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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 (I), Ru(11) and Os(11). Application of transient resonance Raman spectroscopy has
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been used to assign the acceptor ligand in heteroleptic Ru(II) complexes and to characterize
molecular structure in accentor ligands. It has been applied to 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 v(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 (I) complexes and to intramolecular energy transfer in cyano-bridged oligomers. © 1997
Elsevier Science S.A.

1. Introduction

Polypyridyl 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-electrical 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 electronic character of the state,
or states, that are reached and provide a limited amount of information about
molecular structure. Additional insight is required to gain an in-depth understanding
of the electronic and molecular structures of excited states or intermediates and how
they relate to photochemical and photophysical properties.

Vibrational spectroscopies (infrared and Raman) can help to overcome this prob-
lem by their “fingerprinting” possibilities and the information they give about
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 microseconds to femtoseconds [3]. These techniques have been
successfully applied to a variety of excited-state phenomena based on polypyridyl
complexes and their molecular assemblies. This account provides a summary.

2. Time-resolved resonance Raman
2.1, Theory

The ability to measure short-lived, transient Raman spectra 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)
pe

R[m 2(&‘,,,)5 (2)

vo is the frequency of the incident light, v, is the Raman frequency and p, ¢ are the
X, y or z components of R,,. a,, 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

[<f luled<eluslg> J N [(f g lg><eln, 8> ]
(vge = Vo +il) (vge X Vo +117,)

@pe)dgr =2, A3)

[

The |g)> and | /) are the initial and final state wavefunctions (electronic and nuclear).
n, and p, are dipole moment operators. Je) is the wavefunction of an excited state.
vge and v, are the transition frequencies from g to ¢ and from e to £ v, is the
frequency of the laser line and i/, is a damping factor [4]. In resonance Raman
scattering, vy approaches vy,. 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
wavefunctions [§].

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 eigenstates of the excited electronic
state because there is insufficient 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 exerted by the excited-state potential
surface at the equilibrium nuclear coord’nate 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 interpretation of resonance Raman intensities.
Expressions are derived relating relative Raman intensities to 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
I (wi4))

L (0}4})
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

i 1

2 2
A;=( o )’(A&.;)-—-(;f;)z (AQ..) (5)

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
repotted by Dallinger and Woodruff on [Ru(bpy);]*** (bpy is 2,2"-bipyridine) [7).

(4)

The data showed that the metal-to-ligand charge transfer (MLCT) excited
state reached following laser flash photolysis could be described as
[Ru™(bpy);(bpy “)**" rather than as the delocalized form [Ru™(bpy ~"3),2**.
In subsequent studies the question of localization in mixed-chelate polypyridyl
Ru(ll) complexes was investigated in further detail [8]. These results (through 1986)
were reviewed by Morris and Woodrufl' [2]a. More recent studies have included
normal coordinate analyses of the ground and MLCT excited states of
[Ru(bpy);}** and application of ultrafast techniques [2]e-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 multichannel detection systems such as a charge-coupled device (CCD) allows
a complete spectrum to 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 sample 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 time resolution
is 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. Nanosccond time-resolved resonance Raman apparatus. The experiment can be conducted in one
of two ways: (1) The third harmonic of a Nd:YAG laser (354.7 nm) can be used to both excite the sample
and as a source for the Raman scattering. Time resolution is provided by a gated detector. (2) The second
harmonic (532 nm) can be used as a pump pulse to excite the sample, while the optically delayed 354.7 nm
pulse can be used as the probe pulse. Time resolution is provided by the timing between the pump and
probe pulse.

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

Time resolution can be improved by using two color pump-probe experiments,
In this configuration one 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 achieved 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),*" and
[Ru(bpy)(dmb)(bpm)]*** (dmb is 4,4'-(Me),bpy; bpm is 2,2-bipyrimidine, see
below) in Fig. 2 [9]. In [Ru(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
evidence 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
clectrochemical measurements showing that bpm is the lowest-lying n* 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 stretching in character but mixed with some C-H bending [2]n.

