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bstract

The low energy sidebands of an emission spectrum contain information about the difference between the ground and the excited state molecular
ructures. The structural information that can be extracted from the sideband intensities and structure decreases as the component bandwidths
crease, but there is significant structural information in the sidebands of the charge transfer emission spectra of even the relatively broad
ν1/2 ∼ 1000 cm−1) charge transfer (CT) emission spectra of transition metal complexes in frozen solutions. A Gaussian band shape model for the
ntributions of vibronic components is described and applied to the analysis of transition metal CT emission band shapes in frozen solution. The
certainties of this approach are examined with respect to the emission spectra calculated from reported resonance-Raman (rR) parameters; such
lculated spectra reproduce the frozen solution emission spectra of [Ru(bpy)3]2+ and [Ru(NH3)4bpy]2+ very well. Patterns of excited state distortions
n be expressed in terms of variations in the vibrational reorganizational energies, λk (proportional to the squared displacements), of the normal
odes that correlate with the differences in excited and ground state geometries. The excited state distortions usually correspond to displacements
a large number of ground state molecular vibrational modes (more than 11 for the Ru–bpy complexes), and the bandwidths characteristic of CT
ectra in frozen solutions preclude their resolution in frozen solution spectra. Thus, the convolution of the overlapping spectral contributions of
ese individual distortion modes results in a vibronic sideband that is broad and sometimes weakly structured, and the variations of the sideband
plitude provides information about variations in molecular structure for a series of closely related complexes. The emission sidebands can readily
converted into a reorganizational energy profile (emrep) in which the variations in amplitude are more readily interpreted in terms of molecular

stortions and in which the contributions from the distortions in the highest frequency vibrational modes are more evident. This approach has
en used to analyze the patterns of variations of the vibronic sideband structure of the frozen solution CT emission spectra of [Ru(L)4bpy]2+,
u(bpy)2PP]2+, [{(bpy)2Ru}2PP]4+ (bpy, 2,2′-bipyridine; PP, a tetraazapolypyridyl bridging ligand) and cyanide-bridged Cr(III)/Ru(II) complexes.

he observed emission energies of the bpy complexes span a range of about 8000 cm−1 and the vibronic sideband amplitudes tend to decrease
preciably (over about a two-fold range for the [Ru(L)4bpy]2+ complexes) and systematically with decreasing emission energy in each class of these
mplexes. This attenuation of the vibronic sideband intensities is ascribed to the increases in ground state–excited state configurational mixing
ith decreasing energy differences between the states and to the large electronic matrix elements. The variations in emreps also suggest that there
a great deal of excited state–excited state configurational mixing (probably ligand field/metal to ligand CT) in most, but not all, [Ru(L)4bpy]2+

mplexes and relatively little such configurational mixing between the different MLCT valence isomer excited states of the [{(bpy)2Ru}2PP]4+

mplexes. The comparison of the emreps of NH/ND isotopomers of the [Ru(L)4bpy]2+ and of the cyanide-bridged Cr(III)/Ru(II) complexes has
rmitted the resolution of the very weak contributions of distortions of the C–H (in the former) and N–H (in the latter) stretching vibrational
odes, and it appears that decay pathways that involve only nuclear tunneling in the C–H modes cannot account for the decay behavior of the
u(L)4bpy]2+ complexes while such pathways in the N–H modes may account for that of the Cr(III)/Ru(II) complexes.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The manipulation of chemical reactivity, the design reagents
or specific purposes, etc., depends on knowledge of how the
roperties of molecules contribute to their reactivity. The sim-
lest class of chemical reactions are those in which a single
lectron is transferred between donor and acceptor, key elec-

on transfer parameters are often evaluated by means of spec-
oscopic measurements since it is well known that the same
neral molecular properties govern thermal electron transfer
activity of donor–acceptor (D/A) complexes and the absorp-
on of light in the formation of or the emission of light

t
t
s
t
c

ctral band shapes; MMCT; Reorganizational energy profiles; Transition metal

n the relaxation of charge transfer (CT) excited states [1–14].
owever, the characterization of the properties CT excited states

nd of evaluation of key electron transfer parameters is gen-
rally difficult at least in part because: (a) transition metal
omplexes typically have many electronic states that are rel-
tively close in energy and configurational mixing between
hese states can make the characterization of reactivity pat-
erns difficult; (b) the evaluation of key parameters tends

o be model dependent. We have found that emission band
hapes can provide useful experimental probes of the varia-
ions in key electron transfer properties of related coordination
omplexes.
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The properties that are most important in an electron trans-
er system are: (a) the zero point energy difference between the
nitial and final states (E00′

or �zpe); (b) the reorganizational
nergy associated with the solvent redistribution in the electron
ransfer process, λs; (c) the reorganizational energies associ-
ted with the accompanying nuclear displacements within the
olecule(s), λh; (d) the vibrational frequencies, νh, that corre-

pond to those nuclear displacements; (e) the electronic matrix
lement, Hif, that mixes the diabatic configurations of the initial
nd final electronic states. The comparisons between spectra and
lectron transfer reactivity in this report are confined to excited
tate relaxation processes which correspond to electron trans-
er in the Marcus inverted region [8,15–18]. It is expected that
he highest frequency distortion modes dominate the electron
ransfer reactivity in this regime, in which E00′

is much greater
han the effective reorganizational energy [16,17,19]; however,

any studies of ruthenium and osmium polypyridyl (PP) com-
lexes have implicated the medium frequency PP-ligand skeletal
odes as the dominant contributors to the relaxation channels

or excited state relaxation [20–26].
The �zpe may in principle be extracted from absorption

nd/or emission maxima if the excited state is not very dis-
orted (i.e., for the Huang–Rhys factors, Sn < 1). Similarly, the
eorganizational energies may in principle be inferred from the
bsorption and/or emission spectral band shapes. The band shape
s used here includes both the intrinsic bandwidth of the spectral
omponents and the deviation (or skewness) of the overall spec-
ral band shape compared to that expected for a single transition
omponent.

It is useful to formulate the changes in observed spectroscopic
arameters in terms of idealized initial (or “diabatic”) states in
hich there are no interactions between the D and A components
f the coordination complex, and in which it is possible to deter-
ine the properties of these parameters. Configurational mixing

ommingles the properties of the different electronic states, and
ariations in their spectral manifestations in a series of related
omplexes can be interpreted in terms of the variations in the
xtent of configurational mixing among electronic states. This
pproach is conveniently formulated in terms of the wavefunc-
ions of the various electronic excited states (j) with the ground
tate (g) where configurational mixing is represented in terms of
normalization factor ηgs, a normalized mixing coefficient αgj,
nd wavefunctions representing the electronic states in the limit
f no mixing (designated by the degree superscript) [4]:

g = ηgsΨ
◦
g +

∑
j

αgjΨ
◦
j (1)

Complexes containing the well-known Ru–bpy chromophore
ave been used to develop our approaches to band shape analysis,
nd since spin–orbit coupling (soc) is significant among these
omplexes, Eq. (1) should be reformulated as

Ψg = η(1)
gs

1Ψ◦
g +

∑
α

(1,1)
gj

1Ψ◦
j +

∑
α

(1,3)
kg

3Ψ◦
j (2)
j k

here the left superscripts designate the spin multiplicity of
he electronic state and the superscripts (Ms, Ms) and (Ms,

s ± 2), of the mixing coefficients distinguish between the spin

c
i
b
r
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llowed and the soc-promoted configurational mixings, respec-
ively. One generally expects that α

(1,1)
gj > α

(1,3)
kg and the soc-

romoted mixings will only be considered for the lowest energy
xcited state. Furthermore, the coefficients for mixing the higher
nergy excited states with the ground state are much smaller than
hose for excited state/excited state configurational mixing, and
round state properties are relatively insensitive to their varia-
ions so that Eq. (2) may be simplified:

Ψg(eff) ∼= η(1)
gs

1Ψ◦
g (eff) + α(1,1)

ge
1Ψm

e + α(1,3)
ge

3Ψm
e (3)

For example, 1Ψm
e and 3Ψm

e may be identified with the lowest
nergy metal-to-ligand CT (MLCT) excited states with singlet
1MLCT) and triplet (3MLCT) spin multiplicity, respectively,
fter mixing with other excited states. In our discussions of the
owest energy 3MLCT excited states of Ru–polypyridyl (Ru–PP)
omplexes, we will consider configurational mixings among
he triplet excited states but only of the lowest energy 3MLCT
xcited state with the ground state so that the effective excited
tate wavefunction becomes:

Ψe = η(3)
es

3Ψ◦
e +

∑
k

α
(3,3)
ek

3Ψ◦
k − α(3,1)

eg
1Ψ◦

g

≈ η(3′)
es

3Ψm
e − α(3,1)

eg
1Ψ◦

g (4)

Likely candidates for mixing with the lowest energy excited
tate are higher energy excited states (k) of the types: (a) other
T excited states (e.g., 3MLCT′); (b) metal-centered ligand
eld RuII (3LF); (c) ligand-centered (3��*); (d) ligand-to-ligand
harge transfer (3LLCT) excited states. Our recent studies have
xamined the first and implicated the second of these higher
nergy excited states in modifying the properties of the lowest
nergy 3MLCT excited states of RuII–polypyridyl complexes.

The ambient absorption and emission spectra of D/A com-
lexes in solution tend to be broad and structureless as a con-
equence of the combination of intrinsically large component
andwidths (typical values of �ν1/2 ∼ 2000 cm−1 for complexes
iscussed in this review) and extracting the parameters of inter-
st from these spectra can be especially difficult. Furthermore,
he observed absorption envelope for transition metal complexes
an be convoluted with the contributions of several electronic
ransitions and there are few quantitative criteria for identifying
r separating such contributions. On the other hand, the vibronic
arameters, λh and νh, may often be extracted more readily from
he resonance-Raman rR spectra generated by the high intensity
xcitation of the charge transfer absorption bands [27–30].

Almost all emission spectra correspond to a single electronic
ransition and, while the ambient emission spectra of CT excited
tates also tend to be broad and unstructured, the component
andwidths decrease markedly with temperature so that there are
orresponding increases in the skewness and resolution of the
pectral band shapes at lower temperatures. In the limit of very
ow temperature (<10 K) and for the emission spectra of D/A

omplexes doped into single crystals it is possible to resolve the
ndividual contributions of each of the displacement modes [31],
ut these conditions are not convenient for examining series of
elated complexes and not possible for some of the compounds
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Fig. 1. Emission spectra of [Ru(bpy)3]2+ (top) and [{(NH3)4Ru}2dpp]4+ (bot-
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f interest. In contrast, emission spectra of complexes in frozen
olutions are relatively easily obtained, and, although the CT
mission spectra are still very broad in 77 K frozen solutions,
great deal of useful information about the relevant molecular
arameters can be extracted from careful determinations of these
pectra and their band shapes [32,33]. Our approaches to the
ystematic analysis of the band shapes of 77 K frozen solution
T spectra and some recent results are summarized in this report.

. Summary of the contributions to charge transfer
mission band shapes

The characteristic features of an emission spectrum are its
nergy, intensity (or emission yield), bandwidth and band shape.
he emission decay after pulsed excitation yields a characteris-

ic lifetime, τ, or decay rate constant, kd = τ−1 = kr + knr (where
r and knr are the radiative and non-radiative relaxation rate con-
tants, respectively).

