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Abstract

Time-resolved resonance Raman and infrared spectroscopies have been applied to a variety
of problems arising in excited states and molecular assemblies based on polypyridyl complexes
of Re (1), Ru(1l) and Os(II). Application of transient resonance Raman spectroscopy bas
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been used to assign the acceptor ligand in heteroleptic Ru{1) complexes and to characterize
molccular structure in accentor ligands, It has been applied 10 intramolecular electron transfer
in chromophore-quencher complexes and molecular assemblies and to intramolecular energy
transfer in polynuclear complexes. Time-resolved infrared spectroscopy has opened new
avenues for the study of excited-state electronic structure and dynamics by the observation
of v(CO} and +CN) bands in transient absorption difference spectra. This technique has been
applied to distinguishing between metal-to-ligand charge transfer and ligand-based nn* states
in Re (1) complexes and to intramolecular energy transfer in cyano-bridged oligomers, © 1997
Elsevier Science S.A,

1. Introduction

Polypyridyt complexes of d® transition metals have played and continue to play
an important role in the study of photoinduced electron and energy transfer [1].
Molecular assemblies based on these complexes are being studied for applications
in artificial photosynthesis and the fabrication of molecular-level devices. They are
being used as molecular sensors and. when attached to metal oxide surfaces, as
sensitizers for photon-to-clectrical energy conversion. Their excited states have pro-
vided fundamental information on the effects of structural change in the acceptor
ligand, the energy gap and the medium on nonradiative decay. The dynamic spectro-
scopies used to probe these phenomena have been based largely on emission and
absorption measurements but the underlying spectral bands are characteristically
broad and featureless because of coupling with intramolecular vibrations and the
solvent. They seldom provide direct insight into the ¢lectronic ¢litracter of the state,
or states, that are reached and provide a limited amount of information about
molecular structure. Additional insight s required 1o gain an in-depth understanding
of the electronic and molecular structures of excited states or intermediates and how
they relate to photochemical and photophysical propertics.

Vibrational spectroscopics (infrared and Raman) cun help to overcome this prob-
lem by their “fingerprinting™ possibilitics and the information they give abowt
molecular structure, They are structure-specific and can provide much information
about excited states and intermediates [2]. With the advent of fast and ultrafast
laser systems, time-resolved infrared and Raman data can now be acquired on time
scales ranging from microscconds to femtoseconds {3]. These technigues have been
successfully applied to a variety of excited-state phenomenn based on polypyridyl
complexes and their molecular assemblics. This account provides a summary.

2. Time-resolved resonance Raman
21 Theory

The ability to measure shori-lived, transient Raman spectea of photophysical and
photochemical intermediates is due to advances in laser and detector technology
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and the existence of the resonance Raman effect. Resonance enhancements of Raman
scattering occur when the wavelength of the incident light is near or within an
electronic absorption band of the sample. This can increase the intensity of the
scattered light by four to six orders of magnitude making this an extremely sensitive
and selective probe for transients even in dilute solutions.

The intensity of Raman scattering is given by Eq. (1). In this equation the Raman
tensor, R,,, is defined in Eq. (2).

I(v,)=(constant)(v.)*'I(vo) Y IR, |* (1)

pa
R,, =(a,,)E (2)

vy is the frequency of the incident light, v, is the Raman frequency and p, 6 are the
X, y or = components of R,,. &,, is the p™ and o™ element of the polarizability
tensor and E is the electric vector of the incident light. A quantum mechanical
treatment of the Raman polarizability tensor provides an expression for the intensity
of Raman scattering which accounts for resonance enhancement. Second order
perturbation theory for the polarizability, induced by electromagnetic radiation gives

[ Kl ledelpale? J + [(.f'lmlg><c'|#,, 2> ]
(Vgo — Vo +il7) (vgo X vo +il,)

(aim)sfzz (3)

¢

The g3 and | /) are the initial and final state wavefunctions (electronic and nuclear).
1, and p, are dipole moment operators. e is the wavefunction of an excited state.
Ve aBd ¥, are the transition {requencics from g (0 ¢ and from ¢ 10 /. v is the
frequency of the laser line and i57, is a damping factor [4]. In resonance Raman
seatlering, vy approaches v, The first term in Eq. (3) dominates and is responsible
for the resonance effect. Application of the Born Oppenheimer approximation
allows the wavefunctions to be separated into clectronic and vibrational parts,
Albrecht has derived a more detailed equation by expansion of the electronic
wavetunctions [$].

A calculationally and conceptionally useful alternate theoretical description of the
resonance Raman effect has been derived by Heller [6]. The Heller theory utilizes
the time domain and exploits the fact that Raman scattering is a short-timescale
process, occurring in a small fraction of the period of a molecular vibration. There
is, therefore, no need to know the vibrational cigenstates of the excited electronic
state because there is insuflicient time for them to be resolved. The advantage of
this approach is the use of wave packet dynamics which allow Raman intensities to
be viewed as the result of a classical force exerterd by the excited-state potential
surface at the equilibrium nuclear roordmate of the ground state. This approach
stresses the temporal evolution of the scattering process and results in a more realistic
and practical guide for the imerpretation of resonance Raman intensities.
Capressions are derived relating relative Raman intensitics 1o the frequency (or
angular frequency w;=2nv;) and dimensional displacement, 4;, on a mode-by-mode
basis for all coupled vibrations, j. in one limit of approximation ihe relative intensities
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of two resonantly enhanced Raman bands are given by
L (oid)
L (w3d?)

This gives insight into excited-state structure since the individual 4;’s are related to
the change in equilibrium displacement between excited and ground state, AQ, ;, by
1

1
4 =(2”‘_“" )’ (AQc.j)=(~g£)2 (AQ.) (5)
’ hwj

u; and f; are the reduced mass and force constant for the normal mode in the ground
state. The changes in local bond displacements and difference in structure between
excited and ground states are given by the sum of the AQ,; for the individual
normal modes.

The first time-resolved resonance Raman study on a transition metal complex was
reported by Dallinger and Woodruff on [Ru(bpy);]** " (bpy is 2,2"-bipyridine) [7].

