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Abstract

In the decades since its discovery and somewhat limited early applications, Raman scattering has become the basis for the development of a variety
of methods for probing molecular structure both in ground and electronically excited states. In this review, following a brief look at the underlying
principles of the Raman and resonance Raman effects, the intention is to discuss a range of Raman techniques, especially in the context of their
application to metal-centered systems. The review will focus on molecular electronic spectra, including bioinorganic examples, and on dynamic
processes following electronic excitation. Methods to be surveyed will include continuous wave resonance Raman, surface-enhanced resonance
Raman, time-resolved Raman and resonance Raman spectroscopies, which are used to probe the excited state processes, including vibrational
dynamics, observed in molecular systems. The review will also include reference to coherent anti-Stokes Raman scattering, femtosecond coherent

vibrational spectroscopy and time-resolved stimulated Raman spectroscopy on the femtosecond timescale.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Raman; Time-resolved; Electronic; Coherence spectroscopy; Inorganic spectroscopy

1. Introduction

Raman spectroscopy has gone through several stages of
development since the first reports of its experimental discovery
in the late 1920s [1]. For many years however it remained some-
thing of an esoteric technique, based on the inelastic scattering
of light, in which the filtered mercury arc excitation sources used
in the early stages of its development necessitated accumulation
over very lengthy exposure times to achieve acceptable signal
levels. In the 80 years since its discovery and announcement,
the Raman effect has experienced two periods of growth and
widening of interest: (i) in the 1960s with the advent of the laser
as an intense monochromatic light source; (ii) in the 1980s with
advances in detector, filter and diode laser technology (Fig. 1)
[2]. Indeed itis probably within the last two decades that the phe-
nomenon of Raman scattering has seen its most rapid growth in
popularity both in terms of the range of application to scientific
problems and in the development of a number of techniques with
Raman as a central feature for probing molecular structure, both
in ground and electronically excited states.

In addition to taking a general overview of Raman scattering,
the present review is intended to survey several more recently
developed Raman techniques, including studies directed towards
the femtosecond timescale and to place them in the context of
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Fig. 1. Histogram of number of publications involving Raman and resonance
Raman spectroscopy by decade.

the modern research environment. As a result of the breadth of
the area being covered any attempt at a comprehensive treat-
ment would be unrealistic and instead, the review will focus
on selected investigations of the spectroscopy, photophysics
and dynamics of metal-centered compounds, including those of
bioinorganic interest, where Raman techniques are contributing
to a more intimate understanding of ultrafast processes of chem-
ical and biological interest. The review is directed, primarily, at
researchers new to the field of Raman spectroscopy and conse-
quently, in an attempt to make the review as self-contained as
possible, it includes a brief account of the underlying principles
of Raman and resonance Raman methods. Such an account does
not purport in any way to replace the many excellent accounts
of these topics, which are available in several textbooks and
reviews [3], but rather should be viewed as a starting point for
those who wish to explore the potential of Raman scattering,
especially in its several recent guises, as an informative probe
of molecular structure and dynamics.

1.1. Historical background

As with many areas of science the discovery of what is now
known as the Raman effect is not without controversy. While
Raman and Krishnan reported the first experimental study of
inelastic light scattering in water and alcohol vapors in 1928 [1],
the effect itself, the inelastic scattering of light by molecules,
had already been predicted in the 1920s [4,5]. It is perhaps
somewhat ironic that it was in water, the solvent of choice for
Raman spectroscopy due to its intrinsically low Raman scat-
tering cross-section and accompanying broad signals, that the
effect was observed initially. Although the area received con-
siderable academic attention in subsequent decades, technical
limitations [6], in particular the requirement for monochromatic
light sources and sensitive detectors, inhibited its development
in favor of its complementary technique—infrared spectroscopy.
The development of lasers in 1960s and more importantly, of
multi-channel detectors in the 1970s led to renewed interest in
Raman spectroscopy. In recent years the availability of charge
coupled device (CCD and intensified gateable, iCCD) detectors,
low cost, user friendly monochromatic light sources and sin-
gle stage spectrometers coupled with holographic notch filters
have led to a renaissance in Raman spectroscopy and it is now
developing quickly into a routine spectroscopic technique, half a
century after IR spectroscopy made a similar transition. Despite



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

Detector Focusing lens

‘/ \ Sample

.............. o

Prism

sssmssss  pycitation light

.......... Back Scattering
Spectrograph

Monochromatic
light scurce

Fig. 2. Basic components of a Raman spectrometer. Although initially 90° scat-
tering geometry was employed, most modern systems use a near back scattering
geometry (135-180°), as depicted here.

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

1.2. Theoretical basis for Raman scattering

When monochromatic light impinges on a sample, much of it
passes through the sample unchanged or some may be absorbed,
depending upon the wavelength of the light and the nature of the
sample. A small fraction, some 0.1%, is elastically scattered, as
light of the same frequency as the incident light (Rayleigh scat-
tering). An even smaller fraction of the incident light, perhaps
amounting to 1 photon in 10° or 107, will be scattered inelas-
tically (Raman scattering), either towards lower frequencies
(Stokes scattering) or higher frequencies (anti-Stokes scatter-
ing), than the incident light. The differences in energy between
the incident photons and inelastically scattered photons corre-
spond to vibrational frequencies of the scattering molecule and
the intensity is proportional to the fourth power of the scat-

Virtual state
A

escccsscee

4

Rayleigh scattering

tered radiation, i.e. (v — Dm)4 (Stokes) or (v + Dm)4 (anti-Stokes)
[7]. [N.B.: Throughout this review the frequency of Rayleigh or
Raman scattered radiation will be expressed as a wavenumber
(cm’1 ), denoted  or by, respectively.]

The essence of the Raman effect has been summarized by
Myers [8] in sentences which could hardly be bettered: ‘Spon-
taneous Raman signals are linear in the incident intensity but
two photons are involved, one being spontaneously generated. In
the traditional view of Raman scattering, a net vibrational transi-
tion is achieved through “virtual” excitation and de-excitation of
higher energy states’. This is illustrated by the schematic energy
level diagram in Fig. 3.

