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The effects of ligand perdeuteration on the metal-to-ligand charge-transfer (MLCT) excited-state emission
properties at 77 K are described for several [Rufpy?+ complexes in which the emission process is nominally
{Rulll,bpy—} — {Rull,bpy}. The perdeuteration of the 2;Bipyridine (bpy) ligand is found to increase the
zero-point energy differences between the ground states and MLCT excited states by amounts that vary from
0 + 10 to 704 10 cn1? depending on the ligands L. This indicates that there are some vibrational modes
with smaller force constants in the excited states than in the ground states for most of these complexes. These
blue shifts increase approximately as the energy difference between the excited and ground states decreases,
but they are otherwise not strongly correlated with the number of bipyridine ligands in the complex. Careful
comparisons of the [Ru(k{ds-bpy)?" and [Ru(L)(he-bpy]?t emission spectra are used to resolve the very
weak vibronic contributions of the-€H stretching modes as the composite contributions of the corresponding
vibrational reorganizational energies. The largest of these; 28 cnT?, is found for the complexes with L

= py or bpy/2 and smaller when £ NHs;. Perdeuteration of the am(m)ine ligands ({\En, or [14]anel)

has no significant effect on the zero-point energy difference, and the contributions of the NH stretching
vibrational modes to the emission band shape are too weak to resolve. Ligand perdeuteration does increase
the excited-state lifetimes by a factor that is roughly proportional to the excited-gpatend-state energy
difference, even though the CH and NH vibrational reorganizational energies are too small for nuclear tunneling
involving these modes to dominate the relaxation process. It is proposed that ligetadl skeletal vibrational

modes and configurational mixing between metal-centered, bpy-ligand-centered, and MLCT excited states
are important in determining the zero-point energy differences, while a large number of different combinations
of relatively low-frequency vibrational modes must contribute to the nonradiative relaxation of the MLCT
excited states.

Introduction blue shift will be approximately 210 cm if all of the charge

is localized on a single bipyridine (bpy) ligad®'3This suggests

that the shifts of the differences in zero-point energi®spe)

of the{ g,0b < {e,0} transitions that occur when the bpy ligand

js perdeuterated might be a relatively direct experimental
easure of the excited-state charge distribution.

The metal-to-ligand charge-transfer (MLCT) excited states
of transition metal complexes have long been of interest due to
their potential applications as high-energy electron-transfer
donors and/or acceptors and as useful models of Marcus inverte
region electron-transfer behavib® However, transition metal " o _ , " .
complexes characteristically have a large number of electronic In addltlor} to such variations in zpe S, the variations in other
excited states in a relatively small energy region, and configu- spectroscopic feature; that_result fro.m |sptop|c substitution have
rational mixing among these states often makes it difficult to Oftén been used to identify the vibrational modes that are
achieve a detailed understanding of their propeftiésEven coupled to the electronic tr?‘”sl't'oprsl’l’l}ﬂ and the kinetic
in such systems, one expects the changes in properties that arEeSPOnses to isotopic substltuyon have often proved useful as
induced by isotopic substitution to be useful as probes of Probes of the pathways for excited-state relaxatior:'®The
intermediate electronic and molecular structure and reaction N€arly 2-fold increase of the MLCT excited-state lifetime upon
pathways-2 For example, Yersin and co-workers have proposed CH/CD isotopic substitution in [Ru(bpyff*,**®or the some-
that the observation of a relatively small (40 chblue shift ~ What larger increase of lifetime upon NH/ND isotopic substitu-
of both the absorption and emission band origins following tion in [Ru(NHs)sbpy*,?° might be interpreted in terms of
perdeuteration of the [Ru(bpg}+ complex implicates extensive nuclear tunneling mechanisms involving only the highest
electron delocalization among the three ligands in the metal- frequency vibrational modes (€4 or N—H stretching modes,
to-ligand charge-transfer (MLCT) excited state and that a normal respectively). This is an attractive interpretation because rela-
coordinate-based model of the excited state predicts that thistively few quanta of excitation in these modes are required to

span the ground-state/excited-state energy gap. However, this
tWayne State University. interpretation requires some distortion of the excited-state

* Fu-Jen Catholic University. structure in the nuclear coordinates of the correlated vibrational

10.1021/jp055561x CCC: $33.50 © 2006 American Chemical Society
Published on Web 06/06/2006



Isotopic Probes of Ru(bpy) MLCT Excited States J. Phys. Chem. A, Vol. 110, No. 25, 200871

modes?t?2 and the accompanying high-frequency vibronic
contributions have not been reported in the resonance-Raman
spectra of either comple®:22 On the other hand, the reported
isotope effects may arise from differences in the zpe’s, the
combined effect of the smaller perturbations of a large number
of lower frequency vibrational mod¥sor some combination

of these mechanisms. If the isotope effects must be attributed
to the combined effect of a large number of relatively low-
frequency vibrational modé4,then a very large number of
relaxation channels are implicated in the excited-state decay (or
back electron transfef§.This would invalidate single vibrational
mode models for this class of Marcus inverted region electron-
transfer systems, and any model appropriate for such an electron-
transfer process will be correspondingly more complicated.

We have been using a carefully calibrated near-infrared
emission spectrometer to critically examine the relatively long
wavelength emission spectra of several classes of com-
plexest®20.2425The high quality of these emission spectra has

enabled us to search for the previously undetected contributions':liguref_l- Qu_alitaltivg poten:]ial err:er?y curves that iIIijs:]rate the ZﬁeCtS
- = . o of configurational mixing when the force constant of the excited state

of tge hblgh freqygncyh(egﬁor N-—H _stre;chlng.) \{lbratlonal fis less than that of the ground state. Dashed lines for the diabatic curves

modes by examining the differences in the emission spectra of 3y the{e,0} — {g,0} transition between them; solid lines for the

isotopomer¥ and, thereby, to address the relevance of these adiabatic curves and the transition between them. Configurational
modes to the excited-state distortions and nonradiative relaxationmixing of the two states increases the difference in energy between
rates. In this work, we compare the effects of isotopic substitu- them by Zsand it increases the zpe of the excited state while decreasing
tion on the properties of the MLCT excited states for a closely that of the ground state.

related series of [Ru(Ang)on(bpy)]?+ complexesif= 1, 2, or )
3: Am = NHj; or amine) which have a significant range of freqL_Jency C-H and N-H stretch_lng modes are too small to
excited-state energies. The vibronic parameters inferred from dominate the nonradiative relaxation channels of RuAMiyCT

the resonance-Raman spe&tia combination with the funda- ~ €Xcited states.
mental component for thigy,0} < {e,0} transition of the [Ru-
(NH3)4bpy?+ complex have been fitted exceptionally well to
the emission spectra obtained in frozen solutions at 77 K by A Materials. The ligands 2,2bipyridine (bpy) and ethyl-
using a Gaussian model for these contributions: the band shape&nediamine (en) were purchased from Aldrich and used without
is reproduced very accurately and the amplitude of the observedfyrther purification. The [14]aneNigand ([14]aneN = cyclam
envelope of vibronic contributions is about 10% smaller than = 1,4,8,11-tetraazacyclotetradecane), was synthesized according
that calculated? this is illustrated in Figure S% In general, to literature procedur®® The perdeuterated ligands-2,2-

we base the analysis of emission band shapes on the progresnipyridine (ds-bpy) was purchased from the Aldrich Chemical
sions of vibrational modes that correspond to the displacementsCo.

in those nuclear coordinates that describe the differences in  The complexes Ru@ixH,O (x < 1), cis-Ru(bpy)Cl,, and
ground- and excited-state molecular geometries. The compari-[Ru(|\||-|3)5(:|]c|2 were purchased from Strem Chemicals and
sons of the band shapes of this series of complexes areused as received; [Ru(bpylz also purchased from Strem
complicated by the very large electronic matrix elements Chemicals, was recrystallized before use. The complexes
associated with the allowed MLCT transitions in these com- [Ru(NHs)5(0sSCR)](0sSCR)2,2° [Ru(NHs)sbpy](PFs)2,3L 33
plexes Hge = 7000 cmi! for bpy;?” similar values ofHge and [Ru(NHz)2(bpy)](PFs)2,3133 [Ru(bpy)CL],3* [Ru(en)(bpy)]-
values of Heg > Y/3Hge have been obtained from Stark (PR),35 [Ru(bpyk(OsSCFR),],® and [Ru([14]aneb)bpy](PF)->
spectroscopy of closely related comple3@and the resulting were prepared and characterized by slight modifications of
configurational mixing between the ground (g) and excited (e) literature procedures as described elsewReRrofessor James
states, where the mixing coefficientdge = (Hgd/vmax(ans)/[1 R. Kincaid provided the initial sample of [Ruibpy);]Cl,. Other

