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The 77 K emission spectra of 21 [Ru(L)sbpy]™ complexes for which the Ru/bpy metal-to-ligand-charge-transfer
(®MLCT) excited-state energies vary from 12 500 to 18 500 cm~" have vibronic contributions to their bandshapes
that implicate excited-state distortions in low frequency (If, hvy < 1000 cm™"), largely metal—ligand vibrational
modes which most likely result from configurational mixing between the *MLCT and a higher energy metal centered
(°LF) excited state. The amplitudes of the If vibronic contributions are often comparable to, or sometimes greater
than those of medium frequency (mf, hv,; > 1000 cm™7), largely bipyridine (bpy) vibrational modes, and for the
[Ru(bpy)s]*" and [Ru(NHs)sbpy]?* complexes they are consistent with previously reported resonance-Raman (rR)
parameters. However, far smaller /f vibronic amplitudes in the rR parameters have been reported for [Os(bpy)s 2,
and this leads to a group frequency approach for interpreting the 77 K emission bandshapes of [Ru(L)sopy]™"
complexes with the vibronic contributions from mf vibrational modes referenced to the [Os(bpy)sJ>" rR parameters
(OB3 model) and the envelope of If vibronic components represented by a “progression” in an “equivalent” single
vibrational mode (/i model). The Ifl model is referenced to rR parameters reported for [Ru(NHa),opyl?*. The
observation of If vibronic components indicates that the MLCT excited-state potential energy surfaces of Ru-bpy
complexes are distorted by LF/MLCT excited-state/excited-state configurational mixing, but the emission spectra
only probe the region near the 3MLCT potential energy minimum, and the mixing can lead to larger distortions
elsewhere with potential photochemical implications: (a) such distortions may labilize the SMLCT excited state; and

(b) the If vibrational modes may contribute to a temperature dependent pathway for nonradiative relaxation.

Introduction

The potential of ruthenium(Il)-polypyridyl based “dyes”
to function as mediators for the conversion of solar to
electrical or chemical energy has received considerable
attention.'™'! To a large extent this potential arises because
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some electronic excited states of transition metal complexes
are facile electron transfer agents that can be generated by
visible light absorption."*¢ While it has long been established
that electron transfer reactivity depends on the accompanying
changes in molecular structure,'>2! there are few experi-
mental measures of the structures of electronic excited states
and, with notable exceptions,“ their treatment is often based
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Figure 1. Superimposed 77 K emission spectra of [Ru(bpy)s]*™ (1),%°
[Ru(NH3)sbpy]>* (2),>° [Ru([12]aneNy)bpy]>* (3),>” and [Ru(CHs-
CN)a(bpy)2]*t (4). To facilitate the comparisons, the intensity scale is defined
so that Juxemy = 1.00 for the highest energy component and the abscissa
is chosen so that maxima of these components of the different spectra
coincide. This energy scale approximately corresponds to the difference
between the observed emission energy and the energy maximum of the
fundamental component’” (&~ —hvy, below). Note that hVmax(p varies from
12500 to 18 500 cm™! and (AViax(p — MVimax(emis)) from 90 to 260 cm™! for
the different complexes (see Table 2). The approximate maximum energy
expected for the envelope of contributions from distortions in bpy vibrational
modes (hvy ~ 1440 cm™!) is indicated by the vertical dashed line.

on analogy with ground-state species. Such analogies are
bound to be misleading since excited-state electronic con-
figurations tend to be unique and since heavy metal
complexes typically have many near-in-energy excited states
with the potential for configurational mixing which can
modify the molecular structure of the lowest energy excited
state, and thereby, its electron transfer reactivity. Because
the vibronic contributions to emission bandshapes are func-
tions of the differences in ground-state and excited-state
molecular structures,>> 2> the excited-state structural varia-
tions that result from configurational mixing will be mani-
fested in correlated variations in emission bandshapes.

A very wide range of emission bandshapes has been found
for the metal-to-ligand charge transfer (MLCT) excited states
of simple Ru/bpy complexes in frozen solutions (e.g., see
Figure 1),%672% and this indicates that there are appreciable
variations in the corresponding MLCT excited-state mo-
lecular structures. The dominant features of most 77 K Ru-
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bpy emission spectra are often attributed to the follow-
ing:?°% (a) the intensity of the {e,0’} — {g,0} emission
component; and (b) distortions in bpy-centered vibrational
modes (or a single “equivalent” mode)**!**-3¢ which give
rise to a sideband component whose dominant feature is
usually observed at 1300—1500 cm™! lower energy than that
of the {e,0’}—{g,0} component.

Careful examination of the 77 K emission spectra of this
class of complexes indicates that such simple interpretations
of the emission bandshapes are incorrect.>” Thus, even in
Figure 1 the spectra demonstrate the following: that (a) the
MLCT excited-state distortions vary over a very large range
in very closely related complexes; and (b) the simple model
that such distortions occur in only bpy vibrational modes is
not always correct. The complexity of the vibronic sideband
contributions is demonstrated more clearly in Figure 2 in
which the contributions of the best fit fundamental compo-
nents, /,,» (deconvoluted from the observed spectra),%’”*39
have been removed from the emission spectra (/,,) of Figure
1 to generate a difference spectrum, A,, i,

Ivm - Ivm(f)
A, aip = T (M
max(f)
The difference spectra in Figure 2 demonstrate that even such
weakly structured spectra as those of Figure 1 contain
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Figure 2. Comparisons of vibronic contributions to 77 K emission
bandshapes (A, i) for [Ru(bpy)s]* (red), [Ru(NH;z)4bpy]** (blue), and
[Ru(CH3CN),(bpy),]** (dark red) and [Ru([12]aneNy4))bpy]** (dark blue).
The ordinate is based on eq 1 and vy = (Wiaxp — "MWVigem))-

significant vibronic information: (a) the sideband amplitudes
are all greater than the simple theoretical limit for distortions
only in a single bpy vibrational mode;*’ and (b) each of these
emission spectra has a strong, or dominant in the case of
[Ru([12]aneN4)bpy]**, vibronic feature near (AVyup
hVontem)) = hva = 500 cm™!. Further to this point, significant
low frequency (If; hv, < 1000 cm™!) vibronic components
have been reported in the resonance-Raman (rR) spectra of
[Ru(bpy)3]***° and [Ru(NH3);bpy]?*.*! Such vibronic fea-
tures are consistent with distortions in metal—ligand vibra-
tional modes, and their variations in amplitude are very likely
to be the result of differences in the extents of excited-state/
excited-state configurational mixing through this series of
complexes.

The rR parameters reported for [Ru(bpy)s;]**,** [Ru-
(NH3)4bpy]**, *! and [Os(bpy)s]>*>° (see Supporting Infor-
mation, Table Sl)39 indicate that there are distortions in a
dozen or more vibrational modes of their MLCT excited
states. Therefore, the shapes of the emission sidebands in
broadband spectra should be attributed to the overlapping
contributions of individual distortion modes, and the rR
parameters reported for the [Ru(bpy);]*>" and [Ru(NHj)s-
bpy]*>" complexes give good to excellent fits of the observed
bandshapes when the amplitude scale (as in eq 1) and the
component bandwidths are those determined by their ex-
perimental fundamental components.”® Furthermore, the
observed spectral sideband contributions, such as noted in
Figure 2, and rR-based modeling®® suggest that the emission
sideband envelopes of these complexes can be approximately
separated into significant component vibronic envelopes that
arise from distortions in the following: (a) the several
vibrational modes that are largely associated with the bpy
ligand, I,,m(b,,y);42 and (b) the /f vibronic components that are
largely associated with metal—ligand vibrational modes,
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Figure 3. Envelopes calculated for the 1st and 2nd order vibronic
contributions based on rR parameters for [Os(bpy);]2*,>® upper panel; and
[Ru(bpy)s]**,*° lower panel. The first order contributions are indicated in
red for the If regime (hv,;, < 1000 cm™!; v, = the frequency difference
from the electronic band origin) and blue for the mf regime (1000 < hv,;/
cm~! < 2000); the 2nd order contributions are indicated in dark red for
Vb = (v; + vx) with v;, v < 1000 cm™!, in dark blue for 1000 < (hv;,
hvidlem™") < 2000, and in violet for all v, for which v; < 1000 cm™! and
vr > 1000 cm™! (If, mf combination bands). The first order envelopes were
calculated from rR parameters (vj, v, S; and Sy as AD =
i SkeSte i)™ where Sy = Ju/hvy, Ax is the vibrational reorganiza-
tional energy for the kth first order mode (proportional to the
squared displacement in that mode), w = (Av)/(4 In 2) and Avip
= 620 cm™!; the 2nd order envelopes were calculated as A® =
Y2 eSS0V The narrow lines, calculated (with Avy, =
20 cm™') and color coded as above, illustrate the amplitudes of the S,
parameters for the first order terms; note that all of the 2nd order terms
with Avy, = 20 cm™! are present in this figure but their amplitudes are
often too small to be seen on the scale used (see also Supporting Information,
Figure S7).*° Note that the larger amplitudes of the envelopes calculated
with Avy, = 620 cm™! arise only from the overlapping contributions of
the individual vibronic components.

L, ). That these vibronic components are approximately
independent is suggested by the similar amplitudes of the
L, py) components based on the respective rR parameters
for the [Ru(bpy)s]>" and [Os(bpy);]*" complexes, but much
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smaller amplitudes of If components for the latter, as
illustrated in Figure 3. This comparison suggests that the
shapes of the 1,, () contributions should be transferable from
one complex to another.

