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Resonance Raman Spectra and Photophysical Properties of Ruthenium Complexes with the
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This report documents the spectroscopic and photophysical properties of the complexes, Fti(lapdz)
[Ru(bpy)k(bpdz)f", where bpdz= 3,3-bipyridazine and bpy= 2,2-bipyridine. Specifically, the complexes

were characterized by UWisible, emission, resonance Raman (RR), and transient resonance Ramdan (TR
spectroscopic data, as well as lifetime measurements. The RR spectrum of the R&(lmodaplex documents

the characteristic modes of the coordinated ligand, whereas the RR spectra of the heteroleptic complex,
[Ru(bpy)k(bpdz)F*, obtained at judiciously chosen excitation wavelengths, reveal selective enhancement of
either bpy modes or bpdz modes, depending upon the particular excitation wavelength, permitting definitive
assignment of the observed electronic absorption bands and establishing the lowest energy electronic transition
as having a Ru-to-bpdz charge-transfer character. THesp&ctrum of the Ru(bpd?) complex reveals the
characteristic frequencies of the coordinated bpdnion radical, as expected, whereas corresponding studies

of the heteroleptic complex, [Ru(bpdpdz)f*, reveal these characteristic bptimodes in the absence of

any modes attributable to bpyanion radicals, providing definitive evidence for the [Ru(lll)(bgippdz *)]?*
formulation of the excited state of this complex. Lifetime measurements for both complexes, made over a
wide range of temperatures and interpreted with a model derived from previous measurements made on a
large number of similar complexes, indicate that the two complexes of interest decay by different nonradiative
pathways resulting from thermal population of a ligand figdd and/or a lower lying 4tBMLCT state.

lived SMLCT states? In fact, subsequent studies by our gréup
and other10illustrated the utility of TR methods to document

Complexes of ruthenium(ll) with 2ipyridine(bpy) and  gelective population of individual ligand-localized excited states

related ligands continue to attract much attention as potential or various heteroleptic complexes. Most recently, this approach
components of practical solar energy conversion devi¢emd was applied to complexes containing inherently asymmetric
as a set of synthetically versatile, well-behaved systems 10 jigands, such as pyridylpyrazine, to reveal charge polarization
investigate the fundamental principles of radiative and non- \yithin the individual ligand-localized staté2clearly demon-

radiative decay of long-lived metal-to-ligand charge-transfer gy ating the exquisite sensitivity of the technique to subtle
(®MLCT) excited states. The electronic structure and reactivity gjterations in molecular and electronic structure.

of these excited states are naturally dependent upon the precise
chemical nature of the constituent ligahdnd detailed spec-
troscopic studies of such species can provide important insights
into these issues.

Although considerable attention has been focused oh 2,2
bipyridine (bpy) and derivatives bearing various peripheral
substituent$;'3 the so-called diazine ligands (shown in Figure
1), bearing two ring N-heteroatoms, are of special interest in
Resonance Raman (RR) spectroscopy has proven to be gnat not only do they represent chelating ligands whose LUMOSs
useful tool in investigating ground and excited-state properties 5. substantially lower in energy than many of the substituted

i i ily—10 i . . .
of complexes in this family. 1% Selective enhancement of i, ridines, but they also have been shown to be useful synthetic
vibrational modes coupled to allowed charge transfer electronic templates in the construction of zeolite-based organized mo-
transitions provides the frequencies and intensities of a selectedgqjar assemblie:

group of (generally) totally symmetric vibrations for the ground
state. In addition, the degree of enhancement for individual
bands provides some indication of the distortions, which favor
the excited-state geometry, providing the character of the normal
modes is known. As was first demonstrated by Dallinger and
co-workers, time-resolved resonance Ramar?fBRectroscopy
serves as an especially effective probe of these relatively long-

Although previous studies have documented the spectroscopic
and photophysical properties of the homoleptic and heteroleptic
divalent ruthenium complexes involving several of these ligands,
until now, little attention has been given to the complexes
bearing the bpdz ligand. In the present work, RR anc® TR
methods are employed to characterize the molecular and
electronic structure of the ground and lowé&gi CT states of

the tris-homoleptic and heteroleptic complexes, Ru(kgdand
*To whom correspondence should be addressed.

