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ABSTRACT OF THE DISSERTATION

How do water clusters and bulk water bind an excess electron

by

Chenchen Zhou

Doctor of Philosophy in Chemistry

University of California, Los Angeles, 2019

Professor Benjamin Joel Schwartz, Co-Chair

Professor Daniel Neuhauser, Co-Chair

A hydrated electron is formed when an excess electron is captured and stablized by an

aqueous solution. It is generally believed that the electron carves out a quasi-spherical cavity

in water and resides in it, but recent simulation work has shown a different picture where the

electron is softer and the wavefunction overlaps with water molecules in the inner solvation

shell. This thesis explores predictions of these two models for both the transient absorption

spectroscopy and the time-resolved photoelectron spectroscopy of photo-excited hydrated

electrons, providing direct comparison with experimental results. It has been shown that the

non-cavity model does a better job of explaining the non-adiabatic dynamics and temperature

dependent behavior of a hydrated electron in its excited state. This thesis also includes a

new attempt using range-separated hybrid functional based ab initio molecular dynamics

for small water clusters with an excess electron. The negatively charged water clusters

have been studied as a nano-scale version of the hydrated electron and their properties

can be extrapolated to bulk solutions. Here the ab initio molecular dynamics scheme is

demonstrated to perfectly reproduce the spectral signatures of small water cluster anions,

thus paving the way for more detailed simulations for bulk hydrated electron.
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Jiménez-Osés; an article on this work was published in the Journal of Organic Chemistry. She

was awarded the first ever Yang-Shi-Xian award at Nankai University, which was designed

for undergraduate students with exceptional academic performance and research.

Since entering UCLA, the author had focused on mixed quantum classical simulations of

hydrated electron with Prof. Benjamin J. Schwartz, before she decided to do some density

functional theory based work and formed a co-mentorship with Prof. Daniel Neuhauser. The

author received a second-year award for outstanding research. She has published three first-

author papers and co-authored two in top-tier jounals like Journal of Physical Chemistry

Letters and Journal of Chemical Physics.

x



Chapter 1

Introduction

1.1 Water cluster anions and hydrated electron

An excess electron can be held by solvent molecules in a solution, thus forming a transiently

bound species. When the solution is aqueous, this solvated electron is also termed a hydrated

electron. Being the simplest reducing agent, the hydrated electron works as a highly reactive

intermediate in many photochemical, radiochemical and biochemical processes(1). Beside

its importance in chemical processes, the hydrated electron also poses a model system for

dynamical process in solutions, where the electron, without nuclear degrees of freedom, can

be considered the simplest solute. The hydrated electron has thus captured the attention

from many scientists since its discovery back in 1962(2).

The reactivity of this species has been extensively studied and understood(3). Its electronic

structure resembles that of an electron in a spherical box, where the ground state is s-like and

the three lowest lying excited states are p-like and quasi-degenerate. The solvation structure

of the hydrated electron, however, is still under debate. A lot of effort has been devoted to

understanding how the electron is localized and solvated by water molecules. The almost

deceptive simplicity of the solvated electron has been met with much effort of model building

and simulation attempts, but still remains challenging due to the electron’s dynamic nature,
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and so far no single model can account for all experimental facts satisfactorily.

This thesis also includes studies of negatively charged water clusters. When water clusters

of various sizes capture an excess electron, they can form a negatively charged species. These

negatively charged clusters can be seen as a nano-scale version of the hydrated electron, and

they have been studied extensively by photoelectron spectroscopy.(4–9) Since properties of

these clusters can often be extrapolated to bulk hydrated electron(5; 10), these studies have

brought much insight into the nature of the hydrated electron.

1.2 A brief review of theoretical attempts and existing

models

In many cases, experimental observables only indirectly reflect the properties of the system

(e.g., spectroscopic features in static and time-dependent optical absorption spectroscopy or

photoelectron spectroscopy), therefore the development of theoretical models holds a central

role in interpreting experimental data. Here, a brief review of existing theoretical studies for

the system of negatively charged water clusters and the bulk hydrated electron is provided.

Early theoretical studies of negatively charged water clusters were limited by computation

power, so ab initio studies were limited to single point calculations of small water clusters,

where a high-level method (post Hartree-Fock, in most cases) was employed to generate

energetics with chemical accuracy for a few hand selected geometries.(11–20) These studies

have offered accurate predictions of vertical detachment energy (VDE) and facilitated the

understanding of how the water molecules bind the excess electron, but since only static

geometries at 0 K were studied, no thermodynamic information was available and the results

oftentimes cannot be compared to experiments directly. For the purpose of reproducing the

thermodynamic factors involved in the experiments, molecular dynamics usually needs to

be performed, and the accuracy of calculations often has to be compromised to make the

computation cost reasonable - using a lower level, thus less expensive method. Until recently,

2



this is the price that had to be paid for better sampling of configuration space.(21–27).

Attempts to acquire good sampling via molecular dynamics while maintain a high accuracy

in energy have only become feasible recently(26; 27), and there is still much to be done in

this field now that scientists are empowered with high-performance computing. One chapter

of this thesis is devoted to exploring the possibilities of a full ab initio description of this

system.

For the bulk hydrated electron, a full ab initio simulation is still a challenge to high-

performance computing; pseudopotentials have been developed instead to treat the interac-

tions between the excess electron and the water molecules, so that the quantum region is

reduced to the excess electron while the solvent molecules can be treated classically. Simu-

lation studies of this mixed quantum-classical nature have provided us with the now widely

accepted picture that the excess electron mostly repels water and resides in a quasi-spherical

cavity in aqueous solution.(28–31) However, following the same principle but with a more

elaborate numerical treatment for the pseudopotential, Larsen et al.(32) have observed a

different, ‘non-cavity’ structure in the molecular dynamics simulation, where the hydrated

electron’s wavefunction permeates the inner solvation shell and overlaps with a few wa-

ter molecules(32–34). A string of debates has followed since the publication of these re-

sults, arguing that the non-cavity model overbinds the excess electron(35–37) and that the

structure from simulation is easily influenced by small difference in the parameters in the

pseudopotential(38–40). Nervertheless, beside these critiques, the non-cavity model has been

shown to better represent entropic effects, thus better accounting for the temperature de-

pendent behavior of the hydrated electron’s absorption spectra(33; 41). It also does a better

job in predicting the resonance Raman spectrum(33) as well as the electron’s behavior near

the air/water interface(42; 43). It does however fail to predict the measured (positive) molar

solvation volume of the electron.(44)

As modern computer technology advances, it has become feasible to incorporate a few

solvent molecules into the quantum region and perform a QM/MM simulation for the hy-
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drated electron system using DFT-based methods.(45) A ‘hybrid’ structure was observed in

such work where the hydrated electron still maintains a central cavity, but much smaller

than was conventionally believed; the potential well in which the excess electron sits in was

shown to be much softer and dynamic than the previous cavity results, but closer to what

the non-cavity models have shown. This new input has propelled discussion within the field,

and two chapters in this thesis are devoted to further investigate both cavity and non-cavity

models of the hydrated electron.

1.3 Summary of thesis content

This doctorate thesis focuses on a further studying the behavior of water cluster anions and

the bulk hydrated electron using simulation methods. Chapter 2 will focus on theoretical

studies of time-resolved photoelectron spectroscopy of the bulk hydrated electron, showing

that the non-cavity model does a better job at capturing the dynamics observed in exper-

iments. Chapter 3 will focus on the transient absorption spectroscopy of bulk hydrated

electron, showing that non-cavity models can succesfully predict the results of experiments

that measured the hydrated electron’s temperature dependent non-adiabatic dynamics after

photo-excitation. Chapter 4 is devoted to DFT studies of the photoelectron spectroscopy of

small water clusters with an excess electron; the experimentally observed spectroscopic sig-

natures were predicted and compared to experiments, and the underlying cluster structures

and their H-bond motifs were revealed through molecular dynamics.
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Chapter 2

Time-Resolved Photoelectron

Spectroscopy of the Hydrated

Electron: Comparing Cavity and

Non-Cavity Models to Experiment

Reprinted with permission from Zho, Chen-Chen, and Benjamin J. Schwartz. “Time-resolved

photoelectron spectroscopy of the hydrated electron: Comparing cavity and noncavity mod-

els to experiment.” The Journal of Physical Chemistry B 120.49 (2016): 12604-12614. Copy-

right 2016 American Chemical Society.

2.1 Introduction

The hydrated electron, an excess electron in liquid water, is an important intermediate in

charge-transfer reactions, photochemistry and radiation chemistry.(1; 46–48) As the simplest

quantum mechanical solute, the hydrated electron system provides a perfect ground for the

confrontation of experiment and simulation. Despite numerous papers discussing various
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properties of the hydrated electron, the physical structure of this object is still the subject

of ongoing debate.(24; 32; 35–40; 48; 49) Part of the issue is that despite its apparent sim-

plicity, the hydrated electron is a tough object to tackle with traditional quantum chemistry

techniques: the electron resides nearly entirely between the water molecules, and hundreds

of waters in multiple configurations are needed to converge the calculated properties of this

object. This is why much of the work in this field is still based on mixed quantum/classical

simulations, where the water is treated classically, the excess electron quantum mechanically,

and a pseudopotential is used to couple the classical and quantum degrees of freedom.

The conventional picture from mixed quantum/classical simulations is that due to Pauli

exclusion-based repulsive interactions, the electron locally expels the water and resides in

a cavity.(28–31) Based on simulations with a new pseudopotential, however, we recently

challenged this picture and suggested that many water molecules may reside inside the hy-

drated electron’s wavefunction, giving a ‘non-cavity’ structure.(32–34). Moreover, Uhlig et

al. performed a series of DFT-based calculations and concluded that the hydrated electron

has a ‘hybrid’ structure with significant overlap of the electron’s wavefunction with the

closest water molecules but also a small central cavity,(45) a picture supported by zero-K

4-water cluster continuum calculations.(48) Although our potential(32) has been the sub-

ject of controversy,(38–40) largely because it does not do a good job predicting the vertical

binding energies of water anion clusters,(35–37) the non-cavity structure it produces is more

consistent with the hydrated electron’s temperature-dependent properties and experimen-

tal resonance Raman spectrum(33) as well as the electron’s behavior near the air/water

interface.(42; 43) We note, however, that the presence of interior waters packed at higher

density than the bulk does not agree with the measured (positive) molar solvation volume

of the electron.(43; 44)

Despite this controversy over the hydrated electron’s physical structure, there is good

consensus on its electronic structure, which is that of a quantum mechanical particle in a

quasi-spherical box. For the cavity model, the electron is confined by the locally repul-
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sive interactions of the surrounding solvent(30; 31), whereas for the non-cavity picture, the

spherical box is comprised mostly of attractive polarization interactions from the interior

water molecules.(32; 34) In either case, the hydrated electron has an ‘s-like’ ground state

and three quasi-degenerate ‘p-like’ excited states. Within some small shifts, both cavity

and non-cavity models correctly predict the experimental absorption spectrum.(30–32) Cav-

ity models of the hydrated electron, however, usually (but not always(50; 51)) predict that

the absorption spectrum of the electron is inhomogeneously broadened(31; 52; 53), whereas

both our non-cavity model(32) and experiments(54–58) indicate that the electron’s absorp-

tion spectrum is homogeneously broadened.

When photoexcited to one of its p-like excited states, the excited hydrated electron quickly

relaxes back to its ground state via internal conversion. This process has been studied in

pioneering work by Barbara and co-workers(59–62) as well as in pump-probe transient ab-

sorption experiments by many other groups.(57; 63–65). The relaxation kinetics of the

photoexcited hydrated electron is comprised of three distinct dynamical processes. First,

the solvent rearranges to accommodate the structure of the excited electron, a process that

raises the (unoccupied) ground-state energy of the electron.(66) Second, the excited elec-

tron undergoes a solvent-induced radiationless transition to the ground state. Finally, the

newly-created ‘hot’ ground-state electron cools to return to equilibrium. Unfortunately,

due to spectral overlap of the excited-state, hot ground-state and equilibrium ground-state

absorption spectra, it is difficult to cleanly assign dynamical features of the transient ab-

sorption spectroscopy to each of these three processes. This has led to two models to explain

the pump-probe transient absorption kinetics of the equilibrium hydrated electron. In the

so-called “adiabatic” model, the hydrated electron occupies the excited p-like state for a

relatively long amount of time (i.e., a few hundred fs), and then cools rapidly relative to

the excited-state lifetime upon return to the ground state.(52; 66) In the “non-adiabatic”

model, the electron returns quickly (i.e., in ≤100 fs) to the ground state, but the subsequent

ground-state cooling is relatively slow, taking place on a hundreds-of-fs time scale.(59; 60)
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This ambiguity over the excited-state relaxation dynamics of the hydrated electron has

been largely resolved by the results of time-resolved photoelectron spectroscopy (TRPES)

experiments, which were enabled by recent experimental advances in the development of

vacuum liquid microjets.(67–71) Neumark and co-workers lead the way by directly observing

the binding energy of the electronic excited state, the decay of this excited state in ∼75

fs, and the subsequent cooling of the hot ground state in ∼410 fs, results that are strongly

consistent with the non-adiabatic relaxation mechanism.(72; 73) More recent work by Suzuki

and co-workers has revisited this problem usig angle-resolved TRPES.(74) Their data showed

a rapidly-decaying anisotropy for the lower-energy peak, verifying its assignment to a p-

like excited state, and a slightly shorter excited-state lifetime of ∼60 fs and slightly longer

ground-state cooling time of ∼520 fs relative to that reported by Neumark and co-workers.

These findings in support of the non-adiabatic relaxation mechanism are also consistent with

pump-probe photoelectron spectroscopy studies on water cluster anions when the trend in

excited-state lifetime with cluster size is extrapolated to the bulk.(5; 75–77)

Given that these time-resolved photoelectron spectroscopy experiments provide the clean-

est examination of the photoexcited hydrated electron’s relaxation dynamics, it is somewhat

surprising that there has been essentially no effort made to directly connect the results

of simulations to these experiments. Thus, in this paper, we simulate the time-resolved

photoelectron spectroscopy experiment for both a cavity and a non-cavity model of the hy-

drated electron. Our goals are to better understand the details of what this experiment

measures and to determine which, if either, of the cavity and non-cavity hydrated electron

models is more consistent with experiment. We find that the dynamics predicted by the

non-cavity model are in better qualitative agreement with experiment. In particular, the

non-cavity model is able to reproduce the experimentally-observed early-time red shift and

loss of anisotropy of the excited-state TRPES peak, as well as the relatively slow ground-

state cooling dynamics. The cavity model, in contrast, predicts little anisotropy loss for a

blue-shifting excited-state peak, ground-state cooling that is faster than the excited-state
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lifetime, and a fairly large energy splitting between the excited-state and hot-ground-state

TRPES peaks, none of which are seen experimentally. We also find that the cross-sections

for photoionization of the hydrated electron decrease between the excited p-like, hot ground

and equilibrium ground states. The fact that the oscillator strength for photoionization

decreases during the relaxation dynamics causes the experimentally measured decay of the

p-state feature in the photoelectron spectrum to be faster than the actual underlying excited-

state lifetime. Overall, our simulations clearly show that the experimental data are indeed

consistent with the non-adiabatic relaxation mechanism, and suggest that the experimentally

observed 60-to-75-fs decay corresponds to an underlying ∼100-fs excited-state lifetime.