In an idealized (diabatic) limit with no configurational
mixing between excited states, a Ru/bpy MLCT excited
state (with a Ru™(dsr%)-bpy (7*) electronic configuration)
would be expected to be mostly distorted in bpy vibra-
tional modes while a metal centered (or ligand field; LF)
Ru' excited state with a dz3do* electronic configuration
would be distorted in relatively /f metal—ligand vibrational
modes. The nonradiative relaxation of the MLCT excited
state in this limit corresponds to a simple electron transfer
process and can be compared to the well characterized
Ru(IIT)/Ru(1l) self-exchange electron transfer processes
in solution'®?" which involve a change of electron density
in the largely nonbonding dsr orbitals with little corre-
sponding change in molecular structure.'®?! The nearly
negligible Ru-ligand reorganizational energy contributions
associated with this electron transfer process are incon-
sistent with the appreciable [f vibronic contributions
evident in the rR***' and emission spectra®®~>® of the
[Ru(L);bpy]?* complexes (Figures 2 and 3).***** On the
other hand, the dz’do* excited states of nd® metals are
very highly distorted,*>**® so that configurational mixing
of a SMLCT excited state with a higher energy °LF excited
state can greatly increase the metal—ligand distortions of
the former and the amplitudes of [f vibronic contributions
to the emission sideband and thereby account for their
relatively large I, ) amplitudes. Consequently, the
variations in emission bandshapes of the MLCT excited
states of simple [Ru(L)sbpy]”* complexes may be at-
tributable to variations in the extents of configurational
mixing among their electronic states,>6-28:43-4447-51

The above considerations suggest that it may be possible
to approximately resolve the 77 K emission spectra of Ru-
bpy complexes into contributions that arise from identifiable
functional groups within the complex so that

Ivm = v,(f) + Ivm(bpy) + IU,”(ML) + Iz/m(OT) (2)

Each of the terms in eq 2 that represents the vibronic
contributions of different functional groups (e.g., with s =
ML or bpy) is to be interpreted as the envelope of the sum
of overlapping vibronic progressions (j = 1, 2,...) in all of
the relevant molecular vibrational modes, k,

I =21, =Z(Z 1) 3)
k K\ k

The I, (or) term contains spectral sideband contributions other
than those that can be attributed to distortions in predomi-
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nately bpy or metal—ligand vibrational modes, combination
band contributions, and so forth. The systematic evaluation
of molecular structure variations in a series of complexes
depends on reliable approaches to modeling 1,, ), 1y, xpy), and
I, ). We have elsewhere discussed systematic procedures
for evaluating the contributions of the fundamental compo-
nents, I, (.>%>"*>* In this report we consider systematic
approaches to the estimation of I, ,y, and 1, ) for a wide
range of [Ru(L);bpy]™" complexes.

In addition to low energy MLCT and LF excited states,
these complexes can also possess other types of excited states
that are reasonably low in energy such as ligand-to-ligand
charge transfer (LLCT) and internal ligand (IL; 77r*) excited
states,”2°? and variations in the configurational mixings
with these states from complex-to-complex could also alter
the emission bandshapes and electron transfer properties of
the lowest energy MLCT excited states. Thus, a recent report
has noted that the lowest energy excited states of some Ru-
polypyridyl complexes which have features appropriate to
good photosensitizers may have mixed MLCT, and LLCT
character.” In principle, such “mixed character” of the lowest
energy excited state could result in enhanced excited-state
charge separation. More generally, configurational mixing
between excited states will result in a lowest energy adiabatic
excited state which is distorted along nuclear coordinates
that in the diabatic limit are unique to the higher energy
excited state (e.g., to I, ) or I, (or) in eq 1). However, some
of these distortions will correspond to vibronic components
which overlap with those of the 1, @y or 1, ) envelopes,
so their identification is difficult and dependent on the
evaluation of the dominant components in eq 2. A systematic
approach for determining the 1, i) and I, @,y vibronic
contributions to MLCT emission sidebands is developed in
this report and applied to several classes of simple
[Ru(L)sbpy]™* complexes.

Experimental Section

A. Materials. The synthesis properties of the [Ru(L)¢—2,(bpy).]>"
complexes with (L); = (NH3)s, (en = ethylenediamine),, trien
(triethylenetetramine), [12]aneNy (1,4,7,10-tetraazacyclododecane),
[14]aneNy (1,4,8,11-tetraazacyclotetradecane), and (py = pyridine)s

are discussed elsewhere;**~*® skeletal structures of the ligands are
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Figure 4. Skeletal structures of some of the ligands and abbreviations used
in this article: trien = triethylenetetraamine; [12]aneNs = 14,7,10-
tetraazacyclododecane; [14]aneNy = 1,4,8,11-tetraazacyclotetradecane; bpy
= 2,2’-bipyridine; en = 1,2-diaminoethane.

shown in Figure 4. The syntheses, purification, and characterization
of the [Ru(CH;CN),(X),—,(bpy)2]*", (X = Cl, Br, CN, NO,, SCN;
(X), = CO3, C,04 and C3H,0,4) and [Ru(py)(bpy),]>" complexes
employed variations of standard procedures;®'~®* these details are
presented in the Supporting Information (S3).*°

We have found the emission band shape of bis(acetoni-
trile)bis(2,2’-bipyridine)ruthenium, [Ru(CH3;CN),(bpy).](PF)s, to
be exceptionally sensitive to small amounts of impurities. Conse-
quently we have used different approaches for the synthesis and
purification of the preparative intermediates as well as the reaction
products. The details are summarized in the Supporting Informa-
tion.*”

Acetonitrile-chloro-bis(2,2’-bipyridine)ruthenium Trifluoro-
methylsulfonate, [Ru (CH3CN)(Cl)(bpy)2]CF3S0s. A 0.2 g aliquot
of [Ru(bpy)Cl,] complex suspended in 40 mL of acetonitrile was
heated at 70 C for 1 h. The resulting solution was cooled to room
temperature (rt) and combined with 40 mL of methanol. Reaction
progress was followed by growth of the product absorption band
at about 470 nm. Solvent was removed from the reaction mixture
by rotary evaporation, and the crude product was loaded onto a
neutral alumina column. The complex was purified using neutral
alumina column chromatography with a methylene chloride:toluene:
methanol eluant (50:50:1 v/v/v). Evaporation of solvent from the
effluent provided X-ray quality orange-red crystals. '"H NMR (400
MHz, methanol-ds): 6 9.95 (d, 1H), 9.55 (d, 1H), 8.74 (d, 1H),
8.68 (d, 1H), 8.59 (dd, 2H), 8.30 (t,1H), 8.21 (t, IH), 7.93 (m,
5H), 7.69 (d, 1H), 7.29 (m, 2H) (aromatic protons), 2.46 (CH3CN).
13C NMR (400 MHz, methanol-d4): 0 159.7, 158.9, 158.3, 158.0,
153.3 (2C), 152.9, 151.7, 137.4, 136.7, 136.5, 136.3, 126.9, 126.8,
126.5, 126.1, 123.6, 123.5 (2C), 123.2, 94.5, 2.6.

B. X-ray Structure Determination. Diffraction data were
measured on a Bruker X8 APEX-II kappa geometry diffractometer®

(61) Dwyer, F. P.; Goodwin, H. A.; Gyarfas, E. C. Aust. J. Chem. 1963,
16, 544.

(62) Dixon, N. E.; Lawrence, A.; Lay, P. A.; Sargeson, A. M.; Taube, H.
Inorg. Synth. 1986, 24, 243.

(63) Johnson, C. E.; Sullivan, B. P.; Salmon, J. D.; Adeymi, A. O.; Meyer,
T. J. Inorg. Chem. 1978, 17, 2211.

(64) Sullivan, B. P.; Salmon, D. J.; Meyer, T. J. Inorg. Chem. 1978, 17,
3334.

(65) APEX 1II, collection and processing programs; Bruker AXS Inc.:
Madison, WI, 2004.

Table 1. Crystal Data for [Ru(CH3;CN)(Cl)(bpy)2][CF3S03]

formula C23H19C1]F3N503RL11$1
fw 639.01
space group, system P2y/n, monoclinic
a (A) 9.2280(4)
b (A) 18.4277(7)
c (A 15.1148(7)
f (deg) 91.010(2)
V (A3 2569.9(2)
z 4
temp (K) 100(2)
A (A) 0.71073
density, caled (g cm™) 1.652
u (mm~1) 0.852
R(F) (%)* 3.02
Rw(F) (%)* 6.78

“ R(F) = SIF| —IFVXIFol; Rw(F) = [Ew(Fo* — FXZw(Fe?)']" for
1> 20(I). Rw(F) = [Zw(Fo2 — FOYXw(F2)1Y2 for I > 20(l).

with Mo radiation and a graphite monochromator at 100 K. Frames
were collected for 10 s with the detector at 40 mm and 0.3 degrees
between each frame. Sheldrick’s SHELX-97°¢ software was used
in the refinement and reporting of the model. Crystals appeared as
red plates, and a sample approximately 0.3 x 0.16 x 0.02 mm?
was used for data collection. 3498 frames were collected, yielding
50260 reflections, of which 6536 were independent. Hydrogen
positions were placed in calculated positions. The asymmetric unit
contains one cationic complex and one anion. A summary of the
crystallographic parameters is given in Table 1, and further details
can be found in the Supporting Information, S4.*° The two bpy
ligands are positioned cis and inclined at 86.27(4) deg. The
acetonitrile is nearly linear at 178.6(3) deg. The Ru—N(bpy) bond
distances are longer trans to bpy (2.054 A avg.) and shorter trans
to C1(2.028 A). [Ru(bpy).Cl,] shows the same trend in Ru—N(bpy)
distances (cf. 2.054 A trans to N(bpy) and 2.014 A trans to CI).%’
The structure of a related trans-polypyridine complex, [Ru(CHs-
CN)(Cl)(0o-bpy),]* is known®® and has Ru—N(bpy, trans to bpy)
averaging 2.08(4) A, albeit there is greater variation in equivalent
distances and some evidence of strain. The Ru—N(NCCHj;) distance
is shorter when trans to Cl (1.987 A)°® than trans to bpy (2.037 A,
this work). The Ru—Cl distance here (2.422 A) is normal.®7-°

Diffraction data for [Ru(CH;CN)(CI)(bpy).][SOsCF;] were mea-
sured, and a summary of the crystallographic parameters is given
in Table 1; further details can be found in the Supporting
Information (S4) and at the Cambridge Crystallographic Data
Centre.*

C. Instrumentation. Emission spectra in 77 K glasses were
obtained as described in detail elsewhere?®*’ using a calibrated
(Xe emission lines for wavelength and an Oriel model 63358 Quartz
Tungsten Halogen QTH lamp for intensity) Princeton Instruments
(Roper Scientificy OMA V InGaAs array detector (512 pixels)
mounted on an Acton SP500 spectrometer with a 300 g/mm grating,
blazed at 1000 nm. We have used first order dispersion in this
instrument for complexes with emission maxima less than about
800 nm, and second order dispersion for complexes with higher
energy emission maxima. There is some instrumental noise at
~1400 nm in the resulting second order emission spectra. We have
also used a SPEX Tau2 Fluorimeter for general spectral charac-
terizations of the higher energy emissions; unfortunately, the
intensity response of this instrument did not prove to be sufficiently

(66) Sheldrick, G. SHELX-97; University of Gottingen: Gottingen, Ger-
many, 1997.

(67) Eggleston, D. S.; Goldsby, K. A.; Hodgson, D. J.; Meyer, T. J. Inorg.
Chem. 1985, 24, 4573.

