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The early picosecond time scale excited-state dynamics of the paradigm tris(2,2'-bipyridyl)Ruthenium(II)
([Ru(bpy)s]*") and related complexes have been examined by picosecond Kerr-gated time-resolved resonance
Raman (ps-TR?) spectroscopy. The evolution of the signature Raman bands of the lowest thermally equilibrated
excited (THEXI) state under two-color pump/probe conditions show that this state is not fully populated
within several hundred femtoseconds as proposed previously but rather only within the first 20 ps following
excitation. In addition to an emission observed within the instrument rise time (t < 3 ps), the early picosecond
dynamics are characterized by a rise in the intensity of the Raman marker bands of the THEXI—>MLCT
state, a rise time which, within experimental uncertainty, is not influenced by either partial or complete ligand
deuteriation or the presence of ligands other than bpy, as in the heteroleptic complexes [Ru(bpy)»(L1)]* and
[Ru(bpy)2(Hdcb)]™ (where Hodcb is 4,4'-dicarboxy-2,2'-bipyridine and L1 is 2,-(5'-phenyl-4'-[1,2,4]triazole-
3'-yDpyridine). Overall, although the results obtained in the present study are consistent with those obtained
from examination of this paradigm complex on the femtosecond timescale, regarding initial formation of the
vibrationally hot 3MLCT state by ISC from the singlet Franck—Condon state, the observation that the
THEXI—*MLCT state reaches thermal equilibration over a much longer time period than previously suggested
warrants a re-examination of views concerning the rapidity with which thermal equilibration of transition

metal complex excited states takes place.

Introduction

Since the first reports of the luminescence! and photochem-
istry>3 of the tris(2,2'-bipyridyl)Ruthenium(II) complex ([Ru(b-
py)3]%") half a century ago, this complex has become a paradigm
for transition metal photochemistry and photophysics. Although
the subject of intense debate initially, the character of the
thermally equilibrated excited state (the THEXI—MLCT state)
of this complex is generally accepted to be best described as a
manifold of thermally equilibrated metal to ligand charge
transfer states of varying triplet character, with the electron
density localized on a single bpy ligand.*!! Despite such
consensus, the series of events that lead from the Franck—Condon
state formed upon electronic excitation of [Ru(bpy)s]*" to the
appearance of the THEXI—3MLCT state has remained the
subject of intense enquiry. The necessity of understanding these
early processes has been underscored by the recognition!'?-26
that excited-state processes such as, for example, energy transfer
and electron injection into semiconductor materials may not
always proceed from the THEXI—3MLCT state but rather from
‘hot excited states’;>’30 for example, Hammarstrom and co-
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workers®! have reported that electron transfer is faster than
relaxation in ruthenium(Il)-based multinuclear complexes. In-
deed this recognition has stimulated the re-examination of the
femto- and early picosecond photophysical behavior of [Ru(b-
py)3)*™, building on the seminal transient absorption studies by
McCusker and co-workers, which began in the late 1990s.3?
The model put forward by McCusker and co-workers3? based
on transient absorption (TA) spectroscopy proposed that grow-
in of the characteristic TA spectrum of the [Ru(bpy)s]*>" excited
SMLCT state was essentially complete within 1 ps following
excited-state relaxation dynamics, evolving directly from the
initially populated Franck—Condon state (\MLCT). Support for
this picture was adduced from fluorescence upconversion
spectroscopic studies by Bhasikuttan et al.,*> in which a decay
of a very weak high energy emission (distinct from the familiar
SMLCT emission of [Ru(bpy);]**) was observed to follow fast
femtosecond kinetics. The observation of a subpicosecond
fluorescence from [Ru(bpy);]>™ has since been confirmed in our
earlier communication by time-resolved fluorescence spectros-
copy>* and later by McFarland et al.’> by time correlated single
photon counting. However, as for the 3MLCT emission reported
by Paris and Brandt' in the late 1950s, the assignment of the origin
of this femtosecond emission has not proven straightforward.
Although the TA spectroscopic studies suggested that the
formation of the THEXI state was complete within a matter of
a few hundred femtoseconds, more recent investigations have
indicated that this view may require some closer examination
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Figure 1. Structures of complexes examined.

