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Abstract 

Water ice is prevalent in many environments, from the surface and atmosphere of Earth to 

molecular clouds in the interstellar medium. High energy photons initiate photoreactions via 

excitation of water or contaminant species within these environments. This thesis describes 

increasingly sophisticated Molecular Dynamics (MD) simulations applied to investigate 

photodynamics in amorphous solid water (ASW), ice XI, and ice Ih. Additionally, results from a 

velocity map imaging apparatus, which has been augmented for the study of low temperature solid 

samples, are presented. Specifically, preliminary results for NO2:Ar photodissociation are shown. 

In the MD simulations, dynamics of the primary photodissociation products - H and OH - are 

followed until they desorb, recombine, or are trapped in the ice matrix. Photoexcitation is described 

using ground 1

1X A  and excited 
1

1A B  ab initio potential energy surfaces for H2O. Additionally, the 

impact of including flexible water models, zero point energy consistent vibrational motion, and a 

secondary reaction (formation of H3O) is discussed.  

Overall, OH radicals are much less mobile than H.  For this reason, OH desorption is rare and 

OH typically traps very close to the photoexcitation location. In contrast, H usually travels past 

several water molecules, to settle between hexagonal rings of water molecules present in crystalline 

ice. H atom desorption is frequent and occurs with a kinetic energy distribution reflective of surface 

H atoms which leave the matrix with little to no collisions. Excitation deeper in the ice leads to a 

broadened kinetic energy distribution which favors lower energies. Inclusion of H3O formation 

leads to H exchange reactions and slowed H and OH dynamics. H3O formation is thought to be a 

source of H2, but the ice structure prevents H approaching H2O along the reaction coordinate. H2 is 

not formed in the simulations.   
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Chapter 1 

Introduction and Literature Review 

1.1 Introduction 

The photochemistry of water ice and its inclusions plays an important, although not fully 

understood, role in the interstellar medium (ISM) and the polar regions of Earth.  These regions 

act as sinks for a number of volatile organic and inorganic compounds, which will accumulate 

unless decomposition pathways are available.1 During the polar summer, ultraviolet (UV) 

irradiation is known to destroy some of these compounds and convert them into volatile 

photoproducts, which influence the atmospheric chemistry of the region. Moreover, UV 

irradiation has been found to aid in the global transport of these substances.2  In the interstellar 

medium, icy mantels (which are formed on  dust grains in ~3 – 90 K molecular clouds3) are 

believed to be the site of many interesting and important vacuum UV photochemical reactions.4   

The vacuum UV photochemistry of low temperature water ice forms a starting point for 

more complex studies, and has been the subject of several experimental and computational 

studies.4-18 A full understanding of the photochemistry of crystalline ice (CI) and amorphous solid 

water (ASW) remains elusive, but is needed before comprehensively tackling the photochemistry 

of other contaminants in ice. The bulk of my work has been focused on increasingly complex 

molecular dynamics (MD) simulations designed to study photodynamic processes occurring in 

pure water ice. In addition, I have worked alongside Dr. Steven Walker in the design and 

construction of a velocity map imaging (VMI) experiment capable of studying these systems. 

This thesis will report on the progress and results of these studies. 
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1.2 Photoexcitation in Water Ice 

Vacuum UV (VUV) absorption of gaseous water from ~ 6.4 eV up to ~12 eV 

corresponds to excitation from the ground 
1

1X A state to a variety of excited electronic states of 

water. The first broad feature, which peaks at ~ 7.5 eV, corresponds to the 
1 1

1 1A B X A  

transition.19, 20 Absorption at energies above 8.5 eV correspond to 
1 1

1 1B A X A  and 

1 1

1 1C B X A  transitions, as well as transitions to higher states, and to Rydberg states which 

extend to the ionization threshold.20-24  In liquid water, the peak of the 
1 1

1 1A B X A  absorption 

shifts to ~8.3 eV and is followed by a broad blended absorption beginning at ~10 eV.19 In ice, the 

transition to the 
1

1A B  state is broadened further and peaks at ~8.6 eV.19, 25-27 Interestingly, a low 

amplitude ice absorption is also observed close to the gas phase value of 6.4 eV.10, 18 This low 

energy absorption presumably arises from surface water molecules28 due to the large energy shift 

towards the gas phase absorption energy.   

Following excitation to the 
1

1A B  state, H2O dissociates via two major pathways. The 

dominant pathway yields H + OH while the other yields H2 + O:29 

 
2

2

H O h H OH

H O

  

 
.  (1.1) 

In calculations conducted for this thesis, I will focus on dynamics which follow photoexcitation 

of a single water molecule in ice to the dissociative
1

1A B state. In order to simulate photoexcitation 

I will employ the Dobbyn and Knowles30 ab initio potential energy surfaces for the 1

1X A  and 

1

1A B  states of gas phase water.  Both pathways in (1.1) are possible outcomes of the 

photoexcitation, in principle, although formation of H2 and O is not observed in our simulations.   

The VUV absorption spectrum is readily calculated from the simulations and our results 

are compared with experimental observations. In addition, the absorption spectrum is a direct 
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indication of the energy available to the photoexcited molecule and dissociating fragments. 

Following dissociation of the excited molecule via Equation (1.1), I will report on the dynamics 

of the primary photoproducts as they evolve in the ice or amorphous solid water matrix. 

1.3 Experimental Water Ice Photodissociation Studies 

The structure of water ice as well as its inclusions has been studied extensively in the past 

several years. Spectroscopic methods such as FTIR not only characterize the crystallinity of the 

sample, but also provide information about the local environment of contaminant species.14, 31-35 

In order to study photodissociation, several groups have applied lamp or laser photolysis coupled 

with mass spectrometric detection in order to study photochemically induced reactions and stable 

photoproducts.8-11, 13, 15, 18, 36-43 

 Yabushita et al.9, 10 have conducted time-of-flight (TOF) experiments in order to 

investigate H atom desorption kinetics from amorphous solid water and crystalline ice using 157 

nm (7.9 eV) and 193 nm (6.4 eV) radiation. For a photon energy of 7.9 eV, desorbed H atoms 

were observed to follow three different distributions. A fast component dominated the spectrum 

and was attributed to H atoms produced at the surface.  Intermediate and slower distributions 

were attributed to H atoms produced just below the surface and deeper in the ice, respectively. In 

contrast, with 6.4 eV radiation, only a fast component was observed consistent with dissociation 

at the surface from “dangling H atoms” or H atoms which point towards the vacuum. For ASW, 

the slow component was not only dominant for 7.9 eV excitation, but also at 6.4 eV. It was 

proposed that, for the case of ASW, the porous structure leads to dangling H atoms which orient 

inward and not towards the vacuum. An (H2O)n cluster study using 6.4 eV and 10.2 eV photons 

performed by Poterya et al.18 confirms the assessments made by Yabushita et al. Furthermore, 

Poterya et al. suggest that the slow H component which results from an interior H2O excitation 

likely arises from H3O formation and subsequent dissociation which would allow for enhanced 

energy quenching over pure collisional quenching. 
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 The dissociation in Equation (1.1) shows that OH radicals are produced along with the 

formation of energetic H atoms. Very few studies have directly observed OH radical desorption 

kinetics from photoexcitation of CI, presumably due to the majority of OH being trapped. 

However, OH radical dynamics following photoexcitation of ASW have been observed by 

several groups7, 14, 15, 36, 38, 41, 43 either directly through observation of trapped or desorbed OH or 

indirectly through observation of secondary reaction products, i.e. H2O2, HO2, O2. In the case of 

ASW excitation, OH radical desorption is observed with a single kinetic energy distribution 

consistent with a temperature much higher than the bulk. The observation of a single temperature 

distribution is presumed to be due to the reactivity of OH radicals. OH desorption occurs 

following no collisions with neighboring water molecules, as these will most often be reactive 

collisions that lead to molecule re-arrangement or too little kinetic energy for desorption.  

 Photoexcitation of CI or ASW leads to observation of the primary photoproducts from 

Equation (1.1). Additionally, it is plausible to observe energetic water molecules arising from the 

reverse of Equation (1.1) or secondary reactive processes. In the studies conducted by Westley et 

al.36 and Oberg et al.15, H2O desorption was observed from photoexcitation of ASW with 10.2 eV 

photons. In order to elucidate desorption pathways for H2O, Yabushita et al.7, 44 conducted studies 

investigating the internal energy and kinetic energy distributions of desorbed H2O.  Low vibration 

H2O is proposed to be due to H + H2O collisions in the matrix leading to H2O desorption with low 

kinetic and internal energy. The presence of vibrationally excited H2O could be confirmed from 

the experiments but the kinetic energy distribution was difficult to determine. Vibrationally 

excited H2O is likely to occur from recombination of the primary photoproducts, H + OH, 

followed by desorption. 

 Beyond the primary photoproducts discussed above are the secondary photoproducts 

which are possible. H2 is the most abundant molecule in the interstellar medium, although an 

exact creation mechanism which explains the abundance is currently unknown. Production of H2 
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has been the center of a number of studies.11, 15, 25, 36, 37 Photolysis of pure water ice can yield H2 

through a number of reaction pathways but H2 production is assumed to occur via two main 

pathways with the bottom reaction of Equation (1.1) representing a third minor pathway: 

 
2

2 2

H H H

H H O H OH

 

  
.  (1.2) 

The first reaction in Equation (1.2) represents hydrogen formation in which two H atoms within 

ice combine to yield H2 while the bottom equation is a hydrogen abstraction reaction. The top 

equation in Equation (1.2) is exothermic and will readily occur while the lower equation is 

endothermic by ~ 0.6 eV and proceeds along a ~ 0.9 eV vibrational reaction barrier.45-53  

Although the barrier for H2 production via the bottom equation in Equation (1.2) is relatively 

high, H2 abstraction from the reaction of H with H2O is believed to be a major contributor to the 

H2 abundance in the ISM as the top equation in Equation (1.2) requires a buildup of H atom 

concentration in the ice to give a significant yield. In ASW experiments conducted by Yabushita 

et al.11, 37 both reactions in Equation (1.2) were observed. The two reactions were readily 

identified from the difference in the internal energy distribution of the products; H2 produced via 

hydrogen recombination is predicted to occur with high vibrational excitation54 while hydrogen 

abstraction will yield low vibration H2.53 

 Beyond H2 formation, other secondary reaction products include H2O2, O2, and HO2. 

Additionally, inclusions within ice such as NH3 or CO will yield a wider array of possible 

reaction pathways. These reactions will not be directly considered in this thesis and so the 

interested reader is referred to research conducted by other groups and references therein.15, 36, 43, 

55-58  

1.4 Theoretical Advances in Water Ice Photodissociation 

Ab initio studies of water ice photoexcitation are largely limited by system size and so 

long range dynamical information cannot be obtained.  However, accurate calculation of isolated 
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photoexcitation events or short range dynamics reveals the potential for complex reactions and 

can be coupled with classical dynamics methods. Calculation of the excitation spectrum of water 

for small clusters26, 59-63 reveals electronic state properties applicable to the bulk. Absorption in 

gas phase water occurs at 7.4 – 7.5 eV.20 In the condensed phase absorption shifts to ~ 8.7 eV.64 

Small (2 – 5 molecule) water cluster studies using high-level coupled cluster methods have shown 

that the majority of the blueshift in the absorption spectrum occurs when the excited water is 

solvated with four water molecules; two donating hydrogen bonds and two accepting hydrogen 

bonds.26, 61-63 Additionally, these studies have shown that although excitations in the solvating 

water molecules occur with significant state mixing between hydrogen bond donor and acceptor 

molecules, excitations in the central molecule are largely localized. That being said, hydrogen 

bond acceptors in the solvation shell have a larger effect on the excitation energy for the central 

water over hydrogen bond donors. Electronic excitation is largely localized to the central 

molecule but solvating water molecules still have an observable effect on the state energies. Ab 

initio MD studies59, 60 with larger system sizes have explained the blueshift based on electrostatic 

arguments alone. The polarity of water in the excited state is reversed. Due to the organized ice 

structure, this polarity swap destabilizes the excited state by ~ 1.4 eV,59 leading to significant blue 

shift in the absorption spectrum. UV absorption in ice can be modeled well by localized 

excitation of a single water molecule to an excited state with opposite polarity. 

Quantum trajectory or ab initio molecular dynamics studies on small clusters provide 

insights in to reactive events, potential energy transfer pathways, as well as complex dynamics 

not well suited to classical dynamics methods. Ab initio molecular dynamics studies65, 66 reveal 

interesting dynamics for the OH radical only accessible using fully quantum mechanical 

treatments. In ice or liquid water OH trapping via accepting or donating an H bond can be well 

described using either classical force fields or fully quantum mechanical treatments. Only 

observable in ab initio studies, however, is the formation of a hemibond with water. This is a 
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local minimum structure similar in energy to accepting a hydrogen bond from water and only 

~0.1 eV higher in energy than the global minimum, H bond donating, structure. Hemibond 

formation is important as it occurs closer to a water molecule, ~0.24 nm, than either of the H 

bonded structures, 0.26 – 0.29 nm, and involves electron sharing between the singly occupied π 

orbital on OH with the doubly occupied π lone pair on water.66 In liquid water hemibond 

formation assists in H atom transfer between H2O and OH radicals, i.e. H2O + OH* → OH* + 

H2O. However, in ice, the rigid network constrains the reaction path such that the H transfer 

probability is greatly reduced and is observed to be a rare event.65, 66  

Quantum trajectory calculations on the H + H2O reaction indicate reactivity for 

photodissociated H atoms in ice.67-70 Although the barrier for the H + H2O → OH + H2 reaction is 

only ~0.9 eV, the reaction cross section is quite small (~0.001 nm2 at a collision energy of 2.6 

eV) and the reaction coordinate is highly localized along collision of the energetic H atom with 

the H2O hydrogen to be abstracted. For H2O photodissociation in vapour or liquid, this reaction 

will be much more probable than in a rigid ice structure in which the hydrogen bond network 

prevents two H atoms being directed at one another.  

 Classical molecular dynamics (MD) simulations of water ice photolysis can provide a 

molecule scale view of the photochemistry occurring in ice, over the time scales required for 

fragment desorption, trapping, or recombination. Research has been mostly limited to the study of 

primary photoproducts, i.e. the formation of H and OH and their respective energy and spatial 

distributions, but insights on the branching ratios and quantum state distributions of the different 

reactions are possible. Andersson et al. have conducted several detailed theoretical investigations 

centering on the photochemistry of CI and ASW.4-8, 16, 17, 38, 42  The dynamics of the primary 

photoproducts resulting from the dissociation of a single H2O molecule, Equation (1.1), within 

water ice at a temperature of 10 K was examined.  The non-reacting (bulk) water molecules were 

represented using the rigid TIP4P model71 while the dynamics of the photoexcited molecule was 
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based on an interpolation to the excited state ab initio potential energy surface developed by 

Dobbyn and Knowles,30 allowing for atomic motion and dissociation of the photoexcited 

molecule.  The photofragments moved throughout the CI or ASW matrix but were not allowed to 

react with neighboring molecules.  Andersson et al. focused on identifying the chemical identity 

of possible photoproducts as well as the corresponding internal and kinetic energy distributions, 

and the range of travel within the ice matrix. Simulation outcomes were correlated to the ice 

morphology and the starting location of the photoexcited molecule. Initial studies4, 5 served to 

establish a photodissociation model for ice which other groups, including our own, have 

borrowed from. More focused studies investigating H,6 OH,6, 7, 38 and H2O7, 8, 42 dynamics 

followed these initial studies. In addition, Andersson et al.6, 7, 16 as well as Arasa et al.17, 72, 73 have 

applied the model to investigate temperature and isotope effects on outcomes, vibrational 

distribution of the primary photoproducts, and comparison with astrophysical observations. 

