+ are about half as
large as those in the [Ru(bpy)3]2+ emission spectrum; thus, we
find that the changes in eitherΛx or Λ1st are proportional to the
average changes in the vibrational reorganizational energies,
(λi)ave. This attenuation implies decreasing excited-state distor-
tion concomitant with increasing electronic delocalization in the
MLCT excited state (Reg

2 ∼ 0.1-0.3) as bipyridine is replaced
by am(m)ines through the series of complexes. The detailed
analysis of the reorganizational energy attenuation is based on

knr ≈ κel(ave)νeff(ave)∑
k

[(∑m Sm)k e-S
m

k!
]δEf,∑

m

kmhνm
(30)

knr/s
-1 ≈ ((3 ( 2) × 1014)[Sx

j

j! ]e-Sx (31)

knr ) Ae-γx(Emax(f)/hνx), γx ) ln (Emax(f)/Λx) - 1 (32)

Figure 9. Correlation of nonradiative rate constant calculated from
eq 32,A ) (3 ( 2) × 1013 s-1, with that observed for [Ru(Am)6-2n-
(bpy)n]2+ complexes in DMSO/water. Filled squares for am(m)ine (NH)
complexes in DMSO/H2O; open squares for deuterated am(m)ine (ND)
complexes in DMSO/D2O. Values ofknr(obsd) from Table 1. The
dashed line is drawn with a slope of 1.00. The sequence of complexes
from top to bottom is the reverse of that in Figure 8.
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modeling with previously reported resonance-Raman parameters.
The published rR parameters fit the emission spectrum of [Ru-
(NH3)4bpy]2+ very well. The fits of the [Ru(bpy)3]2+ emission
spectrum are reasonable, but not as good, probably because the
Franck-Condon excited state generated by absorption and
probed by the rR is different in symmetry from the emitting
MLCT excited state. Among the important inferences from the
vibronic analysis are the following: (1) The dominant bpy-
centered vibronic contribution to the emission spectrum is about
half as large for [Ru(NH3)4bpy]2+ as for [Ru(bpy)3]2+, but the
absorption and emission maxima of [Ru(NH3)4bpy]2+ span
nearly the same energy range and the vibronic contributions to
the emission are about 85% of those to the absorption (in
DMSO/water; If(max) adjusted to fit rR parameters); this is
consistent with a spin constraint on the configurational mixing,
which can be represented asRge > Reg. (2) The attenuation is
very large for [Ru(NH3)4bpy]2+ with Reff

2 = 0.35 for the
apparent squared mixing coefficient, and higher order correction
terms must be important so thatReff

2 < [Rge
2 + Reg

2]. (3) Most
of the amplitudes of the “vibronic sidebands” in 77 K emission
spectra (and the skewness of ambient spectra) arise from the
bandwidth contributions of overlapping vibronic contributions
and not directly from the vibrational reorganizational energy
contributions of high-frequency vibrational modes.

This rR-based modeling and the vibronic analysis of the
emission spectra have illustrated some more general issues and
raised others. It is clear that single high-frequency vibrational
mode models do not adequately describe the 77 K emission
spectra of these complexes. Thus, the modeling demonstrates
that second- and third-order vibronic contributions must be
included in order to account for the intensity and broadening
on the low-energy side of the emission and that the apparent
reorganizational energy (and, therefore, the apparent magnitude
of the Huang-Rhys parameter,Sh) of any assumed single high-
frequency mode is mostly a consequence of the overlapping
contributions of many components with substantial bandwidths.
The resonance-Raman data and the analysis presented in this
paper indicate that the MLCT excited-state distortions involve
small displacements in a large number of vibrational modes.
This raises the possibility that the observed rate constants for
nonradiative excited-state relaxation are the result of the sum
contributions from a very large number of relaxation channels,
each with a very small probability. Despite this demonstration
that single high-frequency vibrational mode models incorrectly
evaluate the excited-state distortion, such models can apparently
provide good correlations of nonradiative rate constants under
limited sets of conditions. This may arise from a weighted
averaging of the very large number of most probable relaxation
channels that approximates the overlapping vibronic contribu-
tions to the maxima of the difference spectra or of the emreps,
but the origin and physical significance of such correlations are
not clear at this time.