2.2 Computational Methods

Although we recognize that all-electron simulations would be preferred, we know of no com-

putational methods for handling a system involving hundreds of water molecules plus an un-

paired electron that resides between the molecule, particularly when the electron is promoted

to one of a number of close-lying electronic excited states and then undergoes subsequent

non-adiabatic relaxation. Thus, all of the simulations in this work consisted of one-electron

mixed quantum/classical (MQC) molecular dynamics in the canonical (NVT) ensemble us-

ing in-house developed code; the methods we used are identical to those published in our

previous hydrated electron work.(32–34; 42; 49; 78) Briefly, 499 flexible simple point charge

(SPC-Flex)(79) water molecules were confined in a cubic simulation box of length 24.64

Å, ensuring a bulk water density of 0.997 g/cm3. The simulations used periodic boundary

conditions, and the temperature of 298 K was enforced with a thermostat.(80)

For the interaction between the quantum-mechanically-treated hydrated electron and the

classical water molecules, we chose to examine two different pseudopotentials derived from

the Phillips-Kleinman formalism.(81–83) We chose the potential developed by Turi and

Borgis(31) (TB) as a representative cavity hydrated electron model, and our more recent
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potential(32) (referred to in the literature as LGS) as representative of the non-cavity pic-

ture. As noted above, the LGS potential tends to overbind the electron,(36; 37) largely

the result of the fact that it assumes condensed-phase charges for the water, which give a

dipole moment ∼30% larger than that of a gas-phase water molecule or a water molecule in

a cluster.(40) For clusters or bulk systems where the electron resides in a cavity or at the

surface and is thus far from the water molecules, the TB potential does reasonably well with

binding energies, but we have shown recently that this is only because of a fortuitous can-

cellation of errors between the static exchange and polarization terms in the potential.(49)

When the electron is confined to be closer to the water, as would be the case for a hybrid or

non-cavity structure, the TB model significantly underbinds compared to quantum chemistry

calculations at both the MP2 and CCSD(T) levels. When we correct the ad-hoc polarization

term in the TB potential to match the binding energies with CCSD(T) calculations at both

short and long range, we find that the resulting modified pseudopotential yields a non-cavity

electron whose behavior is similar to that of the LGS model.(49)

Thus, neither of the pseudopotentials we use are able to reproduce binding energetics

for a variety of electron-water geometries, particularly those with interior waters. However,

because we are limited to one-electron simulations for computational reasons, we thought

it was best to choose potentials whose behavior and properties are well characterized in

the literature.(31–35; 42; 43) Thus, for the purposes of this work we treat each of the two

potentials as ad hoc; we see these potentials as a means to produce hydrated electrons at the

limits of cavity and non-cavity structures, but expect neither to fully reproduce all possible

properties of the hydrated electron. It would be quite interesting to see how well the DFT-

based many-electron hybrid model of Uhlig et al.(45) would do in predicting the results of

the TRPES experiments considered here, but unfortunately, given the need for excited states

and electronically non-adiabatic dynamics, this remains beyond the scope of this work.

Once we had the desired potential implemented, we solved Schrödinger’s equation using a

16× 16× 16 grid basis set for the TB cavity electron, and a 32× 32× 32 grid basis for the
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LGS non-cavity electron, as needed to guarantee conservation of energy to better than 0.01

eV for the mixed quantum/classical systems during both equilibrium and non-equilibrium

simulations. The quantum force exerted on the water molecules by the excess electron

was calculated via the Hellmann-Feyman theorem, and the classical particles’ dynamics

were propagated using the velocity Verlet algorithm. We chose to use a cut-off for the

electrostatic interactions at half the box length instead of Ewald summation both because

Ewald summation is known to give a stronger finite size effect for this system(35; 42; 43)

and to be consistent with our previously published work.(32–34; 42)

After running a 200-ps equilibrium trajectory with each of our chosen pseudopotentials, we

then simulated the dynamics following photoexcitation with 50 non-equilibrium trajectories

promoting ground-state electron configurations to one of the adiabatic excited states. We

selected excitation wavelengths for the cavity and non-cavity models (1.73 ± 0.05 eV for

TB and 1.59 ± 0.05 eV for LGS) to match the average energy gap between the ground

state and lowest p-like excited state, and we chose uncorrelated configurations to start the

nonequilibrium trajectories where any one of the hydrated electron’s energy gaps fell within

this energy range. This meant that for the inhomogeneously-broadened absorption spectrum

predicted by the TB model, most of the non-equilibrium trajectories were excited to the

lowest or second-lowest p-like excited state. In contrast, for the homogeneously-broadened

absorption spectrum predicted by the LGS model, the hydrated electron was promoted to

even higher-lying excited states 33% of the time (see SI). We note that the non-equilibrium

results obtained for the LGS hydrated electron are in agreement with those published in

our earlier work;(32) as far as we are aware, these are the first nonadiabatic excited-state

trajectories ever run with the TB model.

To account for the breakdown of the Born-Oppenheimer approximation and propagate

electronically nonadiabatic dynamics, we used Tully’s fewest switches surface hopping (FSSH)

algorithm(84) for each of our 50-member non-equilibrium ensembles. It is important to note,

however, that the FSSH algorithm does not provide a realistic picture of the decoherence that
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induces surface hopping for strongly-coupled systems such as the hydrated electron. This is

because FSSH technically requires that a swarm of trajectories be run from each classical

initial condition, with the trajectories in that swarm added at the amplitude level in order

to damp coherence.(85) Since it is impractical to add many non-adiabatic hydrated electron

trajectories at the amplitude level, we are left with an improper estimate of the decoherence

time. Moreover, the nonadiabatic transition rate of the hydrated electron depends sensitively

on the decoherence time.(78; 86–88) This means that the excited-state lifetimes calculated

in non-equilibrium trajectories (even if the trajectories were run with a many-electron level

of theory rather than with a pseudopotential) will at best be estimates of the true lifetime.

Thus, caution is recommended before attempting any type of direct quantitative comparison

of calculated lifetimes using FSSH to experiment.

In previous work, we developed an expression to estimate the decoherence time in mixed

quantum/classical simulations that was based on how the motions of Frozen Gaussian wave-

functions representing the classical nuclei diverge on different adiabatic potential energy

surfaces.(86; 89) When we use this expression, we find that the decoherence time of the TB

hydrated electron is less than half that of the LGS electron; see the SI. Since the nonadia-

batic transition rate varies in the same direction as the decoherence time(86) and since FSSH

gives roughly similar lifetimes for the two different hydrated electron models, this suggests

that the LGS electron would have a significantly shorter calculated excited-state lifetime

than the TB electron if decoherence were properly accounted for. Thus, even though both

the TB and LGS hydrated electrons show simulated lifetimes with FSSH that are longer than

those seen in experiment, the lifetimes for both models are in the correct ballpark relative to

both experiment(72; 74) and to theoretical estimates based on Fermi’s golden rule.(90) Thus,

our simulations are still able to provide a good test of whether the adiabatic or non-adiabatic

relaxation picture is more consistent with the pump-probe photoelectron experiments.

Finally, to predict the results of TRPES experiments from our simulations, we began with

the straightforward assumption that the electron binding energy is equal to the calculated
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quantum energy in the simulation. The LGS model is known to overbind the electron,(32; 38;

40) but for any hydrated electron model, the overall binding energy can be tuned by several

eV simply by adjusting the pairwise-additive term in the pseudopotential that represents

the electronic polarization of the classical water by the electron. Thus, our focus in this

work is on the observed photoelectron spectroscopy dynamics, rather than the absolute

binding energies. To calculate how the electron binding energy changes with time, we first

histogrammed the electronic energy levels of the relaxing hydrated electrons in our simulated

non-equilibrium ensembles into 0.1-eV-width bins. We then weighted each configuration

by ionization cross-sections calculated as the square of the transition dipoles between the

occupied electronic state and that of a free (plane wave) electron with an energy equal to

the difference between the ionization photon energy and the electron binding energy. The

ionizing (probe) photon energies, 5.0 eV for the TB model and 7.0 eV for LGS, were chosen

so that the detached electron’s kinetic energy for both models fell in the same energy range

as in the experiments by Neumark and co-workers.(72) The details of how we calculated the

ionization cross-sections are given in the SI. We also convoluted the data with an 80-fs-

FWHM gaussian along the time axis to best model the experimental instrument response.

The experiments by Suzuki and co-workers were reported only after we had completed our

trajectories,(74) so when comparing to these experiments, which used a lower-energy photon

for photoionization than the experiments by Neumark and co-workers, we simply shifted

the energy axis of our calculated raw TRPES signals by 1.5 eV (for LGS) and 0.8 eV (for

TB). In the SI, we show that the relative photoionization cross-sections do not change

significantly for different choices of the photoionization wavelength, so that a simple shift

of the energy axis is indeed sufficient to best compare our calculations to experiments using

different ionization photon energies.
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2.3 Results and Discussion

2.3.1 Cavity and non-cavity hydrated electrons show adiabatic

and non-adiabatic relaxation mechanisms, respectively

We begin our discussion by comparing the excited-state relaxation dynamics of a cavity

(TB)(31) and a non-cavity (LGS)(32) model of the hydrated electron. Figure 2.1, panels a

(LGS non-cavity model) and b (TB cavity model), show the non-equilibrium ensemble aver-

age of the ground- (blue dashed curves) and excited-state (green solid curves) energy levels

while the hydrated electron occupies an excited state; representative individual trajectories

are given in the SI. For both hydrated electron models, following simulated photoexcitation

at time zero, solvent motions cause the energy of the unoccupied ground state to increase

dramatically, closing the energy gap.

During the first few tens of fs after excitation the average excited-state energy of the LGS

non-cavity electron drops slightly (∼100 meV), primarily due to radiationless relaxation

among different excited states (excitation to the lowest excited-state leaves the p-state energy

unchanged, as we have documented previously(32)). The TB cavity electron, in contrast,

shows a rapid (≤50-fs) ∼300 meV increase in the occupied excited-state energy due to solvent

motions that destabilize the p-like excited states. This rapid increase appears to be unique

to the TB model, as previous studies of alternate cavity-model hydrated electrons found

little change in the occupied p-state energy following photoexcitation.(53) This predicted

difference in early-time behavior between the LGS and TB hydrated electron models should

be observable by time-resolved photoelectron spectroscopy, as discussed further below. It is

worth noting that with our 50-member non-equilibrium ensembles, the average eigenenergies

do not appear smooth; this is because 50 trajectories is insufficient to average over the

phase of low-frequency librational and translational water motions that are displaced upon

excitation, leaving some ‘ringing’ at the displaced solvent frequencies.(66)

The closing of the energy gap following excitation seen in Figs. 2.1a and b is what allows
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Figure 2.1: Non-equilibrium behavior of different models of the photoexcited hydrated elec-
tron. Non-equilibrium averages over the 50-member ensembles while an excited-state is
occupied are shown in (a) for the LGS and (b) for the TB models. Dynamical history of
the adiabatic ground-state energy level of the hydrated electron during ground-state cooling
are shown in (c) LGS non-cavity and (d) TB cavity models. Time zero for (a) and (b) was
chosen to be the moment of photoexcitation, and for (c) and (d) the zero of time is chosen as
the timestep when the electron undergoes nonadiabatic relaxation to the ground state. The
black dashed horizontal lines in (c) and (d) mark the equilibrated ground-state energy for
each model. The data make clear that the LGS electron follows the ‘nonadiabatic’ relaxation
picture while the TB electron’s dynamics is more consistent with the ‘adiabatic’ relaxation
picture. The ground-state cooling time of the LGS electron is in good agreement with that
seen experimentally.(72; 74)
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the hydrated electron to undergo internal conversion to the ground state. The simulations

predict a survival probability for the electron to remain in the excited state of a few hundred

fs (see the Supporting Information (SI)), but as discussed above in the Methods section,

the absolute value of the hydrated electron’s calculated excited-state lifetime is not terribly

meaningful because of the limitations in the way the non-adiabatic surface-hopping algorithm

treats decoherence. Moreover, as noted in the SI, if we had a better treatment of decoherence,

we would expect the more coherent LGS model to have a shorter excited-state lifetime than

the less coherent TB model. The fact that the calculated lifetimes for both models are in

the range of 100-300 fs, however, provides enough qualitative agreement with experiment to

assure us that there is meaning in the dynamics underlying the calculated TRPES signals

from these simulations.

Because the ground-state energy of the hydrated electron rises by hundreds of meV in the

first∼40 fs following photoexcitation, even if the lifetime of the hydrated electron is only 60 to

75 fs,(72; 74) the newly-created ground-state electrons produced by internal conversion must

be out of equilibrium. To better visualize the ‘cooling’ of the ‘hot’ ground-state electrons,

panels c (LGS) and d (TB) of Fig. 2.1 show the dynamics of the non-equilibrium-ensemble-

averaged ground- and excited-state adiabatic energy levels, where the average starts at the

time of the non-adiabatic transition to the ground state for each of the 50 trajectories. For

the TB cavity model, nearly 70% of the ground-state cooling takes place in the first ∼40 fs

after internal conversion, and the remaining cooling is essentially entirely complete within

300 fs (with a roughly exponential decay time for the slower cooling component of ∼130 fs).

In contrast, for the LGS non-cavity electron, only ∼30% of the cooling takes place at early

times and the bulk of the ground-state cooling is not fully complete for over 1 ps, with a

roughly exponential decay time of ∼450 fs for the slow component, in excellent agreement

with experiment.(72; 74)

The contrast between the cooling of the TB and LGS hydrated electrons is large enough

that we can make definite statements in terms of the ‘adiabatic’ and ‘non-adiabatic’ re-
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laxation pictures discussed in the introduction, even without a direct simulation handle of

the absolute numerical value of the excited-state lifetime. The TB cavity electron clearly

follows the adiabatic relaxation picture, with ground-state cooling that is fast compared to

the excited-state lifetime (even if the lifetime is under 100 fs), whereas the LGS non-cavity

hydrated electron shows large-amplitude ground-state cooling that is significantly slower

than any reasonable excited-state lifetime, falling squarely into the non-adiabatic relaxation

picture.