" i e . )
T Present Address: Department of Chemistry, Brigham Young University, Ru(bpy)(bpdz)z , and temperature_ dependent "fetlm.e .measure
Provo Utah. ments are made to define the important nonradiative decay

*Present address: Central Mining Institute, 40-166 Katowice, Poland. pathways available to the two complexes.

10.1021/jp0214312 CCC: $25.00 © 2003 American Chemical Society
Published on Web 12/28/2002




352 J. Phys. Chem. A, Vol. 107, No. 3, 2003 Gardner et al.

Ligand Structure Ligand Name trophotometer was used to take BVis measurements at room
temperature. Fluorescence spectra were obtained from a Perkin-
- = Elmer luminescence spectrophotometer model LS50B. Infrared
N /TNy bipyridazine (bpdz) spectra were measured using a Perkin-Elmer 16PC FT-IR and
a Mattson Galaxy Series FTIR 3000.

3.2. Resonance Raman (RR) and Transient Resonance Raman

N p \_ N 44" - bipyrimidine (bpm) (TRB) SpectraThe RR spectra acquired at Idaho State University
N\ N/ employed a Spex model 1404 double monochromator equipped
with a thermoelectrically cooled Hamamatsu R928P photo-
N= =N multiplier tube and a model 1459 illumination/collection system
&w 2,2 - bipyrazine (bpz) (90 degree collection geometry). The excitation lines at 514.5
NN and 457.9 nm were provided by a Coherent model 70A Argon
N ion laser.
{ HD 2.2° - bipyrimidine (bpym) At Marquette University, RR and Thspectra were acquired
N using a Spex model 1269 spectrometer equipped with a
Figure 1. Structures of thex-diazines. Princeton Instruments ICCD-576 UV-enhanced detector, FG-
100 pulse generator, and 356 or 413 nm notch filters (Kaiser
Experimental Section Optical Systems, Ann Arbor, MI); a Spex model 1877 spec-

trometer equipped with a Tracor Northern rapid scan spectrom-
eter, model TN-6500, and diode array detector, model TN-6100,
or a conventional Raman spectrometer (Spex model 1403 double
monochromator equipped with a Spex model DM1B controller
and a Hamamatsu R928 PMT). The excitation sources used were
the 350.9, 406.7, and 413.1 nm laser lines from a Coherent
model Innova 100-K3 Kt ion laser, the 441.5 nm laser line
from a Liconix He-Cd laser, or the 457.9 and 488.0 nm laser
lines from a Spectra-Physics Aion laser, model 2025-05. For
the transient measurements the 3rd harmonic of a Spectra
Physics DCR-3A Nd:YAG laser was used to provide 354.7 nm
radiation. Average power at the laser ranged from 125 to 175
mW at a repetition rate of 20 Hz. The average pulse width in
these experiments was 10 ns. All Raman spectra of the free
ruthenium complex in water were obtained in rotating NMR
tubes (5 mm i.d.) to avoid localized heating by the laser beam.
The scattered light was collected with E3backscattering
geometry and a conventional two-lens collection system. Before
the measurements, the liquid samples (prepared in DI water, or
propylene carbonate, PC) were degassed by triple freeze

1. Materials. Palladium, 5% on carbon catalyst, was obtained
from Avocado Research Chemicals Ltd. Pyridazine (98% purity)
was obtained from Aldrich Chemicals Co.,and R48H,O
(99.9% purity; Ru= 40.24%) and Ru(NK)eCls (99.9% purity;

Ru = 32.7%) from Alfa AESAR chemicals.