(vide infra).3® The application of time-resolved vibrational
(resonance Raman®’ and IR%) and luminescence®*¥ spec-
troscopies and, more recently, coherent spectroscopic tech-
niques® has pointed to the need for a re-evaluation of the
timescales over which various excited-state relaxation processes
(e.g., IC, ISC, and vibrational cooling) take place.??

In addition to confirming the observation of a high-energy,
short-lived fluorescence from [Ru(bpy);]>", our earlier com-
munication®* also examined this system by time-resolved
resonance Raman spectroscopy (TR?), which demonstrated
clearly that the formation of the THEXI—3MLCT state was not
complete within 1 ps but rather took up to 20 ps to evolve fully.

In the present study, we build on our earlier communication,*
which focused on the observation of a cross correlated (7 < 3
PS; Amax 520 nm) luminescence, which preceded the familiar
luminescence (Amax 600 nm) from the THEXI—MLCT state
of [Ru(bpy)s]>".* Here we report the early picosecond dynamics
following electronic excitation of [Ru(bpy);]*"T and related
complexes (Figure 1), probed by Kerr-gated TR3. The major
part of this study is focused on [Ru(bpy);]**t and several
isotopologues due to the wealth of spectroscopic data available
already for this complex* and the appearance of several recent
detailed studies of its earliest (subpicosecond) excited-state
processes.’?40 The central questions we have attempted to
address in this study concern the nature of the high energy (<3
ps) emission observed in our earlier picosecond time-resolved
emission studies** and the time frame within which the lowest
THEXI—3MLCT state is fully established. We have also
attempted to explore the generality of the observations made
for [Ru(bpy);]*" by including in the study the complexes
[Ru(bpy)a(phpytr)]* and [Ru(bpy)>(Hdcb™)]*, (where phpytr-
= 5-phenyl-3-pyrid-2'-yl-1,2,4-triazolato and Hpdcb = 4,4'-
dicarboxy-2,2'-bipyridyl) which bear solvent sensitive ligands,
and which force the localization of the THEXI state onto the
bpy and Hdcb™ ligands, respectively.

Experimental Section

All solvents employed were of spectroscopic grade and used
as received. [Ru(bpy)s](PFe)a, [Ru(bpy);]Cl,, and their isoto-
pologues were obtained from Gas Sensor Solutions, Dublin 9,
Ireland. The syntheses and characterization of [Ru(bpy),-
(phpytr)](PFg)*' and [Ru(bpy).(Hdcb)](PFg)*? and their isoto-
pologues are described elsewhere. Kerr-gated picosecond TR3
spectroscopy was carried out as reported previously.*? Briefly,
a regenerative amplifier system supplied a 1 ps, 800 nm pulse
with an energy of 2.5 mJ at a rate of 1 kHz, part of which was
frequency doubled to 400 nm and used to pump optical
parametric amplifiers, which are tuneable, independently, over
a range of visible wavelengths. A computer-controlled optical
delay line was used to vary the path length of the pump laser
to provide time resolution. A CS, Kerr gate, pumped at 800
nm (~0.5 mJ), was used to reject sample fluorescence. The
sample was introduced to the incident laser beam as a continuous
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Figure 2. Absorption and transient differential absorption spectra (at
20 ns) of [Ru(bpy)s]**.