.1. Emission intensity

A general expression for the emission intensity at a frequency
m is [9,29,30,34]:

νm
∼= 64π4

3h3c3 ln 10

νmη3H2
eg(�μeg)2

(4πλskBT )1/2 (FC) (5)

The transition dipole, Meg, has been replaced by
Heg/hνeg)�μeg in Eq. (5) [9,34,35], where νm is the frequency
f the incident radiation, Heg the electronic matrix element,
nd �μeg is the difference of excited state and ground state
ipole moments; this substitution assumes that Heg � hνeg.
ther parameters are: η, the index of refraction; λs, the reorga-
izational energy of the solvent and other displacement modes
ith quanta hνs < 4kBT; c, the speed of light. Based on Gaus-

ian band shapes (see Section 2.2) and a wave packet model and
or the contributions of a single vibrational mode (FC) can be
epresented by [9,29,30]:

FC)k ∼=
∑

j

Fj,k[e−{4G2
j

ln 2/�ν2
1/2}] (6)

j,k = S
j
k e−Sk

j!
, Sk = λk

hνk

(7)

j = E0′0
ge − λs − jhνk − hνm (8)

here for the high frequency vibrational modes hνk ≥ ∼4kBT.
The determination of absolute intensity requires a measure-

ent of the emission yield [36], φr = krτ [37] (φr is generally
1 for the complexes discussed here), but since this article is

rimarily concerned with emission band shapes and these are
ndependent of the emission yield, we will not deal with this
ssue. In discussing emission band shapes it is important to note

hat intensity for the limit in which the donor (D) and acceptor
A) are weakly coupled, as expressed in Eq. (5), is a first order
unction in νm [9]. In a Gaussian analysis of the emission band
hape it is necessary to correct for this by dividing the observed

c

g

ntensity on emission frequency are illustrated by: gray curves, I/ν3
m; heavy

lack curves, I/νm.

ntensity by νm. As illustrated in Fig. 1, failure to make this
orrection would underestimate sideband intensities by a few
ercent. There are some reports in the literature that express
νm in terms of Meg and therefore divide the observed intensity
y ν3

m; this corresponds to a limit in which the electron den-
ity is delocalized between D and A, and if the D/A coupling is
eak this procedure distorts the band shape and overestimates

he sideband intensity by 15–25% in the region with energies
200–1600 cm−1 smaller than the band maximum as shown in
ig. 1; intermediate situations have also been treated in the lit-
rature [38]. The spectral analysis in this report is based on the
imit represented by Eq. (5).

.2. Emission energy: E0′0 and the “fundamental”

omponent

The zpe difference between the excited and ground states is
enerally not the energy maximum of the emission band; for
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Fig. 2. Emission spectrum of [Cr([14]aneN4)(CN)2]+ in butyronitrile glass
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xample: (a) the 0′0 transition is formally Laporte forbidden
n the LF emission spectra of centrosymmetric complexes (see
ig. 2); (b) the maximum of the envelope that results from the
um of overlapping E0′0 and vibronic components in a broad
and spectrum is systematically shifted to lower energies as
andwidth increases, as a result of the overlapping component
ntensity contributions (see Fig. 3).

The E0′0 component of the 2E → 4A2 emission spectrum (Oh
otation used for simplicity) of trans-[Cr([14]aneN4)(CN)2]+

C microsymmetry) in a 77 K frozen butyronitrile solution [39]
2h
n Fig. 2 is Laporte forbidden, and therefore weak compared to
ome of the vibronic components. The weak higher energy (anti-
tokes) component is assigned as a “hot band” (emission from

ig. 3. Emission spectra calculated for [Ru(NH3)4bpy]2+ [32] based on reported
esonance-Raman parameters [40]. Based on Fig. 10 in [32] with �ν1/2 = 20, 50,
00, 200, 300, 400, 500, 600, 700, 800, 900, 1100, 1300, 1500 and 2000 cm−1.
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thermally populated vibrational excited state of the 2E elec-
ronic excited state) and the E0′0 band is identified by comparing
nergy spacings and intensities of the Stokes and anti-Stokes
omponents. That the E0′0 component has significant intensity
n this complex indicates that the complex is not rigorously cen-
rosymmetric in the frozen solution. The finite bandwidths of
he spectral components (∼10 cm−1) in this spectrum are a com-
ined consequence of the spectral resolution and the effects of
he distribution of environments in solution.

The emission spectra of charge transfer excited states in
rozen solutions at 77 K are much broader and the vibronic struc-
ure is more poorly resolved (e.g., see Fig. 1) than observed
or the d–d spectrum in Fig. 2. This is a consequence of the
100-fold larger bandwidths characteristic of CT excited state
mission spectra. These large bandwidths result from: (a) the
istribution of different solvent environments of the complexes
n solution and the variations in λs and E0′0 with the solvent envi-
onment; (b) overlapping component contributions; (c) contribu-
ions of the solvent reorganizational energy, λs. For example, the
component” corresponding toE0′0 for the emission spectrum of
CT excited state, E0′0

obsd, is an envelope of the overlapping con-
ributions of the differently solvated complexes in the solution;
r, for ni the number of complexes with the solvent environment
and energy E0′0

i , this component can be represented:

0′0
obsd =

∑all solvates
i niE

0′0
i∑all solvates

i ni

(9)

If the distribution of solvates is a statistically normal distribu-
ion, then the function E0′0

obsd is expected to be nearly Gaussian-
haped.

The shift of the emission maxima shown in Fig. 3 was
alculated [32] for [Ru(NH3)4bpy]2+ based on rR parame-
ers [40], and this shift occurs only because more vibronic
omponents overlap with E0′0 for each increase of the band-
idth. For �ν1/2 < 500 cm−1, Emax(calc) ≈ (E0′0 + 0) cm−1, but

or �ν1/2 = 1000 cm−1, Emax(calc) ≈ (E0′0 + 114) and (E0′0 +
43) cm−1, respectively for [Ru(bpy)3]2+ and [Ru(NH3)4bpy]2+

see Fig. 4); for ambient solution conditions �ν1/2 ≈ 2000 cm−1

nd (Emax(calc) − E0′0) ≈ 440 and 630 cm−1, respectively. More
enerally for �ν1/2 > 500 cm−1:

νmax(emis) ∼= E0′0 − a�ν1/2 + b (10)

ince the values of “a” and “b” in the correlations in Fig. 4 are
etermined only by the values of hνh and Sh for the vibronic
omponents, and since these vary from one complex to another,
he values of “a” and “b” are variables characteristic of the dif-
erent vibronic structure of each complex. This effect does not
ake a very large contribution to E0′0

obsd in spectra obtained in
7 K glasses, but for ambient solution conditions it contributes
ignificantly to poor spectral resolution and to an ambiguous
dentification of E0′0. Nevertheless, highest energy components

econvoluted from the 77 K emission spectra will also con-
ain some contributions from vibronic overlap when some hνh
re less than �ν1/2. As a consequence, these components are
eferred to as the “fundamentals” (f).
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Fig. 4. Shift of the band maxima of emission spectra calculated from rR
p
l

0

c
a
m
t
T

h

b
t
m
t

h

w
λ

a
p
t
E

e
d
h
t
a
[
p
1
c

2

a
i

�

s
l
C
g
t
w
n

2

m
v
c
s
a
d
r
s
m
t
p
t
sions that were used in calculating the spectral curves in Fig. 3
are based on displacement modes inferred from rR spectra, but
there are some details and assumptions that are important in the
calculations [32]: (a) there are higher order (j > 1) as well as
arameters; squares, [Ru(bpy)3]2+; circles, [Ru(NH3)4bpy]2+. Least squares
ines, respectively: (E0′0 − hνmax) = (0.52 ± 0.03)�ν1/2 − (406 ± 38), r2 =
.99 and (E0′0 − hνmax) = (0.298 ± 0.007)�ν1/2 − (157 ± 9), r2 = 0.999.

Even when no molecular distortion coordinates have frequen-
ies smaller than �ν1/2 and when there are no complications
rising from the distribution of ground state solvent environ-
ents, CT emission bands are expected to be broadened due to

he contribution of the solvent reorganizational energy, λs [1,2].
hus, for an experimental emission maximum:

νmax(emis) ∼= E0′0 − a�ν1/2 + b − λs (11)

The deconvoluted fundamentals in frozen solution are much
etter estimates of E0′0 than is hνmax(emis) despite the small con-
ributions from solvent reorganizational energy (most solvent

odes will be frozen [8]) and the overlap of vibronic terms;
hus, hνmax(f) may be represented as

νmax(f) ∼= E0′0 − λl (12)

here the “effective” low frequency reorganizational,
l ∼= (γ1a�ν1/2 + γ2λs − γ3b) and γ i � 1. The λl contributions
re not much of an issue for hνmax(f) deconvoluted by our
rocedure, as has been demonstrated by our modeling of
he contributions of �ν1/2 to hνmax(f) [32]. Thus, when the

0′0 component makes the strongest contribution to the
mission spectrum, and when the highest energy component
econvoluted from the spectrum is carefully matched to the
igh energy slope, modeling with the rR parameters indicates
hat (E0′0 − hνmax(f))/E0′0 < 0.001 for �ν1/2 ∼ 1000 cm−1
nd (�ν1/2(fit) − �ν1/2(actual))/�ν1/2(actual) ∼ 0.03–0.07 for the
Ru(L)4bpy]2+ complexes [32]. In contrast, this deconvolution
rocedure overestimates the intensity of the fundamental by
0–15% [32] as a consequence of the overlap with vibronic
omponents.
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.3. Intrinsic bandwidth of the emission

In the limit that (E0′0
i − λs) does not vary with the solvate

nd for hνk > �ν1/2 for all distortion modes (k), the bandwidth
s expected to be largely a function of temperature and λs [1,2]:

ν1/2 ∼= 4[kBTλs ln 2]1/2 (13)

If (E0′0
i − λs) does vary with the solvate and/or there are

ome hνk < �ν1/2, �ν1/2 for a CT emission in solution will be
arger than this limit. Therefore, the bandwidths inferred from
T emission spectra observed for complexes in solution will
enerally be larger than the limit expressed in Eq. (13). In view of
his consideration and the rR-based modeling described above,
e treat �ν1/2 as a parameter characteristic of the experiment,
ot the molecule or solvent.

.4. Emission band shapes

The emission intensity on the low energy side of the funda-
ental contains contributions of vibronic progressions. These

ibronic progressions correspond to the projection of the nuclear
oordinates of the excited state PE minimum onto the ground
tate normal coordinates, and each of the distortion modes, k, has
characteristic vibrational frequency, νk, and the square of the
istortion in each of these modes is represented as a vibrational
eorganizational energy, λk. This is illustrated for the limit of a
ingle distortion mode in Fig. 5. The amplitude of the displace-
ent of the excited state along the normal coordinate determines

he relative intensities of the first and higher order vibronic com-
onents of the displacement mode relative to the intensity of
he {e, 0′}→ {g, 0} transition; e.g., see Fig. 5. The progres-
ig. 5. Illustration of the limit in which the ground and excited state differ
n structure by distortion in a single vibrational mode and the bandwidths are
ery small. The emission spectrum in the inset (right side of the PE curve) was
onstructed based on a harmonic progression in the distortion mode, Gaussian
and shape functions no symmetry restrictions on the coupled modes.
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rst order (j = 1) vibronic contributions to the emission spec-
rum; (b) the higher order terms used to construct Fig. 3 contain
ll possible contributions of the displacement modes reported
n the rR study; (c) the number of contributing terms increases
ith the order approximately as nj and the net contributions of
igher order terms can be quite large (e.g., for n = 10 displace-
ent modes, there would be approximately 10, 100 and 1000

ontributing first, second and third order terms, respectively);
d) the rR data are obtained for vibrations coupled to the spin
llowed MLCT absorption, while the emission is nominally for
triplet → singlet transition. The rR parameters used for Fig. 3
t the observed [Ru(NH3)4bpy]2+ emission spectra very well;
urther details related to this fit are described below.

