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The 77 K emission spectra of a series of [Ru(Am)bpy)y]?" complexesii = 1—3) have been determined

in order to evaluate the effects of appreciable excited state (e)/ground state (g) configurational mixing on the
properties of simple electron-transfer systems. The principal focus is on the vibronic contributions, and the
correlated distortions of the bipyridine ligand in the emitting MLCT excited state. To address the issues that
are involved, the emission band shape at 77 K is interpreted as the sum of a fundamental component,
corresponding to thée,0} — {g,0} transition, and progressions in the ground-state vibrational modes that
correlate with the excited-state distortion. Literature values of the vibrational parameters determined from
the resonance-Raman (rR) for [Ru(§Hbpy]*" and [Ru(bpy3]?>" are used to model the emission spectra and

to evaluate the spectral analysis. The Gaussian fundamental component with anEremgybandwidth

Avypp is deconvoluted from the observed emission spectrum. The first-, second-, and third-order terms in the
progressions of the vibrational modes that contribute to the band shape are evaluated as the sums of Gaussian-
shaped contributions of widtAv,,. The fundamental and the rR parameters give an excellent fit of the
observed emission spectrum of [Ru(§Hbpy]?*, but not as good for the [Ru(bpyj" emission spectrum
probably because the Frane€ondon excited state probed by the rR is different in symmetry from the emitting
MLCT excited state. Variations in vibronic contributions for the series of complexes are evaluated in terms
of reorganizational energy profiles (emreps) derived from the observed spectra, and modeled using the

rR parameters. This modeling demonstrates that most of the intensity of the vibronic envelopes obtained
from the frozen solution emission spectra arises from the overlapping of first-order vibronic contributions of
significant bandwidth with additional convoluted contributions of higher order vibronic terms. The emrep
amplitudes of these complexes have their maxima at about 1500iiinozen solution, and\ymax decreases
systematically by approximately 2-fold & decreases from 17 220 for [Ru(bglf) to 12 040 cm? for
[Ru(NH3)4bpyJ?" through the series of complexes. Corrections for higher order contributions and bandwidth
differences based on the modeling with rR parameters indicate that the variatiagsdgimply somewhat

larger decreases in first-order bpy vibrational reorganizational energies. The large attenuation of vibrational
reorganizational energies of the [Ru(Agmph(bpy)]?" complexes contrasts with the apparent similarity of
reorganizational energy amplitudes for the absorption and emission of [R)f\]°". These observations

are consistent with increasing and very substantial excited-state/ground-state configurational mixing and
decreasing excited-state distortionEaglecreases, but more severe attenuation for singlet/singlet than triplet/
singlet mixing (e > aeg for the configurational mixing coefficients at the ground-state and excited-state
potential energy minima, respectively); it is inferred that 0218¢* > 0.09 for [Ru(bpy}]?* and 0.37=

oge? = 0.18 for [Ru(NHy)sbpyPt in DMSO/water glasses, where the ranges are based on models that there
is or is not a spin restriction on configurational mixin@y{ > oeg and oge = 0leg), respectively, for these
complexes.

Introduction to-ligand charge transfer (MLCT) absorbencies, and this implies
very strong D/A electronic coupling. Thus, electroabsorption
measurements indicate that the electronic matrix elentéjat (

the subscripts denote ground, g, and excited, e, states) associated

Very strong donoracceptor electronic coupling in an electron
transfer system can result in alterations, relative to weak

coupling limits, of the reaction driving force, the intrinsic barrier = . . | ot
to reaction, and even the theoretical model used to describe theW'th the MLCT absorption for [RY(NHz)spy]*" is about 10 000

—11,2 i i
corresponding reaction rates. The complexes in which a metalCMT - and the comparlsonlof a variety of mea.suremer.]t.s has
acts as an electron donor (D) and a coordinated polypyridine SUg9ested thadge ~ 7000 cn* for the corresponding transition

ligand acts as an acceptor (A) typically have very intense metal- N Ru'—bipyridine gpmplexeé.Consequently, the excited-state/
ground-state transitions of these complexes should serve as good

*To whom correspondence should be addressed. E-mail: MOdels for the investigation of the effects of strong electronic
jffe@chem.wayne.edu. coupling on simple electron-transfer systems. Large electronic
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matrix elements lead to appreciable configurational mixing (lgDh = (g4, 2
between the corresponding diabatic electronic sthfes. the
mixing coefficient given byrge = Hodl[Ege(af 1 + (HodEge@)? The variations in configurational mixing within a series of

(for Ege(a)the vertical energy difference between the two diabatic re|ated complexes may result in different sets of values of the
electronic states)the mixing of electronic states should lead A38:9596%nd one expects correlated variations in the experi-
to systematic alterations in absorption and emission energies,mentally observable spectroscopic properties. Thus, there should
bandwidths, and band shapes for a series of closely relatedresylt variations in (1) absorption and emission zero point
complexes with a common chromophore but differencé®in  energies, (2) bandwidths, and (3) band shapes (or skewness).
The bandwidths and band shapes are, in principle, functions of standard perturbation theory arguments indicate that configu-
the contributions of the differences between the solvent and r5tional mixing should alter zero point enerdieand, more
molecular nuclear ci)eordlnateA,Qk,.of the electronic ground  pertinent to the present report, very strongly affect the reorga-
and excited stat€s:'® Increases in configurational mixing  nizational energied82% Figure 1 qualitatively illustrates the
between these states are expected to result in smaller differencegffects of configurational mixing on the excited and ground-
in their nuclear coordinates. In a recent r.eﬁf?)me noted that  state PE surfaces; the changes in the PE surfaces result in
the vibronic S|deb2('inds in the DACT emissions of a series of changes in the emission band shapes. The effect on bandwidths
[Ru(Am)s—an(bpy)]** complexes (Am= an am(m)ine) decrease s not as obvious since many factors contribute to the bandwidth
systematically with the decreasing energy of the DACT emis- of the observed emission envelope. It has been proposed that
sion, qualitatively consistent with the expected variations in the the pandwidths of the vibronic components (in the absence of

extent of configurational mixing. The present report addresses other contributions) should be attenuated, compared to eq 1,
this attenuation of the vibronic sidebands of these complexes yith increasing configurational mixi#§3 (for oleg < 0.3),

more systematically by means of an examination of the vibronic
structure of their 77 K DACT emission spectra, and the _ . 2 1/2
comparison of these vibronic contributions to those expected Ay = 4lkgTh (1 ~ 40g) In 2] (3)
based on previously reported resonance Raman (rR) spéétra.
This class of complexes has been very extensively stdgied,
but issues related to the extent and the effects of configurational
mixing have been controversi#27.2%33 and some issues that
relate to the effects and variations of configurational mixing o
the lowest energy MLCT excited state with other, near in energy
electronic states are not well documented. For example, the high
energy MLCT excited states of [Ru(bp}A"™ have been found
to cross between close-in-energy states of different formal spin
multiplicities on subpicosecond time sca&es’ and some of
the electron injection into semiconductor substrates occurs on
femtosecond time scal€%3°Since these electron transfer rates
are faster than the rate of vibrational equilibration, they imply
that Born-Oppernheimer approximation-based potential energy
(PE) surfaces are not useful in describing them. It is not clear
which molecular properties lead to these behavibitst the )
very large electronic matrix elements and the small energy A & A1 — dateg) 4)
differences between many of the electronic sttesggest that
appreciable configurational mixing may play an important role. The intensities of the emission components corresponding to
The squared displacement&Qy?, usually represented as the high-frequency vibrational modelsvg > 4ksT) should be
vibrational reorganizational energied) are important com- free of the inhomogeneous broadening and other effects that
ponents of the FranekCondon contributions to absorption and complicate the interpretation of the bandwidths. If the attenu-
emission spectrig 134044t excited-state relaxatidd:#04546and ation is the same for all the distortion modes, then decreases in
to electron-transfer reactivif§4254#58 The absorption and  the low-energy sideband intensity of the emission spectrum can
emission spectra can be represented as sums of the contributionge used to evaluate the overall changes in contributions of
of progressions of vibrational contributions for each of ke vibrational reorganizational energies even in solution spectra

In principle, eq 3 might be useful in establishing the variations
Iin configurational mixing through a series of complexes.
However, other factors can also contribute to the emission
f bandwidth. This is especially the case in solution studies since
there is necessarily a distribution of solvation environments and
this can alter bandwidths through the resulting range of values
of Ay and/or Ecqqy A perturbation theory treatment of the
effects of the configurational mixing of the ground and excited
states leads to an expression for the attenuation of the overall
reorganizational energy,, for the parameters evaluated at the
excited-state PE minimum whegy= age (i.e., for fluorescence;
the effects of spin restrictions on the reorganizational param-
eter8? result inaeg < age and are treated in the Discussion
section) and fored < 0.1360

displacements (whose vibrational frequenctesy), and thely in which the individual vibronic components are not resolved.
contribute to the intrinsic bandwidths of the emission compo- ~ We have recently generated empirical reorganizational energy
nents forhy; < ~4kgT, and to the band shape fow, > profiles (emreps) from D/A emission spectra in order to facilitate

~4kgT 5-9.12131516,255%1 The evaluation of these reorganiza- the search for vibronic contributions of very high-frequency
tional components is very often based on the properties of the vibrational moded®®4In the present paper we examine the use
separated donor and acceptor moieties. Thus, for very little of emreps as a tool for determining variationg.inin this report
configurational mixing and if other factors are not important Wwe describe our studies of the attenuations of vibrational
the full width at half-height of each vibronic component of the reorganizational energies of the bipyridine ligand inferred from
emission &2 the 77 K emission spectra of [Ru(Asdn(bpy)]?" complexes.

We have selected these complexes as the substrates for this study

Av,, = AlkgTA, In 2112 1) because (a) their excited state properties have been so exten-

sively characterized, (b) their very large MLCT absorptivities
On the other hand, the observed band shape can be related tamply appreciable configurational mixing, (c) they exhibit a wide
the contributions of higher frequency vibrational modes, and range of emission energies (Figure 2), (d) the vibrational modes
for small displacements the intensity of the first-order vibronic of the bpy ligand have been noted to make distinct contributions
component of thénth displacement mode!! to the band shap®;?”and (e) the emission in each complex, in
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The vibronic contributions of the MLCT spectra of transition
metal complexes in ambient solution are often difficult to
determine: both absorption and emission spectra tend to have
large bandwidths that obscure the contributions of individual
components, and absorption spectra may be further complicated
by the convolution of several electronic transitions into the
absorption envelopg®®¢°Emission spectra in frozen solutions
are more useful for the comparison of the excited states of a
related series of complexes because the transitions almost always
involve a single excited and a single ground electronic state,
the contribution of thg e,0} — {g,0} fundamental component
of the emission is relatively easy to identify, some vibronic
features can be resolved, and environmental differences between
complexes can be minimized. The interpretation of the vibronic
sidebands of even frozen solution emission specrtra is compli-
cated by the substantial component bandwidths and the resulting
convolution of the contributions when there are many contribut-
ing vibrational modes in the energy region examifet.We
have used published resonance-Raman (rR) data reported for
[Ru(bpy)]?t1® and for [Ru(NH)sbpy? 18 to examine the
interpretation of the contributions of vibronic sidebands to the
Q'd) Q) observed spectra.