The scattering phenomenon may be described in terms of a
simple quantum picture of energy exchange between the incident
quantum of radiation and the scattering molecule. For an elas-
tic collision involving no exchange of energy the frequency of
the scattered photon remains unchanged, giving rise to Rayleigh
scattering. In an inelastic collision, one possibility is that energy
is transferred from the photon to the molecule, so that the pho-
ton will be scattered with lower energy and frequency (longer
wavelength), giving rise to Stokes radiation. In the converse case,
energy is transferred from the molecule to the photon, so that the
scattered radiation is at higher frequency (shorter wavelength),
so-called anti-Stokes radiation. In energy conservation terms,
for an incident photon of wavenumber ¥ (cm™1), the inelastic
scattering processes are represented by Egs. (1) and (2):

hcv = he(V — V) + hevy,  Stokes scattering (1)
hev + hevy = he(® + V),  anti-Stokes scattering 2)

where # is Planck’s constant, ¢ the velocity of light, v the fre-
quency, expressed as a wavenumber (cm™') of the incident
radiation, and Dy, is the wavenumber equivalent to the energy dif-
ference between (usually) the lowest and first excited vibrational
energy levels corresponding to one of the (3N — 6) normal vibra-
tional modes (not necessarily all ‘Raman-active’—vide infra) of
the scattering molecule. From a practical standpoint of spectro-
scopic observation, the important quantity is the Raman shift,
v =+ Py, of the scattered radiation from the incident radiation.
Stokes scattering is generally more intense than anti-Stokes,
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Fig. 3. Schematic representation of elastic (Rayleigh) and inelastic (right: Stokes and left: anti-Stokes) scattering involving a single vibrational mode.
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Fig. 4. Schematic representation of Rayleigh and Stokes Raman scattering. Dr.
S.J. Bell is thanked for providing this figure.

primarily due to the Boltzmann distribution between the low-

est vibrational states,
hcv 3)
exp | —
P\

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

A classical theory to explain the Raman effect and account
for the principal selection rule involved commences with consid-
eration of molecular polarisability. Polarisability describes the
behavior of the electron cloud of the molecule in an electric field
(E). The disturbance of the electron cloud induces an electric
dipole moment (x£) and, hence, a polarisation of the molecule.
The polarisability of a molecule determines the magnitude of
the induced dipole moment [9]:

- - \4
Istokes N (V — Vm)
Lanti-Stokes (\_1 + \_fm)4

u=cakE 4)

The electromagnetic field is itself dependent on the frequency
(V) of the incident light:

E = E, cos(2mvct) ©)

where E| is the incident electric field and ¢ is time. Combining
Egs. (4) and (5) yields:

n = aE,cosQmvct) 6)

which shows the relationship between the induced dipole
moment and the frequency of the incident light. The oscilla-
tor will emit Rayleigh scattering radiation (). However, the
polarisability changes with vibrational motion [10], Eq. (7).

o = Ay + BcosLmvyct) @)

where «, is the polarisability at the equilibrium position and S
is [8a/dq],, where g is the normal coordinate corresponding to
a particular vibrational motion. Hence, Eq. (6) can be expanded
to

uw = {og + B(cos2ravyct)} E, cos(2mcet) ®)

and hence to:

n = aoEycos(2rict)
Rayleigh

1
+ —BEo(cos2m[V + Vet — cos2m[V — Dy ct) ©)]
2 . Stokes
anti-Stokes

This equation embodies the important molecular selection rule
for Raman scattering, i.e. the polarisability must change dur-
ing the molecular (vibrational) motion, i.e. 8 # 0. Otherwise,
the induced dipole oscillates only at the frequency of the inci-
dent radiation. If however the polarisability changes as a result
of the vibrational motion, the second term in Eq. (9) contain-
ing B will be non-zero and hence Raman scattering will be
observed.

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

A quantity normally reported for the individual bands in a
Raman spectrum is the depolarisation ratio, p, defined as the
ratio, I, /I, of the scattered Raman intensities with the electric
vector perpendicular or parallel to the polarisation direction of
the incident excitation laser radiation. For linearly polarised laser
radiation, the ratio falls in the range: 0 < p <3/4. If p >0 and
<3/4 the corresponding band is ‘polarised’ and associated with a
totally symmetric vibrational mode. If p=3/4, the correspond-
ing band is ‘depolarised’ and due to a non-totally symmetric
mode.

1.3. Practical aspects of Raman spectroscopy

A key strength of Raman spectroscopy lies in its simplicity in
terms of sample handling. Essentially the collection of Raman
scattering requires that the sample is accessible to UV—vis radia-
tion. In contrast to IR spectroscopy the ‘vibrational® spectrum is
generally observed in the UV—-vis portion of the EM spectrum. In
addition the collection of the scattered light is typically, though
not necessarily, accomplished by means of ca. 180° back scat-
tering arrangement (Fig. 2), eliminating the need for the sample
to be transparent. As a result the arrangement for sampling is
very versatile and even for samples which show very rapid pho-
tochemical decomposition, flow cells either under gravity or as a
jet can enable good quality spectra to be recorded routinely. The
use of notch filters and monochromators allows for detection of
very low Raman shifts <100 cm™', and the advent of low-light
measuring devices, electron-multiplying charge-coupled device
detectors (EMCCDs), allow for much lower-powered lasers to
be employed in spectral acquisition, a development of particu-
lar relevance to time-resolved techniques (vide infra) and more
generally for the study of systems where sensitivity to light may
be an issue.
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Fig. 5. Schematic diagram depicting resonance Raman scattering.

2. Resonance enhancement techniques

The resonance enhancement effect, i.e. the selective enhance-
ment of Raman scattering when in ‘resonance’ with an electronic
transition, so-called resonance Raman (rR) scattering, is one of
the more remarkable and, with regard to the present review,
one of the most useful aspects of Raman spectroscopy. The
ability to enhance Raman scattering, often by more than six
orders of magnitude, allows for the characterization of dilute
solutions containing chromophoric species. Selective enhance-
ment of scattering from particular vibrational modes provides
detailed information as to the nature of electronic transitions.
In the following sections, the origin of the resonance effect will
be explored together with a brief introduction to the theoretical
basis for our understanding of this effect (Fig. 5).

2.1. Resonance Raman scattering

An important practical consideration in the application of
Raman scattering is its inherent weakness. However, when the
wavelength of the incident light is coincident (i.e. resonant)
with an electronic transition of the molecule then the Raman
scattering observed may be enhanced by several orders of mag-
nitude. However, the enhancement is not in general observed
for all vibrational modes, rather certain modes become ‘selec-
tively’ enhanced [13]. In fact, if the electronic transition in
resonance with the Raman excitation wavelength is strongly
allowed, then the vibrational modes which will be enhanced
most strongly are the totally symmetric, Franck—Condon-active
vibrational modes coupled with the electronic transition [8].
Two approaches for treating the rR phenomenon are the sum-
over-states method [14] and the time-dependent wave packet
theory [15]. The former is a classical time-independent approach
involving Born—-Oppenheimer separation of electronic and
vibrational motions, while the latter adopts a dynamic view of

the photon—-molecule interaction. In the present general review it
is not appropriate to enter into any detailed comparison between
these methods, beyond some basic remarks, firstly regarding the
sum-over-states approach which underlies the commonly pre-
sented discussion of the resonance Raman phenomenon. Some
of the essential results from that approach will be used here.
Detailed accounts are available elsewhere [8,16]. With regard to
the wave packet theory, Myers [8] has pointed out that it provides
much more satisfying insight into the link between resonance
Raman intensities and excited state dynamics (see Section 6).

The key to understanding resonance Raman enhancement is
to remember that the electronic transitions in a molecule are
necessarily accompanied by vibrational energy changes (Fig. 6).
Although an electronic transition in a molecule can be described
as excitation from the ground electronic state |g) to an excited
electronic state |e), in reality electronic and vibrational tran-
sitions are coupled and hence a better description of the pro-
cess of absorption is excitation from a ground ‘vibronic’ state
(Ji) = |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
state and ‘v’ is the vibrational state).

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

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

lotpo )i = A+ B (10)

where i: initial state and f: final state.

