JIAICIS

ARTICLES

Published on Web 06/19/2002

Ultrafast Fluorescence Detection in
Tris(2,2'-bipyridine)ruthenium(ll) Complex in Solution:
Relaxation Dynamics Involving Higher Excited States

Achikanath C. Bhasikuttan,*™ Masaya Suzuki, Satoru Nakashima, and
Tadashi Okada**

Contribution from the Department of Chemistry, Graduate School of Engineering Science,
Osaka Uniersity, Toyonaka, Osaka 560-8531, Japan

Received March 8, 2002

Abstract: The excited-state dynamics of a transition metal complex, tris(2,2'-bipyridine)ruthenium(ll), [Ru-
(bpy)s]?™, has been investigated using femtosecond fluorescence upconversion spectroscopy. The relaxation
dynamics in these molecules is of great importance in understanding the various ultrafast processes related
to interfacial electron transfer, especially in semiconductor nanoparticles. Despite several experimental
and theoretical efforts, direct observation of a Franck—Condon singlet excited state in this molecule was
missing. In this study, emission from the Franck—Condon excited singlet state of [Ru(bpy)s]>" has been
observed for the first time, and its lifetime has been estimated to be 40 + 15 fs. Biexponential decays with
a fast rise component observed at longer wavelengths indicated the existence of more than one emitting
state in the system. From a detailed data analysis, it has been proposed that, on excitation at 410 nm,
crossover from higher excited (MLCT) states to the vibrationally hot triplet manifold occurs with an
intersystem crossing time constant of 40 £+ 15 fs. Mixing of the higher levels in the triplet state with the
singlet state due to strong spin—orbit coupling is proposed. This enhances the radiative rate constant, k;,
of the vibrationally hot states within the triplet manifold, facilitating the upconversion of the emitted photons.
The vibrationally excited triplet, which is emissive, undergoes vibrational cooling with a decay time in the
range of 0.56—1.3 ps and relaxes to the long-lived triplet state. The results on the relaxation dynamics of
the higher excited states in [Ru(bpy)s]>" are valuable in explaining the role of nonequilibrated higher excited
sensitizer states of transition metal complexes in the electron injection and other ultrafast processes.

Introduction of the dye-sensitized solar cells, and this has given impetus to
Understanding the excited-state dynamics of transition metal '¢Search directed to understanding the photophysical aspects of

complexes is extremely important in an application which has Many ruthenium-based metal compleXetn solar energy
shown an upsurge over the past decade, namely, sensitizatior@Pplications, the sensitizer dye is excited with visible light to
of wide band gap semiconductors to achieve solar energythe electronic excited state. If this state is energetically above

conversiond: 8 Sensitizers based on metal complexes, especially 1€ conduction band edge of the semiconductor, electron

Ru(dcbp)(CNS), (where dcbp is 4/4dicarboxylic-2,2-bipyri- mjection_into the_conductioq band can occur._Such fast electron
dine, popularly known as RuN3 dye), have been most successfultransfer is the primary stepin chgrge separation and subsequent
in sensitizing TiQ to achieve the highest conversion efficiency ©Nerdy conversion in dye-sensitized solar celishas been
widely accepted that higher energy conversion efficiency results
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tion of the electron released into the conduction band of, TiO
showed that the electron injection process is biexponential, and
lifetimes of 50+ 25 fs (84%) and 1.7 0.5 ps <16%) have
been reporte@1°Hannappel et al. have reported a time constant
of <25 fs for the electron injection from RuN3 to colloidal
anatase Ti@film.11 In a recent article on electron injection from
RuN3 to TiG nanocrystalline film, Benko et al. reported rapid
electron transfer from the nonthermalized singlet excited state,
prior to any relaxation proce$&Tachibana et al., by employing
three different sensitizer dyes on TiOconcluded that the
singlet/triplet character of the dye excited state is not critical to
the electron injection proce$3Despite many reports on this
topic, the exact origin of the injected electron and time scales
of electron injection remain topics of heated debatdhe

2+

Tris-(2,2’bipyridine)ruthenium(II)

Transition metal complexes, [Ru(bpjpt in particular,
exhibit charge-transfer transitions between the metal-centered
d orbital and the ligand-centered orbital, commonly known
as metal-to-ligand charge-transfer (MLCT) transitions. One of

observed electron injection time in these systems appears 10 bgne jnteresting aspects involves the nature of the MLCT state,

similar to or faster than the typical time of intramolecular
vibrational energy redistribution and intersystem crossing in the
excited state$!1? Ferrere and Gregg have observed band-
selective sensitization in Fe(dcb@}N), dye adsorbed on Ti©
and suggested the involvement of electron injection from higher
lying excited state&®® Recently, Iwai et al. have observed
stimulated emission from th&MLCT) state of RuN3 dye
adsorbed on Snnanocrystalline thin film under an external
applied bias® More recently, Lenzmann et al. have provided a
strong indication of the involvement of electron injection from
higher excited states of the sensitizer dye molecule by employing
surface photovoltage spectroscdpyn short, understanding the
relaxation dynamics of the higher excited levels of the sensitizer
molecule is crucial in controlling the rate of electron injection

