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The application of time-resolved vibrational (Raman and infrared) spectroscopy to the
study of excited-state intercomponent processes in inorganic chemistry represents a pow-
erful new application of these techniques. The development of vibrational spectroscopy
with time resolution from microseconds to femtoseconds to characterize the photochem-
istry and photophysics of metal-containing supramolecular systems provides a mechanism
for understanding the fundamental processes which occur following photolysis. The utility
and potential of this approach in the elucidation of excited-state processes is demonstrated
with studies of excited-state localization, excited-state structure, and photoinduced
intramolecular electron and energy transfer.
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1. INTRODUCTION

The spectroscopic studies of excited-state processes of inorganic sys-
tems have generally focused on transient emission and especially tran-
sient electronic absorption spectroscopy. The transient absorption
method depends upon the appearance of characteristic absorption bands
to define intermediate states. With the trend toward larger more complex
supramolecular systems,! data interpretation becomes more complicated
because electronic absorption features are typically broad and these sys-
tems can have several absorbing chromophores. Furthermore, detailed
characterization of the structure of chemical transients following excita-
tion is fundamental to the understanding of the excited state and subse-
quent electron and energy transfer processes. Electronic spectroscopy is
limited in the amount of structural information it can provide.

Infrared and Raman spectroscopies with appropriate temporal resolu-
tion overcome these problems with the vibrational information offered in
the resulting spectra. Resonance Raman and time-resolved resonance
Raman spectroscopy have proven to be most useful in the study of
excited states of inorganic complexes in solution.2 Additionally, with the
advent of the time-resolved infrared technique, transient infrared data
may now be obtained on time scales ranging from microseconds to fem-
toseconds.? The utility and potential of these spectroscopic techniques in
the elucidation of excited-state processes is discussed in the context of
excited-state localization, excited-state structure, and photoinduced
intramolecular electron and energy transfer.

2. INSTRUMENTATION

Time-resolved resonance Raman (TR3) spectroscopy on the nanosecond
time scale has been extensively utilized over the past 15 years. This
experiment is conducted in one of two ways, depending upon the method
of detection. With a typical scanning spectrometer/photomultiplier tube
arrangement of the type used in continuous-wave (CW) resonance
Raman spectroscopy, transient spectra can be measured using boxcar
integration with a pulsed laser source. While this approach takes advan-
tage of the dispersion and Rayleigh rejection capabilities of a scanning
double monochromator, significant disadvantages exist in the time
needed for a complete spectrum and the numerous excitation pulses
needed in the course of the experiment.
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Optical multi-channel analyzers (OMA'’s) and charge-coupled devices
(CCD’s) with a spectrograph provide the ability to measure a complete
spectrum with a single laser pulse. This approach provides a significant
advantage in the time needed to obtain a spectrum. With intensifiers on
these devices, gated detection is possible, The intensifier can be “on” or
“off” following the laser pulse for time resolution. The advantage to this
approach is that a single laser pulse can be used to both excite the sam-
ple and as a source for the Raman scattering. Time resolution is limited
by the laser pulse and the gate in this experiment so that the best time res-
olution with sufficient Raman signal is on the order of 50 ns.

The pump-probe approach can be used to provide better time resolu-
tion for the transient Raman experiment (Fig. 1). In this experiment, a
laser pulse is used to excite the sample and a second laser pulse is used
as a source for the Raman scattering. A CCD without an intensifier can
be used for a detector. The time resolution is determined by the timing
between the two pulses. The use of a picosecond laser system then
allows for the study of very fast processes following excitation.

Continuing advances in transient infrared spectroscopy have led to the
ability to measure transient IR signals following laser excitation on a
variety of time scales.3 Time-resolved infrared spectroscopy is comple-
mentary to the more often utilized transient resonance Raman method,
and the combination of these two approaches represents the opportunity
to gain insight into the entire vibrational nature of short-lived transient
species.

In supramolecular photochemistry, transient infrared spectroscopy
is particularly valuable in the study of complexes containing CO or
CN- because v(CO) and v(CN) have high oscillator strengths. The
sensitivity of the frequencies and bandwidths of these vibrations to
electronic and molecular structure is well established. Electronic exci-
tation generally produces intense transient infrared absorption
changes which are characteristic of the changes in electron density
within the complex. Additionally, it is possible to obtain transient
spectra throughout the mid-IR region which can supplement Raman
results.

