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bstract

In the decades since its discovery and somewhat limited early applications, Raman scattering has become the basis for the development of a variety
f methods for probing molecular structure both in ground and electronically excited states. In this review, following a brief look at the underlying
rinciples of the Raman and resonance Raman effects, the intention is to discuss a range of Raman techniques, especially in the context of their
pplication to metal-centered systems. The review will focus on molecular electronic spectra, including bioinorganic examples, and on dynamic
rocesses following electronic excitation. Methods to be surveyed will include continuous wave resonance Raman, surface-enhanced resonance

aman, time-resolved Raman and resonance Raman spectroscopies, which are used to probe the excited state processes, including vibrational
ynamics, observed in molecular systems. The review will also include reference to coherent anti-Stokes Raman scattering, femtosecond coherent
ibrational spectroscopy and time-resolved stimulated Raman spectroscopy on the femtosecond timescale.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Raman spectroscopy has gone through several stages of
evelopment since the first reports of its experimental discovery
n the late 1920s [1]. For many years however it remained some-
hing of an esoteric technique, based on the inelastic scattering
f light, in which the filtered mercury arc excitation sources used
n the early stages of its development necessitated accumulation
ver very lengthy exposure times to achieve acceptable signal
evels. In the 80 years since its discovery and announcement,
he Raman effect has experienced two periods of growth and
idening of interest: (i) in the 1960s with the advent of the laser

s an intense monochromatic light source; (ii) in the 1980s with
dvances in detector, filter and diode laser technology (Fig. 1)
2]. Indeed it is probably within the last two decades that the phe-
omenon of Raman scattering has seen its most rapid growth in
opularity both in terms of the range of application to scientific
roblems and in the development of a number of techniques with
aman as a central feature for probing molecular structure, both

n ground and electronically excited states.

In addition to taking a general overview of Raman scattering,

e present review is intended to survey several more recently
eveloped Raman techniques, including studies directed towards
e femtosecond timescale and to place them in the context of

ig. 1. Histogram of number of publications involving Raman and resonance
aman spectroscopy by decade.
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he modern research environment. As a result of the breadth of
he area being covered any attempt at a comprehensive treat-

ent would be unrealistic and instead, the review will focus
n selected investigations of the spectroscopy, photophysics
nd dynamics of metal-centered compounds, including those of
ioinorganic interest, where Raman techniques are contributing
o a more intimate understanding of ultrafast processes of chem-
cal and biological interest. The review is directed, primarily, at
esearchers new to the field of Raman spectroscopy and conse-
uently, in an attempt to make the review as self-contained as
ossible, it includes a brief account of the underlying principles
f Raman and resonance Raman methods. Such an account does
ot purport in any way to replace the many excellent accounts
f these topics, which are available in several textbooks and
eviews [3], but rather should be viewed as a starting point for
hose who wish to explore the potential of Raman scattering,
specially in its several recent guises, as an informative probe
f molecular structure and dynamics.

.1. Historical background

As with many areas of science the discovery of what is now
nown as the Raman effect is not without controversy. While
aman and Krishnan reported the first experimental study of

nelastic light scattering in water and alcohol vapors in 1928 [1],
he effect itself, the inelastic scattering of light by molecules,
ad already been predicted in the 1920s [4,5]. It is perhaps
omewhat ironic that it was in water, the solvent of choice for
aman spectroscopy due to its intrinsically low Raman scat-

ering cross-section and accompanying broad signals, that the
ffect was observed initially. Although the area received con-
iderable academic attention in subsequent decades, technical
imitations [6], in particular the requirement for monochromatic
ight sources and sensitive detectors, inhibited its development
n favor of its complementary technique—infrared spectroscopy.
he development of lasers in 1960s and more importantly, of
ulti-channel detectors in the 1970s led to renewed interest in
aman spectroscopy. In recent years the availability of charge
oupled device (CCD and intensified gateable, iCCD) detectors,
ow cost, user friendly monochromatic light sources and sin-

le stage spectrometers coupled with holographic notch filters
ave led to a renaissance in Raman spectroscopy and it is now
eveloping quickly into a routine spectroscopic technique, half a
entury after IR spectroscopy made a similar transition. Despite
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ig. 2. Basic components of a Raman spectrometer. Although initially 90 scat-
ering geometry was employed, most modern systems use a near back scattering
eometry (135–180◦), as depicted here.

he wide range of home-built and commercial Raman spectrom-
ters available today, the simple, basic design has remained
irtually unchanged and is outlined in Fig. 2.

.2. Theoretical basis for Raman scattering

When monochromatic light impinges on a sample, much of it
asses through the sample unchanged or some may be absorbed,
epending upon the wavelength of the light and the nature of the
ample. A small fraction, some 0.1%, is elastically scattered, as
ight of the same frequency as the incident light (Rayleigh scat-
ering). An even smaller fraction of the incident light, perhaps
mounting to 1 photon in 106 or 107, will be scattered inelas-
ically (Raman scattering), either towards lower frequencies
Stokes scattering) or higher frequencies (anti-Stokes scatter-

ng), than the incident light. The differences in energy between
he incident photons and inelastically scattered photons corre-
pond to vibrational frequencies of the scattering molecule and
he intensity is proportional to the fourth power of the scat-

t
s
ν

S

Fig. 3. Schematic representation of elastic (Rayleigh) and inelastic (right: Sto
hemistry Reviews 251 (2007) 454–473

ered radiation, i.e. (ν̄ − ν̄m)4 (Stokes) or (ν̄ + ν̄m)4 (anti-Stokes)
7]. [N.B.: Throughout this review the frequency of Rayleigh or
aman scattered radiation will be expressed as a wavenumber

cm−1), denoted ν̄ or ν̄m, respectively.]
The essence of the Raman effect has been summarized by

yers [8] in sentences which could hardly be bettered: ‘Spon-
aneous Raman signals are linear in the incident intensity but
wo photons are involved, one being spontaneously generated. In
he traditional view of Raman scattering, a net vibrational transi-
ion is achieved through “virtual” excitation and de-excitation of
igher energy states’. This is illustrated by the schematic energy
evel diagram in Fig. 3.

The scattering phenomenon may be described in terms of a
imple quantum picture of energy exchange between the incident
uantum of radiation and the scattering molecule. For an elas-
ic collision involving no exchange of energy the frequency of
he scattered photon remains unchanged, giving rise to Rayleigh
cattering. In an inelastic collision, one possibility is that energy
s transferred from the photon to the molecule, so that the pho-
on will be scattered with lower energy and frequency (longer
avelength), giving rise to Stokes radiation. In the converse case,

nergy is transferred from the molecule to the photon, so that the
cattered radiation is at higher frequency (shorter wavelength),
o-called anti-Stokes radiation. In energy conservation terms,
or an incident photon of wavenumber ν̄ (cm−1), the inelastic
cattering processes are represented by Eqs. (1) and (2):

cν̄ = hc(ν̄ − ν̄m)+ hcν̄m, Stokes scattering (1)

cν̄ + hcν̄m = hc(ν̄ + ν̄m), anti-Stokes scattering (2)

here h is Planck’s constant, c the velocity of light, ν̄ the fre-
uency, expressed as a wavenumber (cm−1) of the incident
adiation, and ν̄m is the wavenumber equivalent to the energy dif-
erence between (usually) the lowest and first excited vibrational
nergy levels corresponding to one of the (3N− 6) normal vibra-
ional modes (not necessarily all ‘Raman-active’—vide infra) of

he scattering molecule. From a practical standpoint of spectro-
copic observation, the important quantity is the Raman shift,

¯ ± ν̄m, of the scattered radiation from the incident radiation.
tokes scattering is generally more intense than anti-Stokes,

kes and left: anti-Stokes) scattering involving a single vibrational mode.
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ig. 4. Schematic representation of Rayleigh and Stokes Raman scattering. Dr.
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rimarily due to the Boltzmann distribution between the low-
st vibrational states,

IStokes

Ianti-Stokes
= (ν̄ − ν̄m)4

(ν̄ + ν̄m)4 exp

(
hcν̄

kT

)
(3)

nd it is the Stokes Raman shift which is usually presented in a
aman spectrum, as shown schematically in Fig. 4.

A classical theory to explain the Raman effect and account
or the principal selection rule involved commences with consid-
ration of molecular polarisability. Polarisability describes the
ehavior of the electron cloud of the molecule in an electric field
E). The disturbance of the electron cloud induces an electric
ipole moment (μ) and, hence, a polarisation of the molecule.
he polarisability of a molecule determines the magnitude of

he induced dipole moment [9]:

= αE (4)

he electromagnetic field is itself dependent on the frequency
ν̄) of the incident light:

= Eo cos(2πν̄ct) (5)

here Eo is the incident electric field and t is time. Combining
qs. (4) and (5) yields:

= αEo cos(2πν̄ct) (6)

hich shows the relationship between the induced dipole
oment and the frequency of the incident light. The oscilla-

or will emit Rayleigh scattering radiation (ν̄). However, the
olarisability changes with vibrational motion [10], Eq. (7).

= αo + β cos(2πν̄mct) (7)

here αo is the polarisability at the equilibrium position and β

s [�α/�q]o, where q is the normal coordinate corresponding to

particular vibrational motion. Hence, Eq. (6) can be expanded

o

= {αo + β(cos2πν̄mct)}Eo cos(2πν̄ct) (8)

b
l
g
b
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nd hence to:

μ = αoEo cos(2πν̄ct)
Rayleigh

+ 1

2
βEo(cos2π[ν̄ + ν̄m]ct

anti-Stokes

− cos2π[ν̄ − ν̄m]ct
Stokes

) (9)

his equation embodies the important molecular selection rule
or Raman scattering, i.e. the polarisability must change dur-
ng the molecular (vibrational) motion, i.e. β �= 0. Otherwise,
he induced dipole oscillates only at the frequency of the inci-
ent radiation. If however the polarisability changes as a result
f the vibrational motion, the second term in Eq. (9) contain-
ng β will be non-zero and hence Raman scattering will be
bserved.

With the possible exception of di- and tri-atomic molecules,
eciding whether a particular vibrational mode is ‘Raman-
ctive’ on the basis of the variation of the polarisability during
he molecular vibration is not straightforward [11]. Fortunately,
he Raman activity of any vibrational mode can be decided
eadily through the use of group theory, once the symmetry of
he molecule under investigation has been assigned. Excellent
ccounts of the application of group theory in vibrational spec-
roscopy are available [12].

A quantity normally reported for the individual bands in a
aman spectrum is the depolarisation ratio, ρ, defined as the

atio, I⊥/I//, of the scattered Raman intensities with the electric
ector perpendicular or parallel to the polarisation direction of
he incident excitation laser radiation. For linearly polarised laser
adiation, the ratio falls in the range: 0≤ ρ≤ 3/4. If ρ≥ 0 and
3/4 the corresponding band is ‘polarised’ and associated with a

otally symmetric vibrational mode. If ρ = 3/4, the correspond-
ng band is ‘depolarised’ and due to a non-totally symmetric

ode.

