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A density functional theory and spectroscopic study of
intramolecular quenching of metal-to-ligand charge-transfer
excited states in some monobipyridine ruthenium(II) complexes
Shivnath Mazumder, Ryan A. Thomas, Richard L. Lord, H. Bernhard Schlegel, and John F. Endicott

Abstract: The complexes [Ru(NCCH3)4bpy]2+ and [Ru([14] aneS4)bpy]2+ ([14]aneS4 = 1,4,8,11-tetrathiacyclotetradecane, bpy = 2,2=-
bipyridine) have similar absorption and emission spectra but the 77 K metal-to-ligand charge-transfer (MLCT) excited state
emission lifetime of the latter is less than 0.3% that of the former. Density functional theory modeling of the lowest energy triplet
excited states indicates that triplet metal centered (3MC) excited states are about 3500 cm−1 lower in energy than their 3MLCT
excited states in both complexes. The differences in excited state lifetimes arise from a much larger coordination sphere
distortion for [Ru(NCCH3)4bpy]2+ and the associated larger reorganizational barrier for intramolecular electron transfer. The
smaller ruthenium ligand distortions of the [Ru([14]aneS4)bpy]2+ complex are apparently a consequence of stereochemical
constraints imposed by the macrocyclic[14]aneS4 ligand, and the 3MC excited state calculated for the unconstrained [Ru(S(CH3)2)4bpy]2+

complex (S(CH3)2 = dimethyl sulfide) is distorted in a manner similar to that of [Ru(NCCH3)4bpy]2+. Despite the lower energy
calculated for its 3MC than 3MLCT excited state, [Ru(NCCH3)4bpy]2+ emits strongly in 77 K glasses with an emission quantum yield
of 0.47. The emission is biphasic with about a 1 �s lifetime for its dominant (86%) emission component. The 405 nm excitation
used in these studies results in a significant amount of photodecomposition in the 77 K glasses. This is a temperature-dependent
biphotonic process that most likely involves the bipyridine-radical anionic moiety of the 3MLCT excited state. A smaller than
expected value found for the radiative rate constant is consistent with a lower energy 3MC than 3MLCT state.

Key words: density functional theory modeled ruthenium triplet excited states, metal-centered excited state quenching of
charge-transfer emission.

Résumé : Les complexes [Ru(NCCH3)4bpy]2+ et [Ru([14]aneS4)bpy]2+ ([14]aneS4 = 1,4,8,11-tétrathiacyclotétradécane, bpy = 2,2=-bipyridine)
présentent des spectres d’absorption et d’émission similaires, mais le temps de vie d’émission de l’état excité du transfert de
charge du métal vers le ligand (« metal-to-ligand charge transfer » ou MLCT) à 77 K du second complexe est égal à moins de 0,3 %
de celui du premier. La modélisation par la théorie de la fonctionnelle de la densité des états triplets excités de plus basse énergie
montre que les états triplets excités centrés sur le métal (3MC) possèdent une énergie environ 3500 cm−1 inférieure à celle de leurs
états excités 3MLCT dans le cas des deux complexes. Les différences entre les temps de vie des états excités proviennent d’une
distorsion beaucoup plus importante de la sphère de coordination dans le complexe [Ru(NCCH3)4bpy]2+ et de la plus grande
barrière de réorganisation du transfert électronique intramoléculaire qui l’accompagne. Les moins grandes distorsions ruthé-
nium ligand du complexe [Ru([14]aneS4)bpy]2+ sont apparemment une conséquence des contraintes stéréochimiques imposées
par le ligand macrocyclique [14]aneS4. Par ailleurs, l’état excité 3MC calculé dans le cas du complexe [Ru(S(CH3)2)4bpy]2+ non
soumis à des contraintes (S(CH3)2 = sulfure de diméthyle) est distordu d’une manière semblable à celle du complexe
[Ru(NCCH3)4bpy]2+. Malgré une plus basse énergie calculée pour son état 3MC que pour son état excité 3MLCT, le complexe
[Ru(NCCH3)4bpy]2+ émet fortement dans des verres à 77 K, avec un rendement quantique d’émission de 0,47. L’émission est
biphasique avec un temps de vie d’environ 1 �s pour son composant d’émission majoritaire (86 %). L’excitation à 405 nm utilisée
dans les présentes études entraîne une importante photodécomposition dans les verres à 77 K. Il s’agit d’un processus biphoto-
nique dépendant de la température qui implique très vraisemblablement la moitié anionique du radical pyridine de l’état excité
3MLCT. La valeur de la constante de taux d’émission mesurée inférieure à celle attendue est en adéquation avec l’énergie de l’état
3MC elle-même inférieure à celle de l’état 3MLCT. [Traduit par la Rédaction]

Mots-clés : états triplets excités du ruthénium modélisés à l’aide de la théorie de la fonctionnelle de la densité, désactivation de
l’état excité centré sur le métal de l’émission de transfert de charge.

Introduction
Intramolecular excited-state electron-transfer processes are of-

ten key components of schemes for photocatalysis and solar en-
ergy conversion. Such processes mediated by excited states of
transition metal complexes have been of particular interest for
some time due to the strong visible region absorptivities of their

ground states.1–12 Electron transfer rates depend predominantly
on the molecular energy and structural and solvational differ-
ences between the reactants and products,7,13–19 with electronic
factors contributing under some circumstances.17,18,20–24 Electron
transfers from vibrationally relaxed excited states of these com-
plexes depend on these same parameters, but they are compli-
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cated by difficulties in determining them, since the excited state
lifetimes of transition metal complexes are too short for the
methods that are standard for the characterization of molecular
ground states. Thus, the reaction-driving forces are usually based
on the assumption that the reaction proceeds from the lowest
energy excited state and transition metal excited-state structures
are most often inferred from more indirect methods such as res-
onance Raman spectra,25–28 modeling based on the vibronic side
bands found in low temperature emission spectra,29–31 density
functional theory (DFT) modeling,32 and transient X-ray absorp-
tion methods.33 Complications can arise in the determination of
the structure−reactivity relations for transition metal complex
excited states because (i) their reactions usually involve a change
of spin multiplicity at the metal center, (ii) excited-state electron-
transfer processes must be fast and sometimes compete with
excited-state vibrational relaxation, and (iii) there can be many
excited states, with different electronic configurations and nu-
clear geometries in the energy range between the Franck–Condon
states initially populated by light absorption and the lowest en-
ergy excited states that are believed to be responsible for most of
the observed photochemical properties. The complications intro-
duced by this energy proximity of different excited states in
transition metal complexes can involve34,35 (i) differences in the
electronic configurations and molecular structures of the Franck−
Condon and lowest energy excited states, (ii) a variety of possible
molecular relaxation channels of the Franck–Condon states, and
(iii) thermally activated internal conversion among these states.
Recent advances in computational approaches have permitted the
relatively accurate modeling of transition metal complex elec-
tronic states with high spin multiplicities.32,34,36–53