. Evaluation of the molecular parameters contributing
o emission band shapes, and rR-based modeling of
bserved emission spectra

.1. Evaluation of the fundamental

.1.1. Based on the observed spectra
If the emission spectra are of very good quality, with no

mpurity emissions and very little scattered light, and if the fun-
amental makes the largest contribution to the emission band
nvelope, then the fundamental component can be evaluated by
atching the slope of the high energy side of the emission to

he Gaussian function representing the fundamental [32]. This
equires the successive transfer of the digital data files from the
uorimeter to programs such as EXCEL and Gram/32 to obtain

he best fit of a Gaussian component representing the emission
undamental, Iνm(f):

Iνm(f) ∼= Imax(f) e−[G0/w]2
, G0 = hνmax(f) − hνm,

w = �ν1/2√
4 ln 2

(14)

he parameters, Imax(f), hνmax(f) and �ν1/2, obtained from the
bserved spectrum are necessary for the subsequent analysis of
and shape.

.1.2. Based on electrochemical measurements
The relationships between CT transition energies and the dif-

erence in the potentials for oxidation of the donor and reduction
f the acceptor, F�E1/2, have been discussed extensively and are
eviewed in several places [33,41–43]. Since the electrochemical
rocesses are defined for equilibrium states, they are in principle
elated to the �zpe of the two electronic states. However, the
lectrochemical and optical processes involve different species
nd: (a) if the excited and ground states differ in spin multiplicity,
hen there may be substantial contributions of the exchange ener-
ies (i.e., for the energy difference between a singlet and triplet
tate with the same orbital occupation given by EST = 2Kexch);
b) the net molecular charge does not change in the optical

rocess, but it changes by one unit in the electrochemical pro-
esses; (c) the electrochemical and optical processes involve
ifferent changes in orbital occupation. If the last two issues
re represented in terms of an electron transfer equilibrium with

c
i
t
(

4 2 3 2

en)2, 5; trien, 6; (NH3)4, 7. The least squares lines are calculated for the data
oints 1–7: slope = 0.99 ± 0.05 and intercept = 1 ± 1, top; 1.3 ± 0.2 and −11 ± 3,
ottom.

quilibrium constant KDA [33,44]:

D+,A} + {D,A−}
KDA
� {D+, A−} + {D,A} (15)

hen for a singlet–singlet transition [33,42–44] under ambient
onditions:

00′ ∼= −F�E1/2 − RT ln KDA + T�S◦

∼= −F�E1/2 − RT ln Kelec + 2αgeλs + T�S◦ (16)

here Kelec is a purely electrostatic contribution. For a
riplet–singlet transition [32,44]:

0′0 ∼= −F�E1/2 − RT ln Kelec + 2αegλl + T�S◦′ − 2Kexch

(17)

For reasons described above, the fundamental component
n the broad and structureless ambient absorptions of the
Ru(L)4bpy]2+ complexes are generally difficult to uniquely
dentify; therefore, we have used the absorption maxima,
νmax(abs), for the correlations in Fig. 6; it is important to note
hat the common assumption that hνmax(abs) ∼= E00′ + λs is not
enerally correct; see the discussion above. Clearly the absorp-
ion maxima agree with Eq. (16) (slope = 0.99 ± 0.05; inter-

ept = 1000 ± 1000 cm−1). While the values found for hνmax(f)
n 77 K solutions also correlate with F�E1/2, the slope is steeper
han expected (1.3 ± 0.2) and the intercept is very negative
−11,000 ± 3000 cm−1); these features probably arise mostly
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rom systematic variations in the contributions of 2Kexch in Eq.
17) since the exchange energies have been calculated to be of the
rder of a few thousand wavenumbers for these complexes and
o be much larger for [Ru(NH3)4bpy]2+ than for [Ru(bpy)3]2+

45].

.2. The basis for evaluating the relative intensity
ontributions of the distortion modes

Eq. (6) represents the vibronic contributions as a series of jth

rder polynomials (in S1) with Gaussian shape functions cen-
ered at the energy of the vibrational quantum. It is convenient
o collect terms according to the order of the polynomials so that
or St � 1 the first, second and third order vibronic contributions
re, respectively:

Iνm(0′1)
∼= Imax(f)

∑
i

(
λi

hνi

)
e−[Gi/w]2

,

Gi = hνmax(f) − hνi − hνm (18)

Iνm(0′2)
∼= Imax(f)

2

∑
i

∑
j

(
λi

hνi

)(
λj

hνj

)
e−[Gij/w]2

,

Gij = hνmax(f) − hνi − hνj − hνm (19)

nd

Iνm(0′3)
∼=Imax(f)

6

∑
i

∑
j

∑
k

(
λi

hνi

)(
λj

hνj

)(
λk

hνk

)
e−[Gijk/w]2

,

Gijk = hνmax(f) − hνi − hνj − hνk − hνm (20)

We have used Eqs. (18)–(20) and the rR parameters reported
or [Ru(bpy)3]2+ [46] and [Ru(NH3)4bpy]2+ [40] to model the
espective emission spectra, Fig. 7, and to evaluate the proce-
ures used in the band shape analyses described here [32]. The
pectral fits are excellent for [Ru(NH3)4bpy]2+ and reasonable
or [Ru(bpy)3]2+.

.3. Variations in vibrational reorganizational energies:
eorganizational energy profiles (emreps) [32]

.3.1. The basis for constructing emreps from the observed
pectra

As outlined in the preceding section, the emission band shape
s determined by the contributions of progressions in the distor-
ion modes, each making an intensity contribution of the type:

Iνm(0′j))k
∼=
[

1

j!

(
λk

hνk

)j

e−[Gjk/w]2

]
Iνm(f) (21)

Because the λk contain the information about excited state
tructure they are key parameters in determining excited state

ifetimes and electron transfer reactivity it is convenient to recon-
gure the vibronic contributions to the emission band shape so
s to emphasize the vibrational reorganizational energy contri-
utions. A simple means for doing this is based on the maxima of

n
v
t
Λ

rder vibronic components. The sum of all these components is the thin black
ine that is nearly coincident with the experimental spectrum. Taken from Fig.
in [32].

he first order intensity contributions to the emission spectrum,
q. (18) and [47,48]:

k =
(

Imax(k)

Imax(f)

)
hνk (22)

In order to accomplish this, the contribution of the fun-
amental component, corresponding to the {e, 0′}→ {g, 0}
ransition, is removed from the experimental spectrum to gen-
rate a difference spectrum, Iνm(diff) = Iνm(expt) − Iνm(f), and
profile of the reorganizational energy contributions is gen-

rated by multiplying the normalized difference spectrum,
νm(diff)/Imax(f), by the spectral frequency difference from the
undamental, hνd = h[νmax(f) − νm]. Constructed in this man-

er, the reorganizational energy profile will have maxima at
ibrational energies different from those of the normal vibra-
ional modes because the functions generated are of the form

k = hνk e−[Gjk/w]2
and not Gaussian. An approximate cor-
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ection for this effect is based on first order terms [32] with
νx ∼= 2(hνd) − [(hνd)2 + (�ν1/2)2/4 ln 2]1/2; thus, the first, sec-
nd and third order functions that contribute to the reorganiza-
ional energy profile and correspond to the respective vibronic
ontributions are

I = hνx

∑
i

[(
λi

hνi

)
e−[Gi/w]2

]
(23)

ij = hνx

1

2

∑
i

∑
j

[(
λi

hνi

)(
λj

hνj

)
e−[Gij/w]2

]
(24)

ijk = hνx

1

6

∑
i

∑
j

∑
k

[(
λi

hνi

)(
λj

hνj

)(
λk

hνk

)
e−[Gijk/w]2

]
(25)

The empirical reorganizational energy profile (emrep) gen-
rated from the emission spectrum is then

x = hνx

Iνm(diff)

Iνmax(f)

= ξi + ξij + ξijk + · · · (26)

.3.2. Uses and significance of emreps
While the emreps are composite quantities when based on

olution spectra, they map into the vibrational reorganizational
nergies for �ν1/2 � 100 cm−1 [32]. Furthermore, they pro-
ide a systematic means for examining excited state structural
ariations in related series of complexes and they facilitate the
dentification of the contributions of the highest frequency vibra-
ional modes, such as the N–H or C–H stretching modes, whose
ontributions to the emission spectrum are small owing to their
arge values of hνi. While these vibrational modes are expected
o dominate excited state relaxation pathways [16,17,19], but
R studies have not been able to establish limits on their con-
ributions to excited state distortions in most of the complexes
f interest, in part because their frequencies are so large. Such
imits have been established by using emreps [32,49,50].

.4. Other considerations

.4.1. Selection rule issues
In general, the vibrationally equilibrated CT excited states

ill have lower symmetry than the corresponding ground states,
nd we have assumed in studies summarized below that all of
he vibrational modes that are resolved in rR studies also con-
ribute to the emission band shape and that there are no symmetry
onstraints on the contributions of vibrational fundamentals, har-
onics or combinations. This contrasts to the 2E ligand field

LF) excited state of CrIII which usually differs little from the
eometry of the ground state, and for which selection rules
re very important in determining the relative importance of
omponent contributions to the emission spectrum as discussed
lsewhere [51–54]; e.g., see Fig. 2.
.4.2. Experimental artifacts
Some contributions to the band shape can arise from the

echniques used in emission spectral data collection. The princi-

e
i
l
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al concerns are: (a) spectrometer response; (b) sample quality;
c) scattered light. It is necessary to calibrate the spectrometer
esponse against reliable wavelength and intensity standards,
nd there are several available options [36]. The principal sam-
le quality issues in 77 K glasses are: (i) emitting impurities; (ii)
lass quality; (iii) particles in the light path (e.g., dust or conden-
ation on the sample cell); (iv) other sources of scattered light.
bviously, impurities must be eliminated, but it may be less
bvious that a fractured or otherwise poor quality glass results
n a distorted band shape. Such effects are a consequence of a
ombination of the increases light scattering, which results in
oor wavelength discrimination, and the increased multiplicity
f environments of the emitting species.

. Effects of configurational mixing

.1. General

Transition metal complexes typically have several electronic
tates with energies that are relatively close to that of the emitting
tate, and these energy differences and the resulting configura-
ional mixing can vary systematically through a series of related
omplexes. The effect of configurational mixing of two elec-
ronic states (“1” and “2”) is to reduce the extent to which
hey differ. It is convenient to treat this effect in terms of Eq.
4) [4]. Thus, the extent of configurational mixing depends on
12 = H12/E12(d), where H12 is the normalized electronic matrix
lement E12(d) is the vertical energy difference between the
nmixed (or diabatic) electronic states.

.2. Excited state–ground state mixing

.2.1. Transition energies
The qualitative effects of configurational mixing between

lectronic states (note that any exchange energy contributions
ill be contained in E0′0

12 ) are: (a) to increase E12(d) when
0′0
12 > 0; (b) to move the potential energy (PE) minima of the

wo states closer together (i.e., to reduce the excited state dis-
ortion), see Fig. 8. When the vibrational modes of the unmixed
round and electronic excited states have the same vibrational
requencies (or force constants) and there is very little distortion
α2

ij � 0.1), configurational mixing results in [4,33]:

12 = E0′0
12 + λr ∼= E12(d)(1 + 2α2

12)

− 2λr(d)(α
2
12 + α2

21 + · · ·) + δ�zpe (27)

here λr(d) is the effective (diabatic) reorganizational energy
nd the next to last term in Eq. (25) is a result of the shift of
he PE minima and the last term is only important if there are
ifferences in the ground and excited state force constants [50].

.2.2. Effect on force constants and vibrational frequencies

When there is appreciable configurational mixing between

lectronic states, the shapes of the PE surfaces are altered, as
ndicated in Fig. 8, and this implies that when α2

ij is sufficiently
arge, the force constants will also be altered. This will result in
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ig. 8. Potential energy curves qualitatively illustrating the effects of config-
rational mixing on the reorganizational energy, λ (a for adiabatic and d for
iabatic): λa < λd.

change of the zpes of the mixed electronic states and thus will
odify the transition energy. This can be expressed in terms

f changes in the force constants; the force constant, fk, of a
ibrational mode k is given by the second derivative of the PE
ith respect to the correlated normal coordinate, Qk:

k = ∂2(PE)

∂Q2
k

(28)

In general, configurational mixing alters the force constants
n two different ways [50]: (a) any difference in the force con-
tants (and vibrational frequencies) of the two electronic states
s decreased; (b) the force constants (and vibrational frequen-
ies) of the higher energy electronic state are increased while
he force constants (and vibrational frequencies) for the lower
nergy state are decreased (a result of the change of shape of the
E surfaces). While this is a minor issue in regard to �zpes and it
ay implicate configurational mixing among CT excited states

50], it is not an important factor in the analysis of emission band
hapes and it will not be further considered here.