(Rudmb)dpy)bpm N

1Ruﬁ'(hpm)3(bfm\'"))”'

Ru"opy),opy N

{Ru™dmb),dmb )

T T 1 1 T
800 1000 1200 1400 1600
Wavenumber /em ™’

Fig. 2. Transient resonance Raman spectra from 700 to 1700 ¢m ! for [Ru(bpy))**°, [Rufdmb),)***,
{Ru(bpm),?** and [Ru(bpyldmb)(bpm)} * * (bpy is 2.2"bipyridine; dmb is 44" -(Me),bpy; bpm is 2,2
bipytimidine) measured in CH,CN at room temperature. The spectra were acquired by using 354.7 nm
laser pulses to excite the sample and as a source for the Raman scattering. A complete description of the
experimental apparatus and Jdata acquisition conditions can be found in Ref, {24]b.
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2.3.2. Characterization of acceptor igands

Transient resonance Raman measurements have been instructive in establishing
structural details and the role they play in excited state decay for the acceptor
ligands #rans-1,2-bis(4-(4-methyl )-2,2"-bipyridyl Jethane (bbpe) and dipyrido[3,2-
a:2',3"-c]phenazine {dppz).

bbpe dppz

Relative to comparable MLCT emitters, the MLCT excited state of
[(dmb),Ru(p-bbpe)Ru(dmb),]** is unusually long-lived, 7=1310ns in CH,CN at
298 K for its emission maximum at 750 nm, (13000cm™'). For comparison
[Ru(dmb),]*** emits at 624 nm (15600cm ') and has =950 ns. [10] This is a
surprise since MLCT lifetimes 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 encrgy gap. £, as in
Eq. (6). This is a form of the famous energy gap law. It uses mode averaging with
the quantum spacing for an averaged acceptor mode () and the associated electron-
vibrational coupling constant (§). S is related to 4 by, S=0.5(4%). It is a measure
of the change in equilibrium displacement between states - the degree of excited-
state distortion,

I\‘,"CKCXP (:}}L’:g) (6)
)
E
y=In (mﬁw)wl (7)
Shw

Eq. (6) correctly predicts that k,, decreases with Ey. This is a general prediction
independent of the acceptor ligand. The acceptor ligand appears in y in the magnitude
of S and the degree of excited state distortion to E,. The difference between dmb
and bbpe as acceptor ligands is that S is smaller for bbpe.

This is seen in resonance Raman intensity comparisons, which show that the
intensities of polypyridyl ring stretching bands are significantly decreased relative
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to [Ru(dmb),)**. From Eq. (4), relative intensities vary with 47 (and AQZ)). 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 results 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
1000-1600 cm ™! typically dominate as energy acceptors. The electron-vibrational
coupling constant is the sum of the S; for the coupled vibrations (those with
AQ«q.j#O)o

Sm}j: S; (8)

AQ AQ,

Fig. ,3‘ The effect of variations in AQ, on vibrational wavefunction overlap for the case with
AQ.(B)>AQ.(A).



J.R. Schoonover et al. | Coordination Chemisiry Reviews 165 ¢ 1997) 239-266 247

and #iw the weighted sum of the Aw;’s

Z (Sjﬁ(f)j)
~e (9

ho=
“TTEs)
J

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 rrans-
stilbene and bbpe with their radical anions [11].

It was originally suggested that following MLCT excitation of
[Ru(bpy).(dppz)l** (dppz is dipyrido[3,2-a:2',3"-c]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 excited electron occupies a delocalized
molecular orbital. Electron density may be concentrated on the phenazine, but there
is significant bpy (or vhen) character as well.

Comparison of ground- and excited-state resonance Raman spectra between
[Ru(bpy)x(dpp2z))** 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 excited states. The bands that do appear are very similar to
those for dppz' ~ generated electrochemically.

The excited state spectra can be simulated as a combination of the phen ~
Raman bands that appear in the transient spectrum of [Ru(phen),}*** (phen is
1.10-phenanthroline) and phenazine = from the spectrum of the electrochemically
generated anion [13]. This points to coupled vibrations at both the phenazine and
phen portions of the lizand consistent with delocalization of the excited electron
over the phen portion of the ligand as well.

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 generated phenazine ~. Phen-localized bands
at 1576 and 1597 cm ™" shift —29 and —19cm™" 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-methyl-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 state.
<)
\_7 \_7/

pypz

2.3.3. Intramolecular electron transfer

Transient 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 electron iransfer can often be inferred from changes in band energies
and relative intensities.