If the polarisability tensor is expressed as vibrational and
electronic contributions (taking the sum-over-states approach),
the A and B terms are given by Eqgs. (11) and (12) [16a]:

[upJgemg e -

ng|Ue (Ue|mg)
Vev,gm — Vo + iy

an

k
(1g] Quclve) (velmg)
= ZZ[up]gq[ua]egA Yoot

e Vev,gm_V0+lFev

k
(nglve) (vl Qxlmg)
o B A A 8

e " Veg,gm — Vo + il ey
(12)

where {s} refers to other electronic excited states which interact
with {e} the resonant excited state. [ ]gs = (S|1p|g), the pth
term (x, y or z) of the electronic transition dipole moment for
lg) < 18); [1plge = (€liplg), the pth term (x, y or z) of the elec-
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Fig. 6. Schematic diagram showing Resonance enhancement leading to Stokes Raman scattering.

tronic transition dipole moment for |g) < |€); [ioleg = (€|t |g),
the oth term (x, y or z) of the electronic transition dipole
moment for |e) < |g); h;‘e: vibronic coupling integral {between
the excited (e) state and a second excited electronic state (s) }; Ok:
the normal coordinates of the system; (ng|ve){ve|mg): products
of vibrational overlap integrals (Franck—Condon factors); il ey:
damping factor (cm™!) (allowing for the fact that the electronic
linewidth is finite [45]). Dey gm — Vo: wavenumber difference
between the electronic transition and the laser excitation wave-
length.

Hence, in order to achieve resonance enhancement of Raman
scattering, either the A term or the B term (or both) must be non-
zero. For the A term to be non-zero two criteria must be fulfilled,
involving the vibrational and electronic contributions to the term.
The electronic transition (i.e. the electronic absorption being
used to achieve resonant enhancement) must be electric dipole
allowed (i.e. [1p]ge and [1Lq]eg nOt equal to zero). The second
criterion is that the Franck—Condon factors (ng|ve)(ve|mg) must
not be equal to zero. This is the case when there is a change of
shape between the ground and excited state potential wells or
the excited state minimum is distorted with respect to the ground
state (i.e. AQ >0, Fig. 7). Since the shift in AQ from the ground
to the excited electronic state only occurs for totally symmetric
vibrations (in the absence of molecular symmetry changes), it
is only these modes which will undergo enhancement through
the A term. The B-term involves coupling between the resonant
and other electronically excited states and allows for scattering
from non-totally symmetric modes to be enhanced.

2.2. Surfaced enhanced Raman spectroscopy

The first report of the observation of more intense Raman
scattering in the vicinity of a surface was made by Fleischman

et al. [18] in the mid-1970s, where unexpectedly intense Raman
signals were obtained from pyridine monolayers on roughened
silver electrodes. Although ascribed initially to the high sur-
face concentration compared to the case with ‘smooth’ electrode
materials, it was demonstrated later in two independent inves-
tigations that the increase in scattering intensity of up to 103
per pyridine molecule was actually due to the surface prop-
erties of the roughened electrode [19,20]. The mechanism for
the surface-associated enhancement in Stokes scattering, now
known generally as surface-enhanced Raman scattering (SERS),
is still the subject of some debate. However, two models are
accepted widely: (i) the charge transfer model and (ii) the elec-
tromagnetic model [21].

Excited state

N\

AQ

>

D% Ground state

v

Nuclear Coordinate

Fig. 7. Nuclear displacement between the ground and excited states (AQ).
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As discussed above, the intensity of Raman scattering is
dependent on the molecular polarisability («) and the ampli-
tude of the electric field (E). An increase in the magnitude of
either « (charge transfer model) or E (electromagnetic model)
will result in enhancement of the Raman scattering. The lat-
ter model, electromagnetic enhancement, involves interaction
between molecules in the vicinity of a surface with surface
plasmons (quantized oscillations of surface electrons) whose
amplitudes are enhanced by interaction with light of a suitable
wavelength. On a flat surface the energy is dissipated effectively
as heat but at a rough surface some of the energy is re-emitted
as radiation and if this radiation is resonant with the Raman and
Rayleigh scatter of the adsorbed molecule then this scatter will
be amplified.

The charge transfer model, involving a chemical interaction
of the molecule with the surface, is based on an increase in
molecular polarisability [22] of the adsorbed molecule by exci-
tation of an electron from the surface into the LUMO of the
adsorbed molecule. The electron tunnels back to the metal and
the vibrationally excited neutral molecule relaxes to the ground
state, emitting a photon as Raman scattering.

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

2.3. Hyper Raman spectroscopy

Although currently of relatively minor interest for main-
stream applications, another important enhancement process is
the hyper Raman effect [24,25]. Resonance hyper Raman spec-
troscopy involves a two photon absorption process, a process
which is of key importance in many areas of electronic spec-
troscopy including non-linear optics [24].

3. Dealing with fluorescence

A problem encountered frequently in practical Raman spec-
troscopy is that of fluorescence. In contrast to Raman scattering
which is a very weak effect, luminescence is, frequently, char-
acterized by quantum yields close to unity. Hence, the presence
of fluorescence renders Raman spectral acquisition difficult at
best. The simplest method of dealing with fluorescence is to
avoid it, i.e. by selecting a wavelength region in which flu-
orescence is not observed. Unfortunately this approach is not
always practical and alternative methods to deal with lumines-
cence have been developed in recent years, including SERRS,
SERDS and SSRS (vide infra), Kerr gating and anti-Stokes rR
spectroscopy.

=l

- ).

f

200 700 1200 1 7 200 700 1 200 1 700

Raman Shift (cm-!) Raman Shift (cm-!)

Fig. 8. SERS spectra of 4(5'-azobenzotriazoyl)-3,5-dimethoxyphenylamine on
silver colloid at: (a) 457.9nm, 5 x 1078 M, (b) 457.9nm, 5x 1077 M, (c)
632.8nm, 5 x 1078 M, and (d) 632.8nm, 5 x 10~7 M. Absolute spectral inten-
sities have been offset by an arbitrary amount in order to show the changes in
relative intensity. Reproduced with permission from [26]. Copyright [2002] the
American Chemical Society.

3.1. SERRS

The use of surface enhanced resonance Raman spectroscopy
(SERRS) not only allows for resonance enhancement of the
Raman scattering intensity but, frequently, the colloidal material
used for the SERS enhancement can act to quench the lumines-
cence also. This is perhaps the most frequently applied method
for dealing with fluorescence of laser dyes [26]. It should be
noted that in using SERS together with resonance enhance-
ment the Raman spectrum obtained consists of scattering from
vibrational modes which undergo enhancement and may suffer
from some degree of irreproducibility as the contribution from
the SERS and rR mechanisms may vary from measurement to
measurement [26]. In addition, the mechanisms for SERS and
SERRS enhancement appear to be different and the degree of
particle aggregation important in the two techniques (Fig. 8).