.3. Practical aspects of Raman spectroscopy

A key strength of Raman spectroscopy lies in its simplicity in
erms of sample handling. Essentially the collection of Raman
cattering requires that the sample is accessible to UV–vis radia-
ion. In contrast to IR spectroscopy the ‘vibrational’ spectrum is
enerally observed in the UV–vis portion of the EM spectrum. In
ddition the collection of the scattered light is typically, though
ot necessarily, accomplished by means of ca. 180◦ back scat-
ering arrangement (Fig. 2), eliminating the need for the sample
o be transparent. As a result the arrangement for sampling is
ery versatile and even for samples which show very rapid pho-
ochemical decomposition, flow cells either under gravity or as a
et can enable good quality spectra to be recorded routinely. The
se of notch filters and monochromators allows for detection of
ery low Raman shifts <100 cm−1, and the advent of low-light
easuring devices, electron-multiplying charge-coupled device

etectors (EMCCDs), allow for much lower-powered lasers to

e employed in spectral acquisition, a development of particu-
ar relevance to time-resolved techniques (vide infra) and more
enerally for the study of systems where sensitivity to light may
e an issue.
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Fig. 5. Schematic diagram depicting resonance Raman scattering.

. Resonance enhancement techniques

The resonance enhancement effect, i.e. the selective enhance-
ent of Raman scattering when in ‘resonance’ with an electronic

ransition, so-called resonance Raman (rR) scattering, is one of
he more remarkable and, with regard to the present review,
ne of the most useful aspects of Raman spectroscopy. The
bility to enhance Raman scattering, often by more than six
rders of magnitude, allows for the characterization of dilute
olutions containing chromophoric species. Selective enhance-
ent of scattering from particular vibrational modes provides

etailed information as to the nature of electronic transitions.
n the following sections, the origin of the resonance effect will
e explored together with a brief introduction to the theoretical
asis for our understanding of this effect (Fig. 5).

.1. Resonance Raman scattering

An important practical consideration in the application of
aman scattering is its inherent weakness. However, when the
avelength of the incident light is coincident (i.e. resonant)
ith an electronic transition of the molecule then the Raman

cattering observed may be enhanced by several orders of mag-
itude. However, the enhancement is not in general observed
or all vibrational modes, rather certain modes become ‘selec-
ively’ enhanced [13]. In fact, if the electronic transition in
esonance with the Raman excitation wavelength is strongly
llowed, then the vibrational modes which will be enhanced
ost strongly are the totally symmetric, Franck–Condon-active

ibrational modes coupled with the electronic transition [8].
wo approaches for treating the rR phenomenon are the sum-

ver-states method [14] and the time-dependent wave packet
heory [15]. The former is a classical time-independent approach
nvolving Born–Oppenheimer separation of electronic and
ibrational motions, while the latter adopts a dynamic view of

w
w
t
|
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he photon–molecule interaction. In the present general review it
s not appropriate to enter into any detailed comparison between
hese methods, beyond some basic remarks, firstly regarding the
um-over-states approach which underlies the commonly pre-
ented discussion of the resonance Raman phenomenon. Some
f the essential results from that approach will be used here.
etailed accounts are available elsewhere [8,16]. With regard to

he wave packet theory, Myers [8] has pointed out that it provides
uch more satisfying insight into the link between resonance
aman intensities and excited state dynamics (see Section 6).

The key to understanding resonance Raman enhancement is
o remember that the electronic transitions in a molecule are
ecessarily accompanied by vibrational energy changes (Fig. 6).
lthough an electronic transition in a molecule can be described

s excitation from the ground electronic state |g〉 to an excited
lectronic state |e〉, in reality electronic and vibrational tran-
itions are coupled and hence a better description of the pro-
ess of absorption is excitation from a ground ‘vibronic’ state
|i〉= |gm〉= |g〉|m〉, where ‘g’ is the ground electronic state and
m’ is the initial vibrational state) to an excited ‘vibronic’ state
|r〉= |ev〉= |e〉|v〉, where ‘e’ is the excited – resonant – electronic
tate and ‘v’ is the vibrational state).

It should be noted that although the Raman scattering involves
nteraction with the excited electronic state (|r〉) the overall inter-
ction results in a transition from the initial (|i〉) to the final (|f〉)
ibronic states (where |f〉= |g〉|n〉). If |m〉= |n〉 then the inter-
ction with light is elastic (no energy change, hence Rayleigh
cattering); however, if |m〉 �= |n〉 then the scattered light will be
ither Stokes or anti-Stokes radiation.

We will now deliberately skip most of the mathematical detail
nd move to the essential result, which emerges from the sum-
ver-states approach, namely that the change in polarisability
etween the ground and excited electronic states is described by
he polarisability tensor (αρσ) and that the two principal contri-
utions to the tensor are referred to as the A and B terms [17].

αρσ]if = A+ B (10)

here i: initial state and f: final state.
If the polarisability tensor is expressed as vibrational and

lectronic contributions (taking the sum-over-states approach),
he A and B terms are given by Eqs. (11) and (12) [16a]:

= 1

hc
[μρ]ge[μσ]eg

∑
v

〈ng|ve〉〈ve|mg〉
ν̄ev,gm − ν̄0 + iΓev

(11)

= 1

h2c2

∑
s�=e

[μρ]gs[μσ]eg
hk

se

	ν̄se

∑
v

〈ng|Qk|ve〉〈ve|mg〉
ν̄ev,gm − ν̄0 + iΓev

+ 1

h2c2

∑
s�=e

[μρ]ge[μσ]sg
hk

se

	ν̄es

∑
v

〈ng|ve〉〈ve|Qk|mg〉
ν̄eg,gm − ν̄0 + iΓev

(12)
here {s} refers to other electronic excited states which interact
ith {e} the resonant excited state. [μρ]gs = 〈s|μρ|g〉, the ρth

erm (x, y or z) of the electronic transition dipole moment for
g〉← |s〉; [μρ]ge = 〈e|μρ|g〉, the ρth term (x, y or z) of the elec-



W.R. Browne, J.J. McGarvey / Coordination Chemistry Reviews 251 (2007) 454–473 459

e enha

t
t
m
t
t
o
d
l
b
l

s
z
i
T
u
a
c
n
s
t
s
t
v
i
t
a
f

2

s

e
s
s
f
m
t
p
e
t
k
i
accepted widely: (i) the charge transfer model and (ii) the elec-
tromagnetic model [21].
Fig. 6. Schematic diagram showing Resonanc

ronic transition dipole moment for |g〉← |e〉; [μσ]eg = 〈e|μσ |g〉,
he σth term (x, y or z) of the electronic transition dipole

oment for |e〉← |g〉; hk
se: vibronic coupling integral {between

he excited (e) state and a second excited electronic state (s)}; Qk:
he normal coordinates of the system; 〈ng|ve〉〈ve|mg〉: products
f vibrational overlap integrals (Franck–Condon factors); iΓ ev:
amping factor (cm−1) (allowing for the fact that the electronic
inewidth is finite [45]). ν̄ev,gm − ν̄0: wavenumber difference
etween the electronic transition and the laser excitation wave-
ength.

Hence, in order to achieve resonance enhancement of Raman
cattering, either the A term or the B term (or both) must be non-
ero. For the A term to be non-zero two criteria must be fulfilled,
nvolving the vibrational and electronic contributions to the term.
he electronic transition (i.e. the electronic absorption being
sed to achieve resonant enhancement) must be electric dipole
llowed (i.e. [μρ]ge and [μσ]eg not equal to zero). The second
riterion is that the Franck–Condon factors 〈ng|ve〉〈ve|mg〉must
ot be equal to zero. This is the case when there is a change of
hape between the ground and excited state potential wells or
he excited state minimum is distorted with respect to the ground
tate (i.e. 	Q > 0, Fig. 7). Since the shift in 	Q from the ground
o the excited electronic state only occurs for totally symmetric
ibrations (in the absence of molecular symmetry changes), it
s only these modes which will undergo enhancement through
he A term. The B-term involves coupling between the resonant
nd other electronically excited states and allows for scattering
rom non-totally symmetric modes to be enhanced.
.2. Surfaced enhanced Raman spectroscopy

The first report of the observation of more intense Raman
cattering in the vicinity of a surface was made by Fleischman F
ncement leading to Stokes Raman scattering.

t al. [18] in the mid-1970s, where unexpectedly intense Raman
ignals were obtained from pyridine monolayers on roughened
ilver electrodes. Although ascribed initially to the high sur-
ace concentration compared to the case with ‘smooth’ electrode
aterials, it was demonstrated later in two independent inves-

igations that the increase in scattering intensity of up to 105

er pyridine molecule was actually due to the surface prop-
rties of the roughened electrode [19,20]. The mechanism for
he surface-associated enhancement in Stokes scattering, now
nown generally as surface-enhanced Raman scattering (SERS),
s still the subject of some debate. However, two models are
ig. 7. Nuclear displacement between the ground and excited states (	Q).
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Fig. 8. SERS spectra of 4(5′-azobenzotriazoyl)-3,5-dimethoxyphenylamine on
silver colloid at: (a) 457.9 nm, 5× 10−8 M, (b) 457.9 nm, 5× 10−7 M, (c)
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As discussed above, the intensity of Raman scattering is
ependent on the molecular polarisability (α) and the ampli-
ude of the electric field (E). An increase in the magnitude of
ither α (charge transfer model) or E (electromagnetic model)
ill result in enhancement of the Raman scattering. The lat-

er model, electromagnetic enhancement, involves interaction
etween molecules in the vicinity of a surface with surface
lasmons (quantized oscillations of surface electrons) whose
mplitudes are enhanced by interaction with light of a suitable
avelength. On a flat surface the energy is dissipated effectively

s heat but at a rough surface some of the energy is re-emitted
s radiation and if this radiation is resonant with the Raman and
ayleigh scatter of the adsorbed molecule then this scatter will
e amplified.

The charge transfer model, involving a chemical interaction
f the molecule with the surface, is based on an increase in
olecular polarisability [22] of the adsorbed molecule by exci-

ation of an electron from the surface into the LUMO of the
dsorbed molecule. The electron tunnels back to the metal and
he vibrationally excited neutral molecule relaxes to the ground
tate, emitting a photon as Raman scattering.

In practice SERS enhancement is achieved generally in one
f two ways: (i) by aggregation of colloidal solutions of gold or
ilver in the presence of the analyte and (ii) by adsorption of the
nalyte at a roughened (nano-crystalline) metallic surface (usu-
lly gold and silver electrodes). Although an excellent method
or obtaining Raman spectra of very small amounts of material
23], there are some disadvantages with the use of colloids as
urfaces for SERS. Although the colloids can be prepared rela-
ively routinely (albeit with a certain degree of art involved on
he part of the chemist), they can give rise to non-reproducible
ERS signals and, more importantly, are very sensitive to con-

amination.