open jet (500 um diameter) using a peristaltic pump. Sample
concentrations were determined by electronic absorption spec-
troscopy 0.3—0.5 OD in a 1 mm path length quartz cuvette and
were typically between 1—5 mM. The energies of the ~1 ps
duration laser pulse energies at the sample were typically 10
uJ (pump pulse) and 5—10 uJ (probe pulse).The spectra were
recorded under continuous flow conditions; that is, the sample
was introduced as a jet and hence was replaced continuously
by fresh sample. Under the conditions employed, photochemistry
can potentially occur; however, the quantum yields for these
processes are low and the steady-state absorption spectra before
and after measurement were unchanged. Furthermore, with the
same solution recirculated several times, no changes in the TR?
spectra were observed over several acquisitions. Raw data were
processed by subtraction of a solvent spectrum from all traces prior
to subtraction of the negative time (ground state, —50 ps) spectrum.
No further spectral processing was carried out. Kinetic traces were
derived from measurements at single Raman frequencies.

Results

The ground and 3SMLCT excited-state absorption spectra of
[Ru(bpy);]?t are shown in Figure 2. The ps-TR3 spectra of
[Ru(bpy);]*t were recorded at several combinations of pump
and probe wavelengths. The wavelengths of the actinic laser
pulse were chosen to excite across the SMLCT absorption
manifold from the visible (450—500 nm) to the near-UV (390,
400, and 410 nm). However, as the kinetics and spectra obtained
show no dependence on the pump wavelength employed, the
results obtained at 400 nm pump only and various probe
wavelengths will be discussed.

The time-resolved excited-state rR spectra of [Ru(bpy);]>*
(in acetonitrile, Apump 400 nm and Aprepe 350 nm) are shown in
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Figure 3. Time-resolved resonance Raman spectra of [Ru(bpy)s;]Cl, recorded in (left) acetonitrile, Apump 400 nm and Aprobe 350 nm and (right) in
H,0 at Apump 400 nm, Aprone 475 nm. Upper traces: Kinetic trace at 1285 and 1500 cm™!, respectively. Ground state and solvent bands have been
subtracted. Note that the spectra in acetonitrile and H,O differ considerably due to the different probe wavelengths employed in each case. When
recorded at the same probe wavelength, the spectra obtained in either solvent are essentially the same.

Figure 3. It can be seen from these spectra that the Raman
scattering bands at 1223, 1291, and 1547 cm™! (assigned to
vibrational modes of the bpy~ radical anion*!) increase in
intensity over the first 20 ps following excitation.®’

In contrast to the rich spectra obtained with Aprope 350 nm
(i.e., in resonance with the SMLCT excited state, bpy-based,
absorption band), the TR? spectra of [Ru(bpy);]**, recorded in
H,0 solution (Apump 400 nm, with Ayone 475 nm, Figure 3, right),
are much simpler, with a single Raman scattering band observed
at 1500 cm™! (also characteristic of the bpy~ anion radical).
Nevertheless, as at Aprope 350 nm, the kinetics of the grow-in of
this band at Aprone 475 nm indicates a lifetime of ~10 ps for the
process.

Although the kinetics for the evolution of the resonance
Raman spectra of the THEXI 3MLCT spectra were similar in
both CH3CN and H,O, the solvent dependence of the grow-in
of the excited-state Raman bands was examined for a series of
alcohols and deuteriated solvents. The kinetics of excited-state
grow-in of [Ru(bpy)s]*" were investigated in four homologous
alcohols (Apump 410 nm, Aprope 475 nm, Figure S3). The time
constant for the grow-in of the resonance Raman spectrum of
the THEXI-3MLCT state was invariant (within experimental
uncertainty) over the series, despite the very different viscosities,
dielectric constants, and thermal diffusivities.*® Indeed no
significant differences in the grow-in kinetics were observed in
either CH3CN, CDsCN, H»O, or for several isotopologues of
[Ru(bpy)s)** (vide infra). The kinetics were also insensitive to
the counterion employed (chloride or hexafluorophophate).
Figure 4 gives an example of the spectra and kinetics obtained
in hexanol.