Potential Energy

Nuclear Coordinate Experimental Section

Figure 1. A qualitative comparison of the effects of configurational . . L
mixing on the ground state-excited state distortion in two closely related, 1+ Materials. The ligands 2,2bipyridine (bpy) and ethyl-
very strongly coupled systems which differ only in their excited-state €nediamine (en) were purchased from Aldrich and used without
energies (upper dashed curves). The molecular distotigh= QZ further purification. The complexes [Ru(bpj@l2, RuCk-xH;0

— Q% decreases as the mixing increases; it is assumed that the(x < 1), cis-Ru(bpy)}Cl, and [Ru(NH)sCI|Cl, were purchased
electronic coupling matrix elemerte is the same for the two systems  from Strem Chemicals and used as received. The complexes
and that the mixing coefficienty/Eq"°(d), depends only on the energy [RU(NHs)s(OsSCR)](03SCR)2 85 [RU(NHs)sbpy](PFs)2,66-68

difference of the diabatic stateS,’°(d). The dashed curves represent
the (unmixed) diabatic states, the solid and dash-dot curves represen{RU(N%3)2(bpy)2](PF6)2:66ﬁ686£RU(bPY)]C|4,69 [Ru(en)(bpy)]7—l
the adiabatic states (after mixing), and the arrows indicate the direction (PFe)2."” [RU(bpy:(OsSCFR)2],* and [Ru([14]anebybpy](PFe).

of shift of the respective PE minima (dark gray for the smaliggt°, ([14]aneN (cyclam)= 1,4,8,11-tetraazacyclotetradecane) were
light gray for the largest.). Note that the actual distortion is between prepared by slight modifications of literature procedures (see
the adiabatic minima, block arrows. the Supporting Information, S13. All other reagents were

reagent grade. Organic solvents were spectral grade, and water
was deionized and distilled.

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

Am(m)ine deuterated complexes were prepared by dissolving
the corresponding proteo-complex in@ and precipitating it
by adding saturated NagB,0 solution into the mixture. This
procedure was repeated several times and characterized either
by IR spectra or byH NMR. TheH NMR data are reported
in Table S2b (Supporting Informatior.

2. Instrumentation. Emission spectra at room temperature
o in the 506-800 nm range were recorded on a SPEX Fluorolog
[Ru(NH;),(bpy)| instrument, and corrected for instrument response with the
correction file packaged with the instrument’s software, or on
a SPEX Tau-2 instrument in the 56850 nm range with
DataMax software. The Tau-2 detector response was useful to
about 850 nm. Longer wavelength emission spectra and low-
10000 12000 14000 16000 18000 temperature emission spectra in 77 K glasses were determined

Ry em’! with a Princeton Instruments (Roper Scientific) OMAV/INnGaAS
. . . array detector mounted on an Acton SP500 spectrometer. The
Figure 2. Comparison of the emission spectra and spectral deconvo- InGaAs detector response is relatively poor for wavelengths
lutions for the [Ru(NH)e-2n(bpy)]?" complexes. The black envelope X .
line is the original spectrum and the superimposed whiter line is the Shorter than about 750 nm. For a few complexes with higher
fitted spectrum. The largest, high-energy Gaussian component (heavyenergy emissions, such as [Ru(bg¥), we have used the
black line) is assigned as the fundamental. Spectra were obtained atspectra determined using the InGaAs detector and second-order
77 K in butyronitrile glasses. diffraction of the Acton spectrometer (in addition to the
calibrated spectra determined with the SPEX Tau2). The
the simplest limit can be attributed to a common electronic intensity responses of the Tau2 and InGaAs-based spectrometers
transition: {bpy~,Ru"} — {bpy,Ru'}. were calibrated with respect to the intensity output of an Oriel

]2+

/

[Ru(bpy),

obsd

[Ru(NH,),(bpy), I

Emission Intensity + v
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Model 63358 Quartz Tungsten Halogen lamp with NIST nents!214434470nly the fundamental components obtained by
traceable calibrated intensity output. The wavelength responsethis deconvolution procedure were used in the further analysis
of the InGaAs spectrometer was calibrated with respect to the of the band shape. The data reported here are for spectra with
Xe emission lines of an Oriel Spectral Calibration Lamp (model reproducible band shapes and bandwidths, and they are the
6033). The emission data from the InGaAs spectrometer wereaverage of 412 individually determined spectra. The spectral
collected using the WinSpec program. Emission measurementsdeconvolutions are illustrated in Figure 2. The further interpreta-
at 77 K were made using butyronitrile, DMSQ® (1:1), or tion of these spectra is based on the more detailed model for
DMSO:D,0 (1:1) glasses or the microcrystalline solid in 1 mm progressions in vibronic components with Gaussian band shapes
i.d. cylindrical luminescence cells immersed in liquid nitrogen as described below.

in a quartz Dewar secured with a Derlin holder. Microcrystalline  b. Empirical Reorganizational Energy Profiléemrep$. The

solid samples were prepared by allowing solutions of the reorganizational energy profiles are based on eq 2 (solved for
complexes to evaporate in the luminescence sample cells. Theln) and constructed from the difference of the intensities of the
sample cell and Dewar were aligned for each experiment to observed emission spectrum and those of the fundamental
optimize the signal. Optical filters were used to reduce the component from the,, (spec) = v (lmspec)is the intensity of
scattered laser light. At least-30 spectral scans were ac- the observed emission spectrum at the frequengy then
cumulated and averaged for each sample spectrum. Over thenultiplying the resulting difference spectrum b/l nax, and
course of this study spectra were accumulated for severalplotting the product véwy, as described elsewheYe?*see the
samples, and different preparations for each complex. We alsoSupporting Informatiorf? The energy axis in the emrep is given
compared the spectra obtained on two or more instruments forby,

key compounds. We were able to obtain very good second-

order emission spectra of [Ru(bg}p" (1100-1600 nm region) hw, = 2[w g — vl —

with the InGaAs detector-based system. Emission spectra [{hw _ hvm}2 + (Av 2)2/4 In 2]1/2 (5)
obtained in the Tau2 and InGaAs-based spectrometers differed max(f) v

in their peak maxima by about 20 cﬁw The Tau2 response 0 in which hvg = [Mvmax — hvn] is approximately corrected for
the Xe Spectral Calibration Lamp indicated a somewhat periodic the displacement of the maxima of the reorganizational energy
deviation of about=1 nm in wavelength responses. components to higher energies than the corresponding maxima
Luminescence lifetimes were determined by passing the for the vibronic contributions to the emission spectrum when
emitted light through an ISA H-100 monochromator to a the vibronic components have significant bandwidéhs.
Hammamatsu 950 PMT. The PMT was coupled to a LeCroy 4. Modeling the Emission Spectra of [Ru(bpyj]?* and
9310 digital oscilloscope and interfaced to a comptfter. [Ru(NH3)sbpy]?t Based on Vibrational Parameters from
Software for this system was written by OLIS, Inc. (Jefferson, Resonance-Raman SpectraObserved ambient and frozen
GA). solution spectra clearly contain information about the contribu-
The electrochemical measurements were performed with ations of distortion modes, but the interpretation of these
BAS model 100A electrochemical workstation using manufac- contributions is complicated by the appreciable bandwidths of
turer-supplied software for instrument control and data manipu- the spectral components. Very low temperature, crystalline solid-
lation. Cyclic voltammograms (CV) were obtained using a three- state spectroscopic studies of [Ru(b#¥) 2" and ambient
electrode system consisting of a Ag/AgCI reference electrode, resonance-Raman (rR) spectra of [Ru(By)'® and [Ru(NH)4-
a Pt wire counter electrode, and a Pt disk working electrode for bpy[?* 18 solutions have demonstrated that there are a large
measurements in dry GBN. The working electrode was nhumber of molecular distortion modes in these complexes; see
polished with 0.3 and 0.0@m Buehler alumina suspensions Table 2. We have used the rR data to model the observed
and sonicated for a few seconds between polishing cycles. Theemission spectra of these two complexes. This allows us to
solutions consisted of the complex dissolved in acetonitrile €xamine some issues in regard to (a) the relevance of the rR
containing 0.1 mol/L TBAH (tetrabutylammonium hexafluo- data (obtained from the region of the MLCT absorption) to the
rophosphate) as electrolyte. Cyclic voltammograms were ref- emission (presumably from the triplet MLCT excited state), (b)
erenced internally to ferrocene (0.437 V vs Ag/AgCl) dissolved the effects of bandwidth variations on the information that may
in the same sample solutions. The data are summarized in Tabld€ inferred from solution spectra about the basic molecular
S372 parameters (zero point energies, vibronic contributions, etc.),
UV —visible spectra were recorded using a Shimadzu UV- and (c) the extent to which emreps may be used to evaluate

2101PC spectrophotometéH NMR spectra were performed variations in high-frequency vibrational reorganizational energy
using a Varian 300 Hz instrument. contributions. We have used the rR parameters to evaluate most

aspects of our spectral analysis.
evaluate the fundamental component, the spectrometer ASCII a A_Gaussw_m Qomponent Mc_)del of the C_:ontrlbutpns_ of the
Intensity Contributions of Vibronic Progressioffhie emission

files were transferred to Excel and the observed spectral. . .
. . L L intensity at a frequencyn,, can be represented in general form
intensities were divided by the emission energy (see eq 6 below) a512.42-24

and the intensity of the emission maximum was adjusted to 1.00.
The resulting spectral data were transferred to Grams-32 for 4y oPH z( Au)?
the Gaussian deconvolution. These fits were constructed so that | = 647 !l Heg (Atted
the Gaussian function representing the fundameritgl, m o 3ntIn10  (dmydkeT)Y?
matched the slope on the high-energy side of the experimental

emission as closely as possible while accounting for most of In eq 6,7 is the index of refractiong is the speed of lightHeg

the intensity of the high-energy feature, as described else-is the electronic matrix element, ardbAue/hvm has been
where?%4These deconvolutions are based on the representationsubstituted for the transition dipoléyleg!?4274 Based on

of the emission spectra as summations over Gaussian function€Gaussian band shapes and a wave packet model and for the
corresponding to the fundamentgl= 0) and other compo-  contributions of a single vibrational mode, (FC) can be

3. Data Analysis Procedures.a. Emission SpectraTo

(FC) (6)
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TABLE 1: Spectroscopic Properties and Excited State Decay Rate Constants for [Ru(Am).n(bpy)n]?" Complexes

Ru' complex hVem(max) hVem(max) h'l/max(f), [A‘Vl/z], 77K Knr (‘MSfl), 77K
[ligands] M abs(max) 298 K 77K {MWmax(y [Av12], 298 K} Ax(vy), 7T K {kar (us™), 298 K}
[(bpy)s] 219 (d/w)  15.98 (d/w) 17.12 (d/w) 17.22 [0.68] (d/w) 1.16 (1.49) (d/w) 0.23 (d/w} (d/w}
{16.53 [1.64] (d/w)
16.24 (bun)  17.25 (bun) 17.31 [0.64] (bun) 1.05 (1.50) (bun)

[(en)(bpy}] 20.2 (d/w)  13.97 (d/w) 15.00 (d/w) 15.06 [0.78] (d/w) 1.00 (1.50) (d/w) 1.3 (d/®2.3 (d/w}

20.4 (bun)  14.35(bun) 15.11 (bun) 15.16 [0.72] (bun) 0.88 (1.49) (bun) 0.69 {40 (bun)
[(NH3)2(bpy)] 20.4 (d/w)  13.52 (d/w) 14.56 (d/w) 14.64 [0.91] (d/w) 0.99 (1.53) (d/w) 2.9 (d/28 (d/iwy

20.2 (bun)  13.98 (bun) 14.67 (bun) 14.70 [0.78] (bun) 0.86 (1.49) (bun) 1.7 {44 (bun)
[([14]aneN)(bpy)] 19.0 (d/w)  12.94 (d/w) 13.96 (d/w) 14.01 [0.95] (d/w) 0.85 (1.44) (d/w) 1.59 (d22)8 (d/w}