specifically whether the excited electron is localized on one of
the three bipyridyl ligands or delocalized over all three bipyridyl
units25-2° Though it is widely accepted that on excitation, the
electron is localized on one of the bipyridine rings, the history
before the localization of the electron remains a topic of hot
debate?>390n optical excitation, such localization creates a large
dipole moment in the excited state 14 D), which is oriented
along the axis from the metal to the center of one of the
bipyridine moieties$! Since solvent plays an important role in
the solvation of the nascent excited dipole, such systems also
provide a convenient platform for examining how solvation
dynamics is coupled to the photoinduced charge-transfer events.
Femtosecond time-resolved anisotropy measurements have
revealed solvent-dependent anisotropy decay in different nitrile

processes from the transition metal complexes and has importanko|utionss° This has been attributed to initial delocalization of
consequences in a variety of areas ranging from design principlesthe excited electron over all three ligands, followed by charge
for electron-transfer assemblies to photochemical energy storagggcalization onto a single ligan¥.From the ultrafast nature of

devices.

As mentioned above, ruthenium bipyridyl complexes have
attracted interest for their photochemical properties due to their
wide range of applications, especially as the most efficient
sensitizer for dye-sensitized solar energy conversiddwing
to the synthetic flexibility to accommodate tailor-made chro-
mophores, transition metal complexes find interest from syn-
thetic, electrochemical, photochemical, and photophysical view-
points!® One kind, tris(2,2bipyridine)ruthenium(ll), [Ru(bpy)?,

these processes, it has been proposed that the localization process
is coupled to the nondiffusive solvation dynamics.

The excited-state properties of [Ru(bglyJ have been studied
extensively, and the properties of its lowest energy triplet state
are fairly well known. Femtosecond pumprobe measurements
on the evolution of triplettriplet absorption have provided 100
fs time constant for the formation of the triplet st&té2Despite
several experimental (vide infra) and theorefi®&l efforts to
unravel the intriguing photophysics of this molecule, information

has been considered as a prototype of a wide clags of transitioron the excited-state dynamics of [Ru(bg¥y by direct observa-
metal complexes whose study has formed the basis for the mostion of the Franck-Condon (FC) singlet excited state was

transition-metal-based photochemical applicatitns?
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102 10505. (d) Martini, I.; Hodak, J. H.; Hartland, G. V. Phys. Chem
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missing. It is believed that thé(MLCT) state is almost
nonfluorescent and that the formation of f{MLCT) state is
rapid, with a quantum yield near unity The observed emission
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from the complex is believed to be from the long-li&MLCT) separator and was focused by a 40 mm lens onto a sample cell of 1
state3°-37 Hence, research on radiative transition in these mm path length for excitation. The polarization of the excitation beam

complexes in liquid media has been mainly centered aroundWas varied by introducing a half-wave plate in the pump beam and
the3(MLCT) state3537.38|n this process, a wealth of information generally was kept at the magic angle (53.With respect to the gate

is lost while the system evolves from the FC singlet state to pulse polarization. The emission was collected and collimated by a 1

the emissive¥(MLCT) state. This is where time-resolved in. off-axis parabolic mirror (25 mm at 9pand focused onto a 0.5

f d ion b | d the f m sum frequency generation (SFG) crystal (Type |) by another off-
uorescence detection becomes relevant and the femtosecon xis parabolic mirror (200 mm at 90 The residual fundamental gate

fluorescence upconversion method provides a sensitive t00l 10pse, after traversing a variable delay stage, was also focused onto
explore such systen8.While the emissive photon flux from  the SFG crystal by a 200 mm lens. The angle between the two beams
the organic fluorophore is often sufficient to achieve a good was held at-10° to achieve maximum conversion. The sum frequency
signal in fluorescence upconversion measurements, the radiativesignal generated was collected by a 100 mm lens, separated by spatial
flux from the triplet state of the bipyridyl complexes is lesser filters, and dispersed by a prism. The spectrally separated signal was
by a factor of 10 [the lifetime of the3(MLCT) state is of the then focused onto the slit0.5 mm) of a monochromator (Jobin Yvon,
order of several hundreds of nanoseconds] and is not enough! 20 UV) and detected by a photomultiplier tube (Hamamatsu) in
to generate sufficient upconverted sig#ln other words, the comblnatlon'wnh a Stanford Researgh phqton cou_nter unlt'(SR4_OO).
FC singlet state is very short-lived, and emission from it, if it Gated counting of the signal was achieved in combination with a light

