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We consider the information that can be obtained from time-resolved
photoelectron spectroscopy studies of intramolecular vibrational energy
redistribution (IVR) in excited states of molecules, focusing on picosecond
time-resolved studies of IVR in the intermediate regime. We show that
time-resolved measurements may tell us as much about the experimental
conditions as they do about the dynamics under examination. We show that
carefully controlled picosecond time-resolved photoelectron studies are becoming
feasible and that these, combined with robust calculations of Franck—Condon
factors, may point the way forward in the quest to understand excited state IVR.

Keywords: intramolecular vibrational energy redistribution; photoelectron ima-
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1. Introduction

Isolated molecules in excited electronic states can undergo a number of competing
dynamical processes: predissociation, intramolecular vibrational energy redistribution
(IVR), internal conversion and intersystem crossing. These processes in turn compete with
fluorescence. An understanding of this whole system of interconnected dynamics is not
only of fundamental importance in our understanding of the dynamics of unimolecular
reactions, but also underpins the photochemistry of vision, photosynthesis and
atmospheric reactions. In this review we concentrate on the application of time-resolved
photoelectron spectroscopy to the study of IVR which is the name given to the generic
process by which energy relocates from a particular vibrational mode of a molecule into
other vibrational modes, with no loss of total energy. There have been a number of recent
reviews of the technique of time-resolved photoelectron spectroscopy [1-3] but whereas the
others have concentrated on femtosecond time resolution, the focus of the present review is
on information that can be obtained when using laser pulses of 1 picosecond in duration.
This timescale leads naturally to the study of IVR of small polyatomic molecules in the
so-called intermediate regime, in which recurrences of localized vibrational motion can be
expected, as opposed to a statistical redistribution of energy.

Although the intramolecular dynamics of molecules in excited states have been a
subject of scientific investigation for decades, in most studies the resulting data provide
only lifetimes with no insight into the mechanism of energy redistribution. In our work we
have shown that even these lifetimes are very dependent on the manner in which the
excited state is prepared [4], and carefully controlled studies are therefore badly needed.
This situation is in marked contrast to that pertaining to studies of intramolecular
dynamics in prepared levels in the electronic ground state of a number of molecules, from
which enormous detail has been obtained through frequency-resolved studies enabling the
observation of individual eigenstates [5,6]. The difference in the state-of-play for the
ground and excited state studies reflects the facts that (i) frequency-domain studies with
eigenstate resolution over energy regions of chemical interest in excited states are difficult
to perform, and (ii) most time-domain studies lose information concerning the role of
individual vibrational motions. As explained later in this review there are advantages and
disadvantages of performing eigenstate-resolved and femtosecond time-resolved studies of
IVR. Here we make the case for an experiment which represents a compromise between
these two extremes. In such an experiment the time and energy resolution of the
experimental probe of the dynamics is sufficient to identify the time-dependent vibrational
populations on a timescale significantly shorter than the IVR lifetime. This becomes
feasible when laser pulses of ~1 ps duration (~15cm~" bandwidth) are employed if the
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resolution of the IVR probe is determined by the laser bandwidth and not by artefacts of
the detection method. However, we also demonstrate the necessity of performing multiple
experiments in which the effect of varying aspects of the preparation step are studied, and
in which key comparisons are made.

We begin this review with an explanation of the key concepts in IVR and go on to
discuss how time-resolved photoelectron spectroscopy can be used as a probe of IVR
dynamics. We consider the pros and cons of different methods of photoelectron
spectroscopy, and the factors which affect the observations made. Finally, we discuss
some recent results concerning IVR in substituted toluenes and point out the questions
that still remain.

2. The concept of IVR

Inherent in the concept of IVR is the assumption that molecules can be satisfactorily
described as ‘balls and springs’, and that within this model ‘states’ can be invoked that
evolve in time. The reality must always be that molecular energy levels are accurately
represented by the true solutions of the full Schrédinger equation, that the resulting
eigenstates are orthogonal and therefore uncoupled, and that time dependence can only
result if a superposition of eigenstates is prepared. However, comfort and chemical
intuition, not to mention the possibility of computational success, are to be drawn
from the Born—Oppenheimer and normal mode separations and their consequences.
These consequences include such necessary evils as coupling, perturbations, and the
time-dependence of eigenstate superpositions that are nominally considered to be ‘states’.
Throughout this review the word ‘state’ will be used to indicate a superposition of
eigenstates that results from the assumption that we can use the Born—Oppenheimer
separation, and invoke separable vibrational modes.

In this section we consider the situation that results when states are anharmonically
coupled to each other. However, the points deduced at the end of the section apply equally
well when other kinds of coupling are significant. The essence of IVR is shown in Figure 1
which illustrates the simplest case of a Fermi resonance. Because neither the molecular
rotational angular momentum, nor its projection in the molecular frame can change as a
result of anharmonic coupling, the inclusion of molecular rotation does not increase the

Eigenstate 2
Bright state Ib> apolb> + agold>
(accessible on photoexcitation)

Dark state |d>
(inaccessible on photoexcitation)

Eigenstate 1
ap¢lb> + ayqld>

Figure 1. Schematic of the energy level scheme pertaining to a Fermi resonance; the simplest
situation that gives rise to IVR.
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number of coupled levels in Figure 1 which can be considered to be the picture resulting
for any given defined rotational state. The bright and dark states in the Figure are
harmonic vibrational levels in an excited electronic state, each associated with a
specified normal mode. An optical transition to the bright state from the ground
electronic state is allowed by symmetry and has a significant Franck—Condon factor. An
optical transition to the dark state is either symmetry forbidden or has a negligible
Franck—Condon factor.

