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The photophysical properties of the emitting metal-to-ligand charge transfer (MLCT) excited states of the
complexes, [Os(bpy)3]2+, [Os(bpy)2(py)2]2+, and [Os(bpy)(py)4]2+ (bpy ) 4-4′-bipyridine, py ) pyridine)
have been characterized in aqueous solution at room temperature by absorption, emission, and Raman
spectroscopies and by emission lifetimes and emission quantum yields. A spectroscopic model has been
developed by using the time-dependent theory of Raman scattering, taking into account interference effects
on resonance Raman profiles arising from interactions between the different ligands. A model based on the
cylindrical model of Sension and Strauss provides a good fit to the data. The mode-specific vibrational
parameters obtained from the spectroscopic analysis are used to calculate the vibrational contributions to the
radiative and nonradiative decay rate constants for each of the complexes. These results and the experimental
rate constants were used to calculate vibrationally induced electronic coupling matrix elements (Vk) for
nonradiative decay and also transition moments,M, for radiative decay. For radiative decay, the average
transition moment for the three complexes was 0.05Å, and for nonradiative decay, the average value ofVk

was 910 cm-1. Within a reasonable margin of error, the Franck-Condon contributions are in agreement with
values obtained in a previous study that used the single mode approximation and a Franck-Condon analysis
of emission spectra.

Introduction

Time-dependent interpretations of resonance Raman data have
been successfully applied to a variety of molecules.1-12 The
δ-δ* electronic transitions in the multiply metal-metal bonded
molecules M2X8

-2 (X ) F, Cl, Br, or I; M ) Re or Mo) exhibit
intense Raman overtones, allowing detailed structural informa-
tion to be obtained.2,13UV resonance Raman scattering has been
used to probe and model the dissociative mode of excited alkyl-
iodide molecules.3 The equilibrium displacements of vibrational
modes coupled to charge-transfer in organic donor-acceptor
molecules have been determined,4 and this information has been
used in calculating electron-transfer rate constants.5 Vibrational
coupling to intervalence transfer in mixed-valence complexes
has been analyzed by using near-IR excitation and relationships
from time-dependent Heller theory.6-8,14-16 Many biological
systems have been analyzed,9-12 including a mode-specific study
of the vibrations and torsional deformations in the retinal
chromophore of rhodopsin upon resonant excitation with visible
light.9

While it has been well established17-24 that the Franck-
Condon factors that help dictate rate constants for electronic
processes are also responsible for spectral band shapes (absorp-
tion, emission, and Raman) of analogous electronic transitions,
most of the experimental demonstrations have been based on

absorption and emission spectra.22,25-28 Resonance Raman
profiles provide explicit vibrational information for each coupled
mode and a quantitative description of the Franck-Condon
factors, but there are few examples in the literature where this
information has been related to kinetic parameters.4-6,8,16

The goal of the current study was to model absorption,
emission, and resonance Raman profiles for the metal-to-ligand-
charge-transfer (MLCT) transitions of a series of Os-2,2′-
bipyridine complexes and to use the resulting spectral parameters
to calculate rate constants for radiative and nonradiative decay
in the associated MLCT excited states.

A complete vibrational study of the series [Os(bpy)(py)4]2+,
[Os(bpy)2(py)2]2+, and [Os(bpy)3]2+ (bpy ) 2,2′-bipyridine,
py ) pyridine) was of particular interest. These molecules
are a subset of a series of nearly 30 complexes of the type
[Os(bpy,phen)L4]n+ (phen ) 1,10 phenanthroline and L)
halides, nitrogen donors, phosphines, CO). They have been used
in previous studies22,23,29-31 to probe relationships between the
Energy Gap Law for nonradiative decay and kinetic parameters
derived from Franck-Condon analyses of emission spectra. We
were interested in comparing the earlier results with those
derived from a complete vibrational analysis based on resonance
Raman profiles. We also wanted to apply the results of the
mode-for-mode analysis to the dynamics of radiative and
nonradiative decay based on the Einstein equation for spontane-
ous emission and the Energy Gap Law.

Transition metal-polypyridine complexes have been funda-
mental in the design of molecular assemblies for the study of
photoinduced energy- and electron-transfer.32,33Understanding
and demonstrating the theoretical relationships between spectral
and kinetic properties of the chromophores that are at the heart
of these assemblies remains an important endeavor.
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Experimental Methods

Materials. Deionized, nano-pure water was used as the
solvent in all spectroscopic measurements. Na2SO4, used as a
reference in the resonance Raman experiments, was purchased
from Aldrich and used without further purification. The salts
[Os(bpy)3]Cl2 and [Os(bpy)2(py)2]Cl2 were available from
previous studies,22,23and [Os(bpy)(py)4]Cl2 was synthesized by
a published procedure.34

Measurements.UV-vis absorption spectra were measured
on a CARY 14 spectrophotometer with an Olis upgrade. The
pure solvent background was subtracted from sample spectra
by using the procedure provided by the manufacturer.

Resonance Raman spectra were obtained following continu-
ous wave excitation from Ar+ (Spectra Physics 164) or Kr+

(Coherent Innova 90) lasers. The incident beam was focused
onto a spinning cell containing approximately 2 mL of solution.
Raman scattering was collected with a backscattering geometry,
the detection angle being 135° relative to the incident laser beam,
to minimize self-absorption. The scattered light was collected
and passed through a polarization scrambler into a Jobin Yvon
U1000 double monochromator with an 1800 g/mm ruled grating.
The entrance and exit slits were adjusted with each line of
excitation to maintain a resolution of 4 cm-1. The signal was
detected with an RCA 31034-C PMT, and collected with the
Enhanced Prism software package from Instruments, S. A., Jobin
Yvon.

Emission profiles and quantum yields were measured on a
Spex Fluorolog 212 photon counting fluorimeter. The spectra
were corrected for instrument response with the procedure
provided by the manufacturer. Absorbance values at the
excitation wavelength were∼0.1. The samples were bubble
deaerated with argon gas for 15 min.

Emission lifetime measurements were conducted by using a
PRA LN 1000/LN 102 nitrogen laser/dye laser combination for
sample excitation. Emission was monitored at a right angle to
the excitation by using a PRA B204-3 monochromator and a
cooled, 10-stage Hamamatsu R928 PMT coupled to a LeCroy
7200A digital oscilloscope interfaced to an IBM PC. Solutions
were the same as those prepared for the emission quantum yield
measurements. Transient signals were measured near the emis-
sion maxima (740 nm for [Os(bpy)3]Cl2, 780 nm for [Os(bpy)2-
(py)2]Cl2, and 790 nm for [Os(bpy)(py)4]Cl2).

