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Abstract 

Time Resolved Photoelectron Imaging of Electronic Relaxation Dynamics in Anionic 
Clusters 

by 

Graham Bailey Griffin 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor Daniel M. Neumark, Chair 

 Electronic relaxation dynamics are measured on a femtosecond timescale in three types 
of anionic clusters using time resolved photoelectron imaging.  Auger relaxation timescales 
following interband excitation of electron-hole pairs in small Hgn

− (n=9-20) are determined.  
Relaxation dynamics following charge transfer are investigated in I−(CH3CN)n (n=5-10).  
Internal conversion lifetimes of excited states of large anionic water clusters, (H2O)n

− and the 
fully deuterated isotopolog (D2O)n

− (n=25-200), as well as solvation dynamics in these clusters, 
are evaluated. 

 A pronounced increase in the Auger lifetime of interband-excited states of Hgn
− clusters 

with 13 or more constituent mercury atoms is revealed, indicating a shift from the van der Waals 
interactions typical of smaller clusters towards covalent bonding between mercury atoms in the 
cluster.  This creates more delocalized electronic orbitals which reduce the coulomb interactions 
of the electron-hole pair, increasing the amount of time required for recombination and ejection 
of Auger electrons. 

 Initial dynamics following charge transfer in I−(CH3CN)n clusters are associated with 
localization of an initially diffuse electron contained within the cluster.  Later dynamics are 
assigned to rearrangement of the network of CH3CN molecules and ejection of neutral iodine 
from the cluster. 

 Ultrafast internal conversion lifetimes of the first electronic excited state of anionic water 
clusters are measured at larger cluster sizes and with better time resolution than previous 
measurements.  A marked reduction in the size dependence of the internal conversion lifetime at 
large sizes indicates a change in the electron water interaction for clusters larger than n≈70.  
Extrapolating internal conversion lifetimes of the larger clusters towards infinite cluster size 
predicts a condensed phase internal conversion lifetime of ~50 fs for the hydrated electron, 
supporting the nonadiabatic relaxation model.  Solvation dynamics on both the ground and 
excited states are also observed. 
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Chapter 1: Introduction 
The work presented in this dissertation measures electronic relaxation dynamics in anionic 
clusters of atoms and molecules, and monitors the size dependence of the observed dynamics in 
order to draw conclusions about the clusters and analogous condensed phase species.  The first 
chapter presents the size dependent study of anionic cluster dynamics, introduces the time 
resolved photoelectron imaging technique, and reviews the systems considered in detail in later 
chapters.  The second chapter provides a detailed description of the apparatus used to perform 
the described experiments.  In all of these experiments, an ultrafast laser pulse is used to create 
an excited state and subsequent relaxation is measured by time resolved photoelectron imaging.  
The Auger relaxation timescale is measured in a small mercury cluster anion (Chapter 3), and the 
size dependence of this timescale is investigated over the size range accessible to the cluster 
source used (Chapter 4).  In iodide-doped acetonitrile clusters, I–(CH3CN)n, dynamics subsequent 
to charge transfer from the iodide to the acetonitrile molecules are monitored, and complex 
rearrangement of the network of acetonitrile molecules is observed (Chapter 5).  Finally, 
measurement of internal conversion lifetimes of excited electronic states in large anionic water 
clusters, (H2O)n

– and the fully deuterated isotopolog (D2O)n
−, reveals a pronounced reduction in 

size dependence at large sizes, assigned to a change in the way the electron interacts with the 
water cluster (Chapter 6). 
 
1. 1 Size Dependent Study of Anionic Clusters 
 Size dependent studies of gas-phase atomic or molecular clusters have frequently been 
used to study the development of condensed phase material properties with increasing size.1  In 
addition to allowing the use of gas phase measurement techniques, these types of systems often 
isolate for study the important fundamental interactions which give rise to macroscale properties.  
The methodology of observing the evolution of cluster properties from systems as small as a 
single atom towards the condensed phase limit has been used in a number of size dependent 
cluster studies that have been recently reviewed.2-4  For example, the evolution of electronic band 
structure has been studied in a number of cluster systems, starting with the discrete states of a 
single atom and developing into the overlapping broad bands characteristic of condensed phase 
material.5, 6  Small clusters of polar solvent molecules are also frequently studied in order to 
investigate solvent-solvent interactions, and polar solvent clusters doped with ions can be used as 
a microscale model for solvation.7, 8  Using clusters to study these types of systems permits the 
application of gas phase measurement techniques, yielding  results which can typically be 
interpreted with less ambiguity than those from condensed phase experiments on similar 
systems.  In gas phase cluster studies, the finite size of the cluster limits the number of possible 
interactions within the system, allowing for detailed interpretation of the physics responsible for 
experimental observations.  Changes in the properties of a cluster of atoms or molecules, such as 
the shift from van der Waals to covalent bonding in mercury clusters described in Chapter 4, are 
often accompanied by sharp changes in the spectroscopy or dynamics of the cluster.  In the case 
where the cluster system includes interactions analogous to those found in a condensed phase 
system, the clusters can be used as a model system to more accurately study the corresponding 
material, and frequently size dependent trends in the cluster systems can be projected towards the 
infinite cluster size limit to predict bulk properties. 
 This dissertation is focused on time resolved studies of electronic relaxation dynamics in 
size selected anionic cluster systems using time resolved photoelectron imaging (TRPEI).  In 
these experiments, an ultrafast laser pulse creates an excited state within the cluster, and a second 
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laser pulse detaches electrons at a variable time delay in order to probe the relaxation of the 
excited state.  By monitoring changes in the properties of the distribution of ejected 
photoelectrons with changing time delay, we map out the relaxation dynamics of the cluster.  
Anions provide several experimental advantages over their neutral counterparts, and are 
currently widely studied.9  The inherent net charge of anionic clusters offers the advantage of 
easy size selection by mass-to-charge ratio using electric fields, allowing us to perform time 
resolved experiments at each cluster size and map out the size dependence of cluster dynamics.  
Anionic systems also offer the advantage in that they typically have considerably lower binding 
energies than neutrals or cations.  Using commercially available femtosecond laser systems and 
standard frequency conversion techniques, it is often possible to detach electrons from even the 
ground electronic state of these clusters with a single photon from the probe pulse.  This means 
that for many systems both ground and excited state populations dynamics can be monitored 
simultaneously, allowing observation of the full electronic population as the energy imparted on 
the cluster by the initial excitation is redistributed.  Also, the extra electron in an anionic cluster 
may occupy a state not present in the neutral analog, such as a new electronic band or a state 
bound by collective action of the cluster molecules.  These types of anionic clusters offer the 
opportunity to study dynamics which are not present in neutral systems.  All of these advantages 
make anionic clusters a fruitful area of study, despite the inherent disadvantage that beams of 
anions have considerably lower number densities than their neutral or cationic counterparts. 
 There are many types of systems that can be effectively modeled by size dependent 
anionic cluster studies.  Development of the electronic structure with increasing cluster size has 
been studied in types of atomic clusters.10, 11  Systems of solvent molecules doped with anions 
are also frequently studied as microscopic models for ion solvation.12-14  As discussed at length 
in chapter 6 of this thesis, the electron can be bound collectively by the molecules of a cluster.  
In this case the dynamics subsequent to electronic excitation inform on the interaction of the 
electron and the cluster molecules.  This type of interaction is frequently studied in clusters of 
polar solvent molecules, where the electron is bound to the cluster via interaction with one or 
several of the solvent molecules.15, 16  Condensed phase analogs of these cluster systems, in 
which a quasi free electron is injected into a solvent moiety, are frequently studied and of great 
interest to communities studying radiation chemistry.17 
 Time resolved experiments have been performed on cluster systems in order to 
investigate gas phase molecular dynamics relating to internal conversion, intramolecular 
vibrational redistribution, photodissociation, photoechemical reactions and other processes.  
These experiments have been frequently and extensively reviewed, both as applied generally to 
clusters,1, 4, 18  and more specifically to anions and anionic clusters.8, 9, 19  Studies of dynamics in 
small clusters frequently cause two species within a given cluster to react or interact in order to 
provide a model within which to explore a common condensed phase problem.  For example, 
excited state proton transfer has been studied in ammonia and alcohol clusters doped with 1-
napthanol or phenol.  Similarly, small gas-phase cluster anions such as [ClBrCH3]− can be 
photodissociated in order to study SN2 type ion-molecule reactions, and appropriate small 
clusters have been used to study catalysis of gas phase reactions by several ions.  As an 
alternative approach, the behavior of a specific part of the cluster, usually the part containing the 
extra electron in studies of anionic clusters, can be characterized as a function of the number of 
surrounding solvent molecules present.  This methodology has been used to great effect in 
studies of caging effects in clusters consisting of dihalide anions and “solvent” gas molecules.  In 
these experiments the dihalide, usually I2

−, is excited to a repulsive state, and in the absence of 
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solvent molecules will photodissociate.  The addition of solvent molecules, typically Ar or CO2, 
hinders or prevents photoejection of halogen atoms, and the effects of varying both halide and 
solvent on the observed dynamics have been thoroughly investigated.  Analogous experiments 
have also investigated the effects of solvent molecules on vibration of the dihalide. 
 As mentioned above, the development of continuous electronic band structure with 
increasing size in metal clusters has been repeatedly demonstrated.  Electronic relaxation 
dynamics have also been studied in these types of clusters, primarily in small transition metal 
clusters.20-22  Briefly, ultrafast relaxation of the non-equilibrium population of electrons 
established by the pump pulse in these clusters proceeds through electron-electron scattering in 
quasi-continuous metal-like bands.  This type of relaxation is observed in clusters containing as 
few as three atoms, on timescales shorter than 100 fs, indicating that these small clusters already 
have the high density of electronic states (DOS) characteristic of the bulk metal.  However, size 
dependent studies reveal non-monotonic behavior indicating that while the electronic bands of 
small transition metal clusters have a DOS sufficient for fast thermalization of the electronic 
population, they are still constructed of distinct states with definable energy gaps.  This model is 
supported the observation of slower dynamics in the same clusters, occurring on a picoseconds 
timescale, which are assigned to electron-phonon coupling.   
 Similar electron-phonon coupling rates have been previously measured following 
intraband excitation of small mercury cluster anions, Hgn

−.23, 24  These clusters have a 
semiconductor-like electronic structure characterized by a full 6s band and a lone electron in the 
6p band, with the two bands separated by a cluster-size dependent band gap.  In the intraband-
excited clusters the p-electron is excited into a higher lying state within the band, and the 
ultrafast relaxation channels available to small transition metal clusters are closed because the 
intraband-excited mercury cluster anions have only one accessible charge carrier.  Electronic 
relaxation proceeds in a cascade of radiationless transitions to more strongly bound states in the 
p-band, with the energy transferred to the vibrational modes of the cluster through electron 
phonon coupling.  The experiments presented in Chapters 3 and 4 of this dissertation investigate 
relaxation of Hgn

− following interband excitation, wherein an electron is promoted from the full 
6s band across the band gap into the now doubly occupied 6p band.  The excited clusters contain 
3 charge carriers, two electrons in the 6p band and one hole in the 6s band.  Time resolved 
experiments on interband-excited Hgn

− are thus sensitive to dynamics of charge carrier 
interaction, analogous to those measured in small transition metal clusters.  In addition, the 
semiconductor-like electronic structure of the cluster and the ease of size selection in anions 
makes Hgn

− an excellent model system for studying the effects of charge carrier interaction in 
small semiconductors.  As described in more detail in section 3.1, interaction between multiple 
charge carriers in semiconductor nanoparticles is of great interest in light of the possible 
application of these nanoparticles in light-harvesting devices. 
 Electrons bound to clusters of polar solvent molecules have been widely studied as 
models for condensed phase solvated electrons,7, 8 and dynamics measurements have played a 
key role in these investigations.  Solvated electrons can be created by photodetachment from ions 
in solution or electrolysis or photolysis of neat solvents, and are bound within a cavity in the 
solvent network.  There has been considerable study of the dynamics associated with these 
electron injection techniques, as well as the relaxation dynamics of excited electronic states of 
the condensed solvated electron.25  The spectroscopy and dynamics of anionic clusters of polar 
solvent molecules have been investigated in order to shed light on the properties of the solvated 
electron and on microscopic solvation environments in general. 
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 Experiments generating solvated electrons by photodetachment from ions can proceed by 
exciting the charge transfer to solvent (CTTS) bands of iodide, ejecting the electron from the 
iodide into the surrounding solvent.26  The presence of the now-neutral iodine atom creates very 
different dynamics in these experiments than experiments in which electrons are generated in 
neat solvents, including the formation of contact pairs and branching between eventual 
recombination or diffusive escape into solution.27, 28  The condensed phase studies have 
motivated numerous cluster studies of the spectroscopy and dynamics of iodide doped polar 
solvent clusters.  The I−(H2O)n system has been investigated in a large number of studies,29 
including femtosecond time resolved photoelectron spectroscopy experiments showing that after 
CTTS the solvent network rearranges to accommodate the electron while the iodide acts as a 
spectator.12-14  Chapter 5 presents the very different dynamics associated with similar CTTS 
excitation in acetonitrile clusters.  Anionic acetonitrile clusters are known to bind electrons 
differently than hydrogen-bound solvents, as the neat clusters can form a valence bound dimer 
anion in addition to the solvent bound isomer.  Iodide-doped acetonitrile clusters also solvate the 
electron internally, whereas in water clusters iodide is not bound internally in small clusters.  
These differences, along with the lack of hydrogen bonding in the acetonitrile network, lead to 
unique relaxation dynamics in iodide-doped acetonitrile clusters.  
  Neat anionic clusters of polar solvent molecules can also be created, and the 
spectroscopy15, 16, 30, 31 and dynamics32, 33 of these species are studied in order to better 
understand solvated electrons and relaxation of their excited states.  Anionic water clusters are 
by far the most widely studied polar solvent cluster, and much of the debate in this field centers 
around the location of the electron in the cluster.32, 34-36  The details of this debate are 
summarized in the third section of this chapter, as well as in more detail in Chapter Six, section 
one.  Briefly, water cluster anions bind an electron on the cluster surface at small sizes, and with 
increasing cluster size the internally bound geometry of the condensed phase solvated electron 
must become accessible.  Previous time resolved photoelectron imaging experiments32 measured 
internal conversion lifetimes in (H2O)n

− up to size n=50, extrapolating size dependent trends to in 
order to draw conclusions about the condensed phase species.  More recent spectroscopy on 
these clusters has shown that surface-binding persists in these clusters up to at least this size 
range.30  The experiments presented in Chapter 6 extend the previous time resolved 
measurements of internal conversion lifetimes in anionic water clusters to larger sizes, since 
electron binding in the larger clusters is more likely to be analogous to the condensed phase 
internal cavity structure.  In addition to measuring internal conversion lifetimes in larger clusters, 
faster time resolution in the new experiments allowed direct observation of solvent dynamics on 
both the ground and excited electronic states.  These dynamics compliment earlier studies on 
solvent dynamics in anionic water clusters and as well similar measurements of the relaxation 
dynamicsofn the condensed phase hydrated electron. 
 In the studies presented in this dissertation the focus is on relaxation subsequent to 
electronic excitation in anionic cluster systems, with the added energy from the electronic 
excitation being redistributed throughout the cluster on an ultrafast timescale.  Electronic energy 
is transferred into internal degrees of freedom of the cluster as the excited state relaxes, resulting 
in vibrational excitation, cluster fragmentation or other nuclear dynamics.  By elucidating the 
pathways through which energy is redistributed, these experiments probe the nature of 
interactions within the cluster systems.  Consideration of the size dependence of the observed 
properties allows for conclusions to be drawn on the corresponding condensed phase species.   
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The studies presented in chapters 3 and 4 are concerned with Hgn
– (n=7-20), I–(CH3CN)n

– 
(n=5-10) is considered in chapter 5 and (H2O)n

– (n=25-200) in chapter 6.  In each of these 
systems, dynamics subsequent to electronic excitation are monitored by time resolved 
photoelectron imaging on femtosecond or picosecond timescales, and the size dependence of the 
cluster spectroscopy and dynamics are determined over a significant range of cluster sizes.  
Sharp transitions in cluster properties with size are interpreted as indications of a change in the 
nature of the cluster itself, while gradual trends in large clusters are interpreted as evolution of 
bulk-like behavior. 

Figure 1.1: Diagram of Time Resolved 
Photoelectron Imaging 

 
1.2 Time Resolved 
Photoelectron Imaging (TRPEI) 

In the studies presented in 
this dissertation, femtosecond 
time resolved photoelectron 
imaging (TRPEI) is used to 
measure electronic relaxation 
dynamics in anionic clusters.  In a 
TRPEI experiment, an ultrafast 
pump pulse creates an electronic 
excited state in the anionic cluster 
under study.  The cluster is 
allowed to relax over an 
experimentally determined time 
delay ranging from a few 
femtoseconds to tens of 
picoseconds.  At the 
predetermined delay time, a 
second ultrafast laser pulse 
detaches electrons from the 
cluster.  The technique has been 
applied to a wide variety of 
systems, and is the subject of 
several recent reviews.37, 38 

Figure 1.1 is a diagram of the energetics of a TRPEI experiment.  The figure shows a 
pump pulse transferring population from the electronic ground state, labeled X, to an excited 
electronic state, labeled B, resonant with the pump pulse.  This excited state population can 
either be detached immediately by the probe pulse at zero time delay or be allowed to evolve for 
some time delay Δt and subsequently detached by the probe pulse at that later time.  In the 
diagram shown in Figure 1.1, the system relaxes from excited state B to a more strongly bound 
excited state A that has a different equilibrium position along some arbitrary relaxation 
coordinate.  Photoelectron spectra obtained at the two time delays are shown in the top right 
section of the figure.  Detaching electrons from the initial excited state B results in the 
photoelectron spectrum labeled t=0, while detaching electrons from the excited state A after a 
time delay results in the spectrum labeled t=Δt.  By varying time delay incrementally, we can use 
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TRPEI measure the photoelectron spectrum at a range of time delays, mapping out the evolution 
of spectral features with changes in time delay.  The generation of the ultrafast laser pulses 
required for use as pump and probe pulses is described in general terms in Chapter 2.2, with 
further specifics for each system studied presented in the “Experimental Details” sections of 
chapters 3-6. 

Photoelectrons detached by the from the clusters are collected by velocity map imaging,39 
which projects the ejected electrons onto a 2D microchannel plate detector such that electrons 
with the same velocity vector arrive on the same point at the detector regardless of spatial origin.  
Images are collected in this way over the desired number of laser shots at each time delay, and 
added together to produce a 2 dimensional projection of the 3 dimensional velocity distribution 
of electrons ejected at the experimentally determined time delay.  This method of collecting and 
analyzing ejected electrons offers the dual advantage of near 100 % collection efficiency and 
high sensitivity to electrons ejected with very little kinetic energy.  The resulting images can be 
transformed back into 3 dimensional distributions by means of either the BASEX40 or p-
BASEX41 forward convolution methods, and can be integrated over all angles to yield 
photoelectron spectra. 