It seems likely that the spectral analysis employing emreps
will prove useful in evaluating the variations in excited-state
distortions for a series of related compounds even in the absence
of additional information such as resonance-Raman data. Some
limited extensions of this sort have been employed in the present
report. We are currently exploring the extension of these
approaches to a more diverse collections of compounds.

Appendix A: The Simulation of the Effects of Bandwidth
Variations on the Emission Spectra and Emreps, Using a
Resonance-Raman-Based Gaussian Band Model

1. The Overall Spectral Fittings. These are described in
the text. We note that our procedure in effect normalizes the

fitted intensity to the observed emission intensity and for
convenience the intensity of the observed emission maximum
is set equal to one. We have used the rR-based modeling to
examine how the variations in bandwidth affect the evaluation
of parameters in our spectral analysis.

2. The Variations in the Contributions of the Fundamental
and the First-, Second-, and Third-Order Vibronic Com-
ponents with Variations in Bandwidth. The overall effects
of bandwidth on the emission spectra, based on the rR modeling,
are shown in Figure 10.

a. The Effects of Component Bandwidth on the EValuation
of the Energy, Intensity, and Bandwidth of the DeconVoluted
Fundamental.We have used eqs 9-13 and the rR data to
calculate emission spectra for a range of bandwidths for [Ru-
(bpy)3]2+ and [Ru(NH3)4bpy]2+. These calculated spectra were
then deconvoluted using Grams32 and our usual procedures in
order to simulate how variations in bandwidth will affect our
evaluation ofIνm(f) from the experimental emission spectra. The
dependence of the values of energy and intensity of the
fundamentals from the deconvolution of the calculated spectra
for [Ru(bpy)3]2+ and [Ru(NH3)4bpy]2+ are shown in Figure 11.
Since variations ofIνm(f)with ∆ν1/2 can seriously affect the

Figure 10. Effect of component bandwidth on emission spectra based
on resonance-Raman modeling. Top, [Ru (bpy)3]2+, hνf ) 17270 cm-1

and component vibrational intensities adjusted to be 30% larger than
those of [Ru(NH3)4bpy]2+; bottom [Ru(NH3)4bpy]2+, hνf ) 12500 cm-1.
Raman data from Table 2. Bandwidths, increasing from the bottom to
top on the left-hand side of each figure: 20, 50, 100, 200, 300, 400,
500, 600, 700, 800, 900, 1100, 1300, 1500, and 2000 cm-1.
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evaluation of the changes in reorganizational energy through a
series of complexes, we have used Figure 11 as a basis for
correcting for these effects.

b. The Effects of Component Bandwidth on the EValuation
of the Energy, Intensity, and Bandwidth of the Fundamental
Fitted to the rR Data.The bandwidths of the fundamentals fitted
to the rR data vary linearly with the input bandwidths (over the
same range as above); the fits are given by eqs 21 and 22.

c. Effects of Component Bandwidth on Difference Spectrum
Band Shapes and Intensities: Contributions of the First-,
Second-, and Third-Order Vibronic Components Based on rR
Parameters.The band shapes are very strongly dependent on
the bandwidth as shown in Figure 10. The intensities calculated
by eqs 11-15 are the integrated intensities, proportional to the
contributing oscillator strengths of the emission components.
For a given set of conditions, the integrated intensity,Ih, of a
component is expected to be a constant; the intensity of the
maximum for a Gaussian componenth (and a constantc =
1.05)4 is given by,

Since we do not determine the total intensity, or emission yield,
and since we adjust the maximum of the emission spectra to
unity before deconvoluting, eq A1 is not directly applicable to
our analysis of the spectra. Since the component reorganizational
energies are proportional to the ratio of an observed intensity
to the intensity of the fundamental (eq 2), they are not functions
of the absolute intensity (or quantum yield) and they are
relatively weakly dependent on bandwidth. The Grams32
deconvolutions give us values ofImax(f) that are larger than those
obtained after adjustment for the contributions of rR vibronic
components largely because the vibronic components withhνh

< ∼ ∆ν1/2 are partly or completely convoluted into the estimate
of the fundamental obtained from the Grams32 procedure. The
use of the fundamental so obtained results in a very poor fit of
the difference spectrum in the low-frequency region (∆νd <
500 cm-1); compare Figures 5 and 12. There is some depen-
dence of the emreps on bandwidth and this dependence is
discussed below. An important contribution to the band shape
and to the relative intensity of the vibronic contributions arises

when several vibronic components are close enough in energy
that their associated intensity distributions overlap; this is
illustrated in Figure 10. The net intensity at a specific frequency
can also increase due to the increasing percentage contributions
of second and higher order contributions; see Figure 13. The
effects of bandwidth on the contributions of the first- and
second-order vibronic contributions to intensity near to 1500
cm-1 are summarized in Table 5.