The ps-TR? spectra of [Ru(bpy).([Ds]-bpy),]*" (where x =
0-2 and y = 1—3) show essentially identical kinetics for the

grow-in of the marker bands of the THEXI—3MLCT state and
are also identical to the kinetics observed for the perprotio
complex [Ru([Hg]-bpy);]**. It is of note, however, that the
mixed ligand complexes, for example, [Ru([Ds]-bpy)([Hg]-
bpy),2]*" (Figure 5), show the characteristic Raman bands of
the THEXI—3MLCT states of both [Ru([Hg]-bpy)s]>" (at 1223,
1292, and 1551 cm™!) and [Ru([Ds]-bpy);]>" (at 1436 cm™1).

Heteropletic Ruthenium(II) Complexes. The complex
[Ru(bpy)>(Hdcb)] ™ is analogous to [Ru(bpy)s;]*t; however, a
key feature of this complex is that the THEXI—3MLCT state
has been identified by TR? through isotope labeling as residing
on the 4,4'-dicarboxy-2,2'-bipyridine ligand and not on the bpy
ligands.*! Indeed, in contrast to the partially deuteriated [Ru-
(bpy)s]** (vide supra), in the present study (at Apymp 410 nm
and Aprobe 470 nm), a single excited-state Raman scattering band
at 1486 cm™! was observed for [Ru(bpy).(Hdcb)]™, which, as
for the 1557 cm™! band of [Ru(bpy);]>", increased in intensity
over several ps to reach a maximum intensity by 20 ps. Again,
ligand deuteriation of either or both the Hodcb or bpy ligands
had no effect on the rate of the grow-in of the THEXI—MLCT
state (Figure 6).

Previous studies*’-*¢ have indicated that charge injection in
solar cells occurs on the femtosecond timescale and from a level
above the THEXI state. The present results, which suggest that
[Ru(bpy)2(Hdcb)]?* is not ‘vibrationally cold’ until several
picoseconds after initial formation, are consistent with these
studies. It is also important to note that the THEXI—MLCT
state in this complex is localized on the Hdcb™ ligand with the
energy difference between the Hdcb™ and bpy ligands precluding
thermally activated interligand hopping.

For the complex [Ru(bpy)x(phpytr)]*, the location of the
THEXI—3MLCT state has been identified as residing on the
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Figure 4. Left panel: TR3 spectra of [Ru(bpy);]** in 1-hexanol; pump at 400 nm, probe at 475 nm. The shoulder at 1500 cm™ is due to incomplete
subtraction of the solvent band. Right panel: Kinetics of the 1555 cm™' Raman band in 1-hexanol (for the kinetics in a series of homologous series
of alcohols see Figure S3, Supporting Information) with the pump excitation at 400 nm and the probe wavelength at 475 nm.
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Figure 5. TR? (ground-state and solvent subtracted) spectra of [Ru([Ds]-bpy)([Hs]-bpy)2]>* in H20, Apump 400 nm and Aprobe 350 nm.

bpy ligands.*! The spectra of the deprotonated complex in H,O
and in acetonitrile (Apump 400 nm and Ayrobe 350 nm) are shown
in Supporting Information. The excited-state resonance Raman
spectra of [Ru(bpy).(phpytr)]* show bands at 1212, 1287, and
1540 cm™!, characteristic of the bpy"™ anion radical. The grow-
in of the excited-state features at early times is very similar to
that observed for [Ru(bpy)s;]**, with the process (followed at
1288 cm™!) being complete well within ~20 ps. Protonation of
the triazole moiety of the complex, that is, [Ru(bpy),-
(Hphpytr)]?*, did not result in any changes in the rate of the
grow-in of the spectrum of the THEXI—3MLCT state, and as
for [Ru(bpy)s]*", ligand deuteriation has no measureable effect
on the kinetics of the grow-in (Figure 7). Notably, in this case,
the subsequent decay*' of the THEXI—3MLCT state could be
observed on the experimental timescale also, in line with the
very short lifetime (ca. 10 ns) of the SMLCT state of this
complex.*!