+ (Hgdhvmax@ans)d¥3 this is qualitatively illustrated in Figure  inorganic reagents were reagent grade, organic solvents were
1. One experimentally observable effect of this configurational spectral grade, and water was deionized and distilled.

mixing is the attenuation of the vibronic sideband components ~ Am(m)ine deuterated complexes were prepared by dissolving
of the emission spectra as the excited-state energy decreasethe corresponding proteo-complex in@®and then precipitating

(i.e., asn decreases from 3 to #}. The complications that result it by adding saturated NaRIP,O solution to the mixture. This

from this configurational mixing can usually be addressed by procedure was repeated several times as described previ-
means of perturbation-theory-based arguments. The comparisonsusly153738 The [Ru(NH)s—2n(dg-bpy)]?" complexes were

are further complicated if there are differences in bandwidth prepared by the standard procedures referenced above. The am-
among the complexes, and corrections for this can be based or(m)ine and bpy perdeuterated complexes were characterized by

Potential Energy

Nuclear Coordinate, Q

Experimental Section

modeling of the variations in observable paramétarsing the IR spectra and byH NMR. In addition, the quality of the
resonance-Raman parameters reported for [RugBpyy* and perdeuteration procedure is illustrated by the clean separation
[Ru(NHg)4bpyJ?.28 The work described here indicates that the of isotopomer vibronic components as illustrated in Figure 2.
differences ofAzpe between the CH and CD isotopomérzpe B. Instrumentation. Routine emission spectra at room

= [Azpe(CD)— Azpe(CH)], of mono-bpy complexes vary from  temperature in the 566800 nm range were recorded on a SPEX
about zero to at least twice the value reported for [Ru@ply}° Fluorolog instrument and corrected for instrument response with

and it establishes that the excited-state displacements in the highthe correction file packaged with the instrument’s software or
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intensity at a frequencyy, can be represented in general form
9—42
el 14500,  |T—14720, 14730 2
+ 14530 3, 2 2
b _ 64.7'[4 Vmll Heg (A;ueg)
= l, =— o~ (FC) @
= 14590 ™ 3hc’In10 (4rikgT)
= 14180 |~
= 14110 1 wherey is the index of refractionyy, is the frequency of the
-§ 13980 | 1486014860 incident radiation,HeAuedhvm has been substituted for the
2] 1 iti i 41-43 ; ; ;
= 13930 14960. 14970 transition dipoleMeg, Hegis the electronic matrix element,
;5 13600 1 5216 15220 Aueg is the difference between excited-state and ground-state
o 13770 : dipole moments{s is the solvational reorganizational energy,
ﬁ 12290 13550 andc is the speed of light. On the basis of Gaussian band shapes
= 11460 and a wave packet model and for the contributions of a single
E j 130§0 vibrational mode, (FC) can be represented®o§t
e
y = . : ; ; FC)= S F. .[e 14G2n2/Avi) 2
10000 11000 12000 13000 14000 15000 16000 (FC) ZJ lvh[ ] 2)
hv,cm’ Sies

Figure 2. Emission spectra of [Cr(Ng§sCN](PFs)2 (black) and [Cr- Fn=— (3)
(ND3)sCN](PFs)2 (red) determined at 77 K in DMSOA® and DMSO/ b J!

D,0, respectively. The originE’?) of the emission bands, at 14 720

and 14 730 cmt, respectively, and the peak energies of the vibronic S = /'th/hvh

components are identified in the figure. On the basis of the isotope

induced frequency shifts, the [Cr(NHCN](PFs). peaks at 11 460, 00 .

13080, and 1393613 990 are assigned as—Mi stretching, NH G=E"—A4s—jhv, —hv, 4)
deformational, and GrN—H rocking vibrations, respectively; the peaks

observed for these vibrations are the result of the convolution of the We transferred the ASCI! files for the observed spectra to Excel,

contributions from several vibrational modes in each case. and further analysis was based on a Gaussian model for the
on a SPEX Tau-2 instrument (56850 nm range) with contributions of the fundamental and vibronic components to

. : the observed emission spectri@?. The differences in zero-

DataMax software. Routine UWvis spectra were recorded i ; 00 o
using a Shimadzu UV-2101PC spectrophotometer. For emissionPO!Nt energle_sEge, and th_e Iow-frequency reo_rganlzatlor?al
spectra in wavelength regions longer than 850 nm, we used aSnergy contributionss, \.N.h'Ch are asso_mat_ed with the redis-
Princeton Instruments (Roper Scientific) OMAV/INnGaAS array t”bUt'On of_charge, are difficult to de_termlne_ independently from
detector mounted on an Acton SP500 spectrometer. Details ofthe. emission spectra of species in solut[on. To evaluate .the
the procedures used are presented elsewhé?@he intensity emission spectra in terms of _the experlme_ntally accessible
responses of the Tau2 and InGaAs-based spectrometers wer arameters, we use () the full width at half-heighta rather
calibrated with respect to the intensity output of an Oriel Model anis and (i) the energy ,Of the maximum of the fgondamental
63358 Quartz Tungsten Halogen lamp with NIST traceable Component (%f the emission spectruMimaxp = Ege — 4s
calibrated intensity output. The wavelength response of the rather tharg,.. We determine the fundamentgl= 0) for the
InGaAs spectrometer was calibrated with respect to the Xe {€.0} —{g,0 transition from the experimental spectrum as a
emission lines of an Oriel Spectral Calibration lamp (model Gaussian functionl,,, with maximum intensitylmax at a
6033). Samples were prepared by dissolving the complexes infrequency ofvmaxy and full width at half-height of\vy, (the
butyronitrile, DMSO/HO (1:1) or DMSO/BO (1:1) and decpnvolutlon proceqlure is described elsewtfereand sum-
transferring the solutions to 2 mm i.d. cylindrical luminescence Marized below). The intensity of the fundamental at a frequency
cells. Glasses for the spectroscopic measurements were prepareiin 1S then
by immersing these cells in a liquid nitrogen bath in a quartz
Dewar secured with a Derlin holder. Only samples that formed lvm(f) = (s
good clear glasses were used in this study. Emission data from
the InGaAs spectrometer were collected using the WinSpec 1. Evaluation of the Fundamental Component of the
program. The sample cell and Dewar were aligned for each Emission Band. First, the observed spectral intensities were
experiment to optimize the signal. Optical filters were used to divided by the emission energy (see eq 1) and the intensity of
reduce the scattered laser light. Spectra were accumulated fothe maximum of the resulting spectrum was adjusted to 1.00
several independently prepared samples and for differentusing EXCEL. The resulting spectral data were then transferred
preparations for each complex. The sample spectra reported heréco Grams-32 for deconvolution of the Gaussian function
are the averages of 2010 spectral scans of two or three representing the fundamental. The Gaussian fits were con-
independently prepared samples. structed so thal,,,, matched the slope on the high-energy side

Luminescence lifetimes were determined by using a PRA LN of the experimental emission as closely as possible while
1000 nitrogen laser-pumped PRA LN 107 dye laser for sample accounting for most of the intensity of the high-energy
excitation and passing the emitted light through an ISA H-100 feature'®20.27.44This procedure is based on the representation
monochromator to a Hammamatsu 950 PMT (photomultiplier of the emission spectra as summations over Gaussian functions
tube). The PMT was coupled to a LeCroy 9310 digital corresponding to the fundamentpk 0) and vibronic progres-
oscilloscope and interfaced to a compufeBoftware for this sions in the distortion mode8.41:4546The 512 pixel InGaAs
system was written by OLIS, Inc. (Jefferson, GA). array-based spectrometer was configured so that the 512 pixels

C. Data Analysis Procedures. 1. GeneralThe procedures  of the detector approximately span a 75 nm spectral window.
that we used are described in detail elsewh&f&8The emission This results in approximately 0.2 nm or 0.3% uncertainty in

ef{ [N max@y—wml 7 (Avy22/4In2)} (5)
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the wavelength determined in each spectral scan. The corre-approach that we use is based on the differences in the emrep’s
sponding uncertainties in the energy determinations per scanof the respective isotopomers, that i8xfrr) — Axro) VS vk

of the [Ru(bpy)]?" and [Ru(NH)sbpy]?" emissions are ap-
proximately 35 and 25 cm, respectively. We have reduced
the former to about 18 cm by using second-order scattering
from the spectrometer in our energy determinations of [Ru-
(bpy)s]?t, and this intrinsic source of uncertainty was further
reduced to less than about 7 thby using the average of 20
40 spectral scans for each spectral determination.