3.2. Anti-Stokes Raman scattering

As mentioned above, anti-Stokes Raman scattering is much
weaker than the more commonly employed Stokes Raman scat-
tering. Despite this, interest in anti-Stokes Raman spectroscopy
remains, due to the absence of interference by luminescence.
Indeed Kitagawa and co-workers have employed anti-Stokes
scattering very successfully in probing iron porphyrin com-
plexes [27]. The inherent weakness of anti-Stokes radiation due
to the very low Boltzmann population (Section 1.2) of higher
lying vibrational levels can be overcome by vibrational exci-
tation using infrared radiation. However, this approach can be
frustrated by efficient vibrational relaxation, a point highlighted
recently by Kitagawa and co-workers in the study of IR energy
funneling in iron—porphyrin dendrimers [27].

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

3.2.1. Coherent anti-Stokes Raman spectroscopy

The basis of the technique known as coherent anti-Stokes
Raman scattering (CARS) spectroscopy lies in the use of two
‘pump’ laser beams. In this type of scattering spectroscopy when
two (‘pump’) laser beams of wavenumbers v and 7, impinge on
a sample, mixing may occur, giving rise to radiation of various
frequencies including v3 = vy + (v — by), fulfilling the con-
servation of energy requirement. When (v; — v2) corresponds
to a Raman-active vibrational mode of the scattering molecule,
coherent emission is observed, of wavenumber v3 and since
this corresponds (from the conservation requirement) to the fre-
quency of the anti-Stokes Raman line, the overall phenomenon
is referred to as coherent anti-Stokes Raman scattering. The
technique complements rR spectroscopy but shows enhanced
signal:noise ratios and superior vibrational resolution. It can be
applied in both continuous wave (CW) and time-resolved exper-
iments. Sophisticated waveform fitting techniques are, however,
required to extract the Raman spectra.

CARS has been used extensively to investigate biophysical
systems such as visual pigments [28]. It has been applied to
metal-centered species also, e.g. the investigation of the DNA-
intercalating complex [Ru(phen)>dppz]** [29¢] in which CARS
was used to probe the extent of interaction of the complex in its
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ground state with DNA. This takes advantage of the high level
spectral band resolution, ~1 cm~!, achievable through CARS.
In addition, measurement of the vibrational spectra of the MLCT
excited states of the complex becomes possible for comparison
with independent TR3 studies [30].

Another recent advance is the development of CARS
microscopy, which evidently holds considerable promise for
vibrational imaging in chemical and biological systems [31].

3.3. SERDS and SSRS

Subtracted shifted Raman spectroscopy (SSRS) [32] is a
variation of shifted excitation Raman difference spectroscopy
(SERDS) [33]. The technique involves acquiring a Raman spec-
trum (including background fluorescence) over as long a period
as practical. If the Raman signal is strong enough to rise above
the luminescent background, the latter can be subtracted as a
baseline correction. However, the pixel to pixel response varia-
tion of a charge coupled device is ~1% and the signal may be
similar in magnitude to the ‘fixed pattern noise’. This situation
can be overcome by recording two spectra in which either the
excitation wavelength (SERDS) or the wavenumber position of
the spectrograph (SSRS) is shifted between each acquisition of a
spectrum. The fixed pattern noise in each spectrum will be at the
same position; however, the Raman signal will be observed at
different pixel numbers in each spectrum. Subtraction of the two
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Fig. 9. Application of SSRS to the luminescent compound [Ru(II)(bpy)(CN)4]1?~. Acxe =488 nm. Reproduced with permission from [34]. (a) Spectra A and B; (b)
subtraction of spectra A and B; (c) mathematically reconstructed spectrum; (d) final spectrum.
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spectra will remove the fixed pattern noise and the luminescence
but will result in a derivative like spectrum. Overall, SSRS holds
some practical advantage over SERDS in that a tunable laser is
required for the latter approach but only a spectrograph shift is
required for SSRS. The latter technique has been applied to sam-
ples as diverse as drugs of abuse [32a] and ancient manuscripts
[32b]. Fig. 9 shows an example of application of the technique
to a luminescent metal complex [34].

3.4. Kerr gating

An alternative approach to dealing with background and sam-
ple fluorescence involves the use of the Kerr gate [35,36]. In
essence, the Kerr gate is an optically driven shutter, in which a
portion of the laser output is redirected to pass through a ‘Kerr
cell’ simultaneously with the probe beam. It takes advantage
of the instantaneous nature of Raman scattering in contrast to
relatively slow emission of light as fluorescence and phosphores-
cence. Itis based on the principle that if the detector only receives
light during a very short laser pulse (e.g. 2 ps) then most of the
fluorescence (often 100 ps to tens of nanoseconds in lifetime)
does not reach the detector (Fig. 10). Although the performance
of the Kerr gate was tested originally with organic systems
[35], it was subsequently successfully employed to combat the
adverse effects of fluorescence in TR? studies of metal-centered
species [30b,37].

4. Application of Raman scattering to electronic
spectroscopy

Raman spectroscopy, and in particular resonance Raman
spectroscopy, has received considerable attention as a comple-
mentary technique to electronic spectroscopy. In the present
section we provide a brief overview of some examples of con-
tributions of Raman and especially resonance Raman scattering
towards understanding the solution behavior of both inorganic
and bioinorganic systems [29,38]. Although for many inor-
ganic complexes often quite intense visible absorption bands
are observed, the observation of resonance enhancement in the
Raman spectra of the complexes is not guaranteed. Two factors
should be noted. The enhancement effect, which is dependent
upon excitation being coincident with an electronic absorption
band, is observed only for vibrational modes which are coupled
to the electronic transition; see Section 2.1. A second factor to
bear in mind is the population of long lived excited states, which
depletes the effective ground state concentration and hence scat-
tering intensity [39].

The primary application of resonance Raman in transition
metal systems is in the characterization of electronic transitions,
and in particular towards understanding the interaction of metal
centers with the ligands and with other proximal metal centers
both in the ground and excited electronic states. An exam-
ple of the use of resonance Raman spectroscopy to investigate
spectral transitions in the near-red spectral region is provided
by recent studies of mixed valence di-copper cryptates. Evi-
dence for Cu—Cu bonding was obtained through investigation
of Raman excitation profiles, as well as evidence for multi-
ple conformational states involving the di-copper-ligand entity,
[CupL13* [40].

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

4.1. Biological heme systems

Numerous important studies based on resonance Raman
spectroscopy have been conducted in the bioinorganic sphere, as,
for instance, in its use to elucidate the molecular mechanisms of
processes such as oxygen storage and transport, electron transfer,
etc. Resonance Raman spectroscopy has been employed for over
30 years in the study of heme systems and indeed the area was
sufficiently advanced by 1974 to prompt an important review by
Spiro [44]. The application of Raman to heme containing per-
oxidases and gas sensory proteins has been reviewed recently
by Howes and co-workers [45], Uchida and Kitagawa [46] and
Spiro and Li [47].