In this paper, we have used DFT approaches to model excited-
state electronic and nuclear structures and the energy constraints
on intramolecular excited-state ligand-to-metal electron transfer
for some Ru-bpy complexes whose lowest energy metal-to-ligand
charge-transfer (MLCT) excited states emit at the highest energies
known for this class of chromophores. Thus, we recently reported
that [Ru(NCCH3)4bpy]2+ and [Ru([14]aneS4)bpy]2+ both emit in the
15 000–20 000 cm−1 region and that their emission spectra have
very similar vibronic envelopes. However, the 77 K emission life-
time of the latter is orders of magnitude shorter than that of
the former,32 and this may implicate efficient quenching of the
3MLCT excited state of [Ru([14]aneS4)bpy]2+ by a lower energy 3MC
state (see Fig. 1). The [Ru(NCCH3)4bpy]2+ emission lifetime at 77 K is
comparable with that of [Ru(bpy)3]2+, but its ambient quantum
yield for the photosubstitution of acetonitrile by water has been
reported to be about 0.43.54 This has been interpreted in terms
of mediation by a highly distorted metal-centered triplet excited
state, 3MC, whose energy is comparable with or slightly higher
than that of the lowest energy 3MLCT excited state.54 If the lowest
energy triplet excited state were the 3MC state, then one might
expect either an anomalously short lifetime such as that reported
for [Ru([14]aneS4)bpy]2+32 or small quantum yield for the emitting
state as found for [Ru(L)4MDA]m+ complexes (MDA is a monoden-
tate aromatic ligand).34 Although no photosubstitution quantum
yield has been reported for [Ru([14]aneS4)bpy]2+, this complex is
not difficult to handle in ambient light32,55 and its photosubstitu-
tion yield is very likely smaller than that of [Ru(NCCH3)4bpy]2+. In
this paper, we report on the DFT modeling of the lowest energy
3MLCT excited state of this complex to gain insight into these con-
trasts in photochemistry and photophysics and we report a more
critical evaluation of its unusually complex emission properties.

Experimental

DFT procedures
Electronic structure calculations were carried out using DFT56

as implemented in a developmental version of Gaussian57 with
the B3PW91 functional58,59 and SDD basis set and pseudopoten-

tial60–62 on the metal and 6-31G(d) basis63,64 on the lighter atoms.
Wave functions were tested for SCF stability and all of the opti-
mized structures were confirmed as minima by analyzing the
harmonic vibrational frequencies. The ground-state singlet and
triplet dication states were computed with standard SCF methods,
and analytic frequencies were obtained for each. Solvation effects
(in acetonitrile) were accounted for using the implicit SMD con-
tinuum solvation model65 and were included during structure
optimization. The isodensity plots of the orbitals involved in these
transitions were visualized using GaussView.66 The Seam.nb
Mathematica notebook67 was used to find a minimum on a seam
of intersection between 3MLCT and 3MC triplet potential energy
surfaces using a Lagrangian multiplier approach.

Compounds employed
The following commercial chemicals were used with no further

purification: 2,2=-bipyridine (bpy), acetonitrile (NCCH3), and NH4PF6.
The syntheses of [Ru([14]aneS4)bpy]2+32,55 and [Ru(NCCH3)4bpy]2+54,68

have been previously reported. Complexes employed were char-
acterized using electrochemical and NMR techniques and only
preparations with no indication of impurity contributions were
used in this study.

Instrumentation
UV-vis absorption spectra at ambient temperature were determined

using a Shimadzu spectrophotometer UV-2101PC. Low-temperature
(90 K) UV-vis spectra were determined in ethanol−methanol (4:1, v/v)
glasses using xenon emission lines for wavelength calibration and
a NIST traceable Oriel model 63358 QTH lamp for intensity. A QTH
lamp was used as the light source for low-temperature spectro-
scopic measurements. An Oxford Instruments OptistatCF static
exchange gas continuous-flow cryostat with liquid nitrogen as the
cryogen was used at 90 K with NSG Precision Cells, Inc. cryogenic
square 1 cm quartz cuvettes. A gradual temperature decrease from
ambient temperature to 90 K was employed to minimize solvent-
glass cracking and quartz cuvette fracturing. The detection sys-
tem was an ANDOR Shamrock 500 spectrometer with dual exit
ports and equipped with a 600 l/mm, 500 nm blaze grating. An
ANDOR Newton DU920-BV detector head was mounted on the exit
ports of the Shamrock 500 spectrometer and cooled to –90 °C. Light
was collected with a lens and transmitted by means of Thorlabs

Fig. 1. Qualitative potential energy curves illustrating the possible
energy relationships between the 1MLCT, 3MLCT, and 3MC excited
states of a simple donor−acceptor system. Note that the distortions of
the excited states are generally in many nuclear vibrational modes and
that distortion modes of the MC states are very different from those
of the MLCT excited states so the relationships of the potential energy
surfaces are more complex than indicated in this figure.
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3 mm Core Liquid Light Guide LLG0338-4 (wavelength range 340–
800 nm) to an Andor F/# matcher SR500i to the spectrometer’s
entrance slit. Emission lifetimes were determined using Spectra
Physics 337205-00 nitrogen laser-pumped dye laser system for ex-
citation and a Jobin-Yvon H-10 spectrometer for detection with
PMT output digitized using a PC with a National Instruments NI
PCI-5154, 2 GS/s, 1 GHz digitizer w/8 MB/ch onboard memory PC
card.

Emission procedures
Complexes were irradiated in their MLCT absorption bands us-

ing a 405 nm (50 mW) CW diode laser module purchased from
Power Technologies, Inc. (Little Rock, Arkansas) or using a Spectra
Physics nitrogen laser-pumped dye laser-pulsed system. Wavelength
calibration and light collection and transmission were achieved with
the same setup as described in the instrumentation section. The 77 K
emissionsampleswerepreparedin2mmcylindricalcellsinbutyroni-
trile or ethanol−methanol (4:1, v/v) immersed in liquid N2 in a
Dewar as previously described.29 The calibrated spectral emission
intensities were generated in units of photons per second.69 All
samples were deareated for 10 min with argon at ambient temper-
ature prior to emission and lifetime measurements.