2. Vibronic Contributions to the Emission Spectra in
Frozen Solution. When the distortionsa) in the vibrational

(R = C or N)15 However, the component bandwidths are a
major factor contributing to the amplitudes of the emref’s,
and corrections for the effects of differences in bandwidths must
be made for some interpretations of these quantities.

4. Corrections. The bandwidths found for charge-transfer
emissions in 77 K frozen solutions are largev(, = 600—
1100 cnmY), and our Grams32 deconvolution procedure inevi-
tably includes some or all of the contributions of vibrational
modes for whichlfymaxg — hvn) < ~Awvy, into our evaluation

modes that correlate with the difference in excited-state and of the fundamental. As a result, the spectrum calculated with

ground-state geometry are small/tw, < 0.1, wherel, = Yofy-
(an)? is the vibrational reorganizational energy for thth
vibrational mode), the first-order vibronic progressions can be
organized into the respective first-ordér, 1), second-order,
lho2), third-order,l, 3, etc. Gaussian contributiog? and
the intensity at a frequencym, can be calculated from these
components if resonance-Raman (rR) data are avaifable
|vm(ca|cd)’=‘ Ivm(f) + Ivm(O’l) + |Vm(o'z) + lvm(O’S) +.. (6)

3. Empirical Reorganizational Energy Profiles (emrep’s)
and the Search for High-Frequency Vibronic Contributions.
The intensity of a first-order vibronic contribution to the
emission spectrum (i.e., for any one term,, contributing to
eq 6) is given b§48

A
I max(n) = h_vh I max() (7)

In principle, a difference spectrum constructed agi) =
Lomexpy — lum@iy COrresponds to the envelope of vibronic
contributions to the emission spectrum; however, vibronic
contributions with very largéwy, (e.g., 2806-3200 cnr? for
C—H and N-H stretching frequencies) necessarily have very
small values oltmaxny This has led us to construct emrep’s to
facilitate the search for these high-frequency contributidfig°
The emrep’s are based on solving eq 7%grthey are generated
by multiplying the experimental difference spectrumtby =
h(Vmax(f) - Vm) or

I i
Ap= hvd( - ”’) ®

max(f)

where in principle |, iy = [lvmo1) T lim@2) T lim@z) + -..].
Since the functions contributing t4,, have significant band-
widths but are not Gaussian functions, the maxima in the
corresponding spectral representatiom, /s v4) will not occur

at the correct vibrational frequencies,). We make an ap-
proximate correction for this bandwidth effect, based on the
first-order vibronic terms, by substitutitgy, = 2(hvg) — [(hvg)?

+ (Av12)%4 In 2]V2 for hvg in eq 8 so that the reorganizational
energy profile is given by a plot af vs hvy,”1520where

L, i
Imax(f)
We have previously examined the implications of this
proceduré® based on a Gaussian model for the vibronic
components, eq 9, and the rR parameters reported for [R{4NH
bpy* 23 and [Ru(bpyj]>*.*4

In this report, we use emrep’s in the search for the contribu-
tions from the highest frequency vibrational modes. The

©)

the fundamental obtained from this deconvolution of the
observed spectra and the rR components is3%o too intense
(note that we normalize the observed intensity maxima to unity).
Thus, corrections for the differences in bandwidth must be made
to compare the variations in spectroscopic parameters of a series
of complexes. Similarly, all the parameters of interest, including
the observed bandwidth and energy of the deconvoluted
fundamental, can be represented as functions of the intrinsic
bandwidth, Av1,.2° The necessary corrections are readily
generated when rR parameters are availgb&ince such data
are not available for most of the complexes that we have
employed, we have used the corrections based on the rR
parameters reported for the [Ru(Bubpy]?" 2 and/or [Ru-
(bpy)]?t 14 complexe¥ which bracket the range of bandwidths
for the complexes reported here.

a. Energy of the Fundamental.The differences between the
values ofhwmaxiry Obtained by the Grams32 deconvolutions and
the corresponding zpe's are a function of the component
bandwidth. The modeling with the reported rR paraméters
suggests that the corrections can be expressed as a cubic function
of the bandwidth of the deconvoluted fundamental (see the
Supporting Information3é Correcting for the small differences
between the bandwidths of the different complexes used in this
study can be accomplished with simple linear functions of
Aviagin. Thus, for [Ru(NH)4bpyPt and [Ru(bpy3]?*, respec-
tively

MW iy = 17276— 0.0978%Av, 15 (10)

W maxiny = 12561~ 0.1316\v 5 ¢y (12)

The extrapolation tAvi¢y = O is possible in principle,
but the uncertainties that accompany the extrapolation are
considerable, and we have correcteehays to the narrowest
observed bandwidth for our comparisons. As a resutthax i
contains some reorganizational energy contributions from low-
energy vibrational modes for whidiv; < ~Av15com, SO that
hvmaxiy = Azpe — As. If these contributions are the same in
the isotopomers, then their differences Mmax.com Will
correspond to the differences Wepe. The small shifts in low-
frequency vibrational modes that result from perdeuteration of
the ligands may result in small systematic errors in the
evaluation ofvzpe for the deutereo- and proteo-isotopomers.
However, the values ofs are small € ~5% x hvmayg) if they
are the only contributions tav,,,) and they may be unimportant
in frozen solutions, so systematic variations in the valuek; of
are not likely to be important in the evaluations\@pe.

b. Bandwidth Corrections for emrep’s. We assume that
the second- and third-order reorganizational energy contributions
of the vibrational modes are very weakly dependent on isotopic
substitution and that the important bandwidth corrections of the
differences in the emrep’s in the high-frequency regintes (
> 2000 cnr?) of the isotopomers can be based on the first-
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TABLE 1: Spectroscopic Parameters for [Ru(Am)_x.(bpy)n]?™ Complexes

hvabs(max) hVem(max) hVem(max) th(max)1 [AVIIZ]y 77K Ax(Vx),
ligands (solvent® 298 K 77K {Wimax), [Avi/2], 298 K} 77K
21.9(d/w) 15.98 17.12 17.22[0.68] 1.16(1.49)
(bpy)s {16.53[1.64}
22.12(bun) 16.2 17.24 17.31[0.64] 1.05(1.50)
(en)(bpy) 20.2(d/w) 13.9 15.00 15.06[0.78] 1.00(1.50)
Py 20.4(bun) 14.35 15.26 15.28[0.80] 0.88(1.49)
20.4(d/w) 13.52 14.56 14.64[0.91] 0.99(1.53)
(NHg)2(bpy). 20.2(bun) 13.98 14.67 14.70[0.78] 0.86(1.49)
(py)abpy 22.6(bun) 16.85 16.87[0.81] 0.87(1.40)
19.0(d/w) 12.94 13.96 14.01[0.95] 0.85(1.44)
({14]aneN)(bpy) 19.5(bun) 13.38 13.99 14.03[0.89] 0.81(1.45)
(enb(bpy) 19.1(d/w) 11.81 12.82 12.88[1.03] 0.85(1.45)
Py 19.2(bun) 12.59 13.01 13.05[0.89] 0.78(1.45)
18.8(d/w) 12.02 12.09[1.11] 0.81(1.45)
(NHz)a(bpy) 19.0(bun) 12.37 12.42[0.92] 0.80(1.48)
(dg-bpy)s 22.15(bun) 17.27 17.34[0.64] 1.06(1.51)
(en)@ds-bpy). 20.5(bun) 15.28 15.32[0.89]
(py)a(de-bpy) 22.6(bun) 16.85 16.87[0.81] 0.86(1.42)