(68) Masood, M. A.; Sullivan, B. P.; Hodgson, D. J. J. Inorg. Chem. 1994,
33, 4611.
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Ru-bpy Emission Bandshapes and Configurational Mixing

reliable for the band shape characterization of these complexes.
Complexes were irradiated in their MLCT absorption bands using
CW diode laser modules: 532 (50 mW) and 470 (5 mW) nm
excitation was provided by MGL-S-B 50 mW modules (Changchun
Industries Optoelectronics Tech Co. Ltd.) purchased from OnPoint
Lasers, Inc.; 405 (50 mW) nm excitation was provided by a Power
Technology, Inc. module; and 658 (65 mW) excitation was provided
by a Newport LPM658—65E module. ASCII files were transferred
to EXCEL and 10—30 spectra were averaged for each complex.

UV—visible spectra were recorded using a Shimadzu UV-
2101PC spectrophotometer; 'H and '*C NMR spectra were obtained
using a Varian 300 MHz instrument. The absorption spectra are
presented in Supporting Information, Figure S5.%°

Cyclic voltammograms (CV) were obtained in dry CH;CN using
a three-electrode system consisting of a Ag/AgCl reference
electrode, a Pt wire counter electrode, and a Pt disk working
electrode with a BAS model 100A electrochemical workstation for
measurements. The solutions consisted of the complex dissolved
in acetonitrile containing 0.1 mol/L tetrabutylammonium hexafluo-
rophosphate as electrolyte. Ferrocene was dissolved in the sample
solutions as an internal reference for the cyclic voltammograms.
The electrochemical observations are summarized in Supporting
Information, Table $6.°

D. Methods Used for the Analysis of the 77 K Emission
Bandshapes. 1. General Information. The emission spectrum of
a complex is interpreted as the sum of the intensities contributed
by the radiative decay of an electronic excited state to each of the
normal vibrational modes (k) of the ground state. These component
intensities are functions of parameters characteristic of the differ-
ences in the molecular and electronic structures of the ground and
excited states: (a) the vibrational quanta (hvy) of the mode k; (b)
the square of the displacements of the excited-state potential energy
(PE) minimum in the normal coordinates of that mode (conveniently
represented in terms of a vibrational reorganizational energy, A;);
(c) symmetry constraints on the electronic or vibronic transitions
(contained in an electronic matrix element Hj;). The localization of
the electronic charge on different specific molecular functional
groups in the ground and vibrationally equilibrated charge transfer
excited states of a complex usually results in very low symmetry
so that symmetry constraints can usually be ignored in interpreting
the observed emission bandshapes, and these bandshapes can be
reasonably straightforward probes of the excited-state molecular
geometry.

When the ground and excited state differ in geometry only in
the coordinates of the kth normal mode of the ground state and
assuming Gaussian component bandshapes, the emission spectrum
can be represented as?*>+%%:70

(1), = O Fyle™ ot 2] )
J

where

6ar vl Hop (Au,,)?

C= (5)
310 (4rdkgT)V2
Skje—sk
Y
i 6)
Sk = h_Vk
gix= Eggo — A, —jhv,— hv,, (N

In these equations, 7 is the index of refraction, v,, is the frequency
of the incident radiation, (H,,/hv.,)Au., has been substituted for

the transition dipole, Mgg,23’71’72 H,, is the electronic matrix element,
Au,, is the difference between the excited-state and ground-state
dipole moments, A, is the solvent reorganizational energy and other
displacement modes with frequencies v, < 4kgT, and c is the speed
of light. The component with j = 0 corresponds to the transition
between the PE minima of the two states, {e,0'}—{g,0}, with an
intensity that can be represented as 7, (o), where (note that 1,x0)

contains a factor of exp(—X;Sp))>" >’

I, 0> 2= Lyuaropet 15 P Ara 0y ()
This component makes the largest amplitude contribution to the
emission spectra of most [Ru(L);bpy]™* complexes.?®**** Distor-
tions in a large number (>10) of different vibrational modes
typically contribute to the emission bandshapes*®***!-73 and these
contributions are not generally resolved in the 77 K emission
spectra, so we have evolved systematic approaches for evaluating
the contributions of different classes of distortion modes as
suggested by eq 2 rather than the individual vibronic components.

2. Evaluation of the {e,0’} — {g,0} Contribution to the
Emission Spectra. This contribution is not resolved in the 77 K
emission spectra discussed here. Rather, we have determined a
“fundamental emission componel‘lt,”%‘”’39 L, p, by means of a
careful fitting of a Gaussian component to the high energy, dominant
emission peak using Grams32 as discussed elsewhere,?® and in the
limit that 7, o) dominates the emission spectrum and/or there is
very little overlap with vibronic components, 7, = I, 0>’ When
there is a small amount of overlap with vibronic components, the
fundamental component determined using Grams32 can be adjusted
so that I, (i approaches zero smoothly for a better estimate of
L,,p- The values of 1. and Av,y, determined for I, 5 have been
used without change in the remaining analysis except as indicated.

3. Spectral Envelope of Vibronic Contributions: The Differ-
ence Spectrum. The difference spectrum in eq 1 is interpreted as
the envelope of the convoluted vibronic components corresponding
to the differences in the ground- and excited-state molecular
geometries, and significant differences are usually found in some
subset (i.e., the k distortion modes) of the normal vibrational modes.
Thus, in principle the emission sideband and the difference spectrum
consist of the sum of vibronic progressions in each of the k
distortion modes (eq 3) plus the various combination bands that
contain contributions from different modes. These vibronic com-
ponents can be organized in various ways. We have previously
represented the band shape in terms of the respective sums of first
order, second order, third order, and so forth Gaussian component
contributions (1, 1) + L2 + I,3)...; note that combination band
as well as harmonic components are included in the higher order
sums when there is no subscript denoting a distortion mode),?®**
but this approach is not useful when the individual components
are not resolved in the spectrum or available from 1R studies. To
approach the spectrum from the perspective represented in eq 2,
we consider the intensity contribution of the kth distortion mode
to be the sum over all components j of the corresponding vibronic
progression; see eq 3. Thus, the emission intensity at a frequency

(69) Englman, R.; Jortner, J. Mol. Phys. 1970, 18, 145.

(70) Myers, A. B. Acc. Chem. Res. 1997, 30, 519.

(71) Yardley, J. T. Introduction to Molecular Energy Transfer; Academic:
New York, 1980.

(72) Myers,A. B. In Laser Techniques in Chemistry; Myers, A. B., Rizzo,
T. R., Eds.; John Wiley & Sons, Inc.: 1995; Vol. XXIII, p 325.

(73) Yersin, H.; Braun, D.; Hensler, G. ; Galhuber, E. In Vibronic Processes
in Inorganic Chemistry; Flint, C. D., Ed.; Kluwer: Dordrecht, 1989;
p 195.
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v, 18 given by the sum of all of the progressions in the distortion
modes plus the intensity contributions of combination bands (p,g;
P-4, etc.)?® so that the emission spectrum can be represented as

IVm = IVm(O‘O) + Z Iym(k) + Z IV + 2 IVm(/LKI.r) + o (9)
k X

P4
Rearranging eq 9 leads to

(IV N Ivm(O‘O)) = 2 Ivm(k) + Z Ivm(p.q) + 2 Ivm(p.q,r) +

m
k P:q g

mp.q>

(10)

Equation 10 is then a theoretical basis for eq 2, with the vibronic
components arranged by their order. The 7, component generated
by our procedure is characterized by hv,.p and Avy,; we assume
that AV, = Ege""J and that all vibronic components have the same
Avy bandwidth. Although the individual vibronic components are
not resolved in the 77 K emission spectra, the envelopes of
contributions in different spectral regions are often evident in the

2748 or in the differences in

difference spectra (see Figure 2),
emission bandshapes for the isotopomers of some com-
plexes.?®2%4749 The terms of eq 10 can be regrouped to emphasize
the emission sideband contributions that arise predominately from
distortions in different functional groups of the molecule (as in
eq 2)

L, csideband> = Z (o th on T on™T g +

8
pIS

P:q(Vp=Vy)

+... (1D

mp.g>

The first summation in eq 11 is over all distortion modes of
functional groups within the molecule (e.g., vibrational modes that
are largely those of the bpy ligand, the metal—ligand skeletal modes,
the intraligand modes of spectator ligands, etc.), and the last term
takes account of the second order intergroup combination band
contributions. We have found that the spectral combination band
intergroup contributions are very important in determining the
emission bandshapes.?® Equation 11 is a useful approximation only
when the atomic motions within different functional groups are not
strongly coupled in the normal vibrational modes of the complex.
Thus, this approximation will be most useful when the vibrational
frequencies characteristic of different functional group differ greatly,
when the functional groups are not intimately linked within the
complex, or when the vibrational mixing is symmetry forbidden.

4. Evaluation of the Vibronic Contributions Arising from
Distortions in Predominately bpy-Localized Vibrational
Modes: The OB3 Model. The rR parameters reported (see
Supporting Information, Table S1)*° for the structurally similar
complexes [Ru(bpy)s;]>**° and [Os(bpy);]*™° suggest that the
distortions in the predominately bpy-localized vibrational modes
are very similar and that the distortions in the metal—ligand-
localized vibrational modes are very different as is shown in Figure
3. Of course, there are some relatively small differences (see
Supporting Information, Figure S7)*° in the mf rR parameters for
these complexes and these could arise from any combination of
the following: (a) differences in vibronic attenuation due to MLCT/
ground-state or MLCT/other-excited-state configurational mixing;
(b) differences in the amplitudes of intergroup combination bands;
and/or (c) variations in the molecular vibrational mode frequencies
and distortion amplitudes that arise from the coupling of the

7500 Inorganic Chemistry, Vol. 47, No. 17, 2008
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metal—ligand and bpy-centered vibrational motions. However,
substantial distortions in metal—ligand vibrational modes are a
characteristic of [Ru(bpy);]** but not of [Os(bpy)s]*>", and this
comparison strongly supports the group frequency approach to
vibronic analysis represented by eq 2. Furthermore, the very
dramatic difference in the distortion amplitudes of these complexes
in the [f regime suggests that the [Os(bpy);]*>" rR parameters can
be used as a good approximation to the bandshapes expected for
distortions in largely bpy-localized vibrational modes in the limit
that there is no configurational mixing between the MLCT excited
state and other electronic excited states of a [(L)sM(bpy)]"™"
complex (OB3 model; details summarized in Supporting Informa-
tion, S8).*° Thus, we have employed the [Os(bpy);]*™° rR
parameters throughout this paper to model the contributions
expected to arise from distortions in largely bpy-localized vibra-
tional modes. However, configurational mixing between the MLCT
excited state and the ground state can decrease the difference
between the nuclear coordinates of the PE minima of these states,
and this results in decreases in the amplitudes of the corresponding
vibronic contributions to the spectra.”®’*7> For a two state system
involving a single donor and a single acceptor (and for a;? < 0.1),
this attenuation of the intensity in the vibronic sidebands can be
expressed in terms of the reorganizational energy contributions to
the displacement modes,?¢-28:43:44.74-78