If the polarization of the detaching laser pulse is parallel to the face of the microchannel 
plate, the resulting photoelectron angular distribution (PAD) has cylindrical symmetry.  In this 
case, the angular distribution of ejected electrons can be fit to an even series of Legendre 
polynomials: 

 ( ) [1 (cos )]
4 n nI Pσθ β θ
π

= +  (1.1) 

where θ is the angle between laser polarization axis and the ejected electron’s velocity, σ is the 
cross section for detachment, Pn is the n-th order Legendre polynomial and βn is the fitting 
parameter ranging from -1 (aligned perpendicular to the laser polarization axis) to 2 (aligned 
parallel to the laser polarization axis.)  The series can be restricted to contain only terms with 
n≥2*nph , with nph representing the number of photons in the detachment process.  Thus, for one 
photon detachment, only β2 is considered, so that a distribution with β2=0 represents an isotropic 
s-wave of outgoing electrons.  The pump-probe TRPEI experiments described in this dissertation 
involve at least 2 photons, and so a β4P4 term must also be included when fitting photoelectron 
angular distributions from these experiments. 
 By integrating the distribution over all angles and transforming the distance-from-center 
coordinate from velocity to energy space, we can transform this distribution into a photoelectron 
spectrum, which contains features corresponding to detachment from the various states of the 
anion present at excitation into all energetically accessible states of the neutral cluster.  
Monitoring changes in intensity of the features, along with the position and shape of the 
distribution of ejected electrons which contribute to the features, yields information about the 
relaxation dynamics subsequent to electronic excitation.   The kinetic energy of the ejected 
electrons is related to the binding energy of the electron through the photoelectric effect: 

 eBE h eKEυ= −  (1.2) 
where eBE is the electron binding energy and hν is the energy of the detaching photon.  The 
vertical detachment energy (VDE) of a given electronic state is the eBE at which the 
corresponding feature in the photoelectron spectrum has maximum intensity. 
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1.3 Summary of Systems Studied 
 
1.3.1 Anionic Mercury Clusters, Hgn

- (n=7-20) 
 Electronic relaxation dynamics in semiconductor nanoparticles have been studied with 
great interest in recent years because the unique properties of these materials encourage 
application in a wide variety of new devices, such as in-vivo and in-vitro biological sensors, 
LEDs and quantum dot lasers.  While much of the research focuses directly on precise synthesis  
and novel technological application of these nanoparticles, many of the fundamental processes 
responsible for their behavior are not well understood.  Multiple exciton generation (MEG) , a 
process in which a single incident photon with energy much greater than the semiconductor band 
gap is absorbed in order to create multiple electron-hole (e-h) pair excitons in a single 
nanoparticle,42-44 is one such example.  MEG has been demonstrated to increase quantum yield 
of e-h pairs created by absorption of UV photons in PbSe and CdSe nanoparticles, and although 
the magnitude of this effect remains a topic of some debate,45 MEG in QDs is of interest since 
these materials can be used to construct solar cells.46  Electronic relaxation dynamics in 
semiconductor nanoparticles containing more than one e-h pair have been shown to depend 
strongly on charge carrier density, with high charge carrier density leading to faster e-h pair 
recombination.42  Mercury cluster anions, Hgn

–, have a semiconductor like electronic structure, 
with a filled 6s band and a single electron in the 6p band.  When an electron is excited across the 
band gap between the 6s and 6p bands the system contains three charge carriers, two p-band 
electrons and a single s-band hole.  Relaxation dynamics in this system thus include interactions 
between multiple charge carriers, and can be used as a model system to better understand similar 
dynamics in semiconductor nanoparticles subsequent to MEG.  In addition the anionic clusters 
are easily size-selected, which allows for consideration of the effects of changing charge carrier 
density since the clusters maintain a constant three charge carriers regardless regardless of size. 
 In the experiments described in Chapter 3, the dynamics of relaxation following creation 
of an e-h pair in Hg13

– are measured.  Excited clusters are observed to decay via an Auger-like 
mechanism in which one p-band electron recombines with the s-band hole, detaching the other p-
band electron and leaving the resulting neutral cluster in its ground electronic state.  A probe 
pulse can be used to detach one of the p-band electrons prior to Auger decay, depleting the 
resulting Auger electron feature in the photoelectron spectrum.  By monitoring this depletion 
while varying the delay between pump and probe laser pulses, we can measure the Auger decay 
lifetime of the cluster.  Dynamics observed in another region of the photoelectron spectrum 
report on relaxation of the electrons within the p-band prior to Auger decay.  Relaxation of p-
band electrons in these interband-excited clusters is observed to be about an order of magnitude 
faster than in intraband-excited clusters.  In the intraband-excited clusters, the lone p-band 
electron in the electronic ground state is been excited to a higher lying state within the p-band.23, 

24  The faster relaxation dynamics in the interband-excited clusters are attributed to new 
relaxation pathways involving energy transfer between the three charge carriers.  These 
pathways are not available to the intraband-excited clusters, since the excited p-band electron is 
the only charge carrier in the cluster. 
 The work presented in Chapter 4 extends these experiments to consider how the Auger 
decay timescale and p-band relaxation dynamics change with cluster size.  Relaxation in the p-
band maintains a constant timescale as cluster size is varied from n=7 to n=20, revealing that 
charge carriers exchange energy at roughly the same rate regardless of cluster size.  Over the 
same size range, Auger relaxation timescales exhibit a distinct shift toward slower e-h pair 



8 
 

recombination for clusters with 13 or more mercury atoms.  This change is interpreted as 
evidence of a shift towards covalent inter-atomic bonding within the cluster, resulting in more 
delocalized electronic orbitals. This reduces the Coulomb interaction between the p-band 
electrons and the s-band hole, causing longer Auger recombination timescales.  This result is 
supported by evidence from experimental and theoretical studies of the neutral Hgn

0 clusters that 
suggest increased s-p hybridization and delocalization of excited states in mercury clusters with 
13 or more constituent atoms.3, 47 
 
1.3.2 Iodide-doped Acetonitrile Clusters 
 Doped clusters of polar solvent molecules have been studied by the cluster-science 
community as microscopic models for condensed phase solvation environments.48  Careful 
studies of these clusters can isolate and identify the atomic-scale interactions which dictate the 
behavior of bulk solutions.  Solvated electrons are frequently generated in several solvents by 
excitation of a charge transfer to solvent (CTTS) band, ejecting the electron into the surrounding 
solvent.27, 49, 50  Iodide dissolved in liquid acetonitrile is known to produce two different CTTS 
bands, and its condensed phase dynamics have been characterized using transient absorption 
methods.51, 52  These experiments found two types of electrons bound in the acetonitrile, a 
valence anion which localizes the electron on a pair of anti-parallel solvent molecules and a more 
conventional solvated electron bound within a solvent cavity.  The existence of these two types 
of anions in gas phase clusters of acetonitriles has been confirmed by Mitsui et al. using 
photoelectron spectroscopy.53 
 The experiments described in Chapter 5 represent the gas-phase analog of these CTTS 
experiments, transferring the electron from the iodide to the solvent molecules and observing the 
subsequent dynamics.  Iodide atoms are known to be bound internally within acetonitrile 
clusters, and thus these dynamics also represent a probe of an internally bound solvated electron 
in clusters. 
 Following charge transfer, changes in the binding energy of the electron are observed on 
several timescales.  Initially the electron forms a diffuse state inside a cavity created by the 
acetonitrile molecules, and by comparison with recent theoretical work54 the relaxation dynamics 
are assigned to rapid localization of the electron, followed by ejection of the neutral iodide from 
the cluster and rearrangement of the network of remaining neutral solvent molecules. 
 
1.3.3 Large Anionic Water Clusters 
 Hydrated electrons, electrons bound transiently in liquid water, have been widely studied 
since they were first observed in 1962 by Hart and Boag.55  The species is an important 
intermediate in radiation chemistry, and has been shown to capable of causing DNA strand 
breaks.17  In addition, this species is of great interest to theoretical community as it represents the 
simplest possible quantum solute.56  Experimental and theoretical work has shown that the 
electron resides in a 2-3 Ǻ cavity within the water network, surrounded by six octahedrally 
arranged, bond-oriented water molecules.57, 58  The hydrated electron exhibits an absorption band 
centered at ~720 nm that corresponds to a transition from its s-like ground electronic state to a p-
like first excited state.  Relaxation dynamics subsequent to this excitation have been measured, 
primarily through transient absorption, producing three distinct relaxation timescales with an 
isotope effect of ~1.4-1.6 observed for only the fastest of these timescales.59-61  These results 
have been interpreted through two mutually exclusive models, known as the nonadiabatic and 
adiabatic models, with the primary difference between the two being the rate of internal 
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conversion from the p-like excited state to the s-like ground state.  In the nonadiabatic model,60, 

62 the timescale for internal conversion is ~50 fs while in the adiabatic model59, 61, 63 it is ~300 fs. 
 Relaxation dynamics in water cluster anions, (H2O)n

–, have been studied by time resolved 
photoelectron imaging in an attempt to resolve the ambiguity in interpretation of the condensed 
phase dynamics.  Internal conversion can be unambiguously identified in the photoelectron 
imaging experiments because both ground and excited state populations can be monitored 
simultaneously.  Early experiments of this type32 measured internal conversion rates in cluster up 
to size n=50 in (H2O)n

– and size n=100 in (D2O)n
–, the fully deuterated isotopolog of the cluster.  

Internal conversion lifetimes were observed to scale linearly with 1/n for cluster sizes larger than 
n=25.  Extrapolating these results to infinte cluster size yields condensed phase internal 
conversion lifetimes of ~50 fs for (H2O)n

– and ~70 fs for (D2O)n
–, thus supporting the 

nonadiabtic mechanism for condensed phase relaxation. 
 This conclusion has been called into question by studies of the structure of anionic water 
clusters,34, 35 which suggest that in small anionic clusters the electron is bound to the surface of 
the cluster.  Surface bound electrons interact with the cluster differently than internally bound 
electrons, and thus extrapolation of dynamics results from internally bound clusters to infinite 
size may not predict condensed phase behavior.  Vibrational predissociation spectra have 
demonstrated the existence of a “double acceptor” water molecule on the surface small anionic 
water clusters.31  This “double acceptor” water molecule accepts two hydrogen bonds from the 
network of water molecules in the cluster.  The hydrogen atoms of the “double acceptor” water 
molecule point away from the cluster, and the extra electron is strongly localized around these 
two hydrogen atoms on the cluster surface.  This type of electron binding creates a distinct IR 
absorption feature in the water-bending region of the spectrum that is clearly present in clusters 
with n≤25.  In the size range n=25-50, the feature broadens and shifts towards other peaks 
associated with more typical water molecules in the cluster, suggesting some kind of transitional 
behavior towards electron binding that involves more of the water molecules in the cluster.30  In 
addition, theoretical studies based on quantum path integral methods suggest that the transition 
from surface binding to internal binding in anionic water clusters occurs between sizes n=32 and 
n=64.36  More recent calculations using mixed quantum-classical molecular dynamics methods, 
in which the water molecules are approximated by point charges but the electron is given full 
quantum treatment, place this transition between sizes n=104 and n=200 for clusters at ~200K.34 
 The results presented in Chapter 6 extend previous time resolved photoelectron imaging 
measurements of the internal conversion lifetime in anionic water clusters to larger cluster sizes, 
up to n=200 for both cluster isotopologs.  These experiments were performed with better time 
resolution than in previous studies, and consequently they are sensitive to dynamics not seen in 
earlier work.  While internal conversion lifetimes from the new experiments are consistent those 
measured previously, results from larger clusters demonstrate a significant reduction in size 
dependence for clusters larger than n≈70.  This result is interpreted as an indication of a change 
in the electron-water interaction for larger clusters, possibly related to completion of a shift away 
from the “double acceptor” electron binding motif.  Whether or not the largest clusters studied 
here bind an electron internally remains an open question. 
 In addition to the internal conversion lifetime measurements, subtle changes in the 
position and shape of the distribution of photoelectrons associated with the ground and excited 
states of the cluster are observed.  The excited state feature is observed to shift towards lower 
electron kinetic energy, and thus higher binding energy, with increasing delay.  This type of shift 
is commonly the result of solvation, with the water molecules shifting to better accommodate the 
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nascent p-like excited electron.  A similar shift is seen in the ground state feature after internal 
conversion, and is assigned to solvation of the ground state electron. 
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Chapter 2: Experimental Apparatus 
 This chapter and the associated references describe the apparatus used to perform the 
time resolved photoelectron imaging experiments presented in chapters 3-6.  The original 
configuration of the time resolved photoelectron spectrometer is described in the theses of 
Martin Zanni and B.J. Greenblatt.1, 2  Modifications made during the transition from magnetic 
bottle detection to photoelectron imaging are described in the theses of Alison Davis and Art 
Bragg.3, 4  The experiments described in this dissertation were performed using this apparatus 
with no significant modifications, aside from the installation of a new femtosecond laser system 
used to perform the work detailed in chapter 6.  For this reason, this chapter provides a brief 
outline of the experimental apparatus and data collection and analysis procedures used to 
perform the work presented in chapters 3-6, with greater levels of detail available in the 
references. 
 

 
 

Figure 2.1: Photoelectron Imaging Apparatus 
 

 Figure 2.1 shows a diagram of the time resolved photoelectron imaging apparatus.  
Cluster are generated supersonic expansion of a gas mixture specific to each experiment through 
a pulsed solenoid valve (labeled A in figure 2.1) and are ionized using a pulsed, ring-shaped 
ionizer (B in figure 2.1). The anions are separated by time of flight in a Wiley-McLaren type 
mass spectrometer (C) and then anions of a specific mass to charge ratio are isolated by a high 
voltage potential switch (D).  These processes are described in Section 1 of this chapter.  Anions 
are excited and photodetached by pulses from a femtosecond laser system described in Section 2 
of this chapter.  The detached photoelectrons are collected by a velocity map imaging detector 
(E), and the resulting photoelectron distributions are collected and analyzed to extract 
photoelectron spectra and photoelectron angular distributions (PADs) as described in Section 3 
of this chapter.  An experimentally controlled time delay between exciting and detaching laser 
pulses allows time dependent measurement of relaxation dynamics following excitation. 
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2.1 Cluster Anion Source 
 Gas-phase clusters are produced through supersonic expansion of a high pressure gas 
mixture through a pinhole into vacuum.  The gas mixture consists primarily of “backing gas”, 
and also contains a small amount of “seed gas” which goes on to form the cluster of interest 
through collisions during the expansion.  The clustering process has been well described in 
literature, and is generally understood through the “evaporative ensemble” model.5  This model 
notes that large clusters traveling in a collision free environment can lower their internal energy 
by evaporation of one of their constituent atoms or molecules, and will eventually do so if the 
energy contained within its internal degrees of freedom is larger than the binding energy of the 
least strongly bound of these constituents.  Thus large clusters that form in the collision-heavy 
region of the expansion will “boil down” to a smaller size during free flight.  For van der Waals 
clusters binding energy per atom or molecule is typically on the order of 50 meV, although for 
clusters with stronger types of interatomic or intermolecular binding, such as hydrogen bonding 
on dipole-dipole interactions, the energies can be larger.   
 The experiments described in this dissertation use an Even-Lavie pulsed solenoid valve, 
labeled A in figure 2.1, to create the supersonic expansion.6  A pulsed gas source reduces the gas 
load on the vacuum chamber during experiments, and this particular type of pulsed valve uses a 
high current solenoid to drive a magnetic plunger, creating very short (~10-100 μs) and precisely 
controllable (± 0.1 μs) gas pulses.  The valve can operate at up to 160 Hz, although in the 
experiments described here it runs at 87 Hz in order to keep the gas load on the pumps in the 
source region low.  The valve orifice has an inverted cone shape that increases collisions and 
thus clustering.  The backing pressure behind the orifice is generally kept at 10-70 psig, while the 
source chamber is pumped down to ~1*10-5 torr. The Even-Lavie valve also contains a heating 
coil near the orifice, which can be used to heat this section of the valve up to ~250 ºC.  Above 
this temperature, the sealing gaskets in the valve begin to melt, resulting in gas leaks into the 
source region of the vacuum chamber.  Because the valve is vertically oriented in the laboratory, 
the heater is generally kept above the temperature of the backing line in order to prevent 
condensation near the valve orifice.  Liquid near the pinhole can interfere with the poppet 
mechanism and also fall through the valve orifice, flooding the source chamber. 
 Anionic clusters are created through secondary electron attachment in the expansion 
using a pulsed, ring shaped ionizer positioned such that the gas expansion passes through the 
center of the ionizer, ~ 3 cm downstream from the valve orifice.  The ionizer is labeled B in 
Figure 2.1.  A constant current of 3-4 A runs through a thoriated tungsten filament, constantly 
ejecting electrons.  The inner electrode of the ring ionizer is grounded, while the outer electrode 
is pulsed to high negative voltage, typically 100-500V.  The bias projects the electrons through 
the gas expansion, where they collide primarily with the backing gas to create cations and slow 
secondary electrons.  These secondary electrons then attach to neutral clusters to form cluster 
anions. 
 For the experiments described in Chapters 3 and 4, mercury cluster anions are generated 
using Argon backing gas at 30 psig.  Less than one mL of liquid mercury is contained in a small 
reservoir near the valve orifice, which is heated to ~230 ºC using the Even-Lavie valve’s heating 
coil.  When making these clusters, the backing line must be kept exceptionally clean, because 
impurities in the expansion such as water scavenge secondary electrons much more effectively 
than neutral Hgn clusters and thus prevent the formation of Hgn

– anions.  Under optimal 
conditions, this expansion can create Hgn

– anions containing up to ~25 mercury atoms, although 
only those up to size n=20 were present with sufficient stability and intensity to perform time 
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resolved experiments.  Liquid mercury samples can be used for several weeks before needing 
replacement.  In the experiments described in Chapter 5, argon backing gas at 40-50 psig is 
bubbled through a reservoir of liquid acetonitrile.  This mixture then passes over solid methyl 
iodide crystals before expansion into vacuum.  This method generates I–(CH3CN)n clusters with 
up to 13 acetontirile molecules.  For the experiments described in Chapter 6, the 30 psig argon 
backing gas is simply passed over liquid water prior to expansion.  In order to make more of the 
larger clusters, heating tape is applied to the backing gas line and bubbler, maintaining a 
temperature of 30-50 ºC.  When the backing line is heated, it is necessary to keep the valve 
heater at ~120 ºC in order to avoid condensation at or near the valve orifice.  Heating the sample 
and backing line creates an expansion containing greater amounts of water seed gas than a 
standard room temperature backing line, resulting in more associative water-water collisions and 
thus larger water cluster anions. 
 The anions created using the Even-Lavie valve and pulsed, ring shaped ionizer are 
extracted perpendicularly from the expansion using a Wiley-McLaren time of flight mass 
spectrometer,7 labeled C in Figure 2.1, which separates the ions by time of flight according to 
mass-to-charge ratio.  The three-plate mass spectrometer consists of an extraction plate held at a 
constant -2 kV, and accelerator plate set to a variable voltage and a ground plate.  The 
accelerator voltage is varied, generally over the range 1.2-1.8 V, in order to best focus the ions in 
the plane perpendicular to the direction of travel.  The optimal setting varies between 
experiments based on the mass of the ion of interest.  Two sets of ion deflectors aid in steering 
the beam through the pinholes between differential pumping regions of the vacuum chamber as 
they move towards the interaction region, and an einzel lens focuses the ion packet cylindrically 
about the direction of travel.  The ion beam can be detected in the interaction region using the 
retractable ion detector, which is described in detail in the thesis of B.J. Greenblatt.1  An 
electrostatic switch, labeled D in figure 2.1 and described in detail in the thesis of Art Bragg,3 
can be used to select out an anion packet of any given mass-to-charge ratio for study.  Briefly, 
the gate consists of a stack of two planar electrodes perpendicular to the ion beam, with the 
second electrode connected to a “re-referencing tube” which surrounds the ion beam coaxially.  
The front electrode is permanently grounded, and when activated the second plate and re-
referencing tube are held at -4 kV, high enough to prevent any anions from passing.  As the 
anion of interest approaches the front of the switch, this voltage is pulsed to ground for a short 
time, typically on the order of 600 ns – 1 μs.  This allows the anion of interest to enter the “re-
referencing tube”, at which point the second electrode/re-referencing tube assembly is returned 
to -4 kV in order to prevent ions with larger mass-to-charge ratios, and thus later arrival times, 
from entering the interaction region.  Since the anions inside the re-referencing tube are 
symmetrically surrounded by the -4 kV field, they continue to travel in a straight line through the 
re-referencing tube into the interaction region.  There is a third planar electrode attached to the 
rear section of the re-referencing tube which serves as the repeller electrode of the velocity map 
imaging detector described in Section 3 of this chapter. 
 
