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Recent progress towards understanding the repulsive Coulomb barrier in multiply-charged anion
using photoelectron spectroscopy is discussed.
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Many properties of isolated multiply-charged anions (MCAs) are dictated by the strong intra-molecular
Coulomb interactions that are present. The most striking property of MCAs is a long-range repulsive
Coulomb barrier (RCB) that arises from the repulsive interaction between an electron and an anion which

must be overcome to form a MCA. Excited states provide a route to probing this RCB and the focus of
10 this Perspective is on recent photoelectron experiments, including angularly and temporally resolved, that
have provided detailed physical insight into the RCB surfaces, their anisotropy, and their use to monitor

molecular dynamics in real-time. An outlook provides some future prospects that studies on MCAs

provide in terms of monitoring structural, charge-migration, and solvation dynamics.

Introduction

15 The notion that molecular ions can carry more than a single
negative charge is not surprising to even a novice chemist, with
ubiquitous examples such as SO,>" and PO,>". Their stability is,
however, derived from strong interactions with the surroundings.
In isolation, both SO,> and PO, are thermodynamically

20 unstable with respect to electron loss because of the close
proximity of the excess charges.! For example, SO, has an
electron affinity of 5.1 eV,? while that of SO, is estimated to be
2.0 eV.*® Thermodynamic instability with respect to
dissociation (Coulomb explosion) is similarly affected by the

25 charge proximity in highly-charged negative ions. Yet, despite
this strong intramolecular repulsion, dianions, trianions and
higher order polyanions or multiply-charged anions (MCAs) (also
commonly referred to as multianions) can be stable in the gas-
phase. Not only does this important class of ions present a large

s array of building blocks for chemistry,” ® the close proximity of
negative charges makes their physical properties and electronic
structure unique and the chemical physics of MCAs has attracted
significant interest both theoretically and experimentally.

The stability of MCAs comes from a delicate balance between

35 short-range attraction and the long-range Coulomb repulsion. If
one considers an extended linear aliphatic chain with two
terminal negatively charged groups, then it is reasonable to
assume that, as the chain length tends to infinity, the two charged
groups will simply appear as independent anionic groups.

40 However, as the chain length is reduced, the Coulomb repulsion
will take hold and will destabilise each negatively charged site.
At some inter-charge distance, this repulsion will dominate and
the system will be metastable. In this case, for a MCA A", the
energy of A"~ + ¢~ will be lower than that of A™".

ss When viewed from the A”™"" + ¢~ asymptote, there is a long-
range Coulomb interaction that scales as 1/r, where r is the
distance between A”~ and . The net result is that there exists
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Figure 1: Schematic of the repulsive Coulomb barrier for electron loss
so  from A" with a positive adiabatic energy (4DE) (solid black line) and
with a negative ADE (dashed grey line).

a repulsive interaction that may extend well beyond the molecular
framework of A. This repulsive Coulomb barrier (RCB),
schematically shown in Figure 1, is a defining feature of isolated
ss MCAs and has been the subject of several excellent reviews.’ !>
The RCB makes MCAs very different from neutrals or cations in
which the long-range potential is always attractive, or anions
where in general the interaction is attractive except for some
small short-range centrifugal barriers that may exist for / > 0
o0 partial waves.'?

One of the earliest observations of an isolated dianion was
Ceo>~ and other carbon clusters.'*'” In these, the charges are
delocalised and can, on average, be sufficiently separated to
overcome the Coulombic repulsion. The experimental study of

s the RCB was pioneered by the Wang group. They recognised that
photoelectron (PE) spectroscopy is highly sensitive to the RCB
because the outgoing electron is directly influenced by the
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Figure 2: Photoelectron spectrum of the indigo carmine dianion (shown)
taken at 4.66 eV, which highlights the presence of the cut-off at eKE ~ 1.1
eV, below which no photoelectrons are be emitted. Adapted from Ref. 21,

s with permission of the PCCP Owner Societies.

barrier.” % In a series of seminal experiments, they showed that
the RCB manifests itself in PE spectra as a spectral threshold
below which no PEs can be emitted.'® '° Irradiation of A" with
photons of energy kv, that exceed the adiabatic detachment

10 energy (ADE) will lead to PE emission with kinetic energies
(eKE) in the range:

(hv— ADE) > eKE > RCB 1)

An example of this is shown in Figure 2 for the indigo carmine
dianion in which the excess negative charges are localised on the
15 terminal SO~ groups.?!