2. Preparation of Compounds. 2.1. Synthesis of 3,3
Bipyridazine (bpdz)Using previous method$,a mixture of 5
g of pyridazine and 0.5 g of 5% palladium on carbon was stirred
and refluxed for 3-4 days. Then this mixture was cooled,
diluted with 15 mL of chloroform, and filtered using a filter
agent to separate the fine catalyst. This was followed by two
washings of the spent catalyst with additional 15 mL portions
of chloroform. The filtrate and washings were combined, and
the chloroform was removed under nitrogen. Purification
methods that were used differed slightly from the literature
procedures. Our methods consisted of crystallization from water
followed by two sublimations at 125130 °C.

2.2. Synthesis of Tris(3;Bipyridazine) Ru(ll)chloride,
[Ru(bpdz)]ClI,. A ratio of 3.5 to 1 of 3,3bipyridazine to
Ru(DMSO)Cl, was wused in forming this complex. . ;
RuEDMSOiCIZ was obtained from a prepgration as despcribed pump—thayv, phrectly in the NMR tubes, gnd then sealed.
in previous literaturd® A 30 mg [~0.18 mmol] sample of 3'3 3.3. Emission Spectrdhe spectroscopic apparatus was the
bipyridazine was placed in a reflux flask with 27.8 mg [0.051 Same as for the Raman measurements (Spex model 1403). The
mmol] of Ru(DMSO)Cl, and approximately 2.5 mL of 4D. laser excitation was focused onto spun NMR tubes containing
This solution was refluxed for 24 h yielding a dark red product. the samples, with the laser power of-120 mW at the sample.
Purification of the product was achieved by chromatography SPectra were recorded with 40 chincrements.
on a column of Lipophilic Sephadex LH-20 using 50% ethanol ~ 3.4. Lifetime Measurement$he samples for the measure-
as the eluent. ments were degassed as described before. The third harmonic

2.3. [Ru(bpy)(bpdz)|Ch Prepared from [Ru(bpy]Cl.. (354.7 nm; 16-15 ns pulse-width) of a Quanta-Ray (Spectra-
[Ru(bpy)}]Cl, was prepared previously in our laboratory ac- Physics) model GCR-11 or DCR-3 Nd:YAG laser (operated at
cording to methods described in earlier publicatitH&u(bpy)- 20 Hz frequency) was used as the excitation source (the power
(bpdz)]Ch was synthesized following literature methdddhe at the sample was in all cases below 0.05 mJ/pulse). The light
bpdz ligand (15 mg) [0.10 mmol] was added to 30 mg [0.062 emitted from the sample in the spinning NMR tube was
mmol] of [Ru(bpy}]Cl. in 1 mL of ethylene glycol. This  transferred through glass collecting and transferring lenses and
solution was brought to reflux under Argon gas and stirred for & 580 nm cutoff filter to a Spex 340S spectrometer equipped
30 min. At reflux, the dark purple solution quickly turns red in ~ With an RCAC31034A-02 PMT with an applied voltage of 1800
color. This solution was cooled in an ice bath, and a saturatedV. The PMT output signal was directed to a LeCroy 9450A
aqueous solution of NiPF; was added slowly to induce Dual 300 MHz oscilloscope. The emission was monitored at
precipitation of [Ru(bpy)bpdz)](PR).-H-O. This black pre-  an appropriately chosen wavelength (at 622 nm for Ru(kptz)
cipitate was collected via vacuum filtration and washed with 2 and 703 nm for Ru(bpyjbpdzy*). In all cases, 3000 scans of
mL of R.O. water. The PF salt of the heteroleptic species the emission decay curve were averaged and transferred to the
was purified by chromatography on a column of alumina using computer. The curves were then fitted by a monoexponential
acetonitrile as the eluent. The chloride form of the heteroleptic model using facilities of the commercial software (P8lot)
species was subsequently obtained by ion exchange. based on the Marquardt.evenberg algorithm.