2.2 Femtosecond Laser Systems 
 The principles behind generation of femtosecond laser pulses are well understood, and 
reviewed in detail in the thesis of B.J. Greenblatt.1  This section gives a brief overview of the 
equipment and techniques used to perform the work presented in chapters 3-6 of this dissertation.  
For the experiments described in Chapters 3-5, femtosecond laser pulses were generated using a 
commercial Ti:Sapphire oscillator/regenerative amplifier system (NJA-5 oscillator, CPA-1000 
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chirped pulse regenerative amplifier).  The second harmonic of a diode-pumped Nd:YVO4 laser 
(Continuum Verdi-5) pumps the oscillator, creating a 100 MHz pulse train centered at 800 nm 
with a pulse duration of 80-100 fs full width at half maximum (fwhm) and a bandwidth of ~15 
nm.  The total power output of the oscillator is ~200 mW, or ~2 nJ/pulse. The pulses are 
stretched to ~200 ps fwhm using a grating-based pulse stretcher, and a pockels cell is used to 
inject selected pulses into the regenerative amplifier, reducing the repetition rate of the pulse 
train to ~500 Hz.  The chirped pulse amplifier, pumped by the second harmonic of a Nd:YAG 
laser (Clark-MXR ORC-1000), amplifies the pulses and the pockels cell injects them into the 
pulse compressor.  The 500 Hz pulse train has a total power of 600-800 mW upon entering the 
compressor.  The grating-based compressor reduces the pulse duration to 80-100 fs fwhm, 
yielding a total output power of ~450 mW or 900 μJ/pulse. 
 For the experiments described in Chapter 6, a KMLabs Griffin oscillator and Dragon 
amplifier were used to generate femtosecond laser pulses.  The Ti:Saphhire based Griffin 
oscillator, also pumped with the second harmonic of a Continuum Verdi-5 Nd:YVO4 laser, 
produces a 100 MHz pulse train of 30 fs fwhm laser pulses centered at ~800 nm with a 
bandwidth of 50-70 nm.  The Dragon amplifier contains a stretcher and compressor which 
function similarly to those described above for the Clark-MXR laser system, but amplifies pulses 
in a multi-pass configuration based on 13 passes through a single Ti:Saphhire crystal.  The pump 
laser for the multipass amplifier is a Coherent DM30 diode-pumped Nd:YAG laser.  At its output 
this laser system produces a 500 Hz pulse train of 30 fs pulses with a total power of 1.5 W, or 3 
mJ per pulse.  The shorter pulses and greater total power result in almost an order of magnitude 
more peak power than the Clark-MXR system. 
 Various frequency conversion schemes can be used with either laser system to create 
pump and probe laser pulses for use in time resolved photoelectron imaging.  The pulses can be 
frequency doubled or tripled in appropriately cut BBO crystals in order to create pulses at 400 
nm and 266 nm.  Infrared pulses can be generated in the 1100-2600 nm range by passing the 
fundamental through a commercial OPA (Light Conversion TOPAS model 4-800).  The output 
from the OPA can also be frequency doubled or combined with residual fundamental by sum 
frequency in appropriately cut BBO crystals, allowing generation of most pulses at most 
wavelengths between 400 and 800 nm.  We have also successfully combined the third harmonic 
of the amplifier output with IR pulses from the TOPAS to create 240 nm pulses by sum 
frequency in BBO.  These pulse were used in the experiments on large I−(CH3CN)n clusters,  
which do not efficiently absorb the 266 nm light used on smaller clusters of this type.  The 
particular pulses generated for each experiment are outlined in the corresponding chapters of this 
dissertation.  A commercial autocorrelator (Coherent SSA) is used to verify the pulse duration. 
The autocorrelator is similar in design and function to the home-built model described in the 
thesis of Aster Kammrath.8  
 The laser pulses required for a given experiment are directed collinearly though a 1m lens 
and into the interaction region of the vacuum chamber.  The polarization of these laser pulses is 
set vertical relative to the laser table, parallel to the plane of the photoelectron imaging detector.  
This creates a cylindrically symmetric distribution of photoelectrons that can be easily 
transformed as summarized in Section 2.3 and described in detail in the thesis of Art Bragg.3  In 
each experiment the beam path of either the pump or probe laser beam includes a retro-reflector 
mounted on a mechanical translation stage, allowing control of temporal delay between pulses by 
varying the beam path length.  
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 The layout of the components described above on a 12’x8’ laser table is presented in 
Figure 2.2.  Laser components are shown as appropriately labeled boxes.  Enclosed beam paths 
are shown as thin rectangles connecting the laser components, while enclosed mirrors and 
periscopes, labeled P and M respectively, direct various pump beams between laser components.  
The output from the amplifier is directed around the laser table using dichroic and silver mirrors 
and divided up for use in the various frequency conversion schemes with beam splitters.  These 
mirrors and beam splitters are represented by diagonal lines while the fundamental amplifier 
output, TOPAS-generated infrared, and amplifier second and third harmonic beams are shown as 
a solid, dotted, dashed and dash-dotted lines, respectively.  BBO crystals (used to generate 
second harmonic and third harmonic beams) are shown as small rectangles.  The area labeled 
“Tripler” is used to generate the third harmonic beam by doubling the fundamental, then mixing 
this second harmonic beam with the residual fundamental by sum-frequency to get third 
harmonic.  An adjustable delay line is included in the non-TOPAS beam path, sending the beam 
across the table between the amplifier and the tripling stage.  This delay line adds length to the 
non-TOPAS beam line so that the pulses not passing through the TOPAS can be matched in time 
with those that do.  The TOPAS beam path re-crosses itself many times and the total path from 
inlet to output is ~245 cm, much larger than the end to end length of the TOPAS box (~40 cm).  
Behind the dichroic mirror in the delay line is a photodiode, labeled D, that provides a good 
estimate of the laser timing.  Residual light passing through the dichroic mirror is strong enough 
to give a signal on the photodiode, and this signal is used when adjusting timings such that the 
laser pulse encounters the anion pulse in the interaction region of the vacuum chamber. The 
gray-filled rectangles in the lower right section are the delay stages.  A flip mirror, labeled F, 
allows part of the beam to be directed into the autocorrelator (labeled AC) in order to check the 
temporal profile of the amplifier output.  All beams are eventually directed into the periscopes, 
labeled P, then through a 1m focusing lens, labeled M, and through the vacuum chamber.  The 
KMLabs femtosecond laser system is much more compact than the Clark-MXR system it 
replaced, which occupied ~2/3 of the laser table, allowing for all types of frequency conversion 
schemes to be set up at once. 

 
 

Figure 2.2: Laser Table Layout.  The figure is drawn to scale and described in the text. 
 
2.3 Photoelectron Imaging 
 Pump and probe laser pulses generated as described in Section 2.2 encounter anions 
prepared and isolated as described in Section 2.1 at the interaction region of the experimental 
apparatus.  The laser pulses detach electrons from the anionic clusters inside a collinear velocity 
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map imaging detector.  The design and underlying principles of the velocity map imaging 
detector described in detail in the theses of Alison Davis and Art Bragg, and are only briefly 
summarized here.3, 4  The velocity map imaging detector,9 labeled E in figure 2.1, consists of 
three planar electrodes with gridless apertures aligned perpendicular to the ion beam, the first of 
which is the backplate of the re-referencing tube.  This first electrode, referred to as the 
“repeller”, remains at -4kV as the ion passes out of the re-referencing tube, and the second 
electrode, or “extractor”, is set at a constant -2.8 kV while the final plate is grounded.  The three 
electrodes function as an electrostatic lens, projecting the ejected electrons onto a position 
sensitive detector in such a way that electrons with the same velocity vector upon 
photodetachment are mapped to the same point on the detector (hence “velocity-map imaging.)  
The ratio between the voltages on the first two electrodes controls the distance at which this 
focusing occurs, and the 70% ratio between extractor and repeller voltages described above is 
appropriate for the geometry of our detection region.  A pair of grounded, cylindrical μ-metal 
shields encases the detection region, extending from the velocity map imaging electrodes to the 
detector in order to prevent stray electrical and magnetic fields from distorting the measured 
images. 
 The photodetached electrons are projected onto a pair of matched, chevron-mounted 70 
mm microchannel plates (MCPs) coupled to a P20 phosphor screen.  Electrons impacting the 
detector are amplified by a cascade within the MCP stack and then encounter the phosphor 
screen, creating light flashes which are then transmitted outside the chamber by means of a fiber-
optic array.  The phosphor screen requires a +4 kV bias.  The back of the MCP stack is kept at 
+1.5-1.6 kV, while the front typically sits at +500 V and is pulsed to ground for only a short time 
(~200 ns) during the arrival of the phtoelectrons.  This design takes advantage of the nonlinear 
dependence of MCP gain on the potential difference across the MCP stack to eliminate 
background signal from the anion beam, which arrives later than the electron signal.  The light 
exiting the chamber through the fiber-optic array is imaged by a Dalsa 1-M30 CCD Camera.  
The operation of the camera is described in detail in the thesis of Alison Davis. 4 
 Data is transferred to a desktop computer through a camera framegrabber (EPIX PIXCI-
D) after collection of each frame, and recorded for integration and analysis by the ImageDAQ 
program designed by Dr. Roland Wester and described in the thesis of Alison Davis.4  
ImageDAQ allows real-time observation of collected signal integrated over 1 to 100 frames.  The 
program can also control the translation stages on the laser table, allowing the user to designate 
the specific stage positions at which images will be collected and the number of frames to be 
collected in each “scan”.  The program can perform multiple scans through the specified delays, 
recording a data file for each specified stage position containing the total integrated two 
dimensional signal array for each individual scan at that stage position.  These images can then 
be integrated over all scans, or any subset of the scans performed, to yield a photoelectron image 
containing the desired photoelectron signal.   
 The images collected are 2-dimensional projections of the 3-dimensional photoelectron 
velocity distribution.  A typical image is shown in the left hand portion of Figure 2.3.  As 
described in Section 2.2, the polarization of the laser pulses is set such that the distribution of 
photoelectrons is cylindrically symmetric.  This allows the original 3-dimensional distribution of 
photoelectrons to be determined unambiguously.  Before processing the image is also 4-way 
symmetrized to account for detector imhomogeneity.  Typically, the original 3-dimensional 
distribution is reconstructed using the well documented basis-set expansion (BaSEx) method of 
Dribinski et al.10  A BaSEx reconstruction of the 3-dimensional distribution shown in left part of 
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Figure 2.3 is displayed in the right half of the same figure.  The reconstructed 3-dimensional 
distributions can then be transformed from velocity-space to energy space and integrated over all 
angles to produce photoelectron spectra.  Both the reconstruction of the 3-dimensional 
distributions and the production of photoelectron spectra are accomplished using the homebuilt 
program BasexLV2, designed by Dr. Oliver Ehrler, and the images shown in Figure 3 are 
screenshots exported from that program.  This program also allows for individual inspection of 
the integrated image from each scan performed by the ImageDAQ program, and each of these 
images can be individually accepted or rejected.  This function is particular useful for getting 
good time resolved photoelectron spectra from unstable ion beams, as scans in which the ion 
beam intensity varies greatly can be easily spotted and excluded.   So long as the same subset of 
scans is used for each stage position, valid time resolved photoelectron spectra can still be 
constructed.  The BasexLV2 program has replaced the “image_analysis” program, described in 
the thesis of Art Bragg,3 as our standard method for converting 2 dimensional photoelectron 
distributions into photoelectron spectra both because of the ease of excluding “bad” scans and 
because the new program is significantly faster. 
 

 
Figure 2.3: An image from time resolved experiments on Hg17

−, described in chapter 4 of this 
dissertation.  Raw data is shown on the left, while the BaSEx-transformed image is shown on the 

right. 
The BaSEx method is known to result in increased noise along the cylindrical symmetry 

axis of the photoelectron distribution.  The polar BaSEx (or pBaSEx) method developed by 
Garcia et al.11 uses polar coordinates instead of the cylindrical coordinates used in BaSEx, and 
does not encounter this problem.  This method is therefore preferred for evaluating photoelectron 
angular distributions and calculating the β parameters described briefly in Chapter 1, Section 2 of 
this thesis.  The pBaSEx method is not compatible with Dr. Ehler’s BasexLV2 program, 
however, and must be performed separately. 
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Chapter 3: Auger Recombination Dynamics in Hg13
- Clusters 

[Reprinted from Chemical Physics, volume 350, Graham B. Griffin, Aster Kammrath, Oli T. 
Ehrler, Ryan M. Young, Ori Cheshnovsky and Daniel M. Neumark, “Auger Recombination 
Dynamics in Hg13

- Clusters”, pages 69-75, 2008 with permission from Elsevier] 
 
Electronic relaxation dynamics following interband excitation from the 6s to the 6p band in mass 
selected Hg13

- clusters are measured through femtosecond time resolved photoelectron imaging 
(TRPEI).  This interband transition is pumped at 4.65 eV and probed at 1.55 eV.  Auger decay of 
the excited electron occurs on a timescale of 490 ± 100 fs, and a similar time constant is seen for 
transient excited state population created by the pump pulse.  These time constants are an order 
of magnitude faster than those seen in previous experiments in which the lone p-electron in Hg13

- 
was excited within the p-band.  The results presented here imply that substantial relaxation of 
either electrons in the p band or the hole in the s-band takes place prior to Auger emission, with 
electron-electron scattering playing a key role in the fast observed dynamics. 
 
3.1 Introduction 

A primary goal of cluster science is to understand how the properties of matter evolve 
with size and, in particular, to determine how large a cluster has to be before it begins exhibiting 
properties characteristic of the corresponding bulk material.1  Metal clusters are especially 
interesting in this regard, as their study reveals how electronic structure evolves from the discrete 
states of a single atom or small molecule towards the delocalized valence bands of the solid.2, 3  
Photoelectron spectroscopy (PES) of mass-selected metal cluster anions has served as an 
excellent means of monitoring this evolution, as it directly yields the electronic energy levels of 
the neutral cluster generated by photodetachment.4-7  Complementary time-resolved PES 
experiments explore how the dynamics of electronic excitation in metal cluster anions depend on 
both size and elemental composition.8-11  In this paper we report time-resolved photoelectron 
imaging experiments on Hg13

-, expanding on previous photoelectron experiments on mercury 
cluster anions, 12-16 and establish, for the first time, the time scale for Auger decay dynamics in 
mercury cluster anions. 

In divalent metal clusters (i.e. Groups II and XII) the closed-shell s2np0 valence electronic 
structure causes small clusters to be insulators while at some larger size the cluster must evolve 
to the metallic electronic structure of the bulk metal.  Mercury clusters have been extensively 
studied by both the experimental17-19 and theoretical20-22 communities as an example of such 
divalent metal systems.  At small sizes, neutral mercury clusters are bound by van der Waals 
forces, the dimer being bound by only 47 meV23. Autoionization24 and PES25 experiments on 
neutral Hgn clusters have demonstrated a transition from van der Waals to covalent bonding in 
the 13≤n≤20 size range, an interpretation consistent with theoretical work.26 At larger cluster 
sizes, the transition from covalent bonding to a metallic electronic structure occurs when the 6s 
and 6p bands merge.  Busani et al.12 measured the evolution of this band gap for Hgn

- (n=3-250) 
clusters via PES and predicted by extrapolation that the bands would merge completely at 
n=400±50, at which point the Hgn cluster would have metallic electronic structure.  In a more 
recent PES experiment with a tunable laser source, Busani et al.13 excited the s→p electronic 
transition in Hgn

- and saw evidence for electron emission driven by Auger decay following 
charge carrier thermalization. 

These one-photon PES experiments motivated time-resolved photoelectron imaging 
experiments aimed at following the relaxation dynamics in Hgn

- clusters subsequent to electronic 
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excitation.14, 15  In these experiments, the lone p-band electron in cluster anions ranging in size 
from 7-18 atoms was excited at one of two pump energies, 1.57 eV or 1.0 eV, and found to relax 
back to the bottom of the p-band on time-scales of 2-30 ps, depending on both cluster size and 
pump photon energy.  These dynamics were interpreted as a “cascade” of sequential radiationless 
transitions through the p band of the Hgn

- cluster, eventually leaving the cluster vibrationally hot 
but in its electronic ground state.  Kinetic modeling using a master equation approach and a 
uniform density of states (DOS) in the p band reproduced the primary features of the 
experimentally observed excited state dynamics. 

In this paper, we use a higher pump energy (hνpump=4.65 eV) to monitor relaxation 
dynamics following interband excitation of an electron from the s band of Hg13

- into the p band.  
In contrast to our earlier time-resolved experiments, the initially prepared state now has two 
electrons, rather than one, in the p-band.  As a result, the time-scale for electron emission via 
Auger decay can be determined.  The considerably faster dynamics observed here, in comparison 
to our earlier experiments on relaxation of a single p-electron, provide insight into correlated 
electron dynamics in the p-band. 
 
3.2 Experiment 

The experiment has been described previously27, 28 and only a brief overview is presented 
here. Hgn

- clusters are generated by expanding ~30 psig of Ar with the vapor pressure of Hg at 
220-240 ºC through an Even-Lavie pulsed solenoid valve29 equipped with a pulsed ionizer that 
generates ions via secondary electron attachment, with both the valve and the ionizer operated at 
50-100 Hz.  Anions are then perpendicularly extracted into a Wiley-McLaren type time of flight 
mass spectrometer,30 and the anion of interest is isolated using an electrostatic switch.  The 
resolution of the mass spectrometer at the size range of interest is sufficient to separate Hgn

- from 
adjacent cluster sizes but not to resolve isotopes for a given value of n. 

Femtosecond pulses are generated using a commercial Ti:Sapphire oscillator/regenerative 
amplifier system (Clark-MXR NJA-5/CPA-1000).  Under typical operating conditions, the 
system generates 80-100 fs pulses around 800 nm (1.55 eV) with ~900 μJ/pulse at 500 Hz.  In 
this experiment, the third harmonic of the fundamental at 4.65 eV serves as the pump pulse (~25 
μJ/pulse) while the 1.55 eV fundamental is used as the probe pulse (~90 μJ/pulse.)  The probe 
pulse is delayed relative to the pump by means of a retro-reflector set on a computer-controlled 
translation stage, and the beams are then recombined and focused at the interaction region by a 
1m focal length lens. 

Photoelectrons are projected by collinear velocity map imaging (VMI) onto a dual micro-
channel plate coupled to a phosphor screen.31  A charge-coupled device camera then collects the 
images for analysis, typically collected for ~50,000 laser shots total, with ~1-10 photoelectrons 
collected per shot.  The two dimensional electron kinetic energy distributions collected are 
reconverted into 3-dimensional distributions by an inverse Abel transform using the BASEX 
method32 and photoelectron spectra are generated by angular integration of the center (φ=0) slice 
of the distribution, with the typical energy resolution (ΔE/E) being ~5%. 
 
3.3 Results 

Figure 3.1 shows one-color photoelectron spectra of Hg13
- taken with photon energies of 

1.55 eV (1a) and 4.65 eV (1b).  Fig. 3.1a shows one sharp feature A centered at an electron 
kinetic energy (eKE) of 1.25 eV.  In Fig. 3.1b, we observe three features:  B, a sharp feature that 
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peaks at 2.84 eV, E, a considerably broader 
feature on the low eKE side of B, and F, 
for which the onset is around 0.6 eV. 

 
Fig 3.1: One color photoelectron spectra of Hg13

- 
taken at 1.55 eV (a) and 4.65 eV (b.) 

 
Time-resolved PE spectra are 

shown in Figure 3.2, a waterfall plot of the 
photoelectron spectra at varying delay 
between pump and probe laser pulses at 
photon energies of 4.65 and 1.55 eV, 
respectively.  In order to account for 
variations in ion intensity, the PE spectra at 
each delay have been normalized to the 
total photoelectron count of background 
scans performed at regular intervals 
throughout the experiment.  Features A, B, 
E, and F appear at the same eKE values as 
the corresponding features in the pump-
only and probe-only PE spectra.  A, B, and 
F all show changes in intensity only near 
zero delay while retaining constant 
intensity in the negative delay and positive 
delay regions.  E exhibits complex 
dynamics, decreasing in intensity slightly 
near t=0 and then increasing at later times;  
this behavior is most clearly seen in Figure 
3.3, which shows the results of gated 
integration over selected energy ranges to 
illustrate several time-dependent features 
of interest; these energy ranges are listed in 

the figure caption.  Finally, a new feature, labeled G, appears near zero delay.  G is broad and 
does not display an identifiable peak intensity.  It appears near time zero and decays with 
increasing time delay 

The features in Figs. 3.1 and 3.2, many of which have been seen previously,12-15 can be 
assigned with reference to Figure 3.4.  The energetics in Fig. 3.4 are specific to Hg13

-;  the 
bottom of the p-band and top of the s-band lie 1.81 eV and 4.08 eV below the vacuum level, as 
determined by previous photoelectron spectra of Hg13

-.12, 14  Feature A in Fig. 3.1a is from 
resonant two-photon detachment of the lone 6p electron.  Significant photoelectron intensity is 
also apparent near zero electron kinetic energy (eKE), most likely due to thermionic emission as 
discussed in our previous work.14  In Fig. 3.1b, Features B and F are from one-photon 
detachment from the p- and s-bands, respectively.  Feature E, analogous to previous observations 
by Busani et al.13, is from the Auger decay process in Fig. 3.4.  Here, the pump photon excites an 
s-electron to the p-band, producing an excited electron in the p-band in addition to the electron 
already at the bottom of the band.  The excited electron and corresponding s-band hole relax 
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prior to recombining, and the energy released by recombination, which is less than the pump 
photon energy, ejects the other p-electron.  Feature G is the only feature that appears solely in the 
time-resolved spectra.  As discussed below, it appears to be from the transient p-band electron 
created by the pump laser pulse. 

 
Fig. 3.2(left): Waterfall plot of two color photoelectron spectra of Hg13

- taken with hνpump=4.65 eV and hνprobe=1.55 
eV.  Delay increases from back to front, and features are labeled with reference to Figure 3.1 and Section 3.3. 

 
Fig. 3.3(right):  (a.)Auger electron signal integrated from 2.34-2.54 eV eKE (circles) along with the associated 
exponential growth fit line (dotted line) and the intensity of 2 photon detachment from the p band with hν=1.55 eV 
integrated from 1.12-1.32 eV(squares.) (b) Intensity of [1+1’] photoelectron signal integrated from 0.71-1.02 eV 
eKE (squares) along with the fit line discussed in section four (dotted line.)  Two photon direct detachment 
dynamics are shown in order to illustrate the temporal range of 
cross-correlation effects relative to the observed dynamics. 

 

3.4 Analysis and Discussion 
In this section, we focus on the time-

dependence of the features in Fig. 3.2 and the 
interpretation of the underlying dynamics.  As shown 
in Figure 3.3, the intensity of feature A (squares, top 
panel) drops quickly near time zero.  This change is cross-correlation limited (ωcc≈175 fs, fwhm) 
and reflects depletion effects resulting from the reversal of the order in which the laser pulses 
arrive.  At positive delay, the pump pulse at 4.65 eV has depleted the anion population via direct 
detachment from the p-band before the 1.55 eV probe pulse arrives.  Feature B (not shown) 
exhibits the opposite effect, namely a cross-correlated rise around time zero; here the probe pulse 
depletes the anion population at negative delay before the pump pulse arrives.  Neither of these 
time-dependent trends stem from cluster dynamics. 

In contrast, features E and G exhibit time-evolution well beyond the cross-correlation of 
the pump and probe pulses.  Feature E drops near t=0 and then gains intensity with a fitted time 
constant of τE=490±100 fs, while feature G rises abruptly at t=0 and falls off exponentially with 
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time constant τG=390 ±100 fs, which is indistinguishable from τE within the error bars of the two 
fits.  The opposite intensity behavior but similar time constants observed for the two features 
suggest that they represent complementary probes of the same dynamical phenomena. 

The time-resolved dynamics of feature E, assigned to the Auger emission signal, can be 
understood as follows.  At large positive time delays, feature E is produced by absorption of a 
single pump photon followed by Auger decay, as in Fig. 3.1b.  At large negative time delays, the 
Auger signal is less intense because the anion population is depleted by two-probe photon 
detachment of the lone 6p electron prior to arrival of the pump pulse.  Near t=0, when the pump 
and probe pulses start to overlap, the Auger signal is depleted further, indicating that in this time 
regime the probe pulse detaches the excited p-electron created by the pump pulse before 
relaxation and Auger emission can occur.  Such a process must be more efficient than depletion 
of the anion population at large negative time delays, else feature E would rise, not fall, near t=0.  
In fact, as shown below, this second depletion mechanism involves absorption of one probe 
photon, not two as is required at negative time-delays.  At longer times, the increase in feature E 
with time constant τE directly yields the overall time constant for Auger emission, because with 
increasing time, the probe pulse can only detach those clusters that have not undergone 
neutralization via Auger decay. 