.2.3. Vibronic sideband intensities
Since configurational mixing reduces the excited state dis-

ortion, represented in Fig. 8 by the reduced separation of PE
inima along the effective nuclear distortion coordinate, the

ffective reorganizational energy is also reduced [33,44,55–57];
f we allow for weaker electronic coupling when the two states
iffer in spin multiplicity (i.e., α2

ge > α2
eg and a smaller shift of

he excited state than of the ground state PE minimum), then
or α2

ge < 0.1 the shifts of the PE minima along any distortion
oordinate result in

k
∼= λk(d)(1 − 2α2

ge − 2α2
eg) (30)

The individual vibronic components are not resolved in a
road band spectrum, but the average attenuation of the vibronic

omponents will appear as changes in intensity of the emreps
at least in a two state limit) and Eq. (30) may be rewritten as

r ∼= Λr(d)(1 − 2α2
ge − 2α2

eg) (31)

b
w
t
e
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For example, the emitting Ru/bpy MLCT excited states
ave been found with energies of 12,000–18,000 cm−1, so that
onfigurational mixing of the MLCT excited states with their
round electronic states is expected to result in smaller differ-
nces molecular structures of these states as the excited state
nergy decreases. Furthermore, the electronic matrix elements,
ge, found for mixing the singlet ground states with the sin-
let MLCT excited states in Ru–polypyridyl complexes are
ery large [44,58] and Hge has been estimated to be about
000 cm−1 for Ru/bpy complexes [44]; even the matrix element
or the 3MLCT/ground state mixing, Heg, appears to be large in
u/polypyridyl complexes (Heg > ∼Hge/3) [58], probably as a

esult of spin–orbit coupling and Heg ≈ (HSO/2Kexch)Hge (where
SO is the matrix element for mixing the singlet and triplet
LCT excited states with the same electronic configurations).

n view of this, Eq. (31) indicates that the differences in the
xcited state configurational mixings will be manifested in the
mission spectra by substantial differences in the vibronic side-
and intensities, and such differences have been observed [59].
he energy differences between electronic excited states may
lso vary through a series of complexes and such variation can
esult in important differences in the structures and properties
f the lowest energy excited states, but this is more difficult to
irectly examine experimentally since the higher energy excited
tates are difficult to observe and characterize.

.3. Band shape variations implicating configurational
ixing among excited states

While the band shape of an emission spectrum is related to the
tructural differences between the lowest energy excited state,
e0}, and the ground state, transition metal complexes char-
cteristically have several other excited states whose energies
iffer little from that of {e0} [44,57,60,61]; e.g., see Fig. 9. The
eneral effects of this ground state–excited state configurational
ixing on the energies and vibrational reorganizational energies

f {e0} follow the patterns described above. Fig. 9 suggests that
onfigurational mixing with higher energy metal-centered (lig-
nd field, LF) and ligand-centered (��*) excited states should
e considered for these complexes.

.3.1. Possible 3MLCT mixing 3LF excited states
Although there is no direct experimental information about

he LF excited states of [Ru(L)4bpy]2+ complexes, such states
ave often been implicated in the ambient 3MLCT decay and
hotochemistry of these complexes [62–65] and such a ther-
ally activated reaction or decay pathway would be possible

nly if the energy differences are small relative to about 17kBT
r <9kBT for [Ru(bpy)3]2+ and [Ru(NH3)4bpy]2+, respectively,
or ambient conditions. An estimate of the of a 3LF excited state
an be based on comparison to [M(NH3)6]n+ analogs. Thus,
Rh(NH3)6]3+, which is isoelectronic with [Ru(NH3)6]2+, has a

road 3LF (3T1g) emission band centered at about 17,000 cm−1

ith an origin at about 21,000 cm−1 [66]. This band is attributed
o vibronic progressions in the a1g(Oh) (νa1g = 500 cm−1) and

g(Oh) (νeg = 480 cm−1) Rh–N skeletal vibrational modes in
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Fig. 9. Energy diagram qualitatively illustrating the electronic states for com-
plexes with one (left) and three (right) nominally degenerate MLCT excited
states. A localized model of C2 or C2v symmetry is assumed; e.g., most electron
density localized on a single bpy of [Ru(bpy)3]2+ for the scheme at the right. The
energy differences are presumed to be relative to the ground state nuclear coor-
dinates. The heavy bars indicate that several combinations of metal-centered
orbitals can contribute to the excited state electronic configurations. The rel-
ative energies of the electronic states are estimated based on spectra reported
for [Ru(L)bpy]2+ or for closely related complexes [44,45,53,57,60,61]; only
the MLCT excited states involving bpy LUMO are considered for simplicity.
For these complexes the vertical bar corresponds to an energy range of about
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0,000 cm−1 LF = ligand field (dd) excited state; LC = ligand-centered excited
tate (e.g., ��*).

hich the excited state is so distorted that the Huang–Rhys
arameter is estimated to be Sa1g

∼= 0.6 and Seg
∼= 14, respec-

ively [66]. The latter is nearly 50 times larger than the largest
alue of Sk inferred from rR spectra of either [Ru(bpy)3]2+ [46]
r [Ru(NH3)4bpy]2+ [40]. The lower charge results in lower
nergy LF excited states in [Ru(NH3)6]2+ than in [Rh(NH3)6]3+,
ith the lowest energy LF absorption maxima at about 26,500

nd 32,500 cm−1, respectively [60,66]. If there is a similar
nergy difference for the 3LF excited states (note that this
ssumes similar exchange energies, so that there is considerable
ncertainty in the estimate), then the 3LF state of [Ru(NH3)6]2+

hould have its origin in the 15,000–17,000 cm−1 energy range.
he energies of the LF states can be represented by the elec-

ronic pairing energy and the energy differences of the dσ and dπ

rbitals, or 10Dq ∼= 3σL − 4πL, where σL and πL are the respec-
ive orbital energy parameters of the angular overlap model

AOM) [60,67,68]. The σL-parameters are typically the same for
he am(m)ine and pyridyl ligands, but theπL-parameters, usually
aken as zero for am(m)ines, are found to be significantly neg-
tive for pyridyl ligands [67,68]. Thus, πL ∼= −250 cm−1 [69]

m

H
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per N) has been found for [Cr(bpy)3]3+, and the πL-parameter
or [Ru(bpy)3]2+ are probably more negative. These consid-
rations indicate that the 3LF state energies are only a few
housand wavenumbers larger than the 3MLCT energies, and
hey could approximately track the variations of 3MLCT ener-
ies in the [Ru(Am)6−2n(bpy)n]2+ complexes. The tetragonally
istorted 3T1g excited state of the octahedral complexes [66],
ill be split into two or more components in the low symmetry

Ru(L)4bpy]2+ complexes and each of these components will
e distorted with respect to the ground state metal–ligand nor-
al coordinates. Configurational mixing between the 3MLCT

nd the highly distorted 3LF excited states will tend to increase
ome distortion coordinates of the lowest energy excited state.
ince the 3LF excited state has a dσ dπ electronic configuration
nd the 3MLCT state has a dπ pπ electronic configuration, the
lectronic coupling matrix element, HCT,LF, could be small as a
esult of the small values of the corresponding overlap integrals
4]. If this is the case, then the mixing coefficients, αCT,LF, will
e significant only for small values of the differences in energies
etween these states.

.3.2. Possible mixing between different MLCT excited
tates

When more than one polypyridyl ligand is coordinated to
metal or in complexes with more than one metal, configura-

ional mixing between the different (diabatic) MLCT excited
tates should also be considered. Such configurational mixing
as the effect of reducing the electron density localized on any
ne ligand in the excited state and has the formal effect of
dding [2(α2

geΛr(d) − 2α2
01Λl(d))] to Eq. (31), where α01 is the

LCT/MLCT′ mixing coefficient and Λl(d) is a reorganizational
nergy parameter for MLCT → MLCT′ electron transfer [70].
f the effective force constants are the same in all states, then

r(d) = Λl(d).
For example consider the [Ru(L)2(bpy)2]2+ complexes in

hich the two MLCT excited states form a mixed valence pair:

[(bpy)–{RuIII(L)2}–(bpy−)]2+

� [(bpy−)–{RuIII(L)2}–(bpy)]2+ (32)

variety of experimental evidence suggests that there is lit-
le configurational mixing between degenerate 3MLCT excited
tates with different electronic configurations such as are illus-
rated in Eq. (32) [50,71,72]; evidence for a contrasting view has
lso been presented [73,74]. Weak coupling between the degen-
rate electronic configurations is consistent with a superex-
hange mechanism for the electronic coupling in which elec-
ronic coupling is mediated by an excited state in which the
lectron has been transferred to the bridging moiety (in this case
uIII) [11,75,76]. The mediating higher energy excited state for
ixing 3MLCT0 and 3MLCT1 (notation as in Fig. 9), would be a

riplet 3LF excited state. Therefore, the superexchange coupling

atrix element can be formulated as [11,76]:

spx
01 ≈ H2

CT,LF

ECT,LF
≈ α2

CT,LFECT,LF (33)
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ECT,LF is the sum of the difference in zpe between these states
nd a very large reorganizational energy term (roughly the sum
f the vibrational reorganizational energies for the [Ru(bpy)3]2+

MLCT and 3LF excited states, which is possibly greater than
000 cm−1), and HCT,LF may be relatively small as a result
f poor orbital overlap (see discussion above). Consequently,
2
CT,LT and H

spx
01 are expected to be very small leading to very

ittle mixing of the 3MLCT excited states.
Configurational mixing between CT and “local” excited

tates (LC for these complexes) has been postulated as a source
f the intensity of CT transitions [4]. We have not found any
ariations in band shapes that clearly implicate different contri-
utions of the mixing with LC states.

. Applications to the 77 K emission spectra of
Ru(L)4bpy]2+ complexes

The well known and well characterized [Ru(L)4bpy]2+ sys-
ems have been used as substrates with respect to which the
pproaches described here can be tested and to examine the
xtent to which these approaches can yield new information
bout the excited states of these complexes [32]. The rR param-
ters reported for [Ru(bpy)3]2+ [46] and [Ru(NH3)4bpy]2+ [40]
t the observed emission spectra well based on Eqs. (14)–(16),
nd they have been used to model the approaches described
bove, and to estimate the bandwidth dependent uncertainties
n the parameters that are extracted from analysis of emis-
ion band shapes [32]. The rR-based modeling is discussed in
etail elsewhere [32], and in this section we will summarize
ome of the excited state properties that have been inferred
rom systematic comparisons of the MLCT emission band
hapes.

.1. Pertinent rR observations

Table 1 summarizes the rR parameters found for several
etal–bipyridine complexes, and their maximum first order

ntensity contributions (relative to Imax(f) = 1) to the emission
pectrum; see Eqs. (14) and (18). The comparison of the
uang–Rhys factors for these complexes in Fig. 10 suggests

hat the rR active vibrations at 1490 and 1560 cm−1 arise
lmost entirely from distortions of the bpy ring in the MLCT
xcited states of [Ru(L)4bpy]2+ complexes (Sk = 0.13 ± 0.01
nd 0.28 ± 0.02, respectively); peaks at 1320 and 1600 cm−1

ay also be characteristic of the bpy distortions, but there
eems to be more variability with (L)4. The similar displace-
ents found at 1490 and 1560 cm−1 for [Ru(bpy)3]2+ [46],

Os(bpy)3]2+ [26] and [Os(py)4bpy]2+ [26] are surprising. The
maller values of Sk at these frequencies for [Ru(NH3)4bpy]2+,
k([Ru(NH3)4bpy]2+) = 0.57Sk(L′) for Ru with (L′)4 = (bpy)2 is
eadily attributed to the attenuation predicted by Eq. (30) since
νmax(abs) and hνmax(f) are smaller for [Ru(NH3)4bpy]2+ than for

Ru(bpy)3]2+, resulting in greater sideband attenuation (larger
2
ij) for the former [32].