One approach to time-resolved infrared spectroscopy on the nanosec-
ond time scale uses a monochromatic monitoring beam and a pulse of
laser excitation source with transient signals being monitored point by
point over the spectral region of interest.32 This experiment suffers from
relatively long acquisition times required for a complete spectrum and
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the need for a tunable IR source throughout the region of interest. While
it is possible to obtain transient spectra with a dispersive instrument, a
potentially valuable method uses step-scan Fourier transform interfer-
ometry.3d4 In this experiment laser excitation occurs at each mirror posi-
tion and the transient signal is measured. An interferogram is created
point by point at each mirror position with a single interferogram being
recorded for Fourier transformation. Several interferograms can be col-
lected for the needed signal-to-noise ratio.

Commercial instrumentation is available for some step-scan applica-
tions. We have modified a commercial system which is capable of
nanosecond time resolution in the study of inorganic complexes and
supramolecular systems (Fig. 2). This set-up can measure FTIR difference
spectra for short-lived (nanosecond time scale) electronically excited
states and related photochemistry. The apparatus uses a step-scan interfer-
ometer as the IR source, boxcar integration of a photovoltaic MCT detec-
tor, a stable timing scheme for data collection, and external optics for
tightly focusing the IR beam on the sample and collecting the IR signal.

The pump-probe approach can also be used for time-resolved infrared
spectroscopy, allowing for measurement of ultrafast IR spectra. One
approach to ultrafast IR spectroscopy uses a short pump pulse and up-
conversion of a CW IR signal with a second short visible pulse for visible
detection.> This up-conversion experiment is very similar to an ultrafast
visible experiment. A second experimental approach uses the generation
of short IR pulses as the probe beam. Several methods are available for
the generation of short IR pulses; one approach is shown in Fig. 3.

In this type of experiment, the probe beam is split into sample and ref-
erence beams before the sample and interrogated by a mid-IR sensitive
detector. The ratio of sample to reference signal is then computed elec-
tronically. As with the nanosecond experiment on supramolecular sys-
tems, picosecond IR measurements have focused on metal carbonyl
compounds because of the large IR absorption cross section. It should be
possible, however, to extend these studies to other vibrational transitions.

3. EXCITED-STATE LOCALIZATION

One of the main applications of time-resolved resonance Raman spec-
troscopy has been in the investigation of the site of localization of the
excited electron following photoexcitation in mixed-ligand metal com-
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FIGURE 3 Schematic picosecond time-resolved infrared apparatus utilized at Los
Alamos (BS = beam splitter; DM = dichroic mirror; MCT = mercury cadmium tel-
luride; SHG = second harmonic generator; DC = doubling crystal). The apparatus is
based on a pump-probe technique with time resolution obtained by optically delaying
(0.3 mm = 1 ps) an infrared probe puise with respect to a near UV pump pulse. The
pump pulse is obtained by amplifying the output of a dual-jet dye laser (R6G/DODCI)
synchronously pumped by a frequency-doubled CW mode-locked Nd: YAG laser
(Coherent Antares 768). Amplification is effected in a three-stage Kiton Red dye
amplifier, with a Schott filter acting as a saturable absorber between stages 1 and 2.
The amplifier is longitudinally pumped by a frequency-doubled Nd: YAG regenerative
amplifier (Continuum RA30, 20 mJ at 532 nm, 60-ps pulses at 30 Hz), seeded by the
CW-mode locked Nd: YAG laser. Stages 1 and 2 receive approximately 1 ml/pulse,
and stage 3 receives 10 mJ/pulse of 532-nm pump energy, resulting in ca. 2-ps pulses
at 595 nm of up to 0.5 mJ/pulse at 30 Hz repetition rate. The 595 nm pulses are fre-
quency doubled to achieve a pump near 300-nm. The infrared probe pulse is generated
in a two-step nonlinear mixing process. In the first step, the difference frequency
between 1064 nm (1 mJ) pulses from the regenerative amplifier and the amplified dye
pulse (ca. 10%) is generated in a potassium titanyl phosphate (KTP) crystal (3 mm
thick) cut at 65 degrees relative to the optical axis for type II phase matching. This gen-
erates a near infrared pulse at approximately 1.3 im. The mid-infrared probe pulse (1.7
ps, FWHM ca. 8 cm-!, 100 nJ) is generated in a second step by differencing the resid-
ual 1064-nm pulse with the 1.3 pm pulse in a silver thiogallate (AgGa$,) crystal (3 mm
thick) cut at 46 degrees for type II phase matching. The infrared frequency is changed
by tuning the dye laser with a two-plate birefringent filter to change the difference fre-
quency.
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plexes. Enhancement of the Raman signals is observed when the excita-
tion laser pulse is in resonance with an electronic transition of the excited
species. Differences between ground- and excited-state vibrational fre-
quencies provide a basis for inferring structural changes induced by dif-
ferences in electron density. An excellent example is given by the study
of heteroleptic polypyridyl complexes.? In terms of supramolecular pho-
tochemistry, these complexes represent important building blocks that
may allow for the occurrence of photoinduced vectorial intercomponent
processes such as energy and electron transfer. To adequately utilize
these complexes in different synthetic strategies, the site of excited elec-
tron following photolysis must be elucidated.