2 All energies in units of cmY10%. ® Solvent abbreviations: d/w DMSO/water; bur= butyronitrile.c DMSO/D,0. ¢ Trace amounts of O
may have been present.

order contributions; thus, for the amplitudes of the emrep solution emission spectra can be based\@H{l — neter?), and
maxima at about 1500 cm in butyronitrile for [Ru(NH)s- the parameters based on observations for the complexes
bpy?t (A1st= 570 cntl) and [Ru(bpyl]?" (Arst= 970 cnr1)20 discussed here are summarized in Tablé®%hd discussed
elsewher&? The values found fongaes? vary from 0.3 for [Ru-
0N (bpy)]?" to 0.7 for [Ru(NHs)4bpy?*.2° In addition, the ampli-

AV, =0.33 (12) tudes of the emrep’s will increase As1/, increased’
where we assume that Results
The issues raised by isotopic substitution require very good
A=At Agngt Az = spectroscopic resolution, and we have addressed this by careful
tw(l, oyt 02t @3t (13) instrumental calibration and the averaging of a large number
of individual spectra. As a check on our procedures, we have
and also examined the emission spectra of [Crgd¥EN](PFs)2 and
[Cr(ND3)sCN](PFs)2 (see Ryu et at” and Lessard et &f and
Asnry — Aoy = W1, 01y (NH) =1, 91(ND)] (24) the references therein) using the same conditions, techniques,

and procedures employed for the [Ru(Am)(bpyh]?" com-

Equation 12 implies a bandwidth correction of about (5.8 plexes in this study. The spectra of these complexes are shown
1074 x 9dAwvyp) in Asg for the [Ru(NH)4bpy2™ emrep’s. It is in Figure 2, and the following features are to be noted: (1) the
important to note that the vibrational reorganizational energy 0'0 bandwidths of the emissions are limited by our instrumental
inferred from the rR data for the vibrational modes with a resolution; (2) the differences E° for the two complexes (10
frequency of about 1490 cm is 2243 and 3974 cm™! for cm™Y) indicate that our estimates of the uncertainties of our
[Ru(NHs)4bpy?™ and [Ru(bpyj]?*, respectively, and that the  energy determinations are reasonably conservative; (3) the
first-order components contribute only 71% and 89%, respec- vibronic contribution of the high-frequency N\H stretching
tively, to the total emrep intensities near, ~ 1500 cnT?, with vibrations (not previously reported) is weak but readily resolved
the remaining contributions to amplitude arising from overlap- at 11 460 cm? (this “band” is relatively broad because it is the
ping second order and other contributiGAg hus, more than convolution of the contributions of the 15-NH stretching
half of the amplitude of the corresponding first-order emrep’s Vvibrations).
is a consequence of the finite bandwidths of the components Isotopic substitution alters the values of the basic spectro-
and the significant number of vibronic components with energies scopic parameters as summarized in Tables 1 and 2. The effect
of about (1490+ Avyp) cmL. of perdeuteration of the bpy ligand on the spectra and on the

c. Attenuation of emrep’s. The vibrational reorganizational ~ emrep’s of [Ru(NH)sbpyJ?* is illustrated in Figure 3 and also
energies of a series of complexes are expected to decrease a8 Figure S226 Perdeuteration of the bpy ligands results in
emission energies decrease as a consequence of their differencegignificant shifts of the observed emission band maxima of the
in ground-state/excited-state configurational mix#Ad® 5! and [Ru(Am)s—2n(bpy)]?* complexes as shown in Figure 4 and in
there should be a corresponding decrease in the amplitudes offables 1 and 2. These shifts correspondbomax differences
the vibronic sidebands that correlate with distortions in the high- in butyronitrile of 30 cn1? for [Ru(bpy)]?" and 56-70 cnt?
frequency modes and of the emrep’s consistent with the for [Ru(Am)bpy?*. The corrections ofAhvmaxy for the
observations on the [Ru(Am)an(bpyy]?" complexeg?24 For bandwidth differences of [Ru(bpyf¥* and the [Ru(Amybpy]**

a spin forbidden emission, one expects thaf < oge for the complexes are small-34 cnr! (based on egs 10 and 11), and
normalized mixing coefficients; fomge < 0.129:51 the corrected value\wmaxs = 46 and 67 cm?, respectively,

for (Am), = [14]aneN, and (NH)4) are within the limits of
A= A1 - Zotge2 - 2aeg2 +..)=A1 — na) (15) experimental uncertainties. In contrast, we were unable to detect

any differences in the emission maxima of the isotopomers of
Correlations of vibronic contributions resolved from frozen [Ru(py)bpy]?".
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TABLE 2: Effects of Ligand Deuteration on Spectroscopic Properties and Lifetimes of [Ru(Amd_,n(bpy)n]?™ Complexes

[Ru(L)]?* Ahvtgmax),” AAsgmaxng [hod, @ AAsgmaxcf [y, Knr, 77 K {knr, 298 K},
ligands cmt cmt (d/w)? cm (buny us* (solvent}
(bpy) 20+ 8[2800] 0.231.13 (d/w)
30+ 10 —30+ 1[2100] 0.134.3 (bun)
(CD—-CH)
(ds-bpy)s 20+ 1[1200] 0.1¢4.3 (bun)
—254 1[700]
(en)(bpy} 35+ 15 8+ 1[2600] 1.312.3 (d/w)
(en)ds-bpy). (CH—-CD) —8 4 1[1900] 0.6910.2 (bun)
(ds-en)(bpy} 20+ 10 8+ 1[1900] 0.666.2 (d/w)f
(ND—NH) —9 =+ 1[600] 0.4%9.0; (buny
(NH3)2(bpy). 7 + 1[2900] 2.925) (d/w)
20+ 10 —7 + 1[1950] 1.714.5 (bun)
(ND3)2(bpy). (ND—NH) 8+ 1[1300] 1.313.7 (d/w)
—6 + 1[500] 1.X13}(bun)9
(py)sbpy 30+ 10[2600] 0.15 (bun)
—10+ 5[2100]
(py)a(ds-bpy) 30+ 10[1100] 0.12 (bun)
—15+ 10[600]
(ds-py)abpy 0.13 (bun)
([14]aneN)bpy 14+ 2[2600] 1.5922.8 (d/w)
50+ 10 —14+ 1[1700] 0.97%19.G (bun)
([14]aneN)(ds-bpy) (CD-CH) 10+ 1[1100] 0.5214} (bun)
—10+ 1[600]
(enkxbpy 54+ 2[3800] 26(d/w)
10+ 10 -8+ 1[2100] 9.5(bun)
(ds-enkbpy (ND—NH) 15+ 1[1200] 8.4(d/wy
5.1{41} (bun)9
(NH3)zbpy 10+ 5[3300] 15+ 1[2700] 39(d/w)
70+ 10 —10 4+ 3[2300] —154 1[1900] 22(bun)
(NDs)sbpy (C—CH) 15+ 3[1400] 15+ 1[1200] 13(d/wY
10+ 10cnr?t —154+ 1[500] 5.§413 (bun)9
(NHz)4(ds-bpy) (ND— NH) 15(bun)

2 Solvent abbreviations: d/w DMSO/H,O except as noted; busi butyronitrile. ® Ahvimax = hvimaxy(RD) — heimaxy(RH); data from Table 1.
¢ AAxmaxN) = Axmaxnr) — Axmaxnoy @ vx = high-frequency maximum amplitude of the emrep differeffe®Axmaxcy= Axcry — Axco). Fdiw =
DMSO/D:O. 9 Trace amounts of D may have been present.

hv
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Figure 3. Emission spectra (a), difference spectra (b), emrep’s (c), and emrep differences (d) for the [BRti(lapg) [Rus-bpy)]>+ isotopomers,
black, and the [Ru(NEjsbpyF™ and [Ru(NH)4(ds-bpy)I?+ isotopomers, red; solid lines for bpy and dashed linesdfdrpy complexes in ac.