L chopper (EG&G model 650) introduced in the optical path. Signals
occurs, would have a lifetime of a few hundred femtoseconds were acquired at each position of the chopper, open and closed, and

and could be enough to generate the upconversion signal in theye gifferences have been plotted. The upconverted fluorescence signal
femtosecond time domain. Such an interesting and promising g gifferent fluorescence wavelengths was detected by rotating the SFG
situation led us to explore this system in detail with the crystal and the dispersing prism and selecting the desired wavelength
fluorescence upconversion method. with the monochromator. Pump wavelength was stopped by introducing

It is clear from the above discussion that information on the suitable cutoff filters (Hoya filters L-42, Y-44, or Y-50) before the
YMLCT) state is most desirable to account for some of these SFG crystal. A U-33 filter (Sigma Koki) was placed in front of the
ultrafast processes, and to our knowledge, no attempt has beeff*onochromator, which mainly passes the wavelength regior 200
made to explore th§MLCT) emission in the [Ru(bpy)?* and nm. Typical optical density at the exmtatpn wavelength wa6.

. . During the measurement, the sample solutions were flowed through a

related complexes. In this paper, we present the details of the

cell of 1 mm thickness to avoid any sample heating or photodecom-

femtosecond time-resolved fluorescence emission detected forposition. Fresh samples were used after evers B of exposure, but

the first time from the FranckCondon singlet excited state of significant changes were seen in the ground-state absorption
[Ru(bpy)]?* by upconversion spectroscopy. On excitation by spectrum after the exposure. The excitation power at the sample was
410 nm pulses, the system displayed fluorescence emission fronkept at 10 mw. No excitation power dependence was observed on the
nonequilibrated higher excited states having a fast decay constantransient decay. The lower levels of the signal intensities were f 20
of 40 + 15 fs. Fast intersystem crossing involving higher excited 30 counts per second at the experimental conditions mentioned (vide
states has been proposed to populate the higher vibrational leveldfra). The instrument response function was obtained by upconverting
in the triplet manifold. Emission from these vibrational hot bands the residual pump wavelength and the gate pulse. The upconverted
in the triplet manifold displayed lifetimes in the range of 6-56 response functlon_f_ltted best to a Gaussian pro_flle with fwhbbO fs.
1.3 ps in the different solvents studied. The results provide strong ;h'rslar;afrsot;ﬁ:a\t’::'ﬂed separately by upconverting the Raman scattered
support to the recent reports suggesting the involvement of a g : i .

. . . L Laser-excited fluorescence measurements were done with an ar-
h!gher_ eXCIteQ state in the electron injection process and t!ﬁ'erangement designed to collect the fluorescence after laser excitation
give direct evidence of the wavelength-dependent photophysics

. A ) and focus it onto a CCD. The excitation wavelength was fixed at 405
argued for band-selective sensitization on the semiconductorym, optained from a homemade cavity-dumped mode-locked Ti:

nanoparticled?!>17 sapphire laser with the frequency set at 330 kHz (1 mW). This low
. . repetition avoided the accumulation of long-lived triplet states having
Experimental Section a lifetime on the order of a few hundred nanoseconds. Fluorescence

[Ru(bpy)J?* (chloride salt) (Aldrich Chemical Co.) was recrystallized e_mission was coIIec’Fed by cassegranian optics, and_additional cutoff
from an acetonitrile/tolune mixtur@ All solvents were purchased from  filters were used to filter out the scattered light reaching the detector.
Wako Chemicals, Japan (purity better than 99.5%), and were used asBackground light has been subtracted by accumulating under identical

received. Steady-state absorption and fluorescence spectra were recordégPnditions with only solvent in the sample cell.
on a Hitachi U-3500 spectrophotometer and a Hitachi 850E fluorimeter
respectively.

Fluorescence decays were measured by using a fluorescence up- (i) Steady-State MeasurementsFigure 1A represents the
conversion setup. Briefly, the system employs ar‘i-Aumped femto- absorption and emission spectra of [Ru(kj/) dissolved in
second mode-locked Ti:sapphire system (Tsunami, 70 fs, Spectragcetonitrile solvent. The broad, strong visible absorption of [Ru-
Physics), giving~600 mW at~800 nm with a repetition rate of 82 (bpy)s]2* (€as0 nm~ 14 000 drd mol- cm~1) is well described

MHz. The second harmonic (SH) output was generated in a 0.8 MM '3 \neta) to-ligand charge-transfer transition where an electron
BBO crystal (Type ) separated from the fundamental by a harmonic . o .
is promoted from the metal-centerég orbital into a ligand-

centeredz* orbital’® The emission is readily obtained at

" Results and Discussion

(35) Caspar, J. V.; Meyer, T. J. Am. Chem. S0d.983 105, 5583.