An excellent account which covers many illustrative case
studies 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(II)OOH and Fe(IlT)O, species formed by interaction of [Fe(N4py)(CH3CN)]* with H,O,. (Right) Correlation
between the redox potential of the Fe(II/III) redox couple of substituted [Fe(N4py)(CH3CN)]* complexes and the ..(O—O) bond strength in their respective Fell"OOH
complexes. Reproduced with permission from [49a]. Copyright [2003] American Chemical Society.

the well known process of CO binding to ferrous heme, rR
spectroscopy in conjunction with isotopic substitution at the
CO has been used to investigate the Fe—-C—O geometry in a
protein matrix by probing the stretching (Vre—co and dc—o)
and bending (Vpe—co) vibrational modes associated with the
iron—CO adduct. An unexpected observation was the occurrence
of a higher bending, Vpe—c—o (550-580 cm™!), than stretching,
VEe—co (470-550 cm_l), frequency. The effect was rationalized
with the help of DFT calculations which suggested that the effect
may be linked to steric and electrostatic barriers associated with
the surrounding protein residues [48].

4.2. Oxidation catalysis

It is in the area of catalysis, both homo- and heterogeneous,
that Raman spectroscopy offers an invaluable tool in understand-
ing what are frequently quite complex and dynamic systems in
matrices that are often far from ideal for spectroscopic analysis.
The low concentrations of catalysts, anywhere between 5 and
0.01 mol%, with respect to the catalyst substrate and the use of
non-aqueous solvents place considerable demands on the abil-
ity to ‘see’ the catalyst. The relatively broad features which are
observed in the electronic spectra of the catalysts are often very
useful in identifying inorganic complexes; however, resonance
Raman can provide considerably more structural information
such as the relative strength of metal-oxo bonds, etc. In addi-
tion the sensitivity to isotopic substitution and the generation of
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spectra by means of molecular modeling (i.e. DFT [21a]) often
enables detailed analysis of the catalyst’s state under reaction
conditions.

Non-heme oxidation catalysts have been the focus of con-
siderable attention over the last decade by Feringa, Que and
co-workers and this is an area in which resonance Raman spec-
troscopy has proven to be of considerable benefit [49]. Of par-
ticular importance in these studies is the formation of iron(III)
peroxy species (i.e. Fe'"-OOH and Fe'-0, ™) and high valent
iron(IV) and iron(V) oxo species (i.e. FeV=0 and FeV=0). For
these ‘activated’ complexes, of particular interest are the nature
of the binding of the peroxy species to the iron and the rela-
tionship between bond strength and reactivity (Fig. 11). It is
in addressing these two areas that rR spectroscopy has proven
invaluable.

Similarly, resonance Raman has enabled the determination
of the relative strength of Fe(IV)=0 bonds in the complexes
[Fe'VY(0)~(TMC)(X)]* (where TMC = 1,4,8,11-tetramethyl-1,4,
8,11-tetraazacyclotetradecane and X ="NCS or ~N3) [50]. In
contrast to the CH3CN substituted complex, both the “N3 and
~SCN substituted complexes displayed a strong absorption at
400nm. The assignment of the band at around 400 nm as a
LMCT Fe(IV)=0 band was made on the basis of the absence of
any azide or isothiocyanate features in the rR spectrum and the
use of isotopic labeling and is the first observation of such a band
by rR (Fig. 12). This shows that substitution of the acetonitrile
stabilizes this transition.
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Fig. 12. (Left) UV—-vis spectra of: (a) [Fe!Y (O)(TMC)(NCS)]*, (b) [Fe!Y (0)~(TMC)(N3)]* and (c) [Fe'Y (O)(TMC)(NCCH3)]**. Inset shows the expanded near-
IR absorptions. (Right) Resonance Raman spectra of: (a) [Fe('*0)(TMC)(NCS)]* and (b) [Fe('80)(TMC)(NCS)]* in CH3CN obtained at —20°C with 406.7 nm
excitation. The peaks marked with s are from solvent. Reproduced with permission from [50]. Copyright [2005] American Chemical Society.
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4.3. Spectroelectrochemical Raman spectroscopy

A feature which has a significant bearing on the study of
metal based systems in general is the frequent participation
of several oxidation states. Essentially, Raman spectroelectro-
chemistry involves the generation of species in oxidation states
which are normally not accessible synthetically [51].

4.3.1. Generation of anion radicals for comparison with
electronically excited states

In Section 5 the use of Raman to investigate electronically
excited states is discussed. Perhaps the most common excited
state type encountered in investigations of inorganic complexes
is the metal to ligand charge transfer (MLCT) state. MLCT
states formally involve the transient single electron reduction
of a ligand and oxidation of the metal center. The resonance
Raman spectra of molecules in the MLCT state can, in princi-
ple, be approximated by generation of the one electron reduced
ground state species, e.g. the SMLCT state of [Ru'l(bpy);]**
([Ru™(bpy)2(bpy“~1**) should resemble the reduced ground
state [Ru'l(bpy)2(bpy ~]*, although it has been pointed out
that in such comparisons, sometimes caution needs to be exer-
cised, such as in the case of [Rul'(phen)3]?*. Comparison of
the phen anion radical (Li*phen”~) with the optically gener-
ated ([Rum(phen)z(phen*_]2+) suggested that the excited state
in this complex is delocalized [52]. Comparison of the rR
spectra of the electrochemically generated phen anion radi-
cal ([RuH(phen)z(phen*’P) with that of the optically gener-
ated >MLCT excited state ([RuHI(phen)z(phen*_]2+), however,
pointed to the need for reinterpretation of the original studies to
demonstrate that the excited state in this complex is localized,
thus parallelling the case for its bpy analogue [53] (Fig. 13).

4.3.2. Exploring redox-dependent structural changes

The effect of reversible redox processes on the structure of
inorganic systems such as Vanadyl-tetraphenylporphyrin can be
probed using resonance Raman spectroscopy [54]. In this exam-
ple, the effect of reduction of the porphyrin on the length of the
V=0 bond could be determined through rR spectroscopy. The rR
spectrum of (O=V)TPP shows the presence of the O—V stretch-

ing mode for the neutral species, at 992 cm~!, which undergoes
a 12 cm~! red-shift upon one electron reduction. The weakening
of the V=0 bond was ascribed to the localization of the elec-
tron in a porphyrin LUMO orbital involving the nitrogen donor
atoms, increasing their donor strength and thereby weakening
the V=0 bond (Fig. 14).

4.3.3. Mixed valence systems

The area of mixed valence chemistry in binuclear complexes
represents perhaps the most common application of inorganic
spectroelectrochemistry. Recently the application of Raman
spectroscopy to investigation of the nature of mixed valence
species, i.e. the localized/delocalized nature of the singly occu-
pied molecular orbital (SOMO), has received increasing atten-
tion [55].

The extent of localization of the SOMO in a binuclear com-
plex in the mixed valence state {e.g. Ru(Il)~BL-Ru(III), where
BL is a bridging ligand} is usually classified as Type I, II,
II/IIT or I (based on the classification proposed by Robin,
Day, Hush and later, Meyer and co-workers) [56]. In symmetric
binuclear complexes in which the SOMO is fully delocalized
over the two metal centers (Type III) the vibrational structure
(Raman spectrum) will be different to that of the fully oxidized
or reduced states. By contrast, in fully localized systems (Type
I), the vibrational spectrum of the mixed valence complex will
be a superposition of the fully oxidized and reduced states. In
the intermediate regime, i.e. type II systems where the SOMO is
not completely delocalized or fast ‘electron hopping’ between
the two metal centers occurs, then the situation becomes more
interesting and the timescale becomes an important issue. In
contrast to techniques such as NMR and EPR spectroscopy,
where data are acquired typically in the micro- and millisec-
ond domain, Raman scattering is instantaneous and hence the
spectrum obtained will correspond to a Boltzmann distribution
of species in several states.