3. Spectroscopic Measurements3.1. UV-Vis, Emission, For the temperature dependent lifetime measurements, the
and FT-IR SpectraA Shimadzu UV-2101 PC scanning spec- samples were placed into a double wall Dewar cell of in-house
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design. Prior to the measurement, the samples were thoroughly

degassed by bubbling Ar through the solution (for polycarbonate o bpy
solutions of [Ru(bpdz](PFs)2, [Ru(bpyk(bpdz)](Pk)2, and A A
[Ru(bpy)](PFs)2 the complexes were used with a concentration
<10-5 M). During the experiments, the PC solution was bpdz -
continuously stirred by a magnetic stirrer to prevent local 454 A
overheating and possible decomposition of the compounds. The 410
temperature of the sample was measured (wittffQ.accuracy)
using a thermocouple inserted into the sample or placed, as close —— .
as possible, to the spinning tube with sample immersed in the 444
cooling (heating) bath. For the low-temperature measurements,
the samples were cooled by EtOH/liquid nitrogen mixture
(—60°C) and then allowed to slowly warm to room temperature.
During this period of time (34 h), the lifetime measurements _—
were acquired every -34 °C change in temperature. The Figure 4. Qualitative energy level diagram showing expected changes
temperature variation during the collection of the data (500 for the heteroleptic complex.

sweeps per 25 s) was approximately-0035 °C. The measure-

472

ments at temperatures above 2D were taken with the same The emission spectrum of the aqueous solution of the
setup using boiling water as the heating fluid, while allowing it [Ru(bpy)(bpdz)]Ch complex, obtained with 458 nm excitation,
to slowly cool to room temperature. revealed phosphorescencélah= 703 nm, as shown in Figure
3. This emission is 81 nm red-shifted with respect to that of
Results and Discussion the [Ru(bpdz|Cl, complex (see Figure 2), a shift which is
A. Electronic Absorption and Emission Data. The absorp- similar to that observed in the electronic absorption spectra, i.e.,

tion and emission spectra of an aqueous solution of the 472-444 nm (1291 cnmr?) vs 702-622 nm (1832 cnt?).
[Ru(bpdz}]Cl, complex are shown in Figure 2. The W¥Visible This shift is attributable to the donor strength of the bpdz, which,
spectrum consists of four bands centered.at = 444, 414,  being greater than that of the bpy ligatfdaises the energy of
344, and 266 nm: the two electronic absorption bands centeredthe metal d orbitals in the heteroleptic complex, consequently
at Amax = 344 and 444 nm are assigned to MLCT transitions, lowering the energy of both tHeLCT absorption andMLCT

the maximum at 414 nm is a vibrational sideband to the 444 emission bands that are associated with the bpdarbital.

nm peak, whereas the bandiatx = 266 nm is due to a ligand- B. Resonance Raman and TRdata. 1. RR Spectra of the

centeredr — sr* transition. Ground-State Species. a. Resonance Enhancement Profiles.
As shown in Figure 3, for [Ru(bpy(bpdz)]Cb, the visible Shown in Figure 5 are RR spectra of the homoleptic, tris-bpdz

absorption bands shown with a dotted line appeat gk = complex obtained at two excitation wavelengths, both of which

410 and 472 nm. These bands in the visible region of the exhibit the same set of modes and comparable intensities. These
spectrum can be assigned to electronic transitions betwegh d(t are the characteristic totally symmetric modes of the coordinated
orbitals of the metal and the* orbitals of the bpy and bpdz  bpdz ligand, reported here for the first time. Additional modes
ligands!” Inasmuch as the bpdz* orbital is lower in energy at 786, 672, 372, and 342 cobserved in the lower frequency
than that of the bpy counterpdf,it is expected that the  region are not shown. The observed bands are consistent with
absorption band maximizing at 472 nm is ascribable to the Ru those reported in an earlier work dealing with the RR and TR
— bpdz transition, whereas the higher energy band centered atspectra of bipyrazine complex&s.
410 nm is associated with the Rt bpy transition. In the case of the heteroleptic complex, Ru(bflypdz}™, it