In contrast, the distortions in the lower frequency
ibrational modes (hνk < 700 cm−1) depend strongly on Ta
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Fig. 10. Comparison of rR Huang–Rhys factors for simple M-bpy com-
plexes: [Ru(bpy)3]2+ [46], filled rectangles; [Os(bpy)3]2+ [26], open rectangles;
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Fig. 11. The emission spectrum of [Ru(py)4bpy]2+ in butyronitrile at 77 K com-
pared to that calculated from the rR parameters reported for [Os(py)4bpy]2+

[26]; see Table 1. For the observed spectum solid black curve with
hνmax(f) = 16,880 cm−1 and �ν1/2 = 800 cm−1. Fundamental, I(f), long-dash
curve; sum of first order components, short-dash curve; sum of second order
c
s

c
H
a
n
F
t
o
F
m
g
i
[

5
e

t
t
f
b
b
m
M

r
2+ 2+
Ru(NH3)4bpy] [40], filled circles; [Os(py)4bpy] [26], open circles. Dashed
ines are drawn connecting some of the data points for each complex to simplify
omparisons.

and on the metal, and they decrease in the order
Ru(NH3)4bpy]2+ � [Ru(bpy)3]2+ > [Os(L)4bpy]2+. These can
e assigned as largely metal–ligand skeletal modes [40,77].
he large amplitude of these vibrations for [Ru(NH3)4bpy]2+

ndicates that there is a large difference in the ground and
xcited state coordination sphere bond lengths and angles of
his complex, nominally between the Ru(II) and Ru(III) oxida-
ion states. This can be compared to the Ru(II)–N and Ru(III)–N
ond length differences of [Ru(NH3)6]3+/2+ and [Ru(bpy)3]2+

hich are 4 pm and probably less than 1 pm [78], respec-
ively. This corresponds to a coordination sphere reorganiza-
ional energy, including all skeletal vibrational modes, of about
40 and ∼0 cm−1, respectively [14]; by interpolation the coor-
ination sphere reorganizational energy of [Ru(NH3)4bpy]2+

hould be about 160 cm−1. However, the sums of all rR reor-
anizational energies reported for the vibrational modes with
νk < 700 cm−1 in these two complexes are 294 and 260 cm−1

see Table 1), respectively. Thus, the coordination sphere dis-
ortions for both of these complexes appear to be larger than
xpected based on known ground state electron transfer behav-
or: if one assumes that the attenuation described by Eq. (27)
pplies equally to coordination sphere and to bpy distortions
n the MLCT excited states, then the vibrational reorganiza-
ional energies for the coordination sphere displacement modes
n the [Ru(NH3)4bpy]2+ MLCT excited state are about 200 cm−1

arger than expected for a simple two state electron transfer pro-
ess. A possible origin of this discrepancy is configurational
ixing between the 3MLCT excited state and a slightly higher

nergy ligand field excited state (3LF). Furthermore, the rR
arameters reported for [Os(py)4bpy]2+ [26] do not account
or the intensity of the [Ru(py)4bpy]2+ emission spectrum in

he frequency regime of the low frequency distortion modes,
ig. 11. That there is so much variation in the contributions
f low frequency distortion modes to the band shapes of these
omplexes is reasonably consistent with different extents of

[
A
v
a

omponents, dash-dot curve; sum of third order components, dash-dot-dot curve;
um of all components, solid gray curve.

onfigurational mixing with a low energy 3LF excited state.
owever, there is no direct information about the energy vari-

tions of these states among these complexes, and other expla-
ations for the observed variations should also be considered.
or example, the discrepancies between the emission spec-

rum of [Ru(bpy)3]2+ calculated using rR parameters and that
bserved may arise from differences in the symmetry of the
ranck–Condon excited state that is probed by the rR experi-
ent and the emitting state, since the former must have the D3

round state symmetry while the latter could have C2 symmetry
f the excited electron is largely localized in a single bpy ring
32].

.2. Vibronic attenuation in frozen solutions and the
valuation of the extent of configurational mixing

Because the bpy modes in the hνk = 1500 cm−1 region have
he largest vibrational reorganizational energies (for the vibra-
ions at about 1490 cm−1 λk = 397 and 224 cm−1, respectively
or [Ru(bpy)3]2+ and [Ru(NH3)4bpy]2+; see Table 1), and
ecause the rR data seem to indicate that these modes are mostly
py-centered vibrations, the corresponding emrep amplitudes
ay be relatively good probes of the overall properties of the
LCT excited states in polypyridyl complexes.
The fits between the observed and calculated (based on

R parameters and Eqs. (14)–(16)) 77 K emission spectra of

Ru(NH3)4bpy] and [Ru(bpy)3] [32] are shown in Fig. 7.
n important observation is that the second and third order
ibronic terms, based on the rR parameters and Eqs. (15)
nd (16), contribute significantly to the band shape, as shown
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Fig. 12. The variation of emrep amplitudes (corrected for bandwidth dif-
ferences), Λx(max;cor), with (hνmax(abs))−2 for [Ru(L)bpy]2+ complexes with
L = (bpy)2, 1; en(bpy), 2; (NH3)2(bpy), 3; (Me2pyo[14]eneN4), 4; (rac-
Me6[14]aneN4), 5; ([14]aneN4), 6; ([15]aneN4), 7; trien 8; (en)2, 9; (NH3)4,
10; (py)4, 11; ([12]eneN4), 12; ([12]aneN4), 13, from [79]. The best fit curves
for the top set of data points are (large dashes): Λx(max;cor) = 2200 ± 100 −
(550 ± 40) × 109 (hνmax(abs))−2 and (small dashes): Λx(max;cor) = 3800 ± 900 −
(1900 ± 700) × 109 (hνmax(abs))−2 + (280 ± 150) × 1018 (hνmax(abs))−4. For the
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Careful comparisons emission spectra and emreps of the
2+ 2+
ower data set: Λx(max;cor) = 1900 ± 100 − (550 ± 40) × 109 (hνmax(abs))−2.

n Fig. 7. The fits of rR parameters to the emission spec-
ra are quite good, especially for [Ru(NH3)4bpy]2+, consid-
ring that rR parameters were obtained from excitation of
he 1MLCT absorption bands in ambient solutions. For exam-
le, since the 1{g}→ 1MLCT absorption is allowed while the
MLCT → 1{g} emission is expected to be at least partly for-
idden, one might expect less attenuation of the emission, for
hich Heg(3MLCT) < Hge(1{g}) in Eq. (31), than for the absorp-

ion for which Heg(1MLCT) = Hge(1{g}); however, this may be
artly compensated by the energy differences between the PE
inima of the two states (EST ∼= 2Kexch).
The vibronic sideband contributions to the observed emis-

ion spectrum are nearly 40% smaller for [Ru(NH3)4bpy]2+ than
or [Ru(bpy)3]2+ [32,59]; see Fig. 7. The similar contrast in the
ideband contributions in the calculated spectrum reflect the con-
rasts in the bpy distortion modes noted in Section 5.1 above.
hrough the simple series of [Ru(Am)6−2n(bpy)n]2+ complexes
ith Am = en/2 or NH3 the attenuation of the sideband intensi-

ies, expressed in terms of emreps, follows the pattern described
y Eq. (31) [32,59]. There is appreciable scatter of the data for
he complexes with L = (Am)4 around the upper correlation line
n Fig. 12 [32], and some significant deviations have been found
pon a more extended, recent examination of the emission side-

2+
ands of [Ru(Am)4bpy] complexes (Am = NH3 or an aliphatic
mine; lower set of complexes in Fig. 12) [79]. This work is dis-
ussed further below.

[
p
c
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.3. Evaluation of the contributions of the high frequency
–H and N–H stretching modes to MLCT excited state
istortions

The highest frequency vibrational modes are expected, in
rinciple, to provide very efficient excited state relaxation path-
ays [16,17,19]; however, this expectation, based on nuclear

unneling models, has not always been easy to reconcile with
xperimental observations on simple coordination complexes
20–26]. For example, our observation that [Ru(NH3)4bpy]2+

oes emit (in contrast to an earlier report [80]) at relatively
ong wavelength (12,500 cm−1) and with a very short lifetime
25 ns) at 77 K might be considered an example of the effec-
iveness of the very high frequency N–H stretching modes in
uenching a charge transfer excited state, but the observed iso-
ope effect (kNH/kND ∼= 3 or an increase of lifetime of ∼0.17
er NH moiety) is smaller than expected for such a mech-
nism and in striking contrast to the 50-fold longer lifetime
nd larger isotope effect (kNH/kND ∼= 14 or ∼0.67 increase per
H moiety for a localized excited state) [39,49,81,82] for the
etal-to-metal electron transfer emission of the trimetallic com-

lex, trans-[{(NH3)5RuII(NC)}2CrIII([14]aneN4)]5+, which has
very similar emission energy. However, the tunneling probabil-

ty is a function of the overlap of the vibrational wavefunctions
f the two states, and thus of the displacement in the vibrational
ode as well as its frequency [16,17]. It is therefore a con-

ern that no contributions from such high frequency vibrational
odes have been reported in rR studies [26,40,46]. The contri-

utions of such vibrational modes are much easier to identify in
mreps than in either the original emission [32,33,39,49] or the
R spectra; see Eqs. (18) and (19).
Ru(L)4(d8-bpy)] and [Ru(L)4(h8-bpy)] isotopomers has
ermitted the detection of small in amplitude C–H vibronic
omponents as the composite contributions of the correspond-
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ng vibrational reorganizational energies [39,49]. The largest
f these, �Λx(max) = 25 ± 10 cm−1 at hνx(max) ≈ 2700 cm−1,
re found from the differences of isotopomer emreps for the
omplexes with (L)4 = (py)4 or (bpy)2 and the C–H vibronic
ontributions are much smaller for (L)4 = (NH3)4 [32,50].
owever, the N–H vibronic contributions to the emission

pectrum for these complexes are comparable to the noise
evel in the spectra and they are not unambiguously resolved
�Λx(max) ≤ 10 ± 10 cm−1, and λNH per NH may be less than
cm−1 for the N–H stretching modes of the [Ru(NH3)4bpy]2+

omplex). Such small vibrational reorganizational energies lead
o very small contributions of the highest frequency vibrational

odes to the excited state relaxation rates in single mode/
ingle relaxation channel models (knr(calcd)/knr(obsd) � 10−4)
50].

In contrast, the spectral contributions of the N–H vibra-
ional modes are well resolved in the differences between
he emreps of the NH and ND isotopomers of the cyanide-
ridged CrIII–(CN−)–RuII complexes with�Λx(max) ≈ 30 cm−1

t hνx(max) ≈ 3200 cm−1 [39,49]. Note that the value of
Λx(max) ≈ 30 cm−1 is the composite contribution of all 19 N–H

tretches since the values of νNH usually span a range of less than
00 cm−1 [83] and this is smaller than �ν1/2 (Table 2). Thus,
or a localized, CrII–(CN−)–RuIII moiety in the excited state
here are 19 N–H stretching vibrations, so the reorganizational
nergy per N–H stretching vibration is less than 30 but greater
han ∼1.5 cm−1. A value of λNH in the middle of this range could
ossibly account for the observed large isotope effect if all of the
elaxation channels constructed from all possible combinations
f the 19 N–H stretching modes contribute. The shorter life-
ime and smaller isotope effect found for the [Ru(NH3)4bpy]2+

omplex, which has about the same excited state energy as the
r–(CN)–Ru complex, apparently arise mostly from a combi-
ation of the smaller values of λNH, the smaller number of NH
istortion modes and the intervention of some relaxation path-
ay that involves lower frequency vibrational modes such as the
py skeletal modes [50].