A= 20(1 =200, — 207, (12)

where the a; = H;/E;; are normalized coefficients for mixing the
respective diabatic wave functions evaluated at the coordinates of
the ground state (ge) and excited state (eg) PE minima. Because
values of Hj; for Ru(Il) donors and pyridyl or polypyridyl acceptors
are in the range of 6000—11 000 cm~! and MLCT excited-state

energies are generally less than 25000 cm™!,7>79-80

significant
vibronic attenuation must be considered. Equation 12 is the basis
for empirical correlations of the observed variations in vibronic
amplitudes with excited-state energies,>*~2%4>442% and in the OB3
modeling we have based the attenuation factors on the difference
in TR parameters reported for bpy vibrational modes of the
[Ru(bpy)3]2+*° and [Ru(NH3),bpy]***' complexes. Thus, a correc-

tion factor f is constructed for each complex with,2-43:44-59

(1 _0.227x 109)
2
hv complex

maxCabs)

= 13
/ (1_0.227><109 (1

h? )
Vmax(abs) [RuCbpy>3la+

We then construct an envelope of the sum of first and second
order vibronic intensity contributions based on Gaussian functions
with the bandwidth of the fundamental component deconvoluted
from the observed emission spectrum, and with Huang—Rhys
parameters Sy = f S7.

(74) Endicott, J. F.; Uddin, M. J.; Schlegel, H. B. Res. Chem. Intermed.
2002, 28, 761.

(75) Seneviratne, D. S.; Uddin, M. J.; Swayambunathan, V.; Schlegel, H. B.;
Endicott, J. F. Inorg. Chem. 2002, 41, 1502.

(76) Matyushov, D. V.; Voth, G. A. J. Phys. Chem. A 2000, 104, 6470.

(77) Matyushov, D. V.; Newton, M. D. J. Phys. Chem. A 2001, 105, 8516.

(78) Endicott, J. F.; Schegel, H. B.; Uddin, M. J.; Seneviratne, D. Coord.
Chem. Rev. 2002, 229, 95.

(79) Coe, B. J.; Harris, J. A.; Brunschwig, B. S.; Asselberghs, I.; Clays,
K.; Garin, J.; Orduna, J. J. Am. Chem. Soc. 2005, 127, 13399.

(80) Shin, Y. K.; Brunschwig, B. S.; Creutz, C.; Sutin, N. J. Phys. Chem.
1996, 100, 8157.
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Figure 5. Comparisons of the “remainder” vibronic contributions to 77 K
emission bandshapes, Aym(,—gm) = Aym(di]j‘) - (Aym(()’]) + Aym(()'z) + Aym(()'g)
+..)ops, for [Ru(bpy);]** (red), [Ru(NH3)sbpy]** (blue), [Ru(CH3CN),-
(bpy)2]>" (dark red), and [Ru([12]aneNy))bpy]** (dark blue); see also Figures
1 and 2.

It is important to observe that the variable parameters used in
the OB3 model are those of 1, (AVis, AVyaxp, and Lyayp) and f
(obtained from an independent empirical correlation) which esti-
mates the attenuation of these sideband amplitudes as a result of
configurational mixing with the ground state.

5. Evaluation of the Vibronic Contributions Arising from
Distortions in Predominately Metal—Ligand Vibrational
Modes. The removal of the contributions of the bpy distortion
modes from the normalized difference spectrum results in a
normalized “remainder” spectrum, A, em) = Ay, @iy — Ay, 01 T
Ay, «r2)os3, Which emphasizes the vibronic contributions that result
from those excited-state distortions that are largely localized in other
functional groups of the molecule,>’

1
Avm(rem) = I 2 (11/,”(0’1) + Ivm(0’2) + Ivm(O’S) + m)other +

max(P | other

all inter-gp. comb’s
( verp T, + ) +...] (14)
i,j(viFv))
Figure 5 shows the remainder spectra that are generated from the
emission spectra in Figure 1 using the OB3 model to estimate 1, ().
Many of the remainder spectra of the complexes considered here
have their dominant vibronic contributions in the 300—600 cm™!
region that is characteristic of metal—ligand vibrational modes. We
have used an empirical fitting approach to evaluate variations in
the If contributions to Ru-bpy emission spectra in this report, but
there are some important points that must be considered before we
develop those details: (a) The sideband amplitudes must decrease
with decreasing MLCT excited-state energy more or less as
described by eq 12,26728:43:44-5031 and this accounts for some of
the band shape variation shown in Figures 1 and 2 (the emission
band shape of [Ru([12]aneN,)bpy]>* is an obvious exception). (b)
Modeling with rR parameters indicates that higher order vibronic
contributions, including combination bands, make very important
contributions to the emission bandshapes.
It is to be noted that the amplitudes of the normalized vibronic
envelopes in Figures 2 and 5 are larger (A, > 0.4) than allowed
for a single vibronic component by eq 6 and I,,.>” The large

vibronic amplitudes of these complexes arise from the overlapping
contributions of many individual components whose energy dif-
ferences are small compared to Avy,, as is illustrated by Figure 3
and has been discussed previously.?® Thus, one must be cautious
in interpreting the parameters obtained from empirical “equivalent
mode” fittings. With these points in mind, we use the fittings
described below to examine variations in excited-state distortions
in related series of complexes.

Provided that the fundamental component is properly evaluated,
the spectral representations based on eq 10 should lead to envelopes
that can be interpreted in terms of eq 11. The large amplitudes of
the vibronic envelopes in any particular spectral region are the result
of the overlap of many components whose difference in energy is
smaller than Av,;,.?® For a single distortion mode model eq 11
reduces to

S )
Ivm(sideband) = CZ S;_'[ei{z‘gjz " Q/AVVZ_}] (15)
J

Because the normalized (eq 1) vibronic envelopes (Figures 2 and
5) have large amplitudes, they tend to require that j = 1 for the
largest amplitude component of any progression in an “equivalent”
mode (see above and Supporting Information, S8 and S9).%7-*°
Furthermore, the importance of higher order vibronic contributions
that has been demonstrated in the rR modeling of the [Ru(bpy);]**
and [Ru(NH3),bpy]2* emission spectra®® suggests that any reduced
or “equivalent” mode model must retain some features of vibronic
progressions. We have based our empirical approach on a more
detailed rR modeling of the emission spectral features of these
complexes.

6. Procedure for Comparing Low Frequency Vibronic
Contributions to the Emission Spectra of Ru-bpy Chromo-
phores (If1 Model). Overall, the procedure that we employ here
amounts to evaluating the difference spectrum in terms of
the contributions from two classes of distortion modes: (a) the
distortions associated with a “pure” Ru-bpy MLCT excited state
evaluated by means of the rR-based OB3 model; and (b) a best fit
modeling of /f vibronic contributions by means of an approach based
on a comparison of the [Ru(NH3),bpy]?* remainder spectrum to
the reported 1R parameters*' (/f1 model). Briefly summarized, our
If1 approach is as follows: (a) Construct a remainder spectrum of
vibronic components, Ay, (rem) = Ay, iy — Av,083). (b) Deconvolute
A,, (remy into 3—4 Gaussian contributions using Grams32, optimizing
the fit of a Gaussian component to the largest amplitude, lowest
frequency feature of the envelope, G, (maximum amplitude A,q.p
at MWyaqp and with a bandwidth of Avypgp). (c) Construct a
“progression”, A, ), in G,y and its combinations with bpy modes
(B) obtained from the OB3 model parameters,

A, =6, p TG ay TGy s TG, TGy apeny T
G, s T 04, op3, (16)

The Gaussian functions in eq 16 are constructed for a best fit of
the remainder spectrum by adjusting AV, AVingy and Ayaqp
of the G,y component; the higher order terms so generated
approximate a vibronic “progression” in the /fmode. The higher terms
(Gaussian parameters) in the If “progression” are based on a best fit
to the envelope of [f rR-based components for [Ru(NH3)sbpy]**:
Gm([ﬁ) (ZhV,,lax(!f), Avl/z(w, and 1-3[Amax([f)]2/2) and Gm([ﬁ’) (3]’1‘1/,,,(”(40,
Avipq, and 1.3[A,.0]3/6) and not consistent with eqs 4-7.37 The
intergroup combination band contributions (designated by * in the
subscript) are based on a Gaussian fit, G, (With hv,.g), Avy
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28), and Lqyp)) to the envelope of first order [Os(bpy);]>™ rR-based
vibronic contributions to the OB3 model for the complex. Thus,
for: Gugpss)s Wimaxirs) = (Waxap T Wmaws)s Avinars) = Avine)
and Auxpn) = Amartp) X Amax()s Guazes), Winasass) = ChViaxap
+ thﬂX(B))’ AVl/2(1f’FB) = A'Vl/2(B) and Amw:([f’:‘B) = ([Amax(lf)]2 X Amax(B))/
3; and Gup+s2)s Winaxir) = (W maxp + 20V imax)s AVipaps) = Avy
28) and Apaxpe) = Amaxap X [Aax))?)/3. Finally we introduce a
correction, dA,, (op3), for possible errors in the estimate of A, (og3);
this term is expected to be small (i.e., small values of 0A, (os3)
indicate a good fit). The Gaussian parameters of Gy (AVimaxip»
Avipap, Amaip) and 0A,, (op3) are adjusted to minimize the residuals.
A relative residual, [(A,,emy — Av,am)/Av,@em], 1S used as one
measure of fit quality in Supporting Information, Table S11,% since
the limiting uncertainty in component resolution is determined by
uncertainties in the original spectral measurement.

To assess the uncertainties in this approach to interpreting band
shape variations, we have (a) constructed hypothetical spectra for
various bandwidths using the reported*' [Ru(NHj),bpy]>* rR
parameters; (b) fitted these spectra using the procedures outlined
above; and (c¢) compared the component contributions and spectra
constructed from the rR parameters to those inferred from our fitting
procedure. The results of this modeling are summarized in
Supporting Information, S10*° and indicate that the uncertainties
in the determination of parameters for the envelope of /f vibronic
contributions are 3—4%, and within this range of uncertainties we
found no significant bandwidth dependence.