(36) Van Houten, J.; Watts, R. [horg. Chem.197§ 17, 3381. ambient temperature and generally attributed ¥VLCT) state

(37) Van Houten, J.; Watts, R. J. Am. Chem. Sod 976 98, 4853. ; ; ; fH B

(38) Damraver, N. H.: McCusker, J. knorg. Chem 1999 38, 4268. W|_th an electron Iocahzgd on one of th_e bipyridine rings. The

(39) (a) Shah, JEEE J. Quantum Electrori98§ 24, 276. (b) Kahlow, M. A; failure to detect any emission on the higher energy side of the
jarzeba, W.; DuBruil, T. P.; Barbara, P. Re. Sci. Instrum.1988 59 triplet-state emission (500 nm region) using the conventional

(40) Elliott, C. M; Hershenhart, E. J. Am. Chem. Sod 982 104, 7519. fluorimeter indicates that the emission yield in this region could
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Figure 1. (A) Steady-state absorption—§ and emission-¢-) spectra of \ T v T v T v T
[Ru(bpy)]2* in acetonitrile solution. (B) Emission spectrum of [Ru (%) -0.5 0.0 0.5 1.0 1.5
in acetonitrile solution recorded by laser excited fluorescence measurement .
(+++); the superimposed thin line~) represents the fitting generated by Delay Time (ps)

multiple Gaussian fits. [The inset of (B) shows the 500 nm region on a

o ; . } Figure 2. Fluorescence upconversion signal of [Ru(j?/)in acetonitrile
f le, sh h h h . | h A —
2?%’1'.)'“ scale, showing the band shape in the 500 nm region]. (See asosolutlon ©) at (A) 500, (B) 575, and (C) 620 nm. The thick solid lines

represent the fit generated by convoluting the instrument response function
and exponential decay and rise functions at each wavelength. The thin dotted

have an upper limit of~107% Hence, we attempted to X o -
. . . . and dashed lines represent the individual components generated for the fit.
accumulate the emitted photons using CCD in a laser-excited The inset of Figure 2A shows the convolution fitting generated with 25

fluorescence setup. The emission spectrum recorded using thig- - -), 40 (), and 75 fs {--) decay times. The fit with 4@ 15 fs is adjudged
method in an acetonitrile solution of [Ru(bgld)" on excitation as the best-fit value.]
at 405 nm is shown in Figure 1B. Care has been taken to
eliminate the scattered and residual pump wavelengths. Also,We do not expect any time-resolved upconverted signal from
the background signal has been obtained under identicalthe3(MLCT) states at the time scales of the experiments. Care
conditions with only the solvent in the sample cell and subtracted has been taken to ensure that the ultrafast decay signal does
to get the actual spectruth The presence of a weak spectral not appear from any experimental artifacts (see Experimental
band in the 500 nm region is clearly demonstrated in the Section). Since no Raman bands have been reported for this
spectrum shown in Figure 1B. A similar detection method has complex and the monitored wavelengths are quite far from the
been used to record extremely weak emission in some proton-eXxcitation wavelengthv = 4390 cn?), the contribution from
transfer system® To get an estimate of the emission quantum Raman scattering can be neglectéd® Blank experiments
yield from thel(MLCT) state, the fluorescence spectrum was using only the solvent under identical conditions did not show
fitted with multiple Gaussian profiles (see Figure 1B), and the any signal, confirming the authenticity of the ultrafast excited-
area under the curve in the 500 nm region was compared tostate'(MLCT) emission features presented here.
that of the main band. Takif§MLCT) state emission yield in The fluorescence decay obtained at 500 nm (Figure 2A) is
acetonitrile at room temperature as 0.064the }(MLCT) state quite similar to the cross-correlation trace, indicating that a major
emission yield was evaluated to bex910-5. This value would portion of the fluorescence vanishes with a time constant much
represent the upper limit, as it is difficult to single out any shorter than the instrument response time resolution. The decay
specific emitting species in this region (vide infra), and is within  trace,F(t), was fitted by convolution of the instrument response
the upper limit of 104 predicted for this comple¥ function, g(t), with a decay functionf(t), which is a single-

(i) Time-Resolved MeasurementsHaving obtained spectral ~ €xponential function (egs 1 and 2):
indication for an emitting species in the 500 nm region, time-
dependent. emission signals were recor.ded by f!uprescence F(t) :f_‘w git) ft—t") dt’, (1)
upconversion for [Ru(bpy)?" dissolved in acetonitrile on
excitation at 410 nm. The fluorescence decay traces obtained
at 500, 575, and 620 nm are shown in Figure 2. The signals where
display an ultrafast decay (instrument limited) 2500 nm,
whereas rise and slower decay profiles have been observed on f(t) = A, exp(-t/z) ()
moving to longer wavelengths. As mentioned in the Introduction,

(43) Forster, M.; Hester, R. EEhem. Phys. Lettl98], 81, 42.
(41) Since the spectral response in the Hitachi fluorimeter was corrected only (44) Bradley, P. G.; Kress, N.; Hornberger, B. A.; Dallinger, R. F.; Woodruff,
up to 600 nm, there is a slight mismatch between the fluorescence spectra W. H. J. Am. Chem. Sod.981, 103 7441.
obtained by the two methods above 600 nm. (45) Carroll, P. J.; Brus, L. EJ. Am. Chem. S0d 987, 109, 7613.
(42) Chou, P. T.; Chen, Y. C,; Yu, W. S.; Chou, Y. H.; Wei, C. Y.; Cheng, Y. (46) Strommen, D. P.; Mallick, P. K.; Danzer, G. D.; Lumpkin, R. S.; Kincaid,