(4)

\ 7 \.7

N N

The data showed that the metal-to-ligand charge transfer (MLCT) excited
state reached following Juser flash  photolysis could be described  as
[Ru(bpy)y(bpy” “)*** rather than as the delocalized form [Ru(bpy ~Y),F**.
In subsequent studies the guestion of localization in mixed-<chelate polypyridyl
Ru(1l) complexes was investigated in further detail {B]. These results (through 1986)
were reviewed by Morris and Woodrufl' [2]a. More recent studies have included
normal ¢oordinate analyses of the ground and MLCT excited states of
[Ru(bpy)]** and application of ultratast techniques {2} g.n.

2.2. Instrumentation

In Fig. 1 is shown a schematic diagram of one approach to nanosecond time-
resolved resonance Raman spectroscopy. When coupled with a spectrograph, the
use of multichanue! detection systems such as a charge-coupled device (CCD) allows
a complete spectrum 1o be measured with a single laser pulse. Spectra can be “time-
resolved” by operating the detector in a gated mode. The single laser pulse is used
to both excite the sample and as a source for the Raman scattering, ‘The intensity
of the pulse must be sufficient to promote a large majority of molecules into the
excited state. Therefore, the first part of the pulse (within the focus of the laser
pulse) excites the sumple and the remaining part is used as the source for the Raman
scattering. The Raman signal is integrated over the gate period which is centred
over the laser pulse. Given this arrangement, a precise definition of tine resolution
18 not straightforward. However, in practical terms the excited states accessible by
this approach must have lifetimes of 20 ns or longer and the resulting spectrum can
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Fig. 1. Nanosecond time-resolved resonance Raman apparatus. The experiment can be conducted in one
of twe ways: {1) The thivd harmonic of a NdiYAG laser {354.7 nm) cun be used to both excite the sample
and s souece for the R seattering. Time cesolwion is provided by a galed detector. (2) The second
harmanic (532 am) ciy be used as o pump pulse 10 excite the sample, while the optically delayed 354.7 nm
pulse van be used us the probe pulse, Time yesolution is provided by the timing between the pump and
prode pulse,

be considercd as an average of the true excited-stite resonance Raman spectra over
the integration time.

Time resolution can be improved by using two color pump-probe experiments.
In this configuration onc laser pulse is used to create the excited state or photochemi-
cal intermediate and the second is the source for Raman scattering. Time resolution
is achicved by control of the time delay between the pump and probe pulses. With
picosecond laser systems the time resolution can be extended to a few picoseconds.

2.3. Applications

2.3.1. Heteroleptic complexes

The most straightforward use of time-resolved resonance Raman spectroscopy is
identification of excited states or intermediates by fingerprinting. A great deal of
molecularly specific information is available in infrared and Raman spectra. Even
slight changes in structure lead to discernible changes in spectra. For example,
changes in the peripheral substituents on bpy from H’s in the 4 and 4’ positions to
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methyl groups is sufficient to produce discernibly different MLCT-enhanced
resonance Raman spectra. This provides a definitive basis for establishing the
acceptor ligand in mixed-ligand complexes [2,8]. This is illustrated by the tran-
sient Raman spectra for [Ru(bpy);**", [Ru(dmb);**", [Ru(bpm);P*" and
{Ru(bpy)(dmb)(bpm)]*** (dmb is 4,4'-(Me),bpy; bpm is 2,2-bipyrimidine, see
below) in Fig. 2 [9]. In jRu(bpy)(dmb)(bpm)]**™ resonance Raman bands for
bpm’'~ dominate the transient spectrum following 354.7 nm excitation. This is a
region of intense n-+n* absorption for the various ligand radical anions. There is no
cvidence for enhancement from bpy  ~ or dmb’™ “-based bands. This leads to formula-
tion of the excited state as [Ru(bpy)(dmb)(bpm  ")]*** which is consistent with
electrochemical measurements showing that bpm is the lowest-lying #* acceptor ligand.

In terms of the fingerprinting aspect of the Raman approach, the spectral shifts
between bpy and dmb as the acceptor ligand in Fig. 2 are slight, but characteristic,
The bands from 1000--1700 cm ™! have their origins in normal modes largely C-C
and C-N stretehing in character but mixed with some C-H bending [2]n.
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Fag. 2 Teenient resotnce Raman spectia from 500 10 1300cm ' for [Rutbpyh]F 7, [Rutdmb),) ',
IRubmu) " and [RuBpyidmb)g bpndl ' * thpy s 2.2 bipyridine; drb is 44 Melbpy; bpm is 2.2
bipyrintidine) measured i CHOCN at toom temperatiare. The spectra were avyquired by wsing 154.7 am
laser pubses to exvite the sample and as a souree for the Raman seutlering. A complete description of the
experimentat apparatus wnd dat wequisition conditions can be found in Ref. {241h.
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2.3.2. Characterization of acceptor gands

Transient resonance Raman measurements have been instructive in establishing
structural details and the role they play in excited state decay for the acceptor
higands trans-1.2-bis{4-(4"-methyl )-2.2-bipyridyl Jethane (bbpe) and dipyrido[3,2-

a:2".3"-c]phenazine {dppz).
=N N==
Lo

hh[l‘ dp])?_

Ralative to  comparable MLCT  emitiers, the MLCT  cexcited state  of
[(dmb),Rufp-bbpe)Ruldmb),]** is wnusually tong-lived, t=1310ns in CH,CN ut
298 K for its cmission maximum at 750 nm, (13000cm ). For comparison
fRutdmb),F " emits at 624 om (15600 cm ') and has t==950 ns. {10} This is a
surprise sinee MLCT litetimes typically decrease with emission energy.

The origins of this effect are well understood. MLCT excited-siate decay is typically
dominated by nonradiative decay and &, varies with the energy gap, Fy. as in
Eq. (6). This is a form of the tamous cnergy gap law. 1 uses mode averaging with
the quantum spacing for an averaged acceptor mode (o) and the associated electron-
vibrational coupling constant (8). 8 is relinted to A by, S=0.50A4%). It is & measure
of the change in equilibrium displacement between states  the degree of excited-
state distortion,

—E |
Kor X CXP (-——-‘— -"'-) (6)

fren

t
oo In ( 2 ) . (7)
She

Eq. (6) correctly predicts that A, decreases with £, This is & general prediction
independent of the aceeptor ligand. The aceeptor ligand appears in y in the magnitude
of § and the degree of excited state distortion to £, The difference between dmb
and bbpe as accepror ligands is that % is smalier for bbpe.