Quantum yield procedures
The emission quantum yield of �R = 0.376 (±0.036)70 for [Ru(bpy)3]2+

in 77 K ethanol−methanol glasses was used as the reference for
relative emission yield determinations in this study. Equation 1
was used to calculate the relative quantum yield of the target
sample complexes (�S):70

(1)
�S

�R
�

IS

IR

1 � 10�AR

1 � 10�AS

�S
2

�R
2

where IS and IR are the integrated areas of the emission spectral
curves of the sample complex and the reference, respectively, AS

and AR are the absorbances at the excitation wavelength, and � is
the refractive index of the solvent system. When the solvent is the
same for the reference and the target sample, then �S

2/�R
2 � 1.

The photodecomposition quantum yield at 77 K was deter-
mined using a 405 nm (50 mW) CW diode laser module for exci-
tation. After an initial emission spectrum was obtained at 77 K,
the sample was further irradiated for a period of time (typically 3
or 6 min). Subsequent emission spectra were collected in 3 and
6 min intervals over a total range of 21 min. This method was also
used in conjunction with neutral density filters in front of the
laser to vary the radiation intensity.

Results and discussion
Although the [Ru([14]aneS4)bpy]2+ and [Ru(NCCH3)4bpy]2+ com-

plexes differ appreciably in their photosensitivity and 77 K emis-
sion yields and lifetimes, their ambient absorption spectra and
77 K emission spectra are very similar.32 The computational mod-
eling of the present work indicates that the lowest energy excited
state of each of these complexes is a triplet metal-centered, 3MC,
excited state with the 3MLCT excited state higher in energy by a
few thousand wavenumbers. However, the distortions of the low-
est energy 3MC state are smaller for the former compound than
for the latter and it is largely this feature that leads to the con-
trasts in photochemistry and photophysics.

Computational modeling

[Ru([14]aneS4)bpy]2+

The tetrathiamacrocyclic ligand in the [Ru([14]aneS4)bpy]2+ com-
plex, 1, can potentially give rise to different conformational iso-
mers resulting from the lone-pair inversion of the coordinated
sulfur atoms. Figure 2 depicts the optimized geometries and com-

puted relative energies of three possible different ground-state
conformational isomers, 1A, 1B, and 1C, for complex 1. These
isomers differ in the way the lone pairs of the sulfur atoms are
orientated. Isomer 1A, with one sulfur lone pair in an endo config-
uration and the other one in the exo position, is found to be lower
in energy than the others by 2450–3550 cm–1. The Ru–S bond
distances are found to be similar (2.341 and 2.355 Å for Ru–Seq

and 2.377 Å for Ru–Sax) and the Ru–N(bpy) distances are 2.117 and
2.123 Å in isomer 1A. These calculated structural parameters are
in good agreement with those determined in the X-ray crystal
structure.55

The computational modeling indicates that there are two 3MC
excited states with similarly low energies for [Ru([14]aneS4)bpy]2+:
T0 and T1 have spin densities on ruthenium of 1.60 and 1.70, re-
spectively, compared with the spin density of 0.86 calculated for
ruthenium in the 3MLCT excited state (T2) (see Fig. 3). Variations of
the metal−ligand bond distances and the relevant bond angles
calculated for these states are shown in Table 1. The Ru–S bond
lengths are calculated to be 2.303–2.401 Å, while the Ru–N(bpy)
bond distances are 2.105 and 2.121 Å in the 3MLCT state. Both of the
3MC states are more highly distorted than the 3MLCT excited state.
The T1 state is distorted along the N2(bpy)–Ru–S1 axis with Ru–
N2(bpy) and Ru–S1 bond lengths of 2.487 and 2.553 Å, respectively,
and hence, significantly elongated compared with those found in
the charge-transfer state (2.121 and 2.342 Å). The T0 state is dis-
torted in the N1−S4−S2−S3 plane with all of the bond lengths in this
plane being longer than those in either the 3MLCT or the ground
state (see Fig. 4 for ligand numbering scheme). This effect is most
prominent for the Ru–S3 and Ru–S2 bonds, which are elongated by
0.358 and 0.288 Å, respectively, relative to the charge-transfer
state T2. The bond angles N1–Ru–S4 and S3–Ru–S2 are also affected
as a result of the change in the bond distances. The former angle
increases significantly from 90.18° in the T2 state to 119.85° in the
T0 state, while the S3–Ru–S2 angle decreases from 83.82° in the
charge-transfer state to 73.01° in the metal-centered state.
The distortions of T0 are reminiscent of the distortions inferred
for the lowest energy triplet metal-centered states from high-
resolution absorption spectra of [Co(NH3)6]3+71 and emission spec-
tra of [Rh(NH3)6]3+.72 However, the metal-centered excited-state
distortions of [Ru([14]aneS4)bpy]2+ do not map neatly into those of
the octahedral complexes, since isomer 1A of the tetrathiaether
complex has much lower symmetry (C1) and the N1−S4−S2−S3 and
N2−S4−S2−S1 planes are not equivalent.

[Ru(NCCH3)4bpy]2+

The DFT-optimized lowest energy triplet metal-to-ligand charge-
transfer (3MLCT) and metal-centered (3MC) excited states of the
[Ru(NCCH3)4bpy]2+ complex are shown in Fig. 5 and Table 1 lists
the calculated coordination sphere bond lengths. The axial Ru–
Naxial(acetonitrile) bond lengths calculated for the 3MC molecular
structure are considerably longer, 2.519 and 2.614 Å, than those
calculated for the 3MLCT state, 2.020 and 2.021 Å. Thus, the 3MC
state is axially distorted with respect to both the 3MLCT and the
ground state. The Mulliken spin densities calculated on ruthe-
nium are 0.73 and 1.93 for the 3MLCT and 3MC states, respectively.

Isosurface plots of the Ru-d orbital occupation in the sing-
let ground (S0) and triplet excited states (T1 and T0) of the
[Ru(NCCH3)4bpy]2+ complex are depicted in Fig. 6. The HOMO
(d�3) calculated in the S0 state is a combination of the dxz and dyz
orbitals on ruthenium. Thus, the charge-transfer state (T1) is a
result of an electron promotion from this orbital into a �* orbital
of bpy (Fig. 7). The metal-centered state T0 involves an electron
transfer from the d�3 into the dz2 orbital on ruthenium, and as a
result, it is axially distorted. This distortion (about 0.5 Å per Ru–N
bond for S0/T0) is much larger than the comparable distor-
tion (about 0.3 Å per Ru–S bond for S0/T0) calculated for the
[Ru([14]aneS4)bpy]2+ complex, and the minimum found on the po-
tential energy surface for the [Ru(NCCH3)4bpy]2+ complex is much
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more shallow. Comparison of the d-orbital population between
the S0 states of the [Ru(NCCH3)4bpy]2+ (Fig. 6) and [Ru([14]aneS4)bpy]2+

(Fig. 8) complexes demonstrate that unlike the former complex,
the HOMO for [Ru([14]aneS4)bpy]2+ species is a dxy orbital on ruthe-
nium (Fig. 8) and the 3MLCT state involves transfer of an electron
from this orbital into the �* orbital of bpy. Interestingly, the do-
nor orbital for this 3MLCT state has an appreciable amount of
character at S3 that suggests a redox noninnocent role of the
tetrathiamacrocycle in this excited state.