Our interpretation of the feature E dynamics would suggest that there is transient p-band 
population created by the pump pulse whose lifetime can be monitored directly in our pump-
probe experiment.  Feature G appears to be the likely signature of this population since its decay 
lifetime, τG, is close to the overall time constant τE for Auger decay.  We propose that feature G 
is created by the pump pulse exciting an electron from the filled 6s band into the 6p band.  This 
electron can be then detached with a single probe photon as long as it remains bound by less than 
1.55 eV, as shown in Fig. 3.4.  Once the electron either is bound by more than 1.55 eV or decays 
by electron-hole recombination, the pump-probe signal in the range of feature G will disappear.  
While consistent with this assignment, the eKE range over which feature G occurs, 0.71-1.02 eV, 
further restricts the observed range of binding energies for the excited electron to 0.53-0.84 eV.  
The eKE range over which this pump-probe signal could occur is significantly larger, but we can 
only see it clearly over a fairly narrow range because there are large one-photon features (A and 
F) on either side of G. 

 
Fig. 3.4: Diagram describing and labeling the energetics and dynamical processes observed in Hg13

-.  The 
labels here correspond to those used in other figures and in discussion.  Filled circles represent electrons while 
empty circles represent holes.  Straight arrows indicate excitation by either 1.55 eV (short arrows) or 4.65 eV (long 

arrows) photons.  Curved arrows indicate dynamical 
change in binding energy and dashed arrows 
indicate electron/hole recombination with associated 
secondary electron ejection. 

 
Our results show unambiguously 

that Auger emission occurs within 400-600 
fs of the pump pulse.  It is of interest to 
consider other processes occurring along 
with Auger emission, because once the 
electron is excited into the p-band by the 
pump pulse multiple relaxation pathways 
are available.  The excited electron can lose 
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energy within the p-band or it can drop back down to the s-band via electron-hole recombination, 
leading to Auger emission.  In addition, since the hole created by the pump laser lies within the 
6s band, relaxation within this band can also occur prior to recombination.  These processes can 
in principle occur sequentially or in parallel, complicating efforts to elucidate the detailed 
dynamics through measurement of what appears to be a single time constant.  However, from 
previous experimental results, we can place some constraints on the possible dynamical 
pathways. 

First, if electron-hole recombination occurred instantaneously, with no prior relaxation, 
the energy released would equal the pump photon energy, and the Auger electron would be 
ejected with the same eKE as from direct detachment with a pump photon (i.e. the eKE of 
feature B.)  In fact, as pointed out by Busani et al,13 the Auger signal is at lower eKE than the 
direct detachment signal, indicating that some thermalization of the electron and/or hole occurs 
prior to Auger emission.  Second, the transient electron signal, feature G, shows no evidence for 
shifting in energy with time.  If there is in fact no shift in the binding energy of G with time then 
relaxation must occur “instantaneously,” i.e. within the laser cross correlation (τ≈175 fs.)  
However, it is possible that some shift in the binding energy of the excited electron does occur 
and is not observed due to low signal level or overlap with higher intensity features F and A.  In 
addition, because initial excitation is possible over a range of energies within the broad s-band, 
the clusters are likely excited to a range of initial excited states.  This would obscure any change 
in binding energy of the initially excited states.  In either case, as stated above, relaxation must 
take place before Auger electron ejection and must occur within the p-band, the s band or both 
simultaneously. 

We have previously measured time constants of 6.6 and 4.7 ps for relaxation of the lone 
6p electron in Hg13

- excited at 1.5 and 1.0 eV.14, 15  . These time constants were interpreted in 
terms of a series of radiationless transitions in which electronic energy within the p-band is 
converted into vibrational energy of the cluster.  The dynamics observed in the current 
experiments are an order of magnitude faster than those previously observed for Hg13

-.  
However, in the current experiments there are two electrons in the p-band instead of just one, 
allowing for electron-electron interactions that could result in considerably faster relaxation of 
the initially excited electron within the p-band.  Electron-electron scattering from electrons in 
closely spaced molecular orbitals has been invoked to explain the sub-ps dynamics seen in 
transition metal clusters8, 9, 33 and metal nanoparticles.34  Thus, scattering between the two p-band 
electrons in this experiment could allow for faster conversion of electronic energy into 
vibrational energy within the cluster. 

Relaxation could also occur within the 6s band subsequent to hole formation by the pump 
pulse.  The pump pulse at 4.65 eV can, in principle, create a hole over a fairly wide energy range 
within the 6s band, ranging from 0.57 to 2.27 eV below the top of this band; these values 
correspond to excitation of an electron to the detachment threshold of the cluster and bottom of 
the 6p band, respectively.   If the hole relaxed to or near the top of the 6s band much faster than 
400-600 fs, then recombination followed by Auger emission would produce a broad band, as 
seen experimentally, without requiring any accompanying shifts in feature G.  Alternatively, 
rapid delocalization of the s-band hole could lead to a Hg2

+ core within the cluster, by a 
mechanism similar to that proposed for formation of He2

+ when He clusters are ionized.35  In 
either case, the observed time-constants τE  and τG reflect the excited state lifetime with respect 
to recombination and Auger emission, without requiring prior relaxation within the p-band. 
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Currently we cannot determine if relaxation occurs predominantly in the s or p band, and 
it is certainly possible that relaxation in both bands occurs.  According to both experiment and 
theory,17, 19, 24, 26 Hg13 lies in the transitional size-range between van der Waals and covalent 
bonding in mercury clusters, so studies of the type performed here on slightly larger and smaller 
clusters will provide a clearer picture of the possible relaxation scenarios in these species.  Such 
studies are currently in progress in our laboratory. 

 
3.5 Conclusion 

The dynamics of electronic relaxation following s to p interband excitation of mass 
selected Hg13

- clusters have been measured.  Decay of the excited state population was observed 
to have occurred on a timescale of 490 ± 100 fs.  This timescale is also an upper limit on the rate 
of transfer of energy from electronic to vibrational degrees of freedom, and is an order of 
magnitude faster than results previously reported on such electronic relaxation in Hgn

-.  This 
difference is interpreted as the result of correlated electron dynamics, and mechanisms are 
posited for relaxation of both the excited electrons in the p-band and the hole in the s-band. 
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Chapter 4: Auger Recombination and Excited State Relaxation Dynamics in Hgn
¯ (n = 9-

20) Anion Clusters 
 
[Reprinted with permission from "Auger recombination and excited state relaxation dynamics in 
Hgn-(n=9-20) anion clusters", Graham B. Griffin, Oli T. Ehrler, Aster Kammrath, Ryan M. 
Young, Ori Cheshnovsky, and Daniel M. Neumark, Journal of Chemical Physics, volume 130, 
article number 231103, 2009.] 
 
 
 Using femtosecond time-resolved photoelectron imaging, an electron-hole pair is created in 
size-selected Hgn

- anion clusters (n=9-20), and the subsequent decay dynamics are measured.  
These clusters eject electrons via Auger decay on timescales on the order of hundreds of 
femtoseconds.  There is an abrupt increase in the Auger decay time for clusters larger than Hg12

-
, 

coinciding with the onset of the transition from van der Waals to covalent bonding in mercury 
clusters.  Our results also show evidence for sub-picosecond excited state relaxation attributed to 
inelastic electron-electron and electron-hole scattering as well as hole-induced contraction of the 
cluster.   
 
4.1 Introduction 
 The potential application of semiconductor quantum dots in the construction of efficient 
solar cells1 has stimulated interest in their photophysics, particularly the relaxation processes that 
occur when single or multiple electron-hole (e-h)  pairs  are created by photon absorption at 
energies above the band gap.  For example, the proposed phenomenon of multiple exciton 
generation,2-4 in which absorption of a single, high energy photon creates multiple e-h pairs, 
provides a possible means for increasing the conversion efficiency of solar cells.  A fundamental 
understanding of these processes is far from complete.  The existence of multiple e-h pairs is 
inferred from multi-exponential decay in transient absorption or photoluminescence 
experiments,2, 3 based on the idea that an e-h pair can recombine via an Auger-like process, with 
the resulting energy release exciting other charge carriers within the system.4  This process 
continues until only a single e-h pair remains, which can then decay only radiatively.  A recent 
experiment, however, has questioned the result that a single photon can generate multiple e-h 
pairs,5 while another6 has cast doubt on the whole notion of the Auger decay mechanism for 
multi-exciton systems.  

These controversies result in part because quantum dots are generally not produced as 
isolated species, but typically are coated with surface-capping groups that can affect electron-
hole dynamics.7, 8  It is thus desirable to develop analogous experiments on gas phase quantum 
dots for which these effects will be absent.  In this report we describe such experiments, 
performed on mercury cluster anions. These clusters exhibit key features of semiconductor 
quantum dots,2, 9, 10 such as size-tunable band gaps and ultrafast Auger decay, without the 
complications associated with surface-capping.   

Mercury clusters are important in cluster science because their electronic structure 
evolves significantly with size.11, 12  Atomic mercury is divalent, with a 6s2 sub-shell and 
relatively high-lying, empty 6p orbitals.  A series of experimental10-13 and theoretical11-14 studies 
indicates that van der Waals bonding dominates for neutral clusters up to n∼13, while larger 
clusters exhibit semiconductor-like covalent bonding with well-separated filled 6s-bands and 
empty 6p-bands, each comprising closely-spaced electronic states.   
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In  mercury cluster anions, Hgn
-, the excess electron resides at the bottom of the p-band, 

as shown in Figure 4.1C.  As shown by Busani et al,13 photoelectron spectroscopy of mass-
selected Hgn

- anions directly yields the s-p band gap (Eg), provided that the photon energy is 
sufficiently high to detach electrons from the p- and s- bands These spectra showed that Eg , 
which is, for example, 2.13 eV for n=13, drops steadily with size, and that the onset of metallic 
bonding, where the band gap reaches zero, occurs at n∼400.  Hence, mercury clusters smaller 
than n=400 exhibit size-tunable band gaps over a wide energy range.  More recent photoelectron 
spectra14 of Hgn

- clusters obtained with a tunable laser showed that excitation of a 6s electron 
into the 6p band created an e-h pair (overall valence electron configuration 6sh6pe

2) that decayed 
by an Auger process, in which the energy released by 6p electron-6s hole recombination ejected 
the other 6p electron from the cluster. 

We have investigated electronic relaxation dynamics in mercury cluster anions using 
time-resolved photoelectron imaging (TRPEI),15  in which femtosecond pump and probe pulses 
electronically excite and then photodetach size-selected clusters.  Two types of experiments have 
been performed thus far.  In the first set, Hgn

- clusters (n=7-18, Eg=2.8-2.1 eV) were excited at 
either hνpump=1.0 or 1.5 eV.16, 17  In these experiments, hνpump < Eg and the lone p electron was 
excited to a higher level within the p-band.  Time constants of 2-34 ps were found for intraband 
relaxation through the closely spaced electronic energy levels of the p-band.  We have recently 
reported preliminary TRPEI experiments on Hg13

- at hνpump=4.65 eV,18 sufficient to excite an 
electron from the 6s to 6p band, and enabling us to monitor interband relaxation dynamics.  This 
work yielded an overall time constant of 490 fs for the Auger decay mechanism inferred from 
one-photon experiments by Busani et al.14 
 In the work reported here, the dynamics in Hgn

- clusters subsequent to e-h excitation are 
measured as a function of cluster size using TRPEI.  We observe spectral features with differing 
decay times that elucidate the nature of the relaxation that occurs prior to e-h recombination.  
Moreover, we find an abrupt increase in the Auger decay time constant at the cluster size 
corresponding to the onset of the van der Waals→covalent transition and interpret this result in 
terms of a significant increase in electron and hole delocalization in the excited cluster.  
 
4.2 Experiment 

The TRPEI instrument has been described in detail previously.19 Hgn
- clusters were 

generated in a pulsed supersonic expansion under conditions similar to our previous work on this 
system, using an Even-Lavie pulsed valve with an internal Hg reservoir heated to approximately 
220 °C.16-18  The mercury vapor was seeded in Ar gas at a backing pressure of 30 psig.  Ions 
were formed downstream of the valve orifice by electron injection from an externally mounted 
pulsed ionizer.  Anions were then injected into a Wiley-McLaren time of flight mass 
spectrometer.20 Mass selected anions were photoexcited with 80-100 fs pump and probe pulses at 
4.65 and 1.55 eV, respectively, corresponding to the frequency-tripled output and fundamental of 
a regeneratively amplified Ti:sapphire laser system (Clark-MXR NJA-5/CPA-1000).   At each 
pump-probe delay, photodetached electrons were collected and analyzed using a collinear 
velocity-map imaging setup,21 comprising electron optics and a microchannel plate detector 
coupled to a phosphor screen.  Photoelectron images were recorded with a charge-coupled device 
(CCD) camera and analyzed using standard methods22 to yield electron kinetic energy and 
angular distributions. 
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4.3 Results 
Figure 4.1 shows time resolved photoelectron spectra of Hg19

-.  Figure 4.1A displays 
these spectra as a waterfall plot.  There are five distinct features in Figure 4.1A, and the time 
dependence of integrated signal from each feature is presented in Fig. 4.1B on a false color scale.  
Assignments of the features in Figs. 4.1A and 4.1B are given in Fig. 4.1C (see Figure caption).   
Features A, B, and F are from direct detachment by either two probe photons (A) or one pump 
photon (B, F). The difference in electron 
kinetic energy (eKE) between peak B and 
the onset of feature F yields the band gap of 
Hg19.13  Feature G is at the expected eKE for 
probe pulse detachment of transient p-band 
electrons created by the pump pulse.  
Feature E is the Auger peak, resulting from 
decay of the 6sh* 6pe6pe* anion excited state 
to the closed-shell ground state of neutral 
Hgn + e¯, a process akin to excited state 
autodetachment seen in small negative 
ions.23  

Features A, B, and F change in 
intensity only around zero time delay owing 
to depletion effects induced by either the 
pump or probe pulses.18  As shown best in 
Fig. 4.1B, features E and G are the only 
features that show a non-trivial time-
evolution extending beyond the cross-
correlation (∼150 fs) of the pump and probe 
pulses.   
 Figure 4.1: (A) Time resolved photoelectron 
spectrum of Hg19

- pumped at 4.65 eV and probed at 
1.55 eV, presented as a waterfall plot of PES taken at 
varying delay from -3.17 ps to +6.83 ps.  (B) 
Integrated photoelectron signal for each feature 
(assigned and described in the text) presented on a 
linear time scale and a false color intensity scale 
chosen to clearly display the observed dynamics.  
The integrated intensity of each feature has been 
normalized to its respective maximum intensity.  (C) 
Diagram of the photodetachment processes observed 
in this experiment.  Short  dark solid arrows 
correspond to probe photons, long solid gray arrows 
correspond to pump photons, curved solid  arrows 
correspond to electron dynamics prior to detachment, 
and dotted black arrows correspond to e-h recombination.  White circles correspond to holes and black circles 
correspond to electrons. 
 
4.4 Analysis and Discussion 

Figure 4.2 shows the results of gated integration of features E and G for Hg9
- and Hg16

-, 
illustrating representative dynamics of the Auger electron signal (E) and the transient pump-
probe signal from excited p-electrons (G).  Integration windows were chosen to maximize the 
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amount of signal included while eliminating interference from other features, and are shown in 
figure 4.1B.  Fig. 4.2A shows the integrated intensity of feature E, while Fig. 4.2B shows the 
integrated intensity of feature G.  Feature E can be fit to an exponential growth, while feature G 
can be fit to the convolution of an exponential decay and a Gaussian accounting for the 
experimental cross correlation.  The corresponding time constants for all clusters studied here are 
summarized in Fig. 4.3.  For clusters with n≤12, the two time constants τE and τG are the same, 
within error bars, but τE rises abruptly from 290 fs for n=12 to 480 fs for n=13, while τG shows a 
less noticeable size-dependence.  

 
Figure 4.2:  Integrated intensity of features E (2A) and G (2B) for Hg9

- (circles) and Hg16
- (squares).  In both figures 

data has been normalized on a zero-to-one scale chosen to facilitate comparison of the dynamics at different cluster 
sizes.  In figure 4.2A the zero intensity “baseline” was chosen as the point of maximum depletion (minimum signal), 

while in figure 4.2B the baseline was chosen as the signal level at very long time delays.  In both figures data are 
normalized to the data point of maximum intensity.  Fit lines for the data are displayed for both cluster sizes (solid 

lines for Hg9
- and dashed lines for Hg16. 

 
The overall similarity of τE and τG, particularly for n≤12, suggests that they are sensitive 

to the same dynamics, namely the lifetime of the pump-excited 6p* electron with respect to 
Auger decay.  Prior to Auger decay, the probe laser can eject this electron, producing a 
photoelectron at the eKE of feature G and depleting the Auger feature E, but once Auger decay 
occurs, the probe laser has no effect on feature E.  Hence, feature G decreases in intensity over 
time because the transient excited state population decreases, and depletion of Auger signal 
induced by the probe laser is reduced for the same reason.  However, as shown in Figure 4.3, τE 
> τG for the larger clusters; the origin of this effect is discussed below. 
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Figure 4.3: Fitted timescales for recovery of Auger electron signal (feature E, squares) and pump-probe transient 

decay (feature G, circles).  Timescales are the mean of 2-6 separate experiments at each cluster size, with the 
standard error for measurements at each cluster size displayed as error bars. 

 
 The decay times τE are more than a factor of 10 shorter, on average, than electronic 
relaxation timescales observed in our intraband experiments,16, 17 in which the lone 6p electron 
was excited within the p-band and its relaxation dynamics monitored.  In those experiments, the 
excited 6p electron can only relax by a sequence of radiationless transitions between closely 
spaced (by ∼0.1 eV) electronic states within the p-band, 11 with each transition channeling 
electronic energy into the vibrational degrees of freedom in the cluster.   

Our observation of fast Auger decay following interband excitation calls to mind 
experiments on semiconductor quantum dots, in which multiple e-h pairs created in a single 
quantum dot recombine much more rapidly than a single e-h pair.2, 4  If multiple e-h pairs are 
created, one pair can recombine by an Auger-like process in which the released energy is 
transferred into other charge carriers present within the cluster; clearly this channel cannot occur 
if there is only one e-h pair in the quantum dot.  In mercury cluster anions, the released energy 
from e-h recombination ejects the second p-band electron into the continuum.   

The abrupt rise in τE at n=13  is of considerable interest in light of prior experimental and 
theoretical results that have pointed to the onset of a transition in neutral Hgn clusters from van 
der Waals bonding for n<13, dominated by interactions between closed-shell 6s2 atoms, to 
covalent bonding for Hg13 and larger clusters.11  For example, experiments indicate that the 
cohesive energy of mercury clusters increases starting at n=13.24 Calculations using a model 
Hamiltonian predict an increase in s-p hybridization starting at n=13, signaling the onset of 
increasingly strong covalent bonding.25  More recent calculations26 show that this hybridization 
is driven by the decreasing energy of the 6p excited state with increasing cluster size.    

The experiments of Brechignac et al27 are particularly relevant.  These showed that the 
energies of 5d→6p autoionizing resonances in neutral Hgn clusters decreased gradually, with a 
slope proportional to 1/n, in clusters up to n=12 but then dropped considerably faster for clusters 
with n≥13.  The 1/n dependence suggests enhanced stabilization of a localized upper state with 
increasing cluster size, a phenomenon often seen in the electronic spectroscopy of van der Waals 
clusters.28  The more abrupt drop starting at n=13 signifies greater delocalization in the upper 
state associated with the onset of covalent bonding in the cluster.   
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Our experiments provide a time-domain view of the same phenomenon.  For clusters with 
n<13, the lower value of τE would be expected if the electron and hole created by the pump pulse 
were localized on some subset of atoms within the cluster.  The Auger decay rate is proportional 
to 1 2

6 12 6 6 *| | | |k s p prψ ψ ψ ψ−< > , the Coulomb interaction between the two 6p electrons present 
prior to Auger detachment and the ground state 6s electron and outgoing ejected electron (ψk) 
that result after Auger decay.29  Thus, a reduced Coulomb interaction between the electron and 
hole, which should occur in clusters with more delocalized orbitals associated with covalent 
bonding, would result in a longer time constant for Auger decay.  Note that the structure of Hg13 
is predicted to be an icosahedron with a single, central Hg atom;30  such a highly symmetric 
structure is conducive to delocalized molecular orbitals. The same calculation shows that larger 
clusters are built on an icosahedral core, which may be why there is little variation in τE for 
n=13-20. 

A key characteristic of the Auger feature E is that it occurs at lower eKE than peak B, 
which arises from direct detachment of the electron originally at the bottom of the p-band by a 
pump photon.  As pointed out by Busani et al,14 this result implies that partial relaxation of the e-
h pair created by the pump pulse, the energy of which is considerably larger than the band gap in 
all clusters studied here, occurs prior to recombination and Auger decay.  Hence, this relaxation 
must occur within 100-600 fs, the range of values for τE in Fig. 4.3, and is thus over an order of 
magnitude faster than the relaxation that occurs subsequent to intraband excitation.  It therefore 
must arise from a mechanism other than electron-phonon coupling in the excited state. 