The fact that cavity and non-cavity hydrated electrons follow separate adiabatic and

non-adiabatic relaxation mechanisms makes sense given the structures associated with each

model. For cavity electrons, the non-adiabatic relaxation mechanism involves removal of

the node of the p-like excited-state, which resides in a roughly peanut-shaped cavity. The

node is removed by collapse of the wavefunction into a single lobe of the peanut-shaped

excited-state cavity.(66) The water molecules surrounding both lobes of the peanut are al-

ready well-oriented to solvate a newly-created single-lobe ground-state electron. Thus, after

collapse to the ground state, inertial motions of just a few surrounding water molecules are

sufficient to complete the bulk of the subsequent cooling,(66; 91) explaining why the return

to equilibrium after the nonadiabatic transition is so fast for the TB model. Thus, for TB,

the more rapid closing of the energy gap after internal conversion compared to that after

photoexcitation represents a breakdown of linear response due to the change in effectiveness

of the inertial librational solvent motions associated with the different ground and excited-

state cavity structures.(92) In contrast, the non-cavity LGS hydrated electron contains many

interior water molecules in both the ground and electronic excited states. When the p-like

excited state undergoes internal conversion, both the local structure and density of the water

molecules are poorly positioned to solvate the newly-created s-like ground state, requiring

relatively slow diffusive orientational and translational motions of the interior waters to

re-establish equilibrium, and leading to a less severe breakdown of linear response.
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2.3.2 Simulated TRPES of cavity and non-cavity hydrated elec-

trons

With the non-equilibrium ensembles for the TB and LGS electrons in hand, we now turn

to calculations of the time-resolved photoelectron spectroscopy for both electron models to

provide a direct comparison with experiment. The simulated transient photoelectron spectra

calculated from the non-equilibrium trajectories for both the cavity and non-cavity hydrated

electrons are shown as color contour plots in Figs. 2.2a and b, with the experimental data

from Suzuki and co-workers shown in Fig. 2.2c.(74) The simulated data are also displayed

as surface plots in the SI, along with the spectral windows used to examine the calculated

kinetics of the equilibrium ground, hot ground and excited states of the hydrated electron

shown below in Fig. 2.4. Both simulated hydrated electrons show the immediate appearance

of a peak due to occupation of the p-like excited state at higher kinetic energies, which

rapidly decays into a peak at lower kinetic energies that corresponds to the s-like ground

state. As mentioned above, the absolute value of the calculated electron kinetic energy along

the x-axis of Fig. 2.2 is not significant as the electron binding energy for both potentials is

not terribly accurate, particularly when there are interior waters present, and can be tuned

over a large range by making subtle changes in the polarization term in the electron-water

pseudopotentials.(49) Given that both models do a good job of reproducing the experimental

absorption spectrum, however, we expect that the relative energies between the observed

peaks and their dynamics should be meaningful.

One of the most obvious features of the data for both models in Fig. 2.2, like that seen

experimentally, is that the high-kinetic-energy peak corresponding to ionization of the p-like

excited state has a higher amplitude than the lower-kinetic-energy peak corresponding to the

ground state. This is because the cross-sections for ionization from the different states are

quite different, as summarized in Table 2.1. In general, we see that the excited states of the

hydrated electron have larger transition dipole moments with an outgoing plane wave than

does the ground state. This, along with the Jacobian factor for collecting low-kinetic-energy
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Figure 2.2: Calculated TRPES signals for the (a) LGS and (b) TB models of the hydrated
electron (to be compared directly to the experimental data of Suzuki and co-workers,(74)
reproduced in panel (c)); the magnitude of the TRPES signal decreases from red (highest
signal intensity) to dark blue (zero signal) in spectral order. For both simulation models
and the experiment, the higher-kinetic-energy peak corresponds to ionization from the p-like
excited state, and the lower-kinetic-energy peak corresponds to the recovered s-like ground
state. The LGS signal clearly shows the cooling of the hot ground state, consistent with the
‘nonadiabatic’ relaxation picture and the experiments of Refs. 72 and 74. The TB data, in
contrast, shows essentially two-state kinetics (i.e., p-state decaying directly into an essentially
equilibrated s-state) that is representative of the ‘adiabatic’ relaxation picture, which is not
seen experimentally.
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Table 2.1: Average photoionization cross-sections for different p-like excited states and both
the hot and equilibrated s-like ground states for cavity and non-cavity models of the hydrated
electron. The cross-section to ionize the equilibrium ground state is normalized to unity for
each of the two hydrated electron models. The p-like excited states have higher cross-sections
than the ground state, explaining the stronger signals for this peak. The fact that internal
conversion between p-like excited states (following excitation of a hydrated electron with a
homogeneously-broadened absorption spectrum) leads to a dynamic reduction in ionization
oscillator strength causes the p-state peak to decay more quickly than the underlying excited-
state lifetime, as discussed in the text.

e− model 3rd p-like state 2nd p-like state lowest p-like state ‘hot’ ground state eqb. ground state
LGS 12±5 10±4 7±2 1.8±0.3 1.0±0.1
TB - 19±5 21±6 7±1 1.0±0.3

electrons, explains why the recovering ground-state dynamics are more difficult to resolve

in the experiment than the excited-state dynamics.(72; 74) In the SI, we also show that

the cross-section for ionization of the ground state is strongly correlated with the electron’s

binding energy: the ‘hotter’ the ground-state electron, the larger the ionization cross-section.

Thus, the photoionization cross-section of the ground-state hydrated electron decreases as

the electron cools. This tends to exaggerate the cooling dynamics of the electron in the

photoelectron spectroscopy, which somewhat compensates for the overall lower oscillator

strength and Jacobian factor that leads to generally poorer signal-to-noise.

It is important to note that the true experimental TRPES cross-section also depends on

factors such as the inelastic scattering of the ionized electrons with the water molecules

encountered prior to escaping into the vacuum, which in turn depends on the shape of the

electron’s wavefunction and the depth at which the electron resides relative to the surface.

Since the exact probing depth of TRPES is not well understood, we consider modeling

these effects to be beyond the scope of this paper. The cross-sections we calculate for

the p-like excited states relative to the ground state are indeed larger than what is seen

experimentally, which suggests that the ground and excited state hydrated electrons either

have different inelastic scattering or different average depths from the surface.(74) It is worth

noting, however, that for both the TB and LGS models, electrons within 1 nm of the water
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surface show completely bulk-like properties,(43) justifying our neglect of the surface in these

simulations

When comparing each of the two hydrated electron models’ calculated TRPES signal to

experiment, it is important to remember that because of how decoherence is treated in the

surface-hopping algorithm we use, the simulated excited-state lifetimes are ∼200 fs. This is

longer than that observed experimentally, so the calculated TRPES signals see in Fig. 2.2 also

persist to longer times than those seen experimentally. But, other than the more persistent

dynamics, we see excellent agreement between the experimental signal and the simulated

dynamics in Fig. 2.2a. After the loss of the initially-created p-like excited state, we see

clear signatures of cooling of the hot LGS electron’s ground state produced after internal

conversion, with a readily evident dynamic shift of the peak to lower kinetic energies. This

is a direct reflection of the slow, ‘nonadiabatic’-picture relaxation of the ground state seen

in Fig. 2.1c, and is in accord with experiment.(72; 74) In contrast, Fig. 2.3b shows almost

no shifting of the TB electron’s ground-state peak with time, as expected from the rapid

‘adiabatic’-picture ground-state recovery seen in Fig. 2.1d. The TB electron’s TRPES

signal also shows two-state kinetic character that is in contrast to experiment, with the

disappearance of the p-like state directly producing the equilibrated s-like state with a loss

of ∼1.5 eV of energy. Thus, our calculations indicate that the experiments are indeed

consistent with the ‘nonadiabatic’ relaxation picture of the hydrated electron, and that the

LGS non-cavity model better captures the experimentally-observed features than the TB

cavity model.

To examine the predicted TRPES of the two electron models in more detail, in Fig. 2.3 we

plot the instantaneous photoelectron spectrum of the p-like excited state for each model and

for experiment at early times, with the amplitudes at each time normalized to better see the

shapes and positions of the peaks. For the TB cavity model, panel b shows that the p-like

excited-state peak shifts to higher kinetic energy and narrows during the first few tens of fs

following photoexcitation, reflecting the rapid rise of the occupied p-state’s energy seen in
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Fig. 2.1b. This shift to higher energies is opposite what is seen in early times by experiment,

as shown in the TRPES data from the Suzuki group in Fig. 2.1c.(74) In contrast, the inset

to Fig. 2.3a shows that the position of the p-like excited-state peak of the LGS non-cavity

model shifts slightly to lower kinetic energies over this same time period (cf. Fig. 2.1a), in

much better agreement with the experimental data shown in Fig. 2.3c.(74) This is a direct

result of the homogeneous broadening of the absorption spectrum of the LGS model of the

hydrated electron, which means that photoexcitation populates a wide variety of excited

states (see below). The rapid internal conversion between these excited states is what causes

the experimentally-observed shift to lower kinetic energy at early times.

To make contact with experiment in yet another way, we have integrated the calculated

transient photoelectron signals over three different energy regions that correspond to the

three ‘lanes’ used in the analysis of the experimental data taken by Neumark and co-workers

(cf. Fig. 4 of Ref. 72 and see the SI for details). The results of this procedure are shown in

Fig. 2.4, with the blue dashed curves showing the p-state region, the red dotted curves denot-

ing the high kinetic-energy side of the ground state, and the green solid curves representing

the recovered equilibrium ground state for the LGS (panel a) and TB (panel b) models, and

the experiment (panel c).(72) The integration windows for the p-state region were 0.0-1.1 eV

for LGS, 0.0-0.8 eV for TB, and 0.6-1.2 for the experiments; those for the hot ground state

were 2.0-2.5 eV for LGS, 2.3-2.7 eV for TB, and 1.7-2.1 eV for the experiments; and those

for the equilibrium ground state were 2.5-3.8 eV for LGS, 3.0-4.0 eV for TB, and 2.5-2.9 eV

for the experiments.

For both of the simulated hydrated electron models, Fig. 2.4 shows that the p-state pho-

toelectron spectroscopy peak decays in a time roughly equal to (but not precisely the same

as, as discussed below) the survival probability lifetime. The dynamics of the hot s-state,

however are significantly different between the two models: the hot ground-state TB elec-

tron cools almost instantly (i.e., in a time the about the same as the decay of p-state that

produces it) while the LGS electron shows a noticeably longer cooling process that much
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Figure 2.3: Normalized time slices of the early-time calculated TRPES signals for the
photoexcited (a) LGS non-cavity and (b) TB cavity hydrated electrons and (c) the
experimentally-measured data;(74) same data as in Fig. 2.2. The time goes from 10 fs
to 50 fs as the thickness of the plotted lines increases and the color darkens. The early-time
shift to lower kinetic energies see in the inset to (a) agrees well with the experiments of
Ref. 74 in (c), whereas the narrowing and shift to higher kinetic energies in (b) stands in
contrast to experiment.
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better resembles the experiments. Finally, the recovery of the equilibrium ground state

represents a convolution of the radiationless transition kinetics and the subsequent ground-

state cooling dynamics. The LGS non-cavity ground-state recovery signal shows significantly

slower dynamics than the excited-state decay, largely due to the slow ground-state cooling,

which is consistent with the ‘nonadiabatic’ relaxation picture and in agreement with exper-

iment. For the TB cavity model, the ground-state recovery is only marginally slower than

the excited-state decay, in contrast to experiment.

Given that our simulations appear to provide a fairly realistic description of the pump-

probe photoelectron spectroscopy experiment, we turn next to the question of how accurately

the experiment can determine the electron’s excited-state lifetime. One would expect that

integration of the peak that corresponds to the p-like state would provide a good approxima-

tion to the instantaneous excited-state population, so that the time decay of the integrated

peak would be a good measure of the excited-state lifetime. This expectation, however, only

makes sense provided that the cross-section for ionization of the excited-state electron is

approximately constant with time. Table 2.1 and the SI show that the cross-sections for

ionization of higher-lying excited states are larger than that of the lowest-lying p-like excited

state. This is particularly important for the LGS model of the hydrated electron, because

the fact that the LGS electron’s ground-state absorption is homogeneously broadened means

that a significant fraction (∼60%) of the excited electrons end up in states higher than the

lowest p-like state (with 33% higher than the second p-like excited state; see SI). As the

excited electron relaxes to the lowest of these excited states over the first few tens of fs,

the occupied-state energy decreases, explaining the slight shift to lower kinetic energies of

the excited-state peak (cf. Fig. 2.1a). This early-time relaxation is also accompanied by a

significant decrease of the ionization transition dipole, which leads to an apparent decay of

the excited-state TRPES peak that is independent of the excited-state population.

In Fig. 2.5, we compare the integral of the TRPES excited-state peak (the same data as

the blue dotted curves in Fig. 2.4 but without convolution with instrumental response) to
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Figure 2.4: Kinetics of the pump-probe photoelectron spectroscopy integrated over various
energy windows for the (a) LGS non-cavity and (b) TB cavity models of the hydrated
electron, and (c) the experimental data of Neumark and co-workers.(72) With ionization
energies chosen to best match the experimental conditions of Ref. 72, the blue dashed curves
show integration over 0-1.1 eV for LGS, 0-0.8 eV for TB and 0.6-1.2 eV for the experiments,
corresponding to the p-like excited state; the red dotted curve is for integration over 2.0-2.5
eV for LGS, 2.3-2.7 eV for TB and 1.7-2.1 eV for the experiments, corresponding to the high-
energy ‘hot’ side of the s-like ground state; the green solid curve is for integration from 2.5-3.8
eV for LGS, 3.0-4.0 eV for TB, and 2.5-2.9 eV for the experiments, corresponding to the
equilibrium ground state. The fact that the equilibrium ground-state recovery is much longer
than the excited-state decay for LGS and experiment is a clear signature of the ‘nonadiabatic’
relaxation mechanism, while the similar time scales of the ground-state recovery and excited-
state decay for TB are the hallmarks of the ‘adiabatic’ relaxation mechanism.

25



N
o

rm
a

liz
e

d
 E

x
c
it
e

d
-S

ta
te

 P
o

p
u

la
ti
o

n

N
o

rm
a

liz
e

d
 I
n

te
g

ra
te

d
 T

R
P

E
S

 S
ig

n
a

l 
In

te
n

s
it
y

(fs)

Figure 2.5: Excited-state survival probability (unfilled circles; see SI) and decay of the inte-
grated p-state photoelectron peak (blue circles, same data as in Fig. 2.4 without convolution
with the instrumental response) for the (a) LGS and (b) TB models of the hydrated electron.
The fact that excitation of the homogeneously-broadened LGS absorption spectrum leads to
significant population of higher-lying excited states with larger photoionization cross-sections
causes the p-state photoelectron peak to decay faster than the underlying population. This
suggests that the experimentally-measured 60-to-75-fs decay time of this peak corresponds
to an actual lifetime of ∼100 fs.

the actual calculated survival probability dynamics. For the TB cavity model, shown in

panel b, the two decays are in reasonable agreement, but for the LGS non-cavity model,

shown in panel a, it is clear that the p-state TRPES peak decays faster than the actual

underlying excited-state population. Given that multiple experiments have indicated that

the absorption spectrum of the hydrated electron is homogeneously broadened,(54–58) the

data in Fig. 2.5 strongly suggest that the actual excited-state lifetime of the hydrated electron

is ∼30% longer than the measured decay of the p-state photoelectron spectra peak. Thus, for

the 60-to-75-fs photoelectron spectroscopy peak decay measured by experiment, the expected

underlying lifetime of the hydrated electron should be ∼100 fs.
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Finally, we turn back to the fact that the TRPES experiments of Suzuki and co-workers

were angle-resolved; these workers measured a significant anisotropy of the excited-state

peak, verifying its origin as coming from a p-like excited state, and saw that the anisotropy

decayed in roughly 40 fs.(74) Although a full simulation of the angle-resolved TRPES exper-

iment is beyond the scope of our computational capabilities, we did, however, examine the

loss of orientation of the excited-state wavefunction, which should be directly connected the

experimentally-observed anisotropy decay. To do this, we constructed the moment-of-inertia

tensor for the excited-state wavefunction, and monitored the reorientation of a unit vector,

d, pointing in the direction of the largest principle moment as a function of time, averaged

over our non-equilibrium ensembles. The results of this calculation for both the TB (green

curve) and LGS (blue curve) hydrated electron models are shown in Fig. 2.6.