4.4. Resonance Raman in the UV

The field of resonance Raman has, to a large extent, been
dominated by studies in the visible region of the EM spectrum;
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however, more recently UV rR has seen an increase in popular-
ity, with the advent of new generation pulsed lasers [57]. Several
advantages of UV Raman are the very large spectral windows
(in terms of wavenumber (cm ™)) over which measurements are
possible, the avoidance of fluorescence (vide supra) and the very
strong molar absorptivities normally encountered for analytes in
this spectral region. It is perhaps in the study of DNA and protein
dynamics that this technique will see widespread application in
the near future, where UV 1R can provide considerable informa-
tion regarding the protein environment surrounding transition
metal sites in metalloproteins [58].

5. Investigating excited state electronic structure

The investigation of the nature of electronically excited states
is an area of intense scientific interest. In principle any spec-
troscopic technique can be employed to probe electronically
excited states, provided of course that a significant concen-
tration of excited state species can be maintained during the
course of the data acquisition. The use of transient IR, UV-vis,
EPR, etc., to probe excited states has been reviewed recently
[64].

Raman and FTIR spectroscopy employing pulsed laser
sources have proven invaluable in providing detailed infor-
mation regarding excited state electronic structure and behav-
ior [29b,59]. Although investigations of excited state behavior
in transition metal systems have focused primarily on ruthe-
nium(Il) and rhenium(I) based polypyridyl complexes [60],
other less accessible systems (i.e. non-emissive) have demon-
strated the strength of transient resonance Raman spectroscopy.
In the following section, basic experimental considerations in

excited state Raman spectroscopy will be discussed with lim-
ited examples which illustrate the technique. First, however, it
is useful to review several terms used in the literature:

Resonance Raman spectrum—Raman spectrum obtained with
a light source (Aexc) of wavelength coincident with an elec-
tronic absorption of the analyte.

Transient resonance Raman spectra TR?—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 TR’—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 TR>—This is a remarkably useful technique
and involves recording TR? 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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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
described (schematically) in Fig. 15. The experiment overall
involves two photons of light. The first photon results in exci-
tation to an excited state (pump pulse), with the second photon
probing Raman scattering. This very simple description raises
the issue of experimental requirements. Clearly, the pump pulse
should be coincident with an electronic absorption of the ground
state, while the probe pulse must be coincident with an elec-
tronic absorption of the excited state (established through tran-
sient absorption spectroscopy). If the latter requirement is not
fulfilled, i.e. the excited state does not absorb at the probe wave-
length, then as the power of the excitation pulse is increased
the intensity of the Raman signals may actually decrease as the
concentration of the analyte in the ground state becomes increas-
ingly depleted.

5.1. Transient resonance Raman spectroscopy

By far the most accessible of excited state Raman techniques,
TR? spectroscopy can provide a great deal of information regard-
ing the nature of electronic excited states. The primary example
of the use of transient resonance Raman spectroscopy to probe a
metal-centered electronically excited states is found in the study
of the paradigm complex [Ru(bpy)3]** by Woodruff, Dallinger
and co-workers [61]. TR? enabled the identification of the lowest
SMLCT state as involving electron localization on a single bpy
ligand rather than delocalization over all three ligands. The basis

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

Indeed, ‘power-resolved’ spectra can provide excited state
resonance Raman spectra of systems, which have very short
excited state lifetimes. This approach is illustrated elegantly, in
the work of Caswell and Spiro in obtaining excited state rR spec-
tra of the complex [Ru(NH3)s(4,4’ -bpy)]zJr [62]. This complex
has a very short excited state lifetime (<10-230 ps, depending on
the protonation state) and hence when excited with a pulsed laser
with FWHM of, in the case referred to, 10 ns, TR3 spectra are
not obtainable. Nevertheless, if the pumping rate is sufficiently
high then a significant [detectable] proportion of the complex in
the electronically excited state is maintained and is given by Eq.
(13) [63]:

c* ki

- - 13
Co ki + kq (13
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Fig. 16. (Left) Power dependence (0.5-5 mJ) in the spectra of [(Ru(bpy)2)2(2,5—bis(5—methyl—triazo]ato)pyrazine)]2+ in H,O recorded in a single color (355 nm) TR?
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Chemical Society.

where C”* is the concentration of species in the electronically
excited state, C, the analytical concentration of the compound,
ki the pumping rate (k; = ® x (2.3 x 10%) x & x I,,, where @ is
the quantum yield of population of the excited state, & the molar
absorptivity of the ground state at the excitation wavelength and
1, is the intensity of the laser pulse in Einstein cm~2s 1) and kg
is the excited state decay rate.

5.2. Time-resolved resonance Raman

Time-resolved resonance Raman is an extension of the reso-
nance Raman and transient resonance Raman experiments. As
with TR? spectroscopy a pulse excitation source is employed
to generate an electronically excited state, which is then probed
using a second pulse of laser light. The second laser pulse is
accompanied by gated detection (i.e. the detector shutter is only
open when the second ‘probe’ pulse hits the sample) [64]. It is
essential, however, that the probe pulse is sufficiently weak so
as not to act as a ‘pump’ pulse itself.

There are two basic approaches to TR3, (i) single color
and (ii) two color. In the single color experiment a key prob-
lem is that during the cross-correlation time, i.e. when the
pump and probe pulses overlap, Raman scattering from the
pump pulse is detected as well as from the probe pulse.
Although subtraction of ‘pump only’ spectrum can remove
the contribution of the pump pulse, the subtraction is usu-
ally imperfect and subtle effects observed must be interpreted
with considerable caution. The second approach, i.e. the two
color approach, in principle avoids this problem as Raman
scattering from the pump pulse is sufficiently removed (spec-

trally) from the probe Raman scattering that it will not be
detected.

Frequently, in the literature what is referred to as time-
resolved resonance Raman spectroscopy, is in fact TR?—
transient resonance Raman spectroscopy. Prior to the advent
of picosecond and sub-picosecond excitation sources, the
overwhelming majority of investigations fell into this latter
category. A recent study on a pyrazine bridged binuclear
ruthenium polypyridyl complex provides an example where
both approaches, TR? and TR3, were applied to advantage [65].

The information obtained from deuterium labeling and TR?
studies on the dimeric complex [(Ru(bpy)2)>(2,5-bis(5-methyl-
triazolato)pyrazine)]?* (see Fig. 16) enabled assignment of the
lowest MLCT excited state as being pyrazine based. TR? stud-
ies of this complex were facilitated greatly by the electronic
properties of the complex, which exhibits a very strong ground
state absorption at 532 nm (the pump wavelength employed for
the two color TR? experiments) and very strong excited state
absorption at 354.5nm (the probe pulse wavelength). More-
over, the complex is photostable in aqueous media. TR spectra
enabled confirmation that the pyrazine anion radical Raman
bands decayed at a rate comparable to that of the luminescence
lifetime of the complex. Furthermore, the decay in excited state
signals and recovery of ground state signals was monotonic,
showing that no additional processes were taking place (Fig. 17).