This can be rationalized by inspection of the qualitative is expected that modes associated with both types of constituent
energy diagram depicted in Figure 4, whose predictions are alsoligands (i.e., bpy and bpdz) would exhibit resonance enhance-
entirely consistent with the RR data obtained in the present work, ment, depending on the proximity of the laser excitation line to
vide infra. a resonant metal-to-ligand charge-transfer electronic transition
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is observed. With excitation at 476.5 nm, a wavelength nearly
coincident with the maximum of the low energy electronic
transition of the complex (see Figure 3), modes associated with
the coordinated bpdz ligand are selectively enhanced; that is,
the RR spectrum at this wavelength closely resembles those
shown in Figure 4, with the only notable difference being the
observed weak enhancement of the bpy mode at 1493.cm
Such behavior provides convincing evidence for assignment of
Ru(bpdz),” (aq) @ 457.9 nm. - this lower energy electronic transition to that associated with
§ ~ the bpdz-localizedMLCT state. However, although there is a
] general increase in the intensities of bpy-associated modes in
'\ 2 the spectra acquired with progressively higher energy excitations
3 (i.e., 457.9 through 413.1 nm), it is clear that several of the
\f/\ bpdz-associated modes are also enhanced with these excitation
lines. This behavior differs from that observed with other

Ru(bpdz),”(aq) @ 413.1 am.
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1200 1300 1900 o0 oo heteroleptic complexes studied earlier, such as those with 2,2
bipyrazine, bpz, (i.e., [Ru(bpy(opzf+], where only residual
Wavenumber (cm-1) intensities of bpz modes are detectable in resonance with a Ru-

Figure 5. Resonance Raman spectra of [Ru(bgl). A. Aex= 413.1 bpy *MLCT transition near 400 nm?!

nM. B. Zex = 457.9 nm. The most reasonable interpretation of the behavior observed
here is that the absorption envelope centered near 413 nm in

@ “ the spectrum of the heteroleptic complex is a superposition of
d g 2 IMLCT transitions to both the bpy and the bpdz ligands. This

; A g interpretation is consistent with the fact that, compared to other
tris-hnomoleptic complexes that have been studfidrli(bpdz)y?+
exhibits an additional, relatively strong, electronic absorption
band near 344 nm along with the typical absorption envelope
appearing between 440 and 460 nm. We suspect that this is
another!'™MLCT Ru — bpdz transition. Thus, considering the
fact that the lower energy transition shifts from about 444 to
472 nm (i.e., approximately 1300 c®) upon comparing the
homoleptic and heteroleptic complexes, it is expected that the
higher energy transition would experience a comparable shift,
occurring somewhere near 360 nm for the latter. In fact, careful
inspection of the absorption spectrum depicted in Figure 3
reveals a weak shoulder on the high energy side of the band
centered near 410 nm. To the extent that this interpretation is
valid, it provides a clear demonstration of the unique potential
of the RR technique for establishing definitive assignments of
complex electronic absorption profiles.

b. Frequency ShiftsAlthough the modes of a given ligand
(bpy or bpdz) are observed near their characteristic frequencies,
it is to be noted that tell-tale shifts consistent with the identity
of the “spectator” ligands are indeed observed. For example,
the frequencies of certain bpdz modes, such as those observed
at 1541 and 1470 cni shift to lower frequencies, by several
wavenumbers, in the spectrum of the heteroleptic complex,
compared to their values in the homoleptic complex, i.e., they
1600 1100 1200 10 100 1500 000 occur at 1536 and 1467 crh This behavior is consistent with

Wavenumber (cm™) the fact that the bpy ligand is a strongedonor than the bpdz

Figure 6. Resonance Raman spectra of [Ru(bfiy)dz)]Ch. The band ligand; that i;, the presence of the two bpy spectator ligands in
atv = 981 cnt! comes from the KSO, internal standard (0.1 M). the homoleptic complex leads to greater meta)(ebpdz back-
bonding and a slight lowering of the frequencies of the

associated with a particular ligand, i.e., either bpy or bpdz. The coordinated bpdz ligand. Thus, the RR technique is entirely