The complex [Ru(bpy)(phpytr)]™ is asymmetric in compari-
son with [Ru(bpy)s]**, and the electron density of the negative

triazole moiety increases the energy of the 3MLCT states
localized on the phpytr ligand relative to the bpy ligands. This
results in an excited-state which may be delocalized over two
near degenerate bpy ligands (the asymmetry of phpytr leads to
a small energy difference between the ligands). However, no
change is observed in the rate of formation of the
THEXI—3MLCT excited state (Figure 8). It is perhaps of interest
to note that, in contrast to [Ru(bpy)s]>*, the negatively charged
phphytr™ ligand results in a considerable dipole in both the
ground and excited states (the magnitude of the dipole is reduced
significantly in the excited state). The similarity of the relaxation
kinetics for these three series of complexes suggests that solvent
reorganization is not a major factor in determining the rate of
formation of the THEXI—3MLCT state.

Discussion

While a strong consensus emerges from the majority of
studies on both picosecond and femtosecond timescales con-
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[Ru([Ds]-bpy)a([De]-Hdeb)]* in D20 with Apump 410 nm and Aprone 470
nm.

cerning the initial formation of the SMLCT state of [Ru(bpy)s]>™
from the FC 'MLCT state via ultrafast ISC, a considerable
divergence of views appears in respect of the timescale over
which formation of the fully, vibrationally relaxed (THEXI)
SMLCT state occurs.

The transient absorption data of McCusker et al.3? suggested
that the THEXT state has fully evolved by ca. 300 fs with the
experimental data indicating no further slower relaxation
processes. More recent reports by Mathies et al.*® suggest that
the THEXI—3MLCT state is formed over a period of 100—130
fs. The recent broadband femtosecond fluorescence study of the
excited-state dynamics of the MLCT states of [Ru(bpy);]*>" by
Chergui et al.® appears to suggest an even shorter timescale,
with the vibrationally relaxed *MLCT state forming within some
15 fs.

Notwithstanding these reports, the weight of the evidence
from several other studies, carried out on both the picosecond
and femtosecond timescales,*® together with the present study,
support a timescale for vibrational cooling to the fully relaxed
THEXI—3MLCT state of some 10—20 ps.

Thus, considering first the results of the present study covering
the early picosecond timescale (1—500 ps), it is apparent that
in the TR3 spectra of [Ru(bpy);]*t in acetonitrile (Figure 3, Apump
400 nm and Aprobe 350 nm), bands at 1212, 1293, and 1500 cm™!,
characteristic of the bpy anion radical (bpy ™), reach a maximum
in intensity on the picosecond timescale (1/e time ~20 ps).
These observations are in accordance with the TR3 and TRIR
studies reported recently by VICek et al.3¥ for Re(I) and Ru(II)
complexes containing a single polypyridyl chromophore. In
these studies, vibrational cooling of the metal — polypyridyl
ligand SMLCT state was found to take place over ca. 10 ps, a
timescale very similar to that observed in the present study.

Figure 4 (and Figure S3 in Supporting Information) highlights
the effect of solvent on the excited-state grow-in, as observed
in the present study. Again the process occurs on the picosecond
timescale, with a 1/e lifetime of ca. 20 ps, independent of
solvent. Given the range of dielectric constant and viscosity
covered by the solvents investigated, this would suggest that

J. Phys. Chem. A, Vol. 112, No. 20, 2008 4541

solvent reorganization and heat dissipation are not rate-limiting
in the vibrational cooling step of the THEXI—MLCT state.
This is not unexpected, considering the rate of solvent reorga-
nization for acetonitrile has been estimated as 5 x 10713 (200
fs), which further indicates that this process is completed on a
a different timescale to excited-state relaxation, a point also
made by VICek et al.38¢

Interestingly, on the basis of picosecond TR? studies on
[Ru(bpy)s]?* carried out some 20 years earlier, Carroll and
Brus®” concluded that vibrational relaxation of the SMLCT state
was complete within some 6 ps. Moreover, they found no
difference in the rR line shapes of this state going from aqueous
to isopropyl alcohol environments.