The apparent blue shifts of the fundamental that result from complexes are very small and too close to our detection limits
the perdeuteration of am(m)ine ligands of the tetraam(m)ine (about 10 cm?) to be reliable; the blue shifts for the diaam-
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and the uncertainty is correspondingly larger than that for the
other complexes. These contributions and the limits that our
1.00 observations place on the values of the reorganizational energies
of the high-frequency vibrational modes are summarized in
Table 2.

The contributions of the NH stretching modes are much
smaller and not significantly greater than the limits dictated by

1.00 4

Intensity
o
&

s the uncertainties in,, ) and the signal-to-noise limits of the
spectroscopic experiments (including the detector sensitivity,
reproducibility of glass quality, optical alignment, etc.), and our
observations can only be used to set upper linfit&,( < 5—-10

R 0.96 I cm! for vy = 2800-3200 cnt?) for those contributions.
17100 17200 17300 17400 12300 12400 12500 Our modeling of the emission spectra based on rR parameters
Emission Energy, cm’ demonstrates that the amplitudes &fc-+y and Axn-n) are
Figure 4. Variations in the energies of the emission maxima of the UPPer limits and the corresponding vibrational reorganizational
de-bpy (gray lines) antls-bpy (black lines) isotopomers of [Ru(bgl?, energies must be smaller than these quantities by a large actor.

top, and [Ru(NH)sbpy?*, bottom. The spectra were obtained in We can also set a lower limit for the average of theHR
butyronitrile solutions at 77 K and normalized to unit intensity. An stretching modes ofieH)ave = 2 cnT L and @nn)ave = 0.8 et
energy range of 300 crh centered on the emission maximum is  hased on the numbek)(of R—H stretches since, for infinite

displayed in each panel. The percentage of fgbpy)]?" in the . . .
butyronitrile solutions is from left to right in the top panel: 0 (solid bandwidths (of\v1, much greater than the maXILnum difference

black), 33 (black dashes), 50 (black dots), and 100 (gray). between the €H stretching frequenciesp\Ax = S« (Arn)k.
These small amplitude, high-frequency vibronic components

would be very difficult to detect in the rR experiments.
(m)ines are slightly larger (about 20 c#). On the other hand,

perdeuteration of either the am(m)ine or the bpy ligands does Discussion
increase the lifetimes of the corresponding MLCT excited states.
These isotope effects are small but reproducible and statistically
significant. The observations are summarized in Table 2.

We have been able to detect very weak, but well-resolved,
high-frequency GH vibronic components in most of the
complexes; for an example, see Figure 3. In contrast, the
apparent N-H contributions (at about 3000 cr) are not
significant compared with the signal-to-noise limitations of our
data. The plots oAAxrH) = [AxrH) — Axwrb) VS hvy, as
illustrated in Figures 3 and $2 have reasonably well-defined
peaks of alternating positive and negative amplitudes in the
range oftwy expected for R= C but not for R= N stretching
frequencies. Furthermore, the ratiolofmax), for the positive
peak energy maxima, tbvymin), the peak minima (i.e., for
AAxrmy < 0), for R= C is approximately (2)2, as expected.
The evaluation of the apparent peaks Withmaxy < ~2000
cmtis complicated by the sums of the effects of deuteration

The perdeuterations of the ligands of the [Ru(Am)bpy)]>+
complexes have significant effects on their emission spectra and
lifetimes. The most striking effect is the-3 times larger blue
shift in hvmax) for the [Ru(Amybpy?t complexes than for the
[Ru(bpy)]?t complex on perdeuteration of their bpy ligands
(Figure 4). This is qualitatively consistent with the predictfon
of a greater blue shift when the electron is localized on a single
bpy ligand than when it is “delocalized” over three. However,
the lack of a detectable blue shift for either tiyepy or dg-bpy
isotopomers of [Ru(pybpy?" indicates that a simple “delo-
calization” mechanism cannot be correct and that several factors
must contribute to the emission band origins. Different inter-
pretations of the blue shift have significantly different implica-
tions for the properties of the excited state, as, for example, in
the kind of mechanisms that should be considered for the
excited-state nonradiative relaxation processes. Thus, it is likely

he l ‘ b Lelotal mod h K that the isotopomeric blue shifts, the differences of ground-state
on the lower frequency bpy skeletal modes. The apparent peaks;, excited-state vibrational force constants, and the small

at about 100Gt 200 chl_m the plots ofAAxcr) vs vy may vibrational reorganizational energies of the-8 and N-H
correspond to a CHbpy vibrational mode (or modes) reported  \iprational modes all contribute to the effects of isotopic
at about 1000 crmt.? As discussed elsewhetthe uncertainties g pgtitution on the MLCT excited-state lifetimes. However, a
in Ay become very large below about 500 thwherel,(exp very complicated model of the MLCT excited states is required
is roughly comparable with, . While the profile differences 5 accommodate these several observations and a quantitative
in Figures 3 and S2 demonstrate that there are high-frequency,ccount of the isotope effects remains elusive.

C—H stretching mode contributions to the emission spectra, the 1 gjye Shifts of Vzpe upon Ligand Perdeuteration: Issues
amplitudes of the\,cr) are very small § Aycry ~ 10-20 et Related to Differences in Vibrational FrequenciesThe blue

for vy = 2600-2900 cnT?) and they are only resolvable by  ghjfts of Vzpe observed for the CH/CD isotopomers imply
averaging many (20 or more) very good spectra. We have smaller force constants of some vibrational modes in the MLCT
estimated the maxima and minima Af\xrw) USing Gaussian  excited state than in the ground state (GS), consistent with the
functions in Microcal Origin. Since the maxima AfAych) are antibonding character of the bpy LUMO and with the ap-
less than 10% of the amplitudes of profiles at comparable preciable ligand distortion accompanying the transfer of charge
energies, the uncertainties in our estimates are large (betweerfrom the metal to the ligand. However, this tendency of bpy
5 and 15 cm* depending on the spectrum; see Table 2). We skeletal modes to have smaller excited-state force constants will
have averaged the apparent value\qtw) and Axcp) for all be opposed to some degree by the tendency of the #iggand
complexes except [Ru(bpy¥* in Table 2. The large amplitude  skeletal vibrational modes to be larger for d'Reenter (MLCT
noise athwy ~ 2500-3500 cn1? in the spectrum of the latter  excited state) than for a Rwcenter (GSJ? The blue shift of
complex results from noise from the calibration lamp in the the fundamental of the [Ru(bpy§™ emission in 77 K glasses
1350-1450 nm range (used for the second-order spectrum of that results from CH deuteration &wmaxn = 30 + 10 cnT .

the complex); consequently, we have used the amplitude of theThis agrees to within one standard deviation with the value of
negative peak at about 2800 cthto estimateAcr) = Axco) 40 cnt! reported for the blue shift aAzpe in this complex at
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80 - mixed states. In addition, configurational mixing changes the
" shapes of the PE surfaces, and this will also change the force
constants; howeveryzpe is a function of the difference in

\ vibrational frequencies and consequently of the square roots of
o 0 1 kN the force constants. The general pattern for the changes in shapes
i \ _ of PE surfaces that result from configurational mixing in a two-

L state limit is that the lowest energy surface will be broadened
and the higher energy surfaces will be narrowed (see Figure

40 \
- \ n ] 1). Opposed to this is the tendency of configurational mixing
4

1
(5]

to average the properties of the two states. Since the force

constant is given by the second derivative of PE with respect

to the configuration coordinate, the general effects of the changes

in shape are to decrease the ground-state force constant and to

increase the excited-state force constant. An instructive example

N is provided by the configurational mixing of the ground state

. and an excited state with a single distortion mode for which

\ the frequencies in the diabatic limit argq) andveq) respec-

L 5 N tively, whereve) < vga), and for the mixing coefficients at the

20 1 PE minima withaed < ogé. This is qualitatively representative
10000 hv 15000 20000 of the effects of mixing any two states Bmpe, and for thécth

a1 distortion mode, it can be expressed as

Vzpe, cm’