.3. Hyper Raman spectroscopy

Although currently of relatively minor interest for main-
tream applications, another important enhancement process is
he hyper Raman effect [24,25]. Resonance hyper Raman spec-
roscopy involves a two photon absorption process, a process
hich is of key importance in many areas of electronic spec-

roscopy including non-linear optics [24].

. Dealing with fluorescence

A problem encountered frequently in practical Raman spec-
roscopy is that of fluorescence. In contrast to Raman scattering
hich is a very weak effect, luminescence is, frequently, char-

cterized by quantum yields close to unity. Hence, the presence
f fluorescence renders Raman spectral acquisition difficult at
est. The simplest method of dealing with fluorescence is to
void it, i.e. by selecting a wavelength region in which flu-
rescence is not observed. Unfortunately this approach is not

lways practical and alternative methods to deal with lumines-
ence have been developed in recent years, including SERRS,
ERDS and SSRS (vide infra), Kerr gating and anti-Stokes rR
pectroscopy.

r
f

g

ities have been offset by an arbitrary amount in order to show the changes in
elative intensity. Reproduced with permission from [26]. Copyright [2002] the
merican Chemical Society.

.1. SERRS

The use of surface enhanced resonance Raman spectroscopy
SERRS) not only allows for resonance enhancement of the
aman scattering intensity but, frequently, the colloidal material
sed for the SERS enhancement can act to quench the lumines-
ence also. This is perhaps the most frequently applied method
or dealing with fluorescence of laser dyes [26]. It should be
oted that in using SERS together with resonance enhance-
ent the Raman spectrum obtained consists of scattering from

ibrational modes which undergo enhancement and may suffer
rom some degree of irreproducibility as the contribution from
he SERS and rR mechanisms may vary from measurement to

easurement [26]. In addition, the mechanisms for SERS and
ERRS enhancement appear to be different and the degree of
article aggregation important in the two techniques (Fig. 8).

.2. Anti-Stokes Raman scattering

As mentioned above, anti-Stokes Raman scattering is much
eaker than the more commonly employed Stokes Raman scat-

ering. Despite this, interest in anti-Stokes Raman spectroscopy
emains, due to the absence of interference by luminescence.
ndeed Kitagawa and co-workers have employed anti-Stokes
cattering very successfully in probing iron porphyrin com-
lexes [27]. The inherent weakness of anti-Stokes radiation due
o the very low Boltzmann population (Section 1.2) of higher
ying vibrational levels can be overcome by vibrational exci-
ation using infrared radiation. However, this approach can be
rustrated by efficient vibrational relaxation, a point highlighted

ecently by Kitagawa and co-workers in the study of IR energy
unneling in iron–porphyrin dendrimers [27].

In contrast to scattering from molecules in their electronic
round states, anti-Stokes scattering becomes more intense, and
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ence more accessible, in vibrationally hot excited states. This
spect will be dealt with further in Section 5.

.2.1. Coherent anti-Stokes Raman spectroscopy
The basis of the technique known as coherent anti-Stokes

aman scattering (CARS) spectroscopy lies in the use of two
pump’ laser beams. In this type of scattering spectroscopy when
wo (‘pump’) laser beams of wavenumbers ν̄1 and ν̄2 impinge on
sample, mixing may occur, giving rise to radiation of various

requencies including ν̄3 = ν̄1 + (ν̄1 − ν̄2), fulfilling the con-
ervation of energy requirement. When (ν̄1 − ν̄2) corresponds
o a Raman-active vibrational mode of the scattering molecule,
oherent emission is observed, of wavenumber ν̄3 and since
his corresponds (from the conservation requirement) to the fre-
uency of the anti-Stokes Raman line, the overall phenomenon
s referred to as coherent anti-Stokes Raman scattering. The
echnique complements rR spectroscopy but shows enhanced
ignal:noise ratios and superior vibrational resolution. It can be
pplied in both continuous wave (CW) and time-resolved exper-
ments. Sophisticated waveform fitting techniques are, however,
equired to extract the Raman spectra.

CARS has been used extensively to investigate biophysical

ystems such as visual pigments [28]. It has been applied to
etal-centered species also, e.g. the investigation of the DNA-

ntercalating complex [Ru(phen)2dppz]2+ [29c] in which CARS
as used to probe the extent of interaction of the complex in its

t
s
s
d

ig. 9. Application of SSRS to the luminescent compound [Ru(II)(bpy)(CN)4]2−. λ

ubtraction of spectra A and B; (c) mathematically reconstructed spectrum; (d) final s
hemistry Reviews 251 (2007) 454–473 461

round state with DNA. This takes advantage of the high level
pectral band resolution, ∼1 cm−1, achievable through CARS.
n addition, measurement of the vibrational spectra of the MLCT
xcited states of the complex becomes possible for comparison
ith independent TR3 studies [30].
Another recent advance is the development of CARS

icroscopy, which evidently holds considerable promise for
ibrational imaging in chemical and biological systems [31].

.3. SERDS and SSRS

Subtracted shifted Raman spectroscopy (SSRS) [32] is a
ariation of shifted excitation Raman difference spectroscopy
SERDS) [33]. The technique involves acquiring a Raman spec-
rum (including background fluorescence) over as long a period
s practical. If the Raman signal is strong enough to rise above
he luminescent background, the latter can be subtracted as a
aseline correction. However, the pixel to pixel response varia-
ion of a charge coupled device is ∼1% and the signal may be
imilar in magnitude to the ‘fixed pattern noise’. This situation
an be overcome by recording two spectra in which either the
xcitation wavelength (SERDS) or the wavenumber position of

he spectrograph (SSRS) is shifted between each acquisition of a
pectrum. The fixed pattern noise in each spectrum will be at the
ame position; however, the Raman signal will be observed at
ifferent pixel numbers in each spectrum. Subtraction of the two

exc = 488 nm. Reproduced with permission from [34]. (a) Spectra A and B; (b)
pectrum.
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Fig. 10. (a) Principle of Kerr gated technique. (b) Schematic diagram of the
laser setup for generation of pump, probe and pulse to open Kerr gate. Adapted
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rom Matousek et al. [35]. Copyright John Wiley & Sons Limited. Reproduced
ith permission.

pectra will remove the fixed pattern noise and the luminescence
ut will result in a derivative like spectrum. Overall, SSRS holds
ome practical advantage over SERDS in that a tunable laser is
equired for the latter approach but only a spectrograph shift is
equired for SSRS. The latter technique has been applied to sam-
les as diverse as drugs of abuse [32a] and ancient manuscripts
32b]. Fig. 9 shows an example of application of the technique
o a luminescent metal complex [34].

.4. Kerr gating

An alternative approach to dealing with background and sam-
le fluorescence involves the use of the Kerr gate [35,36]. In
ssence, the Kerr gate is an optically driven shutter, in which a
ortion of the laser output is redirected to pass through a ‘Kerr
ell’ simultaneously with the probe beam. It takes advantage
f the instantaneous nature of Raman scattering in contrast to
elatively slow emission of light as fluorescence and phosphores-
ence. It is based on the principle that if the detector only receives
ight during a very short laser pulse (e.g. 2 ps) then most of the
uorescence (often 100 ps to tens of nanoseconds in lifetime)
oes not reach the detector (Fig. 10). Although the performance

f the Kerr gate was tested originally with organic systems
35], it was subsequently successfully employed to combat the
dverse effects of fluorescence in TR3 studies of metal-centered
pecies [30b,37].

S

s
[
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. Application of Raman scattering to electronic
pectroscopy

Raman spectroscopy, and in particular resonance Raman
pectroscopy, has received considerable attention as a comple-
entary technique to electronic spectroscopy. In the present

ection we provide a brief overview of some examples of con-
ributions of Raman and especially resonance Raman scattering
owards understanding the solution behavior of both inorganic
nd bioinorganic systems [29,38]. Although for many inor-
anic complexes often quite intense visible absorption bands
re observed, the observation of resonance enhancement in the
aman spectra of the complexes is not guaranteed. Two factors

hould be noted. The enhancement effect, which is dependent
pon excitation being coincident with an electronic absorption
and, is observed only for vibrational modes which are coupled
o the electronic transition; see Section 2.1. A second factor to
ear in mind is the population of long lived excited states, which
epletes the effective ground state concentration and hence scat-
ering intensity [39].

The primary application of resonance Raman in transition
etal systems is in the characterization of electronic transitions,

nd in particular towards understanding the interaction of metal
enters with the ligands and with other proximal metal centers
oth in the ground and excited electronic states. An exam-
le of the use of resonance Raman spectroscopy to investigate
pectral transitions in the near-red spectral region is provided
y recent studies of mixed valence di-copper cryptates. Evi-
ence for Cu–Cu bonding was obtained through investigation
f Raman excitation profiles, as well as evidence for multi-
le conformational states involving the di-copper–ligand entity,
Cu2L]3+ [40].

Electron and energy transfer processes from electronically
xcited states are of continuing interest not least with regard to
rtificial light harvesting and photonic systems [41]. The con-
iderable attention which Ru(II), Re(I) and Os(II) polypyridyl
omplexes have received over the last three decades [29] is
erhaps only matched by that given to the biologically rel-
vant heme based systems [42] and copper–sulfur proteins
43].

.1. Biological heme systems

Numerous important studies based on resonance Raman
pectroscopy have been conducted in the bioinorganic sphere, as,
or instance, in its use to elucidate the molecular mechanisms of
rocesses such as oxygen storage and transport, electron transfer,
tc. Resonance Raman spectroscopy has been employed for over
0 years in the study of heme systems and indeed the area was
ufficiently advanced by 1974 to prompt an important review by
piro [44]. The application of Raman to heme containing per-
xidases and gas sensory proteins has been reviewed recently
y Howes and co-workers [45], Uchida and Kitagawa [46] and

piro and Li [47].

An excellent account which covers many illustrative case
tudies is provided in the recent article by Ohta and Kitagawa
48]. One example is included here by way of illustration: in
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Fig. 11. (Left) Electronic absorption spectra of Fe(III)OOH and Fe(III)O2 species formed by interaction of [Fe(N4py)(CH3CN)]+ with H2O2. (Right) Correlation
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etween the redox potential of the Fe(II/III) redox couple of substituted [Fe(N4py
omplexes. Reproduced with permission from [49a]. Copyright [2003] America

he well known process of CO binding to ferrous heme, rR
pectroscopy in conjunction with isotopic substitution at the
O has been used to investigate the Fe–C–O geometry in a
rotein matrix by probing the stretching (ν̄Fe–CO and ν̄C–O)
nd bending (ν̄Fe–CO) vibrational modes associated with the
ron–CO adduct. An unexpected observation was the occurrence
f a higher bending, ν̄Fe–C–O (550–580 cm−1), than stretching,

¯Fe–CO (470–550 cm−1), frequency. The effect was rationalized
ith the help of DFT calculations which suggested that the effect
ay be linked to steric and electrostatic barriers associated with

he surrounding protein residues [48].