The patterns of deviations found here for the rR-modeled
[Ru(NH3)sbpy]*t spectra provide a basis for the systematic
comparison of the low frequency vibronic contributions to the
spectra of the [Ru(Am)s—o,(bpy),]** series of complexes, since one
would not expect dramatic differences among their distortion
coordinates. When large deviations do occur, as for the
[Ru([12]aneN4)bpy]*" complex, then comparison to the [Ru-
(Am)g—o,(bpy),J*t series of complexes may provide insight into
the origin of those deviations. In general our approach depends on
a reliable estimate of the fundamental component, and the rR
modeling indicates that for [Ru(NH;)4bpy]*" this is generally
possible if Avi, < ~1000 cm™' but not if Avy, > ~1000 cm™!.
Furthermore, when the excited state is greatly distorted or when
there are large amplitude vibronic contributions from distortions
in vibrational modes for which Av, < ~!/,Av,, then our procedures
will not result in good estimates of 1, (.

Results Section

In this study we have determined spectra for 11
[Ru(L)sbpy]™t complexes in addition to the 10 spectra that were
selected from our previous studies?**” to have a wide range
“spectator” of ligands (L)s. The absorption and emission
maxima of these complexes span energy ranges of 4600 cm™!
and 6000 cm™!, respectively, and their 77 K emission spectra
exhibit a very wide range of bandshapes, but the bandshapes
within each class of spectator ligands are generally very similar.
Thus, there is more than a 3-fold range in the amplitudes of
the sideband contributions relative to that of the highest energy
emission feature of the 77 K emission spectra, from about 15%
larger to 65% smaller than for the [Ru(NO,),(bpy).] and
[Ru([12]aneN,)bpy]** complexes, respectively (e.g., see Figure
1), and the maximum sideband amplitudes occur for AV,ayaip
~ 450—1440 cm™' lower energy than Nayy for
[Ru([12]aneN4)bpy]** and [Ru(bpy);]*", respectively. The 77
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Figure 6. Comparison of the observed 77 K difference spectrum (thick
black curve) for [Ru(NH3)sbpy]?>" in butyronitrile to the sum of vibronic
envelopes calculated from reported rR components (black curve). The
vibronic envelopes calculated from rR parameters for the Ist and 2nd order
contributions of the If (red; hvy < 1000 cm™') and mf (blue; hv,,r > 1000
cm™!) vibrational modes are indicated separately. The vibronic compo-
nents, k, assume that Avy, = 891 cm™! and (a) X;Sje Sie™ ("2
(b) Xi(SP2)eSie™ V=22 () Xy uf(SiySyl2)e ™ CurtSud2e=Cuin= Vv
(violet); (d) approximate sum of 3rd order components (purple).

K emission sidebands (or difference spectra) of all of the
[Ru(Am)s—,(bpy)]*" complexes examined here exhibit signifi-
cant vibronic contributions in the Av,uxam ~ 500 cm™! region
that is typical of Ru-ligand vibrational modes as well as in the
IVaaigy ~ 1450 cm™! region that is expected for vibrational
modes of the bpy ligand.

A. Fit of rR Parameters to the Difference and the Sepa-
ration of the Contributions of If and mf Vibrational
Modes. 1. [Ru(NH3)sbpy]**. Figure 6 demonstrates that the
envelope of rR-based vibronic contributions,

— =S = (Vi Vi) w2
A o= 2 Sie e +

k

SjSk =SS~ (Vip—v— Vi) w? 5} @
2D T e RO = A AP
ik

7)

fits the experimental difference spectrum very well (see also
Supporting Information, S12). The sums of the If (hv, < 1000
cm™") and mf (hv, < 1000 cm™") vibronic contributions have
been carried out to 2nd order (eq 17), as indicated by labels
on the envelopes in Figure 6, and 3rd order contributions
have been estimated using an rR-based*® polynomial (Sup-
porting Information, 513).39 The overall fit of A, ) to Ay, @i
is very good. The calculated envelope, A, &), is systemati-
cally smaller than the experimental A, 4 amplitudes in the
regions of Av,; = 500—1500 cm™! and >=2500 cm ™', and these
discrepancies are <20% of the emission amplitude (Sup-
porting Information, S11 and S12).>* Random discrepancies
of <10% between the observed difference spectrum and that
calculated from rR parameters would not be surprising. On the
other hand, the most likely sources of systematic differences
are either (a) small systematic etrors in our estimates of 1, (;
and/or (b) that the vibronic parameters appropriate for absorption
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Figure 7. Comparison of the [fl model to the remainder spectrum of
[Ru(NH3)4bpy]?*. The experimental remainder spectrum is the thick black
line, and the sum of the components for the /fl model is the solid black
line. The progressions in the “equivalent” [f vibrational mode are in red;
the /f/mf combination bands are violet and dark red; the dA,, op3) term is in
blue.

and emission are different possibly because the rR parameters
are for the Franck—Condon 'MLCT excited state while the
emission spectra are for the vibrationally equilibrated SMLCT
excited state. Some of the higher frequency discrepancies can
be attributed to the approximations of the 3rd order (and neglect
of higher order) contributions (see Supporting Information, S13).

The Ifl model has been optimized to fit the [Ru(NH3)4-
bpy]*" remainder spectrum in Figure 7, and this is the basis
for much of the following discussion. The 0A,, (o3, correction
of about 10% compares well with the 8% smaller amplitude
of the envelope of mf contributions calculated from the rR
parameters of [Os(bpy)s]*>" than those calculated for [Ru(b-
py)s]** (see Figures 3 and Supporting Information, $12).*

2. [Ru(bpy)s]**. We have previously found that emission
spectral fits of the reported rR parameters*®*' are much better
for [Ru(NH;),bpy]** than for [Ru(bpy);]**.° This contrast
is more evident in the more detailed fits considered here as
is illustrated in Figure 8. Among the possible origins of
the poorer quality fits of the [Ru(bpy)s;]*" than the
[Ru(NH;)4bpy]** emission spectrum are the following: (a)
possible errors that arise from the use of Savin’s rule to
evaluate the atomic displacements from the rR spectra;*' (b)
a difference in the symmetry constraints for the vibronic
contributions to rR and emission; and (c) a difference in the
extent of LE/MLCT configurational mixing for the Franck—
Condon and emitting excited states. The use of Savin’s rule
to evaluate the displacements based on the rR spectrum of
[Ru(NH3),bpy]** apparently overestimates the amplitudes of
the contributions of If vibrational modes,*' and this suggests
that correcting for this effect would result in a significantly
worse fit of the corresponding rR parameters to the emission
spectrum of [Ru(bpy);]**. In this case the dA,, os3) correction
of about 10% is in good agreement with the difference in
amplitudes of mf R envelopes for [Os(bpy);]*" and [Ru(b-
py)s]** in Figure 3. This suggests that the reported*” rR
parameters seriously underestimate the [f vibronic (but not
mf) contributions to the [Ru(bpy);]*" emission spectrum.

Figure 8. Comparison of the observed and calculated 77 K remainder
spectra of [Ru(bpy)s]*". Top panel: observed (thick gray lines) and rR-
modeled. Bottom panel: observed (thick gray lines) and (If1 + OB3)
modeled. The 3rd order components are presented but not labeled (the dark
red curve in the top panel is based on a polynomial fitting of 3rd order rR
terms). The thick black lines are the overall calculated vibronic contributions.
Components are color coded as in Figures 6 and 7.

While the (If1 + OB3) fitting substantially underestimates
the vibronic amplitudes in the v, = 1000—1400 cm™! region
(see Supporting Information, Figure S11),* this is at least
qualitatively consistent with the smaller values of the
[Os(bpy)s]*>" than [Ru(bpy)s]*" Si parameters reported for
this spectral region.***°

The idealized symmetry considerations summarized in
Supporting Information, Table S13*° do suggest that com-
plications are possible in the analysis of the [Ru(bpy)s;]>*
spectra. Thus, the Franck—Condon principle dictates that
light absorption generates an excited state (the Franck—Condon
excited state) which has the ground-state nuclear coordinates
and D; symmetry (see Figure 9). While the lowest energy
MLCT excited state may have A, (in C;) symmetry and an
{a;(d),a2(LUMO)} electronic configuration, the lowest
energy allowed electronic transitions must generate Franck—
Condon MLCT excited states with either E or A; symmetry
(in Dj3) and either {a;(dx),e(LUMO)}, {e(dw),a2(LUMO)}
or {e(dm),e(LUMO)} electronic configurations. However,
only the A; component with the {e(dx),e(LUMO)} config-
uration can be configurationally mixed with the ground state,
and this is likely to be the most intense component in the
observed absorption spectrum and probed by rR. Similarly,
the lowest energy LF excited state probably has E symmetry
in the D3 point group and should not mix significantly with
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Figure 9. Qualitative illustration of the relationships between the diabatic
ground electronic state, the three equivalent diabatic MLCT excited states,
the Franck—Condon excited state (FC; nuclear coordinates of the ground-
state PE minimum) or a higher energy ligand field state (LF; PE minimum
ata = b = 0) of a [M(bpy);]"" complex. The view in this figure is along
the PE axis. Two general nuclear coordinates (a and b) representing bpy
distortions have been used for simplicity in this illustration although at least
three would be required for the diabatic limit and a much larger number
are implicated by rR****#! and high resolution 2 K emission studies.”*

the A; (MLCT) Franck—Condon excited state (see Support-
ing Information, Table S13). These symmetry constraints
may be partly relaxed by spin orbit coupling in the
Franck—Condon excited state, and they are largely relaxed
in a SMLCT excited state with the electron localized on a
single bpy ligand (C, symmetry) so that much more 3LF/
SMLCT configurational mixing is expected, consistent with
the contrasts between the rR and emission spectral observations.

In addition to the above considerations, the LF and MLCT
excited-state energy differences in the triplet manifolds that
are probed by emission can be significantly different from
those in the singlet manifolds that are probed by absorption
or rR spectroscopy because the singlet—triplet energy dif-
ference for a given electronic configuration depends on the
electron exchange energy, and the exchange energies of the
LF and *MLCT excited states are expected to be different;
furthermore the exchange energies of [Ru(NH;)4bpy]** tend
to be significantly larger than those of [Ru(bpy)s]>*®' so that
the relative LF and MLCT energies within these manifolds
may be different for the two complexes.