Photophysical implications of the DFT modeling
As illustrated in Fig. 9, the 3MC state is lower in energy than the

3MLCT state by about 3850 cm−1 for the complex [Ru(NCCH3)4bpy]2+.

The major differences between the molecular structures of these
two states are the lengths of the Ru–Naxial(acetonitrile) bonds,
which are elongated by 0.499 and 0.593 Å in the 3MC state com-
pared with those in the 3MLCT state. The elongation of those
bonds leads to a significant reorganizational energy for the con-
version of the charge-transfer state to the metal-centered state
and a large difference in the nuclear coordinates for potential
energy minima of the two states. Consequently, one would expect
an appreciable energy barrier for the crossing between them (see
Fig. 9). The seam of the intersection between the charge-transfer
and metal-centered potential energy surfaces was calculated (see
supporting information for details in the Supplementary material

Fig. 2. DFT-computed optimized geometries and relative energies (cm−1/103) of three isomers of the [Ru([14]aneS4)(bpy)]2+ complex. Hydrogen
atoms are omitted for clarity.

Fig. 3. DFT-optimized structures and spin density plots of the T2, T1, and T0 states of the [Ru([14]aneS4)(bpy)]2+ complex.
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section), and the minimum crossing point, X1, is found to be
1910 cm−1 (≈36 kBT at 77 K) higher in energy than the 3MLCT
potential energy minimum. This is a relatively deep local or upper
state potential energy minimum and therefore, a thermally
activated 3MLCT ¡ 3MC internal-conversion process is not ex-
pected to compete with the nonradiative and radiative decay
rates characteristic of a Ru-bpy 3MLCT excited state in this energy
range.

The computed geometry of X1 is shown in Fig. 10. The axial
Ru–N2(acetonitrile) and Ru–N4(acetonitrile) bond lengths for the
system at the crossing point are 2.148 and 2.147 Å, respectively,
which are longer than in the 3MLCT state and shorter than in the
3MC state. Variations of the calculated bond lengths of the bpy
ligand as a result of conversion of the 3MLCT to X1 to the 3MC state
are shown in Table 2. The C1–C1= and C2–C3 bond lengths of the bpy
ligand are 1.404 and 1.368 Å, respectively, in the 3MLCT state,
while they are longer, 1.465 and 1.390 Å, respectively, in the 3MC
state. In contrast, the C1–C2, C3–C4, and N–C1 bond lengths de-
crease from the charge-transfer state to the metal-centered state.
Scarborough and Wieghardt have noted that the �* orbital of bpy
(Fig. 7) that accommodates the electron in the charge-transfer
state is bonding in C1–C1= and C2–C3 while antibonding in C1–C2,
C3–C4, and N–C1 and proposed that the change in the C1–C1= length
of bpy of the transition metal−bpy complex is proportional to the
amount of the charge on the bpy ligand.52 The C1–C1=, C1–C2, C2–C3,
C3–C4, and N–C1 bond distances in the intersection point X1 are
found to be intermediate between those of the charge-transfer
and metal-centered states.

The metal-centered states T1 and T0 are found to be lower in
energy by 3450 and 3620 cm−1, respectively, than the charge-
transfer state T2 for the [Ru([14]aneS4)bpy]2+ complex (Fig. 11). The
Ru–N2 and Ru–S1 bond lengths are larger by 0.366 and 0.211 Å,
respectively, in T1 than in the 3MLCT state, while the Ru–S2 and
Ru–S3 bonds are larger by 0.358 and 0.288 Å, respectively, in T0

than in the 3MLCT state (Table 1). All of these displacements are
considerably smaller compared with those (0.499 and 0.593 Å)
found in the [Ru(NCCH3)4bpy]2+ complex. Thus, the surface cross-
ing model discussed above suggests that the intersection points Y1

and Y2 between the charge-transfer and metal-centered potential
energy surfaces for the [Ru([14]aneS4)bpy]2+ complex will be lo-
cated nearer the 3MLCT potential energy minimum than is X1

for the [Ru(NCCH3)4bpy]2+ complex. To examine this hypothesis,
scans of the potential energy surface were performed along the
Ru–S3 and Ru–S1 bonds (Fig. 12). For each case, the scan was started
with the optimized geometry of the 3MLCT state and the Ru–S
bond distance was changed at every step with an increment of
0.01 Å. The spin densities on ruthenium were monitored to ensure
convergence to the right electronic states (see supporting infor-
mation for details). At every point of the scan, the Ru–S bond
length was fixed, while a full geometry optimization was done on
the rest of the molecule. As demonstrated in those figures, the
3MLCT state is very unstable with respect to its conversion to the
3MC state and the energy requirement for this transformation is
below 180 cm−1. Scanning of the potential energy surface along
the C1–C1= bond of the bpy ligand (Fig. 12c) also demonstrates the
spontaneous transformation of the charge-transfer state to the
metal-centered state. These results, the relatively small coordina-
tion sphere displacements, and the surface crossing model dis-
cussed above suggest that Y1 and Y2 are near the potential energy

Table 1. Comparison of Ru−L and Ru−N(bpy) bond lengths (Å) and relevant bond angles (°) calculated for the T2, T1, and
T0 states of the [Ru(L)4bpy]2+ complexes.

Ancillary
ligand, L State

Relative
energya Ru−L1 Ru−L2 Ru−L3 Ru−L4 Ru−N1 Ru−N2 �L2−Ru−L3 �N1−Ru−L4

[14]aneS4/4 T2(MLCT) 20.0 2.342 2.401 2.303 2.389 2.105 2.121 83.82 90.18
T1(MC) 16.6 2.553 2.366 2.328 2.383 2.248 2.487 83.09 90.41
T0(MC) 16.4 2.360 2.689 2.661 2.471 2.145 2.099 73.01 119.85
S0 0.0 2.341 2.377 2.355 2.377 2.117 2.123 82.97 90.90

NCCH3 T1(MLCT) 21.0 2.073 2.020 2.073 2.021 2.014 2.014 90.38 89.68
T0(MC) 17.2 2.077 2.519 2.065 2.614 2.070 2.067 94.16 92.96
S0 0.0 2.040 2.018 2.039 2.018 2.065 2.065 90.17 89.89

(CH3)2S T1(MLCT) 18.8 2.470 2.415 2.474 2.429 2.087 2.034 90.49 90.12
T0(MC) 14.4 2.431 2.888 2.438 2.939 2.112 2.105 89.01 88.53
S0 0.0 2.423 2.432 2.430 2.388 2.105 2.097 92.15 93.01

a�E(SCF), cm−1/10−3.