This large difference between relaxation times reflects the distinct natures of the excited 
anion states created in the two types of experiments, as illustrated in Fig. 4.4A.  In the intraband 
experiments, the pump pulse creates a 6pe* state in which only the lone 6p electron is excited, 
and relaxation can occur only by conversion of electronic energy to vibrational energy of the 
cluster.  In contrast, the 6sh*6pe6pe*  state  lies within a much denser manifold of electronic 
states.   It can undergo near-resonant electronic energy transfer to nearby states through inelastic 
electron-electron and electron-hole scattering,  with a smaller energy mismatch (relative to the 
intraband case) needing to be taken up by vibrational modes of the cluster.  This type of 
relaxation is similar to that proposed by Efros4 to explain sub-picosecond electronic relaxation in 
CdSe quantum dots.  Either process results in a decreased 6pe* - 6sh* energetic separation, and 
when electron-hole recombination eventually occurs, less energy is available for ejection of the 
Auger electron.   

These electronically inelastic processes also reduce the kinetic energy of the electrons 
contributing to feature G, which arises from detachment of the 6pe* electron by the probe pulse.   
Feature G represents the probe-induced signal that can be distinguished from the more intense, 
adjacent peaks, and thus really measures the excited state population within a fairly narrow 
energy window.  If the initially excited 6pe* electron loses too much energy, the lower eKE from 
probe pulse photodetachment will be obscured by peak F, resulting in the apparent disappearance 
of feature G prior to Auger decay.  Hence, rapid loss of electronic energy by the 6pe* electron 
may account for the observation that τG<τE for clusters with n>12.   
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Figure 4.4:  (A) Comparison of relaxation pathways following intraband (left) and interband excitation of Hgn¯ 
anions.  Relaxation following intraband excitation occurs by sequential radiationless transitions involving the 
conversion of electronic to vibrational energy.  For interband excitation, inelastic electron-hole (center) and 

electron-electron scattering (right) enables relaxation with considerably smaller energy gaps that need to be taken up 
by cluster vibrational modes.  (B) Schematic potential energy curves for Hgn

- and Hgn
0 plotted vs. R, the average 

nearest neighbor distance.  The lowest curve represents the anion ground state, the highest curve represents the anion 
6sh* 6pe6pe* excited state, and the middle curve is the neutral ground state.  The dark, solid arrow indicates nuclear 

motion anion excited state, while the dark, dashed arrow shows electron-hole recombination via Auger decay. 
 

One must also consider the possible contribution of excited state nuclear dynamics to e-h 
relaxation. Calculations by Kitamura26 on the ground and excited states of neutral Hgn clusters 
show that the hole induces a significant contraction of the nearest neighbor distances in the 
excited state, on the order of 0.5 Å in Hg13, for example.  A similar situation should hold for the 
excited anion electronic states with a 6s hole.  The resulting nuclear dynamics are indicated in 
Fig. 4.4B.  The lowest curve represents the anion ground state, and the highest curve represents 
the 6sh*6pe6pe* excited state created by the pump pulse, and which, as discussed above, is 
embedded in a dense manifold of electronic states.  The center curve represents the neutral 
ground state, which should have slightly longer bond lengths than the anion31.  Under these 
circumstances, the initially prepared 6sh*6pe6pe* can relax rapidly via contraction around the 
hole, as shown, prior to recombination and Auger decay, resulting in a lowered eKE for the 
ejected electron.   
 
 
 



36 
 

4.5 Conclusion 
 Overall, we observe sub-picosecond Auger decay dynamics in the 6sh*6pe6pe* excited 
states of mercury cluster anions created by interband s-p excitation.  Moreover, these excited 
states undergo sub-picosecond nuclear and electronic relaxation prior to electron-hole 
recombination and Auger decay.  These dynamics are over an order of magnitude faster than 
electronic relaxation in the 6pe* states created by intraband excitation, for which electron-phonon 
coupling is the only available mechanism.   
Various aspects of the interband dynamics seen here have been invoked to explain relaxation of 
multiple and/or highly excited electron-hole pairs in semiconductor quantum dots with band gaps 
comparable to the clusters studied here.  It thus appears that mercury cluster anions represent a 
valuable model system for gaining new insights into quantum dot photophysics.  
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Chapter 5: Photoinduced Electron Transfer and Solvation in Iodide-doped Acetonitrile 
Clusters 
 
 [Reprinted with permission from "Photoinduced Electron Transfer and Solvation in Iodide-
doped Acetonitrile Clusters", Oli T. Ehrler, Graham B. Griffin, Ryan M. Young, and Daniel M. 
Neumark, Journal of Physical Chemistry B, vol 113, pg 4031, 2009.] 

We have used ultrafast time-resolved photoelectron imaging to measure charge transfer 
dynamics in iodide doped acetonitrile clusters I¯(CH3CN)n with n = 5-10. Strong modulations of 
vertical detachment energies were observed following charge transfer from the halide, allowing 
interpretation of the ongoing dynamics. We observe a sharp drop in the vertical detachment 
energy (VDE) within 300-400 fs, followed by a bi-exponential increase that is complete by ∼10 
ps. Comparison to theory suggests that the iodide is internally solvated, and that 
photodetachment results in formation of a diffuse electron cloud in a confined cavity. We 
interpret the initial drop in VDE as a combination of expansion of the cavity and localization of 
the excess electron on one or two solvent molecules.  The subsequent increase in VDE is 
attributed to a combination of the I atom leaving the cavity and rearrangement of the acetonitrile 
molecules to solvate the electron.  The n = 5-8 clusters then show a drop in VDE of around 50 
meV on a much longer time scale.  The long-time VDEs are consistent with those of (CH3CN)n

5.1 Introduction 

¯ 
clusters with internally solvated electrons.  While the excited state created by the pump pulse 
decays by emission of a slow electron, no such decay is seen by 200 ps. 

 Solvated electrons and, in particular, hydrated electrons play a decisive role in topics 
ranging from formation of reactive species in marine aerosols1,2 to the radiative damage of 
DNA.3,4 The development of ultrafast lasers has led to new insights into the formation and 
reaction dynamics of solvated electrons.5 While most of these studies have been carried out in 
water, experiments have been carried out in other dipolar solvents including alcohols,6-8 ethers9-11 
and other polar molecules.12-14 In several of these experiments,6,8,11,15,16 solvated electrons were 
generated by photodetachment of dissolved negative ions, most commonly halide ions, via 
excitation of charge-transfer-to-solvent (CTTS) bands in which the electron is ejected from the 
halide into the surrounding solvent. Electron solvation dynamics are detected by changes in the 
transient absorption spectrum. The time evolution of this signal directly probes the dynamics of 
electron solvation.  In this paper, we perform the gas phase analog of the CTTS experiment by 
performing time-resolved experiments on clusters in which an iodide anion is surrounded by a 
known number of acetonitrile molecules. These experiments are motivated by our past time-
resolved experiments on I¯(H2O)n clusters;17-19 the solvent binding motifs of both the iodide and 
ejected electron are expected to be very different in I¯(CH3CN)n
 The iodide anion in liquid acetonitrile has two CTTS bands centered at 245 and 210 nm.

 clusters. 
20  

Photodetachment of iodide in bulk acetonitrile has been studied by Xia et al.20 in a fs pump-
probe experiment by pumping the higher wavelength band and monitoring the resulting transient 
absorption spectrum. Two transient features were found centered at around 500 nm and 1500 nm, 
and these were attributed to two solvation motifs of the ejected electron; the 500 nm band was 
assigned to formation of a valence anion, in which the electron is localized on one or two solvent 
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molecules, while the 1500 nm band was ascribed to a solvated electron in a solvent cavity, more 
akin to the hydrated electron.  Shkrob and Sauer21

 Evidence for two different electron solvation motifs in acetonitrile also comes from gas 
phase photoelectron (PE) spectroscopy measurements by Mitsui et al.

 independently found similar results by pulse 
radiolysis-transient absorption and time-resolved photoconductivity.  

22 on bare (CH3CN)n¯ 
anions, n = 10-100.  Two isomers were observed:  isomer I, with vertical detachment energies 
(VDEs) ranging from 0.4-1.0 eV, and isomer II, with considerably higher binding energies 
between 2.5 and 3.0 eV.  Isomer I dominated the PE spectra for n = 10-12, while signal from 
isomer II was somewhat larger for n = 13 and larger by two orders of magnitude for n ≥ 30.  
Assignments were made in reference to the condensed phase studies. Structure II was attributed 
to a valence-bound isomer with the excess charge being localized on an acetonitrile dimer inside 
the cluster and distributed over the π* orbitals of two antiparallel oriented solvent molecules, 
giving rise to the large binding energy. In contrast, the more weakly bound isomer I was assigned 
to an electron within a solvent cavity.  Density functional computations of acetonitrile cluster 
anions up to n = 10 supported the existence of both structural motifs and the assignments based 
on the VDEs.23,24

 Iodide-acetonitrile clusters have been investigated by Dessent et al,
  

25 who measured the 
electronic spectra of I¯(CH3CN)n=1,2, and by Markovich et al.,26 who measured anion PE spectra 
for clusters as large as n = 55. Trends in the VDEs from the PE spectra and accompanying 
molecular dynamics simulations indicated that the iodide was internally solvated, with the first 
solvation shell closing at n = 12.  Subsequent Monte Carlo simulations by Peslherbe27,28 on large 
clusters (up to n = 36) also found internally solvated structures to be the most stable, while 
electronic structure calculations by Peslherbe28 and Takayanagi29

 The experimental and theoretical results on both I¯(CH

 located the iodide at the center 
of the n = 2 and 3 clusters.   

3CN)n and (CH3CN)n¯ are of 
considerable interest in comparison to the analogous water-containing clusters. There is now a 
consensus that the iodide anion sits at the surface of I¯(H2O)n clusters, at least for clusters as 
large as n = 32.30,31  The situation for water cluster anions, (H2O)n¯, is more complex.32  PE 
spectra in our group showed evidence for at least two structural isomers,33-35 I and II over a wide 
size range (n ≤ 200), with considerably lower VDEs seen for isomer II clusters.  Based on 
previous theoretical work,36 isomer II clusters were assigned to surface-bound electrons, while 
isomer I was  assigned to internally solvated electrons, in agreement with the earlier assignment 
by Bowen and co-workers37 who originally measured PE spectra for isomer I clusters.  However, 
this assignment of isomer I clusters has become somewhat controversial in light of more recent 
theoretical and experimental results,38-41 and there is now reasonably strong evidence that the 
excess electron resides at the surface for isomer I clusters as large as n = 25.42

 The iodide anion in aqueous solution exhibits a CTTS band around 225 nm.
 

43 The analog 
of this transition in iodide-water clusters, which occurs at somewhat lower energies, was 
identified by Serxner et al.44  Previous work in our group made use of CTTS absorption to 
directly observe photoinduced formation of a free excess charge in doped water clusters 
I¯(H2O)n as large as n = 28 by means of time-resolved photoelectron spectroscopy.17-19 In these 
experiments, the cluster CTTS transition was excited by a femtosecond pump pulse at either 266 
or 240 nm; the evolving system was photodetached by a fs probe pulse at various delay times 
and the resulting PE spectrum was measured.  These experiments showed a marked increase in 
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the VDE, as large as 0.7 eV for the n = 28 cluster, on a time scale of ∼1 ps. This increase was 
attributed to rearrangement of the water molecules to solvate the electron injected into the water 
network by the CTTS excitation. A slower destabilization of ~50 meV over the following tens of 
picoseconds was attributed to the neutral iodine atom leaving the cluster. Excited clusters were 
metastable and decayed by emission of slow electrons with lifetimes between 8 ps and 3 ns.19

 In this paper, we study ultrafast dynamics following excitation of the CTTS transition in 
molecular clusters I¯(CH

 
VDEs measured shortly after and long after the pump pulse were quite close to those for isomers 
II and I of bare water cluster anions, respectively, suggesting that CTTS excitation created an 
electron binding motif similar to that of isomer II, i.e. a diffuse surface state, that spontaneously 
isomerized to the more tightly bound isomer I motif. However, it would appear that these 
dynamics occur mostly at the surface of the cluster, given that the iodide is initially at the surface 
and that in this size range, the excess electron in isomer I clusters is at or near the surface rather 
than inside a solvent cavity.   

3CN)n  with 5 ≤ n ≤ 10 by time-resolved photoelectron imaging. Here, 
both the initial and final conditions are expected to be very different from I¯(H2O)n clusters, 
because both the I¯ and, at long times, the excess electron should be internally solvated.  Our 
experiments are interpreted through comparison with the experimental studies discussed above 
and theoretical work on CTTS excitation in I¯(CH3CN)n clusters and the subsequent 
dynamics.29,45 This comparison suggests that photodetachment results in the formation of a 
diffuse electron cloud in a confined cavity. A rapid initial drop in VDE, occurring within 300-
400 fs, is interpreted as a combination of expansion of the cavity and localization of the excess 
electron on one or two solvent molecules. The subsequent increase in VDE occurring over the 
next 10 ps is attributed to a combination of the I atom leaving the cavity and rearrangement of 
the acetonitrile molecules to solvate the electron. The long-time VDEs are consistent with those 
of (CH3CN)n
 

¯ clusters with internally solvated excess electrons.  

5.2. Experiment 
 Our experimental setup has been described previously46,47 and only a brief summary is 
given here. Cluster ions were created by supersonic co-expansion of 40-50 psi of Argon gas, 
which was bubbled through liquid acetonitrile at 0°C and then passed over a methyl iodide 
sample at room temperature, through a piezoelectric pulsed valve operated at 500 Hz. The 
molecular beam interacted with electrons emitted from a pulsed ring ionizer operated at 250-
500 V, forming iodide by dissociative secondary electron attachment to the CH3

 The output of a commercial regeneratively amplified Ti:Sapphire femtosecond laser 
system (Clark-MXR, NJA-5 and CPA-1000) operating at 795 nm was used as a probe, while 
various frequency conversion schemes were used to generate pump laser pulses suitable to excite 
the CTTS transition in molecular clusters of differing sizes. Clusters comprising n = 5-8 

I. The anions 
were extracted in a perpendicular Wiley/McLaren time-of-flight setup and separated according to 
their mass to charge ratio, and the species of interest was isolated with a pulsed high voltage 
electrode. The mass-selected ions were then irradiated with pump and probe laser beams, which 
were transmitted into the vacuum chamber through a thin fused silica window. The resulting 
electron cloud was projected onto a 70 mm chevron type dual micro-channel plate detector 
coupled to a phosphor screen. The resulting 2-dimensional images were captured with a charge-
coupled device camera and integrated on a personal computer. 
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acetonitrile molecules were pumped by the third harmonic of the laser (at a wavelength of 
265 nm, 30 μJ/pulse), while clusters with n = 9 and 10 were pumped by photons created by 
parametric conversion of the fundamental (TOPAS, Light Conversion Ltd.), followed by sum-
frequency mixing of the signal with remaining fundamental and subsequent second harmonic 
generation, resulting in a wavelength of 245 nm (with 5 μJ/pulse). Typical pulse durations from 
the Clark system were less than 100 fs, and frequency conversion only led to minor pulse 
stretching, resulting in a final temporal resolution of 120-200 fs, as measured by up-conversion 
in a non-linear crystal. Pulse intensities were carefully chosen to allow for sufficient amounts of 
[1+1’] signal, while suppressing degenerate two-photon signals. 
 One photoelectron was typically collected for every 1-10 laser shots, depending on 
cluster size, and PE images were integrated over 30,000 – 600,000 shots at each delay. We 
applied four-way symmetrization to the images to account for detector inhomogeneities, and 
reconstructed the 3-dimensional electron emission distribution by expansion in a set of basis 
functions (BASEX).48

 

 PE spectra were obtained by angular integration of the resulting velocity 
distributions, and spectra were calibrated daily to the atomic detachment transitions of I¯. The 
energy resolution of our setup was around 5%. 

5.3 Results 
 Figures 5.1 and 5.2 show time-resolved photoelectron spectra for clusters I¯(CH3CN)n, 
n = 5 and 10, respectively. Photoelectron yields are plotted as false color images as a function of 
both electron kinetic energy (eKE) and pump/probe delay t. While eKE is shown on a linear 
scale between zero and 2.0 eV, a non-linear scale was chosen for the delay time axis to allow for 
better discrimination of early dynamics. The pump energies for I¯(CH3CN)5 in Figure 5.1 and 
I¯(CH3CN)10

 

 (Figure 5.2) were 4.68 and 5.06 eV, respectively, while the same probe energy, 
1.56 eV, was used in all spectra. The higher pump energy was needed for the n = 9 and 10 
clusters since they did not absorb enough light at 4.68 eV to produce sufficient signal. 

Figure 5.1: False color (converted to grayscale) map of time resolved photoelectron spectra of I¯(CH3CN)5 taken at 
hvpump = 4.68 eV and hvprobe = 1.56 eV. Electron yield as a function of kinetic energy is plotted against pump/probe 
delay along the horizontal axis. 
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Figure 5.2: False color (grayscale) map of time resolved photoelectron spectra of I¯(CH3CN)10 taken at hvpump = 
5.06 eV and hvprobe

 

 = 1.56 eV. Electron yield as a function of kinetic energy is plotted against pump/probe delay 
along the horizontal axis. 

 Just after excitation with the pump pulse (i.e. for t ≥ 0), photoelectron spectra show a 
[1+1’] detachment feature around eKE = 1.25 eV, resulting from both one pump and probe 
photon. Over the following 300-400 fs, this excited state feature shifts to higher kinetic energies 
and reaches a maximum value at eKE = 1.4 eV. The eKE then decreases over the next few 
picoseconds, reaching a minimum smaller than the initial eKE. For the n = 5 cluster in 
Figure 5.1, the eKE distribution shifts to slightly higher values over several hundred 
picoseconds; no such shift is seen for I¯(CH3CN)10.  The PE yield for excited state detachment 
of the I¯(CH3CN)5

 Photoelectron spectra show a strong signal around eKE≈0 eV, at the bottom of the plots, 
at all times. It is present even when the probe laser pulse is absent and follows a single photon 
power dependence of the UV excitation pulse. Color scales in Figures 5.1 and 5.2 are chosen to 
optimally visualize the excited state feature. Therefore, they obscure the fact that peak values of 
the slow electron signal exceed the maximum excited state intensity by at least an order of 
magnitude. A sharp drop of slow electron emission is observable after the probe pulse fires, but 
quantitative analysis is hindered by saturation of the detector at very small eKE values. 

 cluster is highest just after absorption of the pump photon, then drops and 
remains essentially constant throughout the examined time range. In contrast, the electron yield 
for excited state detachment of the n = 10 cluster increases rapidly after excitation and then 
remains roughly constant throughout the measurement. These intensity trends are more apparent 
in the plots shown in the following section. 

 
5.4 Analysis 
 In this section, the two-dimensional plots in Figures 5.1 and 5.2 are analyzed in more 
detail by determining how the overall photoelectron intensities and photoelectron kinetic energy 
distributions vary with pump-probe delay.  Results at longer pump-probe delays than shown in 
the 2-D plots are also presented. 
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 The integrated photoelectron yield from excited state detachment is plotted as a function 
of delay time t  for clusters with n = 5 and 10 in Figures 5.3 and 5.4, respectively (empty circles). 
For  I¯(CH3CN)5

 

, the electron yield peaks at time zero (inset of Figure 5.3), then falls off and 
remains practically constant over the following hundreds of picoseconds. In contrast, for n = 10 
clusters the excited state intensity reaches its maximum after excitation and stays constant at this 
value (Figure 5.4). Both contributions are convolved with the temporal resolution of our 
experiment and were fitted according to  

( ) ( )2( ) 1 erf / exp /I t A t B t C  = × + ε + × − ε +      (5.4.1) 

with ε = 150 fs reflecting the cross-correlation between pump and probe laser pulses. While a 
peak in the detachment yield around time zero was observed for clusters with n = 5 and 6, its 
relative amplitude was lower for the larger cluster. Time-dependences for the larger clusters 
(n = 7-10) follow only the error function (B = 0). Least-squares fits to Eq. (5.4.1) for the n = 5 
and 10 clusters are shown as solid lines in Figures 5.3 and 5.4, respectively. 
 

 
Figure 5.3: Evolution of vertical detachment energies (filled circles and dashed lines) and excited state detachment 
yield (empty circles and solid line) of I¯(CH3CN)5 measured at hvpump = 4.68 eV and hvprobe = 1.56 eV. Dots are 
experimental values and curves are least square fits, as described in the text. 
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Figure 5.4: Evolution of vertical detachment energies (filled circles and dashed line) and excited state detachment 
yield (empty circles and solid line) of I¯(CH3CN)10 measured at hvpump = 5.06 eV and hvprobe

 

 = 1.56 eV. Dots are 
experimental values and curves are least square fits, as described in the text. 

 We can also analyze the time dependence of energetics following excitation of the 
charge-transfer state. While Figures 5.1 and 5.2 diagrammatically reflect the change in electron 
binding energies over the course of the experiment, we have determined time-dependent vertical 
values by a least-squares fit routine to quantitatively describe the dynamics. To account for the 
asymmetrically broadened shape of the excited state detachment signals, we used a modified 
Gaussian function with different time-dependent widths ε1 and ε2 on either side of the maximum 
at E0
  

(t) to analyze our data. 
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 This modified Gaussian distribution fits the excited state signal at all delays. 
Representative spectra of I¯(CH3CN)5 at various times, along with the optimized fit functions 
are shown in Figure 5.5.  
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Figure 5.5: Photoelectron spectra of I¯(CH3CN)5 taken after excitation at hvpump = 4.68 eV and with detachment 
photon energy hvprobe

 

 = 1.56 eV. Electron yield is plotted as a function of kinetic energy for various pump/probe 
delays. Dots reflect experimental data, while solid lines are least-squares fits of an asymmetric Gaussian 
distribution. 