Additionally, Arasa et al.74 have expanded their force field model to simulate CO embedded in 

ice and further investigate CO2 formation in interstellar ices. 

1.5 Thesis Goals and Organization 

This thesis will report on experimental and theoretical investigations of low temperature 

solids, with an emphasis on low temperature crystalline ice and amorphous solid water. 

Experimental work conducted alongside Dr. Stephen Walker involved construction of a velocity 

map imaging (VMI) apparatus for this purpose. The initial goal of the project was to perform 

water ice studies akin to those conducted by Yabushita et al. as described in Section 1.3. A VMI 

capable of studying low temperature solids was successfully constructed but due to time 

constraints initial tests were conducted on NO2:Ar systems for simplicity. NO2 photodynamics are 

very complex, but also extremely well studied. NO2 will provide an interesting test for the 

apparatus with a large literature database to compare to. In order to keep system-matrix 
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interactions to a minimum for these initial tests, Ar was chosen as the matrix material. Further 

details on the apparatus and the results of initial experiments will be covered in Chapter 2. 

Molecular dynamics simulations investigating water ice photolysis represent the bulk of 

my thesis. Previous MD studies, mentioned in Section 1.4, used a fully rigid water model, 

TIP4P,71 while the photoexcited molecule was fully flexible, allowing for molecular dissociation. 

Interestingly, use of a rigid or flexible model to represent the bulk water molecules is more 

complicated than it may appear. At first glance it can be argued that the use of a fully rigid model 

for the bulk will yield an upper bound to the energetics of the primary photoproducts following 

photoexcitation. This is due to energy transfer from the photoexcitation event (excited H2O as 

well as the resulting dissociation products) to internal energy modes of the system being restricted 

to phonon and hindered rotation modes. In a real system the presence of vibrational modes will 

increase the number of energy transfer pathways available to the primary photoproducts and 

therefore decrease the observed kinetic and internal energy distributions. However all water 

molecules are also populated with a vibrational coordinate distribution consistent with zero point 

energy. In addition, energy transfer from one of the primary photoproducts to internal modes of a 

water molecule in the bulk will only be possible for specific, quantized energies. These 

considerations are not possible in simulations which follow classical dynamics. It can, therefore 

be argued that a rigid model might effectively treat collisions in ice as many collisions would be 

elastic due to the large vibrational energy spacing in water. It should be noted though, that the 

energy initially available to the primary photoproducts will be high enough to initiate energy 

transfer or secondary reactive events with water molecules which neighbor the photoexcitation 

event. I argue that although a rigid model should effectively treat the majority of interactions 

between the primary photoproducts and the matrix, the potentially reactive collisions which are 

likely to occur directly following excitation will be poorly represented. In order to study energy 

transfer and reactive events a flexible model is better suited, but will come with its own 
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drawbacks. At the temperature of interest for these studies a flexible model for water will result in 

internal energy distributions for the system well below zero point energy. Additionally, a flexible 

model may result in too much energy transfer, as in classical simulations internal energy is not 

quantized. Each of these arguments are taken in to account for the interpretation of simulation 

results as well as model development. 

The research in this thesis includes increasingly complex dynamics to describe not only 

the energetics of the primary photoproducts but also secondary reactive events.  In Chapter 4, the 

effect of molecular flexibility on the dynamics of the primary photoproducts is investigated. To 

this end, I employ a fully flexible water model and compare with a study involving a fully rigid 

version of the model. In these initial studies secondary reactive events are not permitted. 

Interestingly, flexibility is observed to result in vastly different kinetic energy distributions for the 

primary photoproducts, as compared with the rigid-model simulations, due to structural 

differences allowed by a flexible water model.  In Chapter 4, comparisons are also provided for 

CI versus ASW and two temperatures, 11 K and 125 K, are considered. 

As expected, the use of a fully flexible water model in classical simulations does not 

adequately describe zero point energy in the system.   This is particularly important at the low 

temperatures under consideration in this thesis where the ensemble of molecular structures is too 

close to the bottom-of-the-well equilibrium structure.   Zero point energy is a purely quantum 

mechanical result but can be mimicked in a classical simulation through the use of a mode 

specific or colored noise75 thermostat. Use of a colored noise thermostat results in interesting 

dynamics which capture the expected quantum mechanical coordinate distribution for the 

photoexcited molecule. Results of these simulations are given in Chapter 5.  Secondary reactive 

events are again not permitted, allowing for isolation of the effect of adding zero point energy.  

Inclusion of secondary reactive events requires a reactive force field as well as 

intermolecular potentials for all possible products. In Chapter 6, the zero point energy molecular 
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description of Chapter 5 is included along with H + H2O reactive events. To this end, an ab initio 

H3O force field is employed which accurately describes the reaction of H + H2O and all possible 

dissociation pathways. In these simulations, I attempt to capture not only reactive events but also 

the dynamics which follow, as the secondary reaction products move through the bulk. The 

studies in Chapter 5 and Chapter 6, which use classical dynamics methods to include zero point 

energy in water ice are the first of their kind, and secondary reactive events are rarely treated 

using MD. These studies not only provide interesting and important dynamical information for 

ice and amorphous solid water but also builds and expands upon previous formalisms. A 

complete description of the classical methods used in my studies, which includes the potentials 

and thermostats, is given in Chapter 3. 
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Chapter 2 

Theory and Development of a Velocity Map Imaging Apparatus for 

Solid Samples 

This Chapter describes a velocity map imaging (VMI) experiment designed to investigate 

photodynamics occurring in the condensed phase. The apparatus has been constructed by Dr. 

Stephen Walker and myself. Initial experiments on NO2 were conducted by Dr. Walker for his 

thesis1 and will be included in this chapter as an example of the experimental capabilities. 

The goal of this project was to augment an existing VMI in order to investigate water ice 

photolysis. Initial experiments with the apparatus involved spectroscopic detection and 

characterization of NO2 photolysis in an argon matrix. Due to time constraints, H2O studies were 

not conducted. In the experiments, 355 nm radiation from the third harmonic of a Nd:YAG laser 

is used to initiate photodynamics inside the Ar-matrix and on its surface. Desorbing fragments are 

ionized using resonance-enhanced multi-photon ionization (REMPI) which allows for quantum 

state selective detection of the photofragments. The internal energy distribution is thereby 

obtained directly from the REMPI intensity spectrum. In addition, the ionized fragments are 

projected onto a position sensitive detector and their radial kinetic energy distribution is 

measured. Section 2.1 provides a description of the experimental apparatus and the data 

acquisition and data interpretation. Section 2.2 details relevant topics in spectroscopy with 

specific reference to the observed spectroscopy of NO2. Section 2.3 describes the observation of 

the kinetic energy distribution through the ion signal and ion images. 

2.1 Experimental Description 

The VMI apparatus (Figure 2.1) is similar to a time-of-flight (TOF) mass spectrometer. It 

is constructed from stainless steel high-vacuum components and evacuated to ~5×10-7 Torr using 

two turbomolecular pumps. In NO2 experiments NO2:Ar mixtures in ratios within the 1:100 –  
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Figure 2.1: Two-dimensional sketch of the experimental apparatus (not to scale). The third 

harmonic of a Nd:YAG laser is used to excite and dissociate molecules frozen onto the tip of the 

cold finger. A frequency-doubled dye laser provides the pump and probe pulse for resonance 

enhanced multiphoton ionization of desorbed species. Specific components are as follows: A – 

Cold finger, B – Repeller electrode plate, C – Extractor electrode plate, D – Ground electrode 

plate, E – Micro-Channel-Plate ion detector, F – Phosphor screen, G – CCD Camera, H – Power 

monitoring optics and detector, I – Beam steering and focusing optics. 

 

1:150 range are brought into the ionization chamber using a molecular beam valve (MBV) and 

frozen onto a sapphire rod at a temperature of ~ 20  K (Figure 2.1 A). The third harmonic of a 

Nd:YAG laser (355 nm; red line in Figure 2.1) dissociates NO2 molecules in the film that has 

formed on the cold finger. NO desorbed from the surface is ionized by a focused frequency-

doubled dye laser (purple line in Figure 2.1) which is pumped by a XeCl excimer laser. The dye 

laser is tunable over a frequency range relevant to the experiment (~216 – 237.5 nm). The 

ionization chamber houses three stainless steel plates electrically isolated from the rest of the 

apparatus (Figure 2.1 B, C, and D). During an experiment these plates are charged using high 

voltage power supplies. Depending on the polarity of the electric field positive or negative ions 

are propelled along the time-of-flight axis toward a micro-channel plate (MCP) detector (Figure 1 

E) and phosphor screen (Figure 2.1 F) assembly. In experiments on NO, typical voltages are 3000 

V, 2300 V, and 0 V for plate B, C, and D, respectively. The arrival time and magnitude of the ion 

signal is measured through the time-resolved measurement of the restoring current supplied to the  



 

16 

 

 

Figure 2.2:REMPI intensity spectrum obtained in NO2:Ar photodissociation experiments. 

Spectral features correspond to rotational transitions in the NO fragment. 

 

MCP. The electron cascade from the MCP impinges upon the phosphor screen and the two-

dimensional ion image is captured with a CCD camera (Figure 2.1 G).  

2.1.1 Collecting a Rotational Spectrum 

The restoring current supplied to the MCP (Figure 2.1 E) is a direct measure of the 

number of ions impinging upon its surface. By measuring this current using an, in-house 

constructed, Butterworth filter we obtain a measure of the number of ions produced in the 

photoexcitation event. In a typical experiment multi-photon ionization is employed to ionize the 

sample and allow collection. Resonant transitions will occur state-selectively yielding 

information on the population of the states which are being probed. In NO2 experiments the 

Wavelength (nm) 
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rotational population of the resulting NO fragment in its ground vibrational state is being probed. 

Collection of the rotational spectrum is handled via programs in LabVIEW™ constructed by 

Stephen Walker1 and myself. These programs interface with an oscilloscope (Tektronix, 

DPO3034) as well as two stepper motor controllers (Phidget). The ion signal is monitored from 

the MCP simultaneously with the laser power from the photodiode (Figure 2.1 H). As a REMPI 

scan is obtained a stepper motor controller moves the dye laser wavelength by adjusting the 

scanning grating in the dye laser with an external stepper motor. In addition, the doubling 

components are adjusted with another controller and stepper motor in tandem with the dye laser 

wavelength according to a calibration file. All components were installed and calibrated by 

Stephen Walker and myself. Figure 2.2 shows an example REMPI spectrum for NO. Further 

analysis of the spectrum will follow a discussion of spectroscopic theory in Section 2.2. 

2.1.2 Arrival Time Spectrum 

The ion signal for a specific rotational transition depends on the delay time between the 

dissociation and ionization lasers. Collection of the ion signal as a function of the time delay 

yields the arrival time spectrum. Note that this arrival time is not the typical ion time of flight 

referred to in mass spectrometry. Instead this refers to the time needed for the fragment to reach 

the ionization region from the sample following photodissociation. Timing in the experiment is 

handled through the use of two timing controllers (Stanford Research Systems DG535). Time 

zero is defined by the Q-switch trigger of the dissociation laser, i.e. the Nd:YAG laser. The 

Nd:YAG is a pulsed laser which we operate at 10 Hz. The Q-switch from the Nd:YAG triggers 

the timing controllers. The time between the Q-switch and the ionization laser is varied between 6 

µs and 45 µs in order to observe ion signal from different kinetic energy components. The delay 

time is scanned through a program constructed in LabVIEWTM which interfaces with the timing 

controllers and the oscilloscope. An example arrival time spectrum is shown in Figure 2.3. 

Analysis of the fragment desorption kinetics from the time delay profile is given in Section 2.3. 
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Figure 2.3: Time of flight spectrum obtained from NO2:Ar photodissociation experiments. The 

ion signal arising from NO+ fragment is being probed. 

2.1.3 Imaging the Dynamics 

The ion image provides another dimension above the time delay spectrum. The time 

delay between the dissociation and ionization laser provides a measure of the velocity component 

along the time of flight axis while the perpendicular distance travelled by the ions will provide a 

measure of the velocity component perpendicular to the time of flight axis. In NO2 experiments 

the ion signal was observed ~7.4 µs after the ionization laser. This is the time of flight for the 

ions, which is directly related to the mass of NO in our experiments. Using the timing controllers, 

the MCP is gated to allow image acquisition only at the NO+ time of flight. The MCP is gated by 

setting the voltage just below threshold voltage. At the arrival time of the ions the MCP voltage is 

brought above threshold for 10 ns. The CCD camera is timed to average images starting 6 µs after 

ionization and continuing for 5 µs. Images obtained from NO2 experiments for differing time 

delays between the dissociation and ionization laser are shown in Figure 2.4.  
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Figure 2.4: Ion images obtained from NO2: Ar experiments. Each image was obtained for 

different delay times between the dissociation and ionization laser, as indicated in the figure. 

 

Unfortunately image analysis was not undertaken for this work. More insight in to analysis 

methods are needed.1 

2.2 Molecular Spectroscopy 

In NO2 experiments, dissociation occurs via excitation to a loosely bound electronic state 

of the molecule which dissociates (electronic predissociation). The resulting NO fragment is 

excited to an ion state via 1+1 resonance enhanced multi photon ionization (REMPI). This 

method utilizes resonant transitions – here from the 2 ground state though a 2 intermediate 

6.5 µs 13 µs 

20 µs 30 µs 
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state to facilitate ionization. As a result, the ion signal is only observed at specific energies which 

correspond to resonant 2 2A X  electronic transitions in NO. Measurement of the REMPI 

intensity spectrum provides information on the internal energy of the fragment ions through these 

transitions. This section outlines spectroscopic theory2-4 with specific reference to the 

spectroscopy of NO and NO2. 

2.2.1 The Transition Dipole 

A molecule in a state, ψL, under the influence of an oscillating electromagnetic field 

couples to an upper state, ψU, with a probability which is proportional to the electronic transition 

dipole moment: 

 ˆUL

U LR    .  (2.2.1) 

In Equation (2.2.1) ̂  is the dipole moment operator defined as: 

 ˆ ˆ ˆ ˆ ˆ ˆ ˆ( )x y z i i i i

i

q x y z         .  (2.2.2) 

In Equation (2.2.2) ˆ
x , ˆ

y , and ˆ
z are the x, y, and z components of the electric dipole moment 

which are computed from the right side of Equation (2.2.2) as a particle sum involving the 

charge, qi, and the coordinates. Transitions between states of the system in which the integral in 

Equation (2.2.1) is zero are “dipole forbidden” transitions. This leads to system-specific selection 

rules which allows for prediction and assignment of the observed spectral pattern.  