.4. Effects of the “spectator” ligands on the emission

roperties of the Ru–bpy chromophore

The emission band shapes of mono-bpy complexes are sur-
risingly varied. Thus, the [Ru(NH3)4bpy]2+, [Ru(en)2bpy]2+,

c
p
t
g

Fig. 14. X-ray structures (left to right) of [Ru(NH3)4bpy]2+
ig. 13. Seventy-seven Kelvin emission spectra of the [Ru(L)4bpy]2+ complexes
n butyronitrile with (L)4 = (NH3)4 (gray dash-dot curve), trien (black dotted
urve), (en)2 (solid gray line) and [12]aneN4 (solid curve), from [79].

Ru(trien)bpy]2+ and [Ru([12]aneN4)bpy]2+ complexes have
ery similar values of hνmax(f), but very different emission band
hapes (Fig. 13) and excited state lifetimes [79]. This indi-
ates that complexes with very similar ground state structures
Fig. 14), the same chromophore (Ru–bpy) and closely related
igands (tetraam(m)ines) can have very different MLCT excited
tate distortions. The simplest likely origin of this contrast in
xcited state structures is that the configurational mixing of the
MLCT excited state with a near in energy 3LF excited state is
maller for the [Ru([12]aneN4)bpy]2+ complex than for the other
Ru(Am)4bpy]2+ complexes. Before that issue is considered
urther, it is important to consider how ground state perturba-
ions of the bpy-ligand coordination affect the emission sideband
ntensity.

In contrast to the nearly planar bpy ligands of the complexes
ompared in Fig. 14, the bpy ligand is appreciably twisted in
he ground state of the [Ru(Me6[14]aneN4)bpy]2+ complex; see
ig. 15. This is a result of the stereochemical repulsions with the
ethyl groups of the rac-Me6[14]aneN4 ligand. This complex

as the largest emrep amplitude near 1500 cm−1 of any of the

omplexes with similar absorption or emission maxima (com-
are especially [Ru(Am)4bpy]2+ complexes with (Am)4 = (en)2,
rien, [15]aneN4 and [14]aneN4; Figs. 12 and 14). A larger reor-
anizational energy when the bpy ligand is twisted in the ground

, [Ru(trien)bpy]2+ and [Ru([12]aneN4)bpy]2+; [79].
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Table 2
Electrochemical and emission spectral properties for simple transition metal complexesa

[(L)4RuII(PP)]2+,
[{(L)4RuII}2(PP)]4+

E1/2 (V)b �E1/2 (V)c hνmax(abs), 〈ε/103〉, {hνmax(f), [�ν1/2]},
298 Kc

hνmax(em), 77 K hνmax(f), [�ν1/2], 77 K, {hνmax(f),
[�ν1/2]}, 298 K

Λx (νx), 77 K

[(bpy)2Ru(bpy)]2+ 1.27–1.34 2.61 21.9 (d/w) 22.1, 〈12.4〉, {22.1, [2.2]}c 17.12 (d/w) 17.25 17.22 [0.68] (d/w), 17.31 [0.64] 1.16 (1.49) (d/w),
1.05 (1.50)

[(bpy)2Ru(phen)]2+ 1.32–1.29 2.61 22.2, 〈14.5〉, {22.1 [2.3]} 17.25 17.33 [0.68] 1.09 (1.51)
[(bpy)(en)Ru(bpy)]2+ 1.00–1.42 2.42 20.2 (d/w) 20.4 15.00 (d/w) 15.11 15.06 [0.78] (d/w), 15.16 [0.72] 1.00 (1.50) (d/w),

0.88 (1.49)
[(bpy)(NH3)2Ru(bpy)]2+ 0.95–1.44 2.39 20.4 (d/w) 20.2 14.56 (d/w) 14.67 14.64 [0.91] (d/w), 14.70 [0.78] 0.99 (1.53) (d/w),

0.86 (1.49)
[(py)4Ru(bpy)]2+ 1.38–1.32 2.70 22.6, 〈5.9〉, {22.5 [2.4]} 16.87 16.91 [0.89] 0.90 (1.40)
[([12]eneN4)Ru(bpy)]2+ 0.84–1.58 2.42 20.1, 〈5.3〉, {20.1 [3.1]} 14.49 14.56 [0.91] 0.57 (1.34)
[(Me2pyo[14]eneN4)Ru(bpy)]2+ 0.88–1.52 2.40 20.1, 〈5.3〉, {20.1 [3.1]} 14.49 14.56 [0.91] 0.57 (1.34)
[(rac-Me6[14]aneN4)Ru(bpy)]2+ 0.87–1.54 2.41 19.3, 〈4.5〉, {19.4 [2.6]} 13.97 14.04 [0.89] 0.86 (1.47)
[([14]aneN4)Ru(bpy)]2+ 0.85–1.55 2.40 19.0 (d/w) 19.5, 〈5.0〉, {19.5 [2.3]} 13.96 (d/w) 13.99 14.01 [0.95] (d/w), 14.03 [0.89] 0.85 (1.44) (d/w),

0.81 (1.45)
[([15]aneN4)Ru(bpy)]2+ 0.84–1.51 2.35 19.3, 〈4.5〉, {19.3 [2.0]} 13.60 13.63 [0.89] 0.78 (1.45)
[([12]aneN4)Ru(bpy)]2+ 0.70–1.58 2.28 19.1, 〈4.5〉, {19.5 [2.6]} 13.31 13.37 [0.83] 0.48 (1.31)
[(trien)Ru(bpy)]2+ 0.68–1.59 2.27 19.5, 〈4.6〉, {19.5 [2.1]} 13.00 13.02 [0.87] 0.76 (1.43)
[(en)2Ru(bpy)]2+ 0.68–1.62 2.30 19.1 (d/w) 19.2, 〈4.7〉, {19.2 [2.1]} 12.82 (d/w) 13.01 12.88 [1.03] (d/w), 13.05 [0.89] 0.85 (1.45) (d/w),

0.78 (1.45)
[(NH3)4Ru(bpy)]2+ 0.61–1.64 2.25 18.9 (d/w) 19.0, 〈4.0〉, {19.0 [2.1]} 12.02 (d/w) 12.37 12.09 [1.11] (d/w), 12.42 [0.92] 0.81 (1.45) (d/w),

0.80 (1.48)
[(bpy)2Ru(dpp)]2+ 1.415–1.029 2.45 21.2, 〈10.9〉 (d/w) 21.5, 〈11.8〉 16.20 16.30 [0.87] 0.84 (1.50)

a All energies in units of cm−1/103. In butyronitrile glass except as indicated; d/w = DMSO/water. Data from [32,49,50,59,70,79].
b In acetonitrile, scan rate = 100 mV/s, ref. = Ag/AgCl, E1/2(ferrocene+1/0) = 0.437 V.
c �E1/2 = E1/2 (Ru3+/2+) − E1/2 (PP0/−1).
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ig. 15. Comparison of the twist of the bpy ligands in the X-ray structures of
Ru(rac-Me6[14]aneN4)bpy]2+ (left) and [Ru([12]aneN4)bpy]2+ (right) [79].

tate suggests that this ligand tends to be planar in the MLCT
xcited state, at least around the 2,2′-linkage of the pyridyl moi-
ties, and this is consistent with a model in which for the electron
qually distributed over the pyridyls in the bpy-LUMO of the
LCT excited state.
A systematic comparison of emreps (Fig. 12) indicates that

ost exhibit the systematic decrease in excited state distortion
ith decreasing excited state energy that is expected for ground

tate–excited state configurational mixing in a simple two state
odel, but the complexes with (L)4 = [12]aneN4, [12]eneN4 and

py)4 all have less distorted excited states than related com-
lexes with the same emission energy. The observations are not
onsistent with simple two state models and seem to require
n additional distortion induced by excited state–excited state
onfigurational mixing in most of the complexes. When con-
gurational mixing between two excited states (e and e′) is

mportant, the distortions of the highest energy excited state will
e mixed with those of the lowest energy excited state. There-
ore, Eqs. (27) and (28) must be modified when configurational
ixing among excited states is important, and the effect on the

bserved vibronic contributions to sideband intensities for the
e, 0}→ {g, k} transition can be expressed as [79]:

k ≈ λk(0)

(
1 − 2α2

ge − 2α2
eg + 2α2

ee′

√
λk(e′)
λk(e)

)
k

(34)

Since the stereochemical constraints of the coordinated
12]aneN4 ligand tend to restrict the amplitudes of tetragonal
istortions around the metal, one expects a relatively high energy
nd less shifted PE minimum for this 3LF excited state than for
hose with less constrained ligands. A smaller displacement of
E minima results in a smaller value of λk(e′) for the more con-
trained ligands, and therefore smaller amplitudes for the first
nd second order contributions to the correlated vibronic side-
ands. While this model of 3LF/3MLCT configurational mixing
rovides a plausible account for the relatively small values of
x(max) at about 1500 cm−1 for the [Ru([12]aneN4)bpy]2+ and

Ru([12]eneN4)bpy]2+ complexes, it can account for the obser-

ations on [Ru(py)4bpy]2+ only if the PE minimum for the 3LF
xcited state has approximately the same nuclear coordinates but
significantly higher energy (compared to HCT,LF and resulting

n a smaller value for αee′ ) than that for [Ru(bpy)3]2+. This may

a
t
i
m

emistry Reviews 251 (2007) 328–350

e the case, but there other origins of the relatively weak vibronic
idebands found for this complex may be possible (e.g., config-
rational mixing with a low energy Ru/py MLCT excited state),
nd this is being further investigated.

.5. Summary and overview of observations on
onometallic complexes

The band shapes of the [Ru(NH3)4bpy]2+ and [Ru(bpy)3]2+

mission spectra at 77 K in frozen solutions are well accounted
or by a Gaussian model for vibronic progressions in the dis-
ortion modes identified in the rR studies of these complexes
32]. Furthermore, the rR data on these complexes provide a
asis for modeling the vibronic contributions to emission band
hapes, uncertainties in all aspects of the emission sideband
nalysis described here, and approximate corrections as func-
ions of bandwidth have been obtained [32]. Since the errors are
ystematic in �ν1/2, it is often necessary to correct for intrin-
ic bandwidth differences in the direct comparison of observed
arameters in a series of related complexes.

The systematic comparison of the emission band shapes of
series of complexes is facilitated by constructing reorgani-

ational energy profiles (emreps) from the resulting difference
mission spectra since these profiles make more evident the vari-
tions in excited state displacements (more correctly, the ampli-
udes of the emreps are functions of the squared displacements).
he modeling based on rR parameters has also been used to val-

date this procedure and explore its implications [32], and the
pproaches described here are most useful when the fundamen-
al component is the most intense spectral component and when
he component bandwidths are less than about 1500 cm−1. Since
he fundamental component of the Ru–bpy complexes com-
rises most of the intensity of their emission spectra near to the
mission maxima, the uncertainties for the difference emission
pectra and the emreps are very large for vibronic contributions
hich have small vibrational frequencies; therefore, spectral
ariations in the region hνd = (hνmax(f) − hνm) < 500 cm−1 have
ot been considered in this discussion.