Kinetic energies E0 were converted to vertical detachment energies according to VDE(t) = 
hvprobe – E0, using the probe photon energy of 1.56 eV. Values for the excited state feature in 
clusters I¯(CH3CN)5 and I¯(CH3CN)10

 The VDE of the CTTS feature in I¯(CH

 are plotted as filled circles in Figures 5.3 and 5.4, 
respectively, along with the detachment yield. 

3CN)5  directly after absorption is VDE(0) = 
0.30 eV, and decreases over the following 330 fs to reach its minimum VDEmin = 0.18 eV at 
delay tmin (see inset in Figure 5.3). The subsequent rise leads to the maximum detachment energy 
VDEmax = 0.48 eV at tmax and is finally followed by a slow decrease to VDE(∞) = 0.42 eV, 
which is reached within less than 200 ps (Figure 5.3).  The same VDE is also found in a pump-
probe spectrum taken at the longer delay t = 400 ps (not shown). Similarly, a final slow decrease 
was seen for VDEs in clusters with n = 6-8. Detachment energies in the larger cluster 
I¯(CH3CN)10 show an initial value VDE(0) = 0.43 eV (Figure 5.4), which steeply decreases to 
VDEmin = 0.17 eV at tmin = 500 fs to subsequently increase back to VDEmax

The temporal evolution of VDE(t) after reaching the minimum VDE

 = 0.58 eV. No 
further change is seen for at least ~400 ps. The same long-time behavior was found for clusters 
with n = 9.  

min at tmin

  

 could be 
quantitatively modeled by a multi-exponential decay according to  

 min( ) exp( ( ) / ) ( )i i
i

VDE t E t t VDE= − − τ + ∞∑  (5.4.3) 

.    
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Two exponential terms are necessary to describe the increase towards VDEmax and lifetimes of 
τ1 = 250±100 fs and τ2 = 2.5±1.0 ps were found throughout the whole cluster size range. A third 
term with negative prefactor E3 was necessary to describe the final decrease of VDEs towards 
VDE(∞) in clusters with n = 5-8. Lifetimes on the order of τ3≈ 100-150 ps could be determined 
in these cases, but errors are large as the lifetimes approach the time window of our experiments. 
The resulting maximum in VDE(t) was used to determine the values of tmax

 A compilation of characteristic detachment energies VDE(0), VDE

. Least-squares fits to 
Eq. (5.4.3) for clusters with n = 5 and 10 are shown in Figures 5.3 and 5.4, respectively. 

min, and VDEmax (and 
VDE(∞) for clusters where it is less than VDEmax) for all clusters measured are shown in 
Figure 5.6.  Table 1 shows numerical values, along with energy shifts ∆E 1 = VDEmin – VDE(0), 
∆E2 = VDEmax – VDEmin and ∆E3 = VDE(∞) – VDEmax, and the associated times tmin, tmax, and 
τ(∞). VDEmin ranges between 100-180 meV and does not show any systematic size dependence. 
In contrast, VDEmax

 

 and VDE(∞) values cover a wider range and grow monotonically from n = 5 
to 10. Initial detachment energies VDE(0) also spread over a broad range and show a systematic 
increase, although a discontinuity can be observed between n = 8 and 9, coincident with the 
decrease of the pump wavelength. 

Figure 5.6: Vertical detachment energies in the course of relaxation following excitation of the CTTS transition in 
I¯(CH3CN)n. Black squares are initial detachment energies VDE(0), white dots and dark gray triangles are VDEmin 
and VDEmax, respectively. The light gray diamonds reflect detachment energies VDE(∞) at large delay times, where 
appropriate. The dashed-dotted line corresponds to the VDE of isomer I of bare acetonitrile cluster anions 
comprising 10 molecules (as taken from ref. 22

 

). 
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Table 5.1: Summarized energetics and time constants for the relaxation of the CTTS state in I¯(CH3CN)n after 
excitation at hvpump = 4.68 eV (n = 5-8) and 5.06 eV (n = 9, 10). Statistical uncertainties of absolute detachment 
energies amount to 60 meV, of relative energies 25 meV, 50 fs for tmin, 3.0 ps for tmax, and 50 ps for τ∞

n 

. 

VDE(0) 
(eV) 

VDEmin 
(eV) 

VDEmax 
(eV) 

VDE(∞) 
(eV) 

∆E1 
(meV) 

∆E2 
(meV) 

∆E3 
(meV) 

tmin 
(fs) 

tmax 
(ps) 

τ∞ 
(ps) 

5 0.302 0.176 0.480 0.421 -126 304 -59 331 12.4 109 

6 0.364 0.139 0.502 0.456 -225 363 -46 376 13.0 146 

7 0.411 0.149 0.537 0.506 -262 388 -31 386 15.9 (58) 

8 0.448 0.127 0.538 0.507 -321 411 -31 401 17.8 (-) 

9 0.357 0.100 0.548 - -257 448 - 425   

10 0.426 0.165 0.578 - -261 413 - 502   

 
5.5 Discussion 
 
5.5.1. Energetics 
 Time-resolved photoelectron spectra are dominated by the [1+1’] excited state 
detachment signal and an intense feature from slow electrons emitted near eKE ≈ 0 eV. In 
agreement with the VDE’s of I¯(CH3CN)n clusters measured by Markovich et al,26 no direct 
photodetachment was observed as these binding energies exceeded the pump photon energies in 
our experiments.  The CTTS transition in clusters with n ≤ 8 was induced by 4.68 eV pump 
photons. Larger clusters showed only weak excited state signals at this pump photon energy and 
thus were pumped at 5.06 eV. The blue shift of the charge transfer band is in agreement with the 
detachment energies increasing from 4.95 eV to 5.71 eV in the cluster size range studied here26 
and the expected maximum of the CTTS band being located slightly below the continuum.44 The 
pump photon energy only allows for charge transfer to the manifold corresponding to the 2P3/2 
state of the neutral iodine atom, while the band converging to the spin-orbit excited state (∆ESO

 The overall change in VDE of the excited state signal is strongly reminiscent of the 
modulations observed after excitation of the CTTS band in I¯(H

 = 
0.94 eV) is not accessible. 

2O)n. These have been attributed 
to electron hydration dynamics within the cluster, most likely leading to a surface-bound electron 
in the size-range studied thus far.19 Bare acetonitrile cluster anions, however, do not exhibit such 
a conformation. The VDE(∞) values found here resemble those of isomer I of (CH3CN)n¯ 
clusters in which the electron resides in a solvent cavity.22,23  There is no evidence for the 
formation of more strongly bound isomer II, assigned to a valence-bound electron, even at higher 
probe photon energies (hvprobe

 

 = 3.12 eV, not shown).  With these considerations in mind, we 
now consider the question of how the charge transfer and solvation dynamics proceed in detail. 
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5.5.2. CTTS dynamics 
 In this section, the time-evolution of the photoelectron spectra is considered and the 
underlying dynamics responsible for this evolution are discussed. Taking Figures 5.3 and 5.6 as 
references, we would like to understand the initial VDE value, VDE(0), the abrupt drop to 
VDEmin after 330 fs, the bi-exponential increase toward VDEmax with time constants τ1 and τ2

 The initial step in our experiments is the pump-induced excitation of the CTTS band, 

, 
and, for the smaller (n = 5-8) clusters, the slight drop in VDE over the 100 ps time scale. The 
∼330 fs delay between the initial increase in photoelectron yield and the drop in VDE is also of 
interest. We consider the earliest and latest times first, since these are the most straightforward to 
interpret, and then focus on the intermediate dynamics. 

 ( ) ( )
*

h-
3 3I CH CN I CH CN

n n

−ν  → ⋅   (5.5.2.1) 

transferring the originally localized excess charge from the interior halide into a diffuse charge 
transfer state characterized by VDE(0) values ranging from 302 – 448 meV. These values are 
consistent with resonant [1+1’] detachment and VDEdir values determined independently by 
Markovich et al.,26 by one-photon direct detachment. In other words, the VDE of the initially 
excited state is given by VDE(0) = VDEdir - hvpump. In Figure 5.6, the increase of VDE(0) from 
n = 5-8 is a consequence of the monotonic increase of VDEdir with n while the step between n = 
8 and 9 results from the higher pump photon energy used for the n = 9 and 10 clusters. 
 We next consider the long-time dynamics. The presence of the very low-energy electrons 
indicates that the excited CTTS state decays by autodetachment.  A similar effect was seen in 
I¯(H2O)n clusters.19  In those experiments, the autodetachment signal was depleted just after the 
probe pulse but then recovered on the same time-scale upon which the excited state signal 
decayed, yielding the lifetime of the CTTS state with respect to autodetachment. These lifetimes 
varied from 8 ps (n = 4) to 3 ns (n = 10). In the I¯(CH3CN)n experiments, probe-induced 
depletion of the autodetachment signal is observed, but there is neither recovery of this signal nor 
decay of the pump-probe signal by 200 ps, the longest delay time used here. Hence, while the 
initially produced CTTS state evolves into a state that eventually decays by autodetachment, the 
lifetime of this state is at least 200 ps. 
 The nature of this long-time state is suggested by comparison to the PE spectra by Mitsui 
et al.22 on (CH3CN)n¯ clusters. Our VDEmax values are in reasonable agreement with their VDEs 
for bare acetonitrile cluster anions in the isomer I conformation, i.e. clusters in which the 
electron resides in a solvent cavity. Mitsui et al. observed their onset of formation for n = 10 and 
report VDEs of 430-530 meV in the size range n = 10-12. Linear extrapolation of these values to 
the size range observed in our experiments leads to very similar values within ~0.1 eV of our 
observed values of VDEmax. These small differences, which are significantly smaller than the 
spectral widths, imply that the states seen at long times in our experiments are (CH3CN)n¯ 
clusters with internally solvated electrons. 
 It thus appears that the overall dynamics in the time-resolved PE experiments track the 
evolution of the initial I¯(CH3CN)n state, in which the iodide is internally solvated,26-29 to a bare 
acetonitrile cluster anion with an internally solvated electron. The direct molecular dynamics 
calculations by Takayanagi on I¯(CH3CN)3 provide useful insights into this mechanism. In the 
initial geometry, the I¯ lies at the center of a three-fold symmetric solvent cage; each acetonitrile 
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is oriented with its CH3 group pointing toward the iodide, as expected because of the highly 
electronegative CN group. A similar structure is found for (CH3CN)3¯, except that the cavity 
radius is slightly smaller, 3.55 Å as opposed to 3.85 Å in I¯(CH3CN)3.  Hence, the diffuse 
electron resulting from CTTS excitation is formed in a rather confined space, and significant 
repulsive interactions with both the I atom and solvent cage are expected. This is confirmed by 
the simulations, which show the solvent cage enlarging, the excess electron localizing on one or 
two CH3

 Our experimental results are consistent with several aspects of this calculation.  The 
initial drop in VDE, from VDE(0) to VDE

CN molecules, and the I atom moving away from the solvent cavity, all within the first 
800 fs after CTTS excitation. 

min, over the first 300 fs, can indeed be explained by 
rapid expansion of the cavity accompanied by localization of the electron on a smaller number of 
solvent molecules.  Localization, in particular, can result in a significantly reduced VDE, given 
that a single acetonitrile molecule can only bind an excess electron in a very loosely bound 
dipole-bound state, with a binding energy of only a few meV.49  The rapid drop in integrated 
excited state intensity for I¯(CH3CN)5 over the first 300 fs (see Figure 5.3) may also reflect 
these dynamics, because the rapidly changing nature of the excess electron wavefunction is 
likely to affect its photodetachment cross section. The bi-exponential increase in VDE over the 
next 1-2 ps, from VDEmin to VDEmax, described by Eq. (5.4.3), could result from a combination 
of ejection of the I atom from the solvent cavity and reorganization of the solvent molecules to 
accommodate the excess electron inside a smaller cavity. This reorganization can involve 
reorientation of the solvent molecules as well as their pulling together around the electron;  
according to the molecular dynamics simulations by Markovich et al.,26 the six solvent 
molecules in I¯(CH3CN)6 form a ring around the central iodide in a “head-to-tail” configuration, 
with the methyl group of each solvent molecule in close proximity to the CN group of the 
adjacent molecule, while calculations on isomer I of (CH3CN)6¯ find the electron in an 
octahedral cavity with all CN groups pointing outward.23

 Finally, we consider the ∼100 ps decrease in VDE of 59-31 meV, seen for the n = 5-8 
clusters.  This shift is most likely from evaporation of either a solvent molecule or I atom from 
the cluster. The magnitude of this shift is similar to the stabilization energy in bare isomer I 
clusters of ∆E ≈ 50 meV upon addition of a single solvent molecule in the size range n = 10-12, 
as observed by Mitsui et al..

   

22  However, it is also comparable to a similar shift in I¯(H2O)n 
clusters that was attributed to loss of a weakly bound I atom,19 an interpretation that was 
supported by subsequent calculations by Takayanagi.50

 

  Note that loss of an I atom from the 
cluster may be distinct from ejection of the I atom from the solvent cavity, as it may get trapped 
in a shallow attractive well outside the solvent network and thus leave the cluster at a much 
longer time.  In any case, it is difficult to distinguish between these two possible channels based 
on energetic shifts alone.   

5.5.3. Comparison to I¯(H2O)
 A primary motivation of this study was to compare it to similar work on I¯(H

n 
2O)n 

clusters.17-19 Pump/probe PE spectroscopy of I¯(H2O)n with n ≤ 10 showed a transient state 
undergoing qualitatively similar modulations of VDEs as in our current work. There is an initial 
drop in the VDE just after excitation, followed by an increase, ∆E2 over τ2 = 0.2-1.4 ps. In a 
final relaxation step, (τ3 = 25-90 ps) electron binding energies decreased again, before the 
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transient decayed by delayed emission of slow electrons (τCTTS = 8 ps – 3 ns). Despite the 
similarities, a closer look reveals fundamental differences in the observed dynamics and 
energetics. The initial drop in VDE was much faster in I¯(H2O)n clusters, essentially limited by 
the cross-correlation of the two laser pulses.  Both τ2 and ∆E2 increased with n for I¯(H2O)n 
clusters, while the analogous measurements in I¯(CH3CN)n show a much weaker size-
dependence.  Moreover, the increase in VDE could be described by a single exponential for 
I¯(H2O)n, as opposed to the bi-exponential dynamics seen here. Finally, as discussed above, 
even though the states created by CTTS excitation for both cluster types decay by 
autodetachment, the timescale for this decay was outside our observation window of 200 ps for 
I¯(CH3CN)n
 These differences can be attributed in part to the different initial and final conditions in 
the two sets of experiments. As discussed in Section 1, for n ≤ 10, both the iodide anion in 
I¯(H

 clusters.   

2O)n and excess electron in (H2O)n¯ are bound to the cluster surface rather than located 
inside a solvent cavity. As a result, the repulsive interactions just after CTTS excitation should 
be mitigated in I¯(H2O)n clusters, because the electron is not being produced in such a confined 
volume.  This may explain the differences seen at the earliest times. Moreover, in I¯(H2O)n 
clusters, the solvent reorganization leading to stabilization of the excess electron does not require 
the I atom to leave a solvent cavity, possibly accounting for the mono-exponential vs. bi-
exponential increase in the VDE.  The apparently shorter lifetime of the excited state in 
I¯(H2O)n

 

 may reflect the more facile escape of a surface-bound electron as opposed to an 
interior electron. Overall, comparison of the two cluster types enables one to probe how 
solvation dynamics differ at the surface vs. interior of small clusters.    

5.6. Summary 
 We have used time-resolved photoelectron spectroscopy to study photoinduced charge 
transfer in mass-selected, iodide-doped acetonitrile clusters I¯(CH3CN)n

 Charge-transfer-to-solvent dynamics in the small clusters studied here are quite distinct 
from the analogous condensed phase process, even though the larger clusters in our experiment 
approach closure of the first solvation shell.

 with n = 5 - 10 after 
excitation at 4.68 eV (n = 5-8) and 5.06 eV (n = 9, 10). The photoelectron spectra yield time-
varying VDEs, which drop rapidly within 300-400 fs of the excitation pulse, then recover bi-
exponentially to reach their maximum values with time constants of 250±100 fs and 2.5±1.0 ps.  
The n = 5-8 clusters then show a drop in VDE of around 50 meV on a much longer time scale. 
While the excited state created by the pump pulse decays by emission of a slow electron, this 
decay occurs beyond our experimental time window of 200 ps. Comparison to theory suggests 
that the initial drop in VDE comes from the response of the cluster to the pump-induced 
formation of a diffuse electron cloud within the solvent cavity originally containing the iodide 
anion. The cavity expands and the electron localizes on one or two acetonitrile molecules, 
resulting in a transition state with a low VDE. The subsequent rise in VDE is attributed to the I 
atom leaving the cavity and rearrangement of the solvent molecules to stabilize the excess 
electron, ultimately forming an acetonitrile cluster anion with an internally solvated electron. The 
50 meV, long-time decrease in VDE for n = 5-8 is most likely from evaporation of an I atom or 
solvent molecule.      

26 Obviously, cluster sizes in the current work are too 
small to allow for disorder in the solvent network, a requirement to observe direct emission of 
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the excess charge in preformed solvent cavities or direct formation of valence anions by electron 
attachment to a prealigned anti-parallel acetonitrile dimer, as seen in the condensed phase.20,21 
Therefore our experiments may resemble most closely the initial dynamics in the creation of the 
(I:e-) contact pair.20

 

 Unfortunately, condensed phase measurements have so far not focused on 
this very early stage in the formation of solvated electrons, which should be also completed 
within the first few picoseconds after CTTS excitation. Research on early dynamics in the bulk, 
as well as gas phase spectroscopy on larger clusters will be necessary to bridge the gap and allow 
for a seamless description of the charge transfer process. 
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Chapter 6: Electronic Relaxation Dynamics in Large Anionic Water Clusters, (H2O)n
− and 

(D2O)n
−, (n=25-200) 

[Reprinted with permission from "Electronic relaxation dynamics in large anionic water clusters: 
(H2O)n- and (D2O)n- (n=25-200)", Graham B. Griffin, Ryan M. Young, Oli T. Ehrler, Daniel 
M. Neumark, Journal of Chemical Physics, vol 131, article number 194302, 2009.]  
 
Electronic relaxation dynamics subsequent to s→p excitation in large anionic water clusters, 
(H2O)n¯  and (D2O)n¯ with 25≤n≤200, were investigated using time-resolved photoelectron 
imaging.  Experimental improvements have enabled considerably larger clusters to be probed 
than in previous work, and the temporal resolution of the instrument has been improved.   New 
trends are seen in the size-dependent p-state lifetimes for clusters with n≥70, suggesting a 
significant change in the electron-water interaction for clusters in this size range.  Extrapolating 
the results for these larger clusters to the infinite-size limit yields internal conversion lifetimes 
τIC of 60 fs and 160 fs for electrons dissolved in H2O and D2O, respectively.   In addition, the 
time-evolving spectra show evidence for solvent relaxation in the excited electronic state prior to 
internal conversion and in the ground state subsequent to internal conversion. Relaxation in the 
excited state appears to occur on a timescale similar to that of internal conversion, while ground 
state solvent dynamics occur on a ~1 ps timescale, in reasonable agreement with previous 
measurements on water cluster anions and electrons solvated in liquid water. 
 
6.1 Introduction 

The hydrated electron, aqe− , was first observed by Hart and Boag in 1962 as a broad 
transient absorption feature appearing centered around 720 nm1,2 following radiolysis of neat 
water and aqueous salt solutions.   Since then, the hydrated electron has emerged as a key species 
in condensed phase chemistry.  From a purely fundamental perspective, it represents the simplest 
quantum mechanical solute,3 and it plays a key role in radiation chemistry and biology.4,5  Many 
properties of aqe−  are consistent with the "cavity" model, in which this species resides in a solvent 
cavity with a radius of 2-3 Å and is stabilized by hydrogen-bonding interactions with six bond-
oriented water molecules, on average.6,7  The 720 nm band can then be understood as an s→p 
excitation of the electron within this roughly spherical cavity.8-10   

There is considerable interest in understanding the mechanism by which hydrated 
electrons formed by ionization of water relax to their ground state11-17 and, more specifically, 
how these dynamics proceed subsequent to s→p excitation.18-25  This paper presents new results 
in our ongoing effort to understand the relaxation dynamics of aqe−  by performing time-resolved 
experiments on water cluster anions, (H2O)n¯, the gas phase analog of the hydrated electron. 

In aqueous solution, the relaxation of p-state electrons produced by s→p excitation is 
generally interpreted using the model presented in Fig. 6.1a:26-28   

 𝑝𝑝∗
𝜏𝜏𝑝𝑝
→𝑝𝑝

𝜏𝜏𝐼𝐼𝐼𝐼��𝑠𝑠∗
𝜏𝜏𝑠𝑠→ 𝑠𝑠 

 
(6.1.1) 

In this scheme, p* and s* refer to excited and ground electronic state electrons in non-
equilibrium solvent configurations formed by optical excitation and internal conversion (IC), 
respectively, while p and s refer to relaxed solvent configurations in the two electronic states.  
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The time constants τp, τIC, and τs refer to 
excited state solvent relaxation, p→s* 
internal conversion, and ground state 
solvent relaxation, respectively.   