Figure 2.6 makes clear that LGS non-cavity electron shows significant depolarization dur-

ing the first 40 fs, a result in good general agreement with experiment. In contrast, the TB

cavity electron loses less than 10% of its initial orientation over this same time period, and

thus is again inconsistent with the experimental observations. This difference in early-time

reorientational dynamics has its origins in the fact that the two models show absorption

spectra with different underlying broadening mechanisms. Excitation of the homogeneously-

broadened LGS electron leads to non-adiabatic transitions in the excited-state manifold on a

∼40-fs time scale, and since each non-adiabatic transition effectively changes the orientation

of the excited p-like state by roughly 90 degrees, orientational memory is lost on the time

scale of this relaxation. In other words, the same physics that produce the early-time red-

shift of the LGS excited-state TRPES peak also cause the loss of its anisotropy. For the TB

electron, on the other hand, excitation is predominantly to the lowest excited state, where

the only mechanism for loss of anisotropy is physical reorientation of the entire excited-state

cavity. This reorientation is a slow, diffusion-based process, so that memory of the initial

orientation persists for a long time (∼1 ps).(93) Indeed, the fact that reorientation of a cavity

electron’s cavity is slow is the reason why such models predict inhomogeneously-broadened
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Figure 2.6: Orientational memory of the occupied excited-state following photoexcitation for
the TB cavity (green curve) and LGS non-cavity (blue curve) hydrated electron models. The
orientation of the excited state is represented by a unit vector d pointing along the excited-
state wavefunction’s principle moment of inertia. The LGS electron shows a rapid decay
of the initial orientation due to rapid non-adiabatic transitions between electronic excited
states with different average orientations, in agreement with the experimentally-observed
∼40-fs decay of the anisotropy of the excited-state TRPES peak.(74) The TB electron, in
contrast, can reorient only by physical rotation of the excited-state cavity, and thus shows
little early-time loss in orientational memory, in contrast to experiment.

absorption spectra, and as pointed out above, the predictions of polarized hole-burning for

inhomogeneously-broadened cavity hydrated electron models(93) have not been observed

experimentally.(54; 55; 57; 58)

2.4 Conclusion

In this paper, we have worked to make a direct connection between the results of nonadiabatic

mixed quantum/classical molecular dynamics simulations and time-resolved photoelectron

spectroscopy experiments on the hydrated electron.(72–74) We found that a cavity model

of the hydrated electron (TB) showed excited-state relaxation dynamics reminiscent of the

‘adiabatic mechanism’, in which the excited-state lifetime is longer than the ground-state

cooling time. The non-cavity hydrated electron model (LGS), in contrast, showed dynamics

that clearly fall into the ‘non-adiabatic mechanism’, with ground-state cooling that persists
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for times longer than the excited-state lifetime. The TRPES experiments are clearly more

consistent with the non-cavity model.

We also see two additional features of the predicted pump-probe photoelectron spec-

troscopy for the cavity hydrated electron model that are not in accord with experiment.

First, the TB model shows a rapid solvent-induced increase of the occupied p-state energy

of the excited electron, predicting a dynamic shift to higher kinetic energies (lower electron

binding energies) at early times that is not seen in experiment. Second, the adiabatic re-

laxation mechanism shown by the TB model predicts essentially two-state kinetics in the

pump-probe photoelectron spectroscopy with a large gap between the p- and s-states. In

contrast, the experiments show clear dynamical shift of the lower-kinetic-energy peak due to

cooling of hot ground-state electrons as well as an early-time shift of the p-state peak to lower

energies, both of which are well-mirrored by the LGS model. The LGS model also predicts

ground-state cooling dynamics on a nearly identical time scale as that seen in experiment.

The fact that there is a rapid loss in anisotropy of the p-state TRPES peak(74) can be

explained by the same physics that causes the early-time red-shift of this peak. The hydrated

electron’s absorption spectrum is homogeneously broadened, so that photoexcitation initially

populates excited states above the lowest p-like excited state. Following excitation, a rapid

series of non-adiabatic transitions among the electronic excited states decreases the average

occupied state energy and causes a loss of orientational memory, features that are reasonably

well represented by a non-cavity picture. Cavity models that predict inhomogeneously-

broadened absorption spectra, in contrast, do not predict any significant early-time loss in

anisotropy because they require physical reorientation of the excited state that is too slow

to act on the experimentally-observed ∼40-fs time scale.

Finally, the fact that the cross-sections for photoionization are higher for higher-lying ex-

cited states means that the decay of the p-state peak in the transient photoelectron spectrum

is somewhat faster than the underlying excited-state lifetime. By comparing the simulated

photoelectron dynamics with the actual survival probability, we believe that the experimen-
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tally observed 60-to-75-fs decay of the p-state photoelectron peak corresponds to an underly-

ing hydrated electron excited-state lifetime of ∼100 fs. Overall, our work suggests that any

good simulation model of the hydrated electron must follow the ‘non-adiabatic’ relaxation

mechanism and have a homogeneously broadened absorption spectrum to be consistent with

the recent time-resolved photoelectron spectroscopy experiments.
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Chapter 3

Temperature Dependence of the

Hydrated Electron’s Excited-State

Relaxation I: Simulation Predictions

of Resonance Raman and

Pump-Probe Transient Absorption

Spectra of Cavity and Non-cavity

Models

Reprinted from Zho, Chen-Chen, Erik P. Farr, William J. Glover, and Benjamin J. Schwartz.

“Temperature dependence of the hydrated electrons excited-state relaxation. I. Simulation

predictions of resonance Raman and pump-probe transient absorption spectra of cavity and

non-cavity models.” The Journal of chemical physics 147, no. 7 (2017): 074503, with the

permission of AIP Publishing.
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3.1 Introduction

What happens when an excess electron, one more than is needed for electrical neutrality, is

released into a liquid? The resulting species is termed a solvated electron, and the nature of

solvated electrons has been of intense interest as these objects serve as reaction intermediates

in charge transfer and radiolysis reactions as well as provide a testbed for our understanding

of quantum chemistry in dynamic disordered environments. Excess electrons in water, or

hydrated electrons,(1; 46) have been of particular interest to both experimentalists(5; 56; 57;

62–64; 64; 65; 72; 94; 95) and theorists.(31; 32; 35; 45; 47; 48)

Despite this intense interest, questions still remain concerning the structure of the hydrated

electron. The conventional picture has been that the hydrated electron carves out a cavity,

locally expelling the water and behaving roughly as a particle in a quasi-spherical box. (28–

31) Recently, however, both we(32–34) and others(45; 48) have challenged this picture based

on calculations which suggest that the excess electron’s wavefunction encompasses several

water molecules in a structure with only a small or even no central cavity. We note that our

one-electron non-cavity pseudopotential has been criticized,(38–40) both for overbinding the

electron energetically(35; 37) and for predicting a negative molar solvation volume(96) when

experiment suggests that this parameter should be positive.(44) Nevertheless, non-cavity

hydrated electron models have been shown to account for various experimental observations

that the traditional cavity picture cannot explain, including the hydrated electron’s resonance

Raman spectral lineshape,(33; 34) behavior at the air/water interface,(96) and time-resolved

photoelectron spectroscopy.(97)

Another important feature of hydrated electrons is that their properties are tempera-

ture dependent. It is well known that the absorption spectrum of the hydrated electron

red-shifts with increasing temperature.(94; 98; 99) Although some of this red-shift results

from the fact that the density of water decreases with increasing temperature at constant

pressure,(100) careful experiments have shown conclusively that the absorption maximum

of the hydrated electron’s spectrum red-shifts by 2.2 meV/K with increasing temperature
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at constant water density.(95; 101) Cavity models of the hydrated electron have failed to

reproduce this constant-density temperature dependence, showing little to no temperature

dependence.(33; 100; 102; 103) Our non-cavity model, on the other hand, shows the correct

qualitative trend with temperature, although the calculated absorption spectrum shift is

about double that observed experimentally.(33; 34)

What is it about cavity and non-cavity hydrated electron models that lead to such dif-

ferent predicted dependence on temperature? Most hydrated electron models are based on

mixed quantum/classical (MQC) molecular dynamics (MD) simulations, where the water

molecules are treated classically and only the excess electron is treated quantum mechan-

ically, with the classical and quantum degrees of freedom coupled via a pseudopotential.

(Of the few calculations based on density functional theory (DFT) with quantum mechan-

ically treated water,(45; 48) none as of yet have explored the temperature dependence of

the calculated hydrated electron’s properties, including those that have applied DFT ex post

facto to configurations generated from MQC MD simulations.(37; 104; 105)) The pseu-

dopotentials typically used in cavity models tend to be highly repulsive to account for Pauli

exclusion interactions between the excess electron and the electrons in the occupied water

molecular orbitals. We have recently argued, however, that correlation/dispersion interac-

tions can lead to substantial attractions between an excess electron and water at short range,

and that proper inclusion of such interactions in a cavity-forming pseudopotential promotes

non-cavity hydrated electron behavior.(103) Indeed, the pseudopotential we developed when

originally proposing a non-cavity picture for the hydrated electron happens to do a good

job of accounting for such interactions, even though this was not intentionally part of our

original design.(32) It is largely the way the balance between these attractive and repulsive

interactions (the former of which are missing in cavity models) changes with temperature

that explains the hydrated electron’s T -dependent spectral shift.(33; 34)

In this work, we extend our understanding of the differences between cavity and non-

cavity models by examining their predictions for the temperature dependence of the hydrated
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electron’s excited-state dynamics. There has been relatively little experimental work(94)

and no theoretical work that we are aware of examining the T -dependent behavior of the

photoexcited hydrated electron, so this opens an entirely new avenue for predictions that can

make direct contact with experiment. We choose to focus on MQC MD simulations because

at the present time, we are not aware of any ab initio methods that are capable of simulating

hydrated electron excited-state dynamics with the requisite number of water molecules. We

find that non-cavity hydrated electrons show a pronounced temperature dependence to their

excited-state lifetime, a result of the fact that the solvation structure of the ground-state

electron changes significantly with temperature. In contrast, cavity hydrated electrons have

essentially no predicted change in excited-state lifetime, the result of a ground-state solvation

structure that is constant with temperature. The different ground-state structures lead to

different predicted temperature dependences for the resonance Raman spectroscopy, and the

different excited-state dynamics lead to different predicted temperature-dependent transient

absorption and time-resolved photoelectron spectroscopies.

In the following paper(106), we perform temperature-dependent transient absorption mea-

surements, and find results that are in qualitative disagreement with the traditional cavity

picture, but in excellent agreement with our non-cavity model. This reinforces the notion

that a picture of the hydrated electron as a strongly repulsive, hydrophobic object that re-

sides in a cavity is not consistent with its known temperature-dependent properties; hopefully

temperature-dependent resonance Raman and time-resolved photoelectron spectroscopy ex-

periments will be performed in the near future to further test the differing predictions of

cavity and non-cavity hydrated electron models.

3.2 Computational Methods

The equilibrium ground-state MQC MD simulations in this work were performed in the

canonical (NVT) ensemble using in-house developed codes; the methods are essentially the
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same as those detailed in our previous published work on this topic.(32–34; 42; 78) Briefly,

499 water molecules were included in a cubic simulation box of length 24.64 Å with one

excess electron. The excess electron was treated quantum mechanically, the wavefunction

of which computed using a plane-wave basis set, while the water molecules were treated

classically by the flexible simple point charge (SPC-flex)(79) model. The coordinates of the

water molecules were propagated by the velocity Verlet algorithm. The simulations used

periodic boundary conditions, and the temperature was enforced with a thermostat.(80)

The quantum force exerted on the classical solvent molecules by the excess electron was

calculated via the Hellman-Feyman theorem.

For both the cavity and non-cavity models, the pseudopotentials we employed to account

for the electron–water interactions were derived via the Phillips-Kleinman formalism.(81–83)

In particular, we follow our previous work and use the pseudopotential developed by Turi

and Borgis(31) (denoted as TB, below) as a representative cavity model for the hydrated

electron, and our more recent pseudopotential(32) (referred to as LGS in literature) as a

non-cavity hydrated electron. When solving Schrodinger’s equation, we used a 163 or 323

plane wave basis for calculating the wave function of the TB and LGS hydrated electrons,

respectively, as needed to reach energy convergence. Our simulations employed minimum-

image periodic boundary conditions and all interactions were smoothly tapered to zero at

16 Åover a 2 Årange with a group-based cutoff(107). It has been argued that using a more

sophisticated method (like Ewald) to treat the long-range interactions in MD will yield

different results for this system(35). Here we have picked a simple cut-off treatment both

because Ewald summation is known to give a stronger finite size effect for this system, as

is extensively discussed in our recent paper(96), and to be consistent with our previously

published work.(32–34; 42)

For each hydrated electron model at each equilibrium temperature, we started by running a

200-ps adiabatic equilibrium trajectory along the electronic ground state. We then simulated

the dynamics following photoexcitation from the ground state by picking 50 independent
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ground-state electron configurations and promoting the electron to one of the adiabatic

excited states to create a microcanonical ensemble of non-equilibrium trajectories that each

had a duration of ≥ 1.5ps. A few individual sample trajectories are given in SI. We chose

the pump wavelength at the different equilibrium temperatures(1.22 to 1.76 eV for LGS,

1.70 to 1.75 eV for TB) such that the majority of the electrons were promoted to the lowest

excited state. The larger range for pump wavelengths for the LGS model accounts for the

fact that the equilibrium energy gaps changes significantly with temperature, whereas that

for the TB model does not.(33)

The breakdown of the Born-Oppenheimer approximation (nonadiabatic dynamics) on

the excited state was accounted for using Tully’s fewest switches surface hopping (FSSH)

algorithm.(84) A Fermi’s golden rule based formalism is also used by Borgis et.al. (108) for

related systems. Here we have picked surface hopping since studies of the non-equilibrium dy-

namics of a hydrated electron has shown a breakdown of linear response for this process.(109)

It is important to note, however, that the FSSH algorithm does not provide a realistic pic-

ture of the decoherence that induces surface hopping for strongly-coupled systems such as

the hydrated electron.(78) This means that the excited-state lifetimes calculated in our non-

equilibrium trajectories will at best be estimates of the true lifetime, and that caution is

recommended before attempting any type of direct comparison of the calculated lifetimes

to experiment.(97) The relative change in lifetime at different temperatures, however, is not

affected by the absolute rate of decoherence (assuming temperature does not influence deco-

herence significantly). So that the trends shown in this work can be legitimately compared

to experiments.