Time-resolved resonance Raman spectroscopy has been applied 1o the structural
changes that occur in N-methyl-4,4-bipyridinium cation (monoguat or MQ*) when
it acts as the acceptor ligand. Based on transient absorption measurements
on  fac[(bpy)Re (COKMQ )" dn(Re')—n*(bpy) excitation is followed by
bpy' ~-+MQ* electron transfer which occurs to give the lower energy,
Re"(MQ')-based MLCT excited state in Scheme 1 {14]a. The same state is reached
directly by simultancous Re'-sMQ™* excitation. Electrochemical measurements show
that MQ™ is a better acceptor than bpy by ~0.5 V.,

Transient resonance Raman  spectra  (600-1700cm ') of  the excited
states  of  fac[Re (bpy)(CO)y(4-Etpy)]*  (4-Etpy is  4-cthylpyridine) and
Jac-[Re (bpy)(CO)(MQ*)P** (CH,CN, 298 K., 354.7 excitation, 354.7 nm probe)
are shown in Fig. 4. For the MQ* complex the same bands are resonantly enhanced
as in  fac-[Re'(bpy(CONRMQ )} generated by electrochemical  reduction.
Bpy -based bands are not enhanced showing that bpy - -~MQ" electron
transfer is complete in the 100 ns timescale of the experiment. The spectrum of
fac{Re (bpy)(CO)(4-Etpy)]** 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-electron 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)J***
kyg>2x 108!

Jac-|(bpy)Re'(CO)3(MQ)*"

hv || kp=45x 10°s
hV%, =5x10"s"

Jfac-{(bpy)Re!(CO),(MQ*))**

ND—-CN-CH{

MQ*
Scheme 1. (in CH,CN at 298 K).

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-electron reduced forms of biphenyl, 4,4-bpy (4,4-bpy is 4.4"-bipyridine)
and PQ**. In fac-[Re'(bpy)(CO),(MQ )]* generated electrochemically, the shift is
+50cm . In fac-[Re™(bpy)(CO);(MQ)J** it is +61 cm™!. The shifts to higher

[Re"bpy ™ HCO)(4-Epy)] M JL

[RM(bpy N CO)(MQ)*** M
| | ! I

|
800 1000 1200 1400 1600

Wavenumber /cm’

-

Raman Inteasity

Fig. 4. Transient resonance Raman spectra (700-1700¢m ') of fac-[Re (bpy)(CO)5(4-Etpy)} ' and
fac{Re (bpy)(CO)MQ "))?**, 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 (0) between pyridy! planes
near 0°.

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 6~47° in the ground state of fac-[Re (bpy)(CO);(MQ™*)]?*.
This angle represents a balance between H-:-H repulsion between the linked rings,
which is minimized at §=90°, and electronic delocalization, which is maximized at
0=0°. Upon electron transfer to MQ™, there is a change in 0 from ~47° to ~0°.
It is accompanied by an increase in electronic delocalization, Eq. (10). The energy
difference between the §~47° and 6~0° forms for fac-{Re (bpy)(CO),(MQ *+*
is ~0.3eV. The 6~0° form is favored because of the increase in delocalization

energy [20].

&fac»[(bpy")(CO);,Re"(N\

w F N
. N “’CH:;)]Z‘ m—

@ - 0°)

The advantage of being able 1o tune the laser probe beam is illustrated
by a second example ([17). Following dn(Re")=sn*(bpy) excitation of
Jac-[Re (bpy)(CO)y(py-PTZ)]* (py-PTZ is 10-(4-picolyl )phenothiazine), MLCT
emission is quenched and absorption 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 transient 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 enhancement of —PTZ *
bands observed after 354.7 nm excitation by using 532nm laser pulses. The
=PTZ"* spectrum obtained in the transient experiment was the same as the
CW Raman spectrum (A, =5309nm) of —~PTZ * in fuc-[Re'(bpy)(CO),
(py-PTZ" *)I** or 10-methylphenothiazine cation [22].