2.2.2 Electronic Spectroscopy 

Electronic spectroscopy describes the high energy transitions which occur through 

excitation of the electronic configuration of the molecule. In studies on NO2, electronic excitation 

occurs via an 
2 2

1 2X A A B  transition. The 
2

2A B  state is loosely bound and dissociates at the 

energies we use, forming photofragments NO ( 2X  ) and O ( 3

JX P ). NO is detected following 

excitation to an intermediate electronic state, 2A  , followed by non-resonant 
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excitation/ionization to NO+( 1X  ). This section details electronic state labelling and selection 

rules for the observed electronic transitions. 

2.2.2.1 State labelling, group theory, and forbidden transitions 

Group theory is the study of point groups which are formulated in terms of collections of 

symmetry species. The symmetry species are the center of inversion, i, 2π/n rotational symmetry, 

Cn, improper 2π/n rotational symmetry, Sn, and planes of symmetry, σ. A collection of all possible 

symmetry species forms a point group. Point groups of relevance to this work are the linear 

molecule point group C∞v and the non-linear group C2v which are the respective point groups for 

NO and NO2. Character tables for C∞v and C2v are given in Table 2.1 and Table 2.2. In these tables 

the point group label and symmetry species are displayed in the top row. The first column shows 

the respective symmetry labels, Σ+, Σ-, Π, Δ, … for C∞v and A1, A2, B1, B2 for C2v. These are 

characters which represent the action of specific symmetry species on a property with the 

corresponding symmetry label. The right most column shows the symmetry corresponding to 

components of the dipole.  The electronic state is labelled based on the symmetry of the 

wavefunction with respect to the symmetry elements in the corresponding point group. The 

electronic wavefunction is of A1 symmetry for the 2

1X A  and B2 symmetry for the 2

2A B  state of 

NO2. The superscript to the left of the symmetry label is the multiplicity defined as 2S+1, 

Table 2.1: C∞v character table, reproduced from Hollas.4 

C∞v I 2C∞ ∙∙∙ ∞σv  

Σ+ 1 1 ∙∙∙ 1 μz 

Σ- 1 1 ∙∙∙ -1  

Π 2 2cosϕ ∙∙∙ 0 μx,μy 

Δ 2 2cos2ϕ ∙∙∙ 0  

Φ 2 2cos3ϕ ∙∙∙ 0  
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Table 2.2: C2v character table, reproduced from Hollas.4 

 

where S is the total electron spin in the state. The X  and A  designations, which precede the state 

label, simply catalogue the states, with X  representing the molecular ground state and , , ,...A B C  

representing successive states with the same multiplicity as the ground state. States which differ 

in multiplicity are labelled with lower case letters, , , ,...a b c For diatomics the tilde above the 

letters is omitted as there can be no confusion with the symmetry label. 

A dipole allowed transition occurs when Equation (2.2.1) is non-zero for at least one 

dipole component, Equation (2.2.2). Non-zero integrals can be readily determined from the point 

group symmetry of the molecule. An integral is only non-vanishing when the symmetry of the 

integrand corresponds to the totally symmetric species of the point group. As an example, the 

observed 2 2

1 2X A A B  transition is allowed through the x component of the transition dipole 

integral, while for an 1 2A A  transition no component of the dipole can give a non-zero integral 

and so this transition is forbidden.  These simple arguments can also be employed to elucidate 

selection rules for vibrational transitions in polyatomic molecules but they are not pertinent for 

this study and will not be described.  

2.2.2.2 Electronic State Properties for NO2 

Electronic excitation processes in NO2 are extremely complex.5 This is primarily due to 

its open shell electronic structure and high number of closely spaced electronic states. The ground 

electronic state symmetry is A1 in the C2v point group with an ONO angle of ~134o. The first 

C2v I C2 σv σv'  

A1 1 1 1 1 μz 

A2 1 1 -1 -1  

B1 1 -1 1 -1 μy 

B2 1 -1 -1 1 μx 
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absorption band (1.86 – 4.96 eV) results from allowed transitions to two electronic states, the 

2

2A B  and 2

1B B . Excitations to these states have an opposite effect on the molecular geometry. 

The potential minimum for 2

2A B  and 2

1B B  occur at ~1.2 eV and ~1.8 eV with an ONO angle of 

~101o and 180o, respectively. Transitions to 2

2A B  are much stronger, as compared with 2

1B B  

(Equation (2.2.1)), but excitation to 2

1B B  complicates the absorption profile due to vibronic 

coupling between the 2

1B B  state and the ground, 2

1X A , state as the molecule becomes linear and 

these states approach degeneracy (Renner-Teller interaction6). Additionally, spin-orbit 

interactions between these two upper electronic states as well as the nearby 2

2C A  state, which 

cannot be accessed from the ground state in a dipole-allowed transition, further complicates the 

absorption profile.   

Experiments conducted in our group observe dissociation of NO2 following excitation at 

355 nm (~3.49 eV). Dissociation at this photon energy occurs following electronic population 

transfer between the 2

2A B state and the ground, 2

1X A , state through a conical intersection at 

ONO angles approaching 108o (electronic pre-dissociation).5 Dissociation from the 2

1X A  state 

occurs at ~3.15 eV producing NO and O in their electronic ground state, X2Π1/2 and 3P2. At 

excitation energies higher than 3.15 eV NO X2Π3/2 as well as O 3P1 and O 3P0 product species are 

also formed.7 

2.2.2.3 Addition of Electronic Angular Momenta in Atoms 

For atoms, in the Russell-Saunders coupling scheme,8 the individual orbital momenta of 

the electrons are summed separately from the spin momenta to give resultant L  and S  vectors 

(LS-coupling). The orbital and spin momenta then are added to give a resultant J . Addition of 

angular momentum vectors is easily handled using the value of the corresponding quantum 

numbers. As an example take two electrons with orbital momentum quantum numbers l1 and l2 as 
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well as spin momenta s1 and s2. Note that the magnitude of the vector, l , is related to the 

quantum number, l, by the following relation: 

 ( 1)l l l  .  (2.2.3) 

The sum of the two orbital momenta yield L quantum numbers of: 

 1 2 1 2 1 2, 1,....,L l l l l l l     .  (2.2.4) 

Similarly, the two spins are summed to yield resultant S quantum numbers. The quantum numbers 

for J are formed from the summation of L and S. The atomic state label is represented by L. The 

spin is represented in the term symbol through the multiplicity, 2S+1, which appears as a 

superscript to the left and the total momentum J appears as a subscript to the right: 

 2 1S

JL .  (2.2.5) 

Oxygen atoms have an electron configuration of 1s22s22p4. The full 1s and 2s subshells contribute 

zero orbital and spin momentum. It can be shown that a vacancy of 2 in the p orbital results in the 

same term symbols as 2 unpaired p electrons. In the latter case l1 = 1, and l2 = 1 therefore L takes 

on values of: 

 2,1,0L  .  (2.2.6) 

This gives a possibility for D, P, and S states from the ground state configuration. In considering 

total spin for electrons with the same n and l quantum numbers the Pauli Exclusion Principle must 

be obeyed. Following the Pauli Exclusion Principle the D and S states are singlets, with a spin of 

0, and the P state is a triplet, with a spin of 1. The ground state is the highest multiplicity term, 

3P . The 1D  state lies 15,867 cm-1 above the ground state energy.9 For a 3P, J can take values of: 

 2,1,0J  .  (2.2.7) 

The electronic structure of O therefore yields a 3P2 ground state. 

2.2.2.4 Addition of Electronic Angular Momenta in Diatomic Molecules 
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As in the atomic case the orbital momenta and spin momenta are treated separately. For 

the case of the diatomic molecule the vector, L , is no longer well defined but the projection of L  

on to the internuclear axis, LM , is still well defined. For an angular momentum quantum number, 

L, quantum numbers for ML can take the values: 

 , 1, 2,...,LM L L L L    .  (2.2.8) 

The energy levels for the diatomic molecule depend on the magnitude of ML and this becomes the 

definition for a new quantum number, Λ; 

 LM  .  (2.2.9) 

The vector,  , lies along the internuclear axis with length  . Similarly, a vector,  is defined 

which lies along the internuclear axis and has a length  , in which  is defined as the spin 

projection quantum number: 

 , 1, 2,..., SSM S S S      .  (2.2.10) 

The difference between the definition of Λ in Equation (2.2.9) and the definition of Σ in Equation 

(2.2.10) arises due to the orbital momentum being strongly coupled to the electric field along the 

molecular bond axis whereas the spin momentum is only weakly coupled to the magnetic field 

arising from the orbital momentum. In the case of 0  , Σ is not defined. 

 Following dissociation NO is produced in its 2Π ground electronic state. The state label 

corresponds to the projection quantum number, Λ=1. More generally Λ=0,1,2 or 3 corresponds to 

Σ, Π, , or  states. As in the atomic case the multiplicity, 2S+1, is given as a superscript to the 

left of the term symbol. An electronic state which possesses both spin and orbital momentum 

gives rise to spin-orbit coupling. The quantum numbers representing the projection of the total 

spin momentum, Σ, and the projection of the orbital momentum,  , couple to yield a total 

electronic angular momentum quantum number,  , whose  value is given by: 
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     .  (2.2.11) 

 A 2Π state corresponds to a total spin of S = ½ and so Σ can be either +1/2 or -1/2. With an 

orbital angular momentum corresponding to Λ = 1 this gives two possible values, i.e. Ω = 3/2, or 

1/2. The ground state term value for NO therefore represents two states separated by spin-orbit 

coupling: 2Π3/2 and 2Π1/2. The lowest state for NO is the 2Π1/2 state and the 2Π3/2 state lies 123.14 

cm-1 higher than this ground state.10 

2.2.3 Vibrational Spectroscopy 

In a simple approximation the vibrational motion of atoms in the molecule can be 

described through the harmonic oscillator potential, i.e. one assumes that the restoring force 

exerted on atoms in a molecule is linearly proportional to their displacement from the classical 

equilibrium position (“Hooke’s law”). The Hamiltonian for this model is expressed as a function 

of the displacement coordinate, x; 

 

2 2
2

2
ˆ

2 2

k
H x

x


  


.  (2.2.12) 

In equation (2.2.12) k is the force constant, x represents the displacement of the bond length from 

its equilibrium value, 

 ex r r  .  (2.2.13) 

 is the reduced mass of the oscillator which for a diatomic A-B is defined as: 

 
A B

A B

m m

m m
 


.  (2.2.14) 

The energy eigenvalue for the system is expressed in terms of the classical angular frequency, ω; 

 

1

2
vE v

k






 
  

 



 . (2.2.15) 
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2.2.3.1 Mechanical Anharmonicity 

Use of a harmonic potential to describe molecular vibration works well near the 

equilibrium bond length of the molecule but fails to describe softer bonds with lower spring 

constants, k, and all bonds at higher vibrational excitation. In particular the harmonic oscillator 

model cannot describe the dissociation of the molecule. To account for mechanical anharmonicity 

the energy equation, (2.2.15), is extended to higher powers in the quantum number, v; 

 

2
1 1

2 2
v e e eE v x v 

   
      

   
.  (2.2.16) 

In Equation (2.2.16) ωe is the angular frequency as defined in (2.2.15) and ωexe is the mechanical 

anharmonicity constant. This expression may be expanded to higher powers in the vibrational 

quantum number when necessary. 

 

2.2.4 Rotational Spectroscopy 

A description of rotational spectroscopy begins with the rigid rotor Hamiltonian: 

 

2ˆ
ˆ

2

J
H

I
 ,  (2.2.17) 

in which I is the moment of inertia for the rigid rotor and 2Ĵ  is the total angular momentum 

operator. The eigenfunctions corresponding to this system are the spherical harmonic functions. 

The eigenvalues for the angular momentum operators and the Hamiltonian are determined by: 

 

2 2

2

ˆ ( 1)Y

ˆ

(J 1)ˆ
2

J J

J J

J J

m m

J J

m m

z J J J

m m

J J

J Y J J

J Y m Y

J
HY Y

I

 






.  (2.2.18) 

The rigid rotor energy eigenvalues are written in the following form: 
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 2

( 1), 0,1,2,....

2

JE BJ J J

B
I

  


.  (2.2.19) 

2.2.4.1 Centrifugal Distortion 

Equation (2.2.19) for the rotational energy levels of a rigid rotor can accurately predict 

the line spectrum of real molecules for low J values. As J increases, this equation becomes 

increasingly inaccurate due to centrifugal distortion of the molecule. As a molecule rotates the 

average bond length increases. Consequently, the moment of inertia also increases and the 

effective B value decreases. In order to treat centrifugal distortion one can add higher order terms 

to the energy level equation: 

 2 2( 1) ( 1)JE BJ J DJ J    .  (2.2.20) 

In Equation (2.2.20) D is the centrifugal distortion constant. Centrifugal distortion depends on the 

rotational moments of the molecule, and therefore B, as well as the strength of the bond, which 

can be expressed through the vibrational frequency, ω (Equation (2.2.15));4 

 
3

2

4B
D


 .  (2.2.21) 

2.2.4.2 Rotation-Vibration Coupling 

As the vibrational quantum number, v, increases, the average bond length of the molecule 

increases therefore reducing the apparent B value of the molecule. Rotation-vibration coupling is 

treated by expanding the rotational constants in terms involving the rotational quantum number, 

v: 
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.  (2.2.22) 
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In Equation (2.2.22) Bv and Dv refer to the vibrationally-dependent B and D values while Be and 

De represent the equilibrium values which are used to calculate molecular properties. The 

constants, αe and βe, are rotation-vibration coupling constants. As De is typically very small and βe 

is much smaller than De the lower equation in Equation (2.2.22) is rarely used. 

 

2.2.5 Rovibronic Transitions in a 2Π→2Σ System 

The allowed transitions between two rotational-vibrational-electronic, termed rovibronic, 

states of a system is given by the transition dipole integral, Equation (2.2.1). Treating the 

rovibronic wavefunction as separable (Born-Oppernheimer approximation) each of the upper and 

lower state wavefunctions can be written in the following form: 

 
r v e    .  (2.2.23) 

In Equation (2.2.23) 
r  represents the rotational wavefunction, 

v  the vibrational wavefunction, 

and 
e  the electronic wavefunction. With this representation of the wavefunction Equation 

(2.2.1) is written as: 

 
U U U L L L

r v e r v e
ˆ       .  (2.2.24) 

Following the discussion in Section 2.2.2.1 an allowed transition can be determined from the 

symmetry properties of the states involved in Equation (2.2.24). The symmetry of the rovibronic 

state can be described by (+) or (–) parity defined as symmetric or asymmetric with respect to 

coordinate inversion through the origin. As the dipole is always of (–) parity Equation (2.2.24) is 

only non-zero for the following parity transitions: 

 
 


 . (2.2.25) 

In addition, the rotational selection rules are: 

 0 1J ,   ,  (2.2.26) 
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although J = 0   J = 0 is forbidden. For vibration there is no general selection rule for the 

quantum number v. Instead, the intensity of the rovibronic transition is proportional to the square 

of the overlap integral between the upper and lower state vibrational wavefunctions: 

 
2

U L

v vI   .  (2.2.27) 

The squared integral in Equation (2.2.27) is known as the Franck-Condon factor for the 

vibrational transition. 