.2. Oxidation catalysis

It is in the area of catalysis, both homo- and heterogeneous,
hat Raman spectroscopy offers an invaluable tool in understand-
ng what are frequently quite complex and dynamic systems in

atrices that are often far from ideal for spectroscopic analysis.
he low concentrations of catalysts, anywhere between 5 and
.01 mol%, with respect to the catalyst substrate and the use of
on-aqueous solvents place considerable demands on the abil-
ty to ‘see’ the catalyst. The relatively broad features which are
bserved in the electronic spectra of the catalysts are often very

seful in identifying inorganic complexes; however, resonance
aman can provide considerably more structural information

uch as the relative strength of metal-oxo bonds, etc. In addi-
ion the sensitivity to isotopic substitution and the generation of

a
u
b
s

ig. 12. (Left) UV–vis spectra of: (a) [FeIV(O)(TMC)(NCS)]+, (b) [FeIV(O)–(TMC
R absorptions. (Right) Resonance Raman spectra of: (a) [Fe(16O)(TMC)(NCS)]+ a
xcitation. The peaks marked with s are from solvent. Reproduced with permission fr
3CN)]+ complexes and the μ(O O) bond strength in their respective FeIII–OOH
emical Society.

pectra by means of molecular modeling (i.e. DFT [21a]) often
nables detailed analysis of the catalyst’s state under reaction
onditions.

Non-heme oxidation catalysts have been the focus of con-
iderable attention over the last decade by Feringa, Que and
o-workers and this is an area in which resonance Raman spec-
roscopy has proven to be of considerable benefit [49]. Of par-
icular importance in these studies is the formation of iron(III)
eroxy species (i.e. FeIII–OOH and FeIII–O2

−) and high valent
ron(IV) and iron(V) oxo species (i.e. FeIV O and FeV O). For
hese ‘activated’ complexes, of particular interest are the nature
f the binding of the peroxy species to the iron and the rela-
ionship between bond strength and reactivity (Fig. 11). It is
n addressing these two areas that rR spectroscopy has proven
nvaluable.

Similarly, resonance Raman has enabled the determination
f the relative strength of Fe(IV) O bonds in the complexes
FeIV(O)–(TMC)(X)]+ (where TMC = 1,4,8,11-tetramethyl-1,4,
,11-tetraazacyclotetradecane and X =−NCS or −N3) [50]. In
ontrast to the CH3CN substituted complex, both the −N3 and
SCN substituted complexes displayed a strong absorption at
00 nm. The assignment of the band at around 400 nm as a
MCT Fe(IV) O band was made on the basis of the absence of

ny azide or isothiocyanate features in the rR spectrum and the
se of isotopic labeling and is the first observation of such a band
y rR (Fig. 12). This shows that substitution of the acetonitrile
tabilizes this transition.

)(N3)]+ and (c) [FeIV(O)(TMC)(NCCH3)]2+. Inset shows the expanded near-
nd (b) [Fe(18O)(TMC)(NCS)]+ in CH3CN obtained at −20 ◦C with 406.7 nm
om [50]. Copyright [2005] American Chemical Society.
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.3. Spectroelectrochemical Raman spectroscopy

A feature which has a significant bearing on the study of
etal based systems in general is the frequent participation

f several oxidation states. Essentially, Raman spectroelectro-
hemistry involves the generation of species in oxidation states
hich are normally not accessible synthetically [51].

.3.1. Generation of anion radicals for comparison with
lectronically excited states

In Section 5 the use of Raman to investigate electronically
xcited states is discussed. Perhaps the most common excited
tate type encountered in investigations of inorganic complexes
s the metal to ligand charge transfer (MLCT) state. MLCT
tates formally involve the transient single electron reduction
f a ligand and oxidation of the metal center. The resonance
aman spectra of molecules in the MLCT state can, in princi-
le, be approximated by generation of the one electron reduced
round state species, e.g. the 3MLCT state of [RuII(bpy)3]2+

[RuIII(bpy)2(bpy*−]2+) should resemble the reduced ground
tate [RuII(bpy)2(bpy*−]+, although it has been pointed out
hat in such comparisons, sometimes caution needs to be exer-
ised, such as in the case of [RuII(phen)3]2+. Comparison of
he phen anion radical (Li+phen*−) with the optically gener-
ted ([RuIII(phen)2(phen*−]2+) suggested that the excited state
n this complex is delocalized [52]. Comparison of the rR
pectra of the electrochemically generated phen anion radi-
al ([RuII(phen)2(phen*−]+) with that of the optically gener-
ted 3MLCT excited state ([RuIII(phen)2(phen*−]2+), however,
ointed to the need for reinterpretation of the original studies to
emonstrate that the excited state in this complex is localized,
hus parallelling the case for its bpy analogue [53] (Fig. 13).

.3.2. Exploring redox-dependent structural changes
The effect of reversible redox processes on the structure of

norganic systems such as Vanadyl-tetraphenylporphyrin can be

robed using resonance Raman spectroscopy [54]. In this exam-
le, the effect of reduction of the porphyrin on the length of the

O bond could be determined through rR spectroscopy. The rR
pectrum of (O V)TPP shows the presence of the O V stretch-

4

d

ig. 13. (Left) rR of spectrum [Ru(phen*−)(phen)2]+ (406.7 nm excitation), ∼3 mM
xcitation and scattering,∼4 mJ per pulse),∼3 mM in acetonitrile at 298 K. Bands fro
nd are labeled “S”. Reproduced with permission from [53]. Copyright [1998] Amer
hemistry Reviews 251 (2007) 454–473

ng mode for the neutral species, at 992 cm−1, which undergoes
12 cm−1 red-shift upon one electron reduction. The weakening
f the V O bond was ascribed to the localization of the elec-
ron in a porphyrin LUMO orbital involving the nitrogen donor
toms, increasing their donor strength and thereby weakening
he V O bond (Fig. 14).

.3.3. Mixed valence systems
The area of mixed valence chemistry in binuclear complexes

epresents perhaps the most common application of inorganic
pectroelectrochemistry. Recently the application of Raman
pectroscopy to investigation of the nature of mixed valence
pecies, i.e. the localized/delocalized nature of the singly occu-
ied molecular orbital (SOMO), has received increasing atten-
ion [55].

The extent of localization of the SOMO in a binuclear com-
lex in the mixed valence state {e.g. Ru(II)–BL–Ru(III), where
L is a bridging ligand} is usually classified as Type I, II,

I/III or III (based on the classification proposed by Robin,
ay, Hush and later, Meyer and co-workers) [56]. In symmetric
inuclear complexes in which the SOMO is fully delocalized
ver the two metal centers (Type III) the vibrational structure
Raman spectrum) will be different to that of the fully oxidized
r reduced states. By contrast, in fully localized systems (Type
), the vibrational spectrum of the mixed valence complex will
e a superposition of the fully oxidized and reduced states. In
he intermediate regime, i.e. type II systems where the SOMO is
ot completely delocalized or fast ‘electron hopping’ between
he two metal centers occurs, then the situation becomes more
nteresting and the timescale becomes an important issue. In
ontrast to techniques such as NMR and EPR spectroscopy,
here data are acquired typically in the micro- and millisec-
nd domain, Raman scattering is instantaneous and hence the
pectrum obtained will correspond to a Boltzmann distribution
f species in several states.
.4. Resonance Raman in the UV

The field of resonance Raman has, to a large extent, been
ominated by studies in the visible region of the EM spectrum;

in acetonitrile-d3 at 298 K. (Right) TR2 spectrum of [Ru(phen)3]*2+ (354.7 nm
m phen*− are labeled with “*”. Solvent bands appear at 1376 and∼1450 cm−1

ican Chemical Society.
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Fig. 14. (Left) UV–vis spectral changes upon reduction at −1.3 V vs. SCE. (Right) rR spectra of (V O)TPP and its anion radical λexc = 441.7 nm in THF (solvent
signals subtracted). The asterisk indicates the 934 cm−1 band of ClO4

− (electrolyte). Applied potential −1.30 V vs. SCE. Reproduced from [54]. Copyright [1996]
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owever, more recently UV rR has seen an increase in popular-
ty, with the advent of new generation pulsed lasers [57]. Several
dvantages of UV Raman are the very large spectral windows
in terms of wavenumber (cm−1)) over which measurements are
ossible, the avoidance of fluorescence (vide supra) and the very
trong molar absorptivities normally encountered for analytes in
his spectral region. It is perhaps in the study of DNA and protein
ynamics that this technique will see widespread application in
he near future, where UV rR can provide considerable informa-
ion regarding the protein environment surrounding transition

etal sites in metalloproteins [58].

. Investigating excited state electronic structure

The investigation of the nature of electronically excited states
s an area of intense scientific interest. In principle any spec-
roscopic technique can be employed to probe electronically
xcited states, provided of course that a significant concen-
ration of excited state species can be maintained during the
ourse of the data acquisition. The use of transient IR, UV–vis,
PR, etc., to probe excited states has been reviewed recently

64].
Raman and FTIR spectroscopy employing pulsed laser

ources have proven invaluable in providing detailed infor-
ation regarding excited state electronic structure and behav-

or [29b,59]. Although investigations of excited state behavior
n transition metal systems have focused primarily on ruthe-

ium(II) and rhenium(I) based polypyridyl complexes [60],
ther less accessible systems (i.e. non-emissive) have demon-
trated the strength of transient resonance Raman spectroscopy.
n the following section, basic experimental considerations in
xcited state Raman spectroscopy will be discussed with lim-
ted examples which illustrate the technique. First, however, it
s useful to review several terms used in the literature:

Resonance Raman spectrum—Raman spectrum obtained with
a light source (λexc) of wavelength coincident with an elec-
tronic absorption of the analyte.
Transient resonance Raman spectra TR2—Raman spectra
obtained using a single laser pulse to provide both excitation to
electronically excited states and resonance Raman scattering
from the prepared state.
Time-resolved resonance Raman spectra TR3—The spectra of
a transient or excited state species acquired by a probe laser
pulse, at set time delays after generation by a ‘pump’ pulse.
In such studies the pump and probe pulses may be of identical
or different wavelengths, the choice obviously dependent upon
the absorption spectra of the ground and excited state species
under investigation.
Power-resolved TR2—This is a remarkably useful technique
and involves recording TR2 spectra using a range of pulse pow-
ers. The higher the pulse power the larger the proportion of
molecules that will be promoted to the excited state and hence
the larger the contribution of excited state Raman scattering
to the spectrum recorded and the lower the contribution of the
ground state. See further comments in Section 5.1, especially
in regard to incident photon:molecule ratios.
Excited state resonance Raman spectrum—Raman spectrum

of a sample with a significant proportion of the sample in an
electronically excited state.
Pure ground state spectrum—Spectrum showing only Raman
signals of the analyte in the ground electronic state.
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ig. 15. Schematic diagram illustrating basic aspects of excited state resonance
he pump pulse—more typical of organic systems; right: where the lowest excit

Pure excited state spectrum—Spectrum displaying only
Raman signals of the analyte in the excited electronic state
(ground state features have been removed by mathematical sub-
traction).