Programs used in the spectral fitting procedure were written
in Microsoft Fortran 5.0 and run on a 66 MHz 486 computer.

Correction Factors and Internal Standards.Correction for
detector response was made by using a 200 W quartz-halogen
tungsten lamp operated at 65 Amps dc (Optronics Laboratories
standard of spectral irradiance (OL220M) M-774). The mea-
sured spectra were multiplied byL(λ)/I(λ), whereL(λ) is the
spectrum of the lamp output, andI(λ) is the spectrum of the
lamp measured by the detector. The magnitude of this correction
was negligible.

Integration of the individual Raman vibronic peak areas was
performed by using a linear baseline. TherelatiVeRaman cross-
sections for eachj mode,σ′j, were calculated relative to the
Raman cross-section of the 982 cm-1 sulfate peak,σ′/, which
was arbitrarily set equal to 1. Correction for self-absorption was
performed in accordance with the method of Myers et al.4,35,36

The per-molecule differential cross-section of thejth vibration,
σ′j, relative to the standard (σ′/ ) 982 cm-1 band of SO4

-2)37,38

is given by eq 1

In eq 1,C/ is the concentration of sulfate ion in solution (0.5
M), andCj is the sample concentration.

The differential Raman cross-sections calculated from the
experimental Raman intensities are related to the total Raman
cross-section,σtotal, by the equation

whereF is the depolarization ratio. We made polarized measure-
ments at two wavelengths and foundF values around 0.4,
consistent with the values reported by Miller et al.,39 for the
1MLCT resonance-enhanced modes of Fe(bpy)3

2+, Fe(bpy)-
(CN)2, and Fe(bpy)(CN)42-. A value of F ) 0.4 was used in
our calculations to relate equations forσtotal and (∂σ/∂Ω)||+⊥.

Time-Dependent Theory. In the time-dependent for-
malism,40-45 the differential Raman cross-section of theRth
normal mode is related to the Raman polarizability,R′R, by

where

The prime notation indicates that the inhomogeneous broadening
term,â (see below), is included. In eqs 3 and 4,EL is the laser
energy,ES is the scattering energy(EL - pωR), pω is the
vibrational quantum spacing, andR is the normal coordinate.
The dimensionless electron-vibrational coupling constant,S, is
related to the change in equilibrium displacement between states,
∆Qeq, by S ) (µω/p)(∆Qeq)2, whereµ is the reduced mass.M
is the transition dipole (in Å), andE0-0 is the 0-0 transition
energy between the ground and excited states.G(â), the
inhomogeneous broadening term, is defined in eq 5, withσ being
the standard deviation.

Homogeneous broadening is included in the complex function
g(t).46,47 In the “slow modulation” limit, with strong electron-
solvent coupling,g(t) gives rise to a Gaussian distribution having
full-width at half-maximum (fwhm)) (8 ln 2)1/2 Γ and aΓ2/
2kT Stokes shift in the energy of the spectral distribution, eq 6

The absorption cross-section for the transition responsible for
resonance enhancement is given by eq 7
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and can be related to the molar absorptivity (M-1cm-1) by

whereNA is Avogadro’s number.
Transform theory has been used to derive expressions for

fluorescence rate constants,46 quantum yields,48 and cross
sections.49-51 An alternate approach makes use of the vibrational
overlap part of the Heller theory expression,52 see eq 7 for
absorption, with the appropriateEs

3 prefactor, to fit the emis-
sion band shape

In eq 9, Iem is the emission intensity with the calculated
spectrum normalized so that the maximum coincides with the
measured profile.

The radiative rate constant,kr, in photons per second is given
by

where the integrand is the expression given in eq 9 andM is
the transition moment between the emitting state and ground
state.

The nonradiative rate constant is given by46

Vk is the vibrationally induced electronic coupling matrix
element for nonradiative decay.19,20

Interference Effects.With multiple contributing states, the
molecular polarizability tensor is given by eq 1253-55

In fluid solution, the tensor components are separately
unobservable due to free rotation. The three Cartesian elements
give rise to Placzek or “rotational” invariants, which are
experimentally discernible.53 They are given by

with, Σ°, the isotropic (symmetric) part of the tensor;Σ1, the
antisymmetric part, andΣ2, the symmetric anisotropy. The total

differential Raman cross-section is given by

wheree′ ) e/(4πεo)1/2 is the electron charge in a vacuum.

Results

In Figure 1, are shown absorption spectra of the three
complexes (solid lines). Bands on the high-energy side (>
32 000 cm-1) arise from py- and bpy-localizedπ f π*
transitions. Largely singlet metal-to-ligand-charge-transfer
(1MLCT) transitions to both types of ligands occur from 19 000
to 32 000 cm-1 and the analogous, weakly allowed, largely
triplet 3MLCT transitions from 14 000 to 19 000 cm-1.40,56,57

Spin-orbit coupling at Os (ê(OsII) ∼3000 cm-1) strongly mixes
the spin character of the states.

The argon and krypton laser excitation frequencies for
resonance Raman scattering are shown in Figure 1. Attempts
were made to acquire spectra at 647 and 676 nm by direct
3MLCT enhancement, but this was not possible with our system
because of competing emission.

The separate MLCT bpy and py contributions were decon-
voluted as follows (see Figure 1S): The bpy contribution to
[Os(bpy)(py)4]2+ in Figure 1Sa was estimated as one-third of
the [Os(bpy)3]2+ spectrum in Figure 1Sc, and the py contribution
was estimated by subtracting one-third of the [Os(bpy)3]2+

spectrum from [Os(bpy)(py)4]2+. Agreement between half of
the pyridine contribution for [Os(bpy)(py)4]2+ with the py
contribution for [Os(bpy)2(py)2] 2+ was very good, showing an
internal consistency in the subtraction process and supporting
the coarse approximation of independent1MLCT transitions for
absorption.