M. J. Phys. Chem. 2001, 105 1731. J. R.J. Phys. Chem199Q 94, 1357.
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The thick solid lines in Figure 2A represent the traces 400
generated by convolution fitting, which gives 40 fs as the decay
time in acetonitrile at 500 m. Though the evaluation of decay
time constant is limited by the system response function, the
fits generated with 25 and 75 fs time constants are clearly 200+
distinguishable from the one with a 40 fs time constant and are
shown in the inset of Figure 2A. Similar assessments have been
made by several groups for different systems with instrument
resolution~150—-190 fs®47 From the above analysis, the decay
time constant for the ultrafast fluorescing FC state of [Ru-
(bpy)s]?t in acetonitrile is evaluated to be 40 15 fs.

As mentioned earlier, wavelength-dependent kinetic changes
have been observed on moving toward the spectral region where
the triplet-state emission is seen. The traces recorded at 575

Intensity (a.u.)
e
[

100 -

and 620 nm in acetonitrile solution are shown in Figure 2B 0- ,

and C, respectively. It was seen that, on shifting the monitoring regfo—T— 71—
wavelength toward longer wavelengths, the signals appeared 0.8 00 0.4 0.8 12
on a constant background. These are believed to originate from Delay Time (ps)

the long-lived triplet state which is accumulated on excitation fjgyre 3. Fluorescence upconversion signal of [Ru(aif)in propionitrile

with the 82 MHz laser. Thus, the background counts have beensolution ©) at (A) 525 and (B) 620 nm. The thick solid lines represent the

subtracted from the signals presented here. At 575 nm, the decayit ge_nlecrjated by gOUVC"fUting_ the inSthT]ent feTponie ft;]nCtir?_n SNd %Xpo;j
f nential ecay and rise unctions at each wave engt . The thin dotted an

_CO"?SISFS of a fast component followed by a S!Ower one, dashed lines represent the individual components generated for the fit.

indicating the presence of more than one emitting state.

Assuming a cascade population relaxation for the emitting states, 200

the fitting analysis of the observed emission decays was carried (a)

out on the basis of the following functional forrftt), in eq 1:

200+
f(t) = A, exp(=t/ry) + Ajlexp(=t/t,) — exp(=t/zy)] (3)

where A; and A, represent the pre-exponential factors,
represents the decay of the first excited emitting state (as in eq 6od:
2), which also represents the rise of the second emitting state,

and 7, represents the decay of the second emitting state. The E
convoluted fit, together with individually generated decay and -
rise components, is shown in Figure 2B. The faster decay 2 300+
component showed good agreement with the decay time g

obtained at 500 nm, 46 15 fs, whereas the decay time for the

slower component is evaluated to be 68%0 fs. The kinetic

profile becomes clear on changing the monitoring wavelength 01
to 620 nm (Figure 2C). At this wavelength, the kinetic trace 6004
did not show the faster component, but it did show a fast rise

and a slower decay. So the convolution fitting is done with only

the second term in eq 3, i.e., rise and decay terms only. The 3004
data displayed good agreement with the convoluted decay profile

generated with a rise time constant of #015 fs and a decay

constant of 600+ 50 fs. Results obtained at selected wave- 0. Al .
lengths in propionitrile solution also showed kinetic behavior : 0.0 04 0.8
similar to that obtained in acetonitrile solutions. The emission Delay Time (ps)

time profiles obtained at 525 and 620 nm in propionitrile Figure 4. Fluorescence upconversion signal of [Ru(Rj#) in methanol

; ; ; ; : (A), ethanol (B), and 1-propanol (C) solutions. Open circle¥ epresent
solution are shown in Figure 3, together with the fitted curves. the signal obtained at 500 nm, and thin lines) (represent the signal

At 525 nm the decay fits to eq 3, which gives the faster decay recorded at 575 nm. The thick solid lines represent the best convolution
time as 40+ 15 fs and the slower one as 56040 fs. At 620 fitting, and the thin dotted and dashed lines represent the individual

nm, the decay conformed to a rise and decay function with components generated for the fit.

values of 404+ 15 and 580+ 70 fs, respectively. L . .
In alcoholic solutions, the contribution from the slower "M gave & good fit with a single decay time of 4015 fs,

component was greater than that observed in nitrile solutions. Whereas at 575 nm, the biexponential decay conformed to eq