2.2.5.1 Hund’s Coupling Cases 

The Hund’s coupling cases describe coupling between molecular rotation and the motion 

of the electrons in a molecule. I will restrict this discussion to Hund’s case (a) and Hund’s case 

(b) which are important for the energy level pattern of NO( 2X  ) and NO( 2A  ).  

In Hund’s case (a) the electronic degrees of freedom add as in Section 2.2.2.4 to yield a 

total Ω. The molecular rotation, denoted R , and   are then added to give the total angular 

momentum vector,  J .  The rotational energy level expression is largely unchanged from 

Equation (2.2.19) in this case but as   is a component of J , the quantum number for the total 

angular momentum cannot be less than the quantum number Ω;  

 J   .  (2.2.28) 

Additionally, the interaction between R  and the electronic angular momentum, L , leads to a 

splitting of the rotational states, termed Λ doubling, for electronic states with Λ > 0. For Λ = 1 the 

splitting between Λ doublet energy levels can be described by:  

  1JE q J J   .  (2.2.29) 

The Λ doubling constant, q, is small compared to B. For NO (X 2Π),10 q = 1.03 x 10-4 cm-1 and B0 

= 1.696 cm-1. The energy level diagram for the ground state of NO is given in Figure 2.5 along 
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with parity labels for the rotation-electronic state and indication of the total angular momentum 

without spin, denoted K.  

 Hund’s case (b) describes spin decoupling from the internuclear axis. This can occur for 

high molecular rotation or when Λ = 0 as in the 2Σ state of NO. In this case   and R  form a 

resultant vector, K . The K quantum number can take any integral value greater than Λ, as Λ is a 

component of K;  

 1 2K , , ,...     (2.2.30) 

Spin is added to K  to yield the total angular momentum, J . The quantum number J is obtained 

from the usual angular momentum addition rules: 

 1J K S,K S ,...., K S     .  (2.2.31) 

The energy level expression in this case can vary greatly and depends upon the system of interest. 

For a 2Σ state there are two possible values of J for each K value, J = K+1/2 and J = K-1/2. The 

energy level expressions are given by: 
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 . (2.2.32) 

In Equation (2.2.32) F1(K) represents the energy levels with J = K+1/2 and F2(K) are those with J 

= K-1/2. As in case (a) if Λ > 0 there will also be a Λ doubling term in the energy level 

expressions. An energy level diagram for a 2Σ state is given in the top half of Figure 2.5 along 

with parity labels for the rotation-electronic state. For NO (A2Σ)10, B0 = 1.986 cm-1 and γ = -2.68 

x 10-3 cm-1. 
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Figure 2.5: Energy level diagrams depicting the rotational structure for 2Π and 2Σ electronic 

states. Also indicated are the allowed transitions. For each rotational state the +/- parity is given 

as well as the total angular momentum quantum number, J, and the quantum number for the 

angular momentum without spin, K. In addition the F1/F2 energy state label is given. 

 

2.2.5.2 Assignment of the NO Rotational Spectrum 

Energy level diagrams applicable to the electronic states of NO are shown in Figure 2.5. 

With the selection rules given by Equation (2.2.25) and Equation (2.2.26) it is possible to observe 

12 distinct branches which are indicated in Figure 3.5. The transitions are labelled as: 

 
U L

K

F FJ  .  (2.2.33) 

ΔJ is given letter designations with the following correlations: 

2Σ 

2Π 
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 . (2.2.34) 

ΔK is labelled similarly but with lower case letters. For the subscripts in Equation (2.2.33) only 2 

or 1 is written for F2 or F1. If both the upper state and the lower state are F2 or F1 only a 2 or 1 is 

written for the subscript. Assignment of the rotational transitions is easily handled via the free 

program, PGOPHER.11 Figure 2.6 shows the v=0 → v=0, 2 2

    rovibronic spectrum for NO 

along with a Fortrat diagram which shows the transition assignments as a function of J. 

2.2.6 Intensities in Spectroscopic Transitions 

Spectroscopic intensities are proportional to the square of the transition dipole moment integral, 

Equation (2.2.1), as well as the population of the state being probed. For a thermal distribution of 

molecular states the population can be treated as following a Boltzmann distribution: 

 

E

kT

EN g e

 
 
  .  (2.2.35) 

In Equation (2.2.35) NE represents the population of the state with energy, E. The degeneracy of 

the state is represented by g, the temperature by T, and k is Boltzmann’s constant. With Equation 

(2.2.1) and Equation (2.2.35) the intensity of a spectral transition can be represented as: 

   
2

LE

UL kTI g R e

 
 
  .  (2.2.36) 

For rovibronic transitions, as shown in Figure 2.6, vibrational and electronic contributions to 

(2.2.36) will be identical for all transitions as they all share the same lower state electronic and 

vibrational quantum numbers. The intensities can now be written in a purely rotationally 

dependent form: 

 

 1BJ J

kT

J JI S e

  
  
  .  (2.2.37) 
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Figure 2.6: Assignment of the NO rotational spectrum obtained in NO2:Ar experiments. 

(Bottom) REMPI intensity spectrum obtained from NO2:Ar experiments depicting rotational 

transitions in the resulting NO fragment. (Top) Fortrat diagram showing the positions and 

assignment of all allowed transitions as indicated in Figure 2.5. 
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Figure 2.7: Intensity distribution for the transitions in Figure 2.6 represented as filled circles. A 

fit to the data assuming a double Gaussian distribution is shown as a black line. 

 

In which the lower state J is used in Equation (2.2.37) and the rotational energy is represented by 

Equation (2.2.19). In Equation (2.2.37) SJ is the line strength factor, or Hönl-London factor, 

which encompasses the J dependence of the transition dipole integral as well as the rotational 

degeneracy. 

 In the case of NO, line strength factors for 2 2   electronic transitions have been 

compiled by Earls.12 The transition intensities from the assigned spectrum in Figure 2.6 are 

shown in Figure 2.7 as a function of the rotational energy, BJ(J+1), in the 2

1
2

  state divided by 

Boltzmann’s constant. On a log scale the data in Figure 2.7 should fall on a straight line, 

assuming the data followed a Maxwell-Boltzmann distribution, Equation (2.2.37). Interestingly, 

the data appears to show two differing rotational temperature distributions which can be fit using 

a sum of Boltzmann distributions: 
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     .  (2.2.38) 

A fit to the intensity data using Equation (2.2.38) is shown in Figure 2.7. The constants for the fit 

in Figure 2.7 were obtained from a least squares fitting procedure13 as A1 = 0.165 ± 0.006, A2 = 

0.004 ± 0.001, T1 = 127 K ± 2 K, and T2 = 2510 K ± 130 K, in which errors given are fitting 

errors not including instrumental error. The experimental populations follow a low temperature 

distribution for low rotational energy and a high temperature distribution for high rotational 

energy. In gas phase studies on NO2 dissociation 7, 14, 15 the NO fragment has also been observed 

to follow a bimodal distribution. In these studies, the minor component corresponds with low 

rotational energy and is consistent with room temperature while the major, high J, component is 

consistent with a much higher temperature, T > 1400 K. Note that the distribution for low 

rotational energy fragments is more dominant in our study. The low rotational energy distribution 

in our study is more efficiently thermalized with the matrix than the high rotational energy 

fragments. This is likely due to collisions of the photofragment with the matrix reducing its 

population in the initially populated high-lying rotational states, therefore increasing the 

population in lower rotational energy levels. This argument implies that the observed high 

rotational temperature fragments are those which interact with the matrix very little prior to 

desorption, indicative of surface NO desorption versus desorption from the bulk of the matrix. 

2.3 Imaging Dissociation Dynamics 

It is not only possible to access higher electronic states of the neutral fragment but also of 

ion states. This yields an ionized molecular fragment with a specific quantum state distribution 

and an electron. The kinetic energy of the electron contains information about the non-resonantly 

excited states of the ion.16 In this study electron kinetic energies were not measured.  

Instead, position-sensitive detection of the NO+ cations was coupled with time-of-flight 

mass spectrometry to not only observe the ionization event but also the dynamical trajectory of a 
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specific ion fragment. In experiments, sample NO2 molecules are dissociated in the Ar-Matrix 

and the resultant fragments are ionized and detected. This section details molecular dissociation 

dynamics, ionization schematics, and ion detection. 

2.3.1 Fragment Ionization 

In one photon ionization experiments, ionization occurs as soon as the photon energy exceeds 

a threshold energy – the adiabatic ionization potential (IP). At excitation energies above this 

adiabatic IP the electron carries away (almost) the entire excess energy, and since the 

translational energy of the electron is not quantized, any amount of energy in excess of the IP is 

in principle capable of ionizing the molecule. In practice, the likelyhood of ionization decreases 

with the difference between the IP and the excitation energy. Additionally, formation of the 

ionized molecule in its electronic ground state is governed by the same Franck-Condon rules as 

“regular” vibronic excitation. This means that the ion may be formed in its vibrational excited 

states, especially when the electron that is removed is not non-bonding, i.e. when the bond order 

changes upon ionization. Ionization typically requires very high energy photons, usually in the 

vacuum UV region. Studying ionization processes with a one photon ionization scheme therefore 

require specialized light sources. Resonance enhanced multi-photon ionization utilizes a resonant 

intermediate state to allow ionization with much lower photon energies. In two (or more) photon 

ionization experiments we can observe signal dependence due to transition(s) to the resonant 

state. These experiments are described as n + m photon transitions where n describes the number 

of photons required to excite the intermediate resonant state and m the number of photons 

required to ionize from the intermediate state. 

Figure 2.8 shows a cartoon representation of a 1 + 2 REMPI process. Transition to a resonant 

state is governed by the transition dipole moment, Equation (2.2.1), which means transitions only 

occur, with high yield, for specific photon energies or frequencies. 
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Figure 2.8: A cartoon representation of resonance enhanced multi photon ionization, REMPI. 

The R axis represents a reaction coordinate relevant to the specific system. In this example a 1 + 

2 REMPI scheme is employed in which the first photon involves a resonant transition in the 

molecule. The following 2 photons invoke non resonant transitions to the ion state, A+ 

2.3.2 Observing the Dynamics 

A simple view of molecular dissociation is one in which the system is treated as classical 

particles which, upon given energy, move away from one another with momenta that are 

distributed according to their relative mass. If the dissociation energy is given by De and the total 

excitation energy is hν then the total kinetic energy of all fragments is simply the difference; 
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eKE h D  .  (2.3.1) 

In the center-of-mass frame the particles are initially at rest. Conservation of momentum then 

gives the following relationship for the particle kinetic energies following dissociation: 
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.  (2.3.2) 

In Equation (2.3.2) KE1 and KE2 as well as m1 and m2 represent the kinetic energy and mass of 

particle 1 and 2 respectively. M is the total mass and KE is the total kinetic energy as defined in 

Equation (2.3.1). This simple picture can be expanded upon by allowing for the internal energy 

distribution in the parent molecule and the dissociating fragments:  

 
int int int(1 2) (1) (2)eKE h D E E E      .  (2.3.3) 

Equation (2.3.3) is an extension of Equation (2.3.1) with the internal energy of the parent 

molecule represented by Eint(1-2) and the internal energies of the fragments represented as Eint(1) 

and Eint(2). In the case of surface desorption this simple picture represents an upper bound to the 

observed kinetic energies as the surface is capable of absorbing some, or all, of the kinetic 

energy. Including the quenching in Equation (2.3.3) as Esurface and re-arranging for this term we  

  

Figure 2.9: Kinetic energy distribution for desorbed NO. (Left) NO ion signal obtained in 

NO2:Ar experiments as a function of the time delay between the dissociation and ionization laser. 



 

40 

 

(Right) Transformed ion signal to represent the distribution of ion kinetic energies from the data 

on the left. 

have: 

 int int int(1 2) (1) (2)Surface eE hv D E E E KE       .  (2.3.4) 

 If only the kinetic energy of one fragment is known, say fragment 1, then Equation (2.3.2) can be 

used to write Equation (2.3.4) as: 

 
1
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(1 2) (1) (2)surface e int int int
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       .  (2.3.5) 

2.3.2.1 Arrival time spectrum 

The arrival time spectrum, discussed in Section 2.1.2, is one means of observing the 

kinetic energy distribution of the desorbing molecules. In a simple approximation the velocity is 

calculated from the perpendicular distance between the surface of the cold finger and the 

ionization region, d, along with the time delay between the dissociation laser and the ionization 

laser, td; 

 
d

d
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t
 .  (2.3.6) 

Following the works of Zimmermann and Ho17 the recorded arrival time spectrum, S(d,td), is fit 

by a flux weighted Maxwell-Boltzmann distribution: 
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.  (2.3.7) 

In Equation (2.3.7) m is the mass of the molecule and k is Boltzmann’s constant. A and T are fit 

parameters with T representing the translational temperature of the distribution. Weighting the 

distribution by the molecular flux accounts for the fact that faster molecules spend less time in the 

ionization region than slower molecules therefore affecting the likelihood of detection. The 

arrival time distribution can be converted to a kinetic energy distribution, PE(KE), using the 

published Jacobian:17 
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Using the distribution in Equation (2.3.8) along with Equation (2.3.5) determines the distribution 

of energies absorbed by the matrix.  

As an example from 355 nm (3.492 eV) NO2 dissociation experiments, Figure 2.9 shows 

the time of flight spectrum, S(td) along with the kinetic energy spectrum for NO ionization 

following 1 + 1 REMPI. The resonant transition corresponds to J = 1.5 from the rQ21/rR1 

progression. The spectrum can be fit well using Equation (2.3.7). As observed for the population 

data, the distribution is best fit using a two-temperature variant of Equation (2.3.7): 
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.  (2.3.9) 

A fit to the data in Figure 2.9 (left) using Equation (2.3.9) is shown in Figure 2.10. Temperatures 

from the fit are 61 K ± 6 K, and 200 K ± 20 K. Both are higher than the matrix temperature (~20 

K). The molecules which desorb with a 200 K translational distribution are likely surface 

molecules which leave without significant interaction with the matrix environment. A 61 K 

temperature distribution would arise from molecules which desorb from the bulk of the matrix 

after many collisions. This temperature is still higher than the matrix temperature and so these 

species have not completely thermalized with the matrix prior to desorption. 