Fig. 4. Coordination sphere numbering scheme for the [Ru(L)4bpy]2+

complexes.

Fig. 5. DFT-optimized structures and spin density plots of the T1

and T0 states of the [Ru(CH3CN)4(bpy)]2+ complex.
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minimum of the 3MLCT state (Fig. 11), but their values could not be
optimized due to the very small energies involved. The very small
barrier (<3 kBT at 77 K) for a thermally activated 3MLCT ¡ 3MC
internal-conversion process for the [Ru([14]aneS4)bpy]2+ complex
is consistent with the much weaker emission and shorter lifetime
of its 3MLCT excited state than that of the [Ru(NCCH3)4bpy]2+

complex.
It is likely that the noted contrasts in the size of the coordination

sphere displacements and the resulting excited state stabilities
calculated for the [Ru([14]aneS4)bpy]2+ and [Ru(NCCH3)4bpy]2+

complexes have their origin in stereochemical constraints in-
troduced by the[14]aneS4 ligand. To examine this hypothesis,
we have examined computationally the relatively simple model
[Ru(SMe2)4bpy]2+ complex in which the thiaether ligands are less
constrained. Figure 13 illustrates the molecular geometries along
with the spin density plots of the charge-transfer and metal-
centered states of the complex [Ru(SMe2)4bpy]2+. Interestingly, the
3MC state of this complex is found to be axially distorted (S2−Ru−S4),
which contrasts with the distortions of the T0 and T1 states of
presence of the [Ru([14]aneS4)bpy]2+ complex. The 3MC state of
[Ru(SMe2)4bpy]2+ is lower in energy than the 3MLCT state by

Fig. 6. Isosurface plots (0.05 au) of the Ru-d orbital population in the S0, T1 (3MLCT), and T0 (3MC) states of the [Ru(NCCH3)4(bpy)]2+ complex.

Fig. 7. Isosurface plot (0.05 au) of the bpy-�* orbital that is
populated in the T1 (3MLCT) state of the [Ru(NCCH3)4(bpy)]2+

complex.
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4400 cm−1. The Ru–Saxial bonds of this state, 2.888 and 2.939 Å, are
significantly elongated (by 0.473 and 0.510 Å) compared with the
3MLCT state. The distortions of the Ru–S bonds are larger in this
complex than those found for the [Ru([14]aneS4)bpy]2+ complex
(0.358, 0.288, 0.366, and 0.211 Å), a feature that can be attributed to
the stereochemical constraints imposed by the macrocyclic ligand of
the latter.

Photochemistry and photophysics of [Ru(NCCH3)4bpy]2+

The [Ru(NCCH3)4bpy]2+ complex emits very strongly in glasses
at 77 K. Thus, we find an emission quantum yield (0.47 ± 0.04)
in 4:1 ethanol−methanol glasses, which is larger than that of
[Ru(bpy)3]2+ (0.37).70 However, the spectroscopic and quantum
yield determinations were complicated by (i) substrate photode-
composition induced by extended periods of irradiation and (or)
the use of high-intensity diode laser excitation and (ii) complex
emission decay kinetics. Within our experience, these features of
the excited-state behavior of the [Ru(NCCH3)4bpy]2+ complex are
very unusual for ruthenium−bipyridine complexes in 77 K glasses
and they complicate the experimental characterization of the
3MLCT excited state for this complex.

The 77 K photodecomposition of [Ru(NCCH3)4bpy]2+

Irradiations of [Ru(NCCH3)4bpy]2+ at 405 nm with a 50 mW di-
ode laser for several minutes result in appreciable changes in the
emission spectra as shown in Fig. 14.

The photo-induced spectral changes most likely correspond to
the substitution of an acetonitrile ligand by a solvent species,
since irradiation results in the decrease in amplitudes of all emis-
sion bands of [Ru(NCCH3)4bpy]2+ (Fig. 14), while in butyronitrile,
there are shifts and changes in the relative intensities of these
emission bands. These observations are consistent with the expec-
tation that the substitution by an alcohol should result in a lower
energy 3MLCT excited state, while substitution by butyronitrile
results in a complex whose emission is in the same general spectral
region. The amount of photodecomposition(s) tends to decrease
with the duration of the irradiation, which suggests second-order
photolysis and (or) photo-product filter effects. We have used the
emission spectral changes to estimate the photodecomposition
quantum yields in 77 K ethanol−methanol glasses.

The quantum yield for photodecomposition, 	pd, of a substrate
S may be defined by

(2)
d[S]
dt

� �	pdIa

where Ia is the intensity of light absorbed (s−1) and it can be de-
fined by

(3) 	em �
Nem

Na

Fig. 8. Isosurface plots (0.05 au) of the Ru-d orbital population in the S0 and T2 (3MLCT) states of the [Ru([14]aneS4)(bpy)]2+ complex. See
supporting information for the Ru-d orbital population of the T1 and T2 states.
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(4) Ia � Na × �ta; Iem � Nem × (�ta 
 �tem)

where 	em is the emission quantum yield, Nem is the number of
photons of light emitted (s−1), Na is the number of photons of light
absorbed (s−1), �ta is the time interval for spectral accumulation,
and �tem is an effective for excited-state lifetime. In our experi-
ments, �ta is on the order of several minutes, while �tem is of the
order of microseconds. Therefore:

(5) Ia ≈
Iem

	em

(6)
d[S]
dt

� �	pdIem/	em

The total irradiation time is given by

(7)

trad � [time for spectral accumulation, �tsa]

 [irradiation interval, �tii]

≈ 0.5�tsa 
 �
j�0

( j�tii 
 0.5j�tsa)

for the j number of times the sample was irradiated. Thus:

(8) 	pd ≈ [�Iem( j) × �tsa × 	em]/[Iem(av)j × trad( j)]

where Iem(av)j = [Iem( j – 1) + Iem( j)]/2 and �Iem( j) = [Iem( j – 1) – Iem( j)].
The relative substrate emission intensity is calculated from Irel =
Iem( j)/[	emIem( j = 0)], where 	em = 0.47 (see discussion below).