This is evident from Figure 4, which shows the traces obtained 3, with the S'O,W‘fr component as 889150 fs and the.fast.er.
at 500 and 575 nm in methanol, ethanol, and 1-propanol °N€ representing the kinetics at 500 nm. The convolution fitting

solutions. In methanol solutions (Figure 4A), the decay at 500 [0 these data has been presented in Figure 4A. In ethanol
solutions, the decay at 500 nm is best fitted with a decay time

(47) Takeuchi, S.; Tahara, T. Phys. Chem. A997 101, 3052. of 40 £ 15 fs, and at 575 nm the kinetic analysis gives values
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Table 1. Decay Constants Evaluated by Fluorescence Upconversion Measurements on [Ru(bpy)s]?" in Different Solvents at Different
Wavelengths on Excitation at 410 nm

time constants

thermal
diffusivity? measured measured measured
solvent (107" m?s) at 500 nm at 575 nm® at 620 nm
methanol 0.998 11=40+ 15fs 11=40+15fs
72 =800+ 150 fs
ethanol 0.878 11=40+ 15fs 11=40+ 15fs
72=1.0£0.12 ps
propanol 0.800 11=40+15fs 11=40+15fs
7,=1.3+0.18 ps
acetonitrile 1.075 11=40+ 15fs 11=40+ 15fs 7, =404 15 f¢
7 =630+ 50 fs 72 =600+ 50 fs
propionitrile 71 =404+ 15§ 7, =404 15 f¢
72 =560+ 40 fs =580+ 70 fs

avalues taken from ref 54 At this wavelengthz; also represents the rise time constarithe kinetics have been obtained at 525 dm.represents the
rise time constant.

40 £ 15 fs and 1.0+ 0.12 ps for the rise and decay constants, process from the higher excitéMLCT) state of [Ru(bpyj]?*.
respectively. The data along with the fitted curves are shown Significant interaction between the ruthenium metal d orbitals
in Figure 4B. Similar analyses have been carried out on the and the ligandt* orbitals results in a large spiorbit coupling,

data obtained from 1-propanol solutions (Figure 4C). The fit and this is believed to be the driving force for such an ultrafast
gave 40+ 15 fs as the decay constant at 500 nm and406 ISC process. It has been a long-standing problem to accurately
fs and 1.3+ 0.18 ps as the rise and decay components evaluate the lifetime of the FC singlet state in [Ru(kp?).
respectively at 575 nm. The kinetic parameters obtained in Though recent pumpprobe measurements on the evolution of
different solvents have been tabulated in Table 1. It should be the triplet state have been successful to some extent, to the best
mentioned here that we could not detect any signal at 620 nmof our knowledge the results herein present the first report on
in the alcoholic solutions, probably because it is too weak to direct observation of the emissive FC singlet state and the 1ISC

be detected. time constant of [Ru(bpy)?" in the solution phas&:3?
The 3(MLCT) state is reported to have a formation time of The rise and decay kinetics observed on monitoring in the
~100 fs on excitation at 480 nm in different solvefftd2 The wavelength region of triplet emission has been examined on

results obtained in the present case on excitation at 410 nmthe basis of dynamic Stokes’ shift and/or vibrational relaxation.
show that the average time constant obtained at shorterin the former case, the rise component observed at longer
wavelengths in different solvents corresponds to44@5 fs. wavelength could be seen as originating from a dynamic Stokes’
Though the transient absorption and fluorescence decay meashift. However, the rise time obtained for the faster component
surements would provide information on the excited-state (40 + 15 fs) in different solvents did not show a dependence
properties, the studies on the triplet absorption characteristicson the solvent. Moreover, in such a case, the slower decay
reported earlier are a more general assessment of how long itcomponent (ranging from 0.56 to 1.3 ps) evaluated in different
takes for the3(MLCT) to become established in terms of its solvents is attributed to the decay of the solvatedtste, which
absorptive propertie¥:32 On the other hand, fluorescence s not consistent with the existing da¥2 Thus, it is quite
measurements are more discriminating and would reveal theunlikely that the kinetic profiles mentioned above represent any
time constant with respect to when the wave function evolves dynamic Stokes’ shift governed by environmental forces such
from predominantly singlet to triplet character, i.e., intersystem as solvation. However, it becomes difficult to preclude its
crossing (ISC). Thus, the decay time constant reported here,contribution to the rise and decay kinetics observed here.
40+ 15fs, and the triplet state formation time, 100 fs, reported |y the Jatter case, the kinetics has been viewed as relaxation
McCusker and co-worket$*2have to be seen on the basis of from higher excited singlet/triplet states. Damrauer et al. reported
the above two aspects. Possible assignment of the fast and SIOV\()iexponentiaI decay kinetics with lifetimes of 12040 fs and
decays to a fast internal conversion (IC) and a subsequent ISC,_g s for methyl/benzyl-substituted derivatives of [Ru(ajy)