Turning now to femtosecond timescale studies, Hammarstrém
et al.** have noted an apparent discrepancy between their
ultrafast transient absorption measurements at a 360 nm probe
wavelength and the earlier findings of McCusker and co-
workers. In the Hammarstrom study,*® a 10 ps process was
observed, in addition to the ultrafast subpicosecond step. The
difference in the results obtained in the two studies was
attributed to the difference in the probe wavelengths employed.
In the earlier study of McCusker et al.,3? the TA kinetics were
probed in the 400—500 nm region, where ground-state depletion
is the dominant process. In contrast, the 360 nm probe employed
by Hammarstrom et al.** falls within the absorption band of
the bpy anion radical (bpy*™) species and, thus, the absorption
of the THEXI—3MLCT state, which they suggest is where most
of the solvation and vibrational relaxation processes can be
expected to be observed. While this is the only wavelength
where they detected significant 10 ps isotropic dynamics, the
results from our own studies illustrated in Figure 3, with a 470
nm probe, interrogating the lower energy absorption band of
the THEXI—3MLCT state (assigned also as a bpy anion radical-
centered transition), point to grow-in on a similar timescale. It
is interesting to note at this point also that in a later study by
the McCusker group® (400 nm pump) of the complexes
tris(4,4’ diphenyl-2,2'-bipyridyl)Ruthenium(Il) ([Ru(dpbpy)s]**)
and tris(4,4’dimethyl-2,2'-bipyridyl)Ruthenium(II) ([Ru(dmb-
py)sl*t), a 10 ps process was observed also, albeit being as-
signed to conformational changes involving the phenyl—pyridyl
torsion angle. This process was found to be somewhat probe
wavelength dependent with the process not being observed at
480 nm (where ground-state bleaching dominates) but observed
at 532 nm (where excited-state absorption is found). Moreover,
very recent investigations*®® by femtosecond four-wave mixing
of the relaxation processes leading to a thermalized SMLCT-
state in the complex [Ru(tbbpy);]** have also revealed two
distinct timescales. An ultrafast process, which is attributed to
intersystem crossing, rapidly depopulating the initially photo-
excited 'MLCT-state, is found to take place in less than 200 fs,
followed by a second process on a picosecond timescale,
assigned to vibrational cooling within the SMLCT-state.

Thus, the evidence in support of the formation of the
THEXI—3MLCT state requiring some 10 ps is considerable,
on the basis of independent studies on both femtosecond and
picosecond timescales from several laboratories. Figure 9
summarizes the picture which emerges from our own findings
and these other studies. Notably, Papanikolas et al.,! on the
basis of femtosecond TA studies on [Os(bpy);]>", also conclude
that vibrational cooling in the MLCT state of this complex takes
place over 16 ps, following subpicosecond ISC, subsequent to
initial '"MLCT formation.

It is important also to consider the nature of the vibrational
cooling process. The primary method for investigation of this
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Figure 7. TR® spectra (lower) and kinetic traces at 1288 cm™! (upper) of [Ru(bpy)2(phpytr)]* in H,O (left panels) and [Ru([D]s-bpy).(Hphpytr)]>*

in CD;0D (right panels), Aprobe 350 nm, Apump 400 nm.

is the deuteriation of solvent and ligand (see Figure 7). Solvent
vibrational modes act as energy acceptors in the deactivation
of excited states. The insensitivity of the rate of THEXI state
formation to solvent deuteriation (Figure 7) indicates that the
rate of energy dumping from the upper excited levels of the
SMLCT state is not significant in the thermalization process.
Furthermore, the absence of any influence of ligand deuteriation
on the dynamics (Figure 7) suggests that the high-frequency
solvent-acceptor/ligand-donor modes are not the principal
carriers for energy dissipation. Therefore, energy is probably
lost via conversion into low-frequency vibrational modes. The
combination of the large molecule and the mixing of vibrational
modes results in a variety of closely spaced levels capable of
deactivating the upper excited-state via a multitude of small
steps.