19.3 (d/w)  13.38 (bun) 13.99 (bun) 14.03 [0.89] (bun) 0.81 (1.45) (bun) 0.975 {19) (bun)
[(en)(bpy)] 19.1 (d/w)  11.81 (d/w) 12.82 (d/w) 12.88 [1.03] (d/w) 0.85 (1.45) (d/w) 26 (d/w)

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

19.0 (bun) 12.37 (bun) 12.42[0.92] (bun) 0.80 (1.48) (bun) 22 (bun)
[(ds-en)(bpy}] 20.3 (d/wp  14.0 (d/wp  15.00 (d/wh 15.08 [0.78] (d/w) 0.99 (1.51) (d/w) 0.66 (d/*)6.2 (d/wYy}

20.4 (buny 14.5(buny  15.0 (bunj 15.17 [0.76] (bun) 0.77 (1.47) (bun) 0.41 (btf9.0 (bunj}
[(ND3)2(bpy)] 20.3 (d/wp  13.7 (d/wp  14.57 (d/wh 14.66 [0.91] (d/w) 0.98 (1.55) (d/w) 1.3 (d/)13.7 (d/w}}

20.3 (buny 14.1 (buny  14.5 (bun) 14.62 [0.86] (bun) 1.01 (1.49) (bun) 1.1 (buny{13 (bun)}
[(ds-[14]aneN)(bpy)] 19.0 (d/w)  12.94 (d/w) 13.94 (diWw) 13.99 [0.97] (d/w) 0.85 (1.44) (d/w) 1.27 (d/f)19.0 (d/wy}
[(ds-enk(bpy)] 19.0 (d/wh 12.83 (d/wy 12.89 [1.04] (d/w) 0.84 (1.47) (d/w) 8.4 (div)

19.2 (bunj 12.9 (bunjy 12.98 [0.84] (bun) 0.82(1.38) (bun) 5.1 (b&fy1 (buny}
[(ND3)a(bpy)] 18.9 (d/wh 12.04 (d/wy 12.10[1.13] (d/w) 0.80 (1.46) (d/w) 13 (d/v)

19.2 (bun)j 12.2 (buny 12.41 [0.93] (bun) 0.79 (1.51) (bun) 12 (béin)

2 All energies in units of cm/10%. Abbreviations: d/w= DMSO/water; bur= butyronitrile.® DMSO/D,0. ¢ Trace amounts of 0 may have
been present.

TABLE 2: Summary of Resonance-Raman Parameters

for [Ru(bpy)]22° for [RU(NHz)sbpy?+18
vibration ()2 w(K), em*  AK)  A(K),cm?®  SK)  wH),em®  A(H)  AH,om®  SH)  SK)V/SH)®
5 1608 0.31 77 0.048 1605 0.38 116 0.072 0.68
6 1563 0.47 171 0.110 1548 0.36 101 0.065 1.69
7 1491 0.73 397 0.266 1481 0.55 224 0.151 1.76
8 1450 0 0
9 1320 0.56 207 0.157 1331 0.41 111 0.084 1.87
10 1276 0.36 83 0.065
11 1264 0.09 5 0.004 1260 0.15 14 0.011 0.36
12 1176 0.48 135 0.115 1172 0.30 53 0.045 2.55
13 1110 0.16 14 0.013
14 1067 0.10 5 0.005
15 1043 0.16 13 0.013 1027 0.32 52 0.051 0.25
16 766 0.14 8 0.010
17 668 0.75 188 0.281 667 0.62 128 0.192 1.46
456 0.27 17 0.036
18 370 0.44 37 0.10 376 0.81 123 0.328 0.306
19 283 0.50 35 0.125 248 0.46 26 0.106 1.18

aNotation from Maruszewski et &. ® Ratio of relative, first-order vibronic intensities.

represented bjz4344 = E% — 1o The maximum of the fundamental emission

component can be related to thermodynamic and kinetic

(FC)= sz’h[e*{“GJz'" 2 ) properties of the substraé47:48.73.75
]
S-,je_& thax(f) = |AGeg0| —Xs— S ’15 (10)
Fin= j! o S= A, (8) In eq 10, AGeg is the standard free energy difference and
, between the zeroth vibrational levels of the excited-state and
G =E" — A~ jhw, — hw, 9) ground-state PE surfaces, apgis the difference in the free

energy of solvation for the ground state with the solvent
The zero-point energy difference between the ground-state andconfigured as appropriate for the excited-state PE minimum and
excited-state PE surfacd=)?, and the solvent reorganizational for the PE minimum of the ground state. These free energy
energy associated with the redistribution of chargeg,are guantities are often available from other kinds of measurements,
difficult to determine independently from the emission spectra e.g., estimates of their values are often based on electron-transfer
of species in solution, so we have chosen to express the functionkinetic data and on electrochemical measurements, respec-
that are used in the evaluation of the emission spectra in termstively.14.23.73.75
of parameters that are experimentally accessible: (i) the full In this model of the emission spectra we assume that all the
width at half-heightAv1,, in the denominator of the exponen-  distortion modes have significant rR intensities and that there
tial, in place of the more commonly used, solvent reorganiza- are no differences in selection rules for rR contributions and
tional free energyys); and (ii) the energy of the maximum of  vibronic contributions to the emission spectra. In constructing
the fundamental component of the emission spectiumaxs the higher order contributions to the emission spectra, we have
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assumed that the harmonic and combination band contributionsa 3 - 1
are weighted equally. In effect, this model assumes very low 5 % ; I
symmetry (see the following discussion of the spectral fits). § & 25 i u :
We have constructed the intensity of tfe,0} — {g,0 = fi | |
transition (the fundamental; fgr= 0) as a Gaussian function _g Bt o |
with maximum intensity max( at a frequency ofmaxs and full 3 Z l' u . '
width at half-height ofAv1/,. The intensity of the fundamental E E é 15 | - :
at a frequencyy, is, Eh 3= ' t
s &2 4. #
I = e—{[hymax(f)—hmz/(ml,zz/4 In 2)} 11 & B |
V() max(f) ( ) ‘S = | :
The first-order vibronic terms are constructed as: T & | m u |
= 0 R ———— ]
1, 01 = hnaxy Z N | (vimaso ot ?Av /4 n 2) (12) 1000 1200 1400 1600
" hv, hv, or hy,,cm’
. . Figure 3. Ratio of reorganizational energy parameters in the range of
The second-order vibronic terms are constructed as: bpy skeletal vibrations. Square points for reported rR components; ratio
of Ax from experimental emission spectra in butyronitrile, heavy blue
lvm(O'Z) = line; ratio of A« from experimental emission spectra in DMSO/water,

| 1 heavy black line; ratio ofAx based on emission spectra constructed
max(f) i i\ i b b T2 Avs 214 I 2 from the reported rR parameters with the bandwidth observed in
z Z — || — | {[rmaom il ArF4 I 2} (1 3) butyronitrile, brown line; ratio of Ax based on emission spectra
2 T4 hw, th constructed from the reported rR parameters with the bandwidth
observed in DMSO/water, green line.

The third-order terms are constructed as: .
2. Observations on the Resonance-Raman Spectral Pa-

| manch) rameters Reported fo.r [Ry(bpy)g]2+ and [Ru(NH3)4bpy]2*.
l, gg=—— z Z Z x If the MLCT absorption in ee_lc_h compl_ex corr_esponds_ to a
" 6 445 {RU",bpyt — {Ru" bpy} transition, then in the simplest limit
one expects that the same bpy-centered vibrational modes
contribute to both spectra. Equations 2 and 4, based on a two-
state model, suggest that the ratio of the intensities of the first-
order vibronic sidebands that originate from these vibrational
modes of the two complexes is a constant that can be correlated
to the electron density delocalized{?). The relative intensities
(15) of the first-order vibrational mode contributionS)(obtained
from the rR data of [Ru(bpy)?" *° and [Ru(NH)4bpyZ™ 8 are
) . . . summarized in Table 2 and the ratios of these intensities in
The graphical presentation ofcaica) VS vm is the theoretical Figure 3. The ratios of these intensities for the two complexes
spectrum constructed from resonance-Raman data. Note thag,ry over a considerable range: the apparent displacements in
Imaxr) is @ constant for any specific spectrum, but we do not ¢oaral modes are larger for [Ru(bgly} than for [RU(NH)a-
relate the values of this parameter.found for one complex _to bpy*, as expected, but reversed for some of the other
those found for another. The experimental spectrum is desig-\;ipational modes (Table 2 and Figure 3). The variations of the
natedl”tr(Spec) . L . intensity ratios for the same vibrational modes in the different
The intensity of the fundamental is fixed relative to the complexes has been noted previod€p very similar pattern

intensities of the rR components, eq 2, but the inter_lsity of the ¢ yariations of the relative intensities of the vibronic compo-
fundamental obtained from Gaussian deconvolution of the nents has been observed for the rR spectra obtained from

observed spectra, when combined with the rR components o, .itations of the MLCT absorption bands of [Os¢py)(bpy)j2*

results in a s?ecrt]rum that is J"gO% more Tﬁnse than thath complexes® Some differences are expected for< 1000 cnr?!
observed. To fit the spectrum, the numerical file containing the owing to differences in the metaligand skeletal vibrations,

fundamental and the rR-based components was either scaled inyj there may also be some contributions in this range from
EXCEL to match the experimental spectrum at the emission e annroach used to determine the displacements from the
maximum or transferred to Grar_nssz and the INtensities Were ohsened spectr&.Errors in the estimation of the low-frequency
matched with those of the expenmer!tal spectrum by admstmg displacements will result in some smaller errors in the estimates
Imax. The rR fits were further optimized by slightly altering ot second-order terms. The variations of the relative intensities
Avipz. of the higher frequency vibronic terms must have a different
origin. The resonance-Raman spectrum probes the Franck
Condon excited stat,and according to the FraneiCondon

1. The Observed Emission Spectralhe pertinent absorp-  principle, this excited state and the ground state must have the
tion, emission, and lifetime data are summarized in Table 1. same nuclear coordinates and symmetry. This corresponds to
The fittings of the fundamental to the observed emission spectraDz and C,, symmetry for [Ru(bpyj?"™ and [Ru(NH)4bpy]?T,
are illustrated for butyronitrile solutions in Figure 2. The MLCT respectively. This difference in symmetry necessarily corre-
excited state emissions of the am(mjimolypyridyl complexes sponds to differences in the FrareKondon excited state
are weak, even at 77 K, and at appreciably lower energies thannuclear and electronic structure and this is likely to be the origin
that of the [Ru(bpy]?" complex. of the different apparent displacements in the bpy vibrational

i

i lj j‘k

P e—{ [hvmax(f)—hv‘—hvj-—hvk— h’Vm]Z/(A‘Vl/gz/4 In 2)} (14)
hw;/\hw;\bw

Then the intensity at a frequeney, is calculated as:

Ivm(calcd)g IVm(f) + Ivm(O'l) + Ivm(O'Z) + Ivm(O'B) t ..