The energy of this cut-off is a direct measure of the height of
the RCB when viewed from the A"~ + ¢~ asymptote. This outer
RCB is determined by the relative location of the excess negative
charges, as shown by the Wang group using PE spectroscopy of

20 the dicarboxylic acids ’OZC(CHZ),,ICO[.“; Incrementing m
increases the distance between charge sites (assumed to be
localised on the oxygen atoms of the CO, groups) with the
resultant decrease in RCB height as shown in Figure 3. In a
simple electrostatic picture, the RCB height scales as

2 RCB = ke’ / 4mgyR, )

where R is the distance between the two charged sites and k = 1.
Wang et al. found that a scaling of x = 1.17 was required to
reproduce their estimated RCB height dependence on R. Ehrler et
al. determined « = 1.58 for their study on Cg,>".%*> The magnitude
30 of k accounts for polarisability, spatial correlation effects of the
electrons and electron delocalisation,”® which are neglected in a
simple electrostatic picture. The larger k value for Cgs> suggests
a more delocalised excess electron distribution as might be
expected. Figure 3 also shows the increase in the ADE as m
35 increases. For the cut-off observed in Figure 2, the situation is
somewhat different. In this case, the electron emission is from a
central chromophore so that the final state is in fact an anion
which has two localised terminal negative charges and a positive
hole at the centre.”* The RCB can be estimated in much the same
40 manner by treating each charge as a point charge and calculating
the interaction of an e~ with this total potential.** This yields an
RCB height of 0.84 eV, which corresponds to x = 1.31 and this is
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Figure 3: Dependence of the RCB height and electron binding energy as a

45 function of the Coulomb repulsion (1/R,,) between the negative charges in

“0,C(CH,),,CO;". Adapted from Ref. 18, with permission from American
Physical Society.

likely correlated with the delocalised hole. A key point to note is
that the height of the RCB effectively provides a distance
measurement between well-localised charge sites in a molecular
MCA. Hence, PE spectroscopy can be used as an intramolecular
ruler.'® However, it must be noted that, for large MCAs, several
conformations can be present (and interconverting), which leads
to a smearing out of the cut-off.>>?’

ss. The RCB can also lead to the formation of metastable MCAs,
in which the energy of the ground state of A" lies between the
energy of A + ¢~ asymptote and the top of the RCB (see
Figure 1). In this case, PE spectroscopy leads to PE emission with
eKE > hv. This was first shown for a tetra-sulphonated cyclic
copper phthalocyanine tetra-anion and has subsequently been
observed in a number of other MCAs.*> 27! As the energy of A"
lies above the A”D™ + ¢ asymptote, the electron can tunnel
through the RCB. If the energy difference between A" and A"~
is small relative to the RCB, then the lifetimes for electron loss
by tunnelling can be sufficiently long (>us) for the MCA to be
isolated by mass-spectrometry.”’ If the lifetime of A" is shorter,
it cannot be observed using mass-spectroscopic methods.
However, excited states can be used as sensitive probes of the
tunnelling process and dynamics, as discussed below. The
observation of electron tunnelling in a well-defined molecular
system provides a very elegant route to studying this
fundamentally and technologically important process.

A key aspect of the RCB is that it is anisotropic. Returning to
the example of an extended linear aliphatic chain with two
75 terminal negatively charged groups, the RCB will peak around

the position of the charged groups. Insight into the shape of the

RCB can be obtained from electronic structure calculations.*> In

essence, the RCB can be constructed by calculating the difference

in total energy between the A”~ + ¢~ system as a function of the
so position 7, and A"". However, as suggested by Eq. (2), a crude
estimate of the RCB can be gained using a simple classical
calculation treating an incoming electron as a point charge
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interacting with point charges on the A“"~ system. This is quite
useful as it also allows the overall 3D shape of the surface to be
explored. Direct consequences of the anisotropic RCB are that the
electron will be emitted primarily from regions where the RCB <
hv — ADE and that the outgoing electron trajectory is affected by
the Coulomb field. As discussed below, the asymptotic
distribution of emitted electrons can, in principle, provide
detailed insight into the shape of the RCB and hence of the
molecular structure of the MCA.