Jost et al. have determined the dissociation energy of NO2 to be De = 26049.36 cm-1 =  3.230 

eV.18 The zero point energy of NO2 has been determined as 1869.45 cm-1 = 0.232 eV.19 The 

internal energy of the O atom depends on the electronic state which it is produced in, 3P2, 3P1, or 

3P0, which contribute 0 eV, 0.020 eV, or 0.028 eV20 to the energy of the system. The internal 

energy of the NO fragment is the sum of its electronic, vibrational, and rotational energy. This 

can be determined using constants from Danielak et al.10 As an example, the internal energy of 
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NO in the 2

1
2

  state with v = 0, J = 1.5 is approximately given by (neglecting centrifugal 

distortion and anharmonicity):  

 

 

Figure 2.10: Boltzmann fit to time delay spectrum. Time of flight spectrum from Figure 2.9 (left) 

obtained from NO ions in NO2:Ar photodissociation experiments. The red line in the figure 

represents the fit to the data (black dots) using Equation(2.3.9). 
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.  (2.3.10) 

The distribution of energies absorbed by the matrix, Esurface, for this example transition is given by 

the following relations which account for the possible internal energies of O atoms: 
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Figure 2.11: Surface quenching from desorbed NO, J = 1.5 and J = 7.5. J = 1.5 data, in black 

dots, is obtained directly from Equation (2.3.11). Data for J = 7.5, in red points, is obtained using 

similar equations. 
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.  (2.3.11) 

A study conducted by Whitaker et al.7, 14 on the 355 nm photodissociation of NO2 observed very 

little 3P1 or 3P0 O atoms. Using the first equation in Equation (2.3.11) the predicted distribution of 

energies absorbed by the matrix following dissociation of NO2 is shown as black points in Figure 

2.11. This process has been repeated for J = 7.5 and is shown in Figure 2.11 as red points. As we 

expected, the majority of available energy for these species are being quenched by the matrix. 



 

44 

 

Additionally, in comparing the distributions for J = 1.5 and J = 7.5, the higher J state shows much 

more quenching at high energy relative to the lower J state. 

2.4 Conclusions 

Working in tandem with Dr. Stephen Walker we were able to modify a VMI apparatus 

for the study of low temperature solids and provide proof of concept work on NO2 photolysis 

within an Ar matrix. In these initial experiments, the rotational spectrum obtained using REMPI 

as well as the arrival time spectra for different J states contain useful and interesting insights in to 

the dynamics. Images obtained in these experiments are interesting from a qualitative perspective 

but require further study before quantitative information can be extracted. 

The rotational spectrum contains a wealth of information on the internal energy 

distribution in the fragments. The NO fragment in this work shows a strongly bimodal rotational 

energy distribution (see Figure 2.7) with rotational temperatures of T1 = 127 K and T2 = 2510 K. 

This can be compared with gas phase NO2 experimental studies which show a dominant 

rotational temperature for NO close to 1400 K. A bimodal distribution is also observed in gas 

phase studies, but the lower (T ~ 290 K) temperature distribution is much weaker. The bimodal 

distribution in our study is argued to arise from surface versus bulk desorption of fragments. NO 

from the surface can desorb with high rotational energy and little quenching, while in the bulk 

collisions will reduce rotational energy in the desorbing fragment.  

Arrival time distributions for different rotational states of NO can be fit using Maxwell-

Boltzmann distributions in order to obtain the translational energy distributions. As was the case 

for the rotational distribution these are bimodal and when fit yield two different temperatures. 

This is again indicative of surface versus bulk desorption in which the low temperature 

translational distribution arises form species which have experienced more matrix collisions prior 
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to desorption. Additionally, through transformation of the data in to kinetic energy profiles we 

can directly observe surface quenching in different J states.  
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Chapter 3  

Theoretical Methods for Photoexcitation in Crystalline and Amorphous 

Solid Water 

This chapter will develop the underlying theory involved in applying classical theoretical 

methods to model photoexcitation in water ice. These methods will be employed in the studies 

described in Chapters 4, 5, and 6.  

Photoexcitation is modelled by promoting a single water molecule from the ground 

electronic state, the X  state, to the first excited state, the A  state. The latter state is dissociative, 

typically yielding H + OH as primary photoproducts. 

 2 2( ) ( )H O X H O A H OH     (3.1.1) 

Chapter 4 will focus on the primary photoproducts in hexagonal and amorphous water at 

11 K and 125 K. In chapter 4, the role of molecular flexibility on the photoexcitation outcomes is 

investigated through studies which use a rigid water model and studies which use a fully flexible 

water model. Secondary reactions between H or OH and the neighboring water molecules are not 

allowed, although recombination of the primary photoproducts to form H2O is possible: 

 2H OH H O  .  (3.1.2) 

Chapter 5 will focus on the inclusion of zero point energy in the vibrational description of all 

molecules in a matrix of hexagonal ice at 125 K. Chapter 6 will focus on the inclusion of 

secondary reactions for H via the reaction of H and H2O to form H3O as well as the possible 

dissociation pathways for H3O: 
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 . (3.1.3) 

The study in Chapter 6 will be conducted in a matrix of hexagonal ice at 125 K. 
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In molecular dynamics (MD), system properties are elucidated by evolving atomic or 

molecular trajectories according to classical equations of motion which depend on the system 

potential. Section 3.1 will describe details involved in applying MD for this work. This will 

include the initial setup of the ice surface, application of periodic boundary conditions for the 

simulation of an infinite sheet of ice, and solving the classical equations of motion using the 

velocity Verlet algorithm as well as modifications for NVT dynamics. In order to simulate water 

ice photodissociation, potentials are required for each interaction which can occur. Specifically 

intramolecular potentials for H2O and OH as well as intermolecular potentials between H, OH, 

and H2O are required for each of the studies shown in this thesis. For Chapter 6, in which H is 

allowed to react with neighboring H2O molecules according to Equation (3.1.3), additional 

intramolecular potentials are required for H3O and H2  and intermolecular potentials between 

H3O, H2O, H2, OH, and H. Reactive surfaces are treated via interpolations to ab initio data 

provided by other groups. Non-reactive surfaces are represented by system specific force fields 

defined using analytical functions. Section 3.2 will present a description of the reactive and non-

reactive surfaces with references to the original source material where applicable. To accurately 

model the dynamics, the potential must be continuous and differentiable at all points along the 

trajectory. In order to ensure this, continuous switching functions are employed as the dynamics 

move from one potential to another. A complete description of the switching functions will be 

given in Section 3.3. A description of a few system properties which have been calculated in my 

simulations will conclude the chapter.  

3.1 Application of MD for the Simulation of Ice Photodissociation 

Classical molecular dynamics simulations follow Newtonian trajectories. This section 

will begin with a summary of Newtonian mechanics and an algorithm for propagating the 

dynamics numerically. A description of the ice preparation, periodic boundary conditions and the 
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use of Nosé-Hoover thermostats1-3 and Colored Noise Thermostats4-6 to simulate low temperature 

systems will follow. 

3.1.1 Solving the Dynamical Equations Numerically 

The dynamics of a classical particle will follow Newton’s Second Law: 

 F ma ,  (3.1.4) 

where F  is the force on the particle, m is the particle mass and a is the acceleration. Arrows are 

used to designate that the force and the acceleration are vector quantities. The acceleration is 

related to the velocity, v , and position, r , of the particle as the first and second time derivatives 

respectively: 
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 . (3.1.5) 

The forces, F , are directly related to the scalar potential, V, by 

 F V  .  (3.1.6) 

In Equation (3.1.6)   is the del operator defined by 

 ˆ ˆ ˆx y z
x y z

  
   

  
,  (3.1.7) 

in which x̂ , ŷ , and ẑ  are unit vectors in the Cartesian coordinate system. From Equation (3.1.6), 

the definition of the potential energy, V, completely describes the dynamics of the particles. 

Equations (3.1.4) - (3.1.6) can be solved using the normal Verlet algorithm. In this 

algorithm the system variables at t + δt are calculated from the current and previous time 

positions, ( )r t  and ( )r t t , as well as the current accelerations, ( )a t . The accelerations are 

obtained from a force evaluation with the current positions, ( )r t , using (3.1.6) and (3.1.4). 

Following this, positions are advanced as follows: 
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 2( ) 2 ( ) ( ) ( )r t t r t r t t a t t       .  (3.1.8) 

Velocities can be computed from the positions at t + δt and t – δt: 

 
( ) ( )

( )
2

r t t r t t
v t

t

 



  
  . (3.1.9) 

The velocity is not required to move the system forward in time using Equation (3.1.8) but it is 

necessary in order to calculate the energy. Although the algorithm is very simple, the use of 

Equation (3.1.9) for the velocity calculation is not ideal as both the numerator and denominator 

will be very small numbers in typical simulations. Velocity Verlet is a formulation of the 

algorithm which explicitly uses the velocities. The first step in the algorithm uses the current 

positions, velocities, and accelerations to advance the positions to t + δt and the velocities to t + 

δt/2: 

 21
( ) (t) ( ) ( )

2
r t t r v t t a t t      ,  (3.1.10) 
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. (3.1.11) 

The accelerations are then computed from the potential, using (3.1.6) and (3.1.4), with the 

positions at t + δt. Using the accelerations the velocity step is completed: 
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2 2

v t t v t t a t t t   
 

     
 

.  (3.1.12) 

The algorithm in (3.1.10) - (3.1.12) is then repeated until the desired simulation time is met. 

3.1.2 Preparing Hexagonal and Amorphous Ice 

Hexagonal ice is constructed following the bilayer structure outlined by Bernal and 

Fowler.7 In all simulations the bottom two bilayers are held fixed and rigid to simulate bulk ice 

layers. For the studies in Chapter 4 and Chapter 5 the initial, t = 0, hexagonal ice consists of 576 

water molecules arranged in 8 bilayers with dimensions 2.71 nm × 2.35 nm × 2.93 nm. An 

example is  
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Figure 3.1: Sample ice matrices employed for my studies. Top left shows the smaller ice XI 

matrix, top right shows amorphous solid water, and the larger ice XI cell is shown in the lower 

part of the figure. 

 

shown in Figure 3.1, top left. The atomic velocities at t = 0 are defined such that the kinetic 

energy is consistent with the desired system temperature for the study. In Chapter 4 an 11 K and a 

125 K hexagonal ice is constructed and for Chapter 5 the ice temperature is 125 K. Prior to 

photoexcitation, the ice is equilibrated for 80 ps. For equilibration and during the simulations a 

Nosé-Hoover thermostat1-3 (Section 3.1.4) is used for Chapter 4, while in Chapter 5 a colored 

noise thermostat (Section 3.1.5) is used. 

In Chapter 4, 11 K amorphous solid water (ASW) is also considered. To prepare ASW 

the hexagonal structure described above is equilibrated for 10 ps at the simulation temperature. 

Following this, the temperature is raised from the initial temperature up to 300 K over 40 ps. The  
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Figure 3.2: Cartoon representation of the potential interactions using periodic boundary 

conditions. The particle of interest, shown in red, interacts with particles within the simulation 

cell (represented as bold circles) as well as image particles (represented as dash circles). All 

particles which are not connected to the red particle have zero interaction. 

 

structure is then evolved at 300 K for 220 ps and the temperature is lowered back down to the 

simulation temperature over 40 ps. A Nosé-Hoover thermostat1-3 is used for the equilibration and 

during the simulations. An example of ASW is shown in the top right of Figure 3.1.  

In Chapter 6, as secondary reactions are being considered, a larger hexagonal ice 

structure has been prepared. Equilibration and simulation is handled in the same manner as for the 

ice in Chapter 5: a colored noise thermostat is used. To facilitate the study of longer range 

behavior the ice unit cell has been expanded to contain 2880 molecules arranged in 10 bilayers 

with dimensions of 5.42 nm x 4.70 nm x 3.66 nm. An example is shown in the lower panel of 

Figure 3.1. 

3.1.3 Periodic Boundary Conditions and Potential Continuity 

In order to simulate a sheet of ice the cell is replicated in the x and y directions using 

periodic boundary conditions.8, 9 A cartoon representation of this is shown in Figure 3.2. The 

central simulation cell and particles in Figure 3.2 are represented by bold lines while the periodic  
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Figure 3.3: Cartoon representation showing particle dynamics with periodic boundary conditions. 

If the dynamics lead to the particle of interest, shown in red, leaving the simulation cell then this 

will lead to an image particle entering the cell from the opposite side therefore preserving number 

density within the simulation. 

 

images are represented with dashed lines. All pairwise interactions will be computed as the 

minimum image distance. This is shown for the case of the red particle in the figure where the 

minimum image distance for the six other particles in the cell are shown by arrows. Additionally 

if the dynamics cause one of the particles to leave the simulation cell then it will be replaced by 

one of its periodic images. A cartoon representation of this is shown in Figure 3.3. As can be seen 

when the red particle moves outside the simulation cell then the image particle moves in to the 

cell. Both of these conditions are readily implemented by defining the components of the 

separation vectors as follows: 
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Figure 3.4: A depiction of the unit cell dimensions for hexagonal ice. (left) The hexagonal ice 

structure and unit cell measurements for studies conducted in Chapter 4 and Chapter 5. 

Amorphous ice studies use the same dimensions. (right) The hexagonal ice structure and unit cell 

measurements for the study conducted in Chapter 6. 