Pump-probe transient absorption spectra were calculated directly from the electronic en-

ergy eigenvalues and transition dipole matrix elements in the simulations in a manner similar

to our previous work.(32) Briefly, at each time point, the spectra consisted of a sum of sev-

eral transitions: excited-state absorption (from the currently occupied state to higher-lying

states, of which 8 were explicitly calculated), stimulated emission (from the currently oc-
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cupied excited state to the ground state, if the system occupies an excited state), and the

ground-state bleach (the negative of the absorption spectrum the system would have had

if it had not been excited, as calculated from the original ground-state trajectory). For

each component, the calculated energy gaps for all possible transitions were histogrammed

into 0.1-eV-width bins, weighted by the corresponding transition dipole matrix elements; the

resulting spectra were then convolved in time with a 60-fs-wide Gaussian to represent the

experimental instrument response.

Resonance Raman spectra of the LGS and TB hydrated electron models at different tem-

peratures were also calculated as in our previous work.(33) Briefly, we extended the semi-

classical method developed by Skinner and co-workers that ‘maps’ the quantum-chemically

calculated O–H stretching vibrational frequencies onto the local electric field experienced by

the classical water in the simulation.(110–112) Admittedly, this mapping was developed for

pure water(113) and some modifications were shown to be necessary for a different system,

e.g. an ionic solution(114). Here in lack of a high-level treatment for reference, we assumed

that the electric field from the hydrated electron contributed equivalently to the electric field

from the other water molecules,(113) and weighted the contribution of each water to the res-

onance Raman spectrum by the square of the force difference projected along the O–H bond

between the electronic ground and resonant excited state. For the TB model, generally only

the first solvent shell contributed significantly to calculated resonance Raman spectra, while

for LGS the main contributions were from the water molecules residing within the electron’s

radius of gyration.(33) The spectra presented below were averaged inhomogeneously over

200 uncorrelated configurations along the equilibrium ground-state trajectories.

37



3.3 Results and Discussion

3.3.1 Temperature Dependence of the Hydrated Electron’s Struc-

ture for Cavity and Non-Cavity Models

In order to understand differences in the hydrated electron’s excited-state relaxation with

temperature, we begin our study by focusing on the temperature dependence of the ground-

state structure. As described above, we ran adiabatic ground-state equilibrium trajectories

for both cavity (TB) and non-cavity (LGS) hydrated electron models at several different

temperatures ranging from 255 to 350 K. Figure 3.1 shows electron center-of-mass to water

oxygen radial distribution functions for both the LGS (panel a) and TB (panel b) models.

The data make clear that the solvation structure of LGS non-cavity electron changes notice-

ably with temperature (the density of water inside 1 Å distance from the electron’s center of

mass drops by ∼7.5× from 350 to 255 K, as summarized in Table 3.1), while the TB cavity

electron’s structure is essentially unaffected by temperature.

Table 3.1: Density of water in the vicinity of the electron center-of-mass.
T/K 255 298 325 350

LGS 1.0 Å 0.100± 0.213 0.276± 0.398 0.555± 0.438 0.76± 0.36

LGS 2.45 Å 1.69± 0.14 1.57± 0.13 1.51± 0.09 1.41± 0.06

TB 2.45 Å 0.23± 0.05 0.23± 0.05 0.26± 0.05 0.26± 0.05

For the LGS electron, it is clear that as the temperature is lowered, a small cavity opens

near the electron’s center, creating a ‘hybrid’ structure similar to that observed in previous

DFT (45) and ab initio (48) calculations. This strongly suggests that the driving force for

water to enter the electron’s interior is entropic: as the temperature is lowered and entropy

becomes less important, the predominantly repulsive enthalpic Pauli exclusion terms in the

pseudopotential lead to incipient cavity formation. At higher temperatures, the entropic

penalty to expel water from a volume in space is simply too high, so the water penetrates

into the electron’s charge density. Given that the LGS model is known to overestimate the

temperature dependence of the electron’s absorption spectrum, this suggests that the LGS
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Figure 3.1: Temperature dependence of the radial distribution function of the center-of-
mass of the hydrated electron to water oxygen for both the (a) LGS non-cavity and (b)
TB cavity models. The LGS model shows a clear change in structure with temperature,
with the density of waters nearest the center of the electron increasing as the temperature
is increased, and the formation of a small central cavity (‘hybrid’-like structure) at lower
temperatures. In contrast, the TB cavity electron is effectively a hard sphere, showing no
change in structure at all over the temperature range investigated.
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model slightly overemphasizes the entropic contributions to the electron’s structure at a

given temperature. Thus, it is highly likely that the true structure at room temperature is

somewhere between that given by the LGS model and that suggested by ‘hybrid’ models,

with the size of the central cavity being highly temperature dependent.

In contrast, the TB model yields the same structure with a ∼2.2-Å central cavity inde-

pendent of the bulk temperature. The change in structure with temperature is so small

as to imply that the TB electron is effectively a hard sphere: the repulsive terms in the

TB pseudopotential are energetically so steep compared to kBT that the relatively modest

(∼30%) change in absolute temperature we have explored makes effectively no difference

in structure. This hard-sphere-like behavior of the TB model indicates that entropy plays

almost no role in the observed structure, which is consistent with the fact that the TB

model completely misses the known temperature of dependence of the hydrated electron’s

absorption spectrum.(33)

The best experimental indicator of the hydrated electron’s structure that we are aware of

comes from resonance Raman spectroscopy. Experimentally, the resonance Raman spectrum

of the hydrated electron shows a water O–H stretching band that is both broader than and

redshifted from that of bulk liquid water.(56) We have shown in previous work that the

TB cavity model predicts a resonance Raman O–H stretch this is narrower and blue-shifted

compared to that of bulk water, in sharp contrast to experiment.(33) The predicted narrowing

of the band results from the fact that the exterior first-shell waters whose O–H stretches are

displaced upon excitation of the TB electron are in roughly equivalent environments, leading

to less inhomogeneous broadening. The predicted blue-shift of the TB resonance Raman O–

H stretching band results from the fact that the electron is a poorer H-bond acceptor than

another water molecule, so that the first-shell water molecules have O–H stretches that are

freer than those of bulk water.

The predicted resonance Raman spectrum of the LGS electron, in contrast, is in excel-

lent qualitative agreement with experiment.(33) The broadening of the LGS O–H stretching
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Raman band results from the fact that the H-bonds of the interior waters can point in any

direction with respect to the electric field gradient created by the electron, so that inhomo-

geneous broadening is enhanced because some waters have their H-bonds strengthened by

the electron while others have their H-bonds weakened by the electron. The red-shift of the

predicted LGS Raman spectrum results from the fact that the interior waters are packed at

a slightly higher density than in bulk water due to electrostriction, leading to an average net

strengthening of H-bonds that is similar to what is seen when water is compressed under

pressure.(33)

The changes in structure seen in Fig. 3.1 lead to very definite predictions for the tempera-

ture dependence of the O–H stretching lineshape of the hydrated electron’s resonance Raman

spectrum. Figure 3.2 displays the calculated Raman spectrum for the LGS non-cavity (panel

(a)) and TB cavity (panel (b)) as a function of temperature. Not surprisingly, the predicted

Raman spectrum for the TB model shows virtually no change with temperature, a direct re-

flection of the fact that the TB electron’s structure is temperature independent. For the LGS

model, on the other hand, the prediction is that the O–H stretching Raman band blue-shifts

with increasing temperature.

The predicted blue-shift of the LGS electron’s resonance Raman O–H stretch with in-

creasing temperature has two origins. First, the predicted Raman spectrum of the simulated

bulk SPC-Flex water blue-shifts with increasing temperature (about twice as much as seen

experimentally;(115) see the SI for details). Since the waters inside the LGS electron main-

tain a bulk-like environment,(32) their Raman spectrum should also follow this shift. Second,

the average interior water density of the LGS hydrated electron changes with temperature,

as summarized in Table 3.1. Even though the LGS electron opens a small central cavity at

lower temperatures, the total water density inside the electron’s ∼2.5 Å radius of gyration

actually increases at lower temperatures, as can be seen by integrating the radial distribution

functions in Fig. 3.1(a) (it is important to remember that the integrated density measured

by g(r) is weighted by r2). As the temperature is increased, the small ‘hybrid’ central cavity
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Figure 3.2: Temperature dependence of the O–H stretching region of the resonance Raman
spectrum of the hydrated electron for both the (a) LGS non-cavity and (b) TB cavity models.
The blue-shift of the O–H stretch band of LGS as the temperature is raised reflects the general
shift of the bulk water band with increasing temperature and the net decrease in interior
water density of the electron (see text and Table 3.1), whereas the lack of structural change of
the TB model leads to almost no predicted change in the Raman spectrum with temperature.
These disparate simulated predictions – a blue-shifting O–H band or no change whatsoever
with increasing temperature – should be directly testable by future temperature-dependent
resonance Raman experiments.
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fills in, but the water structure becomes increasingly bulk-like; indeed, the radial distribution

function of the LGS electron at 350 K is nearly flat. Thus, at high temperatures, entropy

reduces the electrostriction that increases the interior LGS electron water density, so the

calculated resonance Raman spectrum blue-shifts to reflect the more bulk-like environment

of the interior water molecules. The breadth of the calculated LGS Raman spectrum does

not appear to change significantly with temperature. This is because H-bonds of the interior

water molecules continue to point in all directions with respect to the electron’s electric

field gradient, so that the electron’s enhancement of the O–H stretch inhomogeneity is not

strongly temperature dependent.

Overall, Fig. 3.2 provides a definite prediction that should be directly testable by experi-

ment: either the resonance Raman spectrum of the electron shows effectively no temperature

dependence, consistent with a TB-like cavity picture, or it shows some type of temperature-

dependent change in position or width. The LGS-model predicts a noticeable blue-shift

with increasing temperature without a significant width change. Although no temperature

dependent calculations have been done to date for ‘hybrid’ models, given that such mod-

els have a room temperature structure that is similar to the LGS model at only slightly

lower temperatures (and that the LGS model overestimates the temperature dependence),

we would expect that ‘hybrid’ models will likely predict a similar temperature-dependence to

their Raman spectrum as LGS. Of course, the experimental Raman spectrum may show a

different temperature dependence than that predicted here, which would not only invalidate

the traditional cavity model but also indicate that the actual entropic contribution to the

electron’s ground-state structure is different than that predicted by the LGS and ‘hybrid’

models.
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3.3.2 Temperature Dependence of Cavity and Non-Cavity Hy-

drated Electrons’ Excited-State Relaxation

When the hydrated electron is excited to one of it electronic excited states by photoexcita-

tion, relaxation takes place on multiple time scales. First, the surrounding water molecules

rearrange to accommodate the new structure of the excited-state electron. During the first

∼50 fs after excitation, the TB cavity model predicts that the occupied excited state in-

creases in energy by ∼200 meV, while the LGS model predicts that this state undergoes a

∼50 meV decrease in energy.(97) Experimentally, time-resolved photoelectron spectroscopy

(TRPES) experiments show that the occupied excited-state energy slightly decreases follow-

ing photoexcitation,(74) consistent with the LGS model but not with the cavity picture of

the hydrated electron. Second, the excited electron then undergoes internal conversion on

a ∼100-fs time scale, (72–74) the result of a rapid solvent-induced radiationless transition

to the ground state. Finally, since the newly-created ground-state electron is formed out

of equilibrium with the solvent, there is ‘cooling’ of the initially ‘hot’ ground state as the

solvent returns the ground-state electron back to equilibrium. Both TRPES experiments

and the LGS model indicate that this cooling process takes place in ∼450 fs, while the TB

model predicts significantly faster cooling that is not consistent with experiment.(97)

Pump-probe transient absorption spectroscopy also has been used extensively to study the

excited-state relaxation processes following photoexcitation of the hydrated electron.(57; 59–

65) Like TRPES, pump-probe experiments see several distinct time scales following photoex-

citation, including spectral changes on a 50-100 fs time scale, a ∼450 fs time scale, and a

smaller-amplitude change on a ∼1.1 ps time scale.(62) Because transient absorption spec-

troscopy cannot unambiguously determine the electronic state in which the electron resides,

two different models have been proposed to interpret the pump-probe data: an ‘adiabatic’

model, where solvation of the excited-state electron takes ∼100 fs, the subsequent internal

conversion takes several hundred fs,(52; 61; 66) and ground-state cooling takes ∼1 ps; and

a ‘nonadiabatic’ model, in which the ∼100-fs timescale is internal conversion and both of
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the longer timescales are equilibration of the ground state.(59; 60) The TRPES experiments

discussed above demonstrate clearly that the ‘non-adiabatic’ picture is correct.(72–74)

For all of this work exploring the relaxation of the photoexcited hydrated electron, there

have been essentially no previous studies, either experimental or theoretical, aimed at un-

derstanding the temperature dependence of the electron’s excited-state relaxation. Thus, we

begin our exploration of this temperature dependence by exploring the survival probability

(i.e., fraction of trajectories remaining in the excited state at a given time after excitation)

of both the TB cavity and LGS non-cavity models following simulated photoexcitation. The

survival probability data at different temperatures for both models are plotted in Fig. 3.3.

Over the range of temperatures investigated, the average excited-state lifetime for the TB

model changes by ∼30%, while that for the LGS non-cavity model change by over a factor

of three: the two models thus predict a temperature dependence that differs by an order of

magnitude. For a temperature difference of 45 ◦C, which we were able to explore experimen-

tally in the subsequent paper(106), the TB model predicts a ≤20% change in excited-state

lifetime, while the LGS model predicts a lifetime change of just under a factor of two.

Why do the two models predict such starkly different temperature dependencies? Since

the two different electron models start with different ground-state structures and the excited-

state lifetime of the hydrated electron is ∼100 fs, there is not time for significant structural

rearrangement following vertical excitation. Thus, the different models have different excited-

state structures at different temperatures that give rise to internal conversion with different

rates. We know from Fig. 3.1 that TB electron’s ground-state structure is temperature

insensitive, which is consistent with the relative lack of temperature dependence of its excited-

state lifetime, whereas the dramatic change with temperature in the predicted excited-state

lifetime of the LGS electron makes sense given the strong temperature dependence of its

ground-state structure.