Results
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modes. In fluid solution the excited state of [Ru(bgy) nondegenerate vibrations. This will result in differences in
apparently relaxes from the higher symmetry (“at le@g?) 36 vibrational frequencies and probably differences in the relative
to the localizedC,, state in about 60 & If this relaxation also displacements in the different modes. The skeletal modes of
occurs in frozen solution, then the rR data for [Ru(kj?) do the bpy ligands are more complicated since there are three times
not properly describe the distortion of the emitting state. as many vibrational modes s symmetry as irC, symmetry,

Figure 3 compares (a) the ratios of the emreps based on theand the vibrational modes of the individual bpy ligands must
observed emission spectra of these complexes, (b) the ratios of€ properly adapted tDs symmetry. For example, there is a
the reorganizational energies of the reported IR frequefids, ~ Single breathing mode vibration (a symmetrical modgireC,
and (c) the ratio of emreps based on the spectra calculated fromSymmetry, and in the limit of weak configurational mixing the
the reported rR vibrational reorganizational energies and the & modes of the three equivalent bpy ligands may be combined
bandwidth of the fundamental inferred from the observed tO constructtwo correlated vibrations (e anylia Ds symmetry.
emission spectra. If we discount the weakest rR vibrational Even in this approximation the e vibrational mode is a weighted
modes (those with; < 10 cnt? for [Ru(bpy)]2t), then the qomblnanon of the ligandsatomic motions of the individual
vibrations at about 1043 (1027) and 1608 (1605) t(reported ~ ligands (e.g., [2a— & — &'] and [a' — &']) and the correlated
vibrational frequencies of [Ru(Ngkbpy* in parentheses) have excne(_j state dlspl_acemen_ts are r_10t_ea3|ly |nter_pret_ed in terms
smaller reorganizational energies for [Ru(kg?/) than for [Ru- (_)f a sm_gle l_Jreathlng motion. This linear combination of _the
(NH3)4bpy]2+, and the ratio of reorganizational energies for the Ilgand V|br_a_t|onal modes will be Ies_s useful when the configu-
1176 (1172) vibrational mode seems anomalously large; this rational mixing is very strong, and it will be necessary to treat
could also be the origin of the very large ratio of second-order the coupled motions of the |nd|_V|duaI atoms of the ligands using
contributions in the 20082400 cnT! spectral region for the ~ SOme form of a normal coordinate analysis.

[Ru(bpy)]?* and [Ru(NH)bpy+ emreps based on the spectral  3- Fits of the Emission Spectra with the rR-Based Models.
fits of the rR data vy = 750 and 1040 crii, respectively, a. The 77 K Spectrahe rR-based models fit the 77 K emission

for both the fitted and experimental spectra). spectra of b_oth complexes quite well; however,_ the_ fit of the
rR observations to the [Ru(Nfbpy?™ spectrum in Figure 4

is excellent while the fit is not as good for [Ru(bgl?). We
have found that the fit of the vibrational parameters to the
experimental emission spectrum of the latter is improved if the
Ai (or S) of [Ru(bpy)]?" are adjusted to equal 3.5 times
the corresponding vibrational parameters for [RugMblpy]?™
(Figure 4), but these fits are still not nearly as good as the fit of
rR parameters to the [Ru(Nhbpy?+ emission.

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

Overall, the comparison of the rR data for the two complexes
implies that the distortions of the bipyridyl ligands are different
in their pattern as well as in amplitude for the two complexes.
Likely origins of this effect are (a) differences in symmetry
between the FranekCondon excited state and the emitting state
and/or (b) differences in the electronic states that are configu-
rationally mixed with the emitting state. The FrargBondon
excited state of [Ru(bpy)?" can be described as a symmetry
adapted combination of the three equivalent diabatic MLCT
excited states that each localize the excited electron on a
different bpy ligand. ThiD3, “delocalized” structure of the
Franck-Condon excited state of [Ru(bp}jt and theC,,
“localized” Franck-Condon excited state of [Ru(NjbpyF" |
should be expected to have different distortions. It is important

to observe that a “delocalized” FraneCondon excited state e gifference spectrum calculated for [Ru(jtopy)2+ from
of [Ru(bpy)]?* need not have the same electron density in each 1o (R data using eq 16 and obtained by subtracting the

of the bpy ligands since lowest energy MLCT excited states of fundamentall,, (expaify = (lvnspec) — I), Wherels is based on
[Ru(bpy)]*" are expected to have tHelr(e)7*(e)}, {dr- the Grams32 deconvolution and adjusted to be compatible with
(a0).7*(e)} and{dr(e)’7*(az)} electronic configurations (where  he (R vibronic components (see discussion below) from the
the Ru dr-donor orbitals and ther*-acceptor orbitals of the  opserved spectrum are almost identical in shape and differ only
bpy ligands are adapted s symmetry). The MLCT excited  gjightly in amplitude (Figure 5). The-510% larger amplitude
states corresponding to tfelr(ef’,7*(e)} configuration have  f the calculated difference spectrum is probably within the

v, (caled diff) = Ivm(O’l) + Ivm(O’Z) + Ivm(0'3) + ... (16)

(A + Ao + E) symmetrie§” and theA; —~ A, and A, — E range of the uncertainties in our determinations of energies,
MLCT transitions are dipole allowed @ndx.y, respectively).  intensities, and bandwidths that result from limitations of the
The Franck-Condon excited states based on {luer(e)’,7*- optical alignment of the sample cell and the resolution and
(e)} configuration will not have electron density equally calipration of the detection system (see also Appendix A).
distributed over the bpy ligands. However, this difference could also arise because the electronic
Even if the emitting®MLCT excited state of [Ru(bpy)>" state populated by absorption and probed by the rR is not the
has the electron predominately localized in tHeorbital of a emitting state/143
single bpy, the vertical energy differences with tHhéLCT’ There are much larger discrepancies of the calculated

excited states that “localize” the electron on the other two bpy (1, caica.ditn) and observed  (exp.qifr) difference spectra for [Ru-
ligands are small and there should be appreciable mixing of (bpy)]?", even when the ratios of vibronic intensities are fixed
these excited states. This MLCT/MLCdonfigurational mixing relative to those for [Ru(NEjsbpy]Z™. Despite these discrep-

is not available for [Ru(Nk)4bpy]?*, and this difference in ancies, it is important to note that the rR data do reasonably
excited-state configurational mixing could result in excited-state reproduce to the energies and amplitudes of the dominant
distortions that are different in kind as well as degree. Some features of the difference spectrum of [Ru(k#%/), and that
issues of the differences in distortion are illustrated by consider- the agreement is much better at high frequencigs>( 1000

ing the subset of metaligand vibrational modes for the [Ru- cm™) than at low frequencies (see comments in section 2
(bpy)s]?" complex: in theC; limit (electron localized on a single  above). This is also the case when the fundamental used to
bpy) there are 15 nondegenerate skeletal vibrations, while in obtain the observed difference spectrum is based on the Grams32
the D3 symmetry of the ground state there will only be 11 deconvolution (not adjusted for the rR data, compare Figures 5
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Figure 4. Fittings of resonance-Raman data to the 77 K emission spectra observed in (1:1) DMSO/water, left column, and butyronitrile, right
column, for [Ru(bpyj]?>" (a—d) and [Ru(NH)sbpy?* (e and f). The observed spectra are the heavy black curves. The fitted spectra, heavy red
curves (,,calca), are the convolutions of the fundamental, purple curve, and the sums of the first-order, blue curve, second-order, green curve, and
third-order, brown curve, vibronic components; see eqs1BlL For panels a, b, e, and f, the reorganizational energies are based on the reported
resonance-Raman parameters; for panel dltlage assumed to be 1.4 times the values; é6r each of the vibrational frequencies, reported for
[Ru(NHz)4bpy?; for panel d the ratio ofl; was assumed to be 1.3.

and 12). The latter is an important observation since rR dataference and eq 1. Our modeling of the emission spectra
are only available for a few complexes. (described below) demonstrates that a consequence of increases

We have assumed that there are no differences in selectionin bandwidth is the increasing importance of second- and third-
rules for vibronic contributions to the emission and the order vibronic contributions and a shift of the observed emis-
resonance-Raman spectradpor C,, symmetry, and we have  sion maximum to lower energies, see Figures 10 and 11. The
used eqs 1115 to construct the contributions of the first-, fundamental obtained from the ambient spectrum by our
second-, and third-order vibronic components to the emission Grams32 procedure hd®maxn = 16 270 cnt and Avy, =
spectrum as a function of component bandwidth for [Ru#py) 1760 cnl. We have used the reportédR parameters to refine
and for [Ru(NH)4bpy?". The higher order contributions are these estimates and obtain the parameters reported in Table 1.
constructed as the sums of all the harmonics and of all the Adjusting the fundamental to fit the rR parameters increases
combination bands of the coupled vibrational modes found in hvmaxn by 1.5% and reducedwvi, by 7.5%, but it results
the rR spectra. It is important to observe that the second-orderin a 33% reduction of the apparent intensity of this compo-
contributions are significant in the 1500 ciregion of the nent. This uncertainty in the intensity of the fundamental
dominant vibronic feature of both spectra. The failure to include makes it nearly impossible to assess the vibronic contribu-
the contributions of the combination bands results in much worsetions (see eq 2) to the unstructured emission unless other
fits. The sum of the contributions of each order of these information, such as the rR parameters, is available. It is
components is indicated separately in Figure 4. important to note that\ almost doubles between 77 and 300

b. The Ambient Emission Spectrum [&u(bpy)s]?". The K. Our modeling (see below) demonstrates that this is a
ambient emission of this complex is broad and featureless. consequence of the increase of component bandwidths and it
The component bandwidths seem to be about double those foundioes not suggest a temperature dependence of the excited-state
in the 77 K spectrum, consistent with the temperature dif- distortion.
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Figure 5. Comparison of the experimental, expdir (black curves),

and calculated,calcd:aify (dashed red curves), difference spectra. The
fundamentalls, used forl, (exp:dity = (lv(specy— 1) Was obtained from
Grams32 fits of the experimental emission spectra and adjusted to fit
the rR data;l,cacaaiy Was calculated from the resonance-Raman
parameters (eq 16). Emission spectra at 77 K obtained in DMSO/water,
left column, and butyronitrile, right columih,.,caicadiry for [Ru(bpy)]?*
based on the report&drR parameters, top row, and with,(caicddif)

for [Ru(bpy)]?"™ based on the reorganizational energies of these
parameters adjusted to 1.4 times (middle left) and 1.3 times (middle
right) the corresponding values Afof [Ru(NHs)bpyF. Comparisons

of Ivm(calcd;diff) and Ivm(exp;diff) for [RU(N H3)4bpy]2+, bottom.

4. The Evaluation of Procedures and Parameters Used in
the Spectral Analysis Using rR-Based Gaussian Vibronic
Component Models.We have used the rR parameters for [Ru-
(bpy)]?t and [Ru(NH)4bpy?+ to model the dependence of the
observable spectroscopic properties on component bandwidths
We have used the rR parameters for both complexes in order
to bracket the variations of emission spectra for the complexes
described in this report. This modeling enables us to make
bandwidth corrections in order to better evaluate trends in the
observed emission spectra.

a. Resonance-Raman-Based Modeling of the Grams32 De-
corvolution ProcedureThe modeling indicates that there is very
little variation in the energy of the fundamentébssy, with
Avyp. There are larger variations in its intensity,, with
Avyp. These are approximately linea? & 0.995) over the range
of Avyp = 600-1300 cnt! and for [Ru(bpyl]?" and [Ru-
(NH3)4bpy]?* respectively Avyp in cm™l),

[Ivm(f;fit) - Ivm(f)]/ Ivm(f) =
((3.25+ 0.09) x 10_4)AV1/2(m) —0.184+0.01 (17)

[Ivm(f;fit) - lvm(f)]/ lvm(f) =
((4.99+ 0.17) x 1074)Av1,2(m) —0.214+0.02 (18)

The bandwidths of the Grams32 fitted fundamentals vary
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Figure 6. Comparison of emreps based on experimental (77 K)
emission spectra, heavy line, to those based on the best fit of resonance-
Raman data, light line for [Ru(bpyf¥t, top, and [Ru(NHbpyP*,
bottom, in DMSO/water, left, and butyronitrile, right. Most of the
amplitude differences of the calculated and experimental emreps arise
from the differences betweélayg as evaluated from the Grams32
fitting and that with the intensity adjusted to accommodate the rR data.

linearly with the input bandwidths (over the same range as
above); the fits for [Ru(bpy)?" and [Ru(NH)4bpy]?+ respec-
tively are ¢2 = 0.995)