The bright and the dark state are coupled to each other by anharmonicity to give two
eigenstates both of which therefore have some bright and some dark state character. In an
eigenstate-resolved experiment, ecach of the two eigenstates can be separately prepared and
no time evolution can occur. In order for time evolution to occur the excitation
bandwidth must be sufficient to encompass the two eigenstates; the short laser pulses used
in time-resolved studies mean that the preparation of such superpositions is the norm.
In this instance, the superposition of eigenstates at time zero resembles the bright state,
and a dark state signature appears as time goes on. In the simple two-level example given
in Figure 1 an oscillation of intensity could be observed with a period that is inversely
dependent on the eigenstate energy separation if a suitable experiment were performed
(see later).

The typical IVR scenario would involve the generalization of Figure 1 to an n-level
situation with one bright state and n — 1 dark states which are coupled to the bright state
by anharmonicity. If the bright state and dark states give rise to only a few eigenstates that
are simultaneously prepared then recurrences can be observed. If, however, the bright state
is composed of many eigenstates then the statistical regime is accessed and energy flows
irreversibly away from the bright state. The energy redistribution ‘mechanism’ is
determined by the coupling matrix elements between the bright state and the various
dark states, and the magnitudes of these coupling matrix elements provide chemical insight
via the deduction of the routes through which energy can flow. Therefore, studies of
mechanisms of intramolecular energy redistribution seek to identify the dark states
and determine the coupling matrix elements. Even better is the observation of
the time-dependent population of all possible dark states as this gives insight into the
‘critical’ couplings that facilitate the loss of energy from the bright state via so-called
‘doorway states’.

Some important lessons that are equally applicable to the many level case can be
learned from examination of Figure 1.

(i) Time dependence can only be observed if the bandwidth of the light in the
excitation process is sufficient to encompass more than one molecular eigenstate.
In other words, an absence of time dependence does not necessarily mean that
there is no IVR.

(i) If more than one bright state is encompassed by the bandwidth then time
dependence can result that is unrelated to IVR (this is analogous to the
preparation of a vibrational wavepacket in a diatomic molecule — see below).! The
measurement of an absorption spectrum with a bandwidth narrow enough to
selectively excite individual bright states is needed to guard against this.

(iti) The time dependence observed will only reflect the full IVR process if the
bandwidth is sufficient to encompass a// of the eigenstates arising from the bright
state and any dark states to which it is coupled.
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(iv) If the excitation bandwidth is sufficiently narrow to resolve individual eigenstates
(this would necessitate resolving rotational levels) then no time dependence can be
observed, but IVR can be inferred from the eigenstate energies and intensities in
the absorption spectrum.

It will be clear from the above that experiments that are intended to probe IVR processes
need to be carefully conceived and the results carefully interpreted. Undoubtedly,
eigenstate-resolved experiments are the ‘safest’ to interpret. However, these experiments
are hugely difficult to perform on excited states, and the mass of resulting lines in the
spectrum do not naturally map onto a simple chemical picture. Thus, most studies have
concentrated on the situation when single eigenstates cannot be resolved, with the
exception of the pioneering work of Pratt and coworkers [7].

Generally, experiments that have been used to study IVR in excited states fall into two
camps: dispersed fluorescence [8,9] and photoelectron spectroscopy [10-12], either of
which can be performed in a time-resolved or non-time-resolved fashion. In these
experiments the IVR process will cause different vibrational levels in the ground state
(dispersed fluorescence) or ion (photoelectron spectroscopy) to be populated, and thus
a Franck—Condon fingerprint of the contributing dark states can be observed which is
time-dependent. This time dependence can be used to extract an IVR lifetime or rate [13],
and in principle the dark states populated as a function of time can be identified from their
Franck—Condon fingerprint. In such experiments scientists must take great care to
understand exactly what they have prepared, what their measurements imply, and how
they can be realistically compared with other measurements.

3. Prototype experiment

Over the last few years, the use of time-resolved photoelectron spectroscopy as a probe of
excited state dynamics has been gaining momentum worldwide [1,2,3,14]. The technique is
powerful in that (i) the kinetic energies of the photoelectrons provide information on the
internal states of the ion formed, which in turn reflect the levels populated in the excited
state, (ii) ionization is a universal detection method for excited state species, and (iii) such a
‘pump—probe’ technique gives a well-determined and controllable time-delay between the
preparation of the initially prepared ‘bright state’ (by the pump pulse) and the moment of
interrogation (by the probe pulse).