The photodecomposition quantum yields, summarized in
Fig. 15, clearly show that the photodecomposition yield (expressed
as 	pd) decreases strongly with radiation intensity as expected for
a two-photon process. It also appears that photo-product absorp-
tion or other problems interfere with the long-time irradiations.
Within the experimental uncertainties and in view of the fact that
we have not used small enough values of Io/n to establish an irra-
diation intensity independent region for photodecomposition,
	pd(apparent) is approximately proportional to the intensity of
radiation in the range Io–0.1Io. Based on these observations, we
estimate 	pd < 0.0002 for the quantum yield of the primary photo-
products (if any) in the 77 K glass. This is of course a net decom-
position quantum yield and not likely to be representative of the
quantum yield for the primary Ru−NCCH3 bond-breaking event
(from a dissociative potential energy surface), since cage recombi-
nation must be far more important than product separation in a
77 K glass.

The two-photon photochemistry is most likely to be a conse-
quence of the irradiation of the transient 3MLCT excited state,
since the bpy radical anion moiety in these complexes has an
intense absorption at about 390 nm and the low-energy tail of this
band would have reasonable intensity at 405 nm.73 This situation
is described by the following equations:

(9) [(L)4RuII(bpy)]2
 
 h�405 ¡
1{FC state} ¡ 3[(L)4RuIII(bpy)�·]2


(10) [(L)4RuIII(bpy�·)]2

¡ [(L)4RuII(bpy)]2
, (kr 
 knr)

(11) [(L)4RuIII(bpy�·)]2
h�405 ¡ products, kpd

For the 77 K excited state behavior of this complex represented by
eqs. 9–11, kobs = (kr + knr + kpd).

Low-temperature emission lifetimes of [Ru(NCCH3)4bpy]2+

The emission decay of this complex at 77 K does not fit a single
exponential. However, the emission decay data can be fitted by
two components very well with only random residuals (Fig. 16),
but a multicomponent decay cannot be rigorously ruled out. At 77 K,
the two emission decay components had very nearly the same

Fig. 9. Relative energetics of the 3MLCT and 3MC states on the
triplet potential energy surface of the [Ru(NCCH3)4bpy]2+ complex.
The minimum found on the potential energy surface of the 3MC
state is very shallow and it is 3900 cm−1 lower in energy than that of
the 3MLCT state; X1 denotes the minimum energy crossing point
between the two states.

Fig. 10. Computed geometry of the minimum energy crossing point
X1 between the lowest 3MLCT and 3MC excited states for the
[Ru(NCCH3)4bpy]2+ complex.

Table 2. Comparison of the bond distances (Å) of bpy calculated for
the 3MLCT, 3MC, and the minimum energy crossing point X1 of the
[Ru(NCCH3)4bpy]2+ complex.

C1−C1= C1−C2 C2−C3 C3−C4 C4−C5 C5−N N−C1

3MLCT(T1) 1.404 1.426 1.368 1.425 1.376 1.350 1.405
3MC(T0) 1.465 1.394 1.390 1.393 1.388 1.344 1.361
X1 1.424 1.414 1.375 1.414 1.379 1.350 1.389
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amplitudes (±5%) independent of the excitation (375–415 nm),
monitoring wavelengths (510–600 nm), or solvent (alcohol or butyroni-
trile) (see Tables 3 and 4). However, the slower decay component
makes the dominant contribution (≥80%) to the 77 K emission
spectra, where the relative contribution of this decay component
is determined by

(12)
Fraction of contribution 2 �

�(A2)e�t/(2)dt

�(A2)e�t/(2)dt 
�(A1)e�t/(1)dt

�
(A2) (2)

(A2) (2) 
 (A1) (1)

The [Ru(NCCH3)4bpy]2+ emission decay rates are somewhat tem-
perature dependent between 77 and 107 K (Table 5). This is com-
plicated by the photochemical effects described above, since the
spectral bandshape changes increase as the temperature in-
creases. To determine how or whether the photochemical effects
described above affect the lifetime and amplitude determina-
tions, we examined the temperature dependence of the emission
decay with and without intermediate photochemical irradiation
periods and by varying the cryostat cooling sequence as follows.

(i) The experiments summarized at the top of Table 4 were
performed for conditions that lead to significant photodecompo-
sition. The lifetimes were determined at the specified tempera-
ture in the cryostat using 390 nm pulsed laser excitation and then

Fig. 11. Relative energetics of the 3MLCT and 3MC states on the triplet potential energy surface of the [Ru([14]aneS4)bpy]2+ complex. The
minima found on the potential energy surface of the 3MC states are bound and 3500 and 3600 cm−1 lower in energy than that of the 3MLCT
state: Y1 and Y2 denote the minimum energy crossing points between those states.

Fig. 12. Energetics of the relaxed scan along the bonds of the [Ru([14]aneS4)bpy]2+ complex. (a) Ru–S3 (from a distance of 2.401 to 2.611 Å with
an increment of 0.01 Å); (b) Ru–S1 (from a distance of 2.341 to 2.551 Å with an increment of 0.01 Å); (c) C1–C1= bond of bpy (from a distance of
1.415 to 1.495 Å with an increment of 0.01 Å). See supporting information for details.
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the spectra were acquired using 1 min irradiation periods with the
405 nm diode laser for excitation. The experiments were per-
formed in sequence from 77 to 107 K in the cryostat. There is
significant photodecomposition in these experiments even with
the pulsed dye laser (4 ns pulse width) although not as dramatic as
found for irradiations with the 405 nm diode laser. The changes in
spectra and lifetimes are larger at the higher temperatures.

(ii) We attempted to minimize the photochemical effects in the
experiments summarized at the bottom of Table 5. There were no
intermediate periods of irradiation and we used 410 nm pulsed
laser excitation. We also began these experiments with the sam-

ple at 107 K in the cryostat and the experiments were performed in
sequence from 107 to 77 K.

We have attempted to characterize the minor (≈15%) and short-
lived emission component. This component has been present to
nearly the same extent in several different sample preparations,
in two different solvent glasses and it appears to be independent
of the rate of sample cooling. Tables 3 and 4 indicate that its
contribution to the overall emission is excitation wavelength in-
dependent and that there is no particular region of the emission
spectrum in which its contribution is different from that of the
dominant component. However, since this is a minor component,

Fig. 13. Relative energetics of the 3MLCT and 3MC states on the triplet potential energy surface along with their spin density plots for the
complex [Ru(Me2S)4bpy]2+ complex. The minimum found on the potential energy surface of the 3MC state is very shallow and it is 4400 cm−1

lower in energy than that of the 3MLCT state.