This argument still leaves the questions, however, as to what are the excited-state struc-

tures that lead to the different predicted temperature dependences for the hydrated electron’s
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and (b) the TB cavity hydrated electron models as a function of temperature.
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excited-state lifetime? Unfortunately, the fact that the FSSH algorithm we use to compute

non-adiabatic dynamics gives absolute calculated lifetimes for both models that are too

long(97) means that the simulations have too much excited-state solvent relaxation prior

to the internal conversion. On the other hand, since we know where the structure starts

following photoexcitation (Fig. 3.1), if we can calculate the excited-structure that solvation

dynamics is trying produce (even if the structure is never equilibrated on the excited state

because the radiationless transition happens first), we can still meaningfully understand the

different predictions for the temperature dependence of the lifetime of the different hydrated

electron models.

In Fig. 3.4 we show the structures of the LGS (top panels) and TB (lower panels) hy-

drated electrons following equilibration on the lowest excited state (blue curves) at the

extremes of our explored temperature range; these structures were computed by averaging

over configurations in which the electron had occupied the excited state for at least 500 fs

following photoexcitation. The ground-state structures at these same temperatures (green

dashed curves) are also shown for comparison. It is worth noting that the excited state

of both electrons is p-like and thus has cylindrical symmetry that is not well-captured by

a spherically-averaged radial distribution function.(66) Nonetheless, for the TB electron,

Fig. 3.4 shows clearly that the excited state has water molecules occupying what had been

the central ground-state cavity. The driving force for this is the fact that the water can best

relax around the excited TB electron by moving into the node of the p-like excited-state

wavefunction.(66) Like the ground state, the final equilibrium structure of the TB excited

state does not change significantly with temperature, so that whatever structural intermedi-

ate between the equilibrated ground and excited states is produced when the non-adiabatic

transition occurs, that structure is essentially the same across the temperature range we

have explored.

For the LGS electron, on the other hand, excited-state solvation dynamics work to remove

the enhanced water density that resides ∼2 Å from the electron’s center of mass; at lower
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Figure 3.4: Radial distribution functions of the center-of-mass of the hydrated electron to
water oxgyen for both the LGS model (upper panels) and TB models (lower panels) in both
the equilibrium ground (green dashed curves, same as Fig. 3.1 and excited (blue curves)
states at both 255 K (left panels) and 350 K (right panels). Like that of the ground state,
the LGS excited-state structure has a greater enhancement of water density near the center-
of-mass (which helps to induce the non-adiabatic transition to the ground state) at higher
temperatures. Also like its ground state, the excited-state structure of the TB electron shows
essentially no temperature dependence, explaining why its excited-state lifetime is essentially
temperature independent.
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temperatures, the equilibrium excited-state structure also has a reduced size of the small

central ground-state cavity. That said, it is clear from Fig. 3.4 that the equilibrium excited-

state structure of the LGS electron still has a strong temperature dependence: there is still

a small (albeit reduced) central cavity at lower temperatures, whereas there is enhanced

water density near the electron’s center of mass at higher temperatures. The fact that both

the starting and ending structures following photoexcitation at different temperatures are

different for the LGS electron explains the large temperature dependence of the calculated

excited-state lifetime. For example, the difference between the ground- and excited-state

structures of the LGS electron are larger at colder temperatures. This means that even

if the solvent nuclei were to move the same speed, it will still take longer to reach the

conical intersection on the adiabatic manifold at lower temperatures, explaining the longer

excited-state lifetime.

Given that the TB model does not change either its ground or excited-state solvation

structure when the temperature is changed, why does it show any temperature dependence

to its excited-state lifetime at all? We know that the non-adiabatic coupling depends on the

nuclear velocity v of the solvent molecules that couple the |s〉 and |p〉 states:

〈s|∂|p〉
∂t

= 〈s|∂|p〉
∂R
· ∂R
∂t

= d · v, (3.1)

where d is the non-adiabatic coupling vector. The velocity term in Eq. 3.1 is obviously

temperature dependent, since statistically the solvent velocity along any coordinate scales as

the square root of the bath temperature. Over the temperature range studied in this work,

the solvent velocities change by ∼18%, which explains nearly all of the observed change

in the TB electron’s lifetime with temperature. Of course, this effect is also present in the

temperature dependence of the LGS electron’s lifetime, but it is swamped by the larger effect

of the temperature-dependent structural change.

The different models’ predictions for the temperature dependence of the hydrated elec-
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tron’s lifetime should be directly testable experimentally. Time-resolved photoelectron spec-

troscopy experiments can directly measure this lifetime,(72–74) and it should be readily

possible to do these experiments over at least a limited temperature range. Even if the

experiments only can be done between temperatures of 0 and 45 ◦C, as with the transient

absorption experiments described in the subsequent paper(106), the experiments should still

easily be able to distinguish the ∼20% change in lifetime predicted by the cavity model

versus the factor of ∼2 change predicted by the non-cavity model. It should also be possible

to observe the lifetime change by pump-probe transient absorption spectroscopy, which we

turn to in the next Section, setting the stage for the analysis of our experiments described

in the subsequent paper(106).

3.3.3 Simulated Temperature-Dependent Transient Absorption of

Cavity and Non-Cavity Hydrated Electrons

One of key differences between TRPES and transient absorption (TA) experiments is that

the latter can only probe how the various energy gaps of the hydrated electron change with

time; the energy gaps involved in TA can have different dynamics than the energy difference

between the occupied state and ionized electron probed in TRPES. Thus, to understand the

temperature dependence of the transient absorption spectroscopy of the hydrated electron,

we need to explore how the various energy gaps probed in transient absorption spectroscopy

change dynamically with temperature, which are shown for the LGS model (left panels) and

TB model (right panels) in Fig. 3.5. The upper panels of this figure show the dynamics

of the energy gap between the ground and first excited state while the electron occupies

the excited state following photoexcitation, and the lower panels show the same energy gap

while the electron occupies the ground state as a function of time following the non-adiabatic

transition.

For LGS, the initial gap after excitation (time zero in the upper left panel) and the equi-

librated gap after non-adiabatic relaxation (long times in the lower left panel) are clearly
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Figure 3.5: Temperature dependence of the dynamics of the energy gap between the ground
and first electronic excited states of the hydrated electron following photoexcitation (upper
panels) and following the non-adiabatic transition to the ground state (lower panels) for
both the LGS non-cavity (left panels) and TB cavity (right panels) models. Consistent
with the equilibrium ground- and excited-state structures seen in Fig. 3.4, the LGS electron
has different initial and final gaps at different temperatures, as well as different dynamics
connecting them, whereas the structural invariance of the TB electron with temperature
leads to gap dynamics that are also temperature independent. These different predictions
should be experimentally testable by TRPES or TA.

51



temperature dependent, as reflected in the known (and admittedly somewhat exaggerated)

temperature dependence of the equilibrium absorption spectrum of this model,(33) reflecting

the structural changes with temperature seen in Figs. 3.1 and 3.4. More importantly, the

figure makes clear that although the gap closing dynamics during the ∼100 fs the electron

occupies the excited state are not strongly temperature dependent, the relaxation dynamics

following the non-adiabatic transition (upper right panel of Fig. 3.1) are somewhat tem-

perature dependent: the gap closing accompanying the ground-state cooling is a bit faster

and has a smaller amplitude at higher temperatures, and is somewhat slower with a larger

amplitude at colder temperatures. The smaller amplitude at higher temperatures is a result

of the fact that the system is recovering to a smaller equilibrium energy gap, but the faster

dynamics result from the fact that the underlying solvent motions that close the gap are

faster at higher temperatures.

In contrast, the equilibrium gap for the TB model (lower left panel in Fig. 3.5) shows no

temperature dependence, as expected from the complete lack of a temperature-dependent

structural change, which is also why the equilibrium absorption spectrum does not change

with temperature.(33) But perhaps even more strikingly, Fig. 3.5 shows that none of the

gap dynamics, either after photoexcitation or following non-adiabatic relaxation, have any

significant temperature dependence. This means that in addition to the excited-state life-

time, the TB electron should show no temperature dependence for any of its excited-state

relaxation processes, including the ground-state cooling. Part of the reason for this is that

the energy gap relaxations for the TB electron are dominated by inertial water motions(97)

whose dynamics do not change much with temperature (at most by the ∼18% change in aver-

age librational velocity over the temperature range studied). But even the longer time-scale

diffusive motions show little temperature dependence for the TB electron, again marking

an experimentally-determinable contrast between the cavity and non-cavity pictures of the

hydrated electron.

Now that we understand how the dynamics of the energy gaps change with temperature,
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we can turn to studying the full temperature-dependent pump-probe transient absorption

spectra for both the cavity and non-cavity models of the hydrated electron. In Fig. 3.6, we

show the calculated transient absorption spectra at different temperatures for the LGS non-

cavity (left panels) and the TB cavity (right panels) models in the energy range of the ground-

state absorption spectrum that we study experimentally in the subsequent paper(106). For

the spectral region plotted in Fig. 3.6, the calculated transient absorption spectra consist

mostly of the ground-state bleach, along with contributions from stimulated emission at

early times, and the recovering hot ground state absorption that fills in the bleach at later

times. We show the full individual components that contribute to the calculated transient

absorption spectra in the SI. The predicted transient absorption contours for both models

are not perfectly smooth because the non-equilibrium ensemble we average over is not large

enough to average out the phase of low-frequency oscillatory motions that are impulsively

driven upon excitation.(32; 52; 66; 97)

As expected from what is known about the temperature dependence of their ground-state

absorption spectra,(33) the peak bleach (dark purple contours) of the LGS electron’s tran-

sient absorption at early times red-shifts with increasing temperature, while that for the

TB electron is constant with temperature. For the LGS model, the ground-state absorp-

tion is homogeneously broadened,(32; 97) so the ground-state bleach is identical within the

noise to the equilibrium absorption spectrum. For the TB electron, on the other hand, the

ground-state absorption spectrum is inhomogeneously broadened, leading to the possibility

of spectral diffusion in the bleach if polarized pump and probe pulses are employed to sup-

press electronic ‘replica holes’.(53; 104; 116) We have ignored the relative polarizations of

the pump and probe pulses when calculating the transient absorption spectra in this paper,

making them effectively unpolarized and thus allowing the initial bleach of the TB electron’s

absorption spectrum to match that of its ground-state absorption spectrum. In the sub-

sequent paper(106), even though it has been demonstrated experimentally that there is no

polarization dependence to the observed transient absorption signals so that the absorption
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spectrum is homogeneously broadened,(51; 58; 117) we perform our temperature-dependent

experiments on the hydrated electron using pump and probe pulses with relative polariza-

tions at the magic angle to allow for a direct comparison to the calculations in Fig. 3.6.

For both hydrated electron models, once the excited-state electron undergoes the internal

conversion to the ground state, a hot ground-state electron is produced that absorbs to the

red of the equilibrium ground state. As the hot ground state cools, its absorption shifts to the

blue with time, where it starts filling in the red edge of the ground-state bleach, leading to an

apparent blue-shift of the bleach maximum with increasing time. For the LGS electron, the

rate of the bleach recovery and blue shift both increase with increasing temperature. This

is both because the excited-state lifetime is shorter at higher temperatures (cf. Fig. 3.3) and

because the energy gap associated with ground-state cooling is also smaller at higher tem-

peratures (cf. Fig. 3.5). In contrast, for the TB model, neither the lifetime nor the cooling

rate of the hot ground state change with temperature, and indeed the predicted transient

absorption spectra are identical at all three temperatures within the noise. Although neither

model agrees quantitatively with the experimental temperature-dependent transient absorp-

tion spectra presented in the subsequent paper(106) (mostly because of the overestimated

lifetime in the simulations), a quick comparison of Fig. 3.6 and Fig. 1 in the subsequent

paper(106) shows that there is an excellent qualitative match between the LGS model and

experiment, and qualitative disagreement with the TB model, for which the calculated blue

shift is both not temperature dependent and too fast compared to experiment.

In their experimental studies of the resonance Raman spectrum, Tauber and Mathies

observed fluorescence coming from the photoexcited hydrated electron.(118) Even though

simulations predict a very rapid Stokes shift for emission from the hydrated electron (cf.

Fig. 3.5, which shows a∼0.6 eV gap closing for LGS and a∼1.0 eV gap shift for TB in the first

∼30 fs),(52; 119), the experimental fluorescence spectrum still shows significant emission just

to the red of the excitation wavelength in the visible and near-IR spectral regions, overlapping

the ground-state bleach. Thus, it is certainly possible that there could be a stimulated
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emission component in the transient absorption spectroscopy of the hydrated electron in

the region of the bleach at early times, as has been speculated in previous experimental

work.(57; 63; 120)

To investigate how such a stimulated emission component would be manifest spectroscop-

ically, we plot the early-time transient absorption spectra for both hydrated electron models

as a function of temperature in Fig. 3.7 in a different way: we normalize the spectra at each

time on the blue edge, where the only spectral component that contributes is the ground-

state bleach (various colored, dashed curves). In this way, any differences seen from one

time to the next must be the result of stimulated emission or the hot recovering ground

state, since excited-state absorption plays little role in this spectral window. To help with

the comparison, the black solid curve in each panel shows the (negative of the) equilibrium

absorption spectrum, which is equivalent to the homogeneously-broadened bleach.

The excess bleach seen at the red edge of our spectra window at early times for LGS

on the left side of Fig. 3.7 results from stimulated emission (see the SI), as there is no

other mechanism that can lead to an enhanced negative absorption signal. The loss of the

LGS electron’s stimulated emission/excess bleach with time is due a combination of the

Stokes shift of the stimulated emission out of the probe window, the decay of the stimulated

emission due to the electron’s excited-state lifetime, and the presence of the hot ground-state

absorption that shifts into the spectral window from the red as the recovering electron cools.

Because both the excited-state lifetime (Fig. 3.3) and the cooling of the hot ground state

(Fig. 3.5) are faster at higher temperatures for the LGS electron, the excess bleach/stimulated

emission feature also decays faster at higher temperatures. The presence of stimulated

emission and its temperature dependence predicted here for LGS are in excellent agreement

with what we observe experimentally in Fig. 3 of the subsequent paper(106).