An opportunity to illustrate the prototype time-resolved photoelectron spectroscopy
experiment, that also provides a simple illustration of the fact that the observation of time
evolution of an initially prepared state does not necessarily imply IVR, is given by the
preparation of a vibrational wavepacket in an excited electronic state of a diatomic
molecule [15,16]. In this instance there are no selection rules controlling the vibrational
states that can be prepared, i.e., all the states lying within the bandwidth are bright. In a
typical experiment a superposition of excited state vibrational eigenstates ¢,, each with
energy E,, would be prepared with a femtosecond laser pulse. This causes the expectation
value of the displacement (x) of the bond length in the excited state from its equilibrium
value to oscillate according to:

(x) =Y draneEEN B, x| ,,). )

nm
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This time evolution is caused by an evolving phase relationship between the eigenstates
forming the initially excited superposition, with the contribution of each eigenstate
weighted by the relevant Franck—Condon factor and the light intensity at the frequency
required to prepare it; these two factors give rise to the values of the coefficients a, in
Equation (1). According to Equation (1) oscillations will occur indefinitely; in practice of
course they will gradually decay as the excited state radiates. In order to observe this
oscillation a second femtosecond laser pulse can be used to ionize the molecule after a
defined time delay; this is illustrated in Figure 2. If a fortuitous relationship between the
potential energy curves of the excited state and the ion exists, as in Figure 2, a time
evolution can be observed in the intensity of ions or photoelectrons produced. Just as the
Fermi resonance discussed above provides a prototype for the IVR process, the diatomic
wavepacket provides a prototype for an experiment that can be used to probe IVR and
gives us further insight into the origins of time evolution.

In IVR processes time evolution can also be explained by an evolving phase
relationship between eigenstates, but because those eigenstates can be considered to result
from couplings between states the phase evolution promotes the redistribution of energy
around the molecular framework, sometimes irreversibly. In addition, whereas in the
diatomic vibrational wavepacket case a set of bright states is prepared within the excitation
bandwidth, in time-resolved IVR studies ideally only a single bright state is prepared, with
other harmonic vibrational levels lying within the bandwidth being inaccessible to optical
excitation. In this instance, if one can be certain that only a single bright state was
prepared, then the observation of any time evolution must be a consequence of IVR.

T

ionization

potential energy

excitation

bond length

Figure 2. Schematic of an experiment that can be used to probe a vibrational wavepacket that has
been formed in an excited state of a diatomic molecule.
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Rotational selection rules dictate that a single bright state will in fact be composed of more
than one rotational state in the form of a rotational wavepacket. However, because the
evolution of this wavepacket will not affect the Franck—-Condon factors connecting the
bright state to vibrational levels in another electronic state this will cause neither
photoelectron spectra nor dispersed fluorescence spectra to evolve in time. Evidence of the
existence of the rotational wavepacket can however be found by using other measurements
as explained in Section 5.

4. Photoelectron methods

Much of the activity in time-resolved photoelectron spectroscopy has been precipitated by
developments in femtosecond laser technology, as well as in photoelectron imaging
methods. The reasons for the success of imaging techniques are the ease of measurements,
the excellent collection efficiency, and the fact that photoelectron angular distributions are
simultaneously acquired at no extra cost. Femtosecond time-resolved experiments have an
energy resolution that is limited by the bandwidth of the laser pulses (typically ~100cm™")
which rarely allows for the resolution of individual vibrational levels and is well matched
by the resolution typically achieved in photoelectron imaging. However, in the experiment
we considered at the start of this article laser pulses would be sufficiently short to monitor
dynamics in real time, and yet have sufficiently narrow bandwidth (~15cm™") to enable
vibrational resolution of the ion formed. In order to take advantage of the narrow
bandwidth it is necessary to employ a method of photoelectron detection with resolution
approaching the bandwidth. In what follows we focus on the information that can be
obtained from different methods of photoelectron spectroscopy when applied to time-
resolved studies. The reader is referred elsewhere for details of the techniques [1].

4.1. ZEKE

The photoelectron method with the ultimate resolution is ZEKE, as originally developed
by Miiller-Dethlefs and coworkers [17]. In ZEKE spectroscopy of excited states a pump
laser is used to prepare an initial level, and a probe laser is tuned to be resonant with an
ionic internal energy level. Those electrons formed at threshold (or actually those electrons
that result from the field-ionization of high lying Rydberg states [18]) are then extracted by
an electric field and detected as a function of the probe laser frequency. The resolution of
the technique is limited only by the laser bandwidth, however its disadvantages are that
(a) the experiments are extremely time-consuming compared with other methods of
photoelectron spectroscopy, (b) it is necessary to have a probe laser that can be scanned
over the region of interest, preferably with no change in intensity, and (c) only those
electrons formed at threshold can be used as a probe. The first two disadvantages limit the
range of cation energies that can realistically be studied, and are even more severe in
time-resolved studies. As a consequence, very little work has been done which employs
time-resolved ZEKE. Some pioneering work using this method to study IVR was
undertaken by Knee and coworkers who used laser pulses of ~10-15 ps duration to study
IVR in p-difluorobenzene [19] and fluorene [20], and in the anline-CH,4 van der Waals
complex [21]. In Figure 3 we show a ZEKE spectrum measured by Knee and coworkers
following excitation of a vibrational level in fluorene that is at 834cm ™' above the S,
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origin with a 10ps laser pulse with a bandwidth of 6cm™', and ionization with a 10 ps
laser pulse that is overlapped in time. The resolution obtained is limited only by the laser
bandwidth, enabling vibrational structure to be clearly seen. In this experiment
time-resolved measurements were made by fixing the probe laser to a single wavelength
corresponding to a peak in Figure 3 and monitoring the ZEKE signal as a function of time
delay; it was not possible to measure ZEKE spectra over significant cation energies at cach
time delay. Despite the fact that the field has been left relatively unexplored since the initial
work, ZEKE is an important technique to have available because its exceptional resolution
can enable it to reveal information that is hidden to other methods. In the future its main
power in this area is likely lie in its use as a complementary technique to velocity map
imaging (see next section) where it can provide a high-resolution picture of a narrow range
of cation energies that have been previously been revealed to be of dynamical interest.