The focus in this Perspective is on the shape and nature of the
RCB, its consequences on the photoelectron spectroscopy of
MCAs and to highlight some of the key developments that have
arisen over the past few years, as well as to outline some of the
exciting opportunities for the future. This introduction is not
intended to be a comprehensive review of this field and the reader
is referred to detailed and excellent reviews.” ® 1012 3334

Experimental methodologies

The production of MCAs has been transformed by the advent of
soft ionisation techniques and in particular electrospray ionisation
(ESI).*> In ESI, a solution containing the ion of interest is fed
through a fine needle biased to a high voltage relative to the
interface with a vacuum system. The ions are entrained in a flow
as a fine aerosol between the ESI needle and the vacuum interface
effectively closing the circuit. The polarity of the bias determines
the polarity of the ion. Solvent evaporation and Coulomb
explosion of the highly charged aerosol droplets ultimately leads
to the formation of isolated ions. Over the past decade, the
incorporation of ESI with spectroscopic techniques has
flourished. The Wang group used PE spectroscopy to probe
anions formed by ESI*® and this has led to much of our core
understanding of the RCB in MCAs. More recently, variations of
PE spectroscopy have been combined with ESI to gain additional
insight; these include PE imaging®®*' and time-resolved PE
imaging.***

PE imaging is a well-established method based on ideas taken
from Houston and Chandler” with the important subsequent
advancement of velocity-map-imaging (VMI) by Eppink and
Parker.*® In essence, any charged particle emitted onto a Newton
sphere can be projected onto a position-sensitive detector,
commonly formed by a pair of multi-channel plates using a
phosphor screen as the anode. Charged particles impacting onto
the detector are amplified through micro-channels and the
localised luminescence of the phosphor is then captured using a
camera. As the position sensitive detector produces a 2-
dimensional image, reconstruction techniques must be used to
recover the full 3D Newton sphere. This is greatly aided when
there exists an axis of symmetry which is commonly imposed by
the polarisation of the laser field.*” VMI uses an electrostatic lens
to image the velocity vectors of the charged particle onto a given
point on the detector over a large interaction volume.*® Although
it has a near unit detection efficiency, the requirement of
reconstruction algorithms necessitates high signal levels and the
overall efficiency of VMI in terms of generating PE spectra is
inferior to magnetic bottle type spectrometers. Magnetic bottles
however cannot yield angular information and have a very poor
efficiency at very low eKE. The additional information provided
by the angularly resolved PE emission is very useful in
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understanding the shape of the RCB as described below. For a
single photon PE image, the angular distribution is commonly
described by*#

1(0)= o/ 4n (1 + p,P(cosh)), 3)

where P,(cosd) is the second order Legendre polynomial, ois the
total photodetachment cross section, and S, is a measure of the
PE anisotropy, ranging from /5, = —1 for a perfectly perpendicular
emission to £, = +2 for a parallel emission, relative to the laser
polarisation axis.

In addition to spectral and angular resolved PE spectra,
temporal resolution can be introduced using standard pump-probe
methods in which a femtosecond laser pulse excites an excited
state of the MCA, [A"]’, and a time-delayed femtosecond probe
detaches the electron from this transient excited state so that the
PE spectrum corresponds to that of [A™]" at a given point along
its relaxation coordinate. Time-resolved (TR) PE spectroscopy
has been instrumental in understanding excited state processes in
gas-phase molecules and clusters and is particularly powerful in
anions as the detachment energies are often sufficiently low to
enable the monitoring of the entire reaction coordinate including
the ground state of the anion or MCA.>**® The first TR PE
spectroscopy experiments on MCAs were performed by the
Kappes group®® ** and the first direct observation of an excited
state decay by electron tunnelling through the RCB was on the
phthalocyanine-tetrasulfonate tetra-anion, H,PcSO5*, following
O-band excitation.*® The excited state lifetime was measured to
be ~70 ps. More recently, our group has developed a TR PE
imaging instrument coupled to an ESI source** *° to study the
dynamics of MCAs providing energetic, angular and temporal
resolution.

Other important recent experimental developments include the
incorporation of an ion mobility cell prior to PE spectroscopy, as
demonstrated by the Kappes group.>” ** 37 Selection of molecular
shape based on a drift time can be achieved, which enables the
PE spectroscopy of isomer selected MCAs. This is a key
development as ever larger molecular systems are being studied
for which there are structural that are
populated.? %’

Although the focus in this Perspective is on PE spectroscopy,
action spectroscopy of excited states of MCA can also provide
insight into the RCB and into the various decay pathways that are
open upon resonant excitation,>> 26 363

several isomers

Photoelectron spectroscopy via excited states as a
probe for the Coulomb barrier

Excited electronic states that lie between the asymptotic energy
of A"+ ¢ and the RCB are metastable with respect to electron
loss and can detach by tunnelling through the RCB. The eKE of
such electrons produced by quantum tunnelling will be below the
low energy cut-off of the PE spectrum. Their formation is not
instantaneous and this can have dramatic consequences on the
observed electron spectrum.