This is scen in resonance Raman intensity comparisons, which show that the
intensitics of polypyridyl ring stretching bands are significantly decreased relative
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to [Pu(dmb),)**. From Eq. (4), relative intensities vary with 47 (and AQ? ). The
same conclusion is reached by fitting emission spectra with a Franck—Condon
analysis and a single averaged acceptor mode. This also shows that S is smaller
for bbpe.

The microscopic origin of this effect is well understood. Delocalization of the
excited electron over the expanded molecular framework of bbpe compared to bpy
and dmb resuits in diminished electron—electron repulsion and smaller changes in
local bond displacements between ground and excited states. As illustrated in Fig. 3,
this diminishes AQ, and S, and with them the degree of vibrational wavefunction
overlap. k,. depends on the square of the vibrational overlap integral because it
defines the extent to which the two states are coincident along the normal coordinate,

In fact, for these polypyridyl complexes a series of ring-stretching vibrations from
10001600 em ™! typically dominate as energy acceptors. The electron-vibrational
coupling constant is the sum of the S; for the coupled vibrations (those with

AQqq s#0),

Smg S, (8)

AQ, AQ,

<

Fig. 3. The eifect of variations in AQ, on vibmational wavelunction averlap for she case with
ADAB > AQULA)
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and A the weighted sum of the f1w;’s

Y (S;hw;)
ho= d—r
e S5 (9)
i

In [(dmb),Ru(p-bbpe)Ru(dmb),]** fingerprinting comparisons of resonance
Raman spectra clearly point to bbpe as the acceptor ligand in the excited state. The
—C=C- stretch of the olefin bridge shifts from 1638 cm ™! in the ground state to
1578 cm~! in the excited state. The C(ring)-C(olefin) stretch shifts from 1186 to
1255 cm ™. Both are consistent with delocalization of the excited electron across the
olefin link. Similar changes have been found in comparing Raman data for trans-
stilbene and bbpe with their radical anions [11].

It was originally suggested that following MLCT excitation of
{Ru(bpy),(dppz)]** (dppz is dipyrido{3,2-a:2',3-¢]phenazine) with dppz as the
acceptor that the excited electron was localized on the phenazine portion of the
ligand [ 12]. An alternate description is that the cxcited electron occupies a delocalized
molecular orbital. Electron density may be concentrated on the phenazine, but there
is significant bpy (or nhen) character as well.

Comparison of ground- and excited-state resonance Raman spectra between
[Ru(bpy)s(dpp2)]** and [Ru(dmb),(dppz))** (CH,CN. 298 K) clearly reveal that
dppz is the acceptor. Resonantly enhanced Raman bands for bpy ™ or dmb’™ ~ are
not observed in the cxcited states. The bands that do appear are very similar to
those for dppz’ ™ generated clectrochemically.

The excited state spectra can be simulated as a combination of the phen’
Runtan bands that appear in the transient spectrum of [Ru(phen)P*™ (phen is
L10-phenanthroline) and phenazine” ™ from the spectrum of the electrochemically
generated anion [131, This points to coupled vibrations at both the phenazine and
phen portions of the ligand consistent with delocalization ol the excited clectron
over the phen portion of the ligand as well.

/ N \
= =

phen

The excited state dppz bands are only slightly shifted compared to the ground state
bands. The ring vibration near 1400 ¢cm ! that dominates the ground-state resonance
Raman spectrum of phenazine shifts by only —4 cm ™" in [Ru(dmb),(dppz)]?*~. It
shifts — 56 cm ™! in electrochemically gencrated phenazine ~. Phen-localized bands
at 1576 and 1597 cm ™! shilt ~29 and ~ 19 cm ™! in the excited state compared to
~45 and ~29 cm ! in [Ru(phen),]***. These results are also consistent with phen
character in the dppz acceptor level and delocalization of the excited electron over
the entire ligand framework.

In a related study, Kincaid’s group has applied transient resonance Raman to the
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question of electronic structure in inherently asymmetrical acceptor ligands [14].
They studied Ru" complexes containing 2-( 2-pyridyl ) pyrazine ( pypz), 4-methyi-2,2'-
bipyridine or 5-methyl-2,2-bipyridine. In the ground-state resonance Raman spectra
of [Ru(bpy),(pypz)}** and various deuterated versions, a set of bands appear which
can be assigned to the pyridine portion of the ligand. Another set can be assigned
to the pyrazine portion. Bands due to inter-ring modes and modes arising from the
stretching of adjacent bonds in the different rings are also enhanced. Based on the
shifts in band energies between excited and ground states, it was suggested that
electron density is highly polarized toward the pyrazine portion of the ligand in the

lowest excited staie.
4 \Y _)
\_7 \_/

2.3.3. Intramolecular clectron transfer

Transicnt absorption and emission have been the methods of choice for studying
light-induced electron transfer in chromophore-quencher complexes and molecular
assemblies [15]. Transient resonance Raman offers a complementary technique which
can be very helpful in identifying intermediates and establishing structural details
[16). Mode-specific information is available and changes in structure and conforma-
tion induced by clectron wansfer can often e inferred from clumges in buad energics
and relative intensities,

Time-resolved resonance Raman spectroscopy has been applicd 1o the structueal
changes that oceur in N-methyl-4.4-bipyridinivm cation (monoguat or MQ* ) when
ioacts as the acceptor ligand. Based on transient absorplion  measurements
on  Jao-f(bpy)Re (CORMQ ) dr(Re'y=+n*(bpy) excitation is  followed by
bpy' =MQ" clkctron transfer which occurs to give the Jower encrgy,
Re"(MQ " )-based MLCT excited state in Scheme | {14}a. The same state is reached
dircetly by simultancous Re'--MQ* excitation, Electrochemical mensurements show
that MQ* is a hetter acceptor than bpy by ~0.5 V.,

Transient  vesonanee Raman  spectra (600 1700em ') of  the  excited
sttes  of - fue-[Re (bpyHCO)(4-Etpy)]* (Bipy is  dethylpyridine)  and
Jac-[Re (bpy)(CO)MQ )P * (CHCN, 298 K, 354.7 excitation, 354.7 nm probe)
are shown in Fig. 4. For the MQ* complex the sume bands are resonantly enhaneed
as in fuc-[Re'(hpyCORMQ }° penerated by electrachemical  reduction.
Bpy  -bused bands wre not enhanced showing that bpy - - MQ' electyon
transfer is complete in the 100 ns tmeseale of the experiment. The spectrum of
Jave[Re (hpyCO)(4-Epy)] * * is typical of bpy as an acceptor [7.17).