Fig. 14. Successive 405 nm irradiations of 8.4 × 10−4 mol L−1 [Ru(NCCH3)4bpy]2+ in a 77 K 4:1 ethanol−methanol glass. Spectral accumulations
required 1 m irradiation each; arrows indicate increasing photolysis time. (a) The sample was irradiated with the unfiltered output of a 50 mW
diode laser for 3 m between each spectral accumulation (seven irradiation periods); (b) the sample was irradiated using a 50% neutral density
filter in the 50 mW diode laser excitation beam. Irradiation periods were for 360 s between the first four spectral accumulations and 180 s
between the last two. The arrows indicate the direction of the spectroscopic changes with irradiation.
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its spectroscopic signatures might be difficult to detect. Neverthe-
less, these observations suggest that the species giving rise to this
emission must have absorption and emission spectra that are very
similar to that of the dominant chromophore. One hypothesis
that would be consistent with the observations is that since the
acetonitrile ligand is a relatively poor �-donor, and thus a poor
ligand for Ru(III), there could be a distribution of 3MLCT species
in the frozen solutions with slightly different Ru–NCCH3 bond
lengths and decay lifetimes. This possibility would imply that the
mean 3MLCT excited state emission decay rate constant (weighted
by the respective percentages) is between about 2.4 × 105 s−1, for
the lowest intensity irradiations in Table 5, and about 3 × 105 s−1,
for the median values found in other experiments.

Overall, the extent of photodecomposition in these experi-
ments does not appear to significantly influence our observations

on the lifetimes of the [Ru(NCCH3)4bpy]2+ complex. The tempera-
ture dependencies of two apparent components are very small;
in a simple semiclassical19 reactant/product formulation, Ea(1) ≈
80 cm−1 and Ea(2) ≈ 170 cm−1 and �el�nu ≈ 4.6 × 106 and 3.1 × 106 s−1,
respectively, for these components. In the absence of competing
internal conversion processes, the measured lifetime, obs = 1/kobs,
is a function of the radiative and non-radiative rate constants,

(13) 1/obs ≈ kr 
 knr

The radiative rate constant should be temperature indepen-
dent and at sufficiently low temperature, knr should approach a
temperature-independent limit,74 so a small value of Ea is expected
and it is consistent with the trapping of most of the excitation
energy in the local potential energy minimum (see Fig. 9). The
fractional contributions of the two components to the observed
emission can be estimated from eq. 12, and most of the change in
emission intensity arises from the more strongly temperature-
dependent contributions from component 2, which decreases
from about 85% at 77 K to about 55% at 107 K. Since this behavior
is nearly independent of the extent of photolysis or the sequence
in which the temperature is changed, it cannot be attributed to
contributions arising from the appreciable increase in photo-
chemical products as the temperature is increased. However, this
effect could arise from a broadening of the distribution of 3MLCT
species with slightly different bond lengths with increasing tem-
perature.

The 77 K emission quantum yield of [Ru(NCCH3)4bpy]2+

The ANDOR Newton detector/liquid light guide combination
that we used for spectroscopic determinations has no response to
light wavelengths less than or equal to 395 nm. As a consequence,
we were only able to obtain partial 90 K absorption spectra for
this complex, but the ambient absorptivity at 405 nm was in good
agreement with that obtained with a standard spectrophotometer.
At 405 nm, we found the 90 K absorptivity for [Ru(NCCH3)4bpy]2+ to
be 4960 M−1 cm−1 compared with 7100 M−1 cm−1 for [Ru(bpy)3]2+.
Based on this, the ratio of the integrated emission intensities of
these complexes for the same irradiation time, and eq. 1, we find
an emission quantum yield of 0.47 ± 0.04 for the [Ru(NCCH3)4bpy]2+

complex.

Conclusions
We initiated this study because the very similar absorption and

emission spectra of [Ru(NCCH3)4bpy]2+ and [Ru([14]aneS4)bpy]2+

but very different lifetimes and photochemistry seemed to
implicate a lower energy 3MC than 3MLCT excited state in the
latter but not in the former. The computational modeling con-
firms that the lowest energy excited state of [Ru([14]aneS4)bpy]2+

is metal centered, but it also indicates that this is the case for
the [Ru(NCCH3)4bpy]2+ complex. The differences in photochemis-
try and photophysics appear to arise largely from the large differ-
ences in the respective energies for their 3MLCT/3MC potential
energy surface crossings, differences that arise from the large
differences in 3MC excited-state Ru−ligand distortions. The ob-
served differences in 77 K excited-state lifetimes can be qualita-
tively rationalized in terms of an electron transfer analogy: the
reorganizational energies for intramolecular electron transfer,
bpy−· to RuIII, are very different. Thus, the excited-state behavior
of these two complexes is analogous to the classical patterns of
the dependence of electron transfer rate constants on variations
metal−ligand bond lengths,14,24 with the rate constants for the
transitions from the initial (or reactant) state to the final (or prod-
uct) state decreasing as the bond length (and (or) bond angle)
differences of these states increases, provided their energy differ-
ences are comparable; the calculations indicate that 3MLCT and

Fig. 15. Variation of the quantum yield for the decrease of
[Ru(NCCH3)bpy]2+ emission intensity with the extent of irradiation
at different incident light intensities (Io) in an ethanol−methanol
glass. Irradiations at 50 mW 405 nm diode laser with 50% (Io/2) and
90% (Io/10) neutral density filters (Io is the diode laser output). The
relative number of photons absorbed is calculated from Ia(rel) ×
tirrad × f (where f = 1 (for no neutral density filter), 0.5, or 0.10, tirrad is
the total time of irradiation, and Ia(rel) = Ia(f)/Ia(f = 1).

Fig. 16. Emission decay of [Ru(NCCH3)4bpy]2+ (2.0 × 10−4 M) at 77 K
in a 4:1 ethanol−methanol glass for 405 nm pulsed excitation
monitored at 510 nm. The two-exponential fit (black) and original
signal (blue) are indistinguishable; residuals are in red. Color in
online version only.
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3MC PE minima differ by about 3700 ± 100 cm−1 for these com-
plexes.

The observations reported here indicate that the 3MLCT/3MC
configurational mixing is very small: (i) the emission of the
[Ru([14]aneS4)bpy]2+ has relatively well-resolved vibronic compo-
nents32 despite its weak emission and a calculated 3MLCT/3MC
crossing point that is very close in energy to the 3MLCT potential
energy minimuim, (ii) the [Ru(NCCH3)4bpy]2+ complex emission is
very strong, and (iii) the electronic configurations change abruptly
in the calculated crossing regions. Furthermore, our studies indi-
cate that the excited state 3MLCT/3MC crossing energies can be

manipulated using conventional stereochemical constraints that
restrict the extent of metal−ligand distortions.