 

In Equation (3.1.13) each of the ( , )r i j represent components of the separation vector between 

atoms i and j. Lx, Ly, and Lz are the dimensions of the simulation cell and the nint() function 

returns the nearest integer value. Defining the separation vector as in Equation (3.1.13) will give  

the minimum image distance for each pairwise interaction in the simulation cell. In Chapters 4 

and 5 Lx and Ly are set to 2.71 nm and 2.35 nm, the dimensions of the cell. To create a surface-

vacuum interface, Lz is set to 20 nm (Figure 3.4 (left)). This allows for fragment desorption 

during the simulations and turns off interactions between the periodic sheets of ice. These 

dimensions define the simulation cell in these studies. In Chapter 6, for studies which employ a 

larger cell, Lx, Ly are set to the cell dimensions of 5.42 nm and 4.70 nm and Lz is set to 20 nm 

(Figure 3.4 (right)). 
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Potential interactions between particles not shown with an arrow in Figure 3.2 are set to 

zero, as they are not calculated in this minimum image convention. The potential, as calculated 

from separation vectors defined by Equation (3.1.13)  will be discontinuous unless the interaction 

potential smoothly approaches zero at the cutoff radius. This can be ensured through the use of 

spherical cutoffs8, 9 in the definition of the potentials. This is implemented in all potential 

definitions by shifting the potential: 

 '( ) ( ) ( )cutV r V r V r  .  (3.1.14) 

In Equation (3.1.14) V’(r) is the new potential energy obtained by shifting V(r) by its value at r = 

rcut, where rcut is a user defined cutoff distance. Additionally, we require that the potential be 

continuous at r = rcut and defined to be 0 at values of r greater than rcut. This is done by defining 

the potential as:10  
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.  (3.1.15) 

The extra term,  
( )

cut

cut

r r

V r
r r

r 





, ensures that the derivative of '( )V r  also approaches zero as r 

goes to rcut.  Any potential defined according to Equation (3.1.15) will follow the conditions 

outlined above. In the studies conducted for Chapters 4, 5, and 6 rcut is defined as: 

 
min( , , )

2.05

x y z

cut

L L L
r   . (3.1.16) 

In Equation (3.1.16) Lx, Ly, and Lz are the dimensions of the cell and the min() function returns the 

minimum value. Defining rcut in this way ensures that all potential interactions will be continuous 

as the dynamics evolve. With this definition rcut will be 1.15 nm for the simulations conducted in 

Chapter 4 and 5 and 2.29 nm for the simulations conducted in Chapter 6. 
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3.1.4 The Nosé-Hoover Thermostat 

The Nosé1, 2 thermostat in the implementation by Hoover3 is used widely for NVT 

molecular dynamics simulations. The resulting Nosé-Hoover thermostat is implemented by the 

inclusion of one (or more) extra degrees of freedom in the equations of motion, which have a 

fictional mass and act like a friction to maintain a fixed external temperature. The potential and 

kinetic energies which govern the equations of motion for this fictional mass are:1, 2 

 ( 1) lns DOFV N kT s  ,  (3.1.17) 

and 

 
2

21

2 2

s
s

p
K Qs

Q
   . (3.1.18) 

In these equations s represents the extra degree of freedom, Q is the corresponding mass, and ps is 

the momentum for the extra variable. NDOF represents the number of degrees of freedom in the 

system. The larger the mass Q, the slower the energy exchange between the system and the extra 

variable, while a lower Q speeds it up. The conserved quantity, referred to as the Nosé-Hoover 

Hamiltonian (HNH), will be a function of the actual particle positions and momenta, as well as the 

fictional mass coordinates: s and ps, 

 ( , )NH s sH H q p K V   .  (3.1.19) 

In Equation (3.1.19), ( , )H q p  represents the Hamiltonian for the system particles, where q  are 

the normal coordinates of the system particles and p  are the conjugate momenta. In the 

implementation described by Hoover3 the equations of motion in terms of q  and p , as well as a 

friction term, sp Q  , follow:  

 /q p m   (3.1.20) 

 p F p    (3.1.21) 
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 .  (3.1.22) 

Advancing the system according to Equations (3.1.20) - (3.1.22) conserves HNH and allows the 

system to evolve in accordance with an external temperature, T. It is important to note that 

instantaneous temperature fluctuations do occur in the system but they are consistent with T. The 

velocity Verlet algorithm described in Section 3.1.1 is easily augmented to include these 

additional terms. As a check on the simulations, the Nosé-Hoover Hamiltonian, HNH, should be 

evaluated to ensure that it is conserved throughout the simulation. The simulations detailed in 

Chapter 4 will use a Nosé-Hoover thermostat for studies conducted at 11 K and 125 K. 

3.1.5 Colored Noise Thermostat 

One of the challenges with using the Nosé-Hoover thermostat for the present work is that 

the molecular vibrations will not be well represented at the low temperatures of interest. 

Specifically, at low temperatures the classical vibrational energy will be proportional to kT, which 

will be well below the zero point energy of water, ~0.56 eV. The colored noise thermostat 

developed by Ceriotti et al.4-6 introduces the ability to not only simulate NVT dynamics but to 

selectively thermalize specific frequency components of the system. The algorithm11 involves a 

velocity scaling before and after the Velocity Verlet advancements. The velocity scaling is done 

through the generalized Langevin equation (GLE): 

     ˆ ; ( ) ( )s s

i ip t t p t     
Τ T

L T S .  (3.1.23) 

In Equation (3.1.23) 
s

ip are N+1 dimensional column vectors with the first matrix element being 

the actual system momentum corresponding to the ith degree of freedom.  tT  and ( t)S  are 

N+1 dimensional square matrices which are computed at the beginning of the simulation based 

on system specific inputs provided by Ceriotti11 and   is an N+1 dimensional column vector of 
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random numbers which enforces a white noise thermostat. N represents the number of extra 

degrees of freedom added to the system. The forms of  tT  and ( t)S depend upon the 

frequency range covered by the thermostat and the strength of coupling between the system 

degrees of freedom and the thermostat. The above equation describes the implementation of the 

thermostat, but to better understand the effect of the thermostat it is informative to look at the 

equations of motion for individual momenta: 

  ( ) ( ) ( ) ( )

t

i i i

V
p t mv t K t s p s ds t

r





     

  .  (3.1.24) 

 

 

Figure 3.5: Memory kernel relationships for the quantum thermostat.(a) the time dependent 

kernel and (b) the frequency dependent kernel showing the frequency dependence of the system 

variables. (c) The frequency dependent thermostat kernel, showing the frequency response of the 

thermostat variables. (d)The thermostat temperature distribution (black) and the ideal temperature 

distribution for this system (red dash). 

(c) 

(a) (b) 

(d) 
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In Equation (3.1.24), the first term, 
V

r




, is the force on the particle of interest, and ip  is the 

particle momentum. The two new functions are the memory kernel, K(t), and the forces due to the 

colored noise variables, ( )t . K(t) is calculated by integrating over the additional variables.4 The 

form of K(t) describes the coupling of the system variables to the thermostat variables. Input files 

which produce system specific K(t) and ( )t are provided by Ceriotti et al.4-6, 11  

Chapters 5 and 6 employ a quantum thermostat with strong coupling and a target 

temperature of 125 K.11 The memory kernel for this thermostat is plotted in Figure 3.5(a). 

Additionally, the Fourier transform of this function, the frequency dependent kernel, K(ω), is 

shown in Figure 3.5(b). As K(ω) rises sharply for low frequencies, low frequency components 

will be strongly coupled to the thermostat.  The frequency response of the thermostat variables, 

H(ω), is defined as the Fourier transform of the colored noise variable, ( )t , time correlation. 

H(ω) for the 125 K quantum thermostat is shown in Figure 3.5(c)4. The relationship between 

H(ω) and K(ω) yields a measure of the frequency dependent temperature,  T  , enforced by the 

thermostat:  

 
 

 
 

H
T

K





 .  (3.1.25) 

Figure 3.5(d) is a plot of Equation (3.1.25), for this thermostat. Figure 3.5(d) shows the 

temperature enforced by this thermostat for different frequency components in the system. For a 

“quantum thermostat” the frequency dependent temperature should correspond to that of zero 

point energy, 

 ( )
2

T
k


   . (3.1.26) 

Equation (3.1.26) is shown in Figure 3.5(d) as a red dashed line. This figure shows that the 

memory kernels, H(ω) and K(ω) are effectively optimized to generate this temperature 
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distribution. Just as with the Nosé-Hoover thermostat there is a conserved quantity, HGLE, in the 

colored noise thermostat: 

  ,GLE i

i

H H q p K   .  (3.1.27) 

In Equation (3.1.27)  ,H q p  is the system Hamiltonian, and ΔKi is the change in kinetic energy 

due to the colored noise thermostat for the ith time step. 

3.2 Modelling the Interaction Potentials 

 In this thesis, H2O photodissociation and secondary reactive events for H atoms are 

considered. This requires reactive surfaces which can describe H2O photoexcitation as well as 

H3O formation and dissociation. After choosing a water molecule to be excited, the 

intramolecular interactions for that molecule are instantly switched to potential energy surfaces 

developed by Dobbyn and Knowles,12 which are an interpolation to ab initio points at the 

CASSCF level for the X  and A  states. CASSCF includes all possible excitations within an 

active orbital space chosen by the user, typically from the highest occupied and lowest 

unoccupied molecular orbitals. To treat the reaction of H atoms with H2O, an interpolated H3O 

PES is used, which allows for H3O formation and dissociation. This PES by Zhang et al.13 is 

constructed from ab initio energies calculated at the unrestricted coupled cluster level of theory 

including explicit single and double excitations as well as triple excitations perturbatively 

(UCCSD(T)). Briefly, this theory uses a mixture of ground state as well as all possible single and 

double excitations of the Hartree-Fock wavefunction as the starting point for the calculations. The 

triple excitations are included via a perturbation calculation. In addition, non-reactive surfaces are 

employed to describe the intermolecular interactions between all fragments and intramolecular 

interactions of OH, H2, and non-reacting H2O.  

This section details the potential surfaces employed to simulate photoexcitation in ice. 

Many of the interaction potentials have been fit using a linear least squares fitting routine written 
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by myself using the routines in Numerical Recipes.14 For more details on the ab initio methods 

used, I recommend the texts of Cramer15 and Jensen.16 Further details on some of the potentials 

used in this work will follow in Appendix A.2 – A.4. Transitions between various potentials, for 

example H3O and H + H2O, occurs throughout our simulations as the dynamics evolve. 

Combining interaction potentials, specific to these works, is considered in Section 3.3. 

3.2.1 H2O Photodissociation and Recombination 

To excite an H2O molecule, one molecule is chosen at random and its intramolecular 

interactions are treated using the 
1

1A B  excited state surface developed by Dobbyn and Knowles.12 

This occurs with no change in geometry to simulate a Franck-Condon excitation from the 1

1X A  

 

Figure 3.6: Potential energy diagrams for the ground and first excited state of H2O. Shown in the 

figure is a representation of photodissociation in which an H2O molecule in the X  state is excited 

to the A  state which quickly dissociates to yield H and OH in their ground electronic states. OH 

will possess vibrational energy, v, and rotational energy, j. 
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state (see Figure 3.6). The intermolecular interactions are unchanged except that the charges are 

chosen to fit the dipole moment of H2O in the A  state17, qO = 0.4 e-, qH = -0.2 e-. H atoms and OH 

fragments may also recombine. The potential interactions for this event are switched to the X state 

to allow for recombination on the ground state surface. When recombination occurs the charges 

are represented identically to other water molecules in the matrix, qO = -0.82 e- qH = 0.41 e-. 

3.2.2 H3O Formation and Dissociation 

As an H atom approaches an H2O molecule, the intramolecular interactions are then 

described by the H3O PES developed by Zhang et al.13 This potential is capable of describing 

H3O formation as well as the dissociation channels. 

 

2 3

3 2

3

H H O H O

H O H OH

H O H H OH

 

 

  

 . (3.2.1) 

Intermolecular interactions are treated by a Lennard-Jones interaction centered on the O atom and 

electrostatic interactions centered on all four atoms of H3O. The Lennard-Jones parameters were 

chosen identical to those used for water molecules in the matrix while the charges were chosen 

based upon Möller-Plesset second order perturbation, MP2/6-311++G**, calculations carried out 

for this work. The charge on each H atom in H3O is set as 0.035 e-. The charge on O is then          

-0.105 e-, to maintain charge neutrality. MP2 calculations were carried out for ~500 different 

configurations of H3O and the charge was determined by comparing the global minimum charge 

distribution with an average, energy weighted, charge distribution. More information on this 

procedure is given in Appendix A.4. 

To treat each of the outcomes in Equation (3.2.1), potential energy surfaces appropriate 

for the interactions are required. The PES developed by Zhang et al. is an interpolation to ab 

initio points at the CCSD(T) level using neural networks.13 This surface has been made available 

as a FORTRAN program by the authors. After H3O formation and dissociation, I treat the H2O 
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intramolecular interactions using the DK surface as opposed to the classical surface due to the 

potentially high energy with which the H2O molecule will be left. The second equation in 

Equation (3.2.1) requires an H2 intramolecular PES as well as H2∙∙∙OH, H2∙∙∙H2O, and OH∙∙∙OH 

intermolecular PESs. The last equation requires the addition of an H∙∙∙H interaction potential 

besides those already mentioned. Each of these potentials will be described in upcoming sections. 

3.2.3 Bulk Water Interactions 

In Chapter 4, H2O ∙∙∙ H2O interactions are treated using the flexible SPC (fSPC) model 

developed by Toukan and Rahman18 in which the intermolecular potential interactions are 

identical to the SPC19 model. This consists of Coulomb interactions between all atoms and O-O 

Lennard-Jones interactions: 
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 .  (3.2.2) 

In Equation (3.2.2), εOO and σOO, are Lennard-Jones parameters with εOO = 0.6504 kJ/mol and σOO 

= 0.3166 nm and the atomic charges are qO = 0.84 e- and qH = 0.41 e-. The intramolecular 

interactions are represented by Morse potentials in each of the O-H bonds along with Hooke’s 

Law (harmonic oscillator) interactions in the H-H separation and mixed coordinates: 
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.  (3.2.3) 

In Equation (3.2.3) ,i iOH OH OH er r r   , is the difference between the current O-H bond length 

and the equilibrium bond length and ,a b a bHH H H H H er r r   is the difference between the current H-

H distance and the equilibrium distance. The DOH parameter was set close to the O-H bond 
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dissociation energy and the remaining parameters, ρ, kθ, krθ, and krr’, were varied in order to 

reproduce the vibrational spectrum of bulk water.18 The negative anharmonic stretching constant 

causes this potential to be unstable for large displacements from the equilibrium position. This 

was not an issue for the simulations in Chapter 4 but for simulations with the colored noise 

thermostat in Chapters 5 and 6, the extra vibrational energy led to instabilities in the model. For 

simulations in Chapter 5 and Chapter 6 the intramolecular forces were chosen to follow a simple 

harmonic potential:  

 
2

2 2 2

2 2a b

intra b a
H O H O H O HOH

k k
V r r 

        .  (3.2.4)  

In Equation (3.2.4), 
iOHr is defined as in Equation (3.2.3) and ,HOH HOH HOH e       , the 

difference between the current HOH angle and the equilibrium angle, with rOH,e = 0.1012 nm and 

 

Figure 3.7: A representative plot of the DK potential energy surfaces around the global minimum 

orientation. The X  surface is shown in black and the A  surface is in red. 
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, 113.24o

HOH e  . Intermolecular interactions are governed by Equation (3.2.2) as in the fSPC 

model. This potential was developed as an improvement upon the dynamical description of H2O 

in the simple point charge (SPC) family of models for liquid water. The fit parameters kb, ka, and 

the equilibrium distances were chosen to reproduce distribution functions in water as well as the 

self-diffusion constant and the dielectric constant.20 

3.2.4 H∙∙∙OH Interaction and OH Intramolecular Potential 

Interaction of an H atom with OH is treated through the Dobbyn-Knowles12 A  or X  

state surfaces described in Section 3.2.1. As H separates from OH in a dissociating molecule this 

interaction will be governed by the A  surface but as H moves 0.30 nm from OH this interaction 

will be switched over to the X  surface. This distance has been chosen as this is the position 

where the two surfaces are close (see Figure 3.7) and so the switch can be made smoothly. From 

this point, the H∙∙∙OH interaction will be completely governed by the X  state. For the studies in 

Chapter 6, in which secondary reactions are considered and may lead to more H atoms in the 

system, all other H∙∙∙OH interactions are treated using the X  surface.  