Av,ffity = (1.22+ 0.03Av,, — 157+ 37 (19)

Avy(fit) = (1.04+ 0.01Av,, — 13+ 12 (20)

b. Resonance-Raman-Based Modeling of emrEips.enve-
lope of vibronic contributions to an emrep is the sum over the
reorganizational energy contributions of all the contributing
vibrational modes. Since the vibronic components have signifi-
cant bandwidths, their contributions to an emrep will also have
a significant bandwidth. To compare the emreps of different
complexes, it is necessary to correct for any effects of the
variations of component bandwidths. To emphasize that the
envelopes are the sums of such contributions, we have labeled
them asAy; similarly, and because we have made a bandwidth
correction, eq 5, we label the vibrational energy akig™. The
shapes, amplitudesA(), and energieshfy) of the principal
features of these profiles are reproducible, within reasonable
error limits (5-10%)), in different determinations of the spectra.
Changing the energy and width of the fundamental changes the
reorganizational energy profile parameters, and this is the
principal source of uncertainty in the inferred reorganizational
energy contributions (see Appendix A). The uncertainties are
much larger for the lower frequency vibrations (for, < 500
cm1, the uncertainty im\ is greater than 50% sinakvy, is
of the order of 1000 cm andl; makes a very large percentage
contribution to the observed emission intensityhan for those
displaced by more than 1000 cifrom the maximum of the
fundamental (uncertainties of less than ab&i5% of A,).64

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

RU' complex DMSO/water butyronitrile
[|igand3] Avip Ax(obsd) Alst(vx)b Alst(corrf A><(corr) thax(f)d ne(7~eff28 Avip Ax(obsd) Als't(vx)b Alst(corr)c Ax(corr)d th(max) neaeff2e
[(bpy)s] 680 1160 970 970 1160 17220 0.360.05 640 1050 920 920 1050 17310 0-8®.08
[en(bpy}] 780 1000 780 750 960 15060 0.470.06 720 880 720 700 850 15160 047M.10
[(NHs)2(bpy)] 910 990 770 700 900 14640 0.490.07 780 860 710 670 810 14700 0&®.10
[([14]aneNy)bpy] 950 850 600 510 740 14010 0.5340.07 890 810 580 500 710 14030 054.11
[(en)bpy] 1030 850 600 480 700 12880 0.640.09 890 780 560 480 680 13050 04£3.13
[(NH3)4bpy] 1110 810 580 440 640 12090 0.#30.10 920 800 570 480 690 12420 O0F®.15
[(ds-en)(bpy)] 780 990 770 740 960 15080 0.470.06
[(ND3)s(bpy)] 910 980 770 700 890 14660 0.490.07
[(de[14]aneN)bpy] 970 850 600 500 730 13990 0.340.07
[(ds-enkbpy] 1040 840 590 480 690 12890 0.640.09
[(ND3)sbpy] 1130 800 570 430 620 12010 0.73.10

2 All energies in cm™. ® For [Ru(bpy}]?": Ausiqux = (0.47+ 0.03)A4 + (426 & 44). For [Ru(Am)(bpy)PP": Ausiuwy = (0.454=+ 0.02)A« + (213
+ 20). For [Ru(Am}(bpy)]?": Aisiqwy = (0.46)A« + (319).¢For [Ru(Amu(bpy)P™: Aisicom = Aist — {0.32[Av1([RU(AM)s(bpy)F+) —
Avya([Ru(bpy)]*9)]}. For [Ru(Amp(bpy)l**: Assicom= Aust = {0.32[Av1([Ru(Am)(bpy)]**) — Avia([Ru(bpy)]*)]}. ¢ Appendix A, eqs A2,
A3, and A4.¢ Apparent value oficos’ based on eq 26Nt = 1 — Assticord Atsticorf- Atstcorf = 1370 cnr! in DMSO/water and 1330 cm in
butyronitrile (see Table 4).

TABLE 4: Reorganizational Energy Attenuation Parameters example, from the modeling for[Ru(bp§j™ and [Ru(NH).-
for [Ru(Am) 6—2n(bpy)n]** Complexes bpyJ?*, respectively,
complexes intercept
solvent selected Ko (A9Peemt  ax 10°9b¢ Aygieon™ (0.33+ 0.05)[0Av, | + 742+ 48  (21)
DMSO/water all (NH, NDJ x(obsd) 1420t 70  0.068+ 0.009
1st 1240+ 100 0.084% 0.015 Aqgicon™ (0.32+ 0.005)|0Av, | +382+ 5  (22)

1st(corr) 13706t 110 0.11+0.01
X(corr) 1580+ 90  0.093+ 0.010 Equations 21 and 22 imply thatisycon = (0.32)|dAv1/| +
NH3, ND3e X(ObSd) 1470t 40 0.068+ 0.006 562 fOI’ [RU(Amk(bpy)g]er

1st 1300+ 50 0.083+ 0.008 1 .
ist(corr) 1420+ 80  0.10+0.01 For the 600=< Awvi, < 1500 cnt? range of bandwidths, the

x(corr) 1610+ 70  0.091+ 0.008 modeling for [Ru(bpyj]?" gives the first-order contributions
butyronitrile  all (NHY x(obsd) 125G+ 100 0.062+ 0.017 (r2 =0.99): For [Ru(bpy]?" (evaluated atq = 1493 cnT?),

ﬁ( ) 1123?%& igg 0602% 8'830 listlotr = 0.9574 0.003— ((1.71+ 0.04) x 10~4)Avy/5, and
st(corr . ) 2+ — 1 _
or) © 13705120 o0sac001s NS R o . Bandiwit
NHg9 x(obsd) 1270k 160 0.060+ 0.025 . =Y ) S 2
1st 12504+ 110 0.086+ 0.018 corrections can be made in eithAns or Ax. The apparent
1st(corr) 1350+ 130 0.10+0.02 attenuations are slightly larger (3@5%) when the bandwidth
X(corr) 1380+ 170 0.080+ 0.024 corrections are made i1, and this approach has been used
2 [Ru(Am)s_zn(bpy)]2* complexes in Table 1; NH and ND referto  fOF the parameters in Tables 3 and 4.
the respective isotopometebdzor Ak = A° — aA% (hmax)2. © R2 from The corrections used in these tables for [Ru(Bgy)and [Ru-
0.88 to 0.989 All of [Ru(Am)s-_an(bpy)]?" complexesit = 1—3 and (NH3)4bpy?* respectively evaluated at the emrep maxima are,
Am = NH, ND), see Table 3 [Ru(bpy)]?", [Ru(NH/ND3)2(bpy)]?",
and [Ru(NH/ND)4(bpy)* complexes! All of [Ru(Am) -zn(bpy)h]** Agsip) = (0.470£ 0.03) 0y T (426 44)  (23)

complexes if = 1-3 and Am= NH), see Table 3¢ [Ru(bpy)]*",

[Ru(NHz)2(bpy)]?*, and [Ru(NH)4(bpy)]?* complexes. Alst(vx) = (0.454+ 0-02)/\x(max)+ (2134 20) (24)

(NH3)4bpy?t). Even at 1500 cmt, the second-order vibronic

components contribute 2B5% toAx. Nevertheless, the ratios

of emreps of different compounds are relatively weakly de-

pendent on the bandwidth (see Figure 3), and useful information

about the differences in multimode excited state distortions of

a series of complexes can be obtained, with relatively small

corrections, from the emreps of complexes with component

bandwidths less than about 1500 ¢m dA
The evaluation of the attenuation of vibronic sidebands by Aoy =N — dA—k |0AY, | (25)

eq 4 is based on the first-order vibronic components. One would Vi

expect greater attenuation-[l — 4aes]?) of second-order . )

components as expressed in eq 13, and the evaluation of thénd €gs 21 and 22Avy,is the difference between the reference

differences of band shape must take account of the different@nd observed bandwidths and the subsdript x, 1st, etc.

contributions of first- and second-order components. Since the Based on these corrections, and assuming that the distortion

key parameters are functions of the bandwidth, we can use the®f the bpy ligand is simply proportional to the amount of charge

rR modeling to estimate that part &fmay that arises only from that is delocahzed _between the metal and t_he Ilgand, the different

first-order vibronic contributions at any specified value of the PPy—ligand distortions of the complexes give rise to differences

bandwidth. The attenuation effects are most easily interpretedin attenuation of the vibronic contributions. For purposes of

in terms of the sum of first-order component contributiohss; experimental correlations this is represented as,

but each compound has a different intrinsic bandwidth, and the o 5

reorganizational parameters are functions of the bandwidth; for Agg= A (1 — Nleit) (26)

From egs 23 and 24 we infer for [Ru(Ap®PYX]I>": Aistex)
= (0-46)/\x(max) + 319.

When the complexes compared differ in bandwidth a cor-
rection for this difference must be made. We have made the
corrections for bandwidths in the range &1y = 600—
1500 cn1? based on,
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eters are summarized in Table 4. The respective valudsg Hf
estimated for [Ru(Nk)4bpy?™ and [Ru(bpy3]?" in butyronitrile
are 5704 40 and 920+ 30 cnT! (in DMSO/water, A= 570
+ 40 and 970+ 35 cntd); the bandwidth correction (eqs 22
and 26) gives\isicomy= 480 (430) cm* for [Ru(NHz)sbpy]*™.
This indicates that the first-order reorganizational energy
components for the bpy distortion modes of [Ru@Ydpy]E"
average about 50% of those of [Ru(bg¥) (the ratio is (1.95
+ 0.15)1). The attenuation effect appears to be the same in
the two frozen matrices. This is a very large effect. It is an
effect that is reflected in the modeling by the observation that
first-order contributions constitute about 86% of the intensity
of [Ru(bpy)]2" in the bandwidth range observed experimentally
but only 65% for [Ru(NH)4bpy]?™; when corrected for band-
width this gives a reorganizational energy ratio of about 1.5.
Interpreted in terms of eq 4, a 1.5- to 2-fold attenuation implies
a very large amount of configurational mixing for the [Ru(u-
bpy?t complex in the region of its excited-state PE minimum.
The considerations in this section are based on the fits of the
respective rR data to the emission spectra of [Ru@pyrnd
[ [Ru(NHz)4bpy?. These considerations indicate that in order
to evaluate the changes in the vibronic contributions to the
emission spectra of these complexes it is necessary to (i)
evaluate the fundamental (e.g., based on the Grams32 fits, as
described above), (i) correct the amplitude of the deconvoluted
fundamental (e.g., with an interpolation based on eqs 17 and
18), (iii) use the corrected fundamental to generate an emrep,
(iv) estimateAxusy (€.9., with an interpolation based eqs 21
and 22), and (v) correct for differences v, with an
interpolation based on eqs 235. Since all of the parameters
of interest can be parametrized as functiong\ef,, some of

S these steps may be bypassed (as in eqs 23 and 24). The
N evaluation of reorganizational parameters for the complexes
Aoy . studied is summarized in Table 3.