The results obtained for the heteroleptic complexes [Ru-
(bpy)2(Hdcb)]™ and Ru(bpy).(phpytr)]* provide a basis for
assessing the generality of the conclusions just reached for
[Ru(bpy);]**. Figure 6 shows the resonance Raman spectra of

[Ru(bpy)>(Hdcb)]™ in D,0. As already pointed out, the
THEXI—3MLCT state of this molecule is located on the dcb
ligand and not on the bpy ligands. Despite the presence of the
electron-withdrawing COOH groups, the rate of THEXT state
formation is little different from that for [Ru(bpy);]**. Previous
work has suggested that charge injection in solar cells occurs
on the femtosecond timescale and from a level above the THEXI
state. The present results are consistent with these studies as
they suggest that [Ru(bpy),(Hdcb)]** is not vibrationally cold
on this timescale.

From the resonance Raman spectra and kinetics of
[Ru(bpy)2(phpytr)]* in acetonitrile with pump at 400 nm and
probe at 350 nm (Figure 7), it is clear that the grow-in kinetics
occur on practically the same ps timescale as observed for
[Ru(bpy);]** and its deuteromers. [Ru(bpy).(phpytr)]* is a less
symmetrical molecule than [Ru(bpy);]** which leads to changes
in the excited-state electronic structure. The electron density of
the negative triazole moiety increases the energy of the phpytr
ligand such that this ligand is at higher energy than the two
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bipyridine ligands. This results in an excited-state which may
be delocalized over two near degenerate bpy ligands (the
asymmetry of L1 leads to a small energy difference between
the ligands). However, no change is observed in the time taken
to reach the relaxed SMLCT spectrum. The strong o-donor
properties of the triazole lead to an increase in the energy gap
between the MLCT and MC (metal centered) states. Another
significant point is that the overall 1+ charge on this molecule
due to the negative triazole moiety modifies the dipole of the
molecule in both the ground and excited states.
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The agreement of the results obtained for both the protonated
[Ru(bpy)>(Hphpytr)]>** and deprotonated [Ru(bpy)>(phpytr)]*™
complexes highlights the fact that the protonation state, and
hence charge, of the complex does not affect the time taken for
formation of the THEXI state. Also the ability to control the
o-donor properties and SMLCT—3MC energy gap of the triazole-
containing complex gives an indication of the effect on
IMLCT—3MLCT coupling of these properties. Again, since little
change is seen for the triazole-containing complex in either
protonation state, the influence of MC coupling during vibra-
tional cooling in the picosecond time range must be seen as
negligible.

Conclusions

In the present work, we have undertaken an extensive survey
of the time-resolved resonance Raman spectroscopy of the
paradigm [Ru(bpy)s]?>" complex, its isotopologues, and a series
of heteroleptic ruthenium(Il) complexes. From these results, it
is apparent that the THEXI state is not fully formed on the
femtosecond timescale, as previously suggested, but changes
in the vibrational spectra are seen up to some 10 ps.

This work is not only relevant in understanding the funda-
mental properties of the excited-state in transition metal
complexes, but also important in regard to the design of
supramolecular devices. The inclusion of [Ru(bpy)x(Hdcb)]*
extends this work to cover complexes which have previously
been incorporated into molecular light-energy storage devices
and the observations are in agreement with studies which
indicate that charge injection occurs from a non-THEXI state.*
The similarity of the results obtained for this complex and
[Ru(bpy)s;]?* also highlights the importance of an intimate
understanding of even ostensibly well-understood structures.
Also, the observation of similar grow-in kinetics for complexes
with the excited-state located on a single ligand discounts the
possibility that the time taken to reach the fully vibrationally
relaxed excited-state is due to localization.*
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