3.2.5  H∙∙∙H2O Interaction Potential 

In the simulations, H∙∙∙H2O interactions are described through a fit to the YZCL2 H3O 

gas phase potential energy surface developed by Zhang et al.13, 21 The form of the H∙∙∙H2O 

interaction used to fit to the interpolated ab initio surface is as follows:  

 2 (1) (2)

(1) (2)

( ) ( ) ( )

V ( ) ( ) ( ) V ( )

H H O disp HH disp HH disp HO

rep HH rep HH rep HO morse HO

V V R V R V R

R V R V R R

  

   
, (3.2.5) 

 
6

6( ) ( ) i

disp i i iV R D R C R  ,  (3.2.6) 
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,  (3.2.7) 
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Figure 3.8: Pictorial representation of H∙∙∙H2O interaction distances used in Equation (3.2.5). 

Oxygen is shown in red and hydrogen in grey. 

 

 ( ) exp( )rep i i i iV R a b R  ,  (3.2.8) 
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.  (3.2.9) 

Equation (3.2.5) defines the full H∙∙∙H2O potential with each of the distances, Ri, as shown in  

 

Figure 3.9: Comparison of the fit surface (in red) with the ab initio surface (in black) around the 

global minimum. The image inset in the figure indicates the atomic positions. 
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Figure 3.8. Each of the parameters in Equations (3.2.6) - (3.2.9) are obtained from a linear least 

squares fit to the YZCL2 surface. An example comparison of the ab initio surface and the fit 

surface near the global minimum is shown in Figure 3.9. Additional plots comparing the fit and 

ab initio surfaces as well as the table of fit parameters are reserved for Appendix A.2. 

3.2.6 OH∙∙∙H2O Interaction Potential 

OH interacts with H2O molecules through a bond-bond formalism via an Improved 

Lennard-Jones potential:22 
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,  (3.2.10) 

where 

    

2

4.0i i

m m

R R
n

R R


 

   
       

   
. (3.2.11) 

In Equations (3.2.10) and (3.2.11), Ri is the bond separation and   is the triple of angles, 

, ,a b   (see Figure 3.10). Ri is taken as the separation between the ith bond in water and the OH 

radical bond. The separation is obtained from approximately the center of mass of the O-H bonds 

in water and the OH radical, although this center is allowed to vary when the potential is initially 

fitted. The bond angles a and b  are obtained from the inner product of the separation vector 
iR  

and the O-H bond vector in water and OH respectively: 
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Figure 3.10: Pictorial representation of coordinates used in the bond-bond potential, Equations 

(3.2.10) and (3.2.11). Coordinates are shown for one HO bond of H2O interacting with the OH 

radical bond. 
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  . (3.2.13) 

In these equations, 
iOHR  refers to the ith bond in water and 

rOHR  refers to the OH radical. The 

angle   is obtained from the components of the bond vectors, 
iOHR  and 

rOHR , which are 

perpendicular to the bond separation, iR : 
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.  (3.2.14) 

In Equations (3.2.10) and (3.2.11),  i   and  m iR   are not fit parameters but rather dependent 

on the atomic polarizabilities of the species in the bond.23, 24 The parameters which are varied in 

this potential model are β and the location of the bond – bond interaction site. The location of the 

interaction site within a bond in water or the OH radical bond is represented as follows: 
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Figure 3.11: OH-H2O potential energy interaction as a function of ROO with θ =54o, φ=128o, 

θ’=126o, and φ’=-52o. In black is the ab initio surface by Du et al. and in red is the bond-bond 

potential. 

 

 interact
1

O i H

i

r C r
R

C





  (3.2.15) 

In this equation, Ci is a parameter which is varied for both the OH radical bond, Cr, and for the 

water OH bonds, Cw. 
Or  is the Cartesian coordinates of the O atom within the bond, and 

Hr is the 

Cartesian coordinates of the H atom. If Ci = H

O

m

m
=0.0630 then the interaction site is the center of 

mass of the bond. In addition, the atoms interact through a Coulomb potential as in Equation 

(3.2.2). The charges on water are those corresponding to the SPC water model. The charges on  

OH are represented as a linear function of the bond length with parameters chosen to fit to the OH 

dipole moment: 

 
rH q q OH

O H

q a b R

q q

 

 
.  (3.2.16) 

The fit parameters, aq and bq, were found to be 0.69004 e- and -3.0648 e-/nm, respectively, 

through a fit to calculations at the CASSCF level performed by Langhoff et al.25 
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 The total interaction potential for the H2O ∙∙∙ OH system can be written as: 

 
2

2

2

1 ,

( , ) ( )k

OH H O vdw k k elstat ij

k i OH j H O

V V R V r
  

   .  (3.2.17) 

In Equation (3.2.17), the bond-bond potential, ( , )k

vdw k kV R  , is summed over both OH bonds in 

water (represented by the sum over k) and the electrostatic potential, ( )elstat ijV r , is summed over 

all atom pairs. Du et al.26 have calculated points on the OH-H2O potential energy surface at the 

CCSD(T) level, which the authors have generously provided to us. The value of Cr, Cw and β 

which best represented these data points were 0.0753, 0.0079, and 8.96 respectively. A 

comparison of the fit surface with the ab initio points around the global minimum is shown in 

Figure 3.11. Additional plots showing comparison of the fit surface with the ab initio points are 

shown in Appendix A.3. 

3.2.7 H2∙∙∙H2O and the H2∙∙∙OH Interaction Potential 

H2∙∙∙H2O and H2∙∙∙OH interactions are approximated through identical potentials to that 

used for H∙∙∙H2O, Equations (3.2.5)-(3.2.9), and H∙∙∙OH, the DK surfaces, with all parameters of 

the potentials unchanged. The potential is expressed as a sum over each H in H2: 
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. (3.2.18) 

This definition of the H2 interactions in the system is admittedly not a satisfactory description but 

as H2 formation is a rare event this is considered a minor approximation. 

3.2.8 OH∙∙∙OH Interaction Potential 

OH∙∙∙OH interactions are approximated by using the identical potential form as is used 

for the OH∙∙∙H2O interactions in Section 3.2.6. Parameters fit for the OH radical are used for both 

species in this case, Cr = 0.0753 and β = 8.96. As well the ε(γ) and Rm(γ) terms of Equation 
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(3.2.10) depend on the OH radical polarizability for both interacting partners. If the OH radicals 

approach within 0.15 nm of one another, I assume that a radical-radical reaction will occur and 

that H2O2 has been formed. This represents an additional case for termination in these simulations 

although recombination of OH radicals is not observed in the simulations. 

3.2.9 H∙∙∙H Interaction and the H2 Intramolecular Potential 

Both of these interactions are treated via the H2 intramolecular potential constructed by 

Zhang et al.13 This potential is an interpolation of ab initio points computed at the CCSD(T) 

level. As the potential treats H2 dissociation adequately it is also being used to treat long range 

H∙∙∙H interactions. 

3.3 Switching the Potentials 

Throughout the simulations the potentials dictating the dynamics need to be continuous 

and smoothly varying. The previous section outlined potentials which are switched between on 

the fly as the fragment dynamics evolve. In order to do this without introducing discontinuities in 

the potential continuous switching functions carry the dynamics from one PES to another. This 

section will describe the switching function employed in this work as well as the manner in which 

it is used for each of the potentials. Following this the exact potential forms including switching 

functions will be outlined.  

3.3.1 Switching Function 

A switching function, F(r) is employed whenever the dynamics transition between two or 

more potential energy surfaces: 
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In Equation (3.3.1) F(r) is the switching function, R1 and R2 define the region over which the 

potentials are being switched and x is defined as: 

 1

2 1

r R
x

R R





.  (3.3.2) 

The form of F(r) is plotted in Figure 3.12. If the switch is being made from a potential V1(r) to a 

potential V2(r) over a region starting at R1 and ending at R2 then the form of the switched potential 

will be: 

  1 2( ) ( ) ( ) 1.0 ( ) ( )V r F r V r F r V r   .  (3.3.3) 

As F(r) is continuous and the potentials V1(r) and V2(r) are continuous the switched potential, 

V(r), will also be continuous for all r. To avoid large contributions from F(r) to the potential 

derivatives, and therefore the forces, within the switching region, the value of the potentials V1(r) 

and V2(r) should be similar between R1 and R2. This is observed by looking at the derivative of 

Equation (3.3.3): 

 

Figure 3.12: Switching function, F(r), with R1 = 0.12 nm and R2 = 0.15 nm. 
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.  (3.3.4) 

If the potentials are well matched within the switching region then the last term in Equation 

(3.3.4) will be negligible and the switching function derivative will not contribute to the forces. In 

Sections 3.3.2 and 3.3.3, the switching process for forming/dissociating water and 

forming/dissociating H3O is discussed. 

3.3.2 H2O Dissociation and Recombination 

As an H2O molecule dissociates following photoexcitation, the potential must switch 

between the H2O potential of Section 3.2.1 to the H and OH potentials described in Sections 3.2.4 

– 3.2.6. This is done by representing the potential as follows: 
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 , (3.3.5) 

where i

H

H
V  represents the intermolecular potential for Hi described in Section 3.2.4 and j

OH

H O
V  the 

potential for OH described in Section 3.2.6. 
2H OV  represents the intermolecular potential given by 

Equation (3.2.2) with charges according to the A  state (see Section 3.2.1). F(r) is the switching 

function defined in Equation (3.3.1) with R1 = 0.13 nm and R2 = 0.15 nm. For the studies in 

Chapter 6 where H3O reactions are included, the switching algorithm requires a more complicated 

treatment which will be covered in an upcoming section.  

The intramolecular H∙∙∙OH interaction for the excited H2O molecule is switched similarly 

but with different values for R1 and R2; R1 = 0.30 nm and R2 = 0.35 nm. This is the region over 

which the X  and A  surfaces overlap, therefore reducing the contributions to the derivatives as 

described in Section 3.3.1. The interaction potential is always governed by the Dobbyn-Knowles 

potential energy surfaces but the switch is made between the A  and X  surfaces: 
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Figure 3.13: Three snapshots depicting H2O excitation followed by dissociation and fragment 

recombination. The excited molecule is colored blue for oxygen and green for hydrogen while all 

other water molecules are colored red for oxygen and white for hydrogen. (Left) A single H2O is 

excited by instantaneously representing its intermolecular interactions by Equation (3.3.5) with 

atomic charges consistent with the A  state surface and intramolecular interactions by Equation 

(3.3.6).  (Center) The excited molecule has completely dissociated to yield H + OH fragments. At 

this point Equation (3.3.5) still represents the intermolecular interactions but the H∙∙∙OH 

interaction has been completely switched to the X  surface. (Right) Recombination to form H2O 

on the X  surface. Intramolecular interactions are represented solely by the X  surface and 

intermolecular interactions are governed by Equation (3.3.5) with charges consistent with the X  

state 
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. (3.3.6) 

Once the switch to the ground state surface is completed, the interaction is governed by the X  

state. This allows for H + OH recombination to form H2O in the ground, X  state. Additionally, 

once the switch is made to the X  state the intermolecular interaction potential for a reformed 

water from Equation (3.3.5), 
2H OV , will use the X  state atomic charges (see Section 3.2.1). A 

representation of the switching process for an excited H2O is shown in Figure 3.13.  

3.3.3 H3O Formation and Dissociation 

For the study conducted in Chapter 6, H3O formation begins as an H atom approaches an 

H2O. The H3O system is described using a switched potential form akin to that used above for 
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dissociating H2O. This potential must transition between H∙∙∙H2O, H2∙∙∙OH, H + H∙∙∙OH, and H3O. 

In addition, the switching function must enforce symmetry. For example, HaHb∙∙∙OHc and 

HaHc∙∙∙OHb must be treated equally. The potential as the system transitions between any of H3O, 

H∙∙∙H2O, H2∙∙∙OH, H + H∙∙∙OH is: 
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.  (3.3.7) 

F(r) is defined in Equation (3.3.1) with R1 and R2 chosen as 0.13 nm and 0.15 nm, respectively. 

These distances are chosen to minimize instances where an H is interacting simultaneously with 

two water molecules. Each of the potentials in Equation (3.3.7) have been described in detail in 

Section 3.2: 
3H OV  is the H3O potential of Section 3.2.2; 

2
iH H O

V


 is composed of the H interactions 

described in Section 3.2.4 as well as the H2O interactions described in Section 3.2.1 and 3.2.3; 

i jH H OH
V


 is composed of H2 interactions described in Section 3.2.7 and OH interactions described 

in Section 3.2.6 and 3.2.8. Not explicitly treated here is the possibility of H+H∙∙∙OH, and 

H+H+O+H formation. The first of these is well represented by the definition of the potentials in 

the H2∙∙∙OH interaction as discussed in Section 3.2.7. The latter possibility is not included in the 

simulations since this is a very unlikely event.  

Consider the formation of H3O as an H approaches the O of H2O. The potential is fully 

classical until the distance is 0.15 nm. At this separation, switching begins and the potential is a 

combination of the ab initio H3O potential and the classical H + H2O potential. Once H is within 

0.13 nm of oxygen, the switching is complete and the potential is fully based on the ab initio 

surface and only the first term in Equation (3.3.7) is nonzero. The form of Equation (3.3.7) allows 
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for a number of scenarios including partial H3O formation followed by dissociation, and 

hydrogen exchange.  

3.4 System Properties 

 This section will introduce system properties which can be measured in MD simulations. 

Most advanced undergraduate physics or chemistry texts27, 28 introduce this material and the texts 

by Allen and Tildesley8 as well as Frenkel and Smit9 have been followed below. Several figures 

show illustrative examples from MD simulations of hexagonal ice at 125K. 

3.4.1 Density and Temperature 

Measurement of bulk properties such as volume, density, and temperature are relatively 

simple in molecular dynamics. The volume is typically set by the user. The number density of the 

simulation cell is readily computed from the known number of molecules and volume: 

 
N

V
  .  (3.4.1) 

In Equation (3.4.1) ρ is the density, N the number of molecules and V the volume. In our 

simulations we consider the density of the ice or amorphous solid water which will require an 

estimate of the volume occupied by the solid. As shown in Figure 3.4, this is a small fraction of 

the overall cell volume.  

The temperature of the system is computed from the equipartition principle as applied to 

translational motion: 
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.  (3.4.2) 

In Equation (3.4.2) the quantity on the left is the average kinetic energy for all particles in the 

system defined using the mass, mi, and velocity,
iv , of each atom, i. On the right is the system 

temperature, T, and Boltzmann’s constant, k. The kinetic energy can be further separated for 
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rotational, and vibrational motion. The separation in the kinetic energy is carried out by 

projecting the atomic velocities on to coordinates which correspond to center of mass translation, 

molecular rotation, and the normal modes. Note that temperature fluctuations are expected, even 

beyond equilibration, as variation in the instantaneous temperature is always present and larger 

for small systems such as the ones shown (N = 576). The ensemble average of each of these 

quantities will yield 
1

2
kT  per mode, i.e. 

3

2
kT  for average translational and average rotational 

kinetic energy and 
1

2
kT  for average kinetic energy in each vibrational mode. There will also be 

1

2
kT of internal energy per vibrational mode yielding the familiar kT of total energy per mode. 