For an electronic excited state to be considered a useful probe
of the RCB, several properties of the excited state need to be
taken into account. Optically bright excited states offer obvious
experimental benefits. The lifetime of the excited state should

This journal is © The Royal Society of Chemistry [year]
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Figure 4: Photoelectron spectra of the fluorescein dianion (a) and of the
bisdisulizole tetra-anion (b) taken at a range of different excitation
energies. The dashed red line indicates the location of a photoelectron
s peak that does not shift as a function of photon energy. Adapted from Ref.
66 and 41, with permission from American Physical Society.

ideally be longer than the electron tunnelling dynamics. Internal
conversion or intersystem crossing can otherwise compete with
tunnelling such that the kinetics of the process is dictated by
competing pathways which can mask the tunnelling dynamics.
This can be achieved if the excited state lies in close proximity to
the top of the RCB such that the tunnelling dynamics are fast.
Alternatively, a MCA with long excited state lifetimes can be
used. Fluorophores lend themselves very well to the above
requirements, with strong S; «— S, transitions and excited state
lifetimes of nanoseconds (in solution). The lowest lying spin-
allowed excited state also avoids the problem that high-lying
states can tunnel to different asymptotic detachment channels
with different RCBs.
o A useful system that meets all of the above requirements is the
fluorescein dianion (deprotonated on the xanthene and carboxylic
acid groups), FI>". The 0-0 transition of the excited state of FI*~
lies at 2.52 eV (492 nm) in solution, which is close to the top of
the RCB. The PE spectra taken at several different photon
energies, resonant with the S; state are shown in Figure 4(a).®
These show a narrow feature centred at eKE = 1.64 eV for all
photon energies studied. At photon energies higher than 2.6 eV,
an additional feature can be seen and this shifts towards higher
eKE by an amount equal to the photon energy increase; as is
o normally observed in direct PE spectroscopy. In contrast, the
feature at 1.64 eV suggests that the electron binding energy is
increasing linearly with increasing photon energy. Naturally, the
ADE cannot change and therefore the observation points to an
increase in the internal energy of the asymptotic products. At
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Figure 5: Energy level diagrams including the repulsive Coulomb barrier
(RCB). (a) Schematic indicating a constant inner RCB (dashed red) or
constant outer RCB (solid blue) as a function of internal energy. The
intramolecular potential is depicted as a function of the internal
coordinates, R of A" and A“"". (b) Energy level diagram showing a
vibronic progression of RCBs and the origin of the cut-off in the
photoelectron spectrum of a MCA for direct detachment. (c) A Jablonski-
type diagram incorporating the RCB.

higher photon energy, higher vibrational levels of the S; state are
accessed so that the initial internal energy content is also larger.
Rapid electron loss by tunnelling conserves this energy. Hence,
for each vibrational energy level of the asymptotic products, there
exists an RCB surface that connects to the same modes in the
dianion. If tunnelling is fast, then there will be relatively little
internal vibration redistribution and the tunnelling is adiabatic.
Consequently, the transition appears as a diagonal transition.
Similar features have also been seen in the PE spectroscopy of
monoanions when the photon is resonant with a transition above
threshold.®’

One can imagine two limiting physical pictures to describe the
observations (Figure 5(a)). The RCB viewed from the perspective
of A" (the inner RCB) remains constant, while the RCB viewed
from the perspective of ¢ approaching A® "~ (the outer RCB)
decreases; or the outer RCB remains constant and the inner RCB
increases. The intramolecular potential is indicated as a function
of the internal modes of A" and A”"" which we collectively
label as R. The intramolecular potential of course exists along the
entire 7 coordinate, but has been omitted for clarity.

TR PE spectroscopy measurements on FI*~ clearly support the
the case in which the outer RCB remains constant (solid blue line
in Figure 5(a)). Because quantum tunnelling is highly sensitive to

4 | Journal Name, [year], [vol], 00—00
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Figure 6: Photoelectron spectra of pyrromethene 556 dianion taken at
2.38 eV with a nanosecond (ns) laser and at 2.43 eV with a femtosecond
(fs) laser.i Grey shading indicates the kinetic energy cut-off due to the
RCB. Labels indicate the following: R2, two-photon resonance enhanced
detachment: TE, tunnelling emission; and M, emission from the
monoanion. Adapted from Ref. 44 and 68, with permission from
American Chemical Society and American Institute of Physics.

the height and width of the RCB, the lifetime of the S; state is
expected to be sensitive to changes in the internal energy content
if the inner RCB remained constant. When monitoring the
lifetime of the S;, a lifetime of ~ 1 ps was observed over an
excitation range of 0.3 eV, strongly pointing to a constant outer
RCB.% This also explains why, at higher photon energies, the PE
peak arising from tunnelling through the RCB (eKE = 1.64 eV),
remains visible despite the fact that direct detachment can also
occur. Even though direct detachment is an open channel
(evidenced by the shifting peak in the PE spectra for hv > 2.6
eV), excitation to S; still occurs too and this has an associated
RCB through which the electron must tunnel to access the
continuum leading to an invariant eKFE.