RR spectra of the heteroleptic complex, acquired at several capable of revealing very subtle changes in the electronic

different excitation wavelengths, are depicted in Figure 6, with Structure of these types of complexes.

the modes attributable to coordinated bpy, based on extensive 2. TR Spectra of the Lowest EnergMLCT States. a.

earlier studies. Homoleptic ComplexShown in Figure 7 is the TRspectrum
The four excitation wavelengths used to acquire these dataof the Ru(bpdz¥™ complex acquired with 354.7 nm excitation

span the entire absorption envelope of the heteroleptic complexpulses (16-15 ns), conditions typically used to obtain the RR

(see Figure 3). Considering the intensities of the bands relative spectra of the lowest energWILCT states of such speciés}

to the intensity of the nonresonance enhanced mode of thealong with the RR spectrum of the ground-state acquired with

internal standard, sulfate ion (983 chy the following behavior 350.9 nm cw excitation. In the top trace, the spectrum of the

Ru(bpy);(bpdz)"* (ag) @ 514.5 nm.

g
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Figure 7. TR® and RR spectra of [Ru(bpdil.. A. TR® spectrum.
B. Ground-state resonance Raman.

SMLCT excited state exhibits a new set of bands, in addition to
those seen in the bottom trace.

similar studies of many other complexes of this §/feand is

coordinated anion radical ligand, bpdzthat is, the’MLCT is
properly formulated as [Ru(lll)(bpdzppdz*)]%*. In the top

saturation without sample degradation.

b. Heteroleptic ComplexThe corresponding TRand near-
UV excited ground-state spectra of the Ru(kfiypdzy"
complex are shown in Figure 8.

characteristic of a coordinated bpyanion radical, whose
frequencies have been well documented in many sti¥diedo

several of the bands attributable to the bpgdpbserved in the

appear at 1159, 1271, 1371, and 1455 &nall of which have
counterparts in the TRof the [Ru(bpdzj]?*. The 1029 cm?

homoleptic complex is obscured by the 1037érof the bpy

frequencies are 26 cnt! higher in this case which is also
attributed to the presence of the bpy ligand.

C. Lifetime Measurements. Emission decay profiles, ac-
quired at 295 K with the 354.7 nm excitation and a-1®% ns
pulse duration, for diluted (1@ M) propylene carbonate (PC)
solutions of the [Ru(bpdg)(PFs)> complex fem= 622 nm) and
the [Ru(bpy)(bpdz)](Pk). complex gem = 703 nm) exhibit
mono- exponential behavior, yielding measured lifetimg®f
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Figure 8. TR®and RR spectra of [Ru(bpyppdz)]Ch. A. Aex = 354.7
nm. B. Aex = 350.9 nm.