5.2.1. TR’ in the picosecond—nanosecond region
Notwithstanding the discussion above, TR? can prove to be

a very informative technique in understanding systems which

show quite complex excited state dynamics. Before discussing
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(ca. 1073 M). Pump A =532 nm (10 mJ), probe A =354.67 nm (0.6 mJ). Spectra are normalized to 1398 cm~! feature (ground state vibrational mode). Reprinted with

permission from [65]. Copyright [2005] American Chemical Society.

transition metal based systems, however, it is appropriate to
highlight an aspect of photophysics which has a bearing on
Raman spectroscopy that is not always immediately appar-
ent. The relaxation processes which follow excitation to the
Franck—Condon state typically involve intersystem crossing
and/or internal conversion processes. However, equally impor-
tant is a process termed as vibrational relaxation or vibrational
cooling. This process involves the loss of considerable amounts
of vibrational energy to the solvent and hence the duration of
the process shows a solvent dependence [66]. The importance
of this process to TR3 cannot be overstated as during this pro-
cess the population of the excited state molecules in the lowest
vibrational state (v = 1) is very low. Hence, the earliest recorded
(picosecond timescale) resonance Raman spectrum of the lowest
excited state may not reflect the time taken to populate that state
from higher lying excited states. However, during this ‘vibra-
tionally hot’ period the intensity of anti-Stokes Raman scattering
is increased dramatically.

Although involving an organic system, an excellent exam-
ple of the complementarity of Stokes and anti-Stokes Raman
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spectroscopy can be found in the picosecond time-resolved
studies of the photochromic compound 1,2-bis(2,5-dimethyl-
3-thienyl)perfluorocyclopentene [67]. This photochromic com-
pound undergoes a 6m-electron ring closure reaction upon exci-
tation of the ‘open’ state. The rate of the ring closure processes
is generally accepted to be <4 ps [68]. However, the forma-
tion of the closed form detected by Stokes Raman spectroscopy
could indicate the process is much slower (up to 10ps, i.e.
the time taken for the Raman signal at 1550cm™! to reach
maximum intensity; Fig. 18(right)). The discrepancy between
transient absorption (TA) and TR data is rationalized by exam-
ination of the anti-Stokes Raman spectra, where a maximum
in intensity is observed between 3 and 5 ps. The delay in the
appearance of the Stokes Raman signals is therefore not due
to a slow ring closure reaction, but rather due to quite slow
vibrational cooling of the closed state itself. This example
highlights a key point in examining excited state processes—
comparison of timescales and effects should not be made
without consideration of practical aspects of the experiments
involved.
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Fig. 18. Picosecond time-resolved anti-Stokes (left) and Stokes (right) spectroscopy following the photochemical cyclisation of 1,2-bis(2,5-dimethyl-3-
thienyl)perfluorocyclopentene. Reprinted with permission from [67]. Copyright [2003] American Chemical Society.
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A recent example of the ability of TR to provide a deeper
insight into systems which undergo excited state dynamics (from
1 ps to 100 ns in duration) can be found in the study of the spin-
crossover systems [Fe(btpa)]** (btpa=N,N,N',N'-tetrakis(2-
pyridylmethyl)-6,6’-bis(aminomethyl)-2,2’-bipyridine) and the
predominantly low-spin species [Fe(b(bdpa))]2+ ((b(bdpa)
= N,N'-bis(benzyl)-N,N'-bis(2-pyridylmethyl)-6,6"-bis(amino-
methyl)-2,2’-bipyridine) in solution [69]. In contrast to the
pyrazine bridged binuclear ruthenium complex described
above, these systems were far from ideal candidates for TR3
experiments with relatively weak Raman signals being obtained.
Nevertheless, a considerable body of information regarding
the excited state dynamics of the complexes in solution could
be obtained on both picosecond and nanosecond timescales,
in particular regarding the low-spin, LS ('A), to high-spin, HS
(°T), electronic spin-state crossover transition. For the nanosec-
ond experiments, use of a probe wavelength at 321 nm, falling
within the m—7" transition of the polypyridyl backbone of the
ligands, enabled the investigation of vibrational modes of both
LS and HS isomers. The relaxation data from the nanosecond
studies, in agreement with earlier transient absorption data
[70], confirmed the biphasic spin-state relaxation in the case
of [Fe(btpa)]** and monophasic relaxation of [Fe(b(bdpa))]**.
The picosecond results suggested an early process, which was
complete within 20 ps, for both complexes.

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

In the previous section the application of Raman spectroscopy
to the study of electronically excited states was explored. In
particular, time-resolved resonance Raman spectroscopy has
proven to be a highly informative structural probe over a broad
time span, from milliseconds to picoseconds, covering much of
the range of interest for chemistry and biological chemistry. It
is clear that even in the picosecond time regime very detailed
information can be obtained both from anti-Stokes as well as
Stokes Raman spectroscopy. However, to probe the most inti-
mate details concerning early stage dynamics and structural
evolution of the nascent excited states requires investigations in
the sub-pico- and femtosecond time regime, where Raman spec-
troscopy encounters the pulse length—bandwidth limit imposed
by the Heisenberg Uncertainty Principle, which for practical
purposes [71] translates into the requirement of a Raman excita-
tion pulse duration of not less than ~1 ps, to maintain a Raman
spectral band resolution of ~10-15cm™!.

One of the most exciting recent experimental developments in
Raman spectroscopy, which ‘circumvents’ the uncertainty prin-
ciple, has been the introduction of femtosecond time-resolved
stimulated Raman spectroscopy (FSRS) [72-75]. Before dis-
cussing the details of the femtosecond stimulated Raman tech-
nique, several aspects of femtosecond coherence spectroscopy
(FCS) [76,77], which enables the investigation of molecular
vibrational oscillations on a sub-picosecond timescale, will be
discussed. An account of the historical development of coher-
ence spectroscopy, including reference to the earlier papers, is
contained in the review by Polanyi and Zewail [78]. The question

of sub-picosecond solvent dynamics in charge-transfer transi-
tions in the context of resonance Raman band intensities has
also been discussed [79].

6.1. Femtosecond coherence spectroscopy

Femtosecond coherence spectroscopy is a pump—probe tech-
nique that utilizes ultrafast laser pulses, shorter than the period of
nuclear oscillations in molecules. Somewhat akin to the chem-
ical relaxation approach used in the study of fast reactions,
developed by Eigen in the 1950s [80], the underlying concept in
FCS is to drive a sample out of equilibrium and then to follow
its damped oscillatory response in real time [81].