3. Some General Observations. The detailed fits of rR
parameters to the [Ru(NH3);sbpy]>" emission band shape are
very good. While the Ifl model is optimized to fit the
bandshapes of this complex, there is still a significant
deviation (Aux(res) = 0.11) near to Av, = 1200 cm™!, and a
deviation from the [f1 fit in this region is observed in many
of the complexes that we have examined. The rR parameters
indicate that the vibronic contributions at v, ~ 1230 cm™!
are about 0.1 larger (for Avy;, 620 cm™") for [Ru(bpy);]**
than for [Os(bpy);]*" in this region (see Supporting Informa-
tion, Figure S6),39 and this arises from smaller Huang—Rhys

(81) Lever, A. B. P.; Gorelsky, S. I. Coord. Chem. Rev. 2000, 208, 153.
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parameters of the Os (Sy = 0.062 and 0.073 at 1174 and
1323 cm™}, respectively)36 than the Ru (S = 0.115 and
0.0.157 at 1176 and 1320 cm™!, respectively)*® complex.
Thus, the OB3 model would tend to under represent the
intensities in this region. The reason for this contrast in rR
parameters is not clear, but some of these vibrations may
correspond to molecular vibrational modes that couple local
bpy and metal—ligand skeletal modes (or their overtones;
the If1 model assumes that the functional group vibrations
are only weakly coupled). The amplitudes observed for the
1000—1300 cm™! range features depend strongly on the
bandwidth since the If component found in the If1 fits will
overlap with them when Av, is large and/or v,y > ~
600 cm™!, thereby reducing their apparent contribution to
the band shape. The Ol,op; correction will also partly
compensate for such contributions. In evaluating the quality
of the Ifl fits we have considered the extent to which the
inferred value of hv,..p differs from the expectation for a
typical metal—ligand vibration (~450 cm™!), the percentage
of the OB3 correction required, and the deviation of the fit
from the observed spectrum; see Supporting Information,
Table S11.% In evaluating the deviations from the fit it is
important to note that the OB3 model (which includes the
approximate corrections for attenuation based on eq 12) is
an idealized approximation to the vibronic contributions of
bpy modes and deviations of £10% are not unreasonable;
note especially that we do not optimize the amplitudes of
the [Os(bpy)s]>*" rR components to fit the spectral envelope
based on [Ru(bpy);]** rR parameters (see Figure 3).

B. Modeled Bandshapes of Other [Ru(Am)s_2,-
(bpy).]** Complexes. The spectral fittings for these
complexes are summarized in Table 1 and presented in
Figures 7, 8, and 10. In all cases, the fitted values of
hVaxp are reasonable for the vibronic envelope of
metal—ligand skeletal contributions; the bandwidths of the
fitted [f Gaussian components are usually comparable to
those of the fundamental, and the emission bandshapes
are very similar. The major deviations found for these
complexes are in the intermediate and mf regimes: (1) for
[Ru(NHj3)a2(bpy),]?*, a residual of 0.08 at about 1200 cm™!
and about a 1% OB3 correction; (2) for [Ru(en)(bpy).]**,
a large residual of 0.16 at about 1100 cm™! and about a
10% OB3 correction; (3) for [Ru([14]aneN,)bpy]**, a
residual of 0.07 at about 1150 cm™! and a 11% OB3
correction; (4) for [Ru(trien)bpy]>*, a residual of 0.08 at
about 1250 cm™', an 11% OB3 correction; and the
bandwidth of the A, gy is somewhat larger than that of
I,, - The small variations in these bandshapes probably
result mostly from the variations in excited-state energies,
vibronic component attenuation (eq 12), and component
bandwidths. Overall, the /f1 modeling provides good fits
up to hvy about 2300 cm™!. In all cases the residual
contribution in the 1100—1300 cm™! range is usually the
largest deviation between the fits and the difference spectra
for hvy < 2000 cm™!; the mean sum of this contribution
plus 0A,, 083 is 0.13 £ 0.06 (~20 = 9% of the sideband
intensity at ~1200 cm™!) for this series. Note that the /f1
model does take account of at least some of the 3rd order
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Figure 10. Difference (top panel) and remainder spectra (bottom panel)
of [Ru(Am)s—2.(bpy),]** complexes.’®*” [Ru(NH3);bpy]**, blue;
[Ru(NH3)2(bpy)2]?", green; [Ru(trien)bpy]?*, dark blue; [Ru([14]ane-
Na)bpy]**, red; [Ru(en)(bpy).]**, plum. Amplitudes are relative to Lyax),
and no corrections have been made for bandwidth variations.

contributions and that these are of very small amplitude
in this region. The 3rd order contributions do account for
a large percentage of the small amplitude emission
intensities for hv, > ~2000 cm™' and we have only
approximated these contributions, so the residuals in this
region are intrinsically difficult to interpret.

It is significant that the combination of OB3 and /f1 models
does lead to the maximum intensities for the envelopes of If
vibronic contributions in the range of 400—600 cm™' for all
of these complexes. This is as expected if these contributions
arise largely from metal—ligand vibrational modes.

C. Modeled Band Shape of the [Ru([12]aneN,)bpy]**
Complex. The fitting summarized in Table 1 assumes that
the OB3 model provides a reasonable estimate of the bpy
distortion mode vibronic contributions and that our decon-
volution procedure overestimates the /.y for this complex;
therefore, we have adjusted I,qyp by the minimum amount
necessary so that 1, i = L os3) for all values of hv, (see
Figure 11); the small negative value for dOB3 in the lower
panel suggests that this underestimates the discrepancy in
Lnaxp- The value of Ry, = 2.7 found for this complex is by
far the largest that we have found, and this is probably a
lower limit since Av,qqp is smaller than that found for any
other complex so that there must be appreciable overlap with
the fundamental component. These features make our
estimate of /,, 5 especially uncertain and the spectrum very
difficult to fit.

Figure 11. Emission, difference and OB3 spectra (top panel) and remainder
spectrum (bottom panel) of Ru(([12]aneN4)bpy]>". The components are
color coded as in Figure 7; the spectral amplitudes are adjusted so that
Lyaify = Logoss) for all hvg; A, o3y is based on Avyp of I, and the
attenuated (eq 12) [Os(bpy)3]2*>® 1R parameters; Luag = 1.

D. [Ru(py)2(bpy).]*" and [Ru(py)sbpy]*t Complexes.
These were also difficult complexes to model. The [Ru(py)a-
bpy]** complex is especially unusual in that A, ., = A,
(see the red square in Figure 12). This behavior is similar to
but not as extreme as that found for [Ru([12]aneN,)bpy]>*.
Thus, this feature of the [Ru(py)sbpy]*" spectral fit may
similarly indicate appreciable overlap of the fundamental and
If vibronic components and a poor estimate of 1, ). Thus,
the relatively smaller amplitude inferred in the spectral region
corresponding to /f/OB3 combination band contributions (hv,
~ 2200 cm™!) for this complex suggests relatively smaller
amplitude OB3 and/or f vibronic contributions. Furthermore,
the shape of the difference spectrum of [Ru(py).(bpy)2]>" is
poorly fit by a single equivalent /f vibronic component and
suggests that at least two components are required to properly
fit the If region of this complex (Figure 12).%°
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Figure 12. Comparison of the 77 K emission (left; thick black curves), difference (left; black curves), and remainder (right; thick black curves) spectra of
[Ru(py)2(bpy)2]>*, top panels, and Ru(py)sbpy]>*, bottom panels. For the panels on the left: the amplitude scales are relative to Iyap = 1.00 (dark red
curve); and the abscissa for hvg = (W — hVpayp), cm~!. The “progressions” in the /f component are color coded as in Figure 7.

E. [Ru(CH3CN),(X)2-»(bpy)2]"* Complexes. The re-
mainder spectrum of [Ru(CH3;CN),(bpy),]** has a maximum
at about 1900 cm ™! whose intensity is unusually large (~90%
of the intensity of the [f maximum at 475 cm™"). This feature
is almost entirely attributable to the unusually large contribu-
tion of the [f/bpy combination band at hvy = h(vy + vyy).
The large intensity of this component arises because the
MLCT excited-state energy is large enough that there is
relatively little attenuation of the bpy distortion mode
vibronic contributions while the maximum of the envelope
of the If contributions is comparable to or slightly larger than
those found for the [Ru(Am)s—2,(bpy),]>" complexes. This
complex also has a significant (0.11) residual vibronic
contribution at 1150 cm™" and a substantial OB3 correction;
see Supporting Information, Figure S14.%°

The [Ru(CH;CN)(X)(bpy),]"™ complexes (X = Cl or Br)
were found to have relatively large values of Av,,, and the
envelopes of their /f vibronic contributions have maxima (545
and 640 cm™!, respectively) at higher energies than one
would expect for significant excited-state distortions in
metal—ligand skeletal vibrational modes involving the Ru—X
moieties. These features could be consequences of the
convolution of such relatively If vibronic components into
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the fundamental component that we evaluate from the
emission spectrum.

F. [Ru(X)2(bpy).] Complexes. The If vibronic contribu-
tions implicated by the difference and remainder spectra of
these complexes are at relatively high energies, especially
for X = NO,, CN, and NCS in Figure 13. There is a very
large range of vibronic amplitudes among these com-
plexes.

1. X = Cl or Br. The preceding comments about the
[Ru(CH;CN)(X)(bpy)2]T complexes are also applicable to
these complexes (with some small differences in detail; see
Supporting Information, Figure S15).*

2. X = NO,. We were unable to obtain fits of the
remainder spectrum of this complex that we can regard as
satisfactory using the procedures described above (Figure
13). Because IL vibrational modes might be implicated if
there were any LLCT/MLCT configurational mixing, we
have also examined the possibility of two [f vibronic
envelopes (see Supporting Information, Table S17;*° NO,~
vibrations are reported at about 550, 1185, and 1275 cm™!);*
however, this introduces a new progression in some “equiva-
lent” vibrational mode and requires some new set of
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Figure 13. Comparison of the 77 K emission spectra (left), the difference spectra (middle), and the remainder spectra (right) of [Ru(CN),(bpy):], blue;
[Ru((NO»)2(bpy)2], black; and [Ru(NCS),(bpy):], red. The intensity scales are defined so that /.. = 1.00; hvg = (hv,, — hVpaxp), cm™!. See also Supporting

Information, Figure S16."

assumptions about the appropriate combinations of modes
that we are unable to test for these complexes, and the results
of modeling with such an additional If distortion mode were
also not satisfactory.

3. X = CN. The OB3 and Ifl models fitted to the
remainder spectrum of this complex also result in an
equivalent “/f” vibronic contribution with an apparent value
of hVuaqp that is much larger than reasonable for the
contributions arising from distortions in metal—ligand skel-
etal modes. In none of our fittings (see Supporting Informa-
tion, Table S17)*° did we find clear evidence for a vibronic
contribution that could arise from the C=N stretch.