Similar tunnelling features at constant eKE have been observed
by the Wang and Kappes groups in their study of a bisdisulizole
tetra-anion.* Remarkably, this feature can be seen in the PE
spectra over a photon range from 3.5 < hv < 7.9 eV, as shown in
Figure 4(b). It is difficult to reconcile that a single electronically
excited state is involved over such a vast range. Instead, it was
suggested that the initially excited state internally converts to the
lowest energy state from which it would then tunnel through the
RCB. This would be in-line with Kasha’s rules. However, the
tunnelling lifetime was also determined using TR PE
spectroscopy and found to be 450 fs,*! which suggests that the
internal conversion between the excited states should be on a
timescale faster than this. Similar to the case of FI*, the short
lifetime and rapid loss due to tunnelling conserves the internal
energy and the tunnelling is adiabatic. Importantly, these
experiments show that resonances can dramatically alter the PE
spectra and, unless measurements are taken at a number of
different photon energies, PE spectra can be misinterpreted.

This physical picture for the RCBs provides a clear
explanation for the cut-off in PE spectra of MCAs. Perhaps the
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casiest way to consider the cut-off is, if one tunes /v, then no PE
emission will be observed (neglecting tunnelling) until the top of
the RCB is reached.”® At this point, the energy of the emitted
electron will be equal to the outer RCB height and so this is the
minimum eKE. This picture has a problem in that several
rovibrational levels or even excited electronic states can be
accessed in the A"~ product. This would lead to the emission of
a PE with an eKE below the cut-off. From the viewpoint of the
A" + ¢ asymptote, as the RCB is a purely electronic
interaction, each vibrational energy level will have a similar RCB
as shown in Figure 5(b) (note that in this figure, the
intramolecular potential has been omitted for clarity). Hence,
because detachment is essentially an instantaneous process, even
when hv > RCB + ADE only those final vibrational levels in A"
D~ with energy E, < hv — RCB — ADE can be accessed.
Electronically excited states in A”~"~ may have different RCBs.
In a Jablonski-type diagram to describe a PE experiment, the
RCB should be accounted for by considering the available energy
for the PE relative to 4sv — RCB. An example is shown in Figure
5(c).

In cases where the tunnelling dynamics is slow and other
relaxation processes may compete, the observed PE spectra can
become even more difficult to interpret and can depend very
sensitively on the nature of the excitation light. Figure 6 shows
the PE spectra of the doubly deprotonated laser dye
pyrromethene-556 dianion (PM*") taken at 2.43 eV (510 nm) with
a femtosecond laser source (pulses ~100 fs duration) and at 2.38
eV (520 nm) with a nanosecond laser sourcef (pulses ~10 ns
duration).%® This photon energy is resonant with the bright S; «
S, transition. The peaks indicated as R2g or R2, arise from
resonance-enhanced two-photon detachment into the continuum.
The peaks indicated as TEy or TE, arise from tunnelling
emission through the RCB; the RCB cut-off (determined from a
PE spectrum taken at 4.66 e¢V) is indicated as the grey shaded
region. Peaks TEg and TE,, although originating from the same
process, have a dramatically different appearance. While TEg is a
relatively narrow peak that does not shift in eKE with photon
energy,®® similar to that seen in FI*~ and the bisdisulizole tetra-
anion, TE is very broad and its centre has shifted relative to
TEg. Additionally, a new feature M, peaking at eKE = 0 has
emerged following nanosecond excitation. Qualitatively similar
PE spectra were observed at a range of photon energies resonant
with the S; « S, transition.*®

The differences between the PE spectra arise because the
timescale of the experiments are different. Specifically, the
internal conversion rate from S; back to S,, which was measured
to be ~120 ps,*® exceeds the tunnelling rate and is much shorter
than a nanosecond pulse but longer than a femtosecond pulse.
Consequently, during the nanosecond pulse, population returns to
Sy by converting the electronic energy into vibrational energy (or
heat) as the intramolecular vibration redistribution rate is also
faster.?"" 2* 8 Hence, a number of photons are cycled between the
S| < S, transition leading to a very high internal energy content
in PM?". This eventually leads to either fragmentation or electron
loss over the lowest inner RCB. Fragmentation is evidenced by
the low energy peak which arises from hot electron loss from a
monoanion. This was first seen and described by the Wang group
following excitation of a dicarboxylic acid (see Figure 7 below).*’