As pointed out in an illuminating review by Nelson and co-
workers [82], by working in the ‘impulsive limit’, i.e. the limit in
which the pulse duration is less than a single vibrational oscilla-
tion period, phase-coherent vibrational motion can be initiated
and monitored. The underlying basis of FCS is perhaps then a
natural, albeit innovative, development of the use of ultrashort
laser pulses. In the experimental strategy employed by the Cham-
pion group [81], pairs of laser pulses (each ca. 50 fs in duration)
are used to pump and probe the sample, enabling real time obser-
vation of ultrafast processes, including the initial phases of the
vibrational oscillations in the photoexcited species. Using this
approach, Champion and co-workers have been able to distin-
guish between what they describe as ‘field-driven’ processes
(in effect the Raman-active modes of the initially generated
Franck—Condon excited state) and ‘reaction-driven’ processes,
such as those involving electronic state surface crossings taking
place away from the initial FC state. Thus, they have been able to
detect and characterize in time-resolved fashion, low-frequency
vibrational modes in heme proteins associated, apparently, with
nuclear motion of the core of the porphyrin macrocycle [77].
The ability of FCS to distinguish ‘field-driven’ from ‘reaction-
driven’ processes [81] was demonstrated more strikingly by the
same group in studies of coherent vibrational oscillations in
myoglobin, with the observation of an iron-histidine stretch-
ing mode in deoxymyoglobin, Mb, at 220 cm™!. This mode is
not active in the resonance Raman spectrum of MbNO, but is
close to that observed in the rR spectrum of the deoxy-Mb,
providing strong evidence that the FCS signals observed are
generated by the electronic state changes accompanying ligand
(NO) dissociation [76,83]. This work demonstrated a further
advantageous feature of FCS also, namely its ability to probe
low wavenumber vibrational modes, which would be too close
to the Rayleigh line for detection by conventional time-resolved
Raman methods. One other fascinating result highlighted by
Champion et al. [83] is the extremely short timescale (much less
than 150 fs) for the development of the (S =2) high-spin product
state of the iron atom in Mb from the initial unphotolyzed state
(§=0) of the six coordinate Mb—NO species. This is relevant
to the related topic of electronic spin-state crossover in Fe(Il)
complexes, where there is growing experimental evidence of
the §=2 — §'=0 transition occurring on a similar femtosecond
timescale [89].

Thus, the technique can, in a number of instances, compete
effectively with Raman spectroscopy. Indeed Champion and co-
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workers [81] have pointed out that FCS can be regarded as a time-
domain analogue of Raman spectroscopy, in that the Fourier
transform of the time-domain signal recovers a wavenumber
‘energy-domain spectrum’ that maps directly onto the traditional
Raman spectrum. This mapping was illustrated by comparison of
the ordinary Raman spectrum of fenchone (illustrated in Fig. 19
among other examples) with the coherent vibrational oscillations
in the same liquid observed by FCS and analyzed to yield the
power spectrum, analogous to a Fourier transform amplitude
spectrum. Close agreement was found for the modes observ-
able by FCS (limited by the bandwidth of the femtosecond laser
pulses used).

6.2. Stimulated Raman spectroscopy

The concepts underlying stimulated Raman scattering have
been considered in Section 3.2 in the context of the CARS tech-
nique, in which although the Raman scattering is coherent and
much more intense than spontaneous (and incoherent) Raman
scattering, the limitations of spectral and time resolution asso-
ciated with the uncertainty principle still remain.

To address these problems the use of femtosecond stimu-
lated Raman spectroscopy has been proposed by several groups
[72,73,75]. In the detailed experimental approach described by
the Mathies group [84] the FSRS technique enables the acquisi-
tion of resonance Raman spectra overa 1500 cm ™! window (vide
infra), free from interference from fluorescence, with simultane-
ous high time (<100 fs) and frequency (ca. 15 cm™!) resolution.
The principles underlying the approach can be appreciated from
Fig. 20 [72].

(a) 2 3
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2 /Wn Pumz

t;

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-
mined by the bandwidth of the Raman pump (~15 cm™!). The collected Raman
spectrum extends from 600 to 2100 cm™!. The limiting time resolution is deter-
mined by the cross-correlation of the actinic pump and Raman probe pulses
and is typically ~80fs. Reproduced from [72] with permission of American
Chemical Society (2003).
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As can be seen from the figure, following photochemical ini-
tiation by a femtosecond (ca. 50 fs duration) pump (referred to
as the ‘actinic’ pulse), two further laser pulses arrive simultane-
ously at the sample to drive the Raman transition: a picosecond
‘Raman pulse’ and a femtosecond broadband continuum ‘probe
pulse’ that stimulates the scattering of any vibrational modes
with frequencies between 600 and 2100 cm™'. The latter range
corresponds to the spectral limits of the probe pulse contin-
uum generated in sapphire by the pump laser [84]. In effect,
the experiment is operating at the ‘impulsive limit’ discussed
earlier and enables the acquisition of very high time-resolved
vibrational structural information that is not accessible to the
incoherent, spontaneous Raman technique. The reliability of
FSRS has been tested in several respects, such as its performance
in fluorescence rejection in recording Raman spectra of fluores-
cent dyes and in time-resolved investigations, by applying it to
probe ultrafast internal conversion in (3-carotene and demon-
strating that S»>—S; internal conversion occurred within 160 fs
[72]. Much more recently the technique has been used to inves-
tigate the temporal sequencing of the geometric changes which
occur in retinal within 200 fs of photoexcitation of rhodopsin
[85]. In a revealing commentary [86] on this work, Champion
notes that the experiment ‘works’ (i.e. there is no violation of
the uncertainty principle) because the “gating” of the Raman
coherence is controlled by changing the time delay between the
photochemical (‘actinic’ in Fig. 20) pump and the broadband
probe, thus allowing the dephasing time window to be moved.
{Vibrational dephasing refers to the process whereby interac-
tion of the excited species with the environment destroys the
phase coherence of the system but leaves it in the original (i.e.
unrelaxed) quantum state. Vibrational relaxation is a distinct
process. The latter process and dephasing both contribute to the
homogeneous linewidth [87].} This means that the rapid struc-
tural dynamics following excitation of the retinal chromophore
to photorhodopsin and its decay to bacteriorhodopsin can be
monitored.

It is clear that studies of this type are capable of provid-
ing much more detailed insight into how molecules, particu-
larly those involved in photobiological processes, can channel
the energy efficiently from initial photoexcitation into ultrafast
structural changes. It is likely therefore that this very recent
development will see application in many more areas in the
future, including photoinduced heterogeneous charge injection
and ultrafast energy transfer in molecular systems.

7. Conclusions and outlook

As stated at the outset, the primary intention of the present
review is to provide an introduction to the basic principles under-
lying Raman and resonance Raman spectroscopy and to provide
some illustrations of the power of these and more recently
developed Raman-associated techniques for probing both elec-
tronically excited states and complex ground state processes in
dynamic systems, especially where metal centers are involved.
The pace of progress over the last 20 years can perhaps be appre-
ciated from the title of a recent paper by Ishii and Hamaguchi
[88]:

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

This paper demonstrates both the level of sophistication
achievable in Raman spectroscopy and also the modular nature
of the techniques employed. The rapid technical developments
with regard to instrumentation, not least in terms of detectors
and laser sources, as well as the innovative and lateral thinking
of spectroscopists, in addition to the rapid parallel advances in
computational DFT techniques [48] will no doubt ensure the
continued rapid expansion in all areas of (resonance) Raman
spectroscopy.
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