4. X = NCS. The fundamental component has an even
larger bandwidth for this complex, and the results are very
similar to those described above for the cyano complex
(see Figures 13 and Supporting Information, S16).%° We
found no clear evidence for any vibronic contribution that
could be attributed to IL vibrational modes of the NCS~
ligand.

G. [Ru(R-carboxylato)(bpy).] Complexes. The emission
spectra of the [Ru(C3;H,04)(bpy)], [Ru(C,04)(bpy)], and
[Ru(COs3)(bpy)] complexes are similar as indicated in Figure
14, with the largest differences arising from the relatively
small bandwidth and the larger amplitude [f vibronic
component of the latter. The maximum of the If vibronic
envelope occurs for hv, > 550 cm™! for the dicarboxylates.
While hv,.y appears to increase with Avypgy for these
complexes, the integrated amplitudes of their If vibronic
envelopes (’\'\51.0214,””(”) X AVI/Z(!)")) differ by <7%.

H. X-ray Crystal Structure of [Ru(CH3;CN)(Cl)-
(bpy)2)*". Bond lengths and bond angles of the Ru coordina-
tion sphere for this structure (Figure 15) are presented in
Table 3. The remaining structural details can be found in
Supporting Information, S4 and at the Cambridge Crystal-
lographic Data Centre.>* The Ru—N=C angle is 170°
consistent with a small energy of the corresponding rocking

(82) Drago, R. S. Physical Methods for Chemists; Harcourt Brace Jovanov-
ich: Orlando, 1992.

vibrational mode. Thus, in solution one expects a distribution
of Ru—N=C conformers each with a slightly different
solvation environment and a slightly different MLCT excited-
state energy. Such distributions of conformers and/or solvates
will contribute to the effective bandwidth and are probably
a major reason for the relatively large bandwidths observed
for the complexes with acetonitrile (and several other)
ligands.

Discussion

A very wide range of 77 K Ru/bpy MLCT excited-state
emission bandshapes has been found for the [Ru(L);bpy]”*
complexes. The spectator (L), ligands of these complexes
can be approximately grouped into classes (or combinations
of classes) such as pyridyl, am(m)ine, halide, carboxalate,
and so forth, and the emission bandshapes of complexes with
different classes of these ligands are usually very similar.
Most of the variations in emission band shape are character-
ized by differences in the relative and/or absolute amplitudes
of vibronic contributions that arise from distortions in mf,
largely bpy-centered (v, > 1000 cm™! for A,,), or If, largely
Ru-ligand (hvy < 1000 cm™! for Ay), vibrational modes. Most
of the variations in A, and in distortions of bpy-centered
vibrational modes, can be attributed to the differences in
ground-state/MLCT configurational mixing that result when
the excited-states energies differ, as discussed previ-
ously.?*?7>% However, the variations in the relative ampli-
tudes of Ay and A, (or in the ratio of the first order /f and
mf vibronic envelopes, Ry:,y) are not readily related to simple
electron transfer reorganizational parameters, and they most
likely result from the configurational mixing of the SMLCT
excited state with a higher energy metal-centered excited state
(LF; see Supporting Information, S18).** Because emission
bandshapes are correlated with excited-state structures, their
variations implicate variations in excited-state reactivity.

A. Bandshape Modeling Issues. The rR*****! and 2 K
doped single crystal’® emission spectra of [M(L),bpy]™*
complexes implicate MLCT excited-state distortions in more
than 10 vibrational modes. Although these individual vibronic
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Figure 14. Comparison of the 77 K emission spectra (left panel), the difference spectra (middle panel), and the remainder spectra (right panel) of
[Ru(C3H304)(bpy)2], blue; [Ru((CO3)(bpy):], black; and [Ru(C204)(bpy)2], red. The intensity scales are defined so that Lyaqp = 1.00; hvg = (hvy — hViap)-

Figure 15. Molecular structure of [Ru(CH3CN)(CL)(bpy)>][CF3SOs].

components are not resolved in the 77 K frozen solution
spectra, structural information can still be obtained from the
emission bandshapes of such spectra using a group frequency
approach that is based on the envelopes of vibronic contribu-
tions in the spectral regions with vibrational frequencies that
are characteristic of different functional groups within the
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Table 3. Coordination Sphere Bond Lengths [A] and Angles [deg] for
[Ru(CH3CN)(CD)(bpy)][CF5505]

bond or angle A or degrees angle degrees
Ru(1)-NQ@3) 2.0277(17) N(2)—Ru(1)—N(4) 175.17(7)
Ru(1)—N(1) 2.0341(17) N@3)—Ru(1)—Cl(2)  174.30(5)
Ru(1)—N(5) 2.0371(18) N(I)—Ru(1)—C1(2)  90.31(5)
Ru(1)—N(2) 2.0425(17) N(S)—Ru(1)—C1(2)  90.98(5)
Ru(1)—N4) 2.0648(17) N(2)—Ru(1)—C1(2)  89.26(5)
Ru(1)—CI(2) 2.4219(5) N@#)—Ru(1)—CI(2)  95.56(5)
N(3)—Ru(1)—N(1) 88.29(7) C(1)=N(1)—Ru(1) 125.66(15)
N(3)—Ru(1)—N(5) 90.70(7) C(5)—N(1)—Ru(l) 115.83(14)
N(D)—Ru(1)—N(5) 176.86(7) C(10)—N(2)—Ru(l)  125.50(14)
N(@3)—Ru(1)—N(2) 95.90(7) C(6)—N(2)—Ru(1) 116.12(13)
N(I)—Ru(1)—N(2)  79.36(7) C(11)=N@3)—Ru(l) 125.56(14)
N(5)—Ru(1)—N(2) 97.80(7) C(15)—N@3)—Ru(l) 116.30(13)
N@3)—Ru(1)—N4) 79.27(7) C(20)—N4)—Ru(l) 125.87(14)
N(I)—Ru(1)—N(4) 100.44(7) C(16)—N(4)—Ru(l) 114.98(13)
N(5)—Ru(1)—N(4) 82.28(7) C(21)—N(5)—Ru(l) 170.83(18)

complexes. The vibronic parameters inferred from the rR
spectra of [Os(bpy);]>*° and [Ru(bpy)s]***® indicate that
the contributions of metal—ligand vibronic modes to the
excited-state distortions in the Os complex are only about



Ru-bpy Emission Bandshapes and Configurational Mixing

8% of those of the Ru complex (Figure 3), and this has led
us to use the [Os(bpy)s]*" tR parameters, allowing for the
effects of variations in MLCT/ground-state configurational
mixing, for an idealized estimate of the largely bpy-centered
vibronic contributions in a two-center, (Ru"/bpy) SMLCT
excited state (the OB3 model). It is expected (and observed
in R spectra)"’G"‘O’4l that the numbers, frequencies, and
distortion amplitudes of these modes will vary from complex
to complex. However, the variations in frequencies and
relative component amplitudes are small in the mf regime,
characteristic of bpy-centered vibrational modes when excited-
state energies are similar (Figures 3 and Supporting Informa-
tion, S7),39 the mf envelopes constructed from the rR
parameters reported for [Os(bpy);]**3® and [Ru(bpy)s]2*+*°
are very similar (Figure 3), and our observations on the
[Ru(L)sbpy]™* 77 K emission bandshapes indicate that the
[Os(bpy)s]>" 1R parameters are very useful for modeling
these contributions.

The principal remaining components in both the 77 K
emission and the available 1R spectra of the [Ru(L),bpy]”*
complexes are the vibronic contributions of If, largely Ru-
ligand skeletal vibrational modes and their combination
bands. These If vibronic contributions appear to arise mostly
from the configurational mixing between the MLCT and a
higher energy °LF excited state.”*>® However, this raises
some concerns about the generality of the correlation between
vibronic parameters that are obtained from rR spectra and
those contributing to the emission band shape since the
energy differences between the LF and MLCT excited states
is not likely to be the same in the singlet (probed by rR)
and triplet (probed by emission) manifolds, and differences
in these excited-state energies will result in differences in
configurational mixing and in excited-state distortions in the
singlet and triplet manifolds. Consequently, the rR-based and
observed emission bandshapes may not always be the same.

We have used a fitting procedure in a single “equivalent”
If distortion mode (the /f1 model) that is based on modeling
with the rR parameters reported*' for [Ru(NH;),bpy]?* to
evaluate variations in the /f vibronic contributions in different
complexes. The relative contributions of these /f components
vary over a wide range (~3 fold) with variations of the
“spectator” ligands suggesting a large range of *LF/"MLCT
configurational mixing in these complexes. On the other
hand, the (If1) model seems to be most generally applicable
for [Ru(Am);bpy]** complexes.

Our interpretations of emission bandshapes are based on
a fundamental component,®” ,, 5, that is deconvoluted from
the observed emission spectrum, and the Gaussian parameters
from this component are used to determine the scale (v,)
and amplitude for the experimental difference spectrum and
the vibronic component bandwidths in the OB3 model. It
has been demonstrated here and previously®® that this
fundamental component combined with rR parameters
reproduces very well the 77 K emission bandshapes of the
[Ru(bpy);]*" and [Ru(NH3),bpy]>" complexes. This approach
has given internally consistent and plausible results for
“small” contributions from distortions in /f vibrational modes,
Apaxp < ~0.6 and My = ~500 cm™!, and/or for

relatively small component bandwidths, Av;, < ~1000
cm™!; for example, for all the [Ru(Am)s—2,(bpy).]** com-
plexes except [Ru([12]aneNy)bpy]*>*. Furthermore, the rR
modeling indicates that it would be difficult to define
meaningful /f and/or mf vibronic envelopes for Avy, < ~400
cm™' (see Figure 10 in Xie,”® et al, and Supporting
Information, S23°). That the largest deviations in our fits of
the [Ru(Am)s—2,(bpy).]** complexes’ difference spectra tend
to be in the ranges of v, > ~2500 cm ™! and v, ~ 1100—1300
cm ! is in remarkably good agreement with expectations
since the former corresponds to the expected poor estimation
of 3rd order vibronic contributions and the latter corresponds
to vibronic contributions to the rR spectrum of [Ru(bpy);]**
but are not contained in the OB3 model. That the approach
does not work well for complexes containing halide or
pseudohalide ligands is most likely a consequence of a poor
evaluation of 7, (, possibly as a consequence of unresolved
overlap with very low energy vibronic components.