6. Excited-State Lifetimes.The luminescence decays of these
complexes were fitted well by single exponentials. The lumi-
nescence decays of [Ru(Nfzbpy]?", with a lifetime of about
25 ns, were close to the detection limits of our system; limits

10°X B 0 may 2, cm? were determined by analog/digital conversion, trigger jitter, and
Figure 7. Attenuation of bipyridine ligand reorganizational energies 1aSer pulse width (with the averaging ®50 signals, probably
of [Ru(Am)s_zn(bpy)}]2" complexes in DMSO/water (top) and butry- £5—10 ns).
onitrile (bottom) glasses at 77 K. Based AA} = (1 — nette?). The 7. The Contributions of Very High Frequency (v, > 2000
squares, circles, and diamonds afgebsdy Axcom aNd Austcor cm1) Vibrational Modes. We have searched for the contribu-
respectively. Thez+ filled symbols are the NH complexes of tjons of N~H and C-H stretching modes to the emission
i[goligi‘)?r);;g(k;?{%( Arrr;)zn(t}pyg)):]ﬁ?g 316}_2??2953/;?:2& ?rgemtq(:\b’}leD spectrum. These contributions appear to be very small. The
3: the parameters for the least-squares fits are summarized in Table 4d€tails will be treated elsewheféSome of the observations

on the perdeuterieam(m)ine complexes are included here in

Axobsa)iS obtained from emreps generated withay) from the Grams32 : e con ( ! |
fit; Axcorn is based on eqs A2A4; and Assicom is based on eqs 21 order to improve the statistics in the evaluation of vibronic

25. The sequence of complexes from top to bottom in each figure is attenuation (Figure 7).
the same as in Figure 8.

Butyronitrile

0 2 4 6 8

. . Discussion
Where in the simplest two state model and dQk? = aes® <

0.1,n. = 4 (egs 3 and 4)A\° at a specific energy (e.g., 1500 We have found that the energies and band shapes of the
cm 1) and bandwidth is the sum of first, second, and higher 77 K frozen solution emission spectra of a series of
order reorganizational energy contributions in the absence of [Ru(Am)s—2n(bpyh]2" complexes vary markedly as the number
configurational mixing (note that the intercept contains sub- of am(m)ines (Am) is changed: (1) the emission energies
stantial bandwidth and other contributions and does not have adecrease asincreases; (2) the intrinsic, component bandwidth,
simple interpretation), and.4’ is the fraction of electron density ~ Awij,, increases in this same order; and (3) the relative
delocalized in the MLCT excited state. Equation 26 provides a amplitudes of low-energy contributions to the emission band
reasonable correlation for the values &f obtained for the are markedly attenuated as the energy of the fundamental
[Ru(Am)s_2n(bpy)]?" complexes employed in this study as componentifrmaxgn= E°° — ys) decreases. The changes in band
demonstrated in Figure 7; values Afmax, both the values shape can be addressed in terms of the expected changes in
directly inferred from the experimental spectrur,gnsq) and configurational mixing and/or of electronic delocalization with
the values corrected for differences in bandwidtym), are the differences in ground- and excited-state energies. Thus, the
included in this figure for comparison. The correlation param- intensities of the emission at energies smaller thas ) —
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Avypp) are attributed to vibronic contributions that arise from 20.0 7 7
bipyridine ligand distortions in the MLCT excited states, and ,’ /
these contributions can be represented as the sum of the intensity B ,’ /
contributions of progressions of vibrational modes that correlate ’ /

with the excited-state distortion. These vibronic contributions 180 ™ e /
decrease in amplitude with increases in ground-state/excited- % M

state configurational mixing, and the configurational mixing S s 1
increases with decreases in the energy difference of these states. 4 /

Very large variations in configurational mixing are implied by ’
the very substantial attenuation of vibronic contributions to the
emission through the series of complexes.

We have evaluated the emission band shapes in terms of
reorganizational energy profiles (emreps). We have used a model
based on the resonance-Raman lines reported for [Ru{Bp¥)
and [Ru(NH)4bpy]?™ 18 and Gaussian band shapes for each of M6
those vibronic components in our spectral analysis. A number 120 [— /
of important aspects of the determinationsaf.s) and of the /
emreps need to be discussed before we address the vibronic
attenuation and its implications. A e

. 10.0
1 The Evaluatlop of the [Ru(Am)a_Zn(bp.)y)n]2+ MLCT' 15.0 17.0 190 210 230 250

Excited-State EnergiesWe have used Gaussian deconvolutions

by means of the Grams32 program to obtain the energies of FAE ), cm’'/10

the fundamentals. The rR-based modeling indicates that this iqure 8. CorrelationE, evaluated by Grams32 deconvolution of

H . max(f)y

apporoach underesnzTateS the energy (?f the fundamentalzgy abou e 77 K emission spectra in 77 K butyronitrile solutions (Table 1),

0.2% for [Ru(bpyj]** and by about 1% for [RU(NEJabpYI*". \ith AE,,, determined in ambient acetonitrile solutions: [Ru(kE)

Deconvolutions of the broad and unstructured ambient solution 1; [Ru(en)(bpy}]?*, 2; [Ru(NHs)2(bpy)]?*, 3; [Ru([14]aneN)bpy[?*,

emission spectra of these complexes are far less reliable, bui; [Ru(en}bpyF, 5; [Ru(NHs)sbpyF", 6. Least-squares line (dashed):

the value ofEmaxp = 16 530 cn! obtained by fitting the  Emaxp = (1.48+ 0.13AEy, — (13.6+ 2.5), cnT*/10% For purposes

emission of [Ru(bpyd2* in ambient DMSO/water solutions  ©f comparison, the upper dashed line is based&qan = AEv..

using resonance-Raman parameters to model the band shapﬁ.]

(see Table 1) is in excellent agreement with the valuE.@f

140 [ / 4

Epaxp, cm’'/10°
w
N

ese complexes can be used to obtain useful information about
N . - . the variations in vibronic intensities and, consequently, about
. 16800# 200 gcgrgr * obtained in water by photoacoustic the differences in excited state distortions in the series of
m|crocalor|m§try7. ' ) ] complexes. The modeling also demonstrates how strongly the
The energies of MLCT excited states of polypyridyl com- yipronic contributions to the observed spectrum vary with
plexes are often based on correlations with electrochemical spectral bandwidth. Several specific points are important here:
oxidations and reductions in ambient soluti@dsVhile Figure a. Spectral FittingsThe rR data for [Ru(NB)4bpyR* provide
8 demonstrates that this provides a very good correlation for gn excellent fit of the vibronic contributions to the observed
the complexes considered heré € 0.97), Emax) andFAE, spectrum, Figures 4 and 5. The fits of the rR data for [Ru-
(values summarized in Table S3, Supporting Informatioale (bpy)]2* to the observed spectrum are improved if the reor-
not simply (1:1) correlatedFAEy, > Emax and the differences  ganizational energies for the bpy vibrations are held in a constant
vary systematically from 3.% 10° cm™* for [Ru(bpy)]?* to ratio to those of the corresponding vibrations of [Ru@yH
5.3 x 10® cm™* for [Ru(NHs)sbpy*. Some of these differences  ppy+, Figures 4 and 5. Since the rR parameters are obtained
must arise from the differences in the experimental conditions for the Franck-Condon singlet excited states of these com-

(fluid and frozen solutions foAE;/» and Emax, respectively;  plexes, the fits to the 77 K emission spectra are probably all
when both measurements are in fluid solution, the discrepancy petter than one might have expectéds
for [Ru(bpy)]?* is about 700 cm’ larger), and in the different b. Component Bandwidth Contributions to thevetall

ways in which the solvent affects the electrochemical and spectral FeaturesWhile the energy and bandwidth of the

spectroscopic measuremefitd. substantial part of these dif-  Grams32-deconvoluted fundamentals are only very weakly
ferences must also arise from systematic variations in the gependent on bandwidth, the apparent intensity of this evaluation
exchange energyKexcn (i.€., for Kexcn = the singlet/triplet  of the fundamental does increase significantly as the bandwidth
MLCT excited-state energy difference), which is of the order jncreases. This results in very large uncertainties in the

of a few thousand wavenumbers for these complexes and iseyaluation of the vibronic contributions with small vibrational

expected to be much larger for [Ru(Mabpy** than for [Ru- energies g < 500 cnml) and the evaluation is based only on
(bpy)s]®*,** and larger for the triplet MLCT excited states than  the observed spectrum and the deconvoluted fundamental. We
for the doublet states generated electrochemiéafly® The set the intensity of the emission maximum equal to one in our

electrochemical measurements do not provide a good estimatespectral analysis, so increases of component bandwidth result
of MLCT excited-state energies, or even of the variations in in dramatic changes of the band shape and a shift of the energy
those energies in these complexes. However, the good empiricabf the emission maximum as illustrated in Figure 10. For
correlations betweeBmaxn andAEy; that result from systematic  pandwidths in the range observed for the complexes discussed
variations in parameters for a series of closely related complexeshere (706-1300 cnt?), the vibronic “band” at an energy about
are qualitatively useful in verifying the assignments of optical 1500 cnt? lower thanEmax, is & composite of the contributions
transitions. of overlapping first-order components (834% for [Ru-

2. Some Implications of the rR Modeling.Overall the rR- (bpy)s]?t and 72-63% for [Ru(NH)4bpy]?™) and second-order
based modeling indicates that the 77 K spectral band shapes otomponents (1#24% and 28-34%, respectively). Obviously,
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the representation of this spectral feature by a single high coupling (estimated to be about 7000 ¢i® From Table 3,
frequency vibronic component would greatly misrepresent the Aisicorr:s) — Astcorr:a) = 530 cnmt (where the subscripts (A)
excited state distortion and result in an incorrect evaluation of and (B) designate parameters for the complexes [RyNH
the vibronic contributions to the emission spectra. We have bpy]?™ and [Ru(bpyj]?", respectively, for data obtained in
found that single high frequency vibrational mode models give DMSO/water), omg(Aaes?) = 0.37. This corresponds to very
very poor fits to the emission spectra, especially in the long substantial attenuation, and it suggests that at least some of these
wavelength regions. complexes fall outside the range of applicability of eqoget

c. The Baluation of Variations in the Vibronic Contributions < ~0.1). ForHes &~ 7000 cnt! the values ofig(Aces?) = 0.37
Through the Series of Complexedince the construction of anda = 1 x 10 cn? from Table 4 imply thatn, ~ 2;
emreps depends on the ratio of intensities, eq 3, and since allalternatively for the limit represented in eq,~ 4 leads to
of the intensity quantities increase with component bandwidth, Hes =~ 5000 cnt?. Since the rR data probe the FrardBondon
the variations of emrep amplitudes are less sensitive to changesxcited state for absorption, and since the respective differences
in bandwidths than are the spectral intensities. On the other handjn vertical excited- and ground-state energies are about 19 000
the substantial overlapping of first-, second-, and third-order and 13 000 cm! for the absorption and emission maxima of
components can complicate the interpretation of changes in[Ru(NHz)4bpy]?, respectively, it is interesting to note that the
emrep amplitudes. All of the pertinent parameters are functions effective values ofie = 2 for the emission ande = 4 for the
of the bandwidth (see the Results section and Appendix A), spin-allowed absorption are consistent with the large attenuation
and the rR-based modeling indicates that the net first-order inferred from Figure 7 and with the similarities of attenuation
vibronic contributions to\xmax can be estimated using eqs 23 for emission and absorption implied by the fits of rR data in
and 24. To evaluate the attenuation of reorganizational energiesfigures 4 and 5 (a value éfge = 7000 cn1? results in about
we have corrected for the effects of the bandwidth differences a 10% larger vibronic contribution at 1500 chfor absorption

between compounds using eqs 21, 22, and 26. than for emission). Sinckleg < Hge, the equivalent of eqs 4
3. The Attenuation of Vibronic Sidebands.a. GeneralWe and 26 for the emission in frozen solutions should be wiiften

have explored the quantitative evaluation of the attenuation of

the spectral contributions of the bpy vibrational modes (il- A=A (1— 20Lge2 - Zaegz +..) (28)

lustrated in Figure 2) of the [Ru(Am)2n(bpy)]?" complexes
using (1) emrep maxima for these complexes and (2) the emrepA very approximate value dffeg ~ 3300 cn'? results forHge
maxima with rR modeling based corrections for bandwidth = 7000 cnt! andEst ~ 4000 cnT!. However, the magnitude
differences and (3) with rR modeling based corrections for the of the attenuation of the vibronic contributions to the emission
overlapping contributions of first- and second-order vibronic spectra may be too large to be accommodated by the simple
envelopes. The results of this analysis are illustrated in Figure perturbation theory arguments used here and higher order
7 and summarized in Tables 3 and 4. On the average, the bpycontributions to eqs 26 and 28 should be taken into account.
vibrational reorganizational energy contributions of [Ru@\H The data for the [Ru(bpy)?* complex are consistently above
bpyJ?* vary from 49% (for Aisicorr) t0 60% (for Axcom) Of the correlation lines in Figure 7, and this implies slightly less
those for [Ru(bpyl?"; aeq is larger for the tetraammine  attenuation than expected for this complex. This deviation may
complex, corresponding to appreciably greater configurational be a consequence of MLCT/MLCTconfigurational mixing
mixing, and eqs 4 and 26 predict greater vibronic attenuation (mentioned above) and we will try to address this in future
for this complex. studies. Nevertheless, the very large attenuation of the vibronic
The attenuation implied in Figure 7 is very large. However, contributions to the emission of [Ru(N}bpyJ?" indicates that
such substantial attenuation with the decreases of the excitecthere is a great deal of configurational mixing between the
state/ground state energy difference contrasts with the apparentyMLCT excited state and the ground state of this complex, and

very good fit of the emission spectrum of [Ru(Nabpy]?* to that this results in the relatively small reorganizational param-
the rR data since the difference of the ambient absorption eters. The higher order terms in eq 26 are of the order;bf
maximum of about 1% 10° cm™* andhvmaxi = (12 to 13)x and have the opposite sign from tg? terms. This might