Vibrational analyses have been conducted on molecules that are structurally
related to MQ* and their one-clectron reduced forms. These include biphenyl and
N.N'-dimethyl-4.4"-bipyridinium dication (paraquat or PQ**) [18.19]. Comparison
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fac-[(bpy " )Re'CO)(MQH)***

kg>2x 10%s!

Jac-|(bpy)Re"(CO)5(MQ)J***

hv [| kg =4.5x 10°s"
hv/, =5x10"s"

Jac-{(bpy)Re{(CO),MQH)2*

MQ'
Scheme 1. (in CH,CN at 298 K 3.

with the excited-state data reveal that significant structural changes occur at
—MQ" when it accepts an electron. An inter-ring C-C stretch at ~1300cm ™! in
the ground state shifts to 1360 cm ™! in the excited state. There are similar shifts in
the one-¢lectron reduced forms of biphenyl, 4,4-bpy (4,4-bpy is 4.4-bipyridinc)
and PQ?*. In fue-[ReY(bpy(CO)(MQ )" gencrated clectrochemically, the shift is
+50cm L In fac-{Re™(bpyHCO)(MQ )Y it is +61 em™'. The shifts to higher

IR by HCOY GH-Lpy))**

e S HA e

[Re™(bpy i COYMQ" Y M k
S
M—‘AVM-WWMWJ /\/‘H

e T

800 1000 1200 1400 1600
Wavemnnber fem’’

Raman Iniensity

Fig. 4. Transient vesonance Raman speetra (700 1700em ') of Sae[Re (bpy)CON4-Epy)] ™ and
fae[Re (bpyCONGMOQ )2 '™, as in Fig. 1.
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energy are consistent with an increase in ~C-C- bond order and a decrease in the
inter-ring separation distance. These structural changes are consistent with a planar,
quinoidal structure in the excited state with the angle (8) between pyridyl planes
near {°.

The ground- and excited-state Raman data combine to provide a relatively clear
picture of the structural changes that accompany electron transfer to —~MQ*. From
X-ray crystallography 8~47° in the ground state of fac-{Re (bpy)(CO);(MQ*)J?*.
This angle represents a balance between H---H repulsion between the linked rings,
which is minimized at 6=90°, and electronic delocalization, which is maximized at
#=0", Upon electron transfer to MQ™, there is a change in § from ~47° to ~0°.
It is accompanied by an increase in electronic delocalization, Eq. (10). The energy
difference between the 8~47° and 0~0° forms for fac-[Re (bpy)(CO)(MQ )*+*
is ~0.3eV. The 6~0° form is favored because of the increase in delocalization

energy [20].
: m _
-—‘—'-fac-t(hpy">(c0)3Rc"(~Q-£rﬁ CH )" —m

@ ~ 47°) o

fuc-|(bpyXCOYRell(N NN CHYP

- S N '
(]

The advantage of being able to wne the laser probe beam s iustrated
by a second cxample [17]. Following dr(Rc)=sn*(bpy) cxcitation of
Jue-[Re (bpyHCO)(py-PTZ) " (py-PTZ is 10-(4-picolyl )phenothivzine), MLCT
emission is quenched and ubsorption bands appear for bpy ~ (at 370 nm) and
=PTZ" * (at 510 nm). These observations are consistent with intramolecular electron
transfer (Scheme 2) [15]c.

The expected bands for bpy ~ appear in transiont Raman spectra acquired
with 354.7 nm excitation and 354.7 nm probe pulses. Confirmation of electron
transfer from - PTZ is confirmed by the resonance enhuncement of ~PTZ*
bands observed after 354.7nm excitation by using 532nm laser pulses. The
=PTZ " spectrum obtained in the transient experiment was the same as the
CW Rumun spectrum (A, =53090m) of —~PTZ ' in fuedRe(bpy)CO),-
(by-PTZ" )" or 10-methylphenothiazine cation {22).

The sume  protocol was  applied o molecular  asseimblics  based  on
amino acids  [23). In  the transient absorption difference  spectrum of
[ABY-Lys{RuM(bpy),m-)- PTZ]* (Ang is anmthraquinone: Lys is the derivatized
lysine;m is 4-methyl-2,2-bipyridyl-4-carbonyl). bands appear for -—PTZ *
(510 nm) and ~Anq’ " (570 nm) following Ru"-»polypyridyl excitation consistent
with Scheme 3 [24).
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fac-[Re“bPYNCONpy-PTDIT

kg=40x 10°s"
hv" ko=4.7x 10%¢" fac-[Re!opy XCONtpy-PTZ I
ky=4.0x 1075

fac-{Re'(bpyXCO)tpy-PTZ)}

py-PTZ

Scheme 2. (in CH,CN at 298 K).

"| 24+
aN; " \N G
|Anq-Lys(Rut"(hpy]zti:-)-l'l‘Z]"" l "-N ' - \
Ly
™~ b2 20x 108 5" N
CAT | R T T {Anq Lys(Ru' (hpy);m yPTZ P
kp=93x 10%s7 o (( Hu},
Any-LystRu"tt ez N
FAny-Lys(Ru (hpy)m: )-IPEZ] @‘0 M {("\II“N

\ 4
[Ang 1 ys(Ru"(bpy 1 ) 1PT7)

Scheme 3, (in CHAON at 208 K).