In the binuclear complex Ru'(dmp),-(Mebpy-CH,-CH,-Mebpy)-
Rh!(dmb)5* (dmp is 4,7-dimethyl-1-10-phenanthroline; Mebpy is 4-
methyl-2,2’-bipyridine, and dmb is 4,4’-dimethyl-2-2’-bipyridine),
selective excitation of the ruthenium chromophore is followed by elec-
tron transfer quenching, leading to a charge-separated state containing
Rull-Rh centers.® In this case, the thermally equilibrated 3SMLCT excited
state involved in the electron transfer process could be either Ru — dmp
or Ru — Mebpy-CH,. Given the similarity between the two ligands, their
relative energies are difficult to predict. For the same reason, electronic
spectroscopy cannot elucidate information regarding the localization of
the excited electron. This information, however, can be obtained from
time-resolved resonance Raman spectroscopy using model mononuclear
complexes.® The TR3 spectra of [Rufl(dmp);]?* and {Rull(dmb);]?* con-
tain characteristic vibrational features of the Ru — dmp (e.g. bands at
1415 and 1303 cm-!) and Ru — dmb (e.g. intense bands at 1210, 1291,
1333, 1449, and 1568 cm-!) MLCT excited states. The TR3 spectrum of
the mixed-ligand complex Rull(dmp),-(Mebpy-CH,-CH,-Mebpy) shows
features belonging to both 3MLCT states, and is essentially coincident
with the TR3 spectrum of a solution containing [Ruf(dmp),}?+ and
[Rul'(dmb),]?* in a 2:1 ratio. These results clearly point to an interligand
equilibration on the time scale of the experiment (<20 ns) with the excited
electron residing with a statistical population (33%) on the bpy-type lig-
and. This further suggests that the efficient pathway for the electron trans-
fer process would involve the 1t* orbital of the Mebpy-CH, moiety.

When a more pronounced electronic asymmetry among the coordi-
nated ligands of [Rull(LL)(LL")(LL")]?+ exists, TR3 spectra clearly
reveal a lowest excited state that has the electron localized on one of the
three ligands. Figure 4 shows an example in which the transient Raman
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spectrum of the MLCT state of [[Ru(bpy)(dmb)(bpm)}2+ is compared to
that of [Ru(bpy);]?*, [Ru(dmb);]2*, and [Ru(bpm);]2* (bpy is 2,2’
bipyridine and bpm is 2,2"-bipyrimidine).?