4.2. Velocity map imaging

Velocity-map imaging (VMI) of photoelectrons has gained enormous impetus since its first
demonstration by Eppink and Parker [22]. Although more sophisticated methods that
enable the position sensitive detection of photoelectrons have since been, and continue
to be, developed with the aim of improving the information available on the full
three-dimensional photoelectron distribution [23,24], VMI continues to be popular
because of its ease of use and its excellent collection efficiency. The resolution of VMI
depends on the number of pores in the microchannel plate detector, the resolution of the
camera used to record the image, the size of the image, and the total energy, E,
available to the photoelectrons. The state-of-the-art resolution is quoted in the literature as
AE/E=0.38% [25], and thus with a photoelectron kinetic energy of 2000 cm ™" it would be
in principle possible to resolve features lying further than ~10cm™' apart if the
laser bandwidth were less than this. However, most experiments are far from this
state-of-the-art, with AE/E=15% being more common in practice. In a typical VMI
experiment in which an excited state is prepared and ionized the pump and probe
wavelengths will be the same, constraining £ and therefore limiting the achievable energy
resolution (but see Section 4.3). In femtosecond time-resolved experiments this does not

800 900

ion internal energy/cm‘1

Figure 3. Picosecond ZEKE spectrum of fluorene, see text. Reused with permission from
J. M. Smith, J. Chem. Phys., 93, 4475 (1990). Copyright 1990, American Institute of Physics,
Ref. [20].
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present much of a disadvantage because the laser bandwidth will often be the absolute
limit on resolution. The use of VMI in femtosecond time-resolved photoelectron
spectroscopy was pioneered by Suzuki and coworkers [26], and the first example is
shown in Figure 4. In this study Suzuki and coworkers used laser pulses of ~400 fs
duration to prepare pyrazine in its S; electronic state and observed the dynamics of
intersystem crossing [26]. For the purposes of following intersystem crossing processes
the resolution afforded by the VMI technique is clearly appropriate. In this instance it can
be seen that the full width at half maximum of the narrowest peak in the spectrum
is around 50meV, or 400cm™" and the resolution is limited by the detection method.
Femtosecond time-resolved VMI has been successfully applied to the study of energy
redistribution processes in neutral molecules [12,26,27], and in anions [28,29], and in
some of these studies photoelectron angular distributions have also been analysed, see
Section 5. However, we note that the photoelectron spectra obtained have insufficiently
good resolution to enable the characterization of dark vibrational states that may have
been populated by IVR; such resolution is generally precluded by the laser bandwidth.

4.3. SEVI

Neumark and coworkers [30] have adapted a method known as ‘slow electron velocity
imaging’, which was pioneered by Vrakking and coworkers [31], to high-resolution
photoelectron spectroscopy over an extended energy range. This technique is a
compromise between VMI and ZEKE, borrowing advantages and disadvantages from
each, and relies on reducing the total available energy E to make AE/E as small as
possible. In its simplest form, SEVI is a two-colour version of VMI, i.e. the wavelengths of
the pump and probe laser beams are different from each other. This enables the probe
wavelength to be chosen to generate slow electrons associated with an ion internal energy
state of interest. The image of these electrons is then expanded to fill the detector by the
choice of appropriate voltages, so that the number of pixels separating each photoelectron
peak is maximized. Unlike in ZEKE the probe wavelength is not scanned, but in the

T = = 1
0 200 400 600 800 1000

photoelectron kinetic energy/meV

Figure 4. Femtosecond photoelectron VMI spectrum at four different time delays: Solid line 0.3 ps,
dotted line 30 ps, dashed line 200 ps, dash-dot 500 ps. The two main peaks on the left-hand side
correspond to triplet states of the neutral whereas the peak on the right-hand side corresponds to
the prepared S, state. Reused with permission from T. Suzuki, J. Chem. Phys., 111, 4859 (1999).
Copyright 1999, American Institute of Physics, Ref. [26].
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adaptation of SEVI by Neumark and coworkers it is stepped in order to focus on each ion
internal energy state, and the resulting spectra corresponding to each probe wavelength are
combined to give the full spectrum. Thus, the experiments fall between VMI and ZEKE in
terms of the length of time they take to perform and the resolution obtained, while still
retaining good collection efficiency and angular information. They also have the
advantages that (i) in situations where the molecule can be ionized with two photons at
the pump wavelength a ‘one-colour’” VMI experiment can be performed initially with no
changes to the apparatus, and (ii) the excess energy can be chosen, unlike in ZEKE where
only threshold electrons are detected. In Figure 5 we show an example of the improvement
in resolution that can be obtained by using the SEVI technique for just a single probe
wavelength [32]. The photoelectrons produced have a maximum of 5240cm™' kinetic
energy in the VMI spectrum and 2240 cm ™' in the SEVI spectrum, and the peak widths in
the spectrum reduce accordingly by at least a factor of 3. As we show in Section 7.4 the
SEVI technique is beautifully matched to the needs of our ‘ideal’ experiment.