The basic excited state resonance Raman experiment is
escribed (schematically) in Fig. 15. The experiment overall
nvolves two photons of light. The first photon results in exci-
ation to an excited state (pump pulse), with the second photon
robing Raman scattering. This very simple description raises
he issue of experimental requirements. Clearly, the pump pulse
hould be coincident with an electronic absorption of the ground
tate, while the probe pulse must be coincident with an elec-
ronic absorption of the excited state (established through tran-
ient absorption spectroscopy). If the latter requirement is not
ulfilled, i.e. the excited state does not absorb at the probe wave-
ength, then as the power of the excitation pulse is increased
he intensity of the Raman signals may actually decrease as the
oncentration of the analyte in the ground state becomes increas-
ngly depleted.

.1. Transient resonance Raman spectroscopy

By far the most accessible of excited state Raman techniques,
R2 spectroscopy can provide a great deal of information regard-

ng the nature of electronic excited states. The primary example
f the use of transient resonance Raman spectroscopy to probe a
etal-centered electronically excited states is found in the study
f the paradigm complex [Ru(bpy)3]2+ by Woodruff, Dallinger
nd co-workers [61]. TR2 enabled the identification of the lowest
MLCT state as involving electron localization on a single bpy
igand rather than delocalization over all three ligands. The basis

(

n spectroscopy (left: where the lowest excited state can be accessed directly by
te is not accessed directly—more typical of inorganic systems).

or TR2 is the use of a laser pulse to both ‘pump’ a significant
roportion of absorbing molecules into an electronically excited
tate and probe the scattering from excited state molecules gen-
rated. Essentially the leading edge of the pulse is used to pump
nd the trailing edge to probe (i.e. generate Raman scattering
rom the populated species). It should be noted that there is
n important difference between TR2 spectra and pure excited
tate Raman spectra. The TR2 spectrum is the spectrum obtained
xperimentally and includes Raman signals of the analyte in both
he ground and excited states. By varying the power of the pulse
he proportion of the sample pumped into the excited state can
e varied and hence the relative intensities of the spectra of the
lectronically excited molecules and molecules in the ground
tate will vary. The mathematical subtraction of a lower power
pectrum from a high power spectrum enables pure excited state
pectra to be generated (and vice versa to generate the pure
round state spectrum). This process is demonstrated in Fig. 16.

Indeed, ‘power-resolved’ spectra can provide excited state
esonance Raman spectra of systems, which have very short
xcited state lifetimes. This approach is illustrated elegantly, in
he work of Caswell and Spiro in obtaining excited state rR spec-
ra of the complex [Ru(NH3)5(4,4′-bpy)]2+ [62]. This complex
as a very short excited state lifetime (<10–230 ps, depending on
he protonation state) and hence when excited with a pulsed laser
ith FWHM of, in the case referred to, 10 ns, TR3 spectra are
ot obtainable. Nevertheless, if the pumping rate is sufficiently
igh then a significant [detectable] proportion of the complex in
he electronically excited state is maintained and is given by Eq.

13) [63]:

C∗

Co
= k1

k1 + kd
(13)
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ig. 16. (Left) Power dependence (0.5–5 mJ) in the spectra of [(Ru(bpy)2)2(2,5-
xperiment. (Right) Pure ground (a) and pure excited state (b) spectra obtained
hemical Society.

here C* is the concentration of species in the electronically
xcited state, Co the analytical concentration of the compound,
1 the pumping rate (k1 = Φ× (2.3× 103)× ε× Io, where Φ is
he quantum yield of population of the excited state, ε the molar
bsorptivity of the ground state at the excitation wavelength and
o is the intensity of the laser pulse in Einstein cm−2 s−1) and kd
s the excited state decay rate.

.2. Time-resolved resonance Raman

Time-resolved resonance Raman is an extension of the reso-
ance Raman and transient resonance Raman experiments. As
ith TR2 spectroscopy a pulse excitation source is employed

o generate an electronically excited state, which is then probed
sing a second pulse of laser light. The second laser pulse is
ccompanied by gated detection (i.e. the detector shutter is only
pen when the second ‘probe’ pulse hits the sample) [64]. It is
ssential, however, that the probe pulse is sufficiently weak so
s not to act as a ‘pump’ pulse itself.

There are two basic approaches to TR3, (i) single color
nd (ii) two color. In the single color experiment a key prob-
em is that during the cross-correlation time, i.e. when the
ump and probe pulses overlap, Raman scattering from the
ump pulse is detected as well as from the probe pulse.
lthough subtraction of ‘pump only’ spectrum can remove

he contribution of the pump pulse, the subtraction is usu-

lly imperfect and subtle effects observed must be interpreted
ith considerable caution. The second approach, i.e. the two

olor approach, in principle avoids this problem as Raman
cattering from the pump pulse is sufficiently removed (spec-

5

a
s

methyl-triazolato)pyrazine)]2+ in H2O recorded in a single color (355 nm) TR2

ubtraction. Reprinted with permission from [65]. Copyright [2005] American

rally) from the probe Raman scattering that it will not be
etected.

Frequently, in the literature what is referred to as time-
esolved resonance Raman spectroscopy, is in fact TR2—
ransient resonance Raman spectroscopy. Prior to the advent
f picosecond and sub-picosecond excitation sources, the
verwhelming majority of investigations fell into this latter
ategory. A recent study on a pyrazine bridged binuclear
uthenium polypyridyl complex provides an example where
oth approaches, TR2 and TR3, were applied to advantage [65].

The information obtained from deuterium labeling and TR2

tudies on the dimeric complex [(Ru(bpy)2)2(2,5-bis(5-methyl-
riazolato)pyrazine)]2+ (see Fig. 16) enabled assignment of the
owest 3MLCT excited state as being pyrazine based. TR3 stud-
es of this complex were facilitated greatly by the electronic
roperties of the complex, which exhibits a very strong ground
tate absorption at 532 nm (the pump wavelength employed for
he two color TR3 experiments) and very strong excited state
bsorption at 354.5 nm (the probe pulse wavelength). More-
ver, the complex is photostable in aqueous media. TR3 spectra
nabled confirmation that the pyrazine anion radical Raman
ands decayed at a rate comparable to that of the luminescence
ifetime of the complex. Furthermore, the decay in excited state
ignals and recovery of ground state signals was monotonic,
howing that no additional processes were taking place (Fig. 17).
.2.1. TR3 in the picosecond–nanosecond region
Notwithstanding the discussion above, TR3 can prove to be

very informative technique in understanding systems which
how quite complex excited state dynamics. Before discussing
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Fig. 17. (Left) Ground state (lower trace) and transient absorption difference spectra (upper traces) of [(Ru(bpy)2)2(2,5-bis(5-methyl-triazolato)pyrazine)]2+ (10 ns
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ncrement), λexc = 450 nm, ‘*’ indicates 354.67 nm excitation line used in TR2

ca. 10−3 M). Pump λ = 532 nm (10 mJ), probe λ = 354.67 nm (0.6 mJ). Spectra a
ermission from [65]. Copyright [2005] American Chemical Society.

ransition metal based systems, however, it is appropriate to
ighlight an aspect of photophysics which has a bearing on
aman spectroscopy that is not always immediately appar-
nt. The relaxation processes which follow excitation to the
ranck–Condon state typically involve intersystem crossing
nd/or internal conversion processes. However, equally impor-
ant is a process termed as vibrational relaxation or vibrational
ooling. This process involves the loss of considerable amounts
f vibrational energy to the solvent and hence the duration of
he process shows a solvent dependence [66]. The importance
f this process to TR3 cannot be overstated as during this pro-
ess the population of the excited state molecules in the lowest
ibrational state (v = 1) is very low. Hence, the earliest recorded
picosecond timescale) resonance Raman spectrum of the lowest
xcited state may not reflect the time taken to populate that state
rom higher lying excited states. However, during this ‘vibra-

ionally hot’ period the intensity of anti-Stokes Raman scattering
s increased dramatically.

Although involving an organic system, an excellent exam-
le of the complementarity of Stokes and anti-Stokes Raman

h
c
w
i

ig. 18. Picosecond time-resolved anti-Stokes (left) and Stokes (right) spectro
hienyl)perfluorocyclopentene. Reprinted with permission from [67]. Copyright [200
R3 experiments. (Right) TR3 spectra of pyrazine bridged Ru(II) dimer in H2O
rmalized to 1398 cm−1 feature (ground state vibrational mode). Reprinted with

pectroscopy can be found in the picosecond time-resolved
tudies of the photochromic compound 1,2-bis(2,5-dimethyl-
-thienyl)perfluorocyclopentene [67]. This photochromic com-
ound undergoes a 6�-electron ring closure reaction upon exci-
ation of the ‘open’ state. The rate of the ring closure processes
s generally accepted to be <4 ps [68]. However, the forma-
ion of the closed form detected by Stokes Raman spectroscopy
ould indicate the process is much slower (up to 10 ps, i.e.
he time taken for the Raman signal at 1550 cm−1 to reach

aximum intensity; Fig. 18(right)). The discrepancy between
ransient absorption (TA) and TR3 data is rationalized by exam-
nation of the anti-Stokes Raman spectra, where a maximum
n intensity is observed between 3 and 5 ps. The delay in the
ppearance of the Stokes Raman signals is therefore not due
o a slow ring closure reaction, but rather due to quite slow
ibrational cooling of the closed state itself. This example

ighlights a key point in examining excited state processes—
omparison of timescales and effects should not be made
ithout consideration of practical aspects of the experiments

nvolved.

scopy following the photochemical cyclisation of 1,2-bis(2,5-dimethyl-3-
3] American Chemical Society.
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A recent example of the ability of TR3 to provide a deeper
nsight into systems which undergo excited state dynamics (from
ps to 100 ns in duration) can be found in the study of the spin-
rossover systems [Fe(btpa)]2+ (btpa = N,N,N′,N′-tetrakis(2-
yridylmethyl)-6,6′-bis(aminomethyl)-2,2′-bipyridine) and the
redominantly low-spin species [Fe(b(bdpa))]2+ ((b(bdpa)
N,N′-bis(benzyl)-N,N′-bis(2-pyridylmethyl)-6,6′-bis(amino-
ethyl)-2,2′-bipyridine) in solution [69]. In contrast to the

yrazine bridged binuclear ruthenium complex described
bove, these systems were far from ideal candidates for TR3

xperiments with relatively weak Raman signals being obtained.
evertheless, a considerable body of information regarding

he excited state dynamics of the complexes in solution could
e obtained on both picosecond and nanosecond timescales,
n particular regarding the low-spin, LS (1A), to high-spin, HS
5T), electronic spin-state crossover transition. For the nanosec-
nd experiments, use of a probe wavelength at 321 nm, falling
ithin the �–�* transition of the polypyridyl backbone of the

igands, enabled the investigation of vibrational modes of both
S and HS isomers. The relaxation data from the nanosecond
tudies, in agreement with earlier transient absorption data
70], confirmed the biphasic spin-state relaxation in the case
f [Fe(btpa)]2+ and monophasic relaxation of [Fe(b(bdpa))]2+.
he picosecond results suggested an early process, which was
omplete within 20 ps, for both complexes.