The data were collected on 1 mM samples in degassed CH,CN with the
third harmonic of a pulsed Nd: YAG laser (354.7 nm, 7 ns). The same
laser pulse was used to both create the excited state and for a source of the
Raman scattering. In the spectrum of [Rul'(bpy)(dmb)(bpm)]?* where
bpm has the lowest lying ©t* acceptor level, Raman bands for (bpm--)
(e.g., 1175, 1250, 1520, and 1555 cm-!) dominate the spectrum with only
ground-state signals observed originating from the bpy and dmb ligands.
No transient bands characteristic of (bpy--) (at 1212, 1284, 1426, 1496, or
1548 cm-1) and (dmb--) (at 1209, 1288, 1324, 1450, 1499, or 1572 cm!)
are observed; thus localization is shown to be on the bpm ligand.

Large ligands and asymmetric ligands in coordination complexes pre-
sent the possibility of localization of the excited electron within a partic-
ular fragment of the ligand. TR3 spectroscopy is the only experimental
technique capable of addressing this issue. Recently, the results of
ground- and excited-state Raman measurements have been used to pre-
dict the extent of ligand n* framework involvement in the excited state
of different ligands. Examples are provided by studies of the excited-
state properties of [Ru(bpy).(pypz)}>* and [(dmb),Rull(pn-bbpe)
Ru%(dmb),]** (pypz is 2-pyridylpyrazine and p-bbpe is trans-1,2-bis (4-
(4’-methyl)-2,2’bipyridyl)ethane). While for the former localization on
the pyrazine portion of the pypz ligand was noted,!® TR3 spectra of the
p-bbpe dimer indicated delocalization of the excited electron over the
entire bbpe ligand.!!

4. ENERGY TRANSFER IN POLYNUCLEAR COMPLEXES

Supramolecular systems which utilize excited-state energy transfer
processes between molecular components present another area where
the TR? method provides a spectroscopic probe to clarify the occurrence
and direction of these processes.

Studies on polynuclear complexes based on cyano-bridged Ru(bpy),2*
units have indicated that, by synthetic control of the linkage, intramole-
cular energy transfer can be driven between MLCT excited states local-
ized on the C and N bonded units (Scheme I).!2 The bridging cyanides
provide a relatively strong electronic coupling between metal centers,
thus favoring efficient energy transfer processes.
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or Ru(i-CN-Ru(l)

SCHEME I

We have utilized TR3 spectroscopy and the complexes [(NC)(phen),
Rul(CN)Rufi(bpy),(CN)I* and [(NC)bpy),Ru(CN)Ru"(phen),(CN)]*
to study energy transfer in these systems.!2d The exchange of phen for
bpy is nearly isomorphous electronically, as demonstrated by the prop-
erties of [Ru(phen),(CN),] and [Rull(bpy),(CN),], and yet the two lig-
ands can be distinguished unambiguously by the Raman technique.

The transient Raman spectra of [(NC)(phen),Rull(CN)Ru”(bpy),(CN)}*
and[(NC)(bpy),Rull(CN)Ru'l(phen),(CN)}* (Fig. 5) clearly establish the
energy transfer product following MLCT excitation. These results can
be compared to the transient spectra of [Rull(bpy);]?*+ and [Rull(phen);]2+
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as well as the CW Raman data for (bpy--) and (phen--).3b.36.13.14 The spec-
trum of [(NC)(phen),Ruf(CN)Ru'(bpy),(CN)]* (Fig. 5A) shows strong
bands at 745, 1014, 1212, 1285, 1424, and 1549 cm-!, that are essentially
that of (bpy--), with the only features associated with the phen ligand
arising from enhancement of ground-state signals. This result is consis-
tent with the assignment of the lowest excited state on the nanosecond
time scale as [(NC)(phen),RuT(CN)RuM{bpy--)(bpy)(CN)]+. This state
is reached both by direct excitation and indirectly by energy transfer fol-
lowing Ru" — phen excitation. The transient Raman spectrum of
[(NC)(bpy),Rull(CN)Rul'(phen),(CN)]+ (Fig. 5B) verifies this result and
is dominated by ground-state v(bpy) bands which gain enhancement
from the ground-state nt* absorption near 320 nm. Additionally, tran-
sient bands of medium intensity at 1315, 1432, and 1583 cm! are
observed, which can be assigned to (phen--), consistent with the oxida-
tion state distribution of [(NC)(bpy),Ru(CN)Rul(phen--)(phen)(CN)]+
as the primary component following photoexcitation. This cross-check
experiment provides convincing evidence that: (i) the lowest MLCT
excited state in these quasi-symmetrical complexes always resides on the
N-bonded metal-polypyridine unit; (ii) fast and efficient intercomponent
energy transfer from C-bonded to N-bonded MLCT states takes place.