In contrast to both the LGS model and experiment, the TB model predicts no observable

stimulated emission/excess bleach at early times. This is because the Stokes shift of the

excited hydrated electron’s emission during the ∼35-fs inertial relaxation is nearly twice as
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large for the TB model than for the LGS model, and because the cooling of the TB electron’s

hot ground state is more than four times faster than that of the LGS model (cf. Fig. 3.5).(97)

Thus, even though the simulations predict that there is indeed a small stimulated emission

component at early times in this spectral window for the TB model (see SI), the amplitude

is small enough compared to that of the ground-state bleach and the blue tail of the most

rapidly-produced hot ground-state electrons as to not be distinguishable with the ∼60-fs

time resolution simulated here. The rapid Stokes shift of the TB model also would predict

a much more red-shifted fluorescence spectrum than is seen experimentally.(118)

3.3.4 Modeling the Transient Absorption Spectroscopy: The Ef-

fective Temperature of the Hot Ground-State Electron

As discussed in more detail in the following paper(106), the interpretation of the pump-

probe transient absorption spectroscopy of the hydrated electron requires a kinetic model to

extract the various relaxation timescales from experimental data. Modeling the excited-state

absorption and Stokes shift of the stimulated emission is quite complex, but for the visible

region of the spectrum, there is at least a simple model that can be employed to account for

the cooling of the hot ground state that leads to recovery of the ground-state bleach.(62) The

basic idea is to model the spectrum of the hot ground state as being at quasi-equilibrium,

with a temperature higher than that of the bulk. Since the temperature dependence of

the hydrated electron’s absorption spectrum is known experimentally,(94) this means that

the entire ground-state cooling process can then be described by only 2 parameters. These

are a temperature jump, ∆T , which characterizes the initial spectrum of the hot ground

state immediately following the non-adiabatic transition, and a cooling time, τcool, by which

the temperature describing the hot electron’s spectrum relaxes exponentially back to the

equilibrium bulk temperature (some workers use a bi-exponential with two cooling times

to model the temperature relaxation).(63) Of course, such models presume that the hot

ground-state electron, which is clearly a nonequilibrium object, has a spectrum that can be
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well approximated by an equilibrium spectrum at a higher temperature.

As discussed in the subsequent paper(106), when fitting standard kinetic models to the

pump-probe transient absorption spectroscopy of the hydrated electron at room temperature,

the excited-state lifetime and ∆T parameters are highly correlated. In fact, fits with a

lifetime of 300-400 fs and a temperature jump of ∼30 K are about as good as fits with a

lifetime of ∼100 fs and a ∆T of a few hundred K. One of the arguments in favor of the so-

called ‘adiabatic’ relaxation model, with the longer lifetime, was that the temperature jump

of ∼30 K made much more physical sense than a jump an order of magnitude larger (based

on the argument that ∼30 K is about what is expected if the non-adiabatic transition releases

0.5 to 1.0 eV of energy spread statistically among a few dozen nearby water molecules). Of

course, as discussed above, TRPES experiments have shown that the excited-state lifetime of

the electron is short, falling squarely into the ‘non-adiabatic’ relaxation picture.(72–74) This

then leaves the question of whether or not it makes sense to model the relaxation of the hot

ground state using the temperature dependence of the equilibrium spectrum extrapolated to

a few hundred K above room temperature.

Fortunately, in our simulations it is straightforward to calculate the spectrum of the hy-

drated electron’s hot ground state immediately after the non-adiabatic transition takes place.

The red curves in Figure 3.8 show the calculated immediately-produced hot ground state

spectrum for both the LGS non-cavity (panel (a)) and the TB cavity (panel (b)) models

of the hydrated electron. The spectra shown are for photoexcitation from a bulk tempera-

ture of 298 K, but the hot ground state spectra of both models do not change within error

over the entire temperature range we explored. For the LGS model, the hot ground-state is

substantially red-shifted from that at equilibrium (blue curve). If this were an equilibrium

spectrum and we extrapolate using the temperature dependence of the LGS model seen in

our previous work,(33) the hot ground state would be at a temperature ∼120 K hotter than

the bulk temperature. For the TB model, the hot ground-state is also red-shifted from the

bulk, but much less so than for the LGS model. Of course, the TB model has almost no
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Figure 3.8: The spectrum of the hot ground state of the hydrated electron produced im-
mediately following the non-adiabatic transition (red curves) compared to the equilibrium
ground-state absorption spectrum (blue curves) for the (a) LGS non-cavity and (b) TB cav-
ity models with the bulk system at room temperature. The LGS electron’s hot ground state
spectrum is quite red-shifted from the equilibrium spectrum, corresponding to an effective
temperature increase of at least 120 K. The TB electron’s hot ground-state shows only a
modest spectral red-shift, but since the TB model has almost no temperature dependence,
this modest redshift corresponds to a temperature jump of over 500 K. For both models, it
is clear that the hot ground-state electron is far out of equilibrium, so that the best equilib-
rium condition that can be used to approximate the nonequilibrium state corresponds to an
unphysically high temperature.

temperature dependence to its absorption spectrum,(33; 100) so this modest red-shift would

be equivalent to a temperature jump of over 500 K for the TB model.

Overall, the data in Fig. 3.8 indicate that the nonequilibrium hydrated electron’s hot

ground state is reasonably well approximated by an equilibrium spectrum, but at an un-

physically large temperature. The need for such a large temperature jump should not be

taken to imply that the water surrounding the hot ground state electron is actually at a

very high temperature; instead, the data simply indicate that the situation is so far from

equilibrium that the best parameter to use in an equilibrium approximation corresponds to

a very large increase in temperature. Thus, the fact that the experimental data in the sub-

sequent paper(106) fit well to the model with a ∆T of ∼250 K suggest that the simulations

do indeed capture this aspect of the experiment, and that experimental fits that give large

temperature jumps are not in fact unphysical.
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3.4 Conclusions

In summary, we have studied the relaxation dynamics of the photoexcited hydrated electron

as a function of temperature using mixed quantum/classical simulations. Our calculations

offer concrete predictions for the results of future experiments that could possibly distinguish

between the traditional cavity picture of the hydrated electron, exemplified here by the

TB pseudopotential model, and our more recent non-cavity picture produced by the LGS

pseudopotential model. We find that cavity models of the hydrated electron show no change

in ground-state structure with temperature, whereas the non-cavity model predicts that

significant structural changes occur as the temperature is varied. For the non-cavity model,

colder temperatures lead to the production of a small central cavity but also increase the

water density within the electron’s radius of gyration. At higher temperatures, the non-

cavity electron causes less disruption of the structure of liquid water. The non-cavity model

at cooler temperatures shows a similar structure to ‘hybrid’ models based on DFT (45) or ab

initio(48) calculations, suggesting that these models may in fact be roughly equivalent other

than slight differences in the exact temperatures at which the various structural changes take

place, particularly given that the LGS non-cavity model we use here is known to overestimate

the experimental temperature dependence of the ground-state absorption spectrum.

The way each model’s structure changes with temperature leads to definite predictions

for the results of future temperature-dependent resonance Raman experiments. The lack

of temperature-dependent structural change for cavity models of the hydrated electron ex-

plains why such models predict that there would be essentially no change in the resonance

Raman spectrum with temperature at constant density; the lack of structural change with

temperature also predicts that the ground-state electronic absorption spectrum at constant

density is temperature-invariant (a result at odds with experiment(94; 98; 99)). In contrast,

the blue-shift of the bulk water spectrum with increasing temperature and the lowering of

the overall interior density seen with the non-cavity model as the temperature is increased

suggest that the O–H stretch of the hydrated electron’s resonance Raman spectrum should
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blue-shift with increasing temperature at constant density.

The temperature-dependent structural differences of the cavity and non-cavity models

also lead to definite predictions for the excited-state relaxation dynamics of the hydrated

electron. Since the structure of the cavity model is essentially invariant, the only thing

that can affect the excited-state lifetime of the electron is the fact that the water motions

that cause internal conversion are slightly faster at higher temperatures, leading to a very

mild decrease in lifetime as the temperature is increased (∼10% over a ∼50 K temperature

increase). The cavity model also predicts essentially no change in the time for cooling of

the hot ground-state electron produced subsequent to the internal conversion. In contrast,

the temperature-dependent ground- and excited-state structures of the non-cavity model

of the hydrated electron lead to different dynamics following photoexcitation, so that both

the excited-state lifetime and hot ground-state cooling times are predicted to decrease sig-

nificantly with increasing temperature (∼ 2× decrease in lifetime over a ∼50 K increase).

These predictions should be directly testable by future temperature-dependent time-resolved

photoelectron spectroscopy experiments.

Finally, the two models also predict significant differences in the temperature-dependent

pump-probe transient absorption spectroscopy of the hydrated electron, experiments that

we carried out subsequent to these predictions and which are described in the following

paper(106). The changing lifetime and ground-state cooling times predicted by the non-

cavity model lead to direct signatures in the transient absorption spectroscopy that are

observed nearly as predicted by experiment. Moreover, the non-cavity model also predicts

the presence of stimulated emission at early times in the transient spectroscopy, with both

the amplitude and lifetime of the stimulated emission decreasing with increasing tempera-

ture, again almost exactly as observed by experiment. In contrast, the cavity model of the

hydrated electron predicts almost no change in the transient spectroscopy with temperature,

and no signs of stimulated emission at early times, features that are both in contrast with

experiment. For both models, the simulations show clearly that hot ground-state electron
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produced after the radiationless transition from the excited state is far out of equilibrium, so

that modeling this species assuming the electron is at equilibrium but at a higher temperature

requires the use of an unphysically high temperature, as is also observed experimentally.

Overall, it is clear that one-electron models of the hydrated electron, whether they produce

cavity or non-cavity structures, cannot explain all of the known properties of this simplest

of quantum solutes. Ultimately, it will be left to ab initio calculations to fully cement

the connection between a microscopic structural picture of the hydrated electron and its

behavior in the myriad experiments whose results have been reported in the literature. But

since the use of many-electron simulations to calculate ensembles of non-adiabatic excited-

state trajectories with hundreds of water molecules plus an excess electron at several bulk

temperatures is presently out of computational reach, we can still take advantage of one-

electron models to make definitive predictions for future experiments that will help us to

refine our understanding of the possible structures of the hydrated electron. Our conclusion

based on comparing the results of these simulations to experiment is that there must be some

type of structural change of the electron involving the density of interior water molecules as

a function of temperature, and that non-cavity or ‘hybrid’ models capture this temperature-

dependent structural change better than the more traditional cavity picture.
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Chapter 4

Thermal Equilibration Controls

H-bonding and the Vertical

Detachment Energy of Water Cluster

Anions

Reprinted with permission from Zho, Chen-Chen, Vojtěch Vlček, Daniel Neuhauser, and

Benjamin J. Schwartz. “Thermal Equilibration Controls H-Bonding and the Vertical De-

tachment Energy of Water Cluster Anions.” The journal of physical chemistry letters 9, no.

17 (2018): 5173-5178. Copyright 2018 American Chemical Society.

4.1 Introduction

There are many chemical and radiological processes that create an excess electron in liquid

water, known as a hydrated electron. Hydrated electrons are involved in the damage to bio-

logical systems caused by ionizing radiation, in the decomposition of radioactive waste,(46)

and in many important atmospheric chemistry reactions(121). Despite numerous experi-
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mental and theoretical studies, there is still great controversy over the basic nature of the

hydrated electron, including whether or not it occupies a cavity or encompasses many interior

water molecules.(32; 35; 38–40; 49)

There also have been extensive related studies aimed at understanding the properties of

negatively-charged water clusters. Water anion clusters with specific sizes have been prepared

in gas-phase molecular beams from neutral water clusters that are crossed with an electron

beam, expanded through a nozzle, and then mass selected. These water cluster anions can

be thought of as nanoscale versions of the bulk hydrated electron, and indeed, many of their

properties extrapolate well to the bulk with increasing cluster size.(5; 10) One of the most

basic experiments performed on these cluster anions is photoelectron spectroscopy, which

measures the binding energy (or vertical detachment energy, VDE) of the excess electron

attached to the water cluster. In nearly every photoelectron experiment on negatively-

charged water clusters, multiple VDEs of the excess electron are observed.(4–9) The multiple

detachment peaks appear in branches, where the binding energy of the peaks in each branch

increase roughly linearly with cluster size, although the slope of the VDE with cluster size

is different for each branch.(7) Moreover, the relative amplitudes of the different binding

energy branches are known to change based on the way the cluster anions are prepared:

preparation conditions that allow for greater thermalization of the clusters, such as using

higher backing pressures, tend to produce photoelectron spectra with higher VDEs, while

conditions that produce more rapid cooling, such as lower backing pressures, tend to create

clusters with lower VDEs.(6; 8) The temperature of these clusters are unknown, but a rapid

cooling is generally considered to produce clusters in metastable states, while thermalization

makes the clusters closer to equlibrium.(8)

It seems clear that the different families of water cluster anion binding energies must

correspond to different structural isomers, but the possible structures of these isomers and

the reason why these clusters present only a few discrete binding energies per cluster size

rather than a broad continuum of energies is still unknown. One possibility is that different
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VDE branches correspond to different locations in the clusters where the excess electron can

localize.(6; 23; 122) For example, if electrons sit on the clusters’ surfaces, they will be more

loosely bound and have lower VDEs, whereas electrons that reside in the clusters’ interiors are

expected to be more tightly bound with larger VDEs. This idea of interior and surface-bound

isomers has been supported by some theoretical calculations,(22; 23; 122) although other

calculations have suggested that surface-bound electrons also can show multiple VDEs.(25)

Of the theoretical calculations that have investigated the water cluster anion VDE prob-

lem, many have used post Hartree-Fock methods and/or density functional theory.(11–20)

But essentially all of these calculations have been performed on static water anion cluster

structures at absolute zero. This means that none of them has directly mimicked the ex-

perimental preparation conditions of the negatively-charged water clusters, which is clearly

of great importance to understanding the distribution of observed VDEs. Of the few calcu-

lations that do incorporate some type of dynamics to simulate different water anion cluster

structures, most are either based on one-electron pseudopotentials(21–25) or based on density

functional theory (DFT) methods that have only local exchange (e.g., using the BLYP(26)

or PBE(27) functionals), both of which suffer from large errors when used to calculate one-

electron energies such as VDEs.

In this work, we use Born-Oppenheimer molecular dynamics (BOMD) to simulate the

experimental photoelectron spectroscopy of negatively-charged water clusters as closely as

possible. We focus on three cluster sizes, six, 11 and 20, and we choose a range-separated

hybrid functional (the BNL functional(123; 124)) that we show is particularly well-suited to

reproducing VDEs in water anion clusters. We then mimic the photoelectron spectroscopy

experiments by performing our simulations in two different ways, as summarized in Fig. 4.1.

In one set of simulations, we run room temperature BOMD on neutral water clusters, attach

an excess electron to a series of uncorrelated cluster configurations, and then perform an im-

mediate geometry optimization on these configurations to represent clusters produced with

poor thermalization conditions in the experiments. In the other set, we run room temper-
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ature trajectories on water anion clusters, generating a variety of uncorrelated thermalized

configurations that we then geometry optimize to represent the more equilibrated cluster

anion experimental preparation conditions. We find that with the two sets of simulations,

we are able to accurately reproduce the VDEs of negatively-charged water clusters from a

variety of experimental groups.(6; 8; 9; 125) For the sizes of clusters we studied in this work,

the excess electron always resides on the cluster surface, so the different binding energy

branches are not the result of surface and interior-bound clusters. Instead, we see that the

different VDEs result from isomers that have different degrees of hydrogen bonding from the

waters on the surface of the cluster, a result that fits well with IR spectroscopy.(126) The

discrete VDE branches thus result from the fact that there are only so many combinations

of surface hydrogen bonds available to bind the excess electron.