‘The transient resonance Raman spectrum (354.7 nm excitation, 354.7 nm probe)
of the model [Ru(bpy)(in-NHCH,)]** (m is 4'-methyl-2,2"-bipyridyl-4"-methyl
amide) was used to establish that the excited electron is localized on
o(m-NHCH,) in the equilibrated excited state. This was made clear by ﬁng,t.rprmt-
ing and comparing the spectra of [Ru(bpy)(m-NHCH)***, [Ru(bpy),]** " and
[Ru(m-NHCH,),**. Bands for m-NHCH; = or bpy "~ were not observed in the
transient spectra of the assembly consistent with rapid electron transfer following
MLCT excitation, With excitation at 354.7 nm with the probe at 532 nm, resonant
enhancement for the characteristic ~PTZ * and Ang’' ™~ bands occurred.

Raman fingerprinting has been particularly useful in establishing the quenching
sitc or sites in assemblies where there are multiple quenchers. An cxample
is [(MQ")}CO)Re (-bbpe)Re (CO)y(py--PTZ)**. Following dn(Re')—n*(bbpe)
excitation at 420 nm in CH,CN, only a single, broad, nondescript absorption feature
is observed from 380 to 700 nm [11]d.e. 1t was possible to demonstrate that both
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~MQ  and —PTZ * where produced by the appearance of their characteristic
Raman bands following 354.7 nm excitation and either a 354.7 nm (MQ ") or 532 nm
(—PTZ *) pulse probe. Their appearance is consistent with MLCT excitation and
a series of intramolecular electron transfers to give the final redox-separated state
shown in Scheme 4.

[(MQ'HCO)Re (bbpeIRe (COY(py-PTLI™
: \
{(MO*XCOYRe (bbpe)Re (COYpy-PTZ \

Il ((MQ)(CO)Re'(Bbpe)Re'(CON(py-PTZ )™
hv

[(MQ*XCOVRe(bbpeRe'(COY(py-PTZH™

Scheme 4. (in CH,CN at 298 K).

2.3.4. htramolecular energy transfer

Transient and CW emission studies have been applied to energy transfer in cyano-
bridged polynuclear complexes containing Ru(bpy)? ¥ units. There is relatively strong
electronic coupling across the cyanide bridge and intramolecular cnergy transfer
accurs from C- 1o N-bonded units, Scheme 5, with unit efficiency [25). This has led
to the design of a molecular assembly for the visible sensitization of semiconductors
{26}, and to oligomers which act as molecular conduits for long-range encrgy
transfer {271,

|(hpy)bpy' XNCIRWMHCNIRUNCONYbpy), ¢ \:\\

Jhpy) ANCRUMCNRAMOCN Dy dbpy )]

hv'

[(hpy)s(NCIRUCNIRU(CNI(bpy)» 1 k”

hv k

{k << kY
Scheme 5. (in CHLUN at MR K.

The existence of energy transter was demonstruted by combining transient Ratan
measurements and synthesis. In the pair, J(NC ) phen).RutCN)Ru(bpy){CN)}*
and [(NCY(bpy) , Ru(CNIRu(phen) LCN Y . the exchange of phen for bpy is nearly
equivalent clectronically since the energies of the lowest-lving n* acceptor levels
forbpy and phen are nearly the swme. Nonetheless, the two ligands can still be
distinguished unambiguousty by Raman fingerprinting of their radical anions,

In the spectrum of [(NC){phen},Ru{CNIRuibpy){(CNN*" in Fig. 5 only
bpy  cnhancement is obsceved. The phen bands that de appear are enhanced
ground-state bands. In the spectrum of {(NC)(bpy).Ru(CN)Ru(phen)(CNYJ**
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[(phemyNORUCNRE TN bpyIbpy- )
2
@
=
a
=
g
5 [tbpy)2(NC)Rln"(CN)Rum(CN)(phcnl(phun")l"
[+ 4

| 1 I 1 ¥
600 800 1000 1200 1400 1600
Wavenumber /e
Fig. § Transient TeSONATICe Raman speetni (60 PHHem ") ol

[EONCH phem), RutCNIRu bpy b CNY - and [ENC ) (bpy R utt N IR u( phenb, i OND]* at siiar coneen-
trations wml experiiental condigions s in Fig. 2

only phen”  enbhancements are observed. These observations are consistent with
tavile, cross-bridge energy transter |28).

Resonance Raman measurements have also been used to demonstrate that proton-
ation, to give (NC)(phen);Ru(CN JRu(bpy)(CNIDF | reverses the direction of
energy transter {29). Protonation converts the terminal cyanide into a strongly
backbonding isocyanide ligand. This increases the encrgy of the lowest
Ru(bpy ') MLCT state and inverts the ordering of the lowest Ru™(bpy ) and
Ru(phen ) states,

In  the dibridged complex,  [(NC)(bpy),Ru(CNIRu(4,4-(CO,H ),bpy),
(NC)Ru(bpy)d CN)* " (4.4'<(CO, 1 ),bpy is 4.4°-(CO,1 ),-2.2 bipyridine), the car-
boxylic acid groups provide sites tor binding the central Ru 1o the surface of’ TiQ,
semiconductor electrodes. Excitation of the terminal sites is followed by rapid enerpy
transfer to the center giving the lowest-cnergy MLCT excited state at the center.
‘This state injects an electron into the conduction band of Ti(),. The net effect is
visible sensitization of the semiconductor {26]. In regenerative photoclectrochemical
cells with this complex on nanocrystalline TiO,. 400- 10 70¢-nm photons are
converted into clectrons with high efliciencies.

Time-resolved  resonance Raman  studies  on [(NCHbpy),Ru(CN)
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Ru(4.4'—(CO; );bpy),(NC)Ru(bpy),(CN)}* ~* have been used to demonstrate that
energy transfer does occur in solution [30]. The bands that appear in the excited
state spectrum are those of the dicarboxy ligand.