The examination of band shapes in an extended collection
f [Ru(L)4bpy]2+ complexes has provided new insights into the
roperties of their lowest energy electronic excited states: (a)
he vibronic components in the [Ru(L)4bpy]2+ complexes are
ncreasingly attenuated as the excited state energy decreases, in
manner that is consistent with appreciable excited state–ground
tate configurational mixing; (b) ground state distortions of the
py ligand result in increased intensity of the vibronic contribu-
ions to the emission band shape, consistent with expectation
ased on the bpy LUMO as the acceptor; (c) manipulation
f the “spectator” (L)4 ligands can result in large alterations
f the emission band shape that are not readily attributable to
tereochemical constraints on the ground state, but are consis-
ent with alterations of LF excited state distortions and energies

nd, consequently, these effects appear to implicate configura-
ional mixing between the 3MLCT and 3LF excited states as an
mportant contribution to the 3MLCT excited state distortion of

ost [Ru(L)4bpy]2+ complexes.
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Fig. 16. Qualitative illustration of the attenuation of reorganizational energy that
is expected to result from the configurational mixing between excited states. The
diabatic (unmixed) excited states are indicated the short dashed curves, the lowest
energy PE surface generated by weak configurational mixing of the excited states
by the solid line and strong configurational mixing is designated by the curve
with long dashes. The reorganizational energies are λw for weak configurational
mixing and λs for strong configurational mixing of excited states. The excited
state PE curves do not take into account the effects of configurational mixing
with the ground state.

Fig. 17. Reorganizational energy attenuation of [Ru(bpy)2PP]2+,
[{Ru(bpy)2}2PP]2+ and [Ru(NH3)4bpy]2+ complexes based on Eq. (31). Ref-
erence complexes: PP = bpy, 1; PP = phen, 2; [Ru(NH3)4bpy]2+, 3. Monomers
with PP = bpm, 4; dpp, 5; dpq, 6; dpb, 7. Dimers with PP = bpm, 8; dpp, 9; dpq,

2+ 2+
J.F. Endicott, Y.-J. Chen / Coordinatio

. The use of emreps to explore CT excited state
roperties in bi- and tri-metallic complexes

.1. General considerations

The analysis of emission band shapes as described in Section
above should be very general if a good estimate of the funda-
ental component can be made. In particular and the attenuation

f vibronic sideband intensity implied by Eqs. (30) and (31) and
emonstrated for [Ru(L)4bpy]2+ complexes suggests that these
pproaches might be useful in the experimental examination
f issues such as the distortions in high frequency vibrational
odes, the excited state distribution of electron density, etc., in
ulti-metallic complexes. Some recent studies of the emission

and shapes of bi- and tri-metallic complexes [39,49,70] are
ummarized here.

.2. Excited state–excited state electronic coupling in
is-Ru(II) complexes with mixed valence excited states

The MLCT excited states of bimetallic, bis-ruthenium(II)
omplexes with PP bridging ligands (B) are formally mixed
alence excited states, with each of the degenerate diabatic
LCT excited states containing one Ru(II) and one Ru(III)

enter. If the electronic coupling between the Ru(II) and Ru(III)
enters is very strong, then the vibronic contributions to the emis-
ion sideband intensity should be much smaller than in the limit
n which the there is no Ru(II)/Ru(III) electronic coupling (U);
his is qualitatively illustrated in Fig. 16 and it may be expressed
n terms of different contributions to the respective emreps (note
hat excited state–ground state configurational mixing will not
hift the ground state PE minimum of the symmetrical bimetallic
omplexes in the limit of a single distortion mode) [70]:

x(max;U) ∼= Λ◦
x(max;U)(1 − 2α2

ge − 2α2
eg)

∼= Λ◦
x(max;U)(1 − ne(U)α

2
eff(U)) (35)

x(max;B) ∼= Λ◦
x(max;B)(1 − 2α2

eg − 4α2
ee′ )

∼= Λ◦
x(max;B)(1 − ne(B)α

2
eff(B)) (36)

The limit of no Ru(II)/Ru(III) electronic coupling is bet-
er formulated as the limit in which there is no configura-
ional mixing between the degenerate {RuII, RuIII} and {RuIII,
uII} excited states. This limit may be approximated by the
onometallic [Ru(L)4PP]2+ complexes, and their spectra may

e considered as the reference for the evaluation of the spec-
ral effects of configurational mixing between the degenerate
RuII(PP−)RuIII} and {RuIII(PP−)RuII} MLCT excited states.

The emreps obtained from the emission spectra of several
Ru(L)4PP]2+ and [{(L)4Ru}2PP]4+ complexes are compared
n Fig. 17. The vibronic intensities of the [Ru(bpy)2PP]2+ com-
lexes with PP = bpm, dpq and dpb (see Glossary) are attenuated

ith decreasing excited state–ground state energy differences in

he same manner as the [Ru(L)4bpy]2+ complexes. This indicates
hat the effective or averaged vibrational reorganizational energy
ontributions of the PP and bpy ligand distortions are similar and

10; dpb, 11. Data for [Ru(NH3)4bpy] are from [79], for [Ru(bpy)2PP] and
[{Ru(bpy)2}2PP]2+ are from [70] and the line is drawn consistent with the
reorganizational energy attenuation of the [Ru(Am)6−2n(bpy)n]2+ complexes
as reported in [40]. The data are not corrected for differences in bandwidth,
Fig. 8 in [70].
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hat the electronic matrix elements for ground state–excited state
onfigurational mixing are also very similar. The complex with
P = dpp deviates from this pattern most likely because the dpp
UMO correlates with LUMO + 1 of dpq, dpb and pyrazine [44],
nd the differences in orbital coefficients imply different elec-
ronic distributions and distortions for these different �* orbitals.

Based on Fig. 16 and Eq. (36), very strong configura-
ional mixing between the degenerate MLCT excited states
f the PP-bridged bimetallic complexes should result in
x(max;B) < Λx(max;U); thus, if the electronic coupling were the

ame in the ground and excited states, then the observation
hat F�E1/2 ≈ 0.18 eV (1500 cm−1) in the ground state, together
ith estimates of a 0.03 eV electrostatic contribution and reor-
anizational energy of ∼6000 cm−1 for mixed valence electron
ransfer in these complexes [70], impliesHee′ ∼ 1400 cm−1; this
orresponds to 4α2

ee′ ∼ 0.2, or 20% attenuation from this effect
n addition to the very large attenuation expected to result from
onfigurational mixing with the ground state due to the small
xcited state–ground state energy difference. This attenuation
s not observed for either (L)4 = (bpy)2 [70] or (NH3)4 [84].
ather, we find that Λx(max;B) ∼ Λx(max;U) for all these mono-
nd bi-metallic complexes, and since hνmax(f;B) � hνmax(f;U)
he resulting differences in vibronic attenuation, Eqs. (35) and
36), imply that Λx(max;B) > Λx(max;U) when corrected to the
ame value of hνmax(f). These considerations imply that the
uII(PP)RuIII ground states of these complexes are more delo-
alized than their RuII(PP−)RuIII excited states. This inference
s consistent with observations on the ground state absorption
pectra of the complexes with (L)4 = (bpy)2 [70]: (a) the com-
arable splitting between the two RuII/RuIII oxidation peaks
ound in the electrochemistry of all of the bimetallic complexes
mplies that there should be two Ru/PP MLCT transitions (i.e., a
ahn–Teller like splitting of the MLCT transition) separated by

2Hee′ ∼ 3000 cm−1; (b) the single MLCT peak observed in
he bimetallic complexes has twice the absorptivity of the MLCT
ransition in the corresponding [Ru(L)4PP]2+ complexes. The
round state coupling is consistent with a PP–ligand mediated
lectron transfer super-exchange mechanism [70], but two super-

xchange mechanisms should be considered for the excited state
oupling: (a) (PP−)-mediated electron transfer mechanism; (b) a
LF(RuII) excited state mediated hole transfer mechanism. If the
M′ coupling is by means of the partly occupied PP-LUMO,

M
o
a
b

emistry Reviews 251 (2007) 328–350

hen the mediating excited state (formally, a RuIII(PP2−)RuIII

LCT state), whether the mediating PP-orbital is the singly
ccupied-LUMO or the LUMO + 1 of the ground state, is higher
nergy in the excited state than is the mediating LUMO of the
round state and there is correspondingly less configurational
ixing of the degenerate electronic configurations. For a hole

ransfer mechanism, E0′0′′
CT,LG may be relatively large and poor

/σ orbital overlap may lead to small values of HCT,LF so that
spx
01 is very small (see discussion in Section 4.3.2). Thus, the

urprisingly large emrep amplitudes for the PP-bridged bimetal-
ic complexes are readily interpreted in terms of: (a) relatively
ocalized MLCT excited states, with very small values ofα2

ee′ ; (b)
he absence of any significant shift of the ground state PE minima
or the bimetallic complexes (i.e., relatively small contribution
f a α2

ge term to the attenuation in Eq. (33)). The amplitudes
f the relatively intense vibronic sidebands observed for the
{(L)4Ru}2PP]4+ complexes do decrease in amplitude as the
xcited state energy decreases even though excited state/ground
tate configurational mixing should not alter the nuclear coordi-
ates of the ground state PE minimum (α2

ge ≈ 0). This indicates

hat there is significant 3MLCT/ground state configurational
ixing in these complexes (α2

eg > 0) [84].

.3. Studies of transition metal–transition metal electron
ransfer excited states: cyanide-bridged Cr(III)–Ru(II)
omplexes

Several bimetallic and trimetallic complexes in which
yanide bridges chromium(III) and ruthenium(II) have been
ound to emit in the near infrared [39,49,82]. These emissions
ave been identified as{RuIIICrII}→ {RuIICrIII} electron trans-
er or MMCT emissions, and these are the first such emissions
eported. Thus, the complexes for which the donor is a ruthe-
ium(II)am(m)ine have an intense {RuIICrIII}→ {RuIIICrII}
bsorption band (εmax ∼= 4000 M−1 cm−1 per Ru(II)) between
5,000 and 22,000 cm−1 [85–89] and a weak emission
etween 10,000 and 13,000 cm−1 [39,49,82]. All of the par-
nt mono-chromium complexes exhibit a CrIII-centered lig-
nd field excited state emission, 2E (or 2LF), the range of
2,500–14,700 cm−1 [53,90–93]; e.g., see Fig. 2. Similar 2LF
xcited states are expected in the {RuIICrIII} complexes, and the
LF energies are very close to those assigned as MMCT emis-
ions. A substantial number of {RuIICrIII} complexes have been
xamined [49,70,82,94,95] and the MMCT-type of emission is
nly observed in complexes in which RuII is a good electron
ransfer donor (i.e., a reasonably good reducing agent). For weak
lectron donors (as in a RuII–PP complex) only the 2E emis-
ion is observed [94,95]. Even in those complexes that exhibit
he MMCT emission, its spectroscopic characterization is often
omplicated by the 2LF emission. Thus, the observed emission
s dependent on the excitation wavelength; in general, excitation
n the low energy side of the MMCT absorption produces clean
MCT emissions and excitation at energies higher than the

MCT maximum produce spectra broadened at high energies,

r sometimes new emission bands, and the excited state decays
re at least bi-exponential with the higher energy component
eing somewhat longer lived [39,49,82]. These properties are
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Fig. 19. Emission spectra of trans-[{(NH3)5RuNC}2Cr(m-Me6[14]aneN4)]5+

isotopomers at 77 K in DMSO–water glasses: proteo (NH) complex, black line,
irradiated at 395 nm; deutereo (ND) complex, grey line, irradiated at 532 nm.
The emission sectrum that results from the 420 nm irradiation of trans-[Cr(m-
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ig. 18. Qualitative PE curves illustrating a system with two configurationally
ixed electronic excited states, such as found in Cr(CN)Ru complexes.

easonably consistent with 2LF and MMCT excited states that
re very close in energy (the PE minima probably differ in energy
y less than about 3000 cm−1) as illustrated in Fig. 18, and
ith the probability for populating each state depending on the

xcitation energy. The emission of the [{(NH3)5RuNC}2Cr(m-
e6[14]aneN4)]5+ complex is instructive in this regard as we

ave been able to approximately resolve the two emission com-
onents and the higher energy component is similar to, but
ed-shifted by about 570 cm−1 and broader than the emission
f the [Cr(m-Me[14]andN4)(CN)2]+ parent; see Fig. 18. These
wo electronic states are analogous to the mixed valence excited
tates discussed in the previous section, for example:

{2CrIII, 1RuII} � 2{3CrII, 2RuIII} (37)

nd the shift to lower energy and the broadening of the 2E com-
onent are expected consequences of configurational mixing
etween 2{2CrIII, 1RuII} and 2{3CrII, 2RuIII}.