The group frequency approach in eq 2 seems to be a good
basis for interpreting the general features of the observed
band shape variations in series of closely related complexes.
The OB3 part of this analysis should be useful guide for
evaluating the band shape contributions of bpy-centered
distortion modes to most metal-bpy MLCT emission spectra
(note that the mixing coefficients, oy, in eq 12 will not
generally be the same for Ru and other metal complexes),
but the /fI model is based on a fit to the rR parameters of
[Ru(NH;)4bpy]>" and it may be less generally useful.
Because this is an attempt to systematize the evaluation
of SMLCT excited-state structures based on the contribu-
tions of different vibronic envelopes to the 77 K emission
bandshapes of systems with a large number of distortion
modes,?? 31347368384 it can be anticipated that future studies
and different techniques will provide better resolution of the
key vibronic components, and thus a better characterization
of the lowest energy MLCT excited states.

B. Some Implications of the Low Frequency Vib-
ronic Contributions to the CT Emission Spectra of
[Ru(L)sbpy]™" Complexes. The appreciable A,y emission
band shape contributions found for the [Ru(L)sbpy]™*
complexes clearly demonstrate the inadequacy of single
“equivalent” distortion mode models in describing the 77 K
spectra, and more generally in developing structure—reactivity
relationships for any series of Ru/bpy MLCT excited states.
That Ay ~ 400—550 cm™! for the [Ru(Am)s—2,(bpy).]*t
and several other complexes is consistent with expectation
for distortions in Ru—N coordination sphere vibrational
modes. Because the amplitudes of these distortions are
generally much larger than expected for simple Ru/bpy
electron transfer (e.g., the ambient electron transfer properties
of [Ru(bpy);]*" and [Ru(NH3)sbpy]*t imply that ;s ~ 0 and
80 cm™ %! and Anaxap ~ 0 and 0.16, respectively), the larger
vibronic contributions found in the emission spectra most

(83) Single mode approaches have been used to fit emission spectra of
these or related complexes,?®=2'*#73¢ and closely related two mode
approaches have been reported recently in which it is assumed that
Iy = 400 and hv,,r = 1350 cm ™13

(84) Abrahamsson, M.; Becker, H.-C.; Hammarstrolm, L.; Bonnefous, C.;
Chamchoumis, C.; Thummel, R. P. Inorg. Chem. 2007, 46, 10354.
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Figure 16. Correlation between the ratios of Ry, (ratio of low to mf
vibronic contributions) and Empct®® in the 77 K emission spectra of
[Ru(L)4bpy]™" complexes. Complexes with 400 < Avip/cm~! < 550, solid
squares: (L)s = (NH3)a, 1; trien, 2; [14]aneNy, 3; (NH3).bpy, 4; (en)bpy, 5;
(bpy)2, 6; (CH3CN),bpy, al; (C17)(CH3CN)bpy, a2. The other complexes
are (L) = [12]aneN4)bpy, cy; (C204* )bpy, cl; (C3H2042")bpy, c2;
(COs%7)bpy, ¢3; (py)a(bpy)a, pl; (py)sbpy, p2. The ratios represented as
open diamonds were calculated from rR parameters (points 1 and 6).

likely arise from configurational mixing of the diabatic
SMLCT excited states with somewhat higher energy, highly
distorted JLF excited states. In the simplest limit, eq 2
suggests that Ry,,s = [Ay/[Anyis a function of the magnitude
of LF/MLCT excited-state/excited-state configurational mix-
ing where [A,r & 1.02A,axp X Avipgp for Gaussian fits of
the respective first order If vibronic envelopes and the mf
parameters based on the first order OB3 contribution. Thus,
S Ayf ~ aLF,CTZALF(d) where Qurcr = Hircrl AE(LF,CT)V”O),
AEqrcn”"” = the vertical energy difference between the LF
excited state (V" represents the vibrational quantum numbers
in this LF excited state) and the MLCT excited state
evaluated at the diabatic MLCT PE minimum, and A; /% is
a function of the Huang—Rhys parameters for the diabatic
SLF excited-state or A ~Y Sy (LF). The attenuation effects
that arise from MLCT/ground-state configurational mixing
should approximately cancel in Ry, and there is only a little
variation in Ry, for the [Ru(Am)s—a,(bpy).]*" series of
complexes (Rigmfavey = 0.85 £ 0.10). However, there is a
shallow decrease of this ratio with increasing Av,,.. (Figure
16) that could be consistent with a small, systematic decrease
of the 3LF excited-state PE minima,

Ay _s

A—mfg 1.76 £0.24 = 6.3 £ 1.00x10 " hv,,,.;, (18)
That the values of Ry, for the [Ru(carboxylate)(bpy).]
complexes (carboxylate = oxalate, malonate, and carbonate)
are close to those predicted by eq 18 is consistent with their
similar values of Eycr®®, the similarities of their coordina-
tive environments, and the similarities of metal-N and
metal-OvibrationalrequenciesThebservationfof Ru(CH;CN),-
(bpy)2**, [Ru(CH:CN)(CI)(bpy)2]*, and [Ru(py)a(bpy)al*
are also consistent with eq 18.

For H;rcr ~ constant in the [Ru(L)4bpy]™" complexes,
the extent of LF/MLCT configurational mixing is a function
of both the differences in the configurational coordinates of
the two excited-state PE minima and the amplitudes of the
SLF excited-state distortions; it is convenient to qualitatively
represent the latter by A; 9 since this parameter is a function
of the squares of displacements in the Ru-ligand vibrational
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modes. Thus, if A7 is approximately constant then eq 18
implies that the small changes in AE rcn"” in the series
of complexes are the result of small decreases in differences
of the PE minima, AEqrcn”"”, of the two excited states as
bpy ligands are replaced by am(m)ines, and this is more or
less consistent with some of the ambient photochemical
observations®® and some DFT calculations.”® However,
the [Ru(CH3CN),(bpy)2]*>" complex has a smaller value of
Ay, implying less configurational mixing, and a larger value
of AErcn”” than for any of the [Ru(Am)s—s,(bpy),]*"
complexes, yet the ambient photosubstitutional quantum
yields are very large for this complex.’' These observations
can be reconciled if A, is larger for [Ru(CH;CN)x(bpy)a]>+
than for the [Ru(Am)s—2,(bpy),]*" complexes. Conversely,
the markedly larger value of Ry, for [Ru([12]aneN4)bpy]**
(see Figure 16 and Table 1) strongly suggests a less distorted
3LF excited state since the coordinated [12]aneNy ligand is
much less flexible than the other am(m)ine ligands considered
here so that (a) the distortion of the Ru—N([12]aneN,4) bonds
should be relatively small in the LF excited state; and (b)
AEqrcr”” should increase since the excited-state elec-
tron—electron repulsions will be greater for a small distortion
of the metal ligand bond. These features require a relatively
small value for A;s? to be consistent with the very large
value Ry, for the [12]aneN, complex in Figure 16.

When the distortions of 3LF excited states of nd® metal
centers are very large, as has been found for [M(NH;)s]**
complexes (see Supporting Information, S18),%>4>%¢ there
must be some set of distortions along metal—ligand nuclear
coordinates Q” for which the diabatic energy difference
AEqrcr?" approaches zero, leading to a greatly distorted
3MLCT excited-state PE surface near the resulting avoided
crossing and analogous to the situation for mixed valence
ground states.'>>** If such distortions were to result in a
double minimum for the adiabatic MLCT excited state, then
a thermally promoted surface crossing could result in
temperature dependent product yields without the population
of higher energy excited states. Thus, the ammine ligands
are likely to be more easily distorted than is bpy, and the
extent of distortion could compensate for the changes in
Errcr® through most of the [Ru(Am)s—2,(bpy).]*" series.
Furthermore, an adiabatic lowest energy excited-state PE
surface with two local minima, such as might result from
excited-state/excited-state configurational mixing combined
with the presence of temperature dependent relaxation
channels, could account for the complex temperature de-

(85) Malouf, G.; Ford, P. C. J. Am. Chem. Soc. 1977, 99, 7213.

(86) Ford, P. C. In Inorganic and Organometallic Photochemistry; Wrigh-
ton, M. S., Ed.; Amer. Chem. Soc.: Washington, DC, 1978; Vol. 168,
p 73.

(87) Maruszewski, K.; Stromen, D. P.; Kincaid, J. R. J. Am. Chem. Soc.
1993, 7115, 8345.

(88) Maruszewski, K.; Kincaid, J. R. Inorg. Chem. 1995, 34, 2002.

(89) Sykora, M.; Kincaid, J. R. Inorg. Chem. 1995, 34, 5852.

(90) Alary, F.; Heully, J.-L.; Bijeireand, L.; Vicendo, P. Inorg. Chem. 2007,
46, 3154.

(91) Pinnick, D. V.; Durham, B. Inorg. Chem. 1984, 23, 3842.

(92) Hush, N. S. Electrochim. Acta 1968, 13, 1005.

(93) Hush, N. S. In Mechanistic Aspects of Inorganic Reactions; Rora-
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pendencies of the lifetimes and product quantum yields for
complexes such as [Ru(CH;CN),(bpy),]** and [Ru(py).-
(bpy)al*+.”!

The MLCT excited-state distortions in /f vibrational modes,
which our band shape analyses and the earlier resonance-
Raman work have demonstrated to be characteristic of
[Ru(L)sbpy]™ MLCT excited states, are also relevant to
nonradiative relaxation mechanisms of these complexes.
Thus, when hv, < 4kgT there will be significant thermal
population of the vibrational excited-state of this mode in
the 3MLCT state, thereby providing a temperature dependent
nonradiative relaxation channel.® It is important to note that
in a multimode system, the relaxation channels need not be
dominated by the harmonics of a single vibrational mode,
and the very large number of channels with different
combinations of vibrational modes can overwhelm the
expected® dominance of relaxation channels composed of
high frequency vibrational modes when displacements in the
latter are very small.*®*® As a consequence, distortions in If
modes might give rise to temperature dependencies of the
excited-state lifetimes even without any contribution from
the thermal population of higher energy excited states. It is
clear that the effects of configurational mixings between
electronic excited states and of the excited-state distortions
near the forbidden crossings with the ground states of this
class of complexes need to be clarified before their excited-
state electron transfer properties can be considered to be
understood or optimized for useful purposes.

Conclusions

In this report, we have developed a systematic approach
for the analysis of the 77 K emission bandshapes of M-bpy
complexes based on the hypothesis that the functional groups
within these coordination complexes (bpy, metal—ligand,
“spectator” ligand, etc.) have characteristic sets of vibrational

modes and that the coupling between the vibrational modes
of different functional groups is small, as is qualitatively
expressed in eq 2. This approach provides a relatively
straightforward means for probing the patterns of distortions
in MLCT excited states, and thereby it can provide a
systematic guide to patterns of excited-state reactivity.
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