20 — TN

Figure 5. Correlation of the differences df/max) for the dg-bpy and
hs-bpy isotopomers wittwmaxy for [Ru(NHz)sbpyPP*, 1; [Ru([14]-

1 VIS N

aneN)bpyP*, 2; [Ru(en)(bpyj?*, 3: [Ru(bpy}2*, 4; [Ru(py)bpyl*, (Vzpe) ~ 1,00 [vye(1 — T504e)

5. The filled squares are values ¥gpe from Table 2, and the open L ) h ) ,1e z}'g
diamonds arevVzpeh (per bpy). Least-squares line (dotted): slope v (1— "o +o0,-3v, Q. ——V -
—0.014+ 0.001 and intercept 242 35 cnt™ (2 = 0.92). e(of = Talteq I 0| Varaftee 7y e 7 [

(16)

. . 10 .
g e’?&guﬁgﬂ? ghngfstﬂlédélﬂg%egg]i l;t’;;gif;gﬁ::ﬁi%rgpy . Sge the Appendix. and the Suppor‘tipg Informg&‘?dor further
(50 + 10) to (70+ 10) cnT?, are qualitatively consistent with etails. In eq 169y is the average difference in the ratios .of
the larger value ofvzpe predicted when the excited-state the frequencies for the deutereo- and proteo-lsotop/omer vibra-
electron is localized on a single B¥and with some attenuation ~ tional modek (for a C—H or N—H stretch 0 = [1 — 2717 the
of the effect as a result of configurational mixing with the ground iSotopomers are assumed to have identical mixing coefficients).
state. However, Figure 5 indicates that the difference between The correction terms that have been retained in eq 16 are the
the fundamental component energies of the emission bandssimplest consequences of configurational mixing, and none of
Ahvmax, Of the dg-bpy and hg-bpy isotopomers increases —these terms contributes whegg) = vy andaes” = oge. The
systematically abvmax(r decreases and the blue shifts observed terms in the first set of braces in eq 16 can be interpreted as the
for the mono-bpy complexes span the full range of the result of averaging the frequencies of the two states, and the
observations. Consequently, there are serious problems withterms in the second set of braces can be attributed to the changes
simple interpretations of these variations in the isotopomeric of shape of the PE surfaces. Even in the limit that the diabatic
emission band origins: (a) the lack of a significant effect of excited and ground states have the same force constants and
perdeuteration of either the py or bpy ligands of [RugbpyP* mixing coefficients, there will be terms that contribute to
(Table 2) is very difficult to reconcile with extensive electron differences in excited-state and ground-state frequencies as a
delocalization among these ligands; (b) the detailed consider-result of the effects of configurational mixing on the shapes of
ation of the effects of deuteration on the Raman active the PE surfaces (e.g., see Figure 1 and egs 17 and 22). When
vibrational mode¥' suggests very complicated contributions to Ve) < Vo) the increases g and ag with decreases in
Vzpe (see below); (c) simple, two-state perturbation theory
treatments of the mixing of diabatic ground and excited
electronic states are not consistent with the observed trend . . .
(section 2 below); (d) the electrochemical properties of the _Thu_s, while the r!egatlve va_Iues _@fzpe_lmply that some
complexes are dominated by mixing with the ground state vibrational frequencies of the diabatic gxcned state are sma}ller
(section 2 below). than tfgogef of the.?r((j)urtldts';ate, ar;d \;lee PEfsurfat(?e dllstort|pns
2. Blue Shifts of Vzpe upon Ligand Perdeuteration: expected for exciied-state/ground-state configurational mixing
Possible Contributions pof (?onfigu?ational Mixing. The (Iargerfpr [Ru(NH)abpyF* than [Ru(bpyi]*) should Increase
distortions characteristic of the limit in which a full unit of the exglted—.state frequencies, t,he frequencies of the ground-
charge is localized on the bpy ligan@, = a (for a general state distortion modes reported in the rR spectra of [RujNH
distortion coordinate such th@= 0 in the GS), will be altered ~ PPYF* ?° are generally smaller than those of the [Ru(BY)
by configurational mixing with the ground state and with Complexi* These differences are greater than 10 &rfor a
electronic excited states. Configurational mixing will tend to few vibrational modes: for [Ru(bpy* vibrations at 1563,
reduce the differences in the properties of the ground and excited1491, 1320, 1043, and 283 cty the differences (subtracting
states, and the effect on variationsAdfrmax can be discussed  [RU(NH3)4bpyF" frequencies) aré, = 15, 10,—11, 16, and
in terms of the mixing some of the upper state character into 35 cnt?, respectively. The variations in the frequencies of the
the lower state (and vice versa) and this can be expressed inground-state modes with configurational mixing can be ex-
terms of charge delocalization between the configurationally pressed as (see the Appendix for more details)

max(® Should decrease the blue shift of the zpe, contrary to
our observations.
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1 5 1 ) 4/19 Ve(d) 2 -1.2 i \“
Vota)”™ Vg(d{l T 2% T3 % (1 CEX 47, (mm) \ HEEAN
a7 A3 = -
L LN
Thus, the differences in at least some of these frequencies are 3 - Y
consistent with (@pfe@yve@] < 1, (b) the averaging of ground- @ L4 = N w3
state and excited-state frequencies being a more important result s L \ Ey
of configurational mixing than are the changes in shape of the i B
PE surfaces, and (c) greater MLCT/GS configurational mixing iR
for the tetraammine complex than for [Ru(bgy). If the z L ‘s
differences in the frequencies of the ground-state distortion < B \
modes that are associated with the bpy ligand (excluding the = L6 6.‘\\
1320 and 283 cmt modes) arise from MLCT/GS configura- L 7' \
tional mixing, then the observed differences and parameters in L l . l l N,
Table S1 suggest that these excited-state frequencies differ from '1'74.00 450 500 5.50
those of the ground state in the diabatic limit by approximately [hV, ] s cm X 10

50-500 cm. That the observed differences are smaller than rigyre 6. Correlation of the half-wave potential for reduction of bpy
these estimates may be the consequence of the opposing effegh [Ru(Am)z-s(bpy)]2* complexes with the inverse absorption maxi-
of the changes of shape in the PE surfaces. However, themum for Am: py, 1; bpy/2, 2; (en, bpy)/4, 3; (NHbpy)/4, 4; ([14]-
uncertainties in the values v are very large so a more  aneN)/4,5; en/2, 6; NH, 7. The correlation is based &h.(bpy/bpy’)
quantitative evaluation is not appropriate. = Evz*(bpy/bpy’) + &5, wherees ~ Hod'/Eqe Least-squares line: slope,

That am(m)ine perdeuteration results in very small or —0.38+ 0.05 V cmx 107, intercept, 0.4+ 0.2 V (* = 0.92).
negligible blue shifts ofzpe may be a consequence of opposing
shifts of the metatligand skeletal vibrational modes and the If this difference is attributed to the differences in GS/MLCT
N—H modes: the vibrational frequencies of the former tend to configurational mixing, then eq 16 implies that the correspond-
be larger for RY than for RY while the reverse is the case for  ing excited-state vibrational frequency is much smaller, and the
the latter®® Distortions in both the Ru-bpy and bpy-centered observation that the rR spectra frequencies of a mdigdand
skeletal vibrational modes will contribute to the observed skeletal mode are smaller in the excited state may suggest
vibronic structure of the emission spectrum, but their effects configurational mixing among the excited states, but the
on Vzpe will tend to be opposed. The apparently larger blue implicated states are probably not MLCT excited states.
shift found to result from NH perdeuteration of the diam(m)- An additional important consequence of configurational
ine—bis-bpy complexes than of the tetraam(m)imaono-bpy mixing is to decrease the energy of the lowest energy &tate;
complexes may arise from the different combinations of metal see Figure 1. If there were extensive configurational mixing
ligand motions that contribute to the normal vibrational modes among the MLCT excited states of [Ru(bglf), then the
and the larger contributions of some mode that weights motions LUMO of this complex should have a relatively low energy
along one coordination sphere axis differently from the others; compared with other complexes in the series. Insofar as the
for example, such a motion would be a tetragonal stretch (the reductions of the [Ru(Amg)-on(bpyh]?" complexes are a mea-
tag stretch in an octahedral complex). That the different charge sure of LUMO energie®; Figure 6 indicates that the variations
distributions of the ground and excited state should result in in these energies are almost entirely attributable to the desta-
increases in some force constants and decreases in others is ndfilization (e ~ 04?Eqge) that results from configurational mixing
surprising, but it makes the quantitative interpretation of the with the ground stafé and that MLCT/MLCT configurational
variations inVzpe very difficult. mixing has little effect.