5. PADs

In the velocity map imaging method, or its SEVI variant, the measurement of a
photoelectron angular distribution (PAD) [33] occurs automatically. Time-resolved
photoelectron angular distributions have been shown to be powerful probes of the
dynamics of photodissociation [23, 34], intersystem crossing [26,35] and internal
conversion [36], and have also been used to monitor the evolution of a pure rotational
wavepacket [37,38], in a version of rotational coherence spectroscopy [39]. In general,
time-resolved PADs are expected to yield useful information when either a molecule is
undergoing a transition between states of different symmetry, or when changes in
molecular alignment provide a probe of a dynamical process [40]. In the case of IVR, the
time evolution of molecular alignment can, in principle, be used to diagnose the

0 1000 2000 3000 4000 5000
ion internal energy (cm‘1)

Figure 5. Comparison of the VMI (upper trace) and SEVI (lower trace) methods of photoelectron
spectroscopy. The spectra are taken using 1 ps laser pulses to excite p-fluorotoluene to its 7a' level
in S; and 1 ps laser pulses to ionize (see text).
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involvement of Coriolis coupling in the redistribution process [41—44]. This is expected
because the conservation of total angular momentum leads to a change in its molecular
frame projection when the Coriolis interaction of vibration and rotation occurs. This in
turn means that although the laboratory frame projection of the total angular momentum
(and therefore the angular momentum alignment in space) remains fixed, the molecular
axis alignment changes as a consequence of the Coriolis interaction. Therefore any
observable that is sensitive to molecular axis alignment, such as fluorescence polarization
[42] or PADs [42—44] should in turn be sensitive to Coriolis coupling. However, it has been
observed that in the aromatic molecules most favoured for studies of excited state IVR
PADs are typically close to isotropic and show little if any dependence on pump—probe
time delay [12,45]. The reasons for this are likely to be a combination of the relatively small
alignment it is possible to create following a one-photon s7—z* transition involving a
benzene ring, and the relative insensitivity of the photoelectron wavefunction to molecular
alignment when the electron is ejected from an aromatic #* orbital. However, in a
pioneering fluorescence polarization study Nathanson and McClelland demonstrated a
sensitivity to Coriolis coupling when only a small alignment was prepared on excitation
[46], and so it seems likely that it is the ionization dynamics that limit the sensitivity of
PADs to alignment. In a further complication, there is now evidence that a number of
small aromatic molecules show shape resonance behaviour near threshold which causes
the PADs to depend strongly on the electron kinetic energy [45,47]. The handful of
molecular systems in which a strong alignment sensitivity has been observed all involve the
ejection of electrons from non-bonding, localized bonding, or Rydberg orbitals, or from
anions. However, with developments in laser technology the study of an increasing number
of molecular systems is becoming tractable, and in the future it is likely that time-resolved
PADs will be shown to hold useful dynamical information for some systems.

6. Factors influencing the observations made in time-resolved photoelectron spectroscopy
studies of IVR

6.1. Preparation method

In Figure 6 we illustrate a scenario in which strongly and weakly coupled levels contribute
to an IVR process. In this scenario a narrow excitation bandwidth would cause no
time-evolution, but would be sensitive to the coupling of two harmonic oscillator levels.
A broader excitation bandwidth would enable the preparation of a time-varying
superposition, but the time variation would only reflect weak coupling. Only if the
excitation bandwidth were sufficiently broad to prepare the two levels resulting from the
strong coupling of n and m would any observed time behaviour reflect the true IVR
situation. Thus, the excitation bandwidth is crucial and will affect the experimental
observables. We also note that the frequency profile of the excitation laser beam will have a
bearing on what can be observed as it will determine the (time-independent) population of
each molecular eigenstate. It is also worth mentioning that at high photon density, as well
as the possible effects of saturation, power broadening and the absorption of multiple
photons, it is possible that the rate of ionization will exceed the rate of energy
redistribution in the molecule, even if the laser pulses are longer than the redistribution
lifetime. Therefore the time resolution of the experiment is not necessarily determined by
the laser pulse duration.
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strong coupling of
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can detect signature detect changes in time that
of levels nand m show the signature of the

v weakly coupled levels
A4

Figure 6. Schematic to illustrate that strongly coupled levels may not give rise to time dependence.

6.2. Detection method

It is clear from Section 4 that different methods of photoelectron spectroscopy have very
different resolution. This in turn affects the dynamics that can be revealed in a given
experiment. In an experiment in which the ultimate resolution is not limited by the laser
bandwidth it is worth comparing the photoelectron spectra that would result from
different techniques, as shown for example in Figure S above. As well as features in spectra
being masked by poor resolution, artefacts can also result. In Figure 7 we show an example
of a comparison between ZEKE and VMI photoelectron spectra of the same two S; bands
in p-fluorotoluene, in this case in a nanosecond experiment. In such an experiment
congestion is used as a diagnostic of IVR. However, from Figure 7 it can be seen that
whereas the VMI spectrum suggests a congested photoelectron spectrum for both bands,
the ZEKE spectrum only shows congestion for one of the two. This constitutes another
‘health warning’ for the field of time-resolved photoelectron spectroscopy.