3. The Evaluation of Emrep Properties Based on rR
Models.Since the emreps are obtained as a ratio of the intensity
observed to that of the fundamental, the emreps are more weakly
dependent on bandwidth than are the difference spectra. Even
so, Figure 14 suggests that most (approximately 60-80% at
77 K and a much larger percentage at 300 K) of the amplitudes
of the emreps result from the substantial component bandwidths
when many vibrational modes contribute to the excited-state
distortion. The component reorganizational energies are recov-
ered in emreps when the bandwidths become sufficiently small;
see Figure 14. If the excited-state distortion were correlated to
a single vibronic mode, then the amplitude of the emrep would
correspond to the reorganizational energy of that mode. It is
clear that the representation of a multimode distortion by a single
vibrational mode results in a very large overestimate of the

Figure 11. The variations with component bandwidth (top) and the
intensity (bottom) of the fundamental component obtained from the
Gaussian (Grams32) deconvolution of spectra calculated from the
resonance-Raman parameters of [Ru(bpy)3]2+ (filled squares) adjusted
so that the intensities of the vibronic components were 1.5 times those
of the [Ru(NH3)4bpy]2+ (open squares) vibronic components. The input
intensities of the fundamental components were set equal to one for
the calculated spectra. The horizontal dashed lines in the top figure
are drawn as aids in evaluating the deviations.

I
max(h)

) Ih/(c∆ν1/2) (A1)

Figure 12. Difference spectra obtained by subtracting the fundamental
inferred from Grams32 fits from the experimental emission spectra,
black curves, and the difference spectra based on the fits of the
resonance-Raman parameters, red curves. For 77 K emission spectra
obtained in DMSO/water, left column, and butyronitrile, right column;
[Ru(bpy)3]2+ with the calculated difference spectrum based on the
reported rR parameters, top row; [Ru(bpy)3]2+ with the calculated
difference spectrum based on the rR reorganizational parameters
adjusted to 1.4 times the corresponding reorganizational energies of
[Ru(NH3)4bpy]2+, middle left; [Ru(bpy)3]2+ with the calculated differ-
ence spectrum based on rR reorganizational parameters adjusted to 1.3
times the corresponding reorganizational energies of [Ru(NH3)4bpy]2+,
middle right; [Ru(NH3)4bpy]2+, bottom row.Imax(f) ) 1 for these fittings.
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reorganizational energy associated with the distortion; it would
also result in an incorrect evaluation of the molecular structure
of the excited state. The modeling with rR parameters suggests
that the correction of emreps to a common bandwidth through
the series of complexes for [Ru(bpy)3]2+ is given by

For [Ru(NH3)4bpy]2+,

And interpolated for [Ru(NH3)2(bpy)2]2+,

Since the rR data give good simulations of the emission
spectra of [Ru(bpy)3]2+ and [Ru(NH3)4(bpy)]2+, they can be used
to evaluate and/or model aspects of the emreps in the region of
the bpy vibrational modes. This use of the rR data to model the
emission spectra enables us to start with a set of known
reorganizational (or displacement) parameters and inquire how
the information about excited-state structure is altered by the
variations in bandwidth, and how much information can be
extracted from the spectral analyses described herein. The issues
of greatest concern to us are:(1) to what extent can the vibronic
envelope of an emission spectrum, evaluated as either a
difference spectrum or as an emrep, provide useful information

TABLE 5: The Resonance-Raman Modeled Contributions of First- and Second-Order Vibronic Components to the Emission
Spectrum of (a) [Ru(NH3)4bpy]2+ at hνx(max) ) 1481 cm-1 and (b) [Ru(bpy)3]2+ at hνx(max) ) 1493 cm-1