The smalleivzpe found for [Ru(bpy]?* than for [Ru(NH)4- There are low-energy excited states in these complexes, in
bpy?™ might be attributed to smaller force constants for some addition to the MLCT states, that could contribute to aspects
vibrational modes in the excited state than in the ground state of the observed properties and the most obvious of these are
and an effect of configurational mixing between the MLCT (a) a metal-centered, low-energy ligand field excited stafe
excited states that reduces this difference in the foffiéthis and (b) a ligand-centered—n* excited state. Thus, [Rh-
were the case, then perturbation theory arguments indicate tha{NH3)g]3", which is isoelectronic with [Ru(Nkjs]>", has a broad
the PE surface of the lowest energy MLCT excited state should emission band centered at about 17 000 twith an origin at
be broadened (i.e., smaller force constants) along any distortionabout 21 000 cmt; this emission is assigned to the lowest
coordinate that is correlated with the bpy/bmlectron transfer. energy triplet ligand field excited state.Due to the charge
Consequently, only the vibrational distortion modes that cor- difference, the ligand field excited states of'Rhre expected
relate with Ru/bpy electron transfer, but not with bpy/bpy to occur at higher energies than the corresponding states'of Ru
electron transfer, could result in a smaller blue shiffVinpe and the lowest energy ligand field absorptions of these
for [Ru(bpy)]?". The metat-ligand distortion modes might be  complexes have their maxima at about 32 500 and 26 500,cm
implicated, and the rR spectra do indicate that the displacementsrespectively?$-5” This suggests that tif&F excited state of [Ru-
in the Ru-ligand skeletal modes are larger for [Ru(jH (NH3)e]2" should have its origin in the 15087 000 cnt?!
bpy?t 22than for [Ru(bpy)]?t,14 consistent with their different ~ energy range. The largest energy contributions of the ligand
contributions to the MLCT excited states of these complexes, field transitions in thesd® complexes arise from the differences
but the differences in these modes are not readily attributed toin the electronic pairing energy and from the energy differences
MLCT/MLCT' mixing. Furthermore, the transfer of charge from of the dr and dr orbitals or 10Do= 30 — 47, whereo, and
the metal is expected to increase the frequencies of most of ther, are the respective orbital energy parameters of the angular
metak-ligand vibrational modes, and this is not always the case; overlap model (AOM) determined for the ground-state nuclear
for example, the 283 cmt mode in the [Ru(bpy)?* 4 ground coordinate$’~%° The o, parameters are usually approximately
state is apparently shifted to 248 chin [Ru(NHz)sbpy]?.23 the same for the am(m)ine and pyridyl ligands, but the
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parameters, usually taken as zero for am(m)ines, are found to 4. Contributions of the High-Frequency C—H and N—H

be significantly negative for pyridyl ligand8:5° Thus, for [Cr- Stretching Modes. The isotopomer emrep’s indicate that the
(bpy)]®*, the AOMm. parameter (per N) has been found to be vibrational reorganizational energies are very small for theHC
—250 cnr1,80and ther, parameter for [Ru(bpy)?" is expected and N-H stretching modes. Since titg amplitudes are always

to have a larger (negative) amplitude. This suggests that thelarger than the amplitudes of the vibrational reorganizational
3LF state energies are only a few thousand wavenumbers largeenergy components whexv;, is comparable to or greater than
than the’MLCT energies and that tH&F excited-state energies  the differences in the vibrational energies of several distortion
will approximately track the variations MLCT energies in modes?? and since there are 8-@H stretching modes in bpy
the [Ru(Am)—_an(bpy)]2™ complexes. ThiSLF excited state is and 12 N-H stretching modes in the tetraammine, the observed
tetragonally distorted (alongey configurational coordinate in ~ Acy andAny amplitudes are greater than the amplitudes of any
the octahedral complex¥,with some relatively weak metal of the respective vibrational reorganizational energies but smaller
ligand bonds, and configurational mixing with this state would than the sum of the individu@aky amplitudes of all of the €H
result in both an increase in the metéigand distortion of the or N—H stretching modes, respectively. Thus, for the average
SMLCT excited state and reductions of the corresponding force of the vibrational reorganizational energies amplitudes:>25
constants. Such configurational mixing might account for some (Acn@v)/cm™t > 3 and 5> (Annay)/cm™t = 0. The estimates

of the variations in blue shifts and of the vibrational reorgani- of Acy are significantly larger for [Ru(bpy)?* than for [Ru-
zational energies of the low-frequency distortion modes. Un- (Am)4bpy?™ consistent with the attenuation expected on the
fortunately, there is no direct experimental information available basis of eq 15. The very small displacements implied by the
concerning the energies of th&F excited states in these values forAgry indicate that the high-frequency-& and N—H
complexes. It may also be relevant that there is an intensestretching modes do not contribute significantly to the MLCT

absorption in the Rabpy complexes at about 34 000 chthat excited-state properties.

is assigned to a—sx* transition and that configurational mixing 5. Kinetic Isotope Effects on MLCT Excited-State Life-

with such local electronic states has been considered totimes. Most models for excited-state nonradiative relaxation
contribute to the intensities of charge-transfer transittéi$us, assume that the force constants of the ground and excited state

configurational mixing with ther—s* excited states might also  are the same?1.2261.62The Vzpe’s found in this study and the
be a factor in the variations of MLCT excited-state force above discussion indicate that this is not the case for the

constants. [Ru(NHz3)s—2n(bpyh]?" complexes, and the differences may be
3. Blue Shifts of Vzpe upon Ligand Perdeuteration: very large for some of the vibrational modes, especially since
Implications for Models of Excited-State Properties. The it appears that the force constants increase for some modes in
striking differences in the blue shifts &hvmax for the CD the excited state while for others they decrease. Consequently,
and CH isotopomers of the [Ru(pipy]*", [Ru(bpy)]?", and models that assume identical force constants cannot be correct.