7. IVR in substituted toluenes

In this section we draw together the results of some of our studies, and those of other
groups, on our test case molecule, p-fluorotoluene (pFT) and some of its cousins, and
relate what we have found to the points made above. Our interest in p-fluorotoluene (pFT)
and toluene was originally inspired by the work of Parmenter and coworkers whose studies
implicated the torsional motion of the methyl rotor in pFT as an accelerator of IVR in this
molecule, relative to p-difluorobenzene (pDFB) [48—50]. In principle, the hindered rotation
of the methyl group in pFT and other such molecules can complicate the simple picture of
IVR shown in Figure 1 because of the interaction between the methyl group and the
benzene ring. However, the torsional barriers in such molecules are generally low
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Figure 7. Comparison of (a) ZEKE with (b) VMI following the preparation of two levels in S,
p-fluorotoluene; 13! (left panel) and 7a' (right panel) with a 5 ns laser pulse. Reused with permission
from C. J. Hammond, J. Chem. Phys., 125, 124308 (2006). Copyright 2006, American Institute of
Physics, Ref. [4].

Table 1. Torsional barrier heights of some substituted toluenes. Vy is the
barrier to 6-fold rotation, and V3 is the barrier to 3-fold rotation.

Molecule Torsional barrier height Reference

Toluene |Vl =26.4cm™! [7]

o-Fluorotoluene V3 =218cm™! [60]
|Vl =13.8cm™!

m-Fluorotoluene V3 =123.7cm ™! [60]
Vsl =26.4cm™!

p-Fluorotoluene |Vel=33.7cm™" [60]

D; p-fluorotoluene |Vel =252cm™" [52]

(see Table 1), and for energies above the barrier the methyl group acts as a free rotor with
no interaction with the benzene ring. A simple expectation therefore is that there should be
a relationship between the torsional barrier height and the rate of IVR following the
deposition of energy into modes affected by the torsional motion. Such a relationship was
indeed established by Perry and coworkers for a set of small molecules [51], but they found
that IVR was faster following the deposition of energy into a vibrational mode near to the
centre of flexibility when the torsional barrier was low. On the other hand, Borst and Pratt
[7] found that in the case of S; toluene such a relationship was inconsistent with details
of the rotational structure and proposed that a hyperconjugative effect caused an
acceleration of IVR in this system. Neither of these studies explicitly considered any mode
dependence of the IVR rate. From the previous sections of this review it will also be clear
that great care has to be taken to fully understand the influence of the experimental
conditions on the observations that are made to ensure that comparisons are valid.
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Table 2. IVR lifetimes deduced from experiment following the preparation of the 7a' CF stretching
mode in S p-fluorotoluene.

Deduced
Excitation IVR
Temperature bandwidth Detection method lifetime  Reference
300K 2em™'  Dispersed fluorescence/chemical timing 15ps [50]
20K 5ecm™'  Gated dispersed fluorescence 00 [9]
20K 20cm~'  Time-resolved photoelectron spectroscopy/VMI 26 ps [12]
20K 20cm™!  Time-resolved photoelectron spectroscopy/SEVI 19 ps [32]

7.1. Experimental variables

There have been several studies of IVR following the preparation of the 7a' level in S,
pFT, where 7a is a CF stretching mode at ~1200cm™', and this provides a useful
benchmark for comparison. The results of these experiments are summarized in Table 2.
In the experiments of Parmenter and coworkers dispersed emission was monitored
following the technique of ‘chemical timing’ in which a quencher gas at varying pressures is
used to limit the excited state lifetime of molecules in a bulb at 300 K, enabling them to
make a crude determination of an IVR lifetime of 15ps [50]. Zewail and coworkers [9]
studied time-resolved dispersed fluorescence decays of a jet-cooled sample of pFT and
found no discernible redistribution following the preparation of levels up to 1600 cm ™!
using laser pulses of 5cm™' bandwidth and a detection time resolution of 300 ps. Zewail
and coworkers attributed the discrepancy between their work and that of Parmenter
and coworkers to the difference in temperature of the sample. In our own work we used
a jet-cooled sample and deduced an IVR lifetime of 26 ps from picosecond time-resolved
photoelectron spectra [12,32], using the kinetic formalism developed by Parmenter [13].
It will be clear from Table 2 that the lifetimes deduced by Parmenter’s group and our
group are in reasonable agreement, but that they are in severe disagreement with the
observations of Zewail and coworkers. It is difficult to attribute this disagreement to one
cause because there are several variables which have been changed, see Table 2.

7.2. Structural modifications

In pursuing details of the IVR mechanism, systematic modification of the molecular
structure is expected to give valuable information when the same vibrational state is
prepared. Preliminary work in this direction was undertaken by Moss and Parmenter who
compared the IVR lifetimes following the preparation of the S; 7a' level in pFT with that in
D3-pFT [52], and also with that in m-fluorotoluene (mFT) [53]. It was found that
deuteration decreased the IVR lifetime only by about a factor of 2 relative to pFT when
comparable energies were studied, an increase rather less than would be predicted from the
increased density of states that results from the presence of the heavier atoms. However,
the IVR lifetime was decreased by a factor of twelve when the fluorine was in the meta
compared with the para position. They rationalized this by postulating an increased
coupling between vibration and internal rotation for the meta structure which is consistent
with the fact that the torsional barrier in Sy mFT is four times larger than that in S; pFT.
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Figure 8. A comparison of IVR lifetimes determined from experiment following the preparation of
the 7a'! CF stretching mode in S;. This mode does not exist in toluene, but it is interesting to ask how
it fits into the picture.

Although this is inconsistent with the relationship established by Perry and coworkers [51]
the motion associated with the CF stretching mode could be argued to be far from the
centre of flexibility. The results of these studies are summarized in Figure 8. Clearly
such comparative studies are of great importance, however an additional significant
question concerns the effect of exciting different vibrational modes on the picture given in
Figure 8. Some progress along these lines is given in Sections 7.4 and 7.5.