 
Figure 6.1: (a) Diagram of the processes involved in 
electronic excited state relaxation of the condensed 
phase hydrated electron.  The gray arrow represents 
the pump laser pulse, while black curves represent 

the s-like ground state and p-like excited state of the 
hydrated electron.  Various dynamical processes 
discussed in the text are labeled and diagrammed 

with dashed black arrows.  (b) Diagram of the 
photodetachment processes observed in large 

anionic water clusters.  The black curves show the 
ground and excited states of the cluster, while the 
dashed line represents the threshold for vertical 

detachment.  Black arrows represent the probe laser 
pulse, while the gray arrow represents the pump 

pulse. 
 
 

 Transient absorption measurements 
yield three relaxation timescales: τ1≈30-80 
fs, τ2≈200-300 fs and τ3≈1.1 ps,18,21-23 with 
τ1 slower in deuterated water by a factor of 
~1.4-1.6.18,22  Assignment of these 
measured timescales to the relaxation 
processes of Eq. (6.1.1) has been 
controversial.  For example, in the 
“adiabatic” model of hydrated electron 
dynamics,3,18,21,23,27,29 the fastest measured 
timescale is attributed to solvent relaxation 
in the excited state (τ1=τp), with internal 
conversion to the ground state occurring on 
a slower timescale (τ2=τIC).  The 
interpretation of the time constants is very 
different in the “non-adiabatic” 
model,14,22,30 where the fastest observed 
relaxation timescale is assigned to internal 
conversion (τ1=τIC), while the slower two 
timescales are assigned to solvent 
relaxation in the ground electronic state 
(τ2=τs;  τ3=τs’).  
 These considerations motivated 
previous experiments on the time-resolved 
photoelectron spectroscopy31 of water 
cluster anions, (H2O)n

−, both in our 
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group32,33 and elsewhere.34,35  Experiments of this type can directly yield internal conversion 
lifetimes, in contrast to condensed phase transient absorption measurements, and thus provide a 
stringent test of the proposed relaxation models for aqe− .   

Water cluster anions, (H2O)n¯, have been widely studied since they were first observed in 
1984,36 in part because they can serve as a model system for the condensed phase hydrated 
electron.37  These clusters have been studied using many experimental techniques, including 
electronic spectroscopy,38 one-photon photoelectron spectroscopy (PES),39-41 femtosecond time-
resolved photoelectron spectroscopy,32-35 and infrared photodissociation spectroscopy.42-44  These 
investigations have been both motivated and complemented by numerous theoretical studies of 
water cluster anion structure and dynamics using quantum path integral methods, 45-47 electronic 
structure computations,48-52 and both mixed quantum-classical53-55 and ab initio56,57 molecular 
dynamics calculations.  The key results, which have been recently reviewed,58,59 are that (i) 
multiple isomers of water clusters can be formed over a wide size range (up to n=200),41 (ii) for 
the isomer that binds the electron most strongly (isomer I), the excess electron is bound by a 
single unique water molecule at the surface of the cluster up to size n=25,43 although there is 
evidence that electron binding changes in larger clusters,44 (iii) there is considerable debate about 
how large a water cluster anion has to be for the excess electron to be internally solvated,53,54 and 
(iv) upon excitation of the s→p transition in the cluster anion, the lifetime of the p-state with 
respect to internal conversion is exceedingly short, extrapolating to τIC=50 fs as n→∞ for 
(H2O)n¯ clusters.33   

Measurements of excited state lifetimes are particularly relevant to the issues addressed 
in this paper.  Results from these experiments can be interpreted in a framework similar to that 
used in the condensed phase transient absorption measurements, as diagrammed in Figure 6.1a.  
Clusters also have an s-like ground state and a p-like excited state, and, in principle, can undergo 
similar dynamical processes (internal conversion and solvent reorganization on both ground and 
excited states) subsequent to excitation.  Early time resolved experiments by Weber et al,34 on 
(H2O)n¯ clusters with n=20-100 established an upper limit of ~150 fs for the lifetime of the 
excited state.  More recently,  time-resolved photoelectron imaging experiments by Bragg et 
al32,33 measured excited state lifetimes in Isomer I clusters with  n≤50  (and n≤100 for deuterated 
clusters), yielding internal conversion time constants τIC as fast as ~130 fs, for (H2O)50¯.  For 
clusters with n≥25, these lifetimes scale linearly with 1/n towards a bulk limit of 50 fs (80 fs in 
deuterated clusters.)  Time resolved PES experiments by Paik et al35 on clusters in the size range 
15≤n≤35  revealed electronic relaxation dynamics on timescales of 300 fs and 2-10 ps, which 
were both attributed to solvent relaxation around the nascent ground state electron following 
internal conversion.   

The extrapolation of internal conversion lifetimes in clusters towards a bulk limit of <100 
fs has been invoked to support the non-adiabatic relaxation model for the bulk hydrated 
electron.32,33  However, given that (H2O)50¯  was the largest such cluster for which τIC was 
measured, studies of dynamics in larger clusters are desirable in order to test the validity of this 
extrapolation, which has been questioned in recent theoretical work25 on aqe− .  Moreover, 
experiments with sufficient time resolution to measure τp, the time constant for excited state 
relaxation (see Fig. 6.1a) in clusters, would provide a further point of comparison with 
condensed phase dynamics.  These considerations have motivated the set of experiments on 
water cluster anions described here, in which improvements on our instrument and experimental 
techniques have enabled us to extend our time-resolved studies to larger isomer I clusters (up to 
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n=200 for both water isotopologs) and to measure the associated dynamics with considerably 
better time resolution than in previous work.  The new results show a significant deviation in τIC 
from the simple 1/n dependence seen previously, and provide clear evidence for both excited 
state solvent relaxation prior to IC and ground state relaxation subsequent to IC.   
 
6.2 Experiment 
 Our femtosecond time resolved photoelectron imaging apparatus has been described 
elsewhere in detail,33,60 as have our methods for generating water cluster anions.33  Briefly, Ar 
backing gas at ~20 psig, seeded with the vapor pressure of water at 30-50 ºC, is expanded 
through a pulsed solenoid valve.  A pulsed, ring-shaped ionizer generates anions by secondary 
electron attachment that are then extracted perpendicularly into a Wiley-McLaren61 time-of-
flight mass spectrometer.  An electrostatic switch allows only ions of the desired mass-to-charge 
ratio to pass into the interaction region, where they are intercepted by the excitation (pump) and 
detachment (probe) laser pulses from a femtosecond laser system.   The resulting photoelectrons 
are projected, in a collinear velocity map imaging62 detection scheme, onto a chevron-mounted 
pair of microchannel plates coupled to a phosphor screen.  Images from the phosphor screen are 
then collected by a charge coupled device camera, and converted into photoelectron spectra 
using the BASEX63 method. 
 Clusters larger than n≈100 are too large for our mass spectrometer to resolve anions 
differing in mass by a single water molecule, since Δm/m≤1% in this size range.  Hence, results 
from clusters with n≥100 are obtained by calibrating the mass spectrometer and using the 
electrostatic switch to select a section of the continuous cluster distribution.  The finite width of 
the switch gating pulse introduces an uncertainty of Δn=±2 for both (H2O)n¯ and (D2O)n¯ 
clusters.  We have previously employed this method in one photon and time-resolved PES 
experiments on large water64 and methanol65,66clusters. 
 Femtosecond pump and probe pulses were generated from a Ti:Sapphire oscillator/multi-
pass amplifier femtosecond laser system (KM Labs Griffin Oscillator/Dragon Amplifier) that 
produces 3 mJ/pulse when operated at ~500 Hz.  For clusters larger than n=50, 75% of the 
amplifier output was used to generate the second harmonic (395 nm, 500 μJ/pulse), used as the 
probe laser pulse, while the remaining 25% of the amplifier output was further attenuated and 
used as the pump pulse (790 nm, 80-150 μJ/pulse).  In smaller clusters, which do not absorb 790 
nm pump pulses efficiently,38 30% of the amplifier output was used to pump a commercial 
optical parametric amplifier (TOPAS model 4-800) and the signal output of the OPA was used as 
the pump pulse (1250 nm, 15-20μJ/pulse.)  Of the remaining amplifier output, 75% was used to 
generate the second harmonic probe pulse (395 nm, 400 μJ/pulse) while the remainder was used 
for alignment purposes. 
 The peak power of the laser pulses provided by the multi-pass amplifier is a factor of ~10 
higher than the regeneratively amplified femtosecond laser system used to perform earlier time 
resolved experiments on anionic water clusters.32,33  This increase in laser power allows us to 
work with larger cluster sizes, for which we generate fewer ions than at smaller sizes.  At high 
pump intensities, however, above-threshold detachment of ground state electrons interferes with 
observed transient signal in large clusters, requiring attenuation of the pump beam as described 
above.  This attenuation also reduces the contributions to the spectrum from two-photon 
detachment by the pump pulse, which can deplete the anion population and interfere with the 
observed dynamics. 
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 At the amplifier output, the pulses 
have a 25-35 fs wide (full width at half 
maximum, FWHM) Gaussian temporal 
profile, yielding a ~50 fs FWHM Gaussian 
autocorrelation.  The cross-correlation of 
the pump and probe pulses can be measured 
at the laser/ion beam interaction region 
through detection of the above-threshold 
detachment signal from large clusters at 
high pump intensity;  this measurement 
yields a Gaussian cross-correlation peak 
with a width of ~100 fs FWHM.  Temporal 
stretching of both laser pulses as they pass 
through various transmissive optics en route 
to the interaction region accounts for the 
difference in temporal profile between 
amplifier output and pulses in the 
interaction region. 
 
Figure 6.2: Time resolved photoelectron spectra of 
(H2O)150¯(2a) and (D2O)150¯ (2b) presented as 
waterfall plots, with time delay increasing from back 
to front.  Features are labeled A and B with reference 
to Figure 6.1b.   
 
 
 
 

6.3 Results 
 Photoelectron spectra were recorded at selected pump-probe time delays ranging from -
1.5 ps to +2.5 ps for (H2O)n¯ and (D2O)n¯ clusters in the size range 25≤n≤200.  Additional 
experiments were performed on (D2O)n¯ clusters with n=40, 80 and 120 over a larger delay 
range, from -2 ps to +4 ps. 
 Figure 6.2 shows typical results of these time-resolved photoelectron imaging 
experiments displayed as waterfall plots, with time delay increasing from back to front.  Results 
for (H2O)150

− and (D2O)150
− are shown if Figs 6.2a and 6.2b, respectively.  Each spectrum shows 

two main features, A (at lower eKE) and B (at higher eKE),  
which, according to Fig. 6.1b and previous results, are assigned to probe-induced detachment 
from the ground state and pump-probe signal from the excited state, respectively.  Other features 
observed in previous work include autodetachment of clusters excited by the pump pulse and 
both one and two photon detachment by the pump pulse.  These processes are not seen in the 
spectra presented in figure 6.2, or discussed further in this work, because autodetachment is not 
observed in clusters larger than n=25, and the pump pulse was attenuated to minimize the effect 
of one and two photon detachment on the observed dynamics. 
 For both clusters in Fig. 6.2, feature B rises rapidly around t=0 and decays completely 
after several hundred femtoseconds.  A less obvious effect, particularly in Fig. 6.2a, is that 
feature A is rapidly depleted and then recovers on a timescale similar to the decay of feature B.  
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These effects are seen more clearly when 
the total signal associated with features A 
and B is integrated and plotted as a function 
of delay time, as shown in Fig. 6.3a for 
(D2O)150

−.  These data have been 
normalized on a 0 to 1 scale (although 
feature A is typically depleted by only 5-
15%) and plotted along with associated fit 
lines, discussed in detail in Section IV.  The 
recovery of the ground state feature occurs 
on a timescale similar to that for decay of 
the excited state feature, but slightly longer.  
These results are typical of all cluster sizes 
studied for both water isotopes.   
  
Figure 6.3: (a) Integrated intensity of features A 
(squares) and B (circles) at each time delay for 
(D2O)150

−.  Each plot has been normalized on a zero 
to one scale.  Typical data sets exhibit ~5-15% 
maximum depletion of feature A.  Best fit lines, 
obtained by the procedure outlined in Section IV, are 
also shown.  In addition, the integrated intensity of 
feature A, normalized on a zero to one scale, is 
shown inverted (triangles) for comparison.  (b)  
Integrated intensity of feature B for (D2O)35¯ 
(squares), (D2O)150¯ (circles) and (H2O)150¯ 
(triangles) are plotted against time delay, normalized 
on a zero to one scale, along with associated fit lines 
obtained by the procedure outlined in Section IV.  (c) 
Integrated intensity of three eKE sections of feature 
B for (D2O)150¯ .  The integration range for each 
section is defined in the inset, with section I 
(squares) integrated from 1.7 to 2.0 eV, section II 
(circles) integrated from 2.0 to 2.4 eV and section III 
(triangles) integrated from 2.4 to 2.9 eV.  Connecting 
lines are shown in corresponding color as a guide to 
the eye. 
 
 Figure 6.3b shows the integrated 
intensity of the excited state feature, along 
with associated fit lines, for (D2O)35¯, 
(D2O)150¯ and (H2O)150¯, again normalized 
on a 0 to 1 scale for straightforward 
comparison.  All three clusters exhibit 
qualitatively similar dynamics, increasing in 

intensity near zero time delay and decaying away with increasing delay.  While all three clusters 
exhibit similar rising edges, the rate of decay varies widely, with (D2O)150¯ decaying faster than 
(D2O)35¯ and (H2O)150¯ decaying faster than either (D2O)n¯ cluster. 
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 The temporal behavior of features A and B in Fig. 6.3a can be understood with reference 
to Fig. 6.1.  The initial increase in B and depletion of A reflects pump-induced s→p excitation of 
the cluster.  The decay of B represents p-state decay, while the recovery of A on a similar time 
scale indicates that the excited state decays by internal conversion, repopulating the s-state of the 
cluster.   
 While these effects and their interpretation have been discussed previously, the new 
results show two more subtle effects discussed in more detail in Sections IV and V.  First, the 
shape of feature B is not constant with time; its average eKE decreases slightly, typically by ∼0.1 
eV, with increasing pump-probe delay over the lifetime of feature B.  Evidence for this effect can 
be seen in Fig. 6.3c, which displays the integrated intensity of three sections of feature B for 
(D2O)150¯ plotted against time delay, along with connecting lines as a guide to the eye.  This plot 
demonstrates that sections of feature B at higher eKE decay more quickly than at lower eKE.  In 
addition, close inspection of Fig. 6.3c reveals that higher eKE sections of feature B reach peak 
intensity slightly before lower eKE sections, and that the rising edge of higher eKE sections is 
slightly steeper.  These observations indicate a shift of feature B intensity toward lower eKE with 
increasing time delay, consistent with p-state relaxation on a time scale comparable to internal 
conversion.  A similar effect is seen for feature A at longer decay times, reflecting s-state 
relaxation subsequent to IC.   
 
6.4 Analysis 
 This section presents a quantitative analysis of the results described in Section III.  The 
methods used to extract excited state decay times, ground state recovery times, and eKE shifts in 
both the excited and ground state features are discussed.  Since we are particularly interested in 
the larger clusters, for which the dynamical time scales are comparable to the laser pulse widths 
(see Fig. 6.3b, for example), these methods are considered in some detail.   
 The time-dependent integrated intensity of feature B for each cluster is fit to the 
convolution of an exponential decay/recovery function and a Gaussian function accounting for 
the experimental response.67  Prior to convolution, the exponential decay function has the form  

𝐼𝐼(𝑡𝑡) =  𝐼𝐼0 , 𝑡𝑡 < 𝑡𝑡0  

 𝐼𝐼(𝑡𝑡) =  𝐼𝐼0 + 𝐴𝐴1𝑒𝑒
−(𝑡𝑡−𝑡𝑡0

𝜏𝜏𝐵𝐵
), 𝑡𝑡 ≥ 𝑡𝑡0 (6.4.1) 

where I0 is a constant offset accounting for background signal, A1 is the amplitude of the time-
dependent pump-probe signal, and τB is the exponential decay time constant.  Convolution with 
the Gaussian experimental response function, centered at t0 with width defined by standard 
deviation σ (FWHM = 2√2𝑙𝑙𝑙𝑙2 ∗ 𝜎𝜎), yields Eq. (6.4.2), 
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) (6.4.2) 

where A2 is a scaling factor and σ is the standard deviation defining the width of the Gaussian 
experimental response function.  A similar function with recovery time constant τA was used to 
fit feature A.    
 The data for each cluster could be fit by minimizing χ2 as a function of the three 
parameters σ, t0, and τB in Eq.(6.4.2).  Using this procedure, we found that the best-fit values of 
σ varied from day-to-day with a standard deviation of about 10 fs, a result that more likely 
reflected the quality of a particular data set rather than actual variations in the instrument 
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response.  We thus analyzed the data using the following algorithm.  First, global minimum “best 
fits” were obtained for all data sets, allowing τB, σ and t0 to vary.  Then the resulting σ 
parameters for all fits were averaged, yielding σavg≈68 fs, or ~160 fs FWHM.  Finally, least-
squares fitting was performed again on all data sets setting σ=σavg but allowing both τ and t0 to 
vary when minimizing χ2.  As mentioned in Section II, measurement of above threshold 
detachment signal yielded an experimental response function of ~100 fs FWHM, somewhat 
lower than the value obtained from σavg.  This discrepancy may indicate that the assumption of 
an instantaneous rise of I(t) in Eq. (6.4.1) is not entirely valid, which could arise from excited 
state solvation dynamics as discussed in Section VB.  In any case, the fitting algorithm, which is 
based on the idea that the actual value of σ does not vary substantially from day to day, yields 
more repeatable values of τB than fits which allow τB, t0 and σ all to vary simultaneously 
 Typical fit lines resulting from the fitting described above are shown in both Figs. 6.3a 
and 6.3b.  Fig. 6.3a shows the results of fitting both the ground and excited state features for 
(D2O)150

−, with fitted time constants and associated standard errors of τA=372±23 and τB= 
223±11 fs, respectively.  As discussed in Section V, the larger value of τA may arise from 

dynamics on the ground state in addition to 
p→s internal conversion.  Fig. 6.3b shows 
fit lines yielding time constants of 
τB=290±15 fs for (D2O)35¯, 178±13 fs for 
(D2O)150¯and 79±6 fs for (H2O)150¯,  
illustrating the size and isotope dependence 
of extracted excited state decay dynamics.   
 
 
Figure 6.4: Internal conversion lifetimes, τIC, for 
(H2O)n¯ (gray circles) and (D2O)n¯ (black squares) 
plotted against cluster size (1/n).  Error bars 
presented represent standard error from averaging of 
2-3 experiments at each cluster size.  For cluster 
sizes where only one experiment was performed, the 
standard error resulting from the fitting routine is 

shown.  Linear fits of all data points for n≤70 are shown as dotted lines and for data points with n>70 as solid lines, 
in gray for (H2O)n

− and black for (D2O)n
−.  The dotted lines have been extended to 1/n=0.01 in order to facilitate 

comparison with the large cluster data.   
 
 The time constants τB are displayed in Fig. 6.4, plotted against 1/n, at all sizes studied for 
both (H2O)n

− and (D2O)n
−, 25≤n≤200.  For cluster sizes where multiple experiments have been 

performed, the time constants have been averaged at each cluster size.  The displayed error bars 
represent standard error from this averaging or, for cluster sizes where only one experiment was 
performed, the standard error in τB associated with the least-squares fitting.  The resulting error 
bars range from ±8 fs for (D2O)75

− to ±38 fs for (D2O)25
−.  Fig. 6.4 represents a key result of our 

new measurements, as it shows that a simple linear fit of τB vs. 1/n no longer applies when data 
from larger clusters are included.   
 Another important result, mentioned in Section III, is the shifting of features B and A 
with time.  Fig. 6.5a shows the mean eKE of the excited state signal, <eKE>B, along with the 
total integrated signal of peak B, for (D2O)75¯.  For time delays where the excited state signal is 
significant, <eKE>B decreases roughly linearly by about 100 meV over 500 fs.  Similar rates are 



61 
 

seen for all cluster sizes and both water 
isotopologs, but the short lifetime of the 
excited state in these clusters makes it 
difficult to extract more quantitative detail.   
  
 
Figure 6.5:  (a) Mean eKE of feature B (<eKE>B,  
black squares) for (D2O)75

−, along with the integrated 
intensity of feature B (gray circles) plotted against 
time delay.  (b) Mean eKE of feature A (<eKE>A, 
black squares) for (D2O)80

−, along with the integrated 
intensity of feature B (gray circles) plotted against 
time delay.  Connecting lines in both panels are 
shown in corresponding color as a guide to the eye. 
 