[Ru(NH3)4bpy?™ complexes demonstrate that their MLCT In addition, the use of the observed values\af; (or estimates
excited states cannot be described in terms of a simple two-of Arn < Armn), Which is equivalent to the use of a single
state model involving a single Ru/bpy chromophore and that it distortion mode model in a typical rate constant expression for
is likely that configurational mixing among several of the nuclear tunneling
molecular electronic states must be considered for a useful
description of these systems. In addition, the obsefgge’s Emax()
indicate that there are appreciable differences between the Ko = A€X R
ground-state and excited-state force constants for some vibra- X
tional modes. For exampléy in eq 16 varies from~0.02 for Vx = IN(EpaxpfA) — 1 (18)
the bpy skeletal vibrational modes in the 1495608 cnt! range
to ~0.2 for the 1264 and 1043 crh modes.* Thus, if the underestimates the relaxation rate constant b9 #rders of
zpe’s were represented by a single bpy skeletal modewyiih magnitude, depending on the complex and assumptions about
= 1500 cn! (equivalent to a single mode representation of A, and it overestimates the isotope effect (see also the previous
the vibronic structure of the emission), then to accouninpe discussions of these issué&f® Nevertheless, there are some
=30 cnTY, ve(@)~ 100 cntt and forvzpe= 70 cnT?, ve) ~ important implications of these observations.
0 cnm L. Itis obviously more likely that several distortion modes If the high-frequency €H and N-H vibrational modes made
have different (larger or smaller) ground- and excited-state force the predominant contributions to the MLCT excited-state
constants and that the net effect ¥mpe corresponds to a sum  relaxation channels, then one would expect the effect of
of the terms in eq 16 over all the small contributions of many perdeuteration to be largest for the high-frequency modes with
distortion modes. the largest vibrational reorganizational energies; that is, since
It appears that several factors may contribute to the variations Acy > Ann, 0ne would expect a larger isotope effect for bpy
in the Vzpe’s and the frequency differences of ground- and than for am(m)ine perdeuteration. That the opposite order is
excited-state vibrational modes. Thus, the differences in the observed is evidence that these vibrational modes are not major
extent of GS/MLCT configurational mixing through the series contributors to excited-state relaxation; nevertheless, some
of complexes must give rise to some of the variations in the contribution is possible in combination with other vibrational
frequencies of the distortion modes such as those found for mostmodes. Thus, Kincaid and co-workers have rationalized the
of the bpy skeletal modes in the rR spettraince it mixes different lifetimes of the isotopomers of [Ru(bg}d" in terms
more of the excited-state character (here, smaller vibrational of the combined second-order effects of CH/CD substitution
frequencies) into the ground state as the energy differenceon the bpy skeletal modé$Since the isoenergetic crossing from
between the states decreases, as shown in eq 16; however, Figuthe MLCT excited state into such relaxation channels of the
5 suggests that the opposite trend in vibrational frequencies isground state corresponds to at least 7 quanta of excitation in
dominant in the variations iivzpe. Several lines of evidence the bpy ligand skeletal vibrational modes and since a large
suggest that an important factor contributing to the latter is number of distortion modes are implicated by the high-
configurational mixing between tILCT excited state and a  resolution, low-temperature spectroscbyand by the rR
slightly higher energyLF excited state. spectroscopy+23there are vast number of different relaxation



7980 J. Phys. Chem. A, Vol. 110, No. 25, 2006 Chen et al.

1.50 v The careful comparison of emission spectra of the isoto-
A pomers has permitted the resolution of very small in amplitude

AN C—H vibronic components. In contrast, the—N vibronic
- contributions to the emission spectrum are too weak to resolve
1\ o, (Anw is probably less than 2 crihfor the N—H stretching modes

” of the [Ru(NHk)sbpy?" complex). Such small vibrational
1.00 — A reorganizational energies lead to very small contributions of the
\ highest frequency vibrational modes to the excited-state relax-
ation rates in single mode/single relaxation channel models, and
r \ this suggests that the lifetimes of this series of complexes are
4 g determined by the following: (1) the sum of the very small
contributions of a very large number of excited state relaxation
0.50 — AN channels, each corresponding to the population vibrations that
1m AN are combinations of a large number of generally different
ground-state modes and (2) factors related to the differences

i 7.\'\ 6 between the ground-state and excited-state force constants.
\
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Figure 7. Correlation of Inkru/krp) With hvmag for R = C in a sample of [Rufg-bpy)]>".
butyronitrile (filled squares): [Ru(NpubpyF*, 1; [Ru([14]anel)bpyPT,

\
0 00 | I | I Il I Il | M |
10.0 12.0 14.0 16.0 18.0 20.0

"V em™ x 107

4; [Ru(bpy}]?t, 6; [Ru(py)bpylt, 7. For R= N: [Ru(NHs)sbpyJ", Appendix

1; [Ru(en)bpy?™, 2; [Ru(NH)2(bpy)]?*, 3; [Ru(en)(bpyj]?*, 5. Least

squares line (dashed; omitting the point for [Ru(itis-bpy)**): Effect of MLCT/GS Configurational Mixing on the Force
slope, 00.77t 0.02 cm! x 105 intercept, 3.3+ 0.4 (2 = 0.91). Constant and the Zero-Point Energy.Configurational mixing

) o will tend to mix the ground- and the excited-state force
channels, each composed of a different combination of theseconstants, and a single mode arguriist useful to illustrate
dlstortlon_modes. Consequently, it is likely that.son)e wbrauongl the effects of configurational mixing. The effects of configu-
modes with larger quanta but smaller reorganizational energiesyational mixing on vibrational frequencies, and thereby on zpe’s,
are incorporated into some of these relaxation channels. In this 5 pe interpreted in terms of changes in the distribution of
regard, it is interesting tha/kno is approximately propor-  gjeciron density and/or changes in the shapes of the PE surfaces.
tional to the number of NH moieties Wh”’eN;‘ IS very closeto  These issues are most readily addressed in terms of the effective
zero and that, except for [Ru(NJ(dg-bpy)[”, the observed  ¢5:ce constants since in the sho limit the second derivative of
isotope effects decrease exponentially with an increasing yhe pg function, evaluated at the PE minimum, is equal to the
excited-state ground-state energy difference (see Figure 7).  ¢5100 constant. Thus, for a two-state system initially assume

Since am(m)ine perdeuteration will not have a significant 4t the distortion is in a single vibrational mode with a ground-

effgct on ':h_e wbranc;Pal frequenrﬁ:les .OL tk;]e bpy Ilganld, tge state force constar§ and an excited-state force consténta
substantial isotope effects, together with the issues related t0, joar coordinate® = 0 for the ground-state PE minimum

thevzpe's discussed above, implicate contributions of some of _ _ . Q = a for the excited-state PE minimum, ar@;’ the
the low-frequency Ru-am(m)ine skeletal vibrations and possibly . . .
L N . C zero-point energy difference between the excited- and ground-
also contributions of the NH vibrational modes in a significant - o _ 1 5 o
state PE minima. TheWy® = Y,fgQ? andVe® = Yofe@(Q —

number of the relaxation channels, even though the former have 00 , ;
a2 + Ege (the subscript d designates parameters before

very small vibrational quanta and the latter have very small . e > . ; ; .
vibrational reorganizational energies. c_onflg_uratlonal m|X|_ng): Itis convenient to define the respective
vibrational reorganizational energies/as= Yfg@@? andie =
Conclusions Yofe@@? and a reduced coordinage= Q/a, so that the adiabatic
PEs aréb
Perdeuteration of the bpy ligand in [Ru(Agnn(bpy]?"
complexes results in much larger blue shifts of the emission V=2 +e
fundamental whem = 1 than whenn = 3, qualitatively in 9 9 -
agreement with the prediction of YersihHowever, perdeu-  and
teration of the ligands of [Ru(py)py]?™ does not result in a )
measurable shift of the emission maximum oh@fax. V=20 + €, (19)
In contrast to the shifts observed in the same complexes
following perdeuteration of bpy, the perdeuteration of coordi- wheree. = 1/,& & 15[£2 + 4hZ Y2 and& = Ve° — Vy° = ALG?
nated am(m)ines leads to small or no blue shift¥ape in this — 20eq + de + Egs Then, foroge andaeg less than 0.1 and
group of complexes and this suggests that there is a cancellation=00 -, (Hge, Ag, OF A6)26
of the effects of vibrational modes whose force constants are 9 e
larger (associated with oxidation of the Ru donor) in the excited 2
state and those whose force constants are smaller. Some of this ~f (1 — o 2) +a _ A0tge Ae £t (20)
complexity probably arises from different extents of configu- 99"~ "o(d) ge ge'e(d) ooy 5 ed
rational mixing among the excited states of these complexes, e e
for example, it is likely that configurational mixing with a low- X egz g
energyLF excited state is an important factor in the variations  feaq)™ fe@(l — Qeq) + aengg(d) + T foa T (21)
of the observed parameters. Ege /lg
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Since the emission is nominally a triptesinglet transition, one
expects thatted < e andaed < g (Vya/vie), SO forfi =
Amumvi® (um = reduced mass) anagayve()?® = fg(ayfe) = 44/

Ae, the altered vibrational frequencies are given by eq 17 and

Ay (Vg_@)z
Egg —/lg Ve(d)

(22)

1 1
— 50 50 (14

1 1 .4
~ Ve(d,[l — 50 50 /1—9]

€,

Vead)™ Ve)| 1

The single modek contribution to the zpe difference for
the isotopomers is

(Vzpe) = Y NVgad) =™ Ve(aa)ro — Y NVgad) ™ Vea)rr
(23)

so that forve() < vy andoeg® < ogé?, One obtains eq 16.
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