TR3 results further suggest the possibility that protonation of the ter-
minal cyanide on the N-bonded unit can reverse the energy transfer
process. For example, the transient Raman spectrum of a solution where
the protonated [(NC)(phen),Rul(CN)Rull(bpy),(CNH)]?* is believed to
be the primary component shows a loss in intensity of bands of (bpy--)
with a concomitant appearance of (phen--) features (Fig. 5C).15

The previous examples have shown that the effect of synthetic
changes or other perturbations of supramolecular systems can be moni-
tored by observing changes in excited-state Raman bands. In the tran-
sient Raman studies of energy transfer processes, information as to the
presence and direction of energy transfer in cyano-bridged ruthenium
complexes depend upon differences in observed ligand vibrations. With
the TRIR technique information can be obtained by monitoring
v(CN), which directly probes the metal oxidation state. For
[(NC)(bpy),Rull(CN)Rull(bpy),(CN)]*, the transient infrared spectrum
following MLCT excitation demonstrates a depletion of the ground-state
cyanide bands and the concomitant appearance of new excited-state
absorption features.!?c Comparison of the transient infrared spectrum
with that of the chemically produced mixed-valence dimer,
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[(NC)(bpy),Rull(CN)Rul(bpy),(CN)]?+, allows us to assign the new
absorption bands to the stretching modes of the bridging and terminal
cyanides, demonstrating that the excited state can be described as
[(NC)(bpy),RuT(CN)RuT(bpy--)(bpy)(CN)]+*.12¢

Polynuclear systems which undergo long-range energy transfer fol-
lowing absorption of a photon can be synthesized. As an example the
cyano-bridging chemistry has been extended to the oligomers [(phen)
(CO)3Rel(CN)[Rull(bpy),(CN)], Rull(bpy),]*+>+ in which every Rull
center is linked to two cyanides, one binding to carbon and one to nitro-
gen. Photophysical studies have suggested that these complexes can
function as molecular conduits for long-range energy transfer.’6 The
comparison of the transient Raman spectra of the trinuclear
{(phen)(CO), Rel(NC)Ru!(phen),(CN)Ru'l(bpy),(CN)]2+ and of the
model binuclear complexes [(phen)(CO),Rel(NC)Rufl(bpy),(CN)]*+ and
[(phen)(CO);Re! (NC)Rull(phen),(CN)]+ provide direct evidence for this
long-range transfer.!6 As shown in Fig. 6, simultaneous Re! — phen and
Rull —» bpy excitation in the binuclear complex [(phen)(CO),
Rel(NC)Rull(bpy),(CN)]* results in characteristic Raman bands for
(bpy--) (Fig. 6A), indicating efficient energy transfer from the Re to the
Ru center. Under identical experimental conditions, excitation of
{(phen)(CO);Rel(NC)Ruli(phen), (CN)]* results in bands attributed to
(phen--) (Fig. 6B). For the trinuclear complex [(phen)(CO);Re!
(NC)Ru''(phen),(CN)Ru'(bpy),(CN)]2+ (Fig. 6C), only bands for (bpy--)
appear consistent with complete energy transfer to the terminus within
the laser pulse (<10 ns).

5. INTRAMOLECULAR ELECTRON TRANSFER

The study of light-induced electron transfer in electron donor-acceptor
systems has typically utilized transient absorption and emission mea-
surements.!” The Raman technique offers a probe for intramolecular
electron transfer processes with more detail and the ability to establish
changes in geometry at the acceptor ligand.!® Differences between
ground- and excited-state vibrational frequencies provide a basis for
inferring structural and conformational changes induced by differences
in electron content.