The same protocol was applied to molecular assemblies based on
amino acids [23]. In the transient absorption difference spectrum of
[Ang-Lys(Ru'(bpy),m-)-PTZ]** (Anq is anthraquinone; Lys is the derivatized
lysine;m is 4'-methyl-2,2"-bipyridyl-4'-carbonyl), bands appear for —PTZ *
(510nm) and —~Anq’ = (570 nm) following Ru"-polypyridyl excitation consistent
with Scheme 3 [24].
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fac-[Re"(bpyXCOX(py-PT2)I*"

kq =40x 109 S..
"“u ko= 47 % 10°5" fac-{Re'(bpyXCOMpy-PTZ )"
ky=4.0x 10"
fac-{Re'(bpyXCOX(py-PTZ)'
QL
=\ _N
N4
py-PTZ

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

[Anq~Lys(Ru'"(bpy)2|§~)-P’l‘Z]z"

\Qf 20x 1085

W [[koe 12x 100" [Ang-LysRu'(bpy)m--PTZ 0

kp=9.3x 108"

lAng-Lys(Ru"(bpy),m-)-PTZ) Q] i | /l\'o‘/ CHH =N S

\_#
(Ang-Lys(Ru"(bpy)m: )-PrZ)”

Scheme 3. (in CH,CN at 298 K).

The transient resonance Raman spectrum (354.7 nm excitation, 354.7 nm probe)
of the model [Ru(bpy),(m-NHCH,)]>* (m is 4-methyl-2,2"-bipyridyl-4"-methyl
amide) was used to establish that the excited electron is localized on
n*(m-NHCH,) in the equilibrated excited state. This was made clear by fingerprint-
ing and comparing the spectra of [Ru(bpy),(m-NHCH,)P?**, [Ru(bpy)s}**" 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 Anq’ ~ bands occurred.

Raman fingerprinting has been particularly useful in establishing the quenching
site or sites in assemblics where there are multiple quenchers. An example
is [(MQ*)(CO);Re (p-bbpe)Re (CO)5(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. It 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'XCO);Re (bbpe)Re (COYy(py-PTZ)I"
+

((MQ*)COYRe!(bbpe)Re™(CO)(py-PTZ) ™

N
N

u ((MQ')(CO)Re'(bbpe)Re\(CONpy-PTZ )"
hv

[(MQ*NCO);Re (bbpe)Re(COY(py-PTZ)) ™

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

2.3.4. Intramolecular energy transfer

Transient and CW emission studies have been applied to energy transfer in cyano-
bridged polynuclear complexes containing Ru(bpy)3* units. There is relatively strong
electronic coupling across the cyanide bridge and intramolecular energy transfer
occurs from C- to 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 energy
transfer [27].

[(bpy)(bpy™ YINC)RuM(CN)RUCN)bpy), |+ \\L\
h X [(bpy)NCRuMCN)RUMCNYbpy Y bpy )]
I

hv'
[(bpy)s(NC)RuCN)Ru(CN)(bpy),1* //;

k << k)

Scheme 5. (in CHLCN at 298 K).

The existence of energy transfer was demonstrated by combining transient Raman
measurements and synthesis. In the pair, [(NC)(phen),Ru(CN)Ru(bpy),(CN)}*
and [(NC)(bpy),Ru(CN)Ru(phen),(CN)]*, the exchange of phen for bpy is nearly
equivalent electronically since the energies of the lowest-lying n* acceptor levels
for bpy and phen are nearly the same. Nonetheless, the two ligands can still be
distinguished unambiguously by Raman fingerprinting of their radical anions.

In the spectrum of [(NC)(phen);Ru(CN)Ru(bpy)(CN)]** in Fig. 5 only
bpy ~ enhancement is observed. The phen bands that do appear are enhanced
ground-state bands. In the spectrum of {(NC)(bpy),Ru(CN)Ru(phen),(CN)**
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[(Phen),(NORu"(CN)RU(CN)(bpy) (bpy--)1**

[(bpy),(NORUHCN)RU™(CN) (phen)(phen-))**

Raman Intensity

P,

600 800 1000 1200 1400 1600
Wavenumber/cm’

Fig. 5. Transient resonance Raman spectra (600-1700cm ) of
[CNC ) phen) ,Ru(CN )R u(bpy),(CN)] ™ and [(NC ) (bpy),Ru(CN)IRu(phen) ,(CN)J ' at similar concen-
trations and experimental conditions as in Fig, 2.

only phen'  enhancements are observed. These observations are consistent with
facile, cross-bridge energy transfer [28].