Typical examples of resonance Raman data with excitation
at 476.5 nm are shown in Figure 2S. In Figure 2 are shown
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Figure 1. UV-vis absorption spectra (240-833 nm) for [Os(bpy)-
(py)4]2+, [Os(bpy)2(py)2]2+, and [Os(bpy)3]2+ in water. Spectral regions
for 3MLCT, 1MLCT, and π-π* absorptions are indicated. Triangles
indicate the argon and krypton laser lines used for Raman excitation.
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Raman excitation profiles in units of differential cross-section,
Å2 molecule-1 sr-1, for [Os(bpy)(py)4]2+. Profiles for [Os(bpy)2-
(py)2]2+ and [Os(bpy)3]2+ are available in Figures 3S and 4S.
Cross-section values are listed in Table 1.

Corrected emission spectra in water at 25°C are shown in
Figure 3. Excited-state lifetimes ((20%) by exponential fitting
of transient emission decays at peak maxima were [Os(bpy)3]2+,
20 ns; [Os(bpy)2(py)2]2+, 14 ns; [Os(bpy)(py)4]2+, 10 ns.
Emission quantum yields (φem) were calculated by using eq 16
with Os(bpy)32+ in CH3CN as the reference (φ/), and

Abs is the sample absorbance at the excitation wavelength,
η is the solvent refractive index, and IntA is the integrated area
of the emission. Quantum yields for the three complexes are
listed in Table 2 as are radiative (kr) and nonradiative (knr) rate

constants, calculated fromφ andτ by using the expressions

Two-State Model and Multi-Mode Analysis. General
Considerations.The resonantly enhanced bpy modes ofA1

symmetry at 1606, 1558, 1485, 1323, 1265, 1174, 1066, 1053,
1030, 1115, 1006, 666, 375, and 280 cm-1 can be assigned based

Figure 2. Calculated and experimental resonance Raman excitation
profiles for [Os(bpy)(py)4]2+ in H2O at ambient temperature. Parameters
used in the calculations are listed in Table 1.

φem ) (φ/)
Abs
Abs/ ( η

η/
)2 IntA

IntA/

(15)

TABLE 1: Differential Cross-Sectionsa Calculated from
Resonance Raman Excitation Profiles in Water at 23°C

(a) Os(bpy)(py)42+

excitation wavelength (nm)Raman band
energy (cm-1) 458 466 476 488 496.5 502 514.5 568

1606 32.7 26.9 25.9 10.8 6.3 2.9 2.0 0.6
1558 22.0 21.3 28.8 11.3 12.2 4.6 4.0 0.3
1485 33.0 36.4 54.9 25.5 26.4 11.9 4.0 0.6
1323 6.5 9.9 17.4 8.4 10.7 4.7 3.1 0.3
1265 4.4 5.9 7.6 3.7 6.6 3.1 1.8 0.1
1218 14.3 11.0 6.6 4.6 3.0 2.7 1.1 0.2
1174 6.6 7.6 12.8 6.7 9.6 5.0 2.8 0.1
1108 1.1 1.0 1.3 0.1 0.7 0 0.2 0
1066 1.9 1.9 0.3 1.2 0.1 0 0 0.1
1053 1.6 1.6 0.8 0.9 0.4 0.2 0 0
1030 0.3 1.7 4.7 4.0 6.2 4.4 1.9 0.2
1015 7.4 5.7 4.9 1.0 2.9 1.7 0.8 0.3
1006 12.2 10.0 8.2 4.4 4.2 0.7 0.9 0.2
666 1.0 2.5 5.7 6.3 5.0 5.0 0.9 0.1
375 1.5 1.6 3.1 4.1 2.2 2.7 0 0
280 0.6 1.1 1.7 1.4 0.5 0.5 0 0

(b) Os(bpy)2(py)22+

excitation wavelength (nm)Raman band
energy (cm-1) 458 466 476 488 496.5 502 514.5

1606 21.0 16.4 14.4 6.8 3.9 1.48 1.1
1558 28.1 25.0 27.1 11.7 9.6 3.62 3.5
1485 48.4 53.9 57.1 25.7 26.1 10.9 8.0
1323 11.3 16.1 18.0 9.1 9.6 4.0 3.2
1265 6.4 10.1 9.9 4.1 5.2 2.7 1.8
1218 2.4 0.8 0.5 0.4 0 0 0
1174 10.6 17.1 14.7 6.7 7.8 4.5 2.9
1108 0 0.2 0.3 0.3 0.4 0
1066 0.6 0.3 0.3 0.1 0 0
1036 0.2 2.5 1.6 2.1 2.0 0.9
1026 2.5 5.1 2.6 3.1 1.9 0.5
1012 7.1 4.8 5.6 1.5 2.5 0.9 0
670 2.3 2.5 7.63 6.4 4.6 3.6 0.7
375 1.3 3.6 4.7 0.3 1.3 0
288 0.5 0.6 1.0 0.7 0 0

(c) Os(bpy)32+

excitation wavelength (nm)Raman band
energy (cm-1) 458 466 476 488 502 514.5

1606 17.6 16.7 13.2 5.7 1.1 0.8
1558 33.8 34.1 33.3 13.3 5.6 3.4
1485 70.0 79.4 80.9 35.1 19.6 11.4
1323 19.5 23.3 26.5 12.7 8.7 5.1
1265 13.1 16.8 17.8 7.0 8.1 5.1
1174 16.2 23.9 20.7 9.8 7.9 4.9
1108 1.0 0.4 0.2 0.5 0 0
1046 0.3 1.0 1.6 1.5 0.4 1.3
1027 7.4 9.0 12.8 6.0 2.3 2.0
1015 3.6 4.6 3.37 2.1 0 0
673 2.4 6.3 9.8 9.0 4.4 0.7
374 1.9 2.9 3.6 4.6 0 0.4

a Differential cross-sections in units of Å2 molecule-1 sr-1 × 1011.

kr )
φem

τ
(16a)

knr ) 1
τ

- kr (16b)
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on the normal coordinate analysis by Kincaid et al.58,59for [Ru-
(bpy)3]2+. Raman spectra and assignments for [Os(bpy)3]2+ have
also been reported by Bradley et al.60 Pyridine modes were
assigned based on resonance Raman studies on metal-to-pyridine
charge-transfer transitions.61,62 The only exclusively enhanced
py band appears at 1218 cm-1. The others are indistinguishable
from bpy bands at or near the same frequency and appear at
1606, 1015, and 1006 cm-1. There are some slight differences
in the normal-mode frequencies between the three complexes
in the 1000 to 1053 cm-1 region as found earlier in the series
[Os(bpy)3]2+, [Os(bpy)2(P2) ]2+, and [Os(bpy)(P2)2]2+, where
P2 ) cis-Ph2PHCdCHPPh2.63