 Fig. 6.5b shows a similar plot of the 
mean eKE of the ground state feature, 
<eKE>A, again plotted along with the 
integrated intensity of peak B for 
comparison.  This quantity shows a more 
complicated time-dependence.  It decreases 
as excited state population is created, 
increases sharply as peak B decays, and 
then, after the excited state population is 
reduced to zero, decreases by ~20 meV over 
several picoseconds.  Experiments were 
performed over a larger range of time delays 
for (D2O)n

− with n=40, 80 and 120 in order 
to quantify this long-time decrease in 

<eKE>A.  At delays after decay of peak B is complete, fitting the mean eKE of the ground state 
feature to an exponential of the form 
 𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡) =  𝑒𝑒𝑒𝑒𝑒𝑒0 ∗ 𝑒𝑒−𝑡𝑡/𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒 _𝐴𝐴  (6.4.4) 
yields a time constant τeKE_A=1.0±0.3 ps for all cluster sizes.  As discussed in Section V, the 
shifting features in Figs. 6.5a and 6.5b are attributed to relaxation dynamics on the excited and 
ground states, respectively.  The initial sharp decrease and subsequent increase in <eKE>A occur 
because s→p excitation preferentially depletes the high eKE side of feature A.   
 
6.5 Discussion 

 Several new results on the relaxation dynamics of electronically excited water cluster 
anions have been presented thus far.  We have measured excited state lifetimes for (H2O)n¯ and 
(D2O)n¯ clusters as large as n=200, thereby considerably extending the range of cluster sizes for 
which this data is available.  As shown in Fig. 6.4, the previously measured lifetime trends for 
the smaller clusters do not fit the new results.  In addition, the new time-resolved PE spectra 
reveal time-dependent shifts in the mean eKE of the excited and ground state features.  This 
section considers the implications of these results in the context of previous work on water 
cluster anions and the condensed phase hydrated electron. 
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6.5.1 Excited state lifetimes 
 The size-dependent excited state lifetimes τB in Fig. 6.4 represent the key new result from 
this work.  Over the range of cluster sizes studied here, τB=τIC, since no excited state 
autodetachment was observed.33  These lifetimes are plotted as a function of 1/n, primarily 
because our previous work32,33 showed a linear dependence of τIC on 1/n for clusters with 
25≤n≤100.  This dependence was subsequently rationalized by Fischer68 in terms of a long-range 
non-adiabatic coupling model.   Lifetimes for these smaller clusters were measured as part of this 
study, as well, and found to agree with the previous measurements within error bars.  However, 
Fig. 6.4 shows that the complete set of lifetimes τIC for clusters up to n=200 cannot be fit to a 
single line when plotted vs. 1/n, and that the lifetimes become much less sensitive to cluster size 
for n>70.  As an example, if the trend established by the smaller clusters was carried through to 
large cluster sizes, we would expect τIC ≈125 fs for (D2O)150¯.  The lifetime reported for this 
cluster in Fig. 6.4, 193±8 fs, is demonstrably longer.   
 A linear extrapolation of the internal conversion lifetimes of clusters with n>70 toward 
the infinite cluster size limit, as shown by the solid lines in Fig. 6.4, yields values of 63±6 fs for 
(H2O)n¯ and 160±18 fs for (D2O)n

− as n→∞.  The new value for (H2O)n¯ clusters is similar to the 
previously reported value, 54±30 fs,33 based on linear extrapolation of lifetimes for clusters with 
25≤n≤70.  However, the new value for (D2O)n¯  is considerably larger than the previously 
reported extrapolation of 72±22 fs obtained from the smaller clusters.  The larger discrepancy for 
(D2O)n¯  reflects the abrupt change in slope around n=70, as seen in Fig. 6.4.   
 We interpret the change in the size-dependence of the τIC around n=70 as evidence that 
the nature of the electron-water interaction is changing in this size range.  Previously, infrared 
photodissociation spectra42-44 of clusters with n≤50 have indicated that the nature of electron 
binding in anionic water clusters changes noticeably in the 25≤n≤50 size range.  In particular, the 
sharp infrared feature around 1500 cm-1 associated with a unique water molecule (the double 
acceptor or AA water) binding a diffuse electron at the cluster surface42 becomes less prominent 
above n=25 and is substantially broader by n=50.44  This spectral evolution may signify a 
transition from the “double acceptor” electron binding motif towards one in which the excess 
electron interacts with multiple waters.  Further support for the idea of transitional behavior in 
moderately-sized anionic water clusters comes from recent ab initio molecular dynamics 
calculations57 of (H2O)32

−, which show that while an electron starting inside a cluster of this size 
spontaneously moves to the surface, electron binding fluctuates between the AA binding motif 
and a binding interaction with multiple water molecules.   In this context, the change in the size-
dependence of the lifetimes presented in Fig. 6.4 around n=70 provides additional evidence for 
transitional behavior in intermediate-sized water cluster anions.  Whether this transition signals 
internal solvation of the excess electron remains an open question at this point.   
 The lifetimes presented in Fig. 6.4 imply an isotope effect of τIC,D2O/τIC,H20 ≈ 2.6 at the 
n→∞ limit.  A similarly large isotope effect of 2.8±0.2 is observed directly at all cluster sizes 
n≥70, so this result is not an artifact of the extrapolation procedure.  Interestingly, a smaller 
isotope effect of 1.9±0.1 is measured in clusters with n<70, in good agreement with previous 
measurements.33  Isotope effects of this magnitude, i.e. larger than the factor of the 2 ratio of 
OH/OD vibrational frequencies, might seem unusual, but a semiclassical calculation69 of τIC  for 

aqe−  based on Fermi’s Golden Rule yielded an isotope effect of 4, although the values differed 
from those found here (200 and 800 fs).  Similar results have been seen in mixed quantum 
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classical molecular dynamics simulations that predict internal conversion lifetimes of 450 and 
850 fs in H2O and D2O, respectively, resulting in isotope effect of ~2.70  Isotope effects of this 
magnitude are predicted by the "energy gap law" for internal conversion when the energy gap 
between two molecular electronic states is larger than the frequency of the accepting vibrational 
mode.71,72  This “weak coupling” picture may, however, be overly simplistic for large water 
cluster anions, where the extremely short lifetimes are suggestive of some type of conical 
intersection between the s and p states.   
 The extrapolated τIC of 60 fs for (H2O)n¯ clusters as n→∞ is in good agreement with the 
fastest relaxation time constant of τ1≈30-80 fs measured in transient absorption experiments on 
electrons in aqueous solution.18,22    As discussed previously,32,33,59 this observation suggests that 
τ1 corresponds to τIC in Eq. (6.1.1), thus supporting the non-adiabatic model for relaxation aqe− .  
Further support for this idea can be drawn from the fact that internal conversion lifetimes in large 
(H2O)n

− clusters exhibit lifetimes well under 100 fs, much faster than either of the longer two 
bulk relaxation timescales (τ2=200-300 fs, τ3=1.1 ps.)  Moreover, experiments on hydrated 
electrons in D2O show that only τ1 exhibits a significant isotope effect, increasing by a factor of 
1.2-1.6,18,22,23 while τ2 shows no isotope effect.  In the adiabatic solvation picture,18 τ2 is 
attributed to τIC, which is a concern given that both the cluster data and calculations69,70 of the 
excited state lifetime of aqe−  show a strong isotope effect on the internal conversion rate.  The 

most recent calculations24,25 on nonadiabatic decay of aqe−  did not explicitly consider isotope 
effects.   
 While extrapolation of our original data for (D2O)n¯ clusters yielded τIC=72 fs, in 
excellent agreement with the fastest time constant for bulk D2O, the newer extrapolated value of 
160 fs based on larger cluster sizes is in poorer agreement with the condensed phase 
experiments.  The origin of this discrepancy remains unclear, but we point out that the cluster 
temperature is estimated at ≤200 K, much colder than the room temperature condensed phase 
experiments.  It is possible that the relaxation dynamics in (D2O)n¯ clusters are more sensitive to 
temperature than (H2O)n¯ results, since cold deuterated clusters are more easily trapped in 
hydrogen-bonding configurations that differ from those in room temperature bulk water .   Time-
resolved experiments in which the cluster temperature is actively controlled73 could shed 
considerable light on this issue. 
 
6.5.2 Solvation dynamics on the excited and ground states 
 Figs. 6.5a and 6.3c show that the photoelectron signal shifts toward lower eKE during the 
excited state lifetime.  Fig. 6.5a shows that <eKE>B decreases with increasing time delay for all 
delays where significant excited state intensity exists, a phenomenon which is observed for all 
sizes of both water isotopes.  Fig. 6.3c shows the integrated intensity of three sections of the 
excited state feature for (D2O)150

−, demonstrating that higher eKE portions of the excited state 
feature decay faster than lower eKE sections.  In addition, close inspection reveals that higher 
eKE sections reach their maximum intensity slightly earlier than lower eKE sections and have 
slightly steeper rising edges. Sequential rise and fall of the three sections of the excited state 
feature proves that excited state photoelectron signal is indeed shifting towards lower eKE, as 
opposed to faster internal conversion from the high eKE parts of the excited state feature causing 
the faster decay demonstrated in Fig. 6.3c.  These dynamics are consistent with solvent 
rearrangement around the nascent excited state, stabilizing the electron and thus binding it more 



64 
 

strongly.  Note that evaporation of solvent molecules cannot cause the observed dynamics, 
because smaller clusters have lower binding energies and thus evaporation of water molecules 
would cause <eKE>B to increase rather than decrease.  The short lifetime of the excited state 
relative to the experimental time resolution (~100 fs) prevents accurate quantification of the 
observed dynamics, but it appears that the solvation dynamics must be occurring on a timescale 
similar to, or faster than, that of internal conversion.   
 Changes in <eKE>A with time delay, indicating solvent dynamics on the ground state, are 
presented in Fig. 6.5b.  The exponential decrease in <eKE>A at long delays, which occurs on a 
timescale of τeKE_A=1.0±0.3 ps, is the result of solvent motion about the nascent ground state 
following internal conversion.  The solvent network, distorted from its ground state equilibrium 
geometry by response to the excited state electron as demonstrated in Figs. 6.5a and 6.3c, must 
rearrange back towards the equilibrium ground state geometry after internal conversion.  The 
observed 1 ps timescale is similar to, although not completely consistent with, the 2-10 ps 
relaxation timescales reported in previous studies of solvation dynamics in small water clusters. 
35  The results also compare favorably with the longest relaxation timescale reported in 
condensed phase transient absorption experiments, τ3≈1 ps, supporting the assignment of the 
observed dynamics to solvent motion towards the equilibrium ground state geometry.  Again, it 
is important to note that evaporation of water molecules from the cluster cannot explain the 
observed dynamics, as the reduced binding energy from a smaller cluster would result in an 
increase in <eKE>A with increasing time delay, rather than a decrease.  Evaporation likely does 
eventually occur, since the photon energy exceeds the binding energy of a water molecule to the 
cluster, but must take place well after the dynamics observed in these experiments. 
 These ground state solvation dynamics may also account for the somewhat larger values 
of τA compared to τB referred to in Section IV.  While τB depends only on the excited state 
lifetime, τA reflects a convolution of the repopulation of the ground state with any solvation 
dynamics that affect the photodetachment cross section.  For example, if the photodetachment 
cross section increases from its value just after internal conversion as the solvent molecules re-
arrange around the excess electron, the apparent recovery time of feature A would be slower than 
the disappearance of feature B.  This effect is related to the spectral evolution of aqe−  owing to 
ground state relaxation dynamics; in both cases, the wavefunction of the excess electron is 
evolving and this affects the associated experimental observable.  Similar effects may be 
associated with excited state solvation.  If the photodetachment cross section from the excited 
state increases from some minimum value immediately after s→p excitation, that could explain 
the observation that the average risetime resulting from the fitting model is larger than the 
directly measured experimental cross correlation, as discussed in Section IV.   
 Our observation of excited and ground state relaxation, in addition to internal conversion, 
strengthens the link between cluster studies and the overall picture of condensed phase hydrated 
electron dynamics as outlined in Fig. 6.1a.  We now see dynamical signatures that can be clearly 
assigned to excited state relaxation, internal conversion, and ground state relaxation.  The 
observation of excited state relaxation in clusters on a timescale comparable to the very fast 
internal conversion is particularly noteworthy as it addresses one of the issues raised by the non-
adiabatic solvation model for aqe− : if the time constant of IC really is 50 fs, then when does 
solvent relaxation on the excited state occur?  Our results suggest that this process is as fast or 
even faster than IC, which would make it very difficult to observe in the transient absorption 
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experiments performed to date on aqe− .  Analogous ideas have been proposed in recent theoretical 

treatments of  aqe− .74 
 
6.6 Conclusion 
 Time resolved photoelectron imaging experiments have been carried out on (H2O)n¯ and 
(D2O)n¯ cluster anions over a considerably larger size range and with better temporal resolution 
than in previous work.  These experiments probe the relaxation dynamics in these clusters 
subsequent to s→p electronic excitation.   Experimental improvements have enabled 
measurements of the p-state lifetime in clusters as large as n=200 for both isotopologs.  A plot of 
this lifetime, τIC, as a function of 1/n shows an abrupt reduction in slope for clusters larger than  
n≈70.  For these larger clusters, a linear extrapolation of  τIC to the  infinite size limit yields 60 fs 
in (H2O)n¯ and 160 fs in (D2O)n¯ clusters.  The change in slope at n≈70 suggests a significant 
change in the electron-water interaction around that cluster size.   
 The new experiments also revealed evidence for ultrafast p-state relaxation occurring on 
a time-scale faster or comparable to τIC, as well as ground state relaxation subsequent to IC with 
a time constant of ∼1 ps.  These solvation dynamics, in combination with the observed ultrafast 
internal conversion lifetimes, are best understood within the framework of the nonadiabatic 
mechanism for relaxation of the condensed phase hydrated electron. 
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Appendix 1: Fitting Transient Photoelectron Signal Intensity 

 This appendix describes the fitting function and procedures used to extract dynamics 
from transient photoelectron signal by fitting changes in intensity.  This method of analysis is 
used in each of the experiments presented in chapters 3-6 of this thesis, and plots of typical data 
and fit lines can be found in those chapters. The total photoelectron signal acquired over the 
range of electron kinetic energies (eKEs) representing a given electronic state is integrated for 
each time delay of a given experiment.  Assuming that these integrated intensities are 
proportional to the population of the electronic state, they can be plotted against delay time and 
fit to a function based on a Gaussian experimental response function, vertical excitation into (or 
out, for transient hole burning experiments) the state represented by the chosen eKE range and 
exponential decay of population out of (or into) that state.  The function used to fit these transient 
signals is derived in section one of this appendix, following the development of Dermota et. al.1  
Section two discusses limitations associated with the underlying assumptions of this model and 
application of the model to different dynamic regimes. 

A1.1 Derivation of Fitting Function 

 The fitting function is a convolution of a Gaussian experimental response function g(t) 
and a population function I(t).  Prior to convolution these two functions have the form: 
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where we t’ is the delay time, h(0) is the Heavisde step function centered at 0, A is a scaling 
factor, σ is the standard deviation of the Gaussian experimental response function and we have 
assumed that the vertical excitation happens at time t’=0.  The decay function contains a scaling 
factor accounting for total signal, a Heavisde function representing vertical excitation and an 
exponential decay function representing growth or decay of population.  A positive value of τ is 
appropriate for the decaying signals of a transient excited state, while a negative τ will fit 
increasing signals resulting from transient hole burning experiments.  We will later substitute in 
t’=t-t0 to account for the fact that the zero delay time t0 cannot be precisely determined prior to 
fitting, and thus a time offset parameter is required for accurate fitting of experimental data.  The 
convolution of these two functions is an integral of the form: 
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= − ∂∫  (A1.1.3) 

Plugging functions A1.1.1 and A1.1.2 into A1.1.3, pulling constants out of the integral and 
applying the Heaviside function to change the lower integration limit gives: 
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Combining constants and the terms in the exponent inside the integral gives:  
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Setting the exponent in terms of z yields: 
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This integral can be solve using by completing the square method in the exponent.  Removing 
the constant from the e−c term from the integral and multiplying by 1 appropriately to complete 
the square gives: 
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The substitution variable u(z) is defined as: 
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And the corresponding integration limits are: 
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Substitution of A1.1.11-A1.1.14 into A1.1.10 yeilds: 
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The integral can now be evaluating by manipulating the definition and infinite limit of an error 
function: 
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Partitioning the integral into two parts at boundary x’=ℓ gives: 
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Solving A1.1.19 for 
2'ue u

∞ − ∂∫  gives: 
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The definition of an error function, A1.1.16, can be plugged into this equation, yielding: 
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Substituting A1.1.21 into A1.1.15 and consolidating terms produces: 
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Substituting A1.1.7-A1.1.9 and A1.1.13 into A1.1.22 gives: 
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This equation can be further simplified using the identity ( ) 1 ( )erf q erf q− = − : 
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Finally, substituting 0x t t= − into A1.1.24 gives the final form:  
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This form can be adapted for use in least squares fitting of experimental data by adding a term 
constant vertical offset to account for constant background signal, as shown in equation 6.4.2.  
Differences in the form equations A1.1.25 and 6.4.2 can be accounted for by slight changes to 
the definition of the Gaussian experimental response function  The form used in chapter 6 was 
chosen for that publication because it is more obviously equivalent to the form used by Dermota 
et al. 

A1.2 Limitations and Application 

 The function defined in equation A1.1.25 has several limitations that prevent it from 
being a fully rigorous way to quantify the dynamics of transient photoelectron signal related to 
the underlying assumptions of the model described above.  First, the assumption that the 
integrated signal is proportional to population of a given electronic state at each time delay can 
break down in two ways.  The most obvious way for this assumption to fail is if the eKE range 
used for gated integration does not include all the photoelectron signal corresponding to 
electrons detached from the electronic state in question.  An example of this phenomenon is 
discussed in detail in chapter 6 of this dissertation, wherein two electronic states of (H2O)n

− 
clusters are fitted to equation A1.1.25.  The two features are not cleanly separable in the 
photoelectron spectra, however, and solvent dynamics cause the distribution of photoelectrons 
detached from both states to shift towards lower eKE with increasing time.  This means that 
some photoelectron signal from each state lies outside the integration range at some time delays, 
distorting the fitted relaxation timescales.  In the specific case presented in chapter 6, the 
integration boundary between the two features is set such that some ground state signal is 
initially outside the integration range on the high eKE side, interfering with the excited state 
signal.  Since photoelectron signal originally outside the integration range falls inside the range 
at longer delay times and the solvent dynamics are significantly slower internal conversion from 
the excited state to the ground state, fitting transient intensities derived with these integration 
boundaries results in artificially lengthened ground state recovery timescales. 

 Time dependent detachment cross section can also prevent integrated photoelectron 
signal from being proportional to the population of a given electronic state at each time delay.  In 
this case the photoelectron signal integrated is proportional to electronic state population at each 
time delay, but the proportionality constant is different at each time delay.  The detachment cross 
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section most commonly changes because nuclear dynamics in the anion cause the Franck-
Condon factors associated with photodetachment change with time.  This effect may explain why 
the sigma parameters from the transient fits presented in chapter 6 are consistently larger than the 
those from the experimentally determined response function. 

 Equation A1.1.25 also assumes that a single constant exponential time constant can 
accurately describe the dynamics of a photoelectron signal transient, and this is not always the 
case.  Time dependent transition rates can be explained by similar consideration of relevant 
Franck-Condon factors, and for any system where multiple processes are changing the amount 
photoelectron signal within the integration range the dynamics will not be well described by a 
single time constant.  If the only other contribution to integrated photoelectron signal is a 
background with cross-correlation limited dynamics, frequently the case when background signal 
from other detachment processes overlaps with the transient of interest, the background 

contribution can be accounted for by adding the term 0( )
2

t terf
σ
− to equation A1.1.25.  So long as 

the dynamics associated with the transient of interest and those of the interfering detachment 
process are not coupled, this addition can allow for accurate fitting of transient photoelectron 
signal intensity. 

 When considering the utility of the function described in equation A1.1.25 it is useful to 
consider several limiting cases.  In the limit of an infinitely large time constant, representing 
infinitely slow dynamics, equation A1.1.25 reduces to: 

 0lim ( ) * ( )
2

t tS x A erf
τ σ→∞

−
=  (A1.1.26) 

This is a step function with a rising edge defined by the width of the experimental response 
function, which can describe the trivial dynamics of population transfer caused by the pump 
pulse or anion beam depletion by either pulse.  In the limit of an infinitely fast experimental 
response this function becomes the Heaviside function at t0, describing instantaneous population 
transfer: 
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In the limit of infinitely fast experimental response, equation A1.1.25 reduces to equation 
A1.1.1.  Thus for application to dynamics with τ>>σ, wherein dynamics are is slow compared to 
experimental response, timescales can be fit accurately by fitting only data points from delays 
with t>t0 to a simple exponential growth/decay.  Dynamics with t<<σ cannot be observed 
experimentally as they result in no change in photoelectron signal intensity. 
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 Dynamics with τ≈σ represent present the most stringent test of the fitting model, and in 
this regime even small inaccuracies caused by the limitations discussed above can affect the 
fitted timescales significantly.  As discussed in chapter 6, fitting experimental data to equation 
A1.1.25 allows for some interplay between the σ , τ and t0 parameters, such that the data is often 
equally well represented by fits over a range of σ, τ and t0 values.   One way to combat this 
phenomenon is to fix the σ parameter , preferably to a value determined in a separate experiment.  
For the laser system currently in use in the laboratory (KM labs Griffin Oscillator/Dragon 
Amplifier), the experimentally determined response function for an experiment using some 
combination of the fundamental and second harmonic of the amplifier output has been measured 
at ~100fs full width at half max, or σ≈42 fs.  Because of the limitations discussed above, the 
independently determined width of the response function does not always provide a reasonable 
fit of the observed data.  In order to get consistent fits across a large number of data sets, an 
average σ value can be determined and used as described in detail in chapter 6. 
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