Resonance Raman measurements have also been used to demonstrate that proton-
ation, to give [(NC)(phen),Ru(CN)Ru(bpy),(CNH))? ", reverses the direction of
energy transfer [29]. Protonation converts the terminal cyanide into a strongly
backbonding isocyanide ligand. This increases the energy 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(CN)Ru(4,4'(CO,H ),bpy),
(NC)Ru(bpy)(CN)P* (4,4-(CO,H ),bpy is 4,4-(CO,H ),-2,2"-bipyridine), the car-
boxylic acid groups provide sites for binding the central Ru to the surface of TiO,
semiconductor electrodes. Excitation of the terminal sites is followed by rapid energy
transfer to the center giving the lowest-energy MLCT excited state at the center.
This state injects an electron into the conduction band of TiO,. The net effect is
visible sensitization of the semiconductor [26]. In regenerative photoelectrochemical
cells with this complex on nanocrystalline TiO,, 400- 10 706-nm photons are
converted into electrons with high efliciencies.

Time-resolved  resonance  Raman  studies on  [(NC)(bpy),Ru(CN)
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Ru(4,4' —(CO; ),bpy),(NC)Ru(bpy),(CN)J*>~* 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);Re (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 cther
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 > RUM(DPY " ™ herminate
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 " “)yriage—> RUM(bPY " " yrigge €nergy transfer
hopping or which AG®~O. This is the mechanism that leads to long-range energy
transfer, Scheme 6.

y 7NN

et [ (phen” )(CO)3ReM(CN) R (bpy),(CN)], Rull(bpy)(CNYJ @1+

|

[(phen)(CO)3Re (CN)Ru (bpy)o(CN) ) Rulbpy ) (bpy)(CN)J O+ 1+

n=1-3)

Scheme 6,

Within experimental error, the same emission lifetimes are found for the oligomers
with n=1-3 consistent with rapid energy transfer to the terminal Ru™(bpy)
unit. Transient Raman measurements were used to obtain direct evidence
for energy transfer [27]. In Fig.6 are shown transient spectra for
[(phen)(CO)3Re (NC)Ru(bpy),(CN)]I**, [(phen)(CO)3Re (NC)Ru(phen),(CN)]**
and [(phen)(CO)3Re (NC)Ru(phen),(CN)Ru(bpy),(CN)P*** in CH,CN. For
[(phen)(CO)Re (NC)Ru(bpy),(CN)]*, simultancous Re'-phen, Ru'—bpy excita-
tion results only in enhanced bpy '~ bands. Only enhanced bpy = bands are observed
for [(phen)(CO),Re (NC)Ru(phen),(CN)Ru(bpy),(CN)J**. Both observations are
consistent with energy transfer to the terminal Ru within the laser pulse (< 10 ns).

3. Time-resolved infrared
3.1, Background

The application of time-resolved infrared spectroscopy opens new vistas for explor-
ing excited state molecular and electronic structure in transition metal complexes.
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(Phen)(CO)ReNCIRU (phen),(CNIRU™(CN)(bpy ) bpy )™
2
&
2 [(phen)(CO);Re' (NC)Ru™(CN)(phen)(phen)I*"
=
£
e %M
[(phen)(CO);Re (NC)RU™(CN)(bpy)(bpy 1™
I I i i i
600 800 1000 1200 1400 1600

Wavenumber /om'!

Fig. 6. Transient resonance Raman spectra  for  [(phen)(CO);Re (NC)Ru(bpy),(CN)}**,
[(phen)(CO),Re (NC)Ru"(phen),(CN)]**  and  [(phen)(CO),Re (NC)Ru(phen),(CN)Ru(bpy),-
(CN)JPF* " measured in CH,CN at room temperature, as in Fig. 2.

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

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
Fourier 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 to a mirror (M1) which directs the light to lens L1. This lens tightly
focuses (to a ~ 500 um spot diameter) the infrared light onto the sample. The pump
beam from a Q-switched Nd:YAG laser 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 element 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 filter, CaF, cell windows and CaF, optics (high-
pass 1250 cm™') provide the spectral region of 1250 to 2250 cm ™ !. The optical
system is contained in a Plexiglas enclosure purged with dry nitrogen.

teigger from laser

Detector

¥ i
Boxcar 1 Boxcar 2
(light on) {tight off)
i to laser
Step-Scan Interferometer U
Pulse
Generator

Computer

Fig. 7. Schematic diagram for a time-resolved, siep-scan  Fourler transform infrared  ditference
spectrometer as described in the text,
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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
states is known to exist in these complexes [33].