Absorption spectra are dominated by1MLCT transitions that
are py-based (∼23 000 and∼28 000 cm-1) and bpy-based
(∼20 000 cm-1). In the Raman excitation profiles,∼17 600 to
∼21 800 cm-1, bpy enhancement dominates with pre-resonant
contributions from the higher-lying py transition(s). The intensity
profile of the band at 1485 cm-1 rises, passes through a
maximum, and falls, as expected for single state enhancement.
By contrast, the 1218 cm-1 py band intensity continues to rise
to higher energy with no maximum, consistent with pre-resonant
enhancement. Raman profiles for modes common to both
ligands at 1606, 1015, and 1006 cm-1 pass through apparent
local maxima in the bpy region and increase in intensity at
higher energy.

Raman Spectral Analysis and the Os(L)6 Polarizability Model.
In the spectral region for Raman enhancement in [Os(bpy)3]2+

(17 600 to 21 800 cm-1), there are four1MLCT bands sepa-
rated56,57,64,65by ∼700, 2100, and 2900 cm-1 (8 K). The lowest,
most intense singlet MLCT transition isx-y-polarized with
weaker,z-polarized transitions also contributing. To simplify
the analysis, it was assumed that both the bpy and py MLCT
contributions could be represented as arising from single bpy
and py MLCT excited states. While this is clearly an oversim-
plification, the various transitions do have the same dπ6 f
dπ5π/1 orbital parentage.

The results of the absorption spectral deconvolution showed
that, to a first approximation, bpy and py contributions to the
absorption spectra are additive. They scale with the number of
ligands.

In the resonance Raman effect, multiple states contribute at
the polarizability level, eqs 13 and 14, and cross-terms appear
in defining the cross-section. Myers et al.3 included two states
in modeling resonance Raman profiles of alkyl iodides, and
Sension and Strauss1 in modeling I2. In the latter, I2 is assumed
to be cylindrical, with a diagonalizable polarizability tensor
containing tensor components,γ andâ. Theγ component lies
along the diatomic bond, andâ, which is doubly degenerate, is
perpendicular.

The resonantly enhancedA1 vibrations of bpy are similar
whether the ligand is isolated in Li+bpy- or complexed in [Os-
(bpy)3]2+.58,59 However, the magnitude of the resonance en-
hancement depends on the probability of the coupled electronic
transition and both bpy and py MLCT transitions must be
included. The symmetries of the electronic transitions thus
correspond to the molecular symmetries, D3 for ([Os(bpy)3]2+),
C2 for ([Os(bpy)2(py)2]2+), andC2V for ([Os(bpy)(py)4]2+). A
simplified polarizability tensor model was developed that could
distinguish the global symmetries of the three complexes, but
which allowed for the calculation of Raman intensities.

As illustrated in Figure 4, the cylindrical model of Sension
and Strauss1 is sufficiently complex to distinguish the three
different ligand sets. The tensors describing the cylinders at the
right of Figure 4 were used to represent the MLCT transitions.
On the left side of Figure 4, the diagonalxx, yy, andzz tensor
components are given in terms of the bpy (φb) and py (φp)
transitions. For [Os(bpy)3]2+, all components are bpy-based,R
) 1/x3(φb1 + φb2 + φb3). The Placzek invariants, eq 13, were
then used in eq 14 to calculate differential Raman cross-section
in φb andφp. The final expression for [Os(bpy)3]2+ is given by

Two py transitions define theγ axis for [Os(bpy)2(py)2]2+

which is doubly degenerate because there are two py ligands.
Two bpy ligands define the doubly degenerateâ axes, and the
tensor is given by,R ) 1/x2(φb1 + φb2) + 1/x2(φp1 + φp2)
with

For [Os(bpy)(py)4]2+, the single Os-bpy axis was taken as
the γ axis and the py transitions as the doubly degenerateâ
axes, each of which is itself doubly degenerate. The tensor is

Figure 3. Corrected emission spectra in water at ambient temperature.
Also shown are normalized spectral profiles calculated by using the
multi-mode results from the two-state modeling of absorption and
Raman profiles and the bpy parameters from Table 3. TheE0 values in
the fits were 12 500 cm-1 for [Os(bpy)(py)4]2+, 13 000 cm-1 for [Os-
(bpy)2(py)2]2+, and 13 500 cm-1 for [Os(bpy)3]2+; constant multipliers
for Sj values were 0.87, 1.2, and 1.5;∆Vj1/2 ) 1907 cm-1; standard
deviationσ ) 810 cm-1. See text for details.

TABLE 2: Photophysical Parameters in Water at 23°C
(Estimated Error in Parentheses)

Os(bpy)(py)42+/ Os(bpy)2(py)22+/ Os(bpy)32+/

λmax,em(nm) 790 780 740
Φem 0.0007 0.0004 0.0003
akr, s-1 4 × 104 3 × 104 3 × 104

aknr, s-1 5.0× 107 7.4× 107 1.0× 108

a Uncertainties in these values are on the order of(20%.

( dσ
dΩ)|+⊥

) D(54(φb)
2)

D )
4ps

3pLe′2
15p4c4

(17)

( dσ
dΩ)|+⊥

) D(98(φb)
2 + 2(φp)

2 + 1
4
(φb φ*p + φp φ*b)) (18)
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given byR ) 1/x2(φp1 + φp2) + 1/x2(φp1 + φp2) + φb1, and

The two state analysis is required only for those bpy and py
modes at 1606, 1015, and 1006 cm-1 that have the same or
similar frequencies. For enhancements arising from bpy-based
MLCT states,φp ) 0.

In the series [Ru(bpy)3-n(dmb)n]2+ (n ) 0-3 and dmb)
4,4′-dimethyl-2,2′-bipyridine), studied by Kincaid and co-
workers,66 vibrational intensity variations for the bpy and dmb
ligands were attributed to differences in the energies of the bpy-
and dmb-based MLCT transitions. This conclusion was based
on data acquired at a single excitation wavelength and assumed
a single excited state. This approach was justified by the
electronic similarity of the dmb and bpy ligands. The bpy and
py ligands are sufficiently different both vibrationally and
electronically to merit the two-state model applied here.