The cyano-bridging chemistry has been extended to the oligomers
[(phen)(CO)sRe (CN)[Ru(bpy)(CN ) Ru(bpy),]* V*(n=0, 1, 2, 3). In this series,
each Ru" unit is bridged by two cyanides. One is carbon-bound and the other
nitrogen-bound. In the oligomers there is a built-in free energy gradient that drives
an intramolecular energy transfer cascade (Scheme 6). The ordering of excited-state
energies in the cascade is: Re"(phen™ “)>Ru™(bpy " prigge > RU™DDPY Ncrminat:
For n=2,3, Re'-sphen excitation to give the Re'(phen ~) excited state is followed
by rapid (<1 ns) energy transfer to a bridge unit. Once on a bridge unit further
energy transfer can occur by Ru™(bpy ' “Jyrigee = RUM(bPY "y energy transfer
hopping or which AG®~O. This is the mechanism that leads to long-range energy

transfer, Scheme 6.
y /‘\ /—\

———= [(phen”}CO)RMCNYRU Bpy),(CN)], Ru¥ (bpy) (CNY+ D+

|

[(phen)XCOY R CN)Ru' (hpy)  CNY ) Ru(bpy ) (bpy) CNY 1+

=14

Selwine b

Within experimental error, the sanie emission litetimes are found for the oligomers
with m=1-3 consistent with rapid energy transfer to the terminal Ru(bpy)
uhit, Transient Raman measurements were used to obtain direct evidence
for energy transfer {27]. In Fig.6 arc shown transient spectra  for
[(Phen)(COY3Re (NC)Ru(bpy)ACN)L* 7, [(phen)(CO)Re (NC )Ru(phen)(CN))**
and [(phen)(CO)Re (NC)Ru(phen)(CN)Ru(bpy):(CN)J*** in CH,CN. For
[(phen)(CONRRe (NCIRu(bpy)(CN)} . simultancous Re' -+ phen, Ru-+bpy excita-
tion results only in enhanced bpy  bands, Only enhanced bpy ™ bands are ohserved
for [(phen){CO),Re (NC)Ru(phen),(CNHRu(bpy).(CN IR 4. Both observations are
consistent with energy transter to the terminal Ru within the kaser pulse (< 10 ns).

3. Timeresolved infrared
3.4 Buckground

The application of time-resolved intrared spectroscopy opens new vistas for ex plor-
i excited state molecular and electronic structure in transition metal complexcs.
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(phen)CO)Re (NCIRU"(phen),(CN)RG™(CNY(bpy)(bpy )™
=
iz
E [(phenXCO)Re (NC)RW(CN)(phen)(phen )"
g
£
-
[ %M
[(phen)(COYR'INCIRUW(CN)(bpy)bpy )]
T ! 1 I I
600 800 1000 1200 1400 1600

Wavenumber fom!

Fig.6. Transient resonance  Raman  spectra for  [(phenCO),Re (NC)Ru(bpy)(CN) '™,
phenHCOLRe (NCHRu (phen)y(CN))'* and  [(phen(CO)3Re (NC)Ru(phen)(CN)HRubpy),-
(CNOPF ' measured in CHLCN at room temperature, as in Fig, 2,

The first polypyridyl example came from Turner’s work on |Re (4,4-bpy),-
(COY O (4 -bpy is 4.4 -bipyridine) [30]. These and other transient infrared results
have appeared in a recent review [3)a.

N N
Vat
4,4-bpy

3.2, Instrumentation

Continuing advances in instrumentation have led to the ability to measure transient
infrared spectra following laser excitation on a variety of timescales. Initial experi-
ments on the nanosecond timescale utilized a monochromatic monitoring beam and
a pulsed laser excitation source with transient signals monitored point by point over
the spectral region of interest. A new and more versatile approach utilizes step-scan
Fouricr transform interferometry [31]. In the step--scan interferometer, the mirror
is held at a fixed position while a transient is produced by pulsed laser excitation.
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The moving mirror is stepped to a second position and the process repeated.
Temporal digitization following the laser pulse is synchronized with each discrete
mirror position. The temporal resolution that can be achieved is limited by the
detector response time, the digitization rate or the laser pulse width. Spectral reso-
lution and range are determined by the number and interval between steps. Once
acquired, the data are recast by a control computer to yield interferograms at a
sequence of times. Fourier transformation yields time-resolved spectra and an absor-
bance-time map of the temporal evolution of the spectrum.

For measurements on the nanosecond time scale, it is possible to modify commer-
cial instrumentation to study short-lived excited states and intermediates as shown
in Fig. 7; the infrared beam from the step-scan interferometer is directed out of a
sampling port 1o a mirror (M1} which directs the light 1o lens L1. This lens tightly
focuses (to a ~ 500 pm spot diameter) the infrared light onto the sample. The pump
beam from a Q-switched Nd:YAG lascr operating at 10 Hz is introduced at a small
angle relative to the probe beam. The infrared light is collected by lens L2 and
focused by L3 onto the clement of a photoconductive mercury cadmium telluride
(MCT) detector. A low-pass germanium optical filter at 2250 cm ™! is attached to
the face of the MCT detector to block visible or near-infrared emission from the
sample and to increase the dynamic range of the detector by filtering infrared light
outside the region of interest. The fiiter, CaF, cell windows and CaF, optics (high-
pass 1250 em 1) provide the spectral region of 1250 10 2250 ¢m Y. The optical
system is contained in a Plexiglas enclosare purged with dry nitrogen,

tHgger from luser

PDetevior

Al

LY

! AT

Boxcar 1 Boxeat 2 Excitation

{light an} {lighl ity
R e TR
e o laser
Step-Scan Interferometer {}

Pulse
1 Generator
Computer I

Fig 7. Schematic diogram for a time-resohved, sicp scim Bourier transform mirared  dilference
spectiromeder as described i the woxt.
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The pump-probe approach can also be used to measure ultrafast infrared spectra.
In one experiment short infrared pulses are used as the probe beam based on a
picosecond or femtosecond laser system [3}b. The probe beam is split into sample
and reference beams before excitation of the sample. The difference in response is
measured by a mid-infrared sensitive detector.

3.3. Applicaiions

3.3.1. Electronic structure of excited states

The time-resolved technique has been successfully applied to the elucidation of
electronic structure and excited state ordering in CO-containing polypyridyl com-
plexes of Re! [32]. A complex interplay between MLCT and ligand-based excited
slates is known to exist in these complexes [33].