from the relaxed(MLCT) state, respectively, is considered. o eycitation at 400 nm using transient absorption measure-
However, on the basis of the reported triplet state rise time and ,ants48 The faster decay, which was instrument limited, has
the fact that no significant absorption changes were found in peen assigned to the ISC process, whereas the slower one has
the triplet-triplet absorption spectra after a delay-d#00 f5°%2 poq assigned to a vibrational cooling in the triplet manifolds.
itis probable that the slower component (whichisin the 8:56  pamrayer et al. also observed analogous decay kinetics for the
1.3 ps range) does not represe_nt any process f_rom the rela_lxecERu(bpy)g]H system, but no decay constant has been reported.
Sy state. On the other hand, excited-state dynamics of rutheniumy japle_temperature emission studies carried out for a series
complexes has been shown_ to be expltatlon wavelength de- ¢ o \pstituted bipyridyl and polypyridyl complexes of Ru(ll)
pendent, which has been attributed mainly to the presence of a5, shown vibrational features with considerable blue shift on
large number of spinorbit coupled states above the first excited lowering the temperatur:4° Further, the temperature depen-

singlet staté>*%-32%lt is to be noted here that the presence of o \cq of the emission lifetime and guantum yield studies has
a Ru atom will have a dominant role in the spin crossover

process. Thus, it is reason_ab_le to attribute thet405 fs time (48) Damrauer, N. H.. McCusker J. K. Phys. ChemA 1999 103 8440
constant observed on excitation by a 410 nm pulse to the ISC (49) DeArmond, M. K., Carlin, C. MCoord. Chem. Re 1981, 36, 325.
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revealed the presence of a large number of spibit coupled
states, withinr~~3000 cnt?® of the lowest excited levels, which
would contribute to the overall decay process of [Ru(gy)%”
Considering these aspects, it is believed that the fast ISC from
the highe (MLCT) state is efficient in releasing the excitation
energy into the higher vibrational levels in the triplet manifold,
which are emissive. Thus, the slow decay component observed
in the decay kinetics could be safely assigned to a relaxation
from vibrationally excited triplet states, i.e., vibrational cooling

in the triplet manifold. Also, the observation that the time-
resolved fluorescence traces obtained above 525 nm appeared
on a constant background count (which has been subtracted from
the traces shown here) is a clear indication that the relaxation
would eventually populate the long-lived relax$MLCT) state.
Though the slow decay could as well represent an electronic
relaxation in the triplet, a meaningful discussion on this topic
requires experimental data from excitation wavelength-depend- Thermal Diffusivity (10'm’/s)

ent studies. In a broad view, rather than dealing with two distinct Figure 5. Plot of vibrational cooling time constant in [Ru(bg}" (slower
emission profiles, the data may correspond to a continually component in the emission decay) versus the thermal diffusivity of the
evolving spectrum, the precise analysis of which requires more solvent.

accu_rate experlmentz?ll datta. . diffused. It should be mentioned here that, since the excitation
Itis already established that the emission from the relaxed gnergy is quite high in the singlet state, there is a possibility of
triplet st_aFe IS '0“9"'Ved and the rad_latlve_ rate constétis ~a competition between the ISC and relaxation to the lowest
not sufficient to give the upconversion signal. However, this gjngiet state. Such a situation would result in a continuously
need not be the case with the higher lying states in the triplet. ¢\ q\ying spectral profile, but as mentioned earlier, a meaningful
As mentioned earlier, it could be a factor of the extent to which iscussion on this point requires experimental data at different
the interaction of the metal d orbitals and the ligandrbitals excitation wavelengths.
r?su'tsf in pronounged spirorbit pouphng. M'X'r,lg_ in .the The decay time of the vibrational cooling has been found to
vibronic levels of singlet and triplet characteristics in the vary from solvent to solvent (Table 1). Considering the
transition metal complexes has been discussed in detail from,cerainties associated with the decay constants obtained from
various experimental point of vie.In other words, mixing gy jow-intensity signals, it becomes difficult to make any
of the higher levels in the triplet state with the singlet state would qnclusive assignment of the solvent effect observed on the
enhance thé of the vibrationally hot states within the triplet  gecay constant presented here. However, on a qualitative basis,
manifold, facilitating the upconversion of the emitted photons. 5 correlation with some of the solvent parameters has been
This explanation needs to be considered in parallel with the examined. Intermolecular transfer of excess vibrational energy
earlier suggestion, which precludes the possibility that there is 15 5 solvent molecule has been studied for a number of
any well-defined establishment of the wave packet on any molecules under a variety of conditions where the dependence
potential energy surface other than the lowest en&igy.CT) of the lifetime of a vibrationally excited molecule on a specific
state in the course of excited-state relaxafibithe anomaly  sojvent is well correlated with the thermal diffusivity of the
that the longest detection wavelength (620 nm) at which the sqjyentst An attempt has been made to find any correlation of
emission from the vibrationally hot state observed is near the e viprational cooling time, i.e., the slower decay time, with
relaxed triplet emission maximum is understood to be due to a the thermal diffusivity of the solvents. A plot of observed
favorable Franck Condon factor for the hot band-to-hot band  yjiprational cooling time versus the thermal diffusivity of the
emission between the two electronic states; i.e., transitions occurgglyents is presented in FigurésThe good linear relationship