The more careful examination of the low-temperature emission
properties of the [Ru(NCCH3)4bpy]2+ complex has also revealed
some unexpected features: (i) the 77 K emission quantum yield
is large (0.47 ± 0.04), (ii) the emission decay appears to be bi- or
multiphasic, (iii) the two emission components appear to have
different, but very small, temperature dependencies, and (iv) two-
photon photodecomposition is a problem even at low tempera-
tures. The large emission quantum yield is surprising in view of
the calculated lower energy of the 3MC than the 3MLCT excited

Table 3. 77 K lifetime measurements of [Ru(NCCH3)4bpy]2+ (2.0 × 10−4 mol L−1) with different excitation wavelengths
in 4:1 ethanol−methanol solvent (monitored at 510 nm).

Single exponential fit Double exponential fita

Excitation
wavelength (nm)

Lifetime
(�s)

Initial
amplitude

Lifetime 1
(�s)

Initial
amplitude 1

Lifetime 2
(�s)

Initial
amplitude 2

% of 2 in
emissionb

375 4.7 3.3 1.06 2.2 6.2 2.4 87
380 4.9 3.9 1.00 2.7 6.5 3.0 88
385 5.1 4.1 1.12 2.7 6.7 3.0 87
390 5.2 4.3 1.06 2.9 6.8 3.2 88
395 5.1 3.9 1.12 2.4 6.6 2.9 89
400 5.3 4.0 1.06 2.4 6.6 3.1 89
405 5.1 3.7 1.06 2.2 6.4 2.9 89
410 4.6 2.3 1.17 1.4 6.2 1.6 86
415 4.5 1.9 1.17 1.2 6.1 1.3 85

aFast decay labeled “1”; slow decay labeled “2”.
bA = initial amplitude; emission percentage = 100 × [A(2)(2)/(A(2)(2) + A(1)(1))].

Table 4. 77 K lifetime measurements of [Ru(NCCH3)4bpy]2+ (1.8 × 10−4 mol L−1) with different monitoring wavelengths
in butyronitrile solvent (405 nm excitation).

Single exponential fit Double exponential fita

Wavelength
monitored (nm)

Lifetime
(�s)

Initial
amplitude

Lifetime 1
(�s)

Initial
amplitude 1

Lifetime 2
(�s)

Initial
amplitude 2

% of 2 in
emissionb

510 5.0 3.9 1.02 3.2 7.0 2.8 86
520 5.3 4.3 0.98 3.9 7.5 3.1 86
530 5.2 4.0 1.03 3.2 7.2 2.9 86
540 5.3 3.9 1.04 2.9 7.1 2.9 87
550 5.2 3.7 1.08 2.7 7.0 2.6 86
560 5.1 3.5 1.11 2.3 6.9 2.6 87
570 5.0 2.9 1.23 1.9 6.8 2.1 86
580 4.8 2.2 1.20 1.5 6.7 1.5 85
590 4.9 2.1 1.35 1.3 6.7 1.5 85
600 4.7 1.8 1.22 1.1 6.4 1.3 86

aFast decay labeled “1”; slow decay labeled “2”.
bA = initial amplitude; emission percentage = 100 × [A(2)(2)/(A(2)(2) + A(1)(1))].

Table 5. Temperature dependence of the emission decay lifetime for [Ru(NCCH3)4bpy]2+ in butyronitrile glasses
(temperatures were varied using samples in a cryostat).

Double exponential fita

Temperature (K)
Lifetime 1
(�s)

Initial
amplitude 1

Lifetime 2
(�s)

Initial
amplitude 2

Relative amplitude
(A1, A2) (%)b

% of 2 in
emissionb

77c 1.07 2.9 6.4 2.8 51, 49 85
87c 1.02 3.0 5.0 2.2 58, 42 78
97c 0.81 2.8 3.8 1.1 72, 28 64
107c 0.50 2.1 2.5 0.49 81, 19 52
77d 1.43 0.83 6.1 0.77 52, 48 80
77e 1.02 4.5 7.9 3.8 54, 46 86
87e 0.84 4.8 5.5 3.6 57, 43 83
97e 0.75 5.4 3.9 2.5 69, 31 69
107e 0.66 4.8 3.3 1.2 80, 20 55

aFast decay labelled “1”, slow decay labelled “2”.
bA = initial amplitude; emission percentage = 100 × ���A2�e��2�tdt�/���A2�e��2�tdt 
 ��A1�e��1�tdt�.
cTemperature ramped from 77 to 107 K; sample photolyzed for 3 min between lifetime measurements.
dLifetime measurements using a 10% neutral density filter.
eTemperature ramped from 107 to 77 K; no intermediate photolysis.
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state. In fact, most of the 77 K spectroscopic properties of this
complex are typical of Ru-bpy chromophores. However, the above
arguments imply that its radiative rate constant is approximately
in the range of kr = 	em × kobs ≈ (0.6–0.8) × 105 s−1. This can be
compared with a value of kr = 0.7 × 105 s−1 for [Ru(bpy)3]2+.70 Since
kr is expected to increase strongly as the excited-state energy in-
creases,75 and since [Ru(NCCH3)4bpy]2+ emits at about 2000 cm−1

higher energy than [Ru(bpy)3]2+, the comparable inferred value of
kr for the former implies a somewhat inefficient population of
the emitting state, similar to the behavior of [Ru(L)5MDA]2+ com-
plexes,34 and this would be consistent with some relaxation path-
ways leading to the lower energy 3MC state proposed above. A
conventional excited-state relaxation cascade through successive
states could result in a large transient population of a high-energy
excited state with a well-defined local potential energy minimum,
and this appears to be the best current overall interpretation
of the photophysics of the [Ru(NCCH3)4bpy]2+ complex. While a
strong emission from any but the lowest energy excited state is
unusual among transition metal complexes, the recent work of
Hauser and co-workers indicates that even in complexes with
Ru-substituted-bpy chromophores in which the lowest energy ex-
cited state is a 3MC state, a high percentage of a higher energy
3MLCT excited state is transiently populated in ambient solu-
tions.76 For one of these complexes, [Ru(6-Me-bpy)3]2+, these au-
thors calculated that the 3MC state is 300 cm−1 lower in energy
than the 3MLCT state with transient lifetimes of 450 and 1.6 ps,
respectively, found for them in ambient solution. This complex is
known to emit at 77 K with an emission maximum of 17 000 cm−1,
	em = 0.097, and kr = 2.4 × 104 s−1.10 This is qualitatively similar to
the related observations on [Ru(NCCH3)4bpy]2+, but the detailed
interpretation is a little more ambiguous, since the chromophores are
not the same. However, there are now several different complexes
in which a MLCT 77 K emission occurs from a complex in which
E(3MC) < E(3MLCT). There will undoubtedly be more.

Supplementary material
Supplementary material (computational details) for this paper

is available on the journal web site at http://nrcresearchpress.com/
doi/suppl/10.1139/cjc-2014-0155.
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