Ground-state and transient infrared difference spectra for  fae-
[Re (phen)(CO);(4-Mepy)]* (4-Mepy is 4-Methylpyridine) in the v(CO) region are
shown in Fig. 8a. The difference spectrum was measured following 354.7 nm excita-
tion i; CH,CN by using step-scan interferometry. In this spectrum, the broad,
ground-state v(CO) band at 1931 cm ™! appears as a bleach with new excited-state
bands appearing at 1965 and 2015 em ™! [31,32). The broad band in the ground
state actually consists of two overlapping w(CO) bands. They are resolved in the
excited state because reduction at phen to give phen™ ™ decreases the local electronic
symmnetry, In the ground state the three facial pyridyl-type higands (4-Mepy and the
two pyridyl rings of phen) are electronically similar, In the MLCT excited state
phen becomes phen” . distinet from 4-Mepy. The third v(CO) band at 2036 cm ™!
also shifls to higher energy (2065 cm ') in the oxcited state. The shifts 10 higher
energy are consistent with partial oxidation of Re' 10 Re" and formation of
the Re'(phen' ) excited state. The energies of the v(CO) bands increase because
of the decrense in Re €O backbonding to Re'. This increases the triple bond
character of the CO hgands. Related observations have been made {ollowing
MLCT excitation of [Re (bpyCO)(4-Etpy)| " (4-Eipy is 4-Ethylpyridine) and
[Re (4.4%bpy)(CONCH]" (4,4 -bpy is 4.4%bipyridine) [3]a.c.

The increase in »(CO) is a general effect. MLCT  excitation  of
[Os(ipyX bpy)(COW** (tpy is 2,2:6",2 terpyridine) in CH,CN (Fig. 9) resuits in a
shift in v(CO) from 1974 to 2044 cm™! with AvW(CO)=+70cm™*. The shift
is +73em™! for [Os(phen),(CO)CI}* and +69cm™! for [Os{bpy),(CO)-
(pyridine)]** [34]. .

The transient infrarcd difference spectrum for fue-[Re (dppz)(COY(PPh,)]
(dppz is dipyrido[3,2-a:2",2"-¢]phenazine; PPh, is triphenylphosphine) is shown in
Fig. 8b. In this case the three v(CO) bands in the excited state are only slightly
shified and the shifts are to Jower energy. The transient spectrum can be simulated
qualitatively by assuming that the v(CO) bands in the excited state are slightly
broadened and decreased in energy by ca. Som ! in the excited state. There is no
evidence for bands at higher energy characteristic of a MLCT excited state. A similar
result was obtained for fuc-[Re (dpp2)(CO)(4-Etpy)]”.

The relatively small shifts in v(CO) in the dppz complexes are consistent with a
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W0 JacfRe (Wdppr OO PPRL (dppr is dipyrido] 3,2-0:2. 2] phenazine, PPh, is triphenylphosphine)
(h). Excitiwtion was at 334.7 amt with a sample concentration of ca, 1 mM in CHLOCN it roam tomperatire.

ligand-localized excited stute which is slightly cleciron donating at the metal relative
o ground-state dppz. For the dpp? complex this is a lowest-lying, dppa-based
Yen® state, Room temperature emission spectra and tifetimes wientity this state by
is tong litetime (15 s) and characteristic an* vibronic progressions [35].
Replacement of 4-Eipy or PEhy by C1 in facd Re (dppedCO)LCl results in a
dramatic chunge in excited=state propertics M room temperature. A broad MLCT
emission appears with 12225 ax (CHYCN at 298 K ). The substitution of electron
dmmlmg Cl7 for 4-Etpy or PPh, stabilizes the Re'dppe ) MLCT state sufficiently
that it is thermally populated at room temperature and dominates excited-state
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decuy at room temperature. The nn* (dppz) stute is still lowest lying and the only
enitler at low temperature.

The utility of the transient infrared technique to clucidate electronic struc-
ture is lurther illustrated by measurements on  fuc{Re (4,4-(NH;);) bpy)
(CO)(4-Etpy)}* (4,4-(NH,),)bpy is 4,4-diamino-2,2"-bipyridine). When excited in
fluid solution, this complex is a characteristic MLCT emitter with a broad, short-
lived (=280 ns) cmission at A, =570 nam in 2-methylictrahydrofuran at 298 K
[36]. In transient absorption difference spectra, there is evidenee for more than one
state with a broad absorption feature centred at 450 nm and a narrow feature at
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370 nm. The relative intensitics of the two are both solvent and temperature
dependent {36].

In Fig. 10 is shown the transient infrared difference spectrum of
Juc-[Re (4,4-(NH,),)bpy)(CO)5(4-Etpy)]*. The features that appear can be
explained by invoking a MLCT excited state which co-exists with at least one, and
perhaps two, ligand-based states. Further elucidation of this obviously complex
system will require additional measurements as a function of temperature. Gaussian
fitting of the data in Fig. 10 reveals a set of positively shifted v(CO) bands with
shifts for a MLCT state comparable to fac-[Re {phen)(CO),(4-Mepy)]* . Another
set of bands can be found in the spectrum which are shightly shifted to lower energy
reminiscent of fac-{Re (dppz)(CO);(PPhy))**. There is evidence for still a third set
of bands slightly shifted to higher energy. The state responsible for these bands may
be a ligand-based nr* state.
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Fig 10, Groundstste @) and 600y timesiesolved  infrared difference spectra (b)) for
Jaos Re G ONH O hpuCO) (- Epy] (45 (NH D by i Hoddiamino.2, 2 -bipyridined in CHCN
4U roat temperature foltowing 354.7 nm excitation.
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Transient infrared measurements have also been used 10 reveal co-existing
excited states in  the ligand-bridged compiex [(4-EtpyNCO)Re'(p-bbpe)
Re(CON(4-Etpy)]**. Following Re'—-bbpe excitation at 354.7 nm, characteristic
v(CO) bands are observed for both nn* and MLCT excited states [11]e.