from numerous higher vibronic levels in the triplet manifold to displayed provides added support to the conclusion that the
the higher states inoSluring the vibrational relaxation and later  sjower decay component originates from a vibrationally excited
on from the lower levels in the triplet manifold to lower tripjet state. At this stage, one can consider the solvation of the
vibrational levels in §°°2 The presence of such vibrational  excited state by the solvent molecule affecting the decay times.
levels in the ground state of [Ru(bp}" and the contribution  However, this possibility is quite low since the characteristic
of individual vibrational levels of the grOUnd state to the overall decay times obtained for the solvents used’ e.g., acetonitr”e’
steady-state emission spectrum have been demonstrated in gnhethanol, ethanol, and propanet@.6, 0.8, 1.0, and 1.3 ps,
Franck-Condon analysis of the emission spectréi# So, it respectively) are far from the relaxation times reported for these
is not surprising that the hot band emissions are broader andsglyent<s

An interligand electron-transfer model has been put forward

(50) A detailed analysis requires complete spectra to carry out a single-valued g explain the difference in the relaxation dynamics of RuN3
decomposition analysis of the data. A two-spectrum model will yield two

eigenvalues, whereas a continuously evolving spectrum will yield far more

® 1-Propanol

1.2 1

Ethanol ®

0.8 - Methanol

Decay Constant (ps)

Acetonitrile

0.4

Ll v ¥
0.8 1.0

than two. (54) Bialkowski, S. EPhotothermal spectroscopy methods for chemical analysis
(51) Kaiser, W., Ed.Ultrashort Laser Pulses and ApplicatianSpringer- Chemical Analysis: A series of monographs on analytical chemistry and
Verlag: Berlin, Heidelberg, 1988; Chapter 7. its applications,Vol. 134; Winefordner, J. ,[Ed.; John Wiley & Sons:
(52) Ermolaev, V. L.Russ. Chem. Re2001, 70, 471. New York, 1996.
(53) Hartman, P.; Leiner, M. J. P.; Draxler, S.; Lippitsch, M.Ghem. Phys. (55) Horng, M. L.; Gardecki, J. A.; Papazyan, A.; Maroncelli, MPhys. Chem
1996 207, 137. 1995 99, 17311.
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dye in solvents such as methanol and aceton#tile.similar fluorescence upconversion spectroscopy. Emission from the
model has also been proposed to hold in explaining the observedrranck-Condon excited singlet state of [Ru(bgl#) has been
solvent effects observed for the [Ru(bgly) systen?> However, observed for the first time, and its lifetime has been adjudged

this model, mainly concerned with the relaxation process in the to be 40+ 15 fs. Biexponential decay with a fast rise component
long-lived 3(MLCT) states, would not be significant in explain-  observed at longer wavelengths indicated that there was more
ing the solvent effects observed in the present work. It may be than one emitting state in the system. The slower component,
mentioned here that our ongoing studies on the ultrafast emissionyhich grew concomitant with the decay of tH¢LCT) state,
properties of RUN3 dye in some selected solvents also yieldeddisplayed decay constants in the range of 658 ps in
fluorescence decay signals (monitorechd25 nm) similar to  different solvents studied. It has been proposed that, on
that seen at 500 nm in the present case. Unlike [Rughby)  excitation at 410 nm, crossover from a higher exci@dLCT)
RUN3 triplet is nonemissive at room temperature, and we hope state to a vibrationally hot triplet manifold occurs with an 1ISC
that our ongoing studies on different metal complexes will bring time constant of 4@ 15 fs. Mixing of the higher levels in the
out more information on the vibrational hot states and/or triplet state with the singlet state is believed to enhancekthe
solvation processes in these systems. of the vibrationally hot states within the triplet manifold,
In the band-selective sensitization studies of iy Fe-  facjlitating the upconversion of the emitted photons. The
(dcbpk(CN), it has been reported by Ferrere and Gregg that yiprationally excited triplet, which is emissive, undergoes
while electron injection is relatively efficient (+81%) from vibrational cooling and relaxes to the long-lived triplet state.
the higher energy MLCT state-20 nm), injection is much  tpg yegyits on the relaxation dynamics of the higher excited
less efficient ¢-2%) from the lower energy MLCT transition  qae5 in [Ru(bpy)2+ are valuable in explaining the role of
(~600 nm):° This indicates that dynamics in the higher energy 0 qjilibrated higher excited sensitizer states of transition

excited states IS _Of quual importance in understanding the metal complexes in the electron injection and other ultrafast
overall electron injection process. It has been shown by Benko processes

et al. that the dominating part of the electron transfer proceeds
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In conclusion, the excited-state dynamics of a transition metal Japan.
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