Spectral Fitting Procedures and Protocols.The spectral fitting
approach36,46,67that we adopted began with eqs 3 and 4 and 7
and 8 and involved fitting the lowest1MLCT absorption region
and the resonance Raman excitation profiles. The 0-0 energy
gap,E0, is the origin of the vibrational progressions and it was
used to optimize the profile on the energy axis. Vibrational
frequencies were taken from Raman spectra. Estimates for the
Sj values were made from the simple Heller relation (Savin
formula)21,40-42

in which relative displacements are proportional to the measured
Raman intensities. Individual mode intensities were varied, but
less than 10%, to give “best fit” results (by eye). Inhomogeneous
broadening,σ, was initially set to zero and optimized after
optimization of the other parameters. The transition moment,
M, was adjusted to fit the heights of both the Raman profiles
and absorption spectra. After optimization including homoge-
neous broadening, inhomogeneous broadening,σ, was intro-

duced and the spectral fits re-optimized by varyingΓ, σ, M,
and Sj. Results are summarized in Table 3 with1MLCT
absorption fits shown in Figure 1S and Raman excitation profiles
in Figure 2 and Figures 3S and 4S.

In fitting room-temperature emission band shapes, it was
assumed that emission is from a single emitting MLCT state
with bpy as the acceptor ligand.22,23,68The parameters obtained
in the Raman and absorption fits were used, and the energy
gap,E0, allowed the variation to obtain the best fits as shown
in Figure 3.

Figure 4. Illustration of the contributions to the Raman polarizability tensor for [Os(bpy)(py)4]2+, [Os(bpy)2(py)2]2+, and [Os(bpy)3]2+ based on
cylindrical geometry, far right. The cylinder axes are labeled bpy or py, based on the overall symmetry of the complexes. Off-diagonal components
of the tensor are taken to be equal to 0, and diagonal components,x, y, andz, are assigned as bipyridine or pyridine, far left, based on cylindrical
geometry. Normalized contributions are based on bpy and py MLCT transitions such that one bpy transition is spatially equivalent to two pyridine
transitions.

(dσ
dΩ)

|+⊥
) D((φb)

2 + 9
2

(φp)
2 + 1

2x2
(φb φp* + φp φb*))

(19)

Ij

I/
)

ωj
2 Sj

ω/

2 S/

(20)

TABLE 3: Spectral Fitting Parametersa,b for Absorption
and Raman in Water at 23 °C

Os(bpy)(py)42+ Os(bpy)2(py)22+ Os(bpy)32+

E0,bpy ) 20,750 cm-1 E0,bpy ) 20,850 cm-1 E0,bpy ) 20,850 cm-1

E0,py ) 22,350 cm-1 E0,py ) 22,350 cm-1

pωj (cm-1) Sj pωj (cm-1) Sj pωj (cm-1) Sj

1606 0.080
(0.070)

1606 0.060
(0.060)

1606 0.063

1558 0.140 1558 0.128 1558 0.125
1485 0.225 1485 0.273 1485 0.266
1323 0.070 1323 0.071 1323 0.073
1265 0.025 1265 0.041 1265 0.049
1218 (0.090) 1218 (0.012)
1174 0.045 1174 0.065 1174 0.062
1108 0.004 1108 0.002
1066 0.006 1066 0.002
1053 0.004 1036 0.009 1049 0.004
1030 0.020 1025 0.015 1030 0.028
1015 0.015

(0.008)
1011 0.014

(0.011)
1015 0.010

1006 0.021
(0.015)

666 0.018 670 0.017 669 0.019
375 0.016 375 0.018 375 0.014
280 0.012 280 0.005 [280 0.006]c

a Pyridine displacements are given in parentheses.b Other parameters,
the same for all three complexes, areMbpy ) 0.55 Å,Mpy ) 0.34 Å,σ
) 720 cm-1, Γ ) 255 cm-1, integration time) 800 fs., no. of time
pts. ) 950, no. of energy points) 500. c Difficult to observe
experimentally; mode added for consistency.
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Triplet normal-mode frequencies have been observed to differ
slightly from the corresponding singlet states frequencies by
time-resolved resonance Raman spectroscopy and by direct
spectral comparisons.60,63,69,70The differences are small and
ground-state frequencies were used in fitting the emission
spectra. To account for the possibility of mode displacement
changes between singlet and triplet states, a constant multiplier
of theSj values derived from the excitation profiles,c, was used
as a variable parameter in fitting the emission spectrum. This
procedure kept relative displacements constant while allowing
the overallS values to vary, see below.

The solvent broadening parameters were kept the same for
absorption, Raman, and emission for all three complexes. Best
fits were obtained in the slow modulation limit of homogeneous
broadening (Gaussian) and by using a Gaussian form for the
inhomogeneous broadening.

Eq 10 was used to equate radiative rate constants (kr) in Table
2 with calculated emission manifolds, withMem being the only
adjustable parameter. The values ofMem that resulted for each
of the calculations are listed in Table 6.

Normal-Mode AVeraging.The resonance Raman experiment
provides the mode-specific parameters necessary to calculate
vibrational contributions to radiative and nonradiative decay.
In high-temperature spectra, solvent broadening and a multiplic-
ity of contributors convolutes individual mode progressions. It

has been suggested that all the requisite information is present
in averaged band shapes to calculate the vibrational overlap
factors for radiative and nonradiative decay.17-25,46 This is an
important point, because using average parameters from normal-
ized absorption and emission band shapes is far simpler than
interpreting and calculating these quantities with mode-specific
resonance Raman data.