10° cm! at 77 K is comparable to the range of emission account for the relatively small variations among thg for
energies represented in Figure 7, and this implies that therethe [Ru(Am)bpy?* complexes. These issues and other con-
should be a considerably greater attenuation of the vibronic sequences of such extensive configurational mixing will be
contributions in the emission spectrum. Some very general explored elsewhere.

aspects of these complicated issues are discussed here. 4. Some Implications for Interpretation of the Nonradia-

b. Possible Interpretations of the Attenuation Parameter tive Relaxation Rate Constants.Nonradiative rate constants
neoei?- Equation 4 is most readily interpreted in terms of atwo- can be treated in the nonadiabatic limit with equations of the
state system in which the ground and excited states have thesame general form as the equations used to describe the
same spin multiplicity. The emitting Ru/bpy MLCT excited emissiont>25thus, in the semiclassical limik is an electronic
states have significant triplet spin character and some deviationstransmission coefficient anel is the frequency of correlated
from the simple two-state limit might be expected. The basic nuclear motionsy?
elements of a two-state model can be preserved if one considers

only configurational mixing between tH#LCT excited state Kar = KeVettny (29)
and the ground state, with the electronic matrix element
represented as, the nuclear transmission coefficiert,{) = (FC). In applications
of equations of the general form of eq 29 to the estimation of
Heg= (Hsf/Est)Hge 27) 77 K rate constants, the exponential factor in eq 7 behaves

approximately as a delta function since the denominator in the
whereHs, is the matrix element for spirorbit coupling between exponential is very small compared Egaxp. This leads to an
the IMLCT and 3MLCT excited statesEst = 2Kexch andHge isoenergetic crossing from the MLCT excited state to the ground
is the matrix element for'MLCT/ground-state electronic  state that requires the depositing of the excited-state energy,
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EY9, in a very large number of vibrational quanta. For the highest 20 7
energy vibration reported in the rR studies of [Ru@udpy+, L

j & Emax@/hvi must be greater than or equal to 7 (Tables 2 and : .
S47?). This can be compared to the fitting of the emission spectra
to the rR data using eqs £1.5, which required the calculation 15 F .
of over 1@ third-order contributionsj(= 3 in eqs 6-9) using ok
eq 14. There will be a vastly larger number of terms contributing | .

to (FC) whenj = 7. The delta function behavior of the
exponential factor offC), mentioned above, and the very small
magnitudes for the contributions fpr> 4 of terms with§ <

1 (see Tables 2 and S4) will limit the importance of most of
the possible vibrational relaxation channels, but there are still I L’
a very large number of vibrational relaxation channels in which .
this energy can be deposited. Thus, vibrational combinations 57 .
such as (75 + ’V17), (71/6 + ’Vg), (71/7), (61/7 + V5), (61/7 + v+ .
v15), etc. should contribute to the overall relaxation probability. L
As a consequence, the sum of the probabilities of all the .
combinations of contributing vibrational channels can be large 0 2 2 . 2 . 2
even if the probability of relaxation in any one channel is very 0 5 10 15 20

small. Although no single channel can dominate the relaxation

process, the higher powers &)/j! for v, = 1481 cnv! are Ink . (0bsd)

large relative to those of the other vibrational modes in Table Figure 9. Correlation of nonradiative rate constant calculated from
2 (see Table S4R Nevertheless, one expects a very large €4 32,A= (3 +2) x 10°s™, with that observed for [Ru(Ang)ar

: ; ; : (bpy)}]?" complexes in DMSO/water. Filled squares for am(m)ine (NH)
number of vibrational relaxation channels that combine several complexes in DMSO/bD: open squares for deuterated am(m)ine (ND)

relatively high-frequency distortiOﬁ modes, suchvaswhich complexes in DMSO/BD. Values ofk,(obsd) from Table 1. The
have relatlyely large values (ﬁn with a few lower frequency dashed line is drawn with a slope of 1.00. The sequence of complexes
modes which also have relatively large valuesSpto make from top to bottom is the reverse of that in Figure 8.

significant contributions td,. The overall contributions can
be approximately formulated the much larger bandwidth, afds relatively small. The more
general point is that a single vibrational mode model of inverted
(zshr)k e, region electron transfer cannot properly represent a system in
& which there are a very large number of quanta (ag far7)
k., ~ /ceKaveyeﬁ(a\,e)Z — |93k (B30) and many different vibrational modes are implicated in the
K m excited-state distortion. In fact, eqs 31 and 32 give the most
weight to the highest frequency vibrational modes (e.g-H\
or C—H) for which the values of are relatively small. The
vibrational reorganizational energies of these modes are very
small (<30 cnT?l) as are the corresponding values S
(<0.01), but the vibrational frequencies are very larg¢ can
ij be in the range of 46 suggesting relatively large contributions;
kmls—l ~((3+ 2) x 1014)[j_l e S (31) however, the kinetic effects of \NH or C—H perdeuteration

Inknr(calc)
s

wherek = z;‘;” modes is the number of vibrational quanta in
the relaxation channel. Thus, it is surprising that there is a rough
empirical correlation betweéky,, Sc = (Axmax/MVxmag), andj

the largest integer less thafaxs/hvymax),

are small and the contributions of these vibrational modes to
] o ) . ) the relaxation process must be very smaflt The relatively
This correlation is equivalent to assuming that a single good fit of 77 K decay rate constants for the [Ru(Am)-

vibrational mode of frequencyxmax with a vibrational reor- (bpy)2+ complexes to these equations by using values,gfax
ganizational energymag determines the back electron-transfer  andhy, .y obtained in the glassy matrices, as shown in Figure
kinetics, and that at 77 K the exponential factor FCf is 9, is surprising.

approximately one (for reasons noted above). For a single
contributing vibrational modekj and forE?? > hwy, eq 30 can Conclusions
be put in the very simple forff
We have found that the bipyridine ring vibrational reorga-
k., = Ag 7Enad/) -, =1 Emax/AD — 1 (32) nizational energy contributions to the 77 K emission spectra of
[Ru(Am)s—an(bpy)]?" complexes are very strongly attenuated
where we treat the preexponential factor as an adjustableas the MLCT excited-state energy decreases. Reorganizational
empirical parameter. The correlationlaf, Axmax) andhvyma energy profiles (emreps) have been employed to demonstrate
based on eq 32, Figure 9, is slightly better than that based onthat these vibrational reorganizational energy contributions to
eq 30; the least-squares valuefof (3 4 2) x 103 s7L. Since the emission spectrum of [Ru(NMHbpy]?™ are about half as
a single mode approach does not properly represent the emissiotarge as those in the [Ru(bp§f*" emission spectrum; thus, we
spectrum, it is not surprising that eqs 31 and 32 (witk: (3 find that the changes in eith@r, or Ajg are proportional to the
+ 2) x 10 s71) both overestimate the ambient valuekgffor average changes in the vibrational reorganizational energies,
[Ru(bpy)]?" by 2 to 3 orders of magnitude even when the (1)ave This attenuation implies decreasing excited-state distor-
values of Aymag andhvymax) are based on fitting the ambient  tion concomitant with increasing electronic delocalization in the
spectrum to the resonance Raman parameters. With respect tdLCT excited statede,® ~ 0.1—-0.3) as bipyridine is replaced
the detalils of the fitting, this discrepancy arises largely becauseby am(m)ines through the series of complexes. The detailed
the resulting value ofivymax) is SO large, as a consequence of analysis of the reorganizational energy attenuation is based on
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modeling with previously reported resonance-Raman parameters.
The published rR parameters fit the emission spectrum of [Ru- 1.0
(NH3)4bpyJ?+ very well. The fits of the [Ru(bpy)?" emission |
spectrum are reasonable, but not as good, probably because th(?s_
Franck-Condon excited state generated by absorption and
probed by the rR is different in symmetry from the emitting
MLCT excited state. Among the important inferences from the o.6 -
vibronic analysis are the following: (1) The dominant bpy-
centered vibronic contribution to the emission spectrum is about
half as large for [Ru(NR)bpy[?+ as for [Ru(bpy)]2t, butthe %4
absorption and emission maxima of [Ru(jJibpy?t span
nearly the same energy range and the vibronic contributions tog, |
the emission are about 85% of those to the absorption (in
DMSO/water; lymax) adjusted to fit rR parameters); this is
consistent with a spin constraint on the configurational mixing, 90 -
which can be represented ag > aeg (2) The attenuation is .
very large for [Ru(NH)sbpyR" with ae? = 0.35 for the hv,,(cm™)
apparent squared mixing coefficient, and higher order correction
terms must be important so thagi? < [oge® + oed?]- (3) Most
of the amplitudes of the “vibronic sidebands” in 77 K emission 10
spectra (and the skewness of ambient spectra) arise from the
bandwidth contributions of overlapping vibronic contributions
and not directly from the vibrational reorganizational energy
contributions of high-frequency vibrational modes. 1
This rR-based modeling and the vibronic analysis of the ¢
emission spectra have illustrated some more general issues and
raised others. It is clear that single high-frequency vibrational
mode models do not adequately describe the 77 K emission 0-4 1
spectra of these complexes. Thus, the modeling demonstrates
that second- and third-order vibronic contributions must be
included in order to account for the intensity and broadening 0-2-
on the low-energy side of the emission and that the apparent 7
reorganizational energy (and, therefore, the apparent magnitudey g _ E )
of the Huang-Rhys parametefs,) of any assumed single high- 8000 9000 10000 11000 12000 13000
frequency mode is mostly a consequence of the overlapping
contributions of many components with substantial bandwidths. _ o
The resonance-Raman data and the analysis presented in thiEigure 10. Effect of component bandwidth on emission spectra based

- . . . . on resonance-Raman modeling. Top, [Ru (BBY) hvs = 17270 cn*
paper indicate that the MLCT excited-state distortions involve and component vibrational intensities adjusted to be 30% larger than

sm_aII d_isplacements_ ilj_a large number of vibrational modes. ihose of [RU(NH).bpy*; bottom [Ru(NH).bpyP*, hvy = 12500 ™.