. Raman scattering in the femtosecond time
omain—dealing with uncertainty!

In the previous section the application of Raman spectroscopy
o the study of electronically excited states was explored. In
articular, time-resolved resonance Raman spectroscopy has
roven to be a highly informative structural probe over a broad
ime span, from milliseconds to picoseconds, covering much of
he range of interest for chemistry and biological chemistry. It
s clear that even in the picosecond time regime very detailed
nformation can be obtained both from anti-Stokes as well as
tokes Raman spectroscopy. However, to probe the most inti-
ate details concerning early stage dynamics and structural

volution of the nascent excited states requires investigations in
he sub-pico- and femtosecond time regime, where Raman spec-
roscopy encounters the pulse length–bandwidth limit imposed
y the Heisenberg Uncertainty Principle, which for practical
urposes [71] translates into the requirement of a Raman excita-
ion pulse duration of not less than ∼1 ps, to maintain a Raman
pectral band resolution of ∼10–15 cm−1.

One of the most exciting recent experimental developments in
aman spectroscopy, which ‘circumvents’ the uncertainty prin-
iple, has been the introduction of femtosecond time-resolved
timulated Raman spectroscopy (FSRS) [72–75]. Before dis-
ussing the details of the femtosecond stimulated Raman tech-
ique, several aspects of femtosecond coherence spectroscopy
FCS) [76,77], which enables the investigation of molecular

ibrational oscillations on a sub-picosecond timescale, will be
iscussed. An account of the historical development of coher-
nce spectroscopy, including reference to the earlier papers, is
ontained in the review by Polanyi and Zewail [78]. The question

t
t

e
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f sub-picosecond solvent dynamics in charge-transfer transi-
ions in the context of resonance Raman band intensities has
lso been discussed [79].

.1. Femtosecond coherence spectroscopy

Femtosecond coherence spectroscopy is a pump–probe tech-
ique that utilizes ultrafast laser pulses, shorter than the period of
uclear oscillations in molecules. Somewhat akin to the chem-
cal relaxation approach used in the study of fast reactions,
eveloped by Eigen in the 1950s [80], the underlying concept in
CS is to drive a sample out of equilibrium and then to follow

ts damped oscillatory response in real time [81].
As pointed out in an illuminating review by Nelson and co-

orkers [82], by working in the ‘impulsive limit’, i.e. the limit in
hich the pulse duration is less than a single vibrational oscilla-

ion period, phase-coherent vibrational motion can be initiated
nd monitored. The underlying basis of FCS is perhaps then a
atural, albeit innovative, development of the use of ultrashort
aser pulses. In the experimental strategy employed by the Cham-
ion group [81], pairs of laser pulses (each ca. 50 fs in duration)
re used to pump and probe the sample, enabling real time obser-
ation of ultrafast processes, including the initial phases of the
ibrational oscillations in the photoexcited species. Using this
pproach, Champion and co-workers have been able to distin-
uish between what they describe as ‘field-driven’ processes
in effect the Raman-active modes of the initially generated
ranck–Condon excited state) and ‘reaction-driven’ processes,
uch as those involving electronic state surface crossings taking
lace away from the initial FC state. Thus, they have been able to
etect and characterize in time-resolved fashion, low-frequency
ibrational modes in heme proteins associated, apparently, with
uclear motion of the core of the porphyrin macrocycle [77].
he ability of FCS to distinguish ‘field-driven’ from ‘reaction-
riven’ processes [81] was demonstrated more strikingly by the
ame group in studies of coherent vibrational oscillations in
yoglobin, with the observation of an iron–histidine stretch-

ng mode in deoxymyoglobin, Mb, at 220 cm−1. This mode is
ot active in the resonance Raman spectrum of MbNO, but is
lose to that observed in the rR spectrum of the deoxy-Mb,
roviding strong evidence that the FCS signals observed are
enerated by the electronic state changes accompanying ligand
NO) dissociation [76,83]. This work demonstrated a further
dvantageous feature of FCS also, namely its ability to probe
ow wavenumber vibrational modes, which would be too close
o the Rayleigh line for detection by conventional time-resolved
aman methods. One other fascinating result highlighted by
hampion et al. [83] is the extremely short timescale (much less

han 150 fs) for the development of the (S = 2) high-spin product
tate of the iron atom in Mb from the initial unphotolyzed state
S = 0) of the six coordinate Mb–NO species. This is relevant
o the related topic of electronic spin-state crossover in Fe(II)
omplexes, where there is growing experimental evidence of

he S = 2→ S = 0 transition occurring on a similar femtosecond
imescale [89].

Thus, the technique can, in a number of instances, compete
ffectively with Raman spectroscopy. Indeed Champion and co-
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F les are the experimental points and the line is a linear prediction and singular value
d e form of a power spectrum (solid line) and fenchone Raman spectrum (dashed line).
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Fig. 20. Energy level diagram (a) and pulse timing schematic (b) for femtosec-
ond stimulated Raman spectroscopy. The actinic pump pulse 1 excites the sample
and initiates the photochemical events. The narrow band Raman pump pulse 2
and the broadband Raman probe pulse 3 arrive simultaneously. The resolution
of the stimulated Raman spectrum imprinted on the Raman probe pulse is deter-
ig. 19. Coherent oscillations in fenchone. (a) A detail of early time data (circ
ecomposition (LPSVD) fit); (b) the raw data; (c) results of the LPSVD fit in th
rom Wang et al. [81]. Copyright John Wiley & Sons Limited. Reproduced wit

orkers [81] have pointed out that FCS can be regarded as a time-
omain analogue of Raman spectroscopy, in that the Fourier
ransform of the time-domain signal recovers a wavenumber
energy-domain spectrum’ that maps directly onto the traditional
aman spectrum. This mapping was illustrated by comparison of

he ordinary Raman spectrum of fenchone (illustrated in Fig. 19
mong other examples) with the coherent vibrational oscillations
n the same liquid observed by FCS and analyzed to yield the
ower spectrum, analogous to a Fourier transform amplitude
pectrum. Close agreement was found for the modes observ-
ble by FCS (limited by the bandwidth of the femtosecond laser
ulses used).

.2. Stimulated Raman spectroscopy

The concepts underlying stimulated Raman scattering have
een considered in Section 3.2 in the context of the CARS tech-
ique, in which although the Raman scattering is coherent and
uch more intense than spontaneous (and incoherent) Raman

cattering, the limitations of spectral and time resolution asso-
iated with the uncertainty principle still remain.

To address these problems the use of femtosecond stimu-
ated Raman spectroscopy has been proposed by several groups
72,73,75]. In the detailed experimental approach described by
he Mathies group [84] the FSRS technique enables the acquisi-
ion of resonance Raman spectra over a 1500 cm−1 window (vide

nfra), free from interference from fluorescence, with simultane-
us high time (<100 fs) and frequency (ca. 15 cm−1) resolution.
he principles underlying the approach can be appreciated from
ig. 20 [72].

mined by the bandwidth of the Raman pump (∼15 cm−1). The collected Raman
spectrum extends from 600 to 2100 cm−1. The limiting time resolution is deter-
mined by the cross-correlation of the actinic pump and Raman probe pulses
and is typically ∼80 fs. Reproduced from [72] with permission of American
Chemical Society (2003).
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As can be seen from the figure, following photochemical ini-
iation by a femtosecond (ca. 50 fs duration) pump (referred to
s the ‘actinic’ pulse), two further laser pulses arrive simultane-
usly at the sample to drive the Raman transition: a picosecond
Raman pulse’ and a femtosecond broadband continuum ‘probe
ulse’ that stimulates the scattering of any vibrational modes
ith frequencies between 600 and 2100 cm−1. The latter range

orresponds to the spectral limits of the probe pulse contin-
um generated in sapphire by the pump laser [84]. In effect,
he experiment is operating at the ‘impulsive limit’ discussed
arlier and enables the acquisition of very high time-resolved
ibrational structural information that is not accessible to the
ncoherent, spontaneous Raman technique. The reliability of
SRS has been tested in several respects, such as its performance

n fluorescence rejection in recording Raman spectra of fluores-
ent dyes and in time-resolved investigations, by applying it to
robe ultrafast internal conversion in �-carotene and demon-
trating that S2–S1 internal conversion occurred within 160 fs
72]. Much more recently the technique has been used to inves-
igate the temporal sequencing of the geometric changes which
ccur in retinal within 200 fs of photoexcitation of rhodopsin
85]. In a revealing commentary [86] on this work, Champion
otes that the experiment ‘works’ (i.e. there is no violation of
he uncertainty principle) because the “gating” of the Raman
oherence is controlled by changing the time delay between the
hotochemical (‘actinic’ in Fig. 20) pump and the broadband
robe, thus allowing the dephasing time window to be moved.
Vibrational dephasing refers to the process whereby interac-
ion of the excited species with the environment destroys the
hase coherence of the system but leaves it in the original (i.e.
nrelaxed) quantum state. Vibrational relaxation is a distinct
rocess. The latter process and dephasing both contribute to the
omogeneous linewidth [87].} This means that the rapid struc-
ural dynamics following excitation of the retinal chromophore
o photorhodopsin and its decay to bacteriorhodopsin can be

onitored.
It is clear that studies of this type are capable of provid-

ng much more detailed insight into how molecules, particu-
arly those involved in photobiological processes, can channel
he energy efficiently from initial photoexcitation into ultrafast
tructural changes. It is likely therefore that this very recent
evelopment will see application in many more areas in the
uture, including photoinduced heterogeneous charge injection
nd ultrafast energy transfer in molecular systems.