In the average mode approximation, multiple modes are
represented by an average frequency,pω, and dimensionless
displacement,S, given by23,25-28

Eq 21 is obtained by assuming that the individual vibronic peaks
are well-represented as Gaussians with half-widths greater than
the spread in vibrational frequencies. When the sum overj
included all coupled modes, the average frequency was∼1350
cm-1, the progression observed in low-temperature emission.
The “missing mode” or MIME effect is a rigorous time-
dependent method for calculating observed progressions from
the individual modes that are their origin.61,62,71,72

Many important correlations between theory and experiment
have been made based on one- and two-mode spectral fits. The
single-mode expression for emission spectral fitting29,30,35,38in
terms of the emission intensity,I(ν), relative to the intensity of
the 0-0 transition, is given by eq 22

In eq 22,V is the vibrational quantum number in the ground
state with vibrational frequencypω and displacementS. E0 is
the energy of theV* ) 0 f V ) 0 transition, and∆Vj1/2 (cm-1)
is the full-width at half-maximum of the individual vibronic
components. As written,∆Vj1/2 contains contributions from the
solvent as well as low- frequency vibrations treated classically.
The homogeneous (Γ) and inhomogeneous (σ) solvent broaden-
ing terms, eqs 5 and 6, are related to the full-width at half-
maximum∆Vj1/2 in eq 22 by eq 23

One-mode emission spectral fits were conducted withpω )
1300 cm-1, consistent with previous analyses.22,23,26,28Fitting
to eq 22 utilized a simplex minimization routine which
automatically obtains a least-squares fit to the experimental data,
provides statistical information, and greatly simplifies the fitting
procedure.73,74The resulting fitting parameters are listed in Table
4a, and spectra and calculated fits are shown in Figure 5S.
Transition moments calculated by using single-mode spectral
fitting parameters to calculate the integral in eq 10 and
experimentalkr values are listed in Table 6.

These results are compared with those obtained by applying
the one-mode fitting procedure to an “averaged” single-mode
representation of the multi-mode parameters from the Raman/

TABLE 4: Single-mode Emission Spectral Fitting
Parameters in Water at 23°C

(a) Simplex Fitting Routine

[Os(bpy)(py)4]2+ a[Os(bpy)2(py)2]2+ a[Os(bpy)3]2+

E0 (cm-1) 12 669 13 147 13 700
pω (cm-1) 1300 1300 1300
S 0.70 0.67 0.90
∆Vj1/2 (cm-1) 1703 2017 1526
λo (cm-1) 1271 1783 1021

(b) Average of Multi-Mode Raman Parametersb

[Os(bpy)(py)4]2+ [Os(bpy)2(py)2]2+ [Os(bpy)3]2+

E0 (cm-1) 12 700 13 200 13 650
pωave (cm-1) 1357 1370 1369
Save 0.70 0.83 0.87
∆Vj1/2 (cm-1) 1799 1799 1799
λo (cm-1) 1419 1419 1419

a For comparison, spectral fitting results from ref 23 for [Os(bpy)3]2+

and [Os(bpy)2(py)2]2+ were E0 ) 13510 and 13080 cm-1, S ) 0.75
and 0.65, and∆Vj1/2 ) 1550 and 1580 cm-1, respectively, withpω )
1300 cm-1. b Single-mode averages of the multi-mode parameters in
Table 3, calculated from eq 21 and used to calculate the spectra in
Supplementary Figure 5.

TABLE 5: Seven Mode Average Parameters for the Data in
Figure 6a

[Os(bpy)(py)4]2+ [Os(bpy)2(py)2]2+ [Os(bpy)3]2+

E0 ) 12 700 cm-1 E0 ) 13 200 cm-1 E0 ) 13 650 cm-1

pωj (cm-1), Sj pωj (cm-1), Sj pωj (cm-1), Sj

1575, 0.220 1572, 0.216 1574, 0.226
1485, 0.225 1485, 0.314 1485, 0.320
1308, 0.095 1302, 0.129 1300, 0.146
1174, 0.050 1174, 0.075 1174, 0.074
1038, 0.070 1024, 0.046 1032, 0.053
666, 0.018 670, 0.020 669, 0.023
334, 0.028 354, 0.026 346, 0.024

a Other parameters used in the calculation of nonradiative rate
constants (eq 30) included∆Vj1/2 ) 1799 cm-1 (λ0 ) 1419 cm-1).

pω )

∑
j

pωjSj

∑
j

Sj

S) ∑
j

Sj (21)

I(Vj)

I0-0

) ∑
V [(E0 - V pω

E0
)3 SV

V!
×

exp(- 4 ln 2(Vj - E0 + V pω

∆νj1/2
)2)] (22)

∆ν1/2 ) (8 ln 2)1/2 (σ + x2 Γ) (23)
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absorption fits (Table 3). Spectral fits are shown in Figure 5S
and transition moments are listed in Table 6.

Electronic Coupling Matrix Elements for RadiatiVe and
NonradiatiVe Decay.The rate constant for radiative decay,kr,
is given by eq 24

with

In eq 25,e is the unit electron charge,ε0 is the permittivity of
a vacuum,c is the speed of light,NA is Avogadro’s number,
andM is the transition moment in units of distance. (In an earlier
paper,23 p rather thanh appears in these expressions.)25,75In eq
24, n is the refractive index of the solvent, and〈Vj-3〉-1 is the
inverse of the cube of the average emission energyVj-3 (in units
of cm-1) for the emission profile, which can be evaluated
analytically by using eq 26

In eq 26,I(Vj) is the emission intensity atVj in photons cm-1

s-1.
In an earlier study involving∼30 [Os(bpy, phen)L4]n+

complexes, including the three in this study, it was assumed
that the transition moment would remain relatively constant,
given the common orbital basis (dπ5π/1) for the OsIII (bpy-.) or
OsIII (phen-.) MLCT excited states. With this assumption, an
averageMem

2 value was evaluated from the slope of a plot of
kr versus〈Vj-3〉-1, which gaveMem) 0.049.23,76It is also possible
to evaluateMem

2 by using the time-dependent formalism and
eq 10. In this approach, the magnitude ofMem

2 is equal to the
slope of a plot ofkr versus FC,76 with

Es
3 F(Es) is defined in eq 9 in terms of the spectral fitting

parameters. Values of FC were calculated from the one-mode
spectral fitting parameters for the 32 complexes in the earlier
study.23 From the slope of a plot ofkr versus FC,Mem ) 0.068.

In the limitsE0 . S pω andpω . kBT for the single-mode
approximation, application of time-dependent perturbation
theory with application of the “Golden Rule” leads to the Energy
Gap Law for nonradiative decay.19-23,77 It relates the rate
constant for nonradiative decay,knr, to the free energy change,
∆G°, as shown in eq 29

where

and

In eq 29a,Vk is the vibrationally induced electronic coupling
matrix element. A related form of eq 29 has been used to
account for electron transfer in the inverted region.22,26,77-80

If it is assumed that the frequency factorâ0, eq 28, is constant
through the series of Os complexes alluded to above,Vk can be
evaluated from the slope of a plot of ln(knr) vs ln(Fcalc). This
analysis23 gaveâ ) -34.3 andVk ) 1300 cm-1, assuming a
promoting mode quantum spacing of 300 cm-1 with an error
range of 750-2250 cm-1 for Vk.