This journal is © The Royal Society of Chemistry [year]
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Figure 7: Photoelectron images of "0,C(CH,),,CO, for 3 <m < 11 taken
at 3.496 eV. The laser polarisation is indicated and is horizontal. Taken
from Ref. 36 with permission from American Physical Society.

s Importantly, such peaks are often not observable in magnetic
bottle PE spectrometers which have very low efficiency at low
eKE. The loss of electrons over the lowest inner RCB of the
dianion leads to the observed broadening and shifting towards the
RCB cut-off as seen in feature TE, in Figure 6.

o  The statistical detachment process differs from the adiabatic

tunnelling picture as there is now sufficient time to sample those

modes that lead to detachment over the lowest RCB and the
physical picture becomes one in which the inner RCB appears
approximately constant. In Figure 5(a), this is represented as the
red dashed line. The two limiting cases in Figure 5(a) depend on
the timescales of tunnelling. The idea of statistical emission over
the RCB is of course important to understanding how electron
detachment may arise in activated statistical dissociation
processes such as collisionally induced dissociation (CID) or IR
multiphoton dissociation (IRMPD).® These require that the inner

RCB remains approximately constant because a constant outer

RCB would inhibit electron loss.

The RCB has important consequences for PE spectroscopy of

MCAs that should be taken into account. In particular, if a bright

S

25 chromophore is present at the photon energy used, then the PE

3

spectrum measured cannot be directly linked to the static

electronic structure picture that is commonly used to explain PE

features. Many biological systems fall into this category

including all oligonucleotides®” " 7' and many polypeptides.> **
o 61+ 6264 65 Bor the former, the internal conversion dynamics are
extremely fast’”” and PE emission below the cut-off is a strong
indicator of excited state processes and multiple-photon
absorption. For the aromatic amino acids, the excited states are
generally fluorescent and tunnelling through the RCB may be
expected to be faster than ground state recovery.

b3

Photoelectron angular distributions as a measure
of molecular shape

Photoelectron imaging provides an additional dimension that is
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Figure 8: Photoelectron imaging of pyrromethene 556 dianions taken at
(a) 4.66 eV and (b) 2.43 eV, where the latter energy is resonant with the
S| « Sy transition. (¢) The calculated RCB in the plane of the molecule,
where d indicates the direction of the transition dipole moment. The
laser polarisations are indicated in (a) and (b). Adapted from Ref. 44 and
68, with permission from American Chemical Society and American
Institute of Physics.

particularly useful for MCAs. The RCB is highly anisotropic with
maxima centred at localised charge sites. Classically then, an
electron ejected from such a system would experience the
anisotropic RCB providing a directional force onto the outgoing
electron, that can ultimately “guide” the photoelectron in a
specific direction. Such directional emission can, in principle, be
observed through PE imaging.

The first PE imaging was performed by the Wang group on
dicarboxylic acid “0,C(CH,),,CO, " dianions at 3.496 eV.*® Their
results are shown in Figure 7 for a 3 < m < 11 and were
interpreted as follows. The photon used is sufficient to directly
remove an electron from one of the carboxylic acid groups. The
charge on the opposite side of the molecule remains and produces
a large RCB localised on this CO, group. As a result, the
outgoing electron experiences a repulsive force driving the
electron in a direction that avoids this barrier. They also showed
that the natural PE anisotropy for a carboxylic acid group (i.e. m
— o0) is in the direction perpendicular to the polarisation axis
which accounts for the slightly negative PE anisotropy observed
for m = 11.%° At higher photon energy (4.661 ¢V), the anisotropy
reflects more that of the isolated carboxylic acid group as the
RCB has a weaker effect on the much more energetic
photodetached electron.®’

However, the above experiments rely on an anisotropy in the
differential cross-section to photodetachment as the sample is
randomly aligned in the molecular frame. Without an a priori