. Conclusions and outlook

As stated at the outset, the primary intention of the present
eview is to provide an introduction to the basic principles under-
ying Raman and resonance Raman spectroscopy and to provide
ome illustrations of the power of these and more recently
eveloped Raman-associated techniques for probing both elec-
ronically excited states and complex ground state processes in

ynamic systems, especially where metal centers are involved.
he pace of progress over the last 20 years can perhaps be appre-
iated from the title of a recent paper by Ishii and Hamaguchi
88]:

[

[

hemistry Reviews 251 (2007) 454–473 471

“Picosecond time-resolved multiplex CARS spectroscopy
using optical Kerr gating”

This paper demonstrates both the level of sophistication
chievable in Raman spectroscopy and also the modular nature
f the techniques employed. The rapid technical developments
ith regard to instrumentation, not least in terms of detectors

nd laser sources, as well as the innovative and lateral thinking
f spectroscopists, in addition to the rapid parallel advances in
omputational DFT techniques [48] will no doubt ensure the
ontinued rapid expansion in all areas of (resonance) Raman
pectroscopy.

eferences

[1] (a) C.V. Raman, R.S. Krishnan, Nature 121 (1928) 501;
(b) C.V. Raman, Indian J. Phys. 2 (1928) 387.

[2] (a) D.A. Long, Int. Rev. Phys. Chem. 7 (1989) 317;
(b) D. Bougeard, H. Hamaguchi, L.D. Ziegler, J. Raman Spectrosc. 34
(2003) 97.

[3] (a) J.R. Ferraro, K. Nakamoto, C.W. Brown, Introductory Raman Spec-
troscopy, second ed., Academic Press, Amsterdam, 2003;
(b) I.R. Lewis, H.G.M. Edwards, (Eds.), Handbook of Raman Spectroscopy,
From the Research Laboratory to the Process Line, Marcel Dekker Inc.,
New York/Basel, 2001;
(c) A.B. Myers, Acc. Chem. Res. 30 (1997) 519;
(d) N.C. Craig, W.H. Fuchsman, N.N. Lacuesta, J. Chem. Educ. 80 (2003)
1282;
(e) D.A. Long, The Raman Effect: A Unified Treatment of the Theory of
Raman Scattering by Molecules, 1st Ed., John Wiley & Sons, London,
2002.

[4] When studying the interaction of radiation with matter, Smekal predicted
the possibility of light scattering occurring, which involved a change in
energy of the scattering system. Kramers and Heisenberg and later Dirac,
further developed this idea in the quantum theory of radiation and disper-
sion, respectively.

[5] K.S. Krishnan, in: A. Anderson (Ed.), The Raman Effect, Marcel Dekker
Inc., New York, 1971, p. 5.

[6] The only suitable excitation source for Raman spectroscopy was the mer-
cury arc lamp which restricted the choice of excitation wavelength (and
hence the samples which could be studied) and its relatively low power
output, which required large sample volumes and lengthy exposures of the
photographic plates employed to detect the scattered radiation.

[7] G. Turrell, in: G. Turrell, J. Corset (Eds.), Raman Microscopy, Devel-
opments & Applications, Academic Press (Harcourt Brace & Company),
London/New York, 1996 (Chapter 1).

[8] A.B. Myers, Acc. Chem. Res. 30 (1997) 519.
[9] To simplify the present treatment, the tensor properties of α are not dis-

cussed here. The interested reader is referred to Refs. [3e,7].
10] Rotational motion should be considered, also.
11] R.S. Tobias, J. Chem. Educ. 44 (1967) 1.
12] (a) N.C. Craig, N.N. Lacuesta, J. Chem. Ed. 81 (2004) 1199;

(b) F.A. Cotton, Chemical Applications of Group Theory, third ed.,
Wiley/Interscience, New York, 1990.

13] A.Y. Hirakawa, M. Tsuboi, Science 188 (1975) 359.
14] C. Sourisseau, J. Chim. Phys. Phys.-Chim. Biol. 90 (1993) 1557.
15] E.J. Heller, Acc. Chem. Res. 14 (1981) 368.
16] (a) R.J.H. Clark, T.J. Dines, Angew. Chem. Int. Ed. Engl. 25 (1986) 131;

(b) A.M.J. Kelley, Phys. Chem. A 103 (1999) 6891;
(c) A.B. Myers, in: A.B. Myers, T.R. Rizzo (Eds.), Laser Techniques in
Chemistry, Wiley, New York, 1995, p. 325;

(d) A.B. Myers, J. Raman Spectrosc. 28 (1997) 389.

17] K. Nakamoto, J.R. Ferraro, Introductory Raman Spectroscopy, Academic
Press Limited, 1994, p. 370.

18] M. Fleischmann, P.J. Hendra, A.J. McQuillan, Chem. Phys. Lett. 26 (1974)
163.



4 tion C

[

[
[

[

[

[

[
[

[

[

[

[

[
[

[

[

[
[

[

[

[

[

[

[
[
[
[

[
[

[
[

[

[

[

[

[
[

[

[

[
[

[

[

[
[

[

[

72 W.R. Browne, J.J. McGarvey / Coordina

19] M.G. Albrecht, J.A. Creighton, J. Am. Chem. Soc. 99 (1977)
5216.

20] D.I. Jeanmarie, R.P. Van Duyne, J. Electroanal. Chem. 84 (1977) 1.
21] (a) B.D. Alexander, T.J. Dines, J. Phys. Chem. B 109 (2005) 3310;

(b) A. Otto, J. Raman Spectrosc. 36 (2005) 497;
(c) R.L. Garrell, Anal. Chem. 61 (1989) A401;
(d) A. Campion, P. Kambhampati, Chem. Soc. Rev. 27 (1998) 241;
(e) G.C. Schatz, Acc. Chem. Res. 17 (1984) 370;
(f) M. Kerker, Acc. Chem. Res. 17 (1984) 271.

22] P. Kambhampati, C.M. Child, M.C. Foster, A. Campion, J. Chem. Phys.
108 (1998) 5013.

23] (a) S. Nie, S.R. Emory, Science 275 (1997) 1102;
(b) K. Kneipp, Y. Wang, H. Kneipp, L.T. Perelman, I. Itzkan, R.R. Dasani,
M.S. Feld, Phys. Rev. Lett. 78 (1997) 1667.

24] For a detailed mathematical and experimental treatment of the hyper Raman
effect see;
(a) L.C.T. Shoute, M. Blanchard-Desce, A. Myers Kelley, J. Phys. Chem.
A 109 (2005) 10503, and references therein;
(b) L.D. Ziegler, J. Raman Spectrosc. 21 (1990) 769.

25] M. Mizuno, H.O. Hamaguchi, T. Tahara, J. Phys Chem. A 106 (2002) 3599.
26] C. McLaughlin, D. Graham, W.E. Smith, J. Phys. Chem. B 106 (2002)

5408.
27] Y.J. Mo, D.L. Jiang, M. Uyemura, T. Aida, T. Kitagawa, J. Am. Chem. Soc.

127 (2005) 10020.
28] G.H. Atkinson, Y. Zhou, L. Ujj, A. Aharoni, M. Sheves, M. Ottolenghi, J.

Phys. Chem. A 106 (2002) 3325.
29] (a) K. Nakamoto (Ed.), Infrared and Raman Spectra of Inorganic and

Coordination Compounds, Part A: Theory and Applications in Inorganic
Chemistry, John Wiley & Sons, Inc., New York, 1997;
(b) J.R. Schoonover, C.A. Bignozzi, T.J. Meyer, Coord. Chem. Rev. 165
(1997) 239;
(c) W.R. Browne, J.J. McGarvey, Coord. Chem. Rev. 250 (2006) 1696.

30] (a) L. Ujj, C.G. Coates, J.M. Kelly, P.E. Kruger, J.J. McGarvey, G.H. Atkin-
son, J. Phys. Chem. B 106 (2002) 4854;
(b) C.G. Coates, J. Olofsson, M. Coletti, J.J. McGarvey, B. Onfelt, P. Lin-
coln, B. Norden, E. Tuite, P. Matousek, A.W. Parker, J. Phys. Chem. B 105
(2001) 12653.

31] J.-X. Cheng, X.S. Xie, J. Phys. Chem. B 108 (2004) 827.
32] (a) S.E.J. Bell, E.S.O. Bourguignon, A.C. Dennis, Analyst 123 (1998) 1729;

(b) S.E.J. Bell, E.S.O. Bourguignon, A.C. Dennis, J.A. Fields, J.J. McGar-
vey, K.R. Seddon, Anal. Chem. 72 (2000) 234;
(c) S.E.J. Bell, E.S.O. Bourguignon, A. O’Grady, J. Villaumie, A.C. Den-
nis, Spectrosc. Eur. 14 (2002) 17.

33] N.J. Cherepy, A.P. Shreve, L.J. Moore, S. Franzen, S.G. Boxer, R.A.
Matthias, J. Phys. Chem. 98 (1994) 6023.

34] K.L. Ronayne, Ph.D. Thesis, Queen’s University Belfast, Northern Ireland,
2004 (Chapter 4).

35] P. Matousek, M. Towrie, A.W. Parker, J. Raman Spectrosc. 33 (2002) 238.
36] P. Matousek, M. Towrie, A. Stanley, A.W. Parker, Appl. Spectrosc. 53

(1999) 1485.
37] J. Olofsson, B. Onfelt, P. Lincoln, B. Norden, P. Matousek, A.W. Parker,

E. Tuite, J. Inorg. Biochem. 91 (2002) 286.
38] (a) J.H. Hibben, Chem. Rev. 13 (1933) 345;

(b) R.J.H. Clark, T.J. Dines, Angew. Chem. 98 (1986) 131.
39] For example: obtaining ground state resonance Raman spectra for the

paradigm complex [Ru(bpy)3]2+ at 363 nm, in the absence of excited state
features, is almost, albeit not completely, impossible!.

40] (a) A. Al-Obaidi, G. Baranovic, J. Coyle, C.G. Coates, J.J. McGarvey, V.
McKee, J. Nelson Inorg. Chem. 37 (1998) 3567;
(b) S. Franzen, V.M. Miskowski, A.P. Shreve, S.E. Wallace-Williams, W.H.
Woodruff, M.R. Ondrias, M.E. Barr, L. Moore, S.G. Boxer, Inorg. Chem.
40 (2001) 6375.

41] M. Hang, V. Huynha, D.M. Dattelbaum, T.J. Meyer, Coord. Chem. Rev.

249 (2005) 457.

42] D.H. Murgida, P. Hildebrandt, Acc. Chem. Res. 37 (2004) 854.
43] C.R. Andrew, J. Sanders-Loehr, Acc. Chem. Res. 29 (1996) 365.
44] T.G. Spiro, Acc. Chem. Res. 7 (1974) 339.
45] G. Smulevich, A. Feis, B.D. Howes, Acc. Chem. Res. 38 (2005) 433.