980 and 220 ns, respectively. In aqueous solution, at 295 K,

This behavior is entirely consistent with that observed in the lifetime of the tris-homoleptic complex, [Ru(bpggl2, is
535 ns, but attempts to determine the lifetime of the heteroleptic
attributable to RR enhancement of modes associated with thecomplex were unsuccessful because of the lower limit of our
coordinated “neutral” bpdz ligands, as well as those of the experimental measurement ability and are thus assumed to be
less than 50 ns.
As has been shown in an elegant series of papers by Meyer
trace, the modes seen at 1029, 1157, 1257, 1325, 1365, andnd co-workers! nonradiative decay of th&MLCT states of
1444 cnr! may clearly be assigned to modes of the coordinated these types of complexes is most often dominated by thermal
bpdz moiety because they do not appear in the cw spectrum.population of a largely triplet “ligand field” (LF) or3tld” state,
The residual bands originate from the neutral ligand species of but for some complexes, the energy gand) between the
the complex. We were unable to obtain a higher degree of *MLCT and the LF state is large, in which case the temperature
dependence of the lifetime is dominated by contributions from
a so-called “4th®MLCT” state which lies relatively close to
the lowest lying manifold ofSMLCT states. The relative
importance of these two deactivation pathways and the kinetic
The most important observation to be noted is that the bandsparameters associated with each can best be evaluated by
acquisition and analysis of lifetime data over a wide range of
temperatures. Results of such studies for a number of such
not appear in the TRspectrum shown in the top trace, whereas complexe¥*®reveal varying behavior; that is, some complexes
with relatively low energy LF states decay mainly through
top trace of Figure 7, are also observed here. For example, bandghermal population of the LF state, whereas those possessing
high energy LF states exhibit parameters characteristic of decay
through the “4th3MLCT” state. In fact, the temperature
excited-state mode which is observed in the spectrum of the dependence of the lifetimes of certain complexes (i.e., those
possessing LF states of intermediate energy) cannot be ad-
but still can be discerned by comparison of the envelope in that equately modeled without invoking both thermally activated
region compared to the internal standard. It is noted that the pathways.
Shown in Figure 9 are plots of the lifetimes acquired for each
of the complexes as a function of temperature, with the results
for the paradigmatic Ru(bpyd"™ complex being included as a
reference for comparison with data previously repotted.
Inasmuch as the detailed procedures and assumptions involved
in the analysis of such data sets are fully explained elsewiftere,
it is only important here to summarize the derived kinetic
parameters for each of the complexes, with their values being
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TABLE 1: Kinetic Parameters for Selected R+ Polypyridine Complexes Obtained from Temperature-Dependent Lifetime
Measurements in PC Solution

complex ko[s7] Katn [S7Y] Eqn [cm™] ke [s7Y Eir[cm™ ref
Ru(bpdz)>* 6.84x 10° 1.03x 1¢° 1157 1.01x 101 4361 this work
Ru(bpy)(bpdzf*™ 2.58x 10° 1.04x 1C° 812 this work
Ru(bpy)?* 6.1x 10° 4.0x 102 3275 17
Ru(bpy)y(bpzy* 2.1x 10° 3 x 10 800 14 and 19
Ru(bpz)(bpyy*+ 6.4x 10° 8 x 1(f 736 9x 1013 4632 19d
Ru(bpz)?* 3.4x 10° 1.4x 104 3902 14 and 19
13 only the two complexes havingE ¢ gaps of between 4300

and 4600 cm! decay through both thermally activated path-
ways, whereas the decay curve of the complex with a low lying
LF state (i.e., Ru(bpy}™) is dominated by thermal population
of this state. Considering the fact that thé,  gap for the
heteroleptic Ru(bpy{bpdz}+ complex is expected to be larger
than that of the homoleptic tris-bpdz complex owing to the
o stronger donor strength of the two bpy spectator ligands, relative
e o to what would be expected with two bpdz spectator ligands, it
is not surprising that the points for this complex are well
modeled by ignoring a contribution from this pathway.

In(t)

e e Conclusions
: o Ru(bpdz), ‘
¢ | ® RupGpaar | f The thorough spectroscopic and photophysical characteriza-
‘ —— | tion of the bpdz complexes studied here have identified the
e o I = . " = 4‘2 excited-state frequencies of the bpdz portion in both homoleptic
1000/ and heteroleptic Ru complexes of bpdz. As has been observed
Figure 9. Temperature-dependent lifetime data obtained for [Rugopy) N Previous studies, the excited-state electron resides on the
(bpdz)](PK)2 (@, filled circles), [Ru(bpdz)(PFs)2 (O, open circles), I!gand with the lowestr™ state. In this case, that is the bpdz
and [Ru(bpyj](PFe)2 (O, squares) dissolved in PC (104). The solid ligand.
line represents mono- or biexponential fit obtained using the following Luminescence measurements revealed that the lifetime of the
expression: Ik = ko + kir eXp(—AELFKeT) + Kath €Xp(—AEu/koT). bpdz3MLCT state is decreased by at least a factor of 10 when

given in Table 1, where the parameters are related by thethe complex contains the bpy ligand.
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