3.3.2. Intramolecular energy transfer

A common structural motif in many molecular assemblies based on polypyridyl
compiexes is ligand bridging. The use of ligand bridges provides a ready basis for
fabricating complex oligomeric assemblies. The increased complexity of the molecu-
lar architecture in these systems further complicates analysis of excited-state proper-
ties. In the previous section. transient Raman measurements and chemical synthesis
were combined to study energy transfer in cyano-bridged complexcs. The same
identification of intermediates can be made by transient infrared measurements on
a single sample by monitoring changes in v(CO) or v(CN) bands. As s¢en in the
examples above, they can provide a direet probe of metal oxidation state.

In  transient  infrared  spectra  following  MLCT  excitation  of
[{NC)(bpy) Ru(CN)Ru(phen),(CN)}", the ground-state c¢yanide band at
2079 cm ! is bleached and excited-state bands appear at 2037, 2091 and
2104 ¢m ! {31.37]. The remaining ground-state bleach near 2101 em ™! is masked
by exeited-state bands in this region. Comparison of the spectrum with that of the
mixed-valence ion [( NC)(bpy);RuCNIRu(bpy)(CN)J2, preparcd by chemical
oxidation, demonstrates that  the excited state is  best  deseribed  as
(ONC)(bpy),RuMCN)Ru™ phen)(phen” " )(CN)]*™ with the lowest MLCT excited
state at the N-bonded chromophore. Although sigaificant clectronic coupling exists
across the CN - bridge, the transient spectroscopic results are consistent with local-
ized Ru™ and Ru" and separate, locadized MLCT excited states,

The ligand-bridged  complex [(phem)(CO)Re (NCHRu(bpy)A(CN)' was the
parent molecule in the study of long-range energy (ransler in a previous seetion,
It possesses two  absorbing chromopliores i the visible, Ru'-sbpy  with
Agax =450 nmand Ref-sphen at 380 nm. Transient resonance Raman studies on
the ns time seale reveal that rapid Re(phen™ )-»Ru"(bpy) energy transfer occurs
following Re!—phen excitation, Fransient inlvared measurements reinforee this con-
clusion. In the infrared spectrum of the ground state in CHHCN, w(CO) bands appear
at 1920 and 2028 cm ", the terminal v(CN) siretch at 2081 ¢em Y, and w(CN) for
the bridge at 2100 em ' In spectra measured 400 ns after 354.7 nm excitation, the
terminal v(CN) shifts from 2081 1o 2108 em ™! and the bridge v(CN) from 2100 10
2132 em Y, Fig. 1IC. The shifts in v(CO) are small (Av(COY~5ene ') compared to
the farge shifts for Re"(bpy ) MLCT states. These observations are consistent with
the appearance of oxidation states Re' and Ru'™ in the transient intermediate formed
by laser flash photolysis on the ns time scale. They ulso demonstrate that rapid
ReV(phen” )—Ru'(bpy) energy transfer occurs following Re'—phen excitation,
Scheme 7.

Uttrafast transient infrared measurements on the picosecond titescale provide
additional insight and direet evidence oy the initial Re'(phen’ ) excited state in
Scheme 7 [3]e. Early time features acquired ~ 1 ps afler laser flash excitation at
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[(phen™ XCO):ReMNC)Ru" bpy)(CN)J** \“lk

{(phen}(CO);Re (INCIRU M bpy)(bpy ™ XCN)J**

hwv
4
[(phenXCONRe!INC)Ru (bpy)(CN)T*

Scheme 7.

300 nm resemble those of a typical MLCT state (Fig. 11a). Ground-state bleaches
near 1930 and 2030 cim ™! are observed with positive shifts in v(CO) in the excited
state. These features decay in § ps. The transient spectrum after 40 ps (Fig. 11b) is
very similar to the spectrum observed in the ns study suggesting that after 40 ps,
[(phen)(CO);Re(NCYRu™ (bpy ) (bpy}CNIH** is nearly fully formed. Analysis
of the time dependent data shows that these features appear in 10 ps. The
details of the transition between states remain to be properly defined. Simple
Re'(phen” ")—+Ru'(bpy) energy transfer does not explain the difference in the
appearance and disappearance kinetics. The most plausible explanation is that
there is an intermediate state. A reasonable mechanism is energy transfer
by sequential electron transfer, first from Ru" to Re', [(phen ~)(CO),
Re"(NC)Ru"(bpy),(CN))** +{(phen ~HCO)Re(NC)RuM(bpy)(CN)} "™,  fol-
lowed by phen'” tobpy, [(phen” ") (CO)RE(NCIRu"(bpy),(CN)**—
[(phen)(COY; R NCIRUM(bpy ) bpy)(CN)}"*. Ultrafast infrared studics are cur-
rently being undertaken to establish additional details about this reaction.

4. Conclusions

The results reviewed here demonstrate that transient vibrational spectroscopics
can be powerful tools tor elucidating clectronic and molecular structure of excited
states and photochemical intermediates. When combined and applicd on various
timescales, time-resolved resonance Raman and infrared add significantly to the
information that can be obtained by more conventional transient emission and
absorption measurements. They are especially useful in identifying intermediates
based on Raman fingerprinting and infrared shifts in v(CO) and v(CN) bands in
metal complexes. With greater knowledge of normal coordinates and the effects of
electron density on the energics of vibrational bands, they will become important
tools for calculating, or at least inferring, excited-state structure.

Further developments in instrumentation will have an important impact on
advances in this arca. The ability to use the time-resolved, step--scan Fouricr trans-
form technigue on the 10° of ns timescale simplifies data collection and allows data
to be collected throughout the infrared. Transient infrared studies will no longer be
limited to complexes containing CO or CN~ ligands. Advances in detector
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technology will allow even relatively weak bands to be observed and more dilute
solutions to be used to make measurements. Continued application of ultrafast
measurements will onen new opportunities for studying fundamental processes at
very carly times, Because of their sensitivity to structural change, they will give
unprecedented insight into these early time events.

These techniques will continue to be of great value in elucidating the role of
structure and defining transient photochemical electron and energy transfer in molec-
ular assemblics. When combined with transient absorption and emission measure-
ments, they provide a means for acquiring the broad set of experimental information
required to answer detailed questions about mechanism and structure.]21]
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