An interesting example is given by the chromophore-quencher com-
plex fac-{(bpy)Rel(CO);(MQ+)]?*, where the N-methyl-4,4'-bipyri-
dinium cation (monoquat or MQ*) is the acceptor ligand. Following
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Rel(dn) — bpy(m*) excitation, intramolecular electron transfer (bpy-- —
MQ+) occurs to give the lower energy, Rell(MQ-)-based MLCT excited
state (Scheme II).17=

The transient resonance Raman spectra (1000~1700 cm!) of fac-
[Rel(bpyXCO),(4-Etpy)]* and fac-[Rel(bpy)(CO);(MQ*)]?* are shown in
Fig. 7. The band energies for MQ- were established independently by mea-
surements on solutions containing the electrochemically generated, one-
electron-reduced complex fac-[Rel(bpy)(CO),(MQ-)]*. The occurrence of
intramolecular electron transfer following Re— bpy excitation of fac-
[Rel(bpyCO),(MQ*)]2+ is clear when the transient spectra of fac-
[Rel(bpy)(CO)s(4-Etpy)]* and fac-[Re!(bpy)(CO)3(MQ*)]** are compared.
The resonantly enhanced Raman bands for fac-[Rel(bpy)(CO)s(4-Etpy)]*
are typical of (bpy--) as found in the excited-state spectra of [Ruli(bpy),]>+
and the CW spectrum of (bpy--). For fac-[Rel(bpy)(CO);(MQ*)]2+ only
bands originating from (-MQ-) (at 1025, 1043, 1202, 1250, 1359, 1502,
1523, 1609 and 1649 cm!) are observed in the transient spectrum.

Results of vibrational analyses are available for molecules with struc-
tural similarities to MQ such as biphenyl and N N’-dimethyl-4,4"-bipyri-
dinium dication (paraquat or PQ2* or methylriologen) and their
one-electron reduced forms.!9.20 With these data it is possible to use the
transient Raman results to probe structural changes at monoquat that
accompany intramolecular electron transfer. The Raman band with a
large contribution from the inter-ring C-C stretch v(C-C) can be
assigned in the spectrum of fac-[Rel(bpy(CO);(MQ*)]** to the band at
1298 cm-1. Upon one-electron reduction, this band shifts to 1348 cm-!,
and is observed at 1359 cm-! in the transient spectrum of fac-
[Rel(bpy)}(CO);(MQH) ]2+ indicating an increase in bond order. These data
are consistent with a significant amount of charge transfer to MQ* in the
monoquat-based, MLCT excited state, and points to a shortening in the
inter-ring separation distance, a planar, quinoidal structure with 8 ~ 0°,
and enhanced aromatic character extending across the two rings. The con-
clusion regarding planarity and 6 ~ 0° are reinforced by the comparison
between PQ2+ and 3,3’-Me,PQ?2+, where the methyl groups in the ring pre-
vent the pyridine groups from adopting a coplanar conformation. In the
one-electron-reduced PQ+, v(C-C);, is found at 1356 cm-!, while for 3,3’-
Me,PQ™* v(C-C), is observed at 1327 cnr!, consistent with less double-
bond character between the rings and a lower degree of coplanarity.

When the CW and transient resonance Raman data are combined,
structural changes at the monoquat ligand induced by electron transfer
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can be inferred. For fac[Re!(bpy)(CO);(MQ*)]?+, from crystallographic
data and the frequency of the inter-ring stretch in the CW Raman spec-
trum, O ~ 47°.21 Re! — bpy excitation followed by bpy — MQ* electron
transfer causes the dihedral angle to decrease to © ~ 0° (Scheme II). The
conversion between forms implies both a structural change and an asso-
ciated change in electronic delocalization and resonance energy.!8.2!

6. KINETICS OF INTERCOMPONENT ELECTRON
AND ENERGY TRANSFER PROCESSES

The continuing developments in time-resolved resonance Raman and
infrared spectroscopy has led to the possibility of investigating very fast
intercomponent electron transfer processes. The ability of the TR3 tech-
nique for documenting selective populations of various ligand-localized
excited states can allow time resolution of the kinetics of electron trans-
fer processes by monitoring the rise time or decay of specific vibrational
transitions. A clear example is given by the study of intraligand electron
transfer in mixed-ligand ruthenium (II) complexes containing 2,2’-
bipyridine and 2,2'-bipyrimidine (bpm), or 2,2’-bipyridine and 4,4'car-
boxy-2,2"-bipyridine (dcbH,).22 Although the energy gaps between the
higher energy ligand (bpy) and the lower energy (bpm) and (dcbH,) are
rather modest (ca. 3100 cm!), intraligand electron transfer was found
complete on a 30 ps or faster time scale.22