Including multiple coupled modes,knr is given by the sum-
over-energy-states expression77 in eq 30. Attempts to encode
eq 11 on the computer did not result in meaningful results.81

TABLE 6: Transition Moments and Electronic Matrix Elements for Nonradiative Decay

origin Os(bpy)(py)42+ Os(bpy)2(py)22+ Os(bpy)32+

absorption/Raman,1MLCT
multi-modea Mbpy ) 0.55Å Mbpy ) 0.55Å Mbpy ) 0.55Å

Mpy ) 0.34Å Mpy ) 0.34Å Mpy ) 0.34Å
radiative decay,3MLCT

multi-modeb Mem ) 0.050 Å Mem ) 0.042 Å Mem ) 0.040 Å
averaged, one-modec Mem ) 0.050 Å Mem ) 0.042 Å Mem ) 0.042 Å
simplex,1one-moded Mem ) 0.044 Å Mem ) 0.041 Å Mem ) 0.040 Å

nonradiative decay,3MLCT
seven-modee Vk ) 755 cm-1 Vk ) 804 cm-1 Vk ) 1177 cm-1

averaged, one-modef Vk ) 960 cm-1 Vk ) 845 cm-1 Vk ) 1215 cm-1

simplex, one-modef Vk ) 1602 cm-1 Vk ) 942 cm-1 Vk ) 2213 cm-1

a Calculated by using parameters from Table 3, eq 7, eq 10, andkr from Table 2.b Calculated by using parameters from Table 3, eq 10, andkr

from Table 2 withE0 andc values listed in the text.c Same asb but with parameters averaged to one mode by using eq 21.d Simplex minimization
routine, with single modepω ) 1300 cm-1. e Calculated from experimentalknr values and eq 30 with the parameters in Table 5.f As in e but by
using eq 28 and parameters in Table 4.

kr ) A ) 8πhcn3〈Vj-3〉-1B (24)

B ) ( 8π3

3h2c)〈e
2M2

4πε0
〉 ) (2303

hnNA
) ∫ε(Vj)d ln Vj (25)

〈Vj-3〉-1 )
( ∫I(Vj)dVj)

( ∫I(Vj)

Vj3
dVj)

(26)

FC ) 2n

3πp5c3 ∫ES
3F(ES)dES (27)

ln(knr) ) ln(â0) + ln(Fcalc) (28)

â0 )
Vk

2(2π)1/2

p
(29a)

ln(Fcalc) ) - 1
2
ln(pωE0) - S-

γE0

pω
+

(γ + 1)2

16 ln 2(∆Vj0

pω )2

(29b)

γ ) ln( E0

Spω) - 1 (29c)

E0 ) |∆G°| - λ (29d)
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In this expression,λo is the solvent reorganizational energy. It
is related to the spectral full-width at half-maximum,∆Vj1/2, by

The other parameters in eq 30 have all been described
previously. The vibrationally induced electronic matrix element,
Vk (in cm-1), is the only parameter not determined by the
spectral fitting procedure.

To simplify the calculation, the multi-mode information was
represented by seven “average” modes obtained by application
of eq 21, Table 5. Vibrational contributions toknr were calculated
both by using eq 30 and the parameters in Table 5, and the
single-mode parameters in Table 4. Values forVk were
calculated from the experimentalknr values and either eq 28 or
30 and are listed in Table 6.

Discussion

The vibrational information required to calculate vibrational
overlap contributions to the kinetics of excited-state processes
resides in emission and absorption spectral profiles. However,
at or near room temperature, broadening and spectral overlap
obviate the ability to discern individual mode contributors. A
standard procedure in treating such data is to use single- or
double-mode approximations to analyze the spectral profiles.

Resonance Raman provides the information required to
represent individual modes explicitly. An important question
is whether there is a convergence between the simplified and
mode-for-mode Raman analyses, and if so, at what level. One
of the goals of this work was to compare the calculational results
obtained by the two approaches in order to judge how well they
compare in providing accurate kinetic parameters for excited-
state decay.

A large number of parameters are involved in the mode-for-
mode analysis of large molecules with multiple coupled
vibrations. When resonance enhancement occurs from a single
electronic state, the nine-element polarizability matrix collapses
to a single element along the direction of the transition dipole.
If two or more states contribute, they interfere, and the symmetry
of the molecule and the contributing transition dipoles must be
included in the analysis.

The cylindrical model applied here was applied previously
to two-state interference effects in resonance Raman scattering.1,3

Due to the ligand-centered, charge-transfer character of the
excitations in the Os(II) complexes, the dimensions of the
cylinder are associated with bpy- or py-type MLCT transitions,
and Raman contributions are easily distinguished vibronically.
While the cylindrical model is limited in its representation of
the symmetry of the complexes, it does distinguish the three
complexes and is simple enough to be calculationally tractable.
It also results in reasonable solvent and vibrational parameters.

For [Os(bpy)3]2+, the initial fitting procedure involved
analysis of 13 total band shapes (one absorption profile and 12
Raman excitation profiles). The normal-mode frequencies were
taken from the Raman spectra, and the initial set of relativeSj

values calculated from the experimental intensities and the Heller
relationship in eq 20. The relative values were subsequently
adjusted to fit the profiles. This left four independent parameters,
E0, Γ, σ, and the constant multiplier of theSj values to be
determined.

On the basis of the Strickler-Berg relationship,25 vibrational
parameters derived from absorption/Raman spectra should apply
directly to emission and nonradiative decay, but only if
absorption and emission interconvert the same states. At the
excitation wavelengths used for the Os(II) complexes, resonance
Raman scattering is observed from transitions to1MLCT state-
(s), which decay on the 100’s of fs time scale.82 Emission occurs
on the nanosecond time scale from thermally equilibrated
3MLCT states. It was not possible experimentally to observe
resonance Raman enhancement from the triplets because of
competing emission.

Spectral Parameters.E0, pω, S. In our analysis, it was
assumed that the vibrational frequencies for singlet and triplet
states were the same.AVeragesinglet and triplet frequencies
are very nearly the same.63,69,70We also assumed that the relative
equilibrium displacements of the singlet and triplet frequencies
were the same, even if the sum of the displacements varied.