7.3. Fermi resonance in S; toluene

A simple illustration of both the power and the drawbacks of picosecond time-resolved
VMI photoelectron spectroscopy, and a useful ‘proof of principle’, is given by a recent
study in which we coherently prepared the two eigenstates resulting from a Fermi
resonance at ~460cm™"' in S; toluene with a 1 ps laser pulse [54]. This Fermi resonance
comprises the harmonic oscillator levels 6a' and 10b'16b', giving eigenstate energies at 457
and 462cm™" [55]. Mode 6a corresponds to a totally symmetric ring-breathing motion,
10b to a B; symmetry CH; wagging motion, and 16b to a B; CH out-of-plane motion,
assuming C,, symmetry. In Figure 9 we show the behaviour of the photoelectron spectrum
as a function of the delay between the preparation of the wavepacket and its subsequent
ionization with a second 1 ps laser pulse of the same wavelength.

In Figure 9 clear oscillations are observable in the photoelectron spectrum as a
function of time, and, critically, the sensitivity of the photoelectron signal to the S;
wavepacket evolution can be seen to depend on the ion state formed. The span of ion
internal energies and time delays is far greater than would typically be obtained in a
time-resolved ZEKE experiment, in which an extensive wavelength scan would be needed
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Figure 9. Photoelectron spectra following the preparation of the toluene S; Fermi resonance
at 457cm™" with a 1 ps laser pulse, as a function of the time delay between excitation and ionization

with a second identical laser pulse. Reused with permission from C. J. Hammond, Journal of
Chemical Physics, 124, 201102 (2006). Copyright 2006, American Institute of Physics, Ref. [54].

for each time delay. Although the vibrational levels in the ion are not fully resolved, clear
vibrational structure can be discerned enabling such a measurement to ‘point the way’
for a subsequent higher resolution experiment in which critical time delays and cation
energies could be investigated in greater detail. If ZEKE were used this would enable the
resolution of all ion vibrational levels, including torsional levels of the methyl rotor which
may be critical to the understanding of the dynamics of molecules such as toluene; most of
this structure could also be resolved using the SEVI technique at significantly less
experimental cost. This study indicates that the sensitivity to the evolution of a prepared
excited state level will depend on the levels accessed in the probe step. In this instance
neither the total photoelectron intensity nor the photoelectron spectrum corresponding to
ion states with more than ~1500 cm ™" internal energy showed any sensitivity to changes in
the excited state. This reflects the fact that some vibrational coordinates will be relatively
unaffected by IVR involving orthogonal vibrational modes.

7.4. IVR in p-fluorotoluene

In recent work [4,12,56] we have sought to study the influence of the nature of the
vibrational mode prepared by comparing the IVR lifetimes following selective excitation
of the 7a' and 13" levels in p-fluorotoluene which are separated by only 36cm™', and
correspond to the excitation of a CF stretching mode and a C—CHj; stretching mode,
respectively. In these time-resolved studies we have used 1 ps laser pulses to excite and
ionize. We originally used field-free time-of-flight photoelectron spectroscopy [56] which
we subsequently replaced with VMI [12], and more recently we have studied the 7a' level in
more detail using SEVI [32], although with only a single probe wavelength to date.
We have also made use of nanosecond experiments and so are also able to compare
time-averaged with time-resolved studies; in one such study we employed ZEKE [4].
An apparent contradiction occurs in the nanosecond and picosecond results concerning
the mode dependence. In the picosecond work of King et al. [12] the IVR can be seen
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Figure 10. Picosecond time-resolved photoelectron spectra following the preparation of the 7a! level
in S; p-fluorotoluene. The ionization wavelength is to the red of the excitation wavelength [32].

qualitatively to be significantly faster following the excitation of 13' compared with 7a’,
with provisional lifetimes of 16ps [57] and 26ps [12], being deduced, respectively.
However, the nanosecond ZEKE photoelectron spectra shown in Figure 7 clearly show
more structure at long time for the 13" excitation, suggesting a longer IVR lifetime for this
level [4]. The advent of IVR following the excitation of 7a' can be seen in the appearance
of the ‘hump’ resulting from the ionization of dark states in the ZEKE spectrum in the
right panel of Figure 7, whereas the ZEKE spectrum following the excitation of 13" case is
highly structured. This has so far been rationalized as being a consequence of the much
narrower bandwidth (~0.3cm™") in the nanosecond experiments, compared with the
picosecond experiments (~15cm~"). However, clearly more studies are needed to
investigate this further.

In recent work we have adopted the SEVI technique in our picosecond time-resolved
experiments, with considerable success. We have already shown in Figure 4 the
improvement in resolution that can be obtained over VMI by comparing photoelectron
spectra following the preparation of p-fluorotoluene in the 7a' level (1230cm™") of its S,
state with the 1 ps pump and probe laser beams overlapped in time. In Figure 10 we show
the consequences of this improved resolution for the characterization of dark states. In this
Figure SEVI spectra are shown as a function of time delay between pump and probe
following the excitation of 7a' in pFT. It can be seen that significant changes in the spectra
occur in between the major peaks in each spectrum; these features would not have been
observable in the VMI spectrum.