The presence of suitable ligands giving rise to vibrations with high
oscillator strength allow the use of picosecond infrared spectroscopy to
estimate the time scale of intercomponent electron or energy transfer
processes. This technique has recently been used to investigate electron
transfer and vibrational relaxation in cyano-bridged mixed-valence
complexes of the type [(NC);MI-CN-MIT(NH,);]- (M = Ru, Os),23 and
successfully applied to the study of intramolecular energy transfer in
((phen)(CO);Re'(NC)Ru'(bpy),(CN)J+24

Due to the presence of the carbonyl groups on Re, which give rise to
very intense infrared stretching bands, the binuclear [(phen)(CO);
Rel(NC)Ru'l(bpy),(CN)}* complex is particularly well-suited for TRIR
studies. Because of varying degrees of n-backbonding, different CO
stretching frequencies are expected for the ground state, the Re-based
MLCT excited state, and the Ru-based MLCT excited state. In the
infrared spectrum of the ground state in CH;CN (Fig. 8C), v(CO) bands
appear at 1920 and 2028 cm-!, the terminal v(CN) stretch at 2079 cm-!,
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and v(CN) for the bridge at 2094 cm-!. In the nanosecond TRIR spec-
trum of this system (Fig. 8D), obtained by exciting at 354.7 nm, bleach-
ing of the ground state CO and CN stretching bands are observed, with
the rise of new CO and CN excited state bands. The terminal v(CN)
shifts from 2079 to 2108 cm-! with the bridging v(CN) shifting from
2094 to 2132 cm-!. The shifts in v(CO) are much smaller (Av(CO) ~ 5
cm-!) compared to the large shifts observed for the Re — phen, MLCT
excited state of the model fac-[Re(phen)(CO;)(4-Me-py)]*+ (4-Me-py is 4
methylpyridine) (Fig. 8A, 8B). These observations are consistent with
energy transfer from the Re-based chromophore, producing the Ru-
based MLCT state:

*[(CO)sRe!(phen)-NC-Ru"'(bpy)(bpy)-CN]*

The fact that in the dimer the CO ligands on Re still experience a small,
but non-negligible, frequency shift is clearly due to the second-sphere
effect of Ru transmitted to Re through the bridging cyanide. An estimate
of the time scale of the intercomponent transfer process has been
obtained by picosecond TRIR.

The 1-ps difference spectrum of this complex (Fig. 9) obtained by
exciting at 300 nm (where substantial initial Re — phen excitation is
produced) shows spectral features which are very similar to those
observed in the nanosecond spectrum of fac-[Re(phen)(CO,)(4-Me-
py)I* (Fig. 8B). This is consistent with formation of Rel(phen) in the
dimer at the very early times. By monitoring the relaxation of the CO
stretching frequencies after excitation, the energy transfer process can be
time-resolved, yielding a rate constant of ca. 2 x 10!! s-! for conversion
of the Re-based MLCT state into the Ru-based MLCT state.24

7. CONCLUSIONS

A number of applications of time-resolved vibrational spectroscopy to
the study of excited states of transition metal complexes have been dis-
cussed. It has been shown, in particular, that these techniques provide
data capable of addressing the problem of excited-state localization and
excited-state structure of supramolecular species. The development of
ultrafast vibrational spectroscopies offers the opportunity of characteriz-
ing the vibrational structure of electronically excited intermediates and
to gain insight into the time scale of intercomponent energy and electron
transfer processes.
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FIGURE 8 Infrared spectra of fac-[Rel(phen)(CO);(4-Mepy)]* (A) and [(phen)(CO),
Re(NC)Ru'l(bpy),(CN)]* (C), and 600-ns transient infrared difference spectra of fac-
[Re'(phen)(CO);(4-Mepy)]* (B) and [(phen)(CO)s;Re{(NC)Rull(bpy),(CN)]* (D) in

CH,4CN (solvent bands are labelled).
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