The comparisons in Table 4 show that comparable values of
Sare obtained from: (1) the one-mode emission spectral fitting
analysis and (2)Save calculated from theSj values in Table 3
and the averaging procedure in eq 21. Similarly, the values of
pωave calculated from the multi mode data and the averaging
procedure (1357, 1370, and 1369 cm-1) justify the assumption
of pω ) 1300 cm-1 in the emission spectral fitting.

These comparisons and the good agreement betweenE0

values obtained by the two procedures support the validity of
the approximate single-mode analysis in acquiring reasonably
accurate information about the MLCT excited states.

The magnitudes of theSandE0 values for the three complexes
in the series are also revealing. There is a slight trend toward a
higherS value that parallels the increase inE0 as the number
of bpy ligands increases, suggesting that the pyridyl ligands may
be better ancillary electron donors than bpy.

A common solvent reorganizational energy,λo, was also
assumed independent of ligand set in the absorption, emission
and Raman analysis. This had the effect of forcing differences
in λo between complexes and between the absorption/Raman
and emission analyses to appear in theSj values or the average
value S. The slow modulation limit was assumed for homoge-
neous broadening and a Gaussian distribution for inhomoge-
neous broadening.4,58,59

As can be seen from the data in Table 4, there is only
marginally good agreement between this value,∆Vj1/2 ) 1800
cm-1, λ0 ) 1410 cm-1, andλ0 ) 1263, 1771, and 1014 cm-1

for the three complexes from emission spectral fitting.
Transition Moments, Mbpy, Mpy, and Mem, and Vibra-

tionally Induced Electronic Coupling Matrix Elements, Vk.

k )
2πVk

2

p ( 1

4πλokbT
)1/2

exp(-∑
j

Sj coth( pωj

2kbT
))x

∏
j
∑
mj

(exp(mjpωj

2kbT
)Imj[Sj csch( pωj

2kbT
)] ×

exp( - (∆G0 + λ + ∑
j

mjpωj)

4λokbT
)) (30a)

Imj(z) ) (z

2)mj

∑
k)0

∞ (z2

4)k

k!(mj + k)!
(30b)

|∆G0| ) E0 + λ0 (30c)

λo )
(∆Vj1/2)

2

16kbT ln 2
(31)
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Due to the common orbital origins of the ground and excited
states, common bpy and py transition moments were assumed.
The singletf singlet transition moments derived from the
absorption and Raman fitting procedures wereMbpy ) 0.55 Å
andMpy ) 0.34 Å, Table 3. The latter is less certain because of
the absence of a maximum in the py-based Raman excitation
profiles. These values are close in magnitude to those calculated
for π-π transitions in a series of organics by Strickler and
Berg.25

Transition moments for emission,Mem, were calculated by
using experimentalkr values and eq 10. The resulting moments
are an order of magnitude smaller than for absorption, consistent
with the singlet character of the ground state and the triplet
character of the emitting excited state. Values obtained by using
various fitting procedures to calculate the spectral overlap
integral in eq 10 are listed in Table 6.

The values ofMem in Table 6 are relatively independent of
the fitting procedure used to calculate them. Within experimental
error, they agree with the value of 0.068 obtained earlier for
the extended series of osmium complexes.23

With transition moments and spectral fitting parameters
available, it is possible to calculate the contribution of the
GSf3MLCT transition to the low energy absorption spectrum
(∼13 000 to 18 000 cm-1). For the extended series of OsII

complexes alluded to above,23 a calculated absorption band for
the lowest-energy3MLCT transition was predicted to occur at
∼15 000 cm-1 (667 nm) withε ) 400 L M-1 cm-1 and∆Vj1/2

) 300 cm-1, assuming a Gaussian band shape. On the basis of
the average emission parameters from Table 4b andEabs) E0,em

+ 2λo, application of eq 28 from ref 23 givesEabs values on
the order of 16 000 cm-1 and ε ∼ 65 L M-1 cm-1. The
experimental molar absorptivity in this energy region is more
than an order of magnitude larger,∼5000 M-1 cm-1. The
3MLCT absorption estimate is based on a single, averaged
3MLCT emissive state. The3MLCT absorption band is also
overlapped with absorptions at higher energies, making it
difficult to compare theoretical and experimental values.

The values ofVk in Table 6 were calculated from the
experimental rate constants,knr, eq 28, and the kinetic parameters
in Table 4 or 5. The spread in values withVk ) 750-1200
cm-1 (900 cm-1 average) from the multi-mode fits is relatively
small. Values calculated from the single-mode emission spectral
fitting parameters were in the range 940-2200 cm-1 (1600 cm-1

average). Both are consistent with〈Vk〉 ) 1300 cm-1 from the
previous study.23

Conclusions

We have interpreted resonance Raman excitation profiles by
using a simplified two-state interference model, incorporating
both bpy and py MLCT transitions in a series of mixed-ligand
pyridyl-polypyridyl complexes. A simplified cylindrical model
for the complexes was applied, which fits the data reasonably
well.

The results of the Raman analysis have been applied to the
calculation of absorption and emission spectra. They have also
been used to calculate spectral overlap integrals and Franck-
Condon factors. From these quantities and experimental radiative
and nonradiative decay rate constants, transition moments for
emission and electronic coupling matrix elements for vibra-
tionally induced nonradiatuve decay have been calculated.

There appears to be no statistically significant difference
between using the explicit multi-mode information obtained
from the Raman analysis and “average” mode information
obtained by emission spectral fitting, at least at room temper-

ature. This includes the parametersS and pω, transition
moments, and electronic coupling matrix elements. There is
satisfaction in devising a detailed model that encompasses the
complexity of the three Os-polypyridine complexes and fits the
dozens of spectral profiles (Raman, absorption, and emission)
using existing time-dependent theory. These complexes have
provided an experimental arena in which the theoretical
relationships between spectral profiles and excited-state kinetics
could be explored. While a full fitting of Raman excitation
profiles provides valuable mode-specific information about the
resonant electronic transition, there is adequate vibronic infor-
mation in absorption and emission spectra alone, at least at room
temperature, to obtain the parameters that characterize MLCT
excited-state energies, distortions, and the dynamic quantities
that dictate excited-state decay.
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