Ground-state and transient infrared difference spectra for fac-
[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 ii: CH3CN 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 cm ™! [31,32). The broad band in the ground
state actually consists of two overlapping v(CO) bands. They are resolved in the
excited state because reduction at phen to give phen” ~ decreases the local electronic
symmetry. In the ground state the three facial pyridyl-type ligands (4-Mepy and the
two pyridyl rings of phen) are electronically similar. In the MLCT excited state
phen becomes phen’ ~, distinct from 4-Mepy. The third v(CO) band at 2036 cin ™!
also shifts 1o higher energy (2065 cm ') in the excited state. The shifts to higher
energy are consistent with partial oxidation of Re' to Re" and formation of
the Re'(phen' ") excited state. The energies of the v(CO) bands increase because
of the decrease in Re-CO backbonding to Re". This increases the triple bond
character of the CO ligands. Related observations have been made following
MLCT excitation of [Re (bpy)(CO)s(4-Etpy)]* (4-Etpy is 4-Ethylpyridine) and
[Re (4,4-bpy)»(CO)(CH]* (4,4 -bpy is 4,4"-bipyridine) [3]a.c.

The increase in w(CO) is a general effect. MLCT excitation of
[Os(tpy)(bpy)(CO)?* (tpy is 2,2":6",2 -terpyridine) in CH3CN (Fig. 9) results in a
shift in v(CO) from 1974 to 2044 cm™! with Av(CO)= +70cm™'. The shift
is +73cm™! for [Os(phen),(CO)Cl]* and +69cm™! for [Os(bpy),(CO)-
(pyridine)]** [34].

The transient infrared difference spectrum for fac-[Re (dppz)(CO),(PPhy)]**
(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
shifted and the shifts are to lower 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. 5cm ' 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 fac-[Re (dppz)(CO);(4-Etpy)]*.

The relatively small shifts in v(CO) in the dppz complexes are consistent with a
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Fig. 8. Ground-state (broken curve) and 600ns time-resolved infrared difference spectra of
Jac{Re (phen)(CO),(4-Mepy)]* (phen is 1, 10-phenanthroline; 4-Mepy is 4-methylpyridine) {a) compared
o fac{Re (dppe)(CO)(PPhy)l" (dppz is dipyrido]3.2-02 2 c]phenazine; PPh, is triphenylphosphine)
(b). Excitation was at 354.7 am with a sample concentration of ca. | mM in CH,CN at room temperature.

ligand-localized excited state which is slightly electron donating at the metal relative
to ground-state dppz. For the dppz complex this is a lowest-lying, dppz-based
Sen* state. Room temperature emission spectra and lifetimes adenufy this state by
its long lifetime (13 ps) and characteristic nn® vibronic progressions |35].
Replacement of 4-Etpy or PPhy by Cl~ in fac-{Re (dppz)(CO),Cl] results in a
dramatic change in excited-state properties at room temperature. A broad MLCT
emission appears with t=25ns (CH,CN at 298 K). The substitution of electron
df;mming Cl1~ for 4-Etpy or PPh, stabilizes the Re"(dppz  ~) MLCT state sufficiently
that it is thermally populated at room temperature and dominates excited-state
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Fig. 9. Ground-state (a) and time-resolved infrared difference spectra (b) measured following 354.7 nm
excitation for [Os(tpy)(bpyYCOPR " (tpy is 2,2 6.2 terpyridine) in CHCN at room temperature.

decay at room temperature. The nn* (dppz) state is still lowest lying and the only
emitter at low temperature.

The utility of the transient infrared technique to elucidate electronic struc-
ture is further illustrated by measurements on fac-{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) emission at d,,, =570 nm in 2-methyltetrahydrofuran at 298 K
[36]. In transient absorption difference spectra, there is evidence 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 intensities of the two are both solvent and temperature
dependent [36].

In Fig.10 is shown the transient infrared difference spectrum of
Jac-[Re (4,4-(NH,),)bpy)(CO);(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 slightly shifted to lower energy
reminiscent of fac-[Re (dppz)(CO);(PPh;)]**. 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 nn* state.
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h@; 10, Ground-state (a) and 600ns  time-resolved  infrared  difference  spectra  (b)  for
Jaos[Re (A4 ANH ), (bpy)(CONA-Etpy)]* (4.4-(NH,))bpy is 4.4 -diamino-2,2"bipyridine) in CH,CN
at room temperature following 354.7 nm excitation.
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Transient infrared measurements have also been used to reveal co-existing
excited states in the ligand-bridged compiex [(4-Etpy)(CO)sRe'(u-bbpe)
Re(CO),(4-Etpy))**. Following Re'—bbpe excitation at 354.7 nm, characteristic
v(CO) bands are observed for both an* 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 complexes. 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 seen in the
examples above, they can provide a direct probe of metal oxidation state.