6 | Journal Name, [year], [vol], 00—00
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knowledge of the differential photodetachment cross section, it is
difficult to interpret the results from direct photodetachment. As
an example, in Figure 8(a), the PE image of PM*" is shown at
4.66 eV, which is almost isotropic despite the well-localised
charges on the SO;  groups. Additionally, the PE angular
distribution from monoanion photodetachment is governed by the
interference of the outgoing partial waves and requires
knowledge of the phase and cross-section into each channel.” 7
Hence, a direct comparison between the dianion and anion must
be done with great care. An alternative method was developed in
our group which employs a well-defined transition to align (in
one dimension) an MCA before detachment.** The transition
dipole moment can be readily calculated using ab initio methods.
Resonant excitation with a polarised laser field will selectively
induce a transition of the chromophore in the MCA leading to an
aligned ensemble of excited MCAs, distributed as cos’6, where 0
is the angle between the transition moment and the polarisation

o

>

7

1000 fs 2000 fs 5000 fs

60  Figure 9: Time-resolved photoelectron images following excitation of

vectors. The photodetachment from this ensemble of pyrromethene 556 dianions to their S; excited state with a 2.43 eV pump
electronically excited MCAs will then experience a RCB, which and probed at 1.55 eV. The parallel laser polarisations are indicated and
20 is now fixed in the laboratory frame as measured on the detector. are vertical. Taken from Ref. 44 with permission from American

Using PM?>™ as a representative example, the S, « S, Chemical Society.

transition, which is centred around 2.4 eV has its transition dipole
moment aligned along the central chromophore (z-axis in Figure
6).** Figure 8(b) shows the PE image following irradiation of
PM?* with 100 fs laser pulses at 2.43 eV (510 nm) along with a
PE image taken at 4.66 eV. The 4.66 eV photon is above the RCB
+ ADE and so corresponds to a single-photon detachment
process. In contrast, 2-photons at 2.43 eV are required. The first
is resonant with the S; «<— Sy transition and produces an aligned
distribution of excited state PM?~. From this ensemble the second
photon detaches the electron, during the 100 fs pulse. The result
is a strongly peaked PE angular distribution in the direction
perpendicular to the transition moment (alignment axis). The
qualitative interpretation is now straight forward. In Figure 8(c),
the calculated RCB in the plane of the molecule is also shown in
which the transition dipole moment axis is indicated. The PE will
be emitted from the central chromophore and will avoid the large
peaks in the RCB near the SO;™ groups. Hence, the observed PE

65 distribution recovers the experimentally observed PE remarkably
well. To make a full quantitative comparison would require
knowledge of the differential photodetachment cross section from
the excited state, which can be measured using different relative
polarisations of the pump and probe fields.

70  An interesting consequence of this classical picture is that it
allows crude structural information to be gleaned from the PE
angular distribution. Specifically, the structure and charge
localisation determines the RCB, which in turn determines the PE
angular distribution. Hence, the two are inherently linked and the

s PE angular distribution can be interpreted as a crude measure of
where charges are localised in the molecular framework of the
MCA.* Indeed, it suggests that one can track the temporal
evolution (molecular dynamics) of a MCA by monitoring the PE
angular distribution.

o Using PM> as an example again, Figure 8(b) also shows an
additional feature at lower energy (smaller radius) which can be

distribution will peak in a direction perpendicular to the correlated with the tunnelling through the RCB as the adiabatic

polarisation axis as observed experimentally. The same energy (1.6 eV) lies below the S, state but the RCB above it. This
correlation between transition dipole moment, location of charged PE feature is almost isotropic because the timescale for electron
sites and PE angular distribution has been observed in the . emigsion is slower than the rotational dephasing time of the
resonance-enhanced 2-photon detachment of a number of systems system. Hence, on the timescale of electron emission, the
with different chromophores including indigo carmine™ and a alignment and correlation between laboratory and molecular
number of azobenzene derivatives.” frames of reference is lost. These molecular dynamics can be

The interpretation presented here is purely qualitatively and monitored in real-time in a pump probe TR PE imaging
based on classical arguments of an electron “rolling” on the RCB. experiment.** Figure 9 shows the PE images as a function of

However naive this picture may be because electrons are delay between a 2.43 eV pump and 1.55 eV probe (parallel

quantum particles, it appears to capture the physics remarkably polarisation) with an overall temporal resolution of ~100 fs. At

well. Quantum mechanically, a PE wave is composed of partial very early times, the PE emission is peaked in a direction
waves which interfere to produce the asymptotic PE angular perpendicular to the polarisation of the laser fields, as described
distribution commonly observed in anions or neutrals.” In above. However, as time evolves, the anisotropy decreases and