The reorganizational energy profiles derived from the MMCT
mission spectra of the CrIII–(CN)–RuII complexes have max-
mum amplitudes, Λx(max), of 350–500 cm−1 for vibrational
requencies of νx(max) = 800–1000 cm−1 [39,49,82]; these fre-
uencies are consistent with coordination sphere distortions

ominating the Ru/Cr electron transfer process. A shoulder is
lso resolved in the emreps at hνx ∼= 2000 cm−1, implicating the
–N stretching vibration, and the weak contributions of NH
ibronic sidebands have been resolved by comparing the reor-

t
s
r
v

e6[14]aneN4)(CN)2]2+ under the same conditions is shown by the dash-dot-
ot curve. The emission maxima of the different spectra have been adjusted to
acilitate comparison. Spectra from [39].

anizational energy profiles of the proteo (NH) and deutereo
ND) am(m)ine isotopomers [39,49,82] (Fig. 19).

The relatively small amplitude of Λx(max), smaller than
bserved for most [Ru(L)4bpy]2+ complexes, suggests relatively
ittle excited state distortion and this is more consistent with a
r(dπ) → Ru(dπ) transition than with a Cr(dσ) → Ru(dπ) tran-

ition; thus, in these complexes the Huang–Rhys factors are nec-
ssarily very small, Sk � 1, while the distortions that accompany
hanges in the population of dσ-orbitals in monometallic com-
lexes typically have Sk � 1 [66,96,97]. Although the emreps
o not permit identification of the specific distortion modes,
omparison of emreps of the NH/ND isotopomers suggests
hat M–N–H rocking modes and H–N–H bending modes make
mall contributions to the emission band shape [49]. The reor-
anizational energies attributable to the NH-stretching modes,
NH ∼= 30 cm−1, is much smaller than the values observed for
x(max) which is attributable to the lower frequency vibrations.
owever, the value of ΛNH found may be consistent with a

unneling pathway for the back electron-transfer and the large
bserved NH/ND isotope effects if all of the N–H stretching
odes contribute and their combinations result in a very large

umber of relaxation channels (>104), each of which contributes
small amount to the overall non-radiative relaxation rate.

. Some implications for inverted region electron
ransfer rate constants

The non-radiative relaxation of the CT excited state in these
ystems is an electron transfer process in the Marcus inverted
egion [3] and the molecular parameters that govern the non-
adiative electron transfer relaxation are the same parameters

hat contribute to the emission spectrum [9,14,33], the inferences
ummarized here have implications for the Marcus inverted
egion electron transfer processes. Furthermore, most of the sol-
ent vibrational modes are frozen in 77 K solutions [8] so that
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solv � 1000 cm−1 and RT = 53 cm−1 for the systems described.
s a consequence, thermally activated processes are relatively
nimportant and the rate constant for inverted region electron
ransfer depends on the isoenergetic nuclear tunneling from
e, 0′} to populate relaxation channels that are comprised of
igher order harmonics or combinations of ground state distor-
ion modes. The relaxation rate constant for any one channel
c) may be formulated in a manner analogous to that used for a
ingle distortion mode [9,16–18,98,99]:

(ket)c

A
≈
[

1

Nc!

∏
k

(
λk

hνk

)nk
]

[e−{G2
c/4RTλs}] (38)

ith Gc = [|�Geg| − λs −
∑

k

nkhνk], (n1 + n2 + n3 +

4 + · · ·) = Nc, and

≈ 2π2

h

H2
eg

(πλskBT )1/2 (39)

The equivalent to Eq. (38) in the single distortion mode limit
s simply [9,16–18,98,99]:

(ket)j
A

≈
[

1

j!

(
λ

hν

)j

e−{G2
c/4RTλs}

]
(40)

The net relaxation rate constant is obtained by summing over
ll channels: c in Eq. (38) and j in Eq. (40). In the limit of low tem-
eratures, Eq. (38) can be simplified since most solvent modes
re frozen (λs → 0), kBT is very small (53 cm−1 at 77 K) and
�Geg| ∼= hνmax(f) ≥ 12,000 cm−1, so the exponential factors act
ike delta functions centered around possible relaxation chan-
els; in this limit, each channel corresponds to frequencies such
hat
∑

knkνk ≈ (E0′0 ± kBT ). Under these circumstances, har-
onics of the highest frequency vibrational modes are strongly

avored as relaxation channels when there are significant dis-
lacements in these modes [16,17]. However, the displacements
n the highest frequency vibrational modes (the C–H and N–H
tretching frequencies) of the [Ru(L)4bpy]2+ complexes are too
mall for their harmonics to be the dominant relaxation chan-
els, and hνk and λk for the mid-range distortion modes of the
py ligand (C–C and C–N stretches) are sufficiently small that
he harmonics of any such mode cannot account for 0.1% of the
bserved relaxation rate constant [32,33,50,79]. However, there
re more than 11 distortion modes identified in the rR spectra of
hese complexes, and a very large number (�106) of relaxation
hannels are possible even in the low temperature limit.

There has, of course, been considerable discussion of many of
he issues related to excited state relaxation and inverted region
lectron transfer, and some comparison of the implications of our
bservations with some of the previous studies is appropriate.
robably the most relevant of these earlier studies is the work of

he Meyer group [12,20,23–26,100–106]. This work has focused
ostly on ambient spectra and lifetimes which are evaluated in

erms of a master equation representing the vibronic contribu-

ions. These authors represent the actual spectra and lifetime data
y a single “equivalent” distortion mode in the frequency range
haracteristic of the bpy skeletal modes. This model contrasts to
multi-mode model implied by the small amplitude distortions

8

v
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n many modes found in the rR studies [26,40,46]. Although,
e have been unable to find any single mode model that prop-

rly represents the observed 77 K band shapes [33] because of
he significant contributions of low frequency vibrational modes
ombined with the significant contributions of their second order
ibronic components to the spectra in the region of greatest side-
and intensity, the discrepancies between the observed spectra
nd single mode models seem to decrease as the spectral band-
idth increases. Furthermore, the values of Λx(max) and νx found

n our studies do give a reasonable representation of the vari-
tions in excited state lifetimes at a single temperature when
ubstituted for the reorganizational energy and frequency of a
resumed single distortion mode [32,33,50], and this is consis-
ent the previous observations on the use of single mode models
12,20,23–26,100–106]. Since Λx(max) has been clearly clearly
hown to be a composite quantity, the equivalent parameters used
n single mode fittings must also be some composite of the con-
ributions of many overlapping first, second and possibly higher
rder vibrational modes and the physical significance of such
ingle mode fitting parameters is not clear. On the other hand,
ur observations that the vibrational reorganizational energies
re very small for the high frequency C–H and N–H stretch-
ng modes of the Ru–bpy complexes do support the previous
rguments that “medium” frequency vibrational modes, in the
200–1650 cm−1 range, are more important than the high fre-
uency vibrational modes in determining the MLCT excited
tate lifetimes of the Ru-bpy complexes.

. Conclusions

.1. General

This article has emphasized a systematic approach to the
nterpretation of variations in CT emission band shapes for com-
lexes in which the ground state and the excited state do not
iffer greatly in their molecular structures, and the applications
f this approach to some series of related complexes. The basic
remise of our approach is that the emission envelope can be rep-
esented as the sum over a fundamental component and vibronic
omponents corresponding to vibrational progressions in all of
he displacement modes. Reorganizational energy profiles are
roving to be convenient and useful tools for systematically
omparing variations in the excited state structures of a series
f related complexes. Their usefulness derives from the fact that
heir amplitudes are functions of the vibrational reorganizational
nergies, λk (or squared displacements) of the vibrational dis-
lacement modes and changes in emrep amplitudes in related
omplexes follow closely the correlated changes in vibrational
eorganizational energies; in contrast, the amplitudes of spec-
roscopic sidebands are functions of (λk/νk).

.2. MLCT excited state properties for some mono- and
ulti-metallic complexes inferred from emissionband shape

ariations
.2.1. [Ru(L)4bpy]2+ complexes
The emreps have demonstrated a marked attenuation of

ibronic sideband intensity in a related series of [Ru(L)4bpy]2+
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omplexes due to changes in ground state–excited state config-
rational mixing as the excited state energy becomes smaller;
hus, the maximum emrep amplitude of [Ru(bpy)3]2+ is about
wice that of [Ru(NH3)4bpy]2+ and in reasonably good agree-
ent with expectations based on simple perturbation theory

rguments. Similar attenuation effects have been found for other
Ru(L)4PP]2+ complexes. This attenuation arises mostly from
hifts of the PE minima closer to one another as a consequence
f configurational mixing, it is heavily weighted in the squared
ixing coefficient and such attenuation is expected when the

orresponding electronic matrix elements are large (e.g., as man-
fested in very intense MLCT absorption bands). Furthermore, it
eems likely that such vibronic sideband attenuation might even-
ually become useful as an experimental measure of the extent
f configurational mixing.

By using emreps in combination with the emission spec-
ra of CH/CD isotopomers it has been possible to identify the
ery weak vibronic contributions of the C–H stretching modes
n several of the [Ru(L)4bpy]2+ complexes. The vibrational
eorganizational energies of these distortion modes are prob-
bly too small to be detected by most other techniques or to
e the only contributions to channels for MLCT excited state
elaxation.

The stereochemical restrictions on coordination sphere dis-
ortions imposed by the [12]aneN4 and [12]eneN4 ligands result
n unusually large attenuation of emission sideband intensities,
nd this may correspond to smaller vibronic contributions aris-
ng from the configurational mixing of a ligand field excited
tate with the emitting 3MLCT excited state in these than in
ost Ru–bpy complexes.

.3. Variations in vibronic sideband intensities of the CT
mission spectra of bimetallic and trimetallic transition
etal complexes

The [{Ru(L)4}2PP]4+ complexes (L = (bpy)2 or (NH3)4) all
mit at lower energies than their mono-metallic parents and
llowing for the differences in attenuation expected for these
nergy differences, the bimetallic complexes all have much more
ibronic sideband intensity than expected. This implies that the
lectron density in the RuII and RuIII centers of the mixed valence
xcited states in these complexes is more localized than in the
elated mixed valence ground states.

The vibronic sidebands of the MMCT emission spectra of
rIII(CN)–RuII complexes are relatively weak and the most

ntense contributions are less than 1000 cm−1 lower in energy
han the maximum of the fundamental component. Thus, the
mrep amplitudes found for [{Ru(NH3)5}2Cr([14]aneN4)]5+

re consistent with very small differences in coordination sphere
ond lengths and angles accompanying the electron transfer pro-
ess, and this suggests that the Cr(II) center in the excited state
as a dπ3 electronic configuration.
cknowledgement
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lossary

rien: triethylenetetraamine
12]aneN4: 1,4,7,10-tetraazacyclododecane
14]aneN4: 1,4,8,11-tetraazacyclotetradecane
ac-Me6[14]aneN4: 5,12-rac-5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacy-

clotetradecane
-Me6[14]aneN4: 5,12-meso-5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacy-

clotetradecane
yo[14]eneN4: meso-2,12-dimethyl-3,7,11,14-tetraazabicyclo[11.3.1]hepta-

deca-1(17)-aneN4

15]aneN4: 1,4,8,12-tetraazacyclopentadecane
py: 2,2′-bipyridine

pp: 2,3-bis-(2-pyridyl)pyrazine
pq: 2,3-bis(2-pyridyl)quinoxaline
pb: 2,3-bis(2-pyridyl)benzoquinoxaline
pm: 2,2′-dipyrimidine.
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