In  transient  infrared spectra  following MLCT  excitation of
[(NC)(bpy):Ru(CN)Ru(phen),(CN)]*, the ground-state cyanide band at
2079 cem~! is bleached and excited-state bands appear at 2037, 2091 and
2104 em ! [31,37]. The remaining ground-state bleach near 2101 cm ! is masked
by excited-state bands in this region. Comparison of the spectrum with that of the
mixed-valence ion [(NC)(bpy),Ru™(CN)Ru"(bpy)s(CN)J?*, prepared by chemical
oxidation, demonstrates that the excited state is best described as
[(NC)(bpy),Ru(CN)Ru"(phen)(phen” ~)(CN)]** with the lowest MLCT excited
state at the N-bonded chromophore. Although significant ¢lectronic coupling exists
across the CN ~ bridge, the transient spectroscopic results are consistent with local-
ized Ru™ and Ru" and separate, localized MLCT excited states.

The ligand-bridged complex [(phen)(CO);Re (NC)Ru(bpy),(CN)" was  the
parent molecule in the study of long-range energy transfer in a previous section,
It possesses two absorbing chromophores in the visible, Ru"—bpy with
Amax =450 nm and Re'=sphen at 380 nm. Transient resonance Raman studies on
the ns time scale reveal that rapid Re"(phen ")-»Ru"(bpy) energy transier occurs
following Re'—phen excitation. Transient infrared measurements reinforce this con-
clusion. In the infrared spectrum of the ground state in CH,CN, v(CO) bands appear
at 1920 and 2028 cm "', the terminal v(CN) stretch at 2081 em ™!, and v(CN) for
the bridge at 2100 cm ™!, In spectra measured 400 ns after 354.7 nm excitation, the
terminal v(CN) shifts from 2081 to 2108 cm ™! and the bridge v(CN) from 2100 to
2132cm ', Fig. 11C. The shifts in v(CO) are small (Av(CO)~5 cre ') compared to
the large 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 also demonstrate that rapid
Re"(phen’ “)—Ru'(bpy) energy transfer occurs following Re'—phen excitation,
Scheme 7.

Ultrafast transient infrared measurements on the picosecond timescale provide
additional insight and direct evidence for the initial Re(phen’ ") excited state in
Scheme 7 [3]e. Early time features acquired ~ 1 ps after laser flash excitation at
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Fig. 11. Comparison of nanosecond transient infrared spectra of [(phen){(CO)Re (NC)
Ru(bpy),(CN))* (©) compared 1o the | ps (a) and 40 ps (b) time-resolved infrared spectra as in Fig. 8.
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[(phen™)(CO);Re(NC)Rul(bpy)o(CN)** \“l~

[(phen)(CO);Re(NC)Ru (bpy)(bpy "N CN)J**

hv
4
[(phen)(CO);Re (NC)Ru" (bpy),(CN)T*

Scheme 7.

300 nm resemble those of a typical MLCT state (Fig. 11a). Ground-state bleaches
near 1930 and 2030 cm ™! are observed with positive shifts in v(CO) in the excited
state. These features decay in S 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'(NC)Ru™(bpy " ~)(bpy)(CN)J** 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)Rul(bpy),(CN)J** =[(phen” ~)(CO);Re(NC)Ru"(bpy),(CN)J**,  fol-
lowed by phen'~ tobpy, [(phen’ ")(CO)Re'(NC)Ru™(bpy),(CN)}**—
[(phen)(CO)Re (NC)RuM(bpy  ~)(bpy)(CN)]**. Ultrafast infrared studies are cur-
rently being undertaken to establish additional details about this reaction.

4. Conclusions

The results reviewed here demonstrate that transient vibrational spectroscopies
can be powerful tools for elucidating electronic and molecular structure of excited
states and photochemical intermediates. When combined and applied 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 energies of vibrational bands, they will become important
tools {or calculating, or at least inferring, excited-state structure.

Further developments in instrumentation will have an important impact on
advances in this area. The ability to use the time-resolved, step-scan Fourier trans-
form technique on the 10’s 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 fundamenta! processes at
very early 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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