MCA:s, it appears that this inherent anisotropy is trumped by the even becomes slightly positive at # ~ 2 ps (i.e. aligned along the

influence of the RCB and classical mechanics dominates. That is polarisation axes), before settling around §, = 0. The anisotropy

not to say that all interference is lost and we anticipate that, under can be correlated with the laboratory frame alignment. At early
the right conditions, quantum effects should be observable. times, the S, excited ensemble is aligned parallel to the

Ne_verthf.:less, a simple molecular dynamics simulation °2f electron ;) polarisation axes, leading to perpendicular emission because of
trajectories on a calculated RCB and sampled over a cos™0 the RCB. At ~2 ps, the rotational coherence has evolved and on
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average, the ensemble has undergone a m/2 rotation so that the
ensemble is aligned perpendicular to the polarisation axes and the
RCB guides the electrons in a direction parallel to the polarisation
axes. At longer times, the wavepacket is fully dephased and the
ensemble appears as an isotropic distribution.

Future prospects

The discussion in the preceding section highlights that molecular
dynamics can be monitored in real-time through TR PE imaging
of MCAs. Taking this forward, large-amplitude structural
dynamics could also be observable in real-time. For example,
photo-induced isomerisation or ring-opening reactions could be
monitored if either end of the chromophore has a localised
charged group such as CO,™ or SO5 . Following excitation, the PE
angular distributions would differ significantly because the
relative positions of the charged groups would change and hence
the RCB becomes a time-dependent property of the MCA. In
addition to changes in PE angular distributions, the distance
between charged groups will be affected such that the cut-off in
the PE spectrum will also change (proportional to R™') as a
function of time.

The above would require direct comparison with calculated
PE images based on time-dependent structures (and
corresponding RCB) along the reaction coordinate. At present, no
quantitative ~ comparisons have been made between
experimentally observed PE images and simulated ones.
Classically, the simulation would be quite straight-forward,
however, whether quantum effects can be ignored remains an
open question. Quantum effects may in fact turn out to be highly
informative and one can envisage interference patterns akin to
electron diffraction patterns following photodetachment. No
evidence of interference has yet been observed in the PE angular
distributions, although this is likely a consequence of the
relatively high temperatures of the MCAs. Specifically, most
experiments thermalize the MCA in a room temperature trap such
that the ions have a 300 K internal energy distribution. Recently,
cryogenic ion traps have been incorporated and these can bring
the ions down to ~10 K at which point much of the thermal
fluctuations are removed. In terms of alignment experiments as
described above, such low temperatures would also lead to much
slower rotational dynamics. Moreover, the RCB cut-off measured
experimentally is likely to be sensitive to temperature and is
expected to be much more well-defined at low 7.

Thus far, alignment has only been imposed by a resonant
excitation with a maximum alignment of cos?d. This distribution
is also transferred onto the PE angular distribution smearing the
molecular frame anisotropy and potentially masking quantum
effects. Higher degrees of alignment are possible using
appropriate (strong) laser fields.”® 77 The degree of alignment in
such experiments depends on the polarisation anisotropy of the
molecular system and this can be very large for MCAs. However,
the strong laser fields also affect the RCB. Specifically, the strong
electric fields required alter the RCB such that, even at relatively
low laser intensities, tunnel ionisation becomes important. This
can be clearly seen in PE spectra as now electrons can be emitted
with eKE below the cut-off.**

It is also worth considering the final state produced by
photodetachment from excited states. As the excited states are

100

105

110

115

often those of a meutral chromophore within the MCA,
photodetachment from excited states results in a zwitter-ionic
anion or MCA: both localised positive and negative are present
although the overall charge remains negative. This can also be
done in anions leading to zwitter-ionic neutrals.”® 7 These final
states are not necessarily the ground electronic state but require
the migration of charge and electron-hole recombination to
decay. Such processes can be difficult to study in real time in the
gas phase. MCAs offer an eclegant route to studying these
processes in which a pump pulse remove the electron leaving an
excited state zwitter-ion, the decay of which can be monitored
using TR PE spectroscopy.

Finally, MCAs presents opportunities to probe solvation on a
molecular level such as hydrophobic and hydrophilic interactions
and the balance between -charge-repulsion, solvation and
hydrogen bonding.**® Excited states provide a route to
understanding solvation dynamics in real-time and how solvent
responds to, for example, charge-injection or removal® % or
solvent caging effects following dissociation.®® * The fact that
more than one negative charge is present in an MCA poses
several interesting questions. For example, how much solvent is
required to cage a Coulomb explosion or to solvate an electron
following charge-transfer to solvent from an MCA? TR PE
spectroscopy is ideally suited to monitor these types of processes
as it is not limited to a spectral window and can monitor the
entire reaction coordinate.
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