The relatively simple structure of the zero-time spectrum is quickly convoluted by the
appearance of new spectral features resulting from the ionization of dark states populated
with increasing time. Of the three unresolved peaks in between the first two intense peaks
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(assigned to the ion vibrational states 7a' and 7a'6a') the intensities of the first two at
1400cm ™" and 1600cm ™" steadily increase with increasing time delay, while the intensity
of the third at 1700 cm™" increases initially but begins to fall at around 15 ps. There are
also two groups of features at lower ion internal energies than the 7a' peak which are
initially weak but gain in intensity with increasing time delay. By 15ps, the relative
intensities of the peaks at lower ion internal energy than 7a' have increased substantially.
It is instructive to compare the spectra with the measured nanosecond ZEKE spectra.
Although these peaks are not present in the 7a' ZEKE spectrum, peaks at these energies
do appear in the 6a® ZEKE spectrum [4]. The S; 6a* level cannot be prepared under the
bandwidth of the excitation pulse, but the higher overtone 6a’ falls neatly within the
appropriate range [58]. Moreover, 6a> vibrational state has A, symmetry and is dark as a
result of a low Franck—Condon factor, and in general vg, has been found to be highly
active [56]. A further connection can be drawn from the presence of the 7a' peak in the 6a’
ZEKE spectrum [58]. If 7a' and 6a’® were coupled in S, then as time goes on we would
expect to see transitions to 6a' and 6a” in the ion. These peaks can indeed be seen in the
photoelectron spectra at later time delays. We would also expect to observe the ion state
6a® and 6a* but these would be masked under the 7a' and 7a'6a' peaks respectively.
This suggests that the overall intensity of the 1333cm™' peak may result from a
competition between the decay of 7a' and the rise of 6a® in S;. Thus, from a picosecond
time-resolved photoelectron study of the IVR following the excitation of the 7a' level in S,
pFT we have a provisional assignment of a dark state [32].

Continuing with the analysis, we can ask what the minimum number of states is that
could account for the time behaviour shown in Figure 10. In order to address this we have
used three basis states; the 0 ps spectrum, the 7.5 ps spectrum, and the 1000 ps spectrum.
Using these three states we can satisfactorily reproduce the time evolution of the
photoelectron spectra, see Figure 11. Thus, according to this analysis, the 7a' bright state
need only be coupled to two dark states. This deduction makes an interesting contrast
with the implications of earlier work on this mode [4,12] in which congestion in the
photoelectron spectra suggested a large number of coupled states, see for example the right
panel of Figure 7. This can however be explained if a degree of congestion is there at all
times as a result of strong coupling, but does not contribute to the time dependence, as in
the scenario illustrated in Figure 6. It is clear that important lessons are contained in
these studies regarding how data should be interpreted and how it is easy to be misled
by experimental observations. However, the level of detail available in picosecond
time-resolved SEVI measurements seems to provide the most promising way forward for
unravelling the dynamics of IVR in excited states. Analysis of the data shown in Figure 10
is ongoing, and additional experiments are underway in order to explore the effects of
changing bandwidth and temperature, as well as to investigate mode dependence and to
compare with similar molecules with slightly modified structure [32].

7.5. Comparison of pFT and toluene

Although the various ‘health warnings’ outlined above need to be taken into account, it is
clear that if comparative experiments are performed useful qualitative information can
nonetheless be obtained, even from VMI experiments. A case in point concerns an
experiment in which we compared p-fluorotoluene which had been prepared in its 13
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Figure 11. Comparison of the picosecond time-resolved photoelectron spectra shown in Figure 10
with those resulting from a fit to three states [32]. The thick line is the measured photoelectron
spectrum and the thin line the fit to the model (see text).

vibrational state in S; with toluene which had been prepared in the same vibrational
state [32,59]. The validity of the comparison is enhanced by the fact that the vibrational
states lie respectively 1194cm™" and 1193 cm™" above the S, origin in the two molecules.
In both cases the bright state was prepared with a 1 ps laser pulse, and photoelectron spectra
were determined as a function of time delay using VMI following ionization with a probe
laser pulse of the same wavelength as the pump. A sample of the results is shown in
Figure 12, where it can clearly be seen that the dynamics induced in toluene is far more rapid
than that induced in pFT. This result has the opposite correlation with the relative torsional
barrier heights shown in Table | from the one observed for the comparison between mFT
and pFT, however the C—CHj stretching mode is adjacent to the centre of flexibility such
that the correlation established by Perry and coworkers [51] might be expected to apply in
this case. Again, further analysis and data are needed to investigate this further.

8. Conclusion

Whereas cigenstate-resolved studies of IVR in the electronic ground state of a number
of molecules have provided robust unambiguous results, the same cannot yet be said
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Figure 12. Picosecond time-resolved VMI photoelectron spectra measured following the
preparation of the 13' (C—~CHj stretching mode) level in p-fluorotoluene (left) and toluene (right).

of time-resolved studies of IVR in electronically excited states. Picosecond time-resolved
photoelectron spectroscopy provides a method with the capability, in principle, of the
identification of dark states populated as a function of time in an IVR process. However,
we have shown in this review that great care needs to be taken in order to understand
exactly what has been studied, with measurements made under varying experimental
conditions. In addition, a full analysis of experimental data is likely to be reliant on good
calculations of the Franck—Condon factors that connect the excited state to the ground
state of the ion formed.
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Note

1. Note that generally a rotational wavepacket will be prepared. However, many experiments will
be insensitive to its evolution.
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