This raises the possibility that the observed rate constants forraman data from Table 2. Bandwidths, increasing from the bottom to

nonradiative excited-state relaxation are the result of the sumtop on the left-hand side of each figure: 20, 50, 100, 200, 300, 400,

contributions from a very large number of relaxation channels, 500, 600, 700, 800, 900, 1100, 1300, 1500, and 2000'cm

each with a very small probability. Despite this demonstration

that single high-frequency vibrational mode models incorrectly fitted intensity to the observed emission intensity and for

evaluate the excited-state distortion, such models can apparentlyconvenience the intensity of the observed emission maximum

provide good correlations of nonradiative rate constants underis set equal to one. We have used the rR-based modeling to

limited sets of conditions. This may arise from a weighted €xamine how the variations in bandwidth affect the evaluation

averaging of the very large number of most probable relaxation of parameters in our spectral analysis.

channels that approximates the overlapping vibronic contribu- 2. The Variations in the Contributions of the Fundamental

tions to the maxima of the difference spectra or of the emreps, and the First-, Second-, and Third-Order Vibronic Com-

but the origin and physical significance of such correlations are ponents with Variations in Bandwidth. The overall effects

not clear at this time. of bandwidth on the emission spectra, based on the rR modeling,
It seems likely that the spectral analysis employing emreps are shown in Figure 10.

will prove useful in evaluating the variations in excited-state ~ a. The Effects of Component Bandwidth on thalEation

distortions for a series of related compounds even in the absencedf the Energy Intensity and Bandwidth of the Decenluted

of additional information such as resonance-Raman data. Somd-undamental.We have used eqs—43 and the rR data to

limited extensions of this sort have been employed in the presentcalculate emission spectra for a range of bandwidths for [Ru-

report. We are currently exploring the extension of these (bpy)]?" and [Ru(NH,)sbpy]**. These calculated spectra were

13000 14000 15000 16000 17000 18000

hv,_ (cm™)

approaches to a more diverse collections of compounds. then deconvoluted using Grams32 and our usual procedures in
, ) i ) order to simulate how variations in bandwidth will affect our
Appendix A: The Simulation of the Effects of Bandwidth evaluation ofl,, ¢, from the experimental emission spectra. The
Variations on the Emission Spectra and Emreps, Using & gependence of the values of energy and intensity of the
Resonance-Raman-Based Gaussian Band Model fundamentals from the deconvolution of the calculated spectra

1. The Overall Spectral Fittings. These are described in  for [Ru(bpy)]?" and [Ru(NH)4bpy]?™ are shown in Figure 11.
the text. We note that our procedure in effect normalizes the Since variations ofl, @with Avy, can seriously affect the
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Figure 11. The variations with component bandwidth (top) and the ~J*
intensity (bottom) of the fundamental component obtained from the
Gaussian (Grams32) deconvolution of spectra calculated from the 0
resonance-Raman parameters of [Ru(ggyXfilled squares) adjusted 0.8

so that the intensities of the vibronic components were 1.5 times those
of the [Ru(NH)4bpy?™ (open squares) vibronic components. The input
intensities of the fundamental components were set equal to one for
the calculated spectra. The horizontal dashed lines in the top figure
are drawn as aids in evaluating the deviations.

evaluation of the changes in reorganizational energy through a
series of complexes, we have used Figure 11 as a basis for
correcting for these effects.

b. The Effects of Component Bandwidth on thalEation 0 2000 4000 © 2000 4000
of the Energy Intensity and Bandwidth of the Fundamental
Fitted to the rR DataThe bandwidths of the fundamentals fitted
to the rR data vary linearly with the input bandwidths (over the Figure 12. Difference spectra obtained by subtracting the fundamental
same range as above); the fits are given by eqs 21 and 22. inferred from Grams32 fits from the experimental emission spectra,

c. Effects of Component Bandwidth on Difference Spectrum black curves, and the difference spectra based on the fits of the
Band Shapes and Intensitie€ontributions of the First- resonance-Raman parameters, red curves. For 77 K emission spectra
. . - obtained in DMSO/water, left column, and butyronitrile, right column;
Second-and Third-Order Vibronic Components Based on rR [Ru(bpy)]?* with the calculated difference spectrum based on the

Parameter.s.The band sh.ape.s are very str.ongly'erendent 0N reported rR parameters, top row; [Ru(bfy) with the calculated
the bandwidth as shown in Figure 10. The intensities calculated difference spectrum based on the rR reorganizational parameters
by egs 1115 are the integrated intensities, proportional to the adjusted to 1.4 times the corresponding reorganizational energies of

contributing oscillator strengths of the emission components. [RU(NHs)sbpy*, middle left; [Ru(bpy}]** with the calculated differ-

For a given set of conditions, the integrated intendityof a ence spectrum based on rR reorganizational parameters adjusted to 1.3
ti ted t b, tant: the intensity of th times the corresponding reorganizational energies of [Ry(My]*,

component IS expected to be a constant, the Intensity of the ;4qe right; [Ru(NH)4bpy?*, bottom row.Imaxp = 1 for these fittings.

maximum for a Gaussian compondmnt(and a constant =

1.05}) is given by, when several vibronic components are close enough in energy
that their associated intensity distributions overlap; this is
Imax@ = I(cAvy) (A1) illustrated in Figure 10. The net intensity at a specific frequency
can also increase due to the increasing percentage contributions
Since we do not determine the total intensity, or emission yield, of second and higher order contributions; see Figure 13. The
and since we adjust the maximum of the emission spectra toeffects of bandwidth on the contributions of the first- and
unity before deconvoluting, eq Al is not directly applicable to second-order vibronic contributions to intensity near to 1500
our analysis of the spectra. Since the component reorganizationakm=! are summarized in Table 5.
energies are proportional to the ratio of an observed intensity 3. The Evaluation of Emrep Properties Based on rR
to the intensity of the fundamental (eq 2), they are not functions Models. Since the emreps are obtained as a ratio of the intensity
of the absolute intensity (or quantum vyield) and they are observed to that of the fundamental, the emreps are more weakly
relatively weakly dependent on bandwidth. The Grams32 dependent on bandwidth than are the difference spectra. Even
deconvolutions give us values lafaxn that are larger than those  so, Figure 14 suggests that most (approximately & at
obtained after adjustment for the contributions of rR vibronic 77 K and a much larger percentage at 300 K) of the amplitudes
components largely because the vibronic componentstwith of the emreps result from the substantial component bandwidths
< ~ Awvypp are partly or completely convoluted into the estimate when many vibrational modes contribute to the excited-state
of the fundamental obtained from the Grams32 procedure. Thedistortion. The component reorganizational energies are recov-
use of the fundamental so obtained results in a very poor fit of ered in emreps when the bandwidths become sufficiently small;
the difference spectrum in the low-frequency regidnw{ < see Figure 14. If the excited-state distortion were correlated to
500 cntl); compare Figures 5 and 12. There is some depen- a single vibronic mode, then the amplitude of the emrep would
dence of the emreps on bandwidth and this dependence iscorrespond to the reorganizational energy of that mode. It is
discussed below. An important contribution to the band shape clear that the representation of a multimode distortion by a single
and to the relative intensity of the vibronic contributions arises vibrational mode results in a very large overestimate of the

=
":{, cm
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TABLE 5: The Resonance-Raman Modeled Contributions of First- and Second-Order Vibronic Components to the Emission
Spectrum of (a) [Ru(NHs)4bpy]?" at hvymaxy = 1481 cntt and (b) [Ru(bpy)s]?t at hvymaxy = 1493 cnrt

() [Ru(NH)bpyP*
assumed\vyp, total intensity
cmt I 1481(T) I 1481(01) I 1481(02) I 1481(00) I 1481(01)/ I 1481(T) | 1481(02)/ | 1481(T)
500 0.46782 0.36677 0.10106 2.73EL 0.784 0.21602
600 0.52122 0.38964 0.13158 4.6288 0.74755 0.25245
700 0.57259 0.41027 0.16231 4.0886 0.71652 0.28347
800 0.62317 0.43137 0.19173 7.4865 0.69222 0.30767
900 0.67412 0.45457 0.219 5.4984 0.67432 0.32487
1100 0.78135 0.50847 0.26632 0.00657 0.65076 0.34085
1300 0.90028 0.56795 0.30495 0.02738 0.63086 0.33873
1500 1.03022 0.62643 0.33676 0.06703 0.60805 0.32688
2000 1.36112 0.74718 0.39526 0.21867 0.54894 0.29039
(b) [Ru(bpy}]**
assumed\vyy,, total intensity
cm? I 1493(T) | 1493(01) | 1481(02) | 1493(00) | 1493(01)/1 1493m) 11493(02)/1 1493
500 0.65646 0.57597 0.08049 1.85EL 0.87739 0.12261
600 0.71801 0.61399 0.10402 3.52688 0.85513 0.14487
700 0.77364 0.64516 0.12848 3.34686 0.83393 0.16607
800 0.82693 0.67399 0.15287 6.4265 0.81505 0.18486
900 0.87951 0.70247 0.17656 4.87&4 0.79871 0.20075
1100 0.98613 0.75899 0.22108 0.00606 0.76967 0.22419
1300 11 0.81196 0.26219 0.02585 0.73815 0.23835
1500 1.22315 0.85853 0.30042 0.0642 0.7019 0.24561
1.00 2500
ﬁ'E . .I‘ 2000
S 080 — B “m
o ~ L
S - LN
- 1" order~ . _ - 1500
S 060 — u £
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& B <~ 1000
2
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R 2 Otl1er hv.,cm”
1 deoeole?* | I .
0.00 MADA Figure 14. The dependence of the emreps for [Ru(BBY) on
0 500 1000 1500 2000 2500 component bandwidths. The reorganizational energies of the resonance-
1 Raman frequencies are 1.5 times the reorganizational energies of the
AVma m comparable frequencies for [Ru(Nbpy?". The bandwidths are, from
Figure 13. Variations of the amplitudes at 1493 cinof the first- bottom to top: 20, 100, 400, 700, 1000, 1500, and 2000'cm

order vibronic contributions (squares) and second-order vibronic ]

contributions (circles) to the spectra calculated for [Ru(gigy) The And interpolated for [Ru(NB)zbpy)]?,
contributions of the fundamental plus the third-order vibronic contribu-
tions are indicated by the diamonds. Based on rR parameters for [Ru- — _ —4
(bpy)]?* with vibrational reorganizational energies adjusted to be 50% Axeom = Axmag X (1 - (4.04+0.13)9Av,, x 10°7)
larger than those of [Ru(NgkbpyP+. (A4)

reorganizational energy associated with the distortion; it would ~ Since the rR data give good simulations of the emission
also result in an incorrect evaluation of the molecular structure spectra of [Ru(bpy}?™ and [Ru(NH)4(bpy)?*, they can be used
of the excited state. The modeling with rR parameters suggeststo evaluate and/or model aspects of the emreps in the region of
that the correction of emreps to a common bandwidth through the bpy vibrational modes. This use of the rR data to model the
the series of complexes for [Ru(bg}d" is given by emission spectra enables us to start with a set of known
reorganizational (or displacement) parameters and inquire how
Ao = Axmax(L — (3.274 0.09)3Av, | x 104 (A2) the information about excited-state structure is altered by the
variations in bandwidth, and how much information can be
extracted from the spectral analyses described herein. The issues
For [Ru(NF&)abpy*", of greatest concern to us are:(1) to what extent can the vibronic
envelope of an emission spectrum, evaluated as either a

Ax(corr) = Ax(max)(l — (4.89+ 0.17)0Av, 5| x 1074) (A3) difference spectrum or as an emrep, provide useful information
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about the excited-state distortion (i.e., about the actual contribu-

tions of the displacement modes) and (2) how quantitatively
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