(a) [Ru(NH3)4bpy]2+

assumed∆ν1/2,
cm-1

total intensity
I1481(T) I1481(0′1) I1481(0′2) I1481(0′0) I1481(0′1)/I1481(T) I1481(0′2)/I1481(T)

500 0.46782 0.36677 0.10106 2.73E-11 0.784 0.21602
600 0.52122 0.38964 0.13158 4.62E-08 0.74755 0.25245
700 0.57259 0.41027 0.16231 4.08E-06 0.71652 0.28347
800 0.62317 0.43137 0.19173 7.48E-05 0.69222 0.30767
900 0.67412 0.45457 0.219 5.49E-04 0.67432 0.32487

1100 0.78135 0.50847 0.26632 0.00657 0.65076 0.34085
1300 0.90028 0.56795 0.30495 0.02738 0.63086 0.33873
1500 1.03022 0.62643 0.33676 0.06703 0.60805 0.32688
2000 1.36112 0.74718 0.39526 0.21867 0.54894 0.29039

(b) [Ru(bpy)3]2+

assumed∆ν1/2,
cm-1

total intensity
I1493(T) I1493(0′1) I1481(0′2) I1493(0′0) I1493(0′1)/I1493(T) I1493(0′2)/I1493(T)

500 0.65646 0.57597 0.08049 1.85E-11 0.87739 0.12261
600 0.71801 0.61399 0.10402 3.52E-08 0.85513 0.14487
700 0.77364 0.64516 0.12848 3.34E-06 0.83393 0.16607
800 0.82693 0.67399 0.15287 6.42E-05 0.81505 0.18486
900 0.87951 0.70247 0.17656 4.87E-04 0.79871 0.20075

1100 0.98613 0.75899 0.22108 0.00606 0.76967 0.22419
1300 1.1 0.81196 0.26219 0.02585 0.73815 0.23835
1500 1.22315 0.85853 0.30042 0.0642 0.7019 0.24561

Figure 13. Variations of the amplitudes at 1493 cm-1 of the first-
order vibronic contributions (squares) and second-order vibronic
contributions (circles) to the spectra calculated for [Ru(bpy)3]2+. The
contributions of the fundamental plus the third-order vibronic contribu-
tions are indicated by the diamonds. Based on rR parameters for [Ru-
(bpy)3]2+ with vibrational reorganizational energies adjusted to be 50%
larger than those of [Ru(NH3)4bpy]2+.

Figure 14. The dependence of the emreps for [Ru(bpy)3]2+ on
component bandwidths. The reorganizational energies of the resonance-
Raman frequencies are 1.5 times the reorganizational energies of the
comparable frequencies for [Ru(NH3)4bpy]2+. The bandwidths are, from
bottom to top: 20, 100, 400, 700, 1000, 1500, and 2000 cm-1.

Λx(corr) ) Λx(max) × (1 - (4.04( 0.13)|∂∆ν1/2| × 10-4)

(A4)

Λx(corr) ) Λx(max)(1 - (3.27( 0.09)|∂∆ν1/2| × 10-4) (A2)

Λx(corr) ) Λx(max)(1 - (4.89( 0.17)|∂∆ν1/2| × 10-4) (A3)
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about the excited-state distortion (i.e., about the actual contribu-
tions of the displacement modes) and (2) how quantitatively
can the differences in these vibronic envelopes be used to probe
differences in excited-state distortions in a related series of
complexes?

The experimental and calculated emreps are compared in
Figure 6. The calculated reorganizational energies are reasonably
consistent with those obtained from the experimental (77 K)
spectra: the energy and amplitude of the major vibronic
contributions at about 1500 cm-1 are reproduced reasonably
well (these, largely first-order component contributions are
reproduced very well for the rR parameters of [Ru(bpy)3]2+

adjusted to be 1.5 times those of [Ru(NH3)4bpy]2+). The ratios
of emreps of different compounds are only weakly dependent
on the bandwidth (see Figure 3) and this suggests that useful
information about the differences in multimode excited-state
distortions of a series of complexes can be obtained, with
relatively small corrections, from the emreps of complexes with
substantial component bandwidths.
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