[
[

[

hemistry Reviews 251 (2007) 454–473

46] T. Uchida, T. Kitagawa, Acc. Chem. Res. 38 (2005) 662.
47] T.G. Spiro, X.-Y. Li, in: T.G. Spiro (Ed.), Biological Applications of Raman

Spectroscopy, vol. 3, John Wiley and Sons, New York, 1988, p. 1.
48] T. Ohta, T. Kitagawa, Inorg. Chem. 44 (2005) 758.
49] (a) G. Roelfes, V. Vrajmasu, K. Chen, R.Y.N. Ho, J.-U. Rohde, C. Zon-

dervan, R.M. la Crois, E.P. Schudde, M. Lutz, A.L. Spek, R. Hage, B.L.
Feringa, E. Muenck, L. Que Jr., Inorg. Chem. 42 (2003) 2639;
(b) R.Y.N. Ho, L. Que Jr., G. Roelfes, B.L. Feringa, R. Hermant, R. Hage,
Chem. Commun. (1999) 2161;
(c) R.Y.N. Ho, G. Roelfes, B.L. Feringa, L. Que Jr., J. Am. Chem. Soc. 121
(1999) 264.

50] C.V. Sastri, M.J. Park, T. Ohta, T.A. Jackson, A. Stubna, M.S. Seo, J. Lee,
J. Kim, T. Kitagawa, E. Muenck, L. Que Jr., W. Nam, J. Am. Chem. Soc.
127 (2005) 12494.

51] (a) R.T. Packard, R.L. McCreery, Anal. Chem. 59 (1987) 2631;
(b) A. Bonifacio, D. Millo, C. Gooijer, R. Boegschoten, G. van der Zwan,
Anal. Chem. 76 (2004) 1529;
(c) Q. Hu, A.S. Hinman, Anal. Chem. 72 (2000) 3233;
(d) G. Niaura, A.K. Gaigalas, V.L. Vilker, J. Raman Spectrosc. 28 (1997)
1009.

52] C. Turro, C.Y. Chung, N. Leventis, M.E. Kuchenmeister, P.J. Wagner, G.E.
Leroi, Inorg. Chem. 35 (1996) 5104.

53] J.R. Schoonover, K.M. Omberg, J.A. Moss, S. Bernhard, V.J. Malueg, W.H.
Woodruff, T.J. Meyer, Inorg. Chem. 37 (1998) 2585.

54] C.-Y. Lin, T.G. Spiro, Inorg. Chem. 35 (1996) 5237.
55] (a) J.T. Hupp, R.D. Williams, Acc. Chem. Res. 34 (2001) 808, and refer-

ences therein;
(b) C.A. Bignozzi, R. Argazzi, G. Strouse, J.R. Schoonover, Inorg. Chim.
Acta 275 (1998) 380;
(c) R.G.H. Clarke, J. Mol. Struct. 113 (1984) 117;
(d) R.C. Rocha, M.G. Brown, C.H. Londergan, J.C. Salsman, C.P. Kubiak,
A.P. Shreve, J. Phys. Chem. A 109 (2005) 9006.

56] (a) M.B. Robin, P. Day, Adv. Inorg. Chem. Radiochem. 10 (1967) 247;
(b) K.D. Demadis, C.M. Hartshorn, T.J. Meyer, Chem. Rev. 101 (2001)
2655;
(c) N.S. Hush, Prog. Inorg. Chem. 8 (1967) 391;
(d) N.S. Hush, Electrochim. Acta 13 (1968) 1005.

57] S. Bykov, I. Lednev, A. Ianoul, A. Mikhonin, C. Munro, S.A. Asher, Appl.
Spectrosc. 59 (2005) 1541.

58] A. Sato, Y. Mizutani, Biochemistry 44 (2005) 14709.
59] (a) J. Terner, M.A. El-Sayed, Acc. Chem. Res. 18 (1985) 331;

(b) J.J. Turner, M.W. George, F.P.A. Johnson, J.R. Westwell, Coord. Chem.
Rev. 125 (1993) 101;
(c) P. Glyn, M.W. George, P.M. Hodges, J.J. Turner, J. Chem. Soc. Chem.
Commun. (1989) 1655;
(d) J.R. Schoonover, G.E. Strouse, Chem. Rev. 98 (1998) 1335.

60] (a) C. Hicks, G.Z. Ye, C. Levi, M. Gonzales, I. Rutenburg, J.W. Fan, R.
Helmy, A. Kassis, H.D. Gafney, Coord. Chem. Rev. 211 (2001) 207;
(b) T.J. Meyer, Pure Appl. Chem. 58 (1986) 1193;
(c) B.Z. Shan, Q. Zhao, N. Goswami, D.M. Eichhorn, D.P. Rillema, Coord.
Chem. Rev. 211 (2001) 117;
(d) V. Balzani, A. Juris, Coord. Chem. Rev. 211 (2001) 97.

61] (a) R.F. Dallinger, W.H. Woodruff, J. Am. Chem. Soc. 101 (1979) 4391;
(b) P.G. Bradley, N. Kress, B.A. Hornberger, R.F. Dallinger, W.H.
Woodruff, J. Am. Chem. Soc. 103 (1981) 7441.

62] D.S. Caswell, T.G. Spiro, Inorg. Chem. 26 (1987) 18.
63] C. Creutz, M. Chou, T.L. Netzel, M. Okumura, N. Sutin, J. Am. Chem.

Soc. 102 (1980) 1309.
64] W.R. Browne, N.M. O’Boyle, J.J. McGarvey, J.G. Vos, Chem. Soc. Rev.

(2005) 641.
65] W.R. Browne, N.M. O’Boyle, W. Henry, A.L. Guckian, S. Horn, T. Fett,

C.M. O’Connor, M. Duati, L. De Cola, C.G. Coates, K.L. Ronayne, J.J.
McGarvey, J.G. Vos, J. Am. Chem. Soc. 127 (2005) 1229.
66] R.M. Stratt, M. Marioncelli, J. Phys. Chem. 100 (1996) 12981.
67] C. Okabe, T. Nakabayashi, N. Nishi, T. Fukaminato, T. Kawai, M. Irie, H.

Sekiya, J. Phys. Chem. A 107 (2003) 5384.
68] H. Miyasaka, T. Nobuto, A. Itaya, N. Tamai, M. Irie, Chem. Phys. Lett.

269 (1997) 281.



tion C

[

[

[

[

[
[

[

[

[

[
[
[

[

[
[

[

[

[86] P.M. Champion, Science 310 (2005) 980.
W.R. Browne, J.J. McGarvey / Coordina

69] C. Brady, P.L. Callaghan, Z. Ciunik, C.G. Coates, A. Dossing, A. Hazell,
J.J. McGarvey, S. Schenker, H. Toftlund, A.X. Trautwein, H. Winkler, J.A.
Wolny, Inorg. Chem. 43 (2004) 4289.

70] S. Schenker, P.C. Stein, A.J. Wolny, C. Brady, J.J. McGarvey, H. Toftlund,
A. Hauser, Inorg. Chem. 40 (2001) 134.

71] (a) H. Hamaguchi, T.L. Gustafson, Annu. Rev. Phys. Chem. 45 (1994) 593;
(b) K. Iwata, S. Yamaguchi, H. Hamaguchi, Rev. Sci. Instrum. 64 (1993)
2140.

72] D.W. McCamont, P. Kukura, R.A. Mathies, J. Phys. Chem. A 107 (2003)
8208.

73] M. Yoshizawa, M. Kurosawa, Phys. Rev. A 61 (1999) 013808.
74] M. Yoshizawa, H. Aoki, H. Hashimoto, Phys. Rev. B 63 (2001)

180301.
75] F.S. Rondonuwu, Y. Watanabe, J.-P. Zhang, K. Furuichi, Y. Koyama, Chem.

Phys. Lett. 357 (2002) 376.

76] F. Rosca, A.T.N. Kumar, X. Ye, T. Sjodin, A.A. Demidov, P.M. Champion,

J. Phys. Chem. 104 (2000) 4280.
77] F. Rosca, A.T.N. Kumar, D. Ionascu, X. Ye, A.A. Demidov, T. Sjodin, D.

Wharton, D. Barrick, S.G. Sligar, T. Yonetani, P.M. Champion, J. Phys.
Chem. 106 (2002) 3540.

[

[
[

hemistry Reviews 251 (2007) 454–473 473

78] J.C. Polanyi, A.H. Zewail, Acc. Chem. Res. 28 (1995) 119.
79] J.L. McHale, Acc. Chem. Res. 34 (2001) 265.
80] (a) G.H. Czerlinski, M. Eigen, Z. Elektrochem. Angew. Phys. Chem. 63

(1959) 652;
(b) M. Eigen, Pure Appl. Chem. 6 (1963) 97.

81] W. Wang, A. Demidov, X. Ye, J.F. Christian, T. Sjodin, P.M. Champion, J.
Raman Spectrosc. 31 (2000) 99.

82] L. Dhar, J.A. Rogers, K.A. Nelson, Chem. Rev. 94 (1994) 157.
83] P.M. Champion, F. Rosca, D. Ionascu, W.X. Cao, X. Te, Faraday Discuss.

127 (2004) 123.
84] D.W. McCamant, P. Kukura, R.A. Mathies, Appl. Spectrosc. 57 (2003)

1317.
85] P. Kukura, D.W. McCamant, S. Yoon, D.B. Wandschneider, R.A. Mathies,

Science 310 (2005) 1006.
87] G.R. Fleming, Chemical Applications of Ultrafast Spectroscopy, Clarendon
Press, Oxford, 1986, p. 147.

88] K. Ishii, H. Hamaguchi, Chem. Phys. Lett. 367 (2003) 672.
89] J.K. McCusker, Acc. Chem. Res. 36 (2003) 876.


	The Raman effect and its application to electronic spectroscopies in metal-centered species: Techniques and investigations in ground and excited states
	Introduction
	Historical background
	Theoretical basis for Raman scattering
	Practical aspects of Raman spectroscopy

	Resonance enhancement techniques
	Resonance Raman scattering
	Surfaced enhanced Raman spectroscopy
	Hyper Raman spectroscopy

	Dealing with fluorescence
	SERRS
	Anti-Stokes Raman scattering
	Coherent anti-Stokes Raman spectroscopy

	SERDS and SSRS
	Kerr gating

	Application of Raman scattering to electronic spectroscopy
	Biological heme systems
	Oxidation catalysis
	Spectroelectrochemical Raman spectroscopy
	Generation of anion radicals for comparison with electronically excited states
	Exploring redox-dependent structural changes
	Mixed valence systems

	Resonance Raman in the UV

	Investigating excited state electronic structure
	Transient resonance Raman spectroscopy
	Time-resolved resonance Raman
	TR3 in the picosecond-nanosecond region


	Raman scattering in the femtosecond time domain-dealing with uncertainty!
	Femtosecond coherence spectroscopy
	Stimulated Raman spectroscopy

	Conclusions and outlook
	References