4.2 Method

One of the key features that sets our calculations apart from previous work is our use of

an optimally-tuned range-separated hybrid (RSH) DFT functional(127) that enforces the

ionization potential theorem(128) and minimizes the spurious electron (de)localization seen

with more standard functionals.(129) RSH functionals are particularly adept at reproduc-

ing ionization potentials and electron binding energies given by much higher-level quantum

chemistry methods,(130) particularly for calculating the ionization potentials of small neu-

tral water clusters.(131) Our chosen BNL functional works particularly well for calculating

the VDE of negatively-charged water clusters, and we show in the Supporting Information

(SI) that a single value of the range separation parameter is optimum for all the different

cluster geometries sampled by our BOMD trajectories. Figure 4.2 compares the ionization

of potential of water anion clusters with different geometries and sizes calculated at the eom-

CCSD level of theory to those calculated by DFT with our optimally-tuned BNL functional;

both sets of calculations using the 6-311++G** basis set. Clearly, with the appropriate
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Figure 4.1: Method of simulating photoelectron spectroscopy experiments on water anion
clusters via Born-Oppenheimer molecular dynamics. Starting from snapshots of a neutral
water cluster obtained from classical molecular dynamics, BNL-based BOMD is performed
at 300 K both before and after charging the water cluster with an excess electron. A ge-
ometry optimization search is then performed on uncorrelated configurations from both the
neutral (where the extra electron is added instantaneously) and anionic trajectories to find
the nearest energy local minimum, thus simulating a thermal quenching process. In this
way we are able to sample both metastable and equilibrated structures like those produced
experimentally by studying charged water clusters both before and after they have been
thermally equilibrated.

functional, DFT can provide detachment energies with less than 1% fluctuation compared

to what is essentially the ‘gold standard’ of quantum chemistry(132); the DFT results are

significantly better than MP2, which is often used for calculating binding energies of water

anion clusters, as discussed in the SI. The DFT results do consistently overbind the electron

by 0.25 eV relative to the eom-IP-CCSD results, but this overbinding is independent of clus-

ter size and geometry. Thus, in the results discussed below, all VDE values were calculated

using DFT with the BNL functional with a −0.25 eV correction, providing what should be

the most accurate possible binding energies.
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Figure 4.2: Ionization potentials (IPs) calculated for various (H2O)−4 , (H2O)−5 and (H2O)−6
water anion clusters, calculated by both eom-IP-CCSD and DFT using the BNL functional
with the optimal range separation parameter; see the SI for details. Both sets of calculations
use the 6-311++G** basis set. The dashed line corresponds to y = x + 0.25, showing the
excellent agreement between the BNL and eom-IP-CCSD VDE values with a systematic shift
of 0.25 eV but with less than 1% fluctuation between the two methods.

4.3 Results and Discussion

With our chosen BNL functional properly benchmarked and using the simulation methods

as described in the Supporting Information (SI), we ran a series of both neutral and anionic

water cluster trajectories to produce water anion cluster structures as outlined in Fig. 4.1.

Figure 4.3 shows the calculated VDEs from these trajectories, which are the principal results

of this work; there are no adjustable parameters or modification of the theoretical results

other than the 0.25-eV shift mentioned above and a Gaussian broadening of 0.25 eV to re-

flect the experimental photoelectron energy resolution. The left panels in the figure show the

results for 6-water-molecule clusters, the center for 11-molecule clusters, and the right panels
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for 20-molecule clusters. The plots in the upper row (black and magenta curves) show exper-

imental results for each cluster size from different groups (or in the case of (H2O)−11 clusters,

two results from the same group under different thermalization conditions).(6; 8; 9; 125) The

center row (red curves) shows our results of the VDE distribution from anion configurations

created from the neutral water trajectory, representing metastable or poorly thermalized

experimental conditions, while the bottom row (blue curves) shows the VDEs calculated

from our anionic cluster trajectories. The vertical gray and magenta lines are the reported

experimental VDEs for each cluster size,(6; 8; 9; 125) drawn to facilitate comparison between

the experimental and theoretical results. Clearly, the agreement between the experimental

and theoretical VDEs is outstanding.

In addition to the remarkable agreement between experiment and theory, Fig. 4.3 shows

that the calculated photoelectron spectra of metastable water anion clusters, generated from

the neutral water cluster trajectories, manifest lower binding energies relative to the pho-

toelectron spectra of the more thermally equilibrated clusters, generated from the water

anion cluster trajectories. This finding is also in excellent agreement with the experimental

observation that more equilibrated cluster anions have larger VDEs, as seen in experiments

from the Neumark group which used different backing pressures (black and dashed black

curves in the upper center panel).(8) We also are able to produce the very high binding

energy shoulder seen in experiments from the von Issendorf group that worked to make

the anion clusters as thermally equilibrated as possible (magenta curve in the upper right

panel),(9) which were not present in earlier work that presumably produced more metastable

clusters.(6) Clearly, the main reason that different groups see different photoelectron spectra

for water anion clusters is because of different degrees of thermal equilibration, a finding

that is now theoretically justified.

Why does the degree of thermal equilibration affect the VDEs of water anion clusters?

As mentioned above, several groups have proposed the idea that the multiple peaks in the

photoelectron spectra can be attributed to the presence of different structural isomers in
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Figure 4.3: Experimental and simulated photoelectron spectra for (H2O)−6 (left), (H2O)−11
(center) and (H2O)−20 (right) water anion clusters. The data in each column are plotted on the
same x-axis, and the vertical lines indicate the experimental VDEs for ease of comparison.
The peaks labelled by stars or asterisks in the upper row are known to be experimental
artifacts and were not included in the fits used to determine the experimental VDEs.(6; 8)
The apparent tails to negative VDEs in the theoretical calculations result from both the
Gaussian broadening applied to mimic the experimental energy resolution, and the 0.25-eV
shift added so that the DFT-based energies match those from higher-level quantum chemistry
calculations (cf. Fig. 4.2); these structures were not unbound during the BOMD trajectories.
The middle row/red curves show the photoelectron spectra predicted for metastable clusters,
where the electron is attached to a neutral water cluster and quenched immediately. The
bottom row/blue curves show the calculated photoelectron spectrum for equilibrated clusters
generated from the anion trajectory, representing more thermally equilibrated clusters. The
calculated photoelectron spectra are further divided into sub-peaks by way of binding motifs,
represented by the dashed green (double H-bond acceptor) and cyan (dangling H-bond)
curves in the second and third rows; see text for details. These H-bond binding motifs are
illustrated below in Fig. 4.4 and discussed in the text.

which the excess electron is bound either to the surface of the cluster or in the cluster’s

interior. For the clusters studied in this work, we have found that the excess electron always

is attached to a cluster’s surface: the majority of the electronic density resides outside the
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volume defined by the water molecules, as shown for two representative (H2O)−20 clusters

in Fig. 4.4. In every snapshot we examined, the distance between the centers-of-mass of

the water molecules and the excess electron was always ∼1 Å larger than the radius of

the cluster (see the SI). This verifies that for water anion clusters with up to at least 20

water molecules, there is no (energetically) easy way to solvate the electron in the cluster

interior, and that interior solvated states are not needed to explain the multiple discrete

VDEs observed in photoelectron spectroscopy experiments. This agrees with some previous

studies where surface-bound states were argued to be the predominant factor in determining

the properties of water cluster anions.(26; 27; 108)

Figure 4.4: Spin density (blue isosurface plotted at 75% of the maximum density) for two
representative (H2O)−20 clusters demonstrating that the excess electron is attached to the
surface of the water cluster. (1) Structure where single dangling O–H bonds from water
molecules on the surface of the cluster are what binds the excess electron; these waters
donate their other H-bond to other water molecules in the cluster. (2) Structure where single
water molecules making two H-bonds to the excess electron, so-called ‘double-acceptor’ water
molecules. In both panels, the water molecules involved in making H-bonds to the excess
electron are highlighted with more saturated colors.

Given that the excess electron always resides on the surface in clusters of the size range

studied here, the next question we explore is why such clusters have different discrete pho-

todetachment energies. After careful examination of the water anion clusters from our tra-
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jectories, we have found that they can always be classified into two categories, with precise

definitions given in the SI. The first category consists of electrons bound to the cluster by

accepting single hydrogen bonds from surface water molecules, which we refer to as ‘dangling

H-bond’ (D) waters, as illustrated in Fig. 4.4(1). These types of configurations predominate

in the metastable clusters and tend to have lower VDEs, as illustrated by the cyan dashed

curves in Fig. 4.3. The second category is when a surface water molecule on the cluster

binds the excess electron with both its H-bonds, which we refer to as ‘double acceptor’ (AA)

waters because they only accept H-bonds from other waters, as shown in Fig. 4.4(2). These

configurations abound in thermally equilibrated clusters and tend to have higher VDEs, as

illustrated by the green dashed curves in Fig. 4.3. The fact that water anion clusters indeed

have different H-bond stabilization motifs is known from IR photodetachment spectroscopy

experiments, which observed a splitting of the water bending vibration consistent with D

and AA waters binding the excess electron (126; 133), where for a small cluster of 7-8 waters,

an AA binding motif was shown to correspond to the higher energy peak in photoelectron

spectra and D to the lower energy peaks, both spectroscopically(134) and by ab initio calcu-

lations of a few static geometries(135). The number of O-H’s pointing to the excess electron

and their spacial arrangement also influence the VDE. Such influence is the reason for the

sub-structures seen in the simulated spectra; often times it is a relatively continuous effect

and contributes to the broadening of the peaks.

Our observation that D and AA binding motifs are preferred for metastable and thermally

equilibrated water anion cluster configurations makes sense. For the metastable anion clus-

ters with mostly D-type electron stabilization, the neutral water cluster precursors have the

surface waters primarily H-bonded to each other, with an occasional dangling H-bond point-

ing out of the cluster. When the excess electron is attached, the surface waters have little

ability to reorganize, so the electron binds to the place on the cluster surface where it can re-

ceive the most dangling H-bonds from the water. The single dangling H-bonds don’t hold the

electron very tightly, however, so these metastable clusters have lower VDEs, with the bind-
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ing energy dependent on the number of dangling H-bonds. For the thermally-equilibrated

cluster anions, it is clear that binding the electron with AA waters provides additional sta-

bility, and the thermal energy available to these anion clusters permits reorientation of the

surface waters to do so. The need to break two H-bonds per AA water produces equilibrated

water anion clusters with higher VDEs. Clusters that have different discrete numbers of D

and/or AA waters binding the excess electron thus have different discrete VDEs, explaining

why different groups see different VDE distributions based on cluster preparation conditions,

and why a continuum of photodetachment energies from water anion clusters is not observed.

4.4 Conclusions

In summary, we have simulated the dynamics of (H2O)−6 , (H2O)−11 and (H2O)−20 clusters

using DFT methods that are benchmarked to quantitatively reproduce electron binding

energies. We find that by preparing the water anion clusters in two different fashions designed

to best mimic the different conditions used experimentally, our calculations successfully

reproduce the multi-peak features seen in the experimental photoelectron spectra of water

anion clusters from different groups. For anion clusters with up to 20 water molecules, our

simulations show that the electron is always bound to the surface of the cluster, with no

sign of interior electron solvation states. The different VDEs of different clusters of the same

size result from the nature of the hydrogen bonds of the surface water molecules that bind

the electron: the more water molecules that make H-bonds to the electron, the higher the

binding energy, and waters that make two H-bonds to the electron provide more stabilization

than those that make only a single H-bond. The distribution of H-bonds in a given cluster

depends sensitively on the preparation conditions, with doubly H-bonded waters playing a

greater role in more thermally equilibrated anion clusters. The different discrete VDEs seen

experimentally thus reflect cluster geometries with different numbers of water molecules that

make discrete numbers of single or double H-bonds with the excess electron. Although all
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the clusters simulated here were too small to form an interior electron, our goal is that this

work will pave the way toward ab initio studies of larger cluster anions and eventually the

bulk hydrated electron, eventually addressing the controversy over its cavity or non-cavity

structure.
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Appendix A

Scripts for running molecular

dynamics

Some of the author’s scripts are commented and uploaded to the group’s folder on bit-

bucket.org.

/util/hot ground abs/ and /util/non adiabatic fix state includes scripts for non-adiabatic

molecular dynamics using the group’s code.

/util/NAC weighted rdf.py and /util/dist Ek.f90 shows how to incoporate extra informa-

tion into the radial distribution function.

/util/RSH tuning/ includes everything one needs for tuning a range-separated hybrid func-

tional using QChem.

/util/qchem aimd/ includes a script for running ab initio MD using QChem. It resubmits

itself automatically and stores information in log files.
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diabatic decay mechanism of an excited hydrated electron. J. Chem. Phys., 127(17),

2007.

[91] Oleg V Prezhdo and Peter J Rossky. Solvent mode participation in the nonradiative

relaxation of the hydrated electron. J. Phys. Chem., 100(43):17094–17102, 1996.

[92] M. J. Bedard-Hearn, R. E. Larsen, and B. J. Schwartz. Projections of quantum ob-

servables onto classical degrees of freedom in mixed quantum/classical simulations:

Understanding linear response failure for the photoexcited hydrated electron. Phys.

Rev. Lett., 97:130403, 2006.

[93] B. J. Schwartz and P. J. Rossky. Hydrated electrons as a probe of local anisotropy:

Simulations of ultrafast polarization-dependent spectral hole-burning. Phys. Rev. Lett.,

72:3282–5, 1994.

[94] D. Madsen, C. L. Thomsen, J. Thøgersen, and S. R. Keiding. Temperature dependent

relaxation and recombination dynamics of the hydrated electron. J. Chem. Phys.,

113(3):1126–1134, 2000.

88



[95] David M Bartels, Kenji Takahashi, Jason A Cline, Timothy W Marin, and Charles D

Jonah. Pulse radiolysis of supercritical water. 3. spectrum and thermodynamics of the

hydrated electron. J. Phys. Chem. A, 109(7):1299–1307, 2005.

[96] Jennifer R Casey, Benjamin J Schwartz, and William J Glover. Free energies of cavity

and noncavity hydrated electrons near the instantaneous air/water interface. J. Phys.

Chem. Lett, 7:3192–3198, 2016.

[97] Chen-Chen Zho and Benjamin J Schwartz. Time-resolved photoelectron spectroscopy

of the hydrated electron: Comparing cavity and noncavity models to experiment. J.

Phys. Chem. B, 120(49):12604, 2016.

[98] Fang-yuan Jou and Gordon R Freeman. Shapes of Optical Spectra of Solvated Elec-

trons. Effect of Pressure. J. Phys. Chem., 87(9):909–15, 1977.

[99] Fang-yuan Jou and Gordon R Freeman. Temperature and Isotope Effects on the Shape

of the Optical Absorption Spectrum of Solvated Electrons in Water. J. Phys. Chem.,

83(18):2383, 1979.

[100] Cédric Nicolas, Anne Boutin, Bernard Lévy, and Daniel Borgis. Molecular simula-
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