Temperature is a key property in our simulations, with the use of thermostats that treat the motion 

differently. In particular, in Chapter 4, the Nosé-Hoover thermostat leads to translational and 

rotational temperatures consistent with the simulation temperature. The vibrational motion is 

 

Figure 3.14: The mode separated temperature for two simulations. A kinetic temperature is 

extracted for translational motion, shown in black, rotational motion, shown in red, and 

vibrational motion, shown in green. (left) The mode separated temperature for the Nosé-Hoover 

Thermostat with the fSPC model at 125 K. Each motion is equilibrated to the same temperature, 

125 K in this case. (right) The mode separated temperature for the quantum colored noise 

thermostat with the SPC/fw model at 125 K. In this case the vibrational motion is equilibrated to 

a much higher kinetic temperature than the rotational and translational motions, consistent with 

zero point energy in water. The translational and rotational kinetic temperatures are above 125 K 

due to the presence of phonon and hindered rotation modes in the matrix. 

 



 

77 

 

consistent with the thermostat but this well below zero point energy (Figure 3.14 (left)). In 

Chapters 5 and 6, use of a 125 K colored noise thermostat yields temperature distributions 

illustrated in Figure 3.14 (right). The translational and rotational motion are nearly 125 K while 

the vibrational motion is much higher. The vibrational energy is now consistent with zero point 

energy. The observed translational and rotational temperatures are raised due to phonon modes 

and hindered rotation modes in the system.    

3.4.2 Correlation Functions 

Structural features can be described using the pair correlation function, g(r), which represents the 

probability of finding a pair of atoms separated by a distance r relative to the probability for an 

ideal gas. In the case of molecules, the pair distribution function can be computed for every atom 

pair. i.e. for water, pair distributions can be computed for O-H, H-H, and O-O pairs. These site-

site pair distribution functions are denoted gij(r) where the indices i and j refer to the atom 

identities. For water, the three site-site distribution functions are gOH(r), gHH(r), and gOO(r). This is 

calculated numerically by counting the number of atoms, j, found within spherical shells of 

volume   3 34

3
r r r   , where r is measured with respect to the position of atom i. Figure 

3.15 depicts a circular cut of a volume measured with respect to an oxygen atom in water within a 

lattice of hexagonal ice. The water molecule of interest is colored blue and pink for oxygen and 

hydrogen, respectively. The width of the shell is exaggerated in Figure 3.15; It is 0.01 nm in our 

simulations. To compute gOH(r), for example, the number of H atoms within this volume is 

counted and binned. To normalize gij(r) for each r this number is divided by the number of atoms 

expected based on the known density and volume. The functional form of gij(r) is given by: 
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Figure 3.15: Pictorial representation of the volume in which the pair correlation function is 

computed. 
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.  (3.4.3) 

where Ni represents the total number of i atoms, ρi the density of i atoms, V(r) the volume of the 

spherical shell, and nij(r) is the sum total of all  j atoms within the volume element V(r) with r 

measured with respect to each of the i atoms in the simulation cell. The pair distribution is 

calculated by counting the atoms found in spherical shells about each atom, at different times 

during the simulation, and averaging over these measurements. Figure 3.16 shows gOO(r), gOH(r), 

and gHH(r) calculated for water at different temperatures. From the pair distribution functions in 

Figure 3.16 we can see the effect of temperature on the water structure. Specifically the sharp 

features observed at 15 K are broadened as the temperature is increased. At 300 K the sample has 

melted and there are no longer any long range structural features, but the short range structure of 

liquid water remains. Additionally, Figure 3.16 can be compared with experiments, for example, 



 

79 

 

 

X-ray crystal and neutron diffraction data.7, 29  

The velocity autocorrelation function yields dynamical properties of the system. This is 

computed using the following functional form: 
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.  (3.4.4) 

In Equation (3.4.4), ( )v t  is the velocity vector of an atom or molecule in the system at time t. 

Calculation of Vc(t) thus requires storage of velocities over the time used in the calculation of 

(3.4.4). Division by Vc(0) normalizes the velocity autocorrelation. This function depicts 

correlations between velocities at differing times in the simulation. Figure 3.17 shows a sample 

velocity autocorrelation for hydrogen atoms in water, calculated over 780 fs, at a temperature of 

 

Figure 3.16: pair distribution 

functions, gij(r), calculated from 

simulations of water molecules at 15 

K (Black), 75 K (Red), 155 K 

(Blue), 200 K (Green), and 300 K 

(Purple). 

H-H O-H 

O-O 



 

80 

 

 

 

Figure 3.17: The hydrogen atom velocity autocorrelation function, V(t), calculated for water at 

325 K. V(t) was calculated over 1200 time steps with Δt = 6.5 x 10-16 s. 

 

325 K. The Fourier transform of this function yields the power spectrum, which is of interest in 

this research. Figure 3.18 shows the power spectrum for water at 325 K calculated from the 

autocorrelation function shown in Figure 3.17. The spectral features observed in Figure 3.18 are 

comparable to experimental infrared or Raman measurements;30, 31 the feature at ~3200 cm-1 

corresponds to molecular stretching, ~1800 cm-1 to bending, and ~600 cm-1 to libration.30, 31  

V
(t

) 
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Figure 3.18: Water power spectrum at 325 K. This is calculated from the FFT of the 

autocorrelation function shown in Figure 3.17. 
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Chapter 4 

The Photoexcitation of Crystalline Ice and Amorphous Solid Water: A 

Molecular Dynamics Study of Outcomes at 11 K and 125 K. 

4.1 Introduction  

This chapter examines the photodissociation of a single water molecule within a 

hexagonal form of ice, ice XI, and within amorphous solid water, ASW, using a flexible model 

for all water molecules. This is the first study where a flexible model is applied to 

photodissociation in water ice. To isolate the impact of molecular flexibility, we also simulate 

photoexcitation in 11 K crystalline ice using a rigid water model (the simple point charge, SPC,1 

model). Intramolecular and intermolecular interactions in the non-reacting water molecules are 

treated using the well-known flexible simple point charge (fSPC) model developed by Toukan 

and Rahman.2  The fSPC model has been chosen for this study as it allows a consistent treatment 

of all water molecules - within the lattice, just prior to photoexcitation, and after recombination of 

H and OH.  Also, it yields a hexagonal ice phase that is stable over the time scales of interest. A 

Nosé-Hoover thermostat is used for all simulations in this Chapter. Reaction of the primary 

photoproducts with other water molecules in the ice are not considered in this chapter. 

Details on the interaction potentials, specific for this work are given in Section 4.2 with 

reference to the appropriate sections in Chapter 3 and the Appendix. Theoretical methods are 

presented in the following section, including the computational details, the preparation of ice XI 

and amorphous solid water matrices, and the selection of the photoexcited molecule. Section 4.3 

shows the results of the simulations, including an analysis of photofragment desorption, trapping, 

and recombination events.  The chapter concludes with a discussion of the importance and 

validity of the observed outcomes.  
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4.2 Theoretical Details 

4.2.1 The Potentials 

Ice XI and ASW are simulated using the flexible simple point charge (fSPC) water model 

developed by Toukan and Rahman2 based on the SPC model of Berendsen.1 The intermolecular 

interactions are treated using a Lennard-Jones potential between oxygen atoms in addition to a 

Coulomb electrostatic potential between all atomic pairs: 
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.  (4.2.1) 

In Equation (4.2.1) σOO and εOO are the Lennard-Jones parameters, and qi represents the charge on 

atom i. For simulations of photodissociation in a matrix of rigid water molecules, the SPC model1 

is adopted.   

The H∙∙∙H2O interaction potential is a fit to the gas phase H3O potential energy surface 

(PES) developed by Zhang et al.3 Their YZCL2 PES interpolates ab initio energies calculated at 

the CCSD(T) level of theory with MRCI and CISD(T) gradients and second derivatives.  Further 

details are given in Section 3.2.5 and Appendix A.2. 

The OH∙∙∙H2O interaction potential is based on CCSD(T) energies obtained by Du et al.4 

The electrostatic potential between OH and H2O follows Equation (3.2.17) with atomic charges 

for OH taken from a fit to the bond dipole5, 6 and H2O charges from the SPC model.1 Further 

details are provided in Section 3.2.6 and Appendix A.3. The potential energy surfaces developed 

by Dobbyn and Knowles7 (DK) for the ground electronic state ( 1

1X A ) and first excited electronic 

state (
1

1A B ) of an isolated water molecule are the starting point for simulations of 

photoexcitation in ice XI and ASW.  For each simulation, a molecule is chosen at random and 

“photoexcited” by exchanging its intramolecular potential with the potential energy surface8 

corresponding to the first excited electronic state of water. Immediately following photoexcitation  
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Figure 4.1: A schematic of the bilayer definition for crystalline ice XI (left) and amorphous solid 

water (right).  For the latter, the number of molecules in a 0.6 nm sphere (shown as a green circle 

with a yellow arrow) surrounding the selected water molecule is used, in addition to the bilayer, 

to categorize the photoexcitation outcomes. 

 

the intramolecular interactions of this water molecule are governed by the excited state surface 

but, as the molecule dissociates, the interactions are switched5, 6 to the ground state surface 

beginning when at least one O-H bond is longer than 0.30 nm and ending with a complete 

transition to the ground state surface by 0.35 nm.  Switching to the ground state surface allows for 

recombination of the H + OH fragments if the fragments approach one another again. This may 

happen after collisions with the surrounding matrix.  

4.2.2 Computational Details 

The starting point for all simulations is an ice XI matrix initially prepared in a hexagonal 

structure9 of 576 water molecules arranged in 8 bilayers as discussed in Section 3.1.2. Snapshots 

of ice XI and ASW after equilibration are shown in Figure 4.1 along with an illustration of the 

bilayer definition and, for amorphous solid water, the characterization of the local environment 

around the photoexcited water molecule. 
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During equilibration, the fSPC (or SPC) model is applied to all water molecules and a 

Nosé-Hoover thermostat10,11-13 is used to set the simulation temperature. A 1.14 nm spherical 

cutoff is applied to all dispersive and electrostatic interactions.  The time step for the simulations 

is 1 fs during equilibration.  After equilibration is complete, a molecule from within the top 4 

bilayers is chosen at random and “photoexcited”, i.e. its intramolecular potential is described by 

the 
1

1A B excited state surface and the time step is reduced to 0.02 fs.  The thermostat is turned off 

at this point to ensure that the energy from the photoexcitation event remains within the matrix.  

For simulations with the fSPC model, the excitation occurs without a change of atomic positions 

or momenta to simulate a Franck-Condon excitation from the ground state surface to the excited 

state surface.  The average O-H bond length, immediately prior to photoexcitation, is 1.03 nm and 

the average H-O-H angle is 105.6º.  The latter is in agreement with experiments in which an H-O-

H angle of  ~106o has been reported for ice.14 In the case of simulations with SPC water 

molecules, the randomly selected “photoexcited” molecule is assigned atomic positions and 

momenta weighted by probabilities obtained from the Wigner phase space distributions for a 

harmonic oscillator. Here, we followed an approach similar to that described by van Harrevelt et 

al.15(see Appendix A.1). From this process, the average assigned O-H bond length is 0.97 nm and 

the H-O-H angle is 104.5º.   

After photoexcitation, the classical trajectory is followed until each fragment (or re-

formed water) satisfies one of the following conditions: the fragment is desorbed from the ice; the 

fragment is trapped within the ice; reformed water is trapped or desorbed; or the fragment moves 

below the lowest bilayer.  Fragment desorption is flagged once the molecule is more than 1.1 nm 

above the top bilayer in ice XI, or above the highest water molecule in ASW. Molecule trapping 

is identified by comparing the kinetic energy of the species with its potential energy.  

Specifically, if the kinetic energy of the fragment is less than the absolute value of the potential 

energy then the fragment is flagged as trapped within the matrix.  Once all of the fragments 
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resulting from the photoexcitation meet one of these criteria, the simulation is stopped. The 

average time from photoexcitation to termination of the simulation is 1.24 ps.  All simulations in 

which a fragment moved below the two lowest bilayers are excluded from the analysis presented 

in Section 4.3. 

Approximately 240 different equilibrated structures were produced from fSPC water 

molecules for each system: for ice XI at 11 K and at 125 K, and for ASW at 11 K. For each of 

these structures, we performed fifty photoexcitation simulations yielding a total of approximately 

12000 simulations per system (around 36000 simulations in total). Roughly 120 different 

equilibrated structures were produced for the rigid-water simulations of ice XI at 11 K and on 

each of those structures we performed one hundred different photoexcitation simulations for a 

total of 12000 trajectories. 

4.3 Results 

4.3.1 Ice Structure 

The equilibrated ice XI structure is hexagonal, containing water cages with a diameter of 

0.426 nm. The density of our simulated ice XI is calculated to be 0.923 g/cm3 in  good agreement 

with the experimental value16 of 0.933 g/cm3. Each bilayer has this density. The equilibrated 

amorphous solid water (ASW) shows a density gradient as a function of distance from the 

surface. To establish the density in ASW we use the crystalline model as our reference and 

evaluate   

 am
am XI

XI

N

N
  ,  (4.3.1) 

where ρam is the density of an amorphous ‘layer’, ρXI is the density calculated for ice XI (0.923 

g/cm3), Nam is the number of water molecules in the ASW layer, and NXI is the number of water 

molecules in a layer of the same volume in ice XI. We divide the ASW into two regions, a 

surface layer and the interior.  The surface layer consists of the volume which encompasses the 
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top bilayer in ice XI, measuring 2.71 nm x 2.35 nm x 0.37 nm. The interior is defined as the 

volume which encompasses the next three bilayers in CI and measures 2.71 nm x 2.35 nm x 1.11 

nm. The surface ASW layer shows a greatly reduced density (~0.30 g/cm3) compared to the 

interior (~1.05 g/cm3). The density in the interior is therefore close to that of liquid water (0.9998 

g/cm3 at 273 K)17 with which ASW shares the occurrence of partly collapsed water cages. 

4.3.2 Excitation Spectrum 

The UV absorption spectra of crystalline ice and amorphous solid water have previously 

been recorded at 80 K by Kobayashi.18  These two spectra are shown in Figure 4.2 along with the 

simulated absorption spectra obtained from our work.  Excitation energies are calculated from:   

 excited state ground state envE E E E    ,  (4.3.2) 

where the energy of the molecule in the excited 
1

1A B state and in the ground 1

1X A state are 

obtained from the gas phase DK energies7 for the specific structure of the randomly selected 

molecule at the time of photoexcitation.  The ΔEenv term in Eq. (4.3.2) accounts for the influence 

of the matrix environment on the excitation energy. By reference to the gas phase spectrum19, 

included in Figure 4.2, it is apparent that the environment accounts for a shift of roughly 1 eV to 

higher photoexcitation energies.  In calculating ΔEenv, the matrix contribution to the spectrum of a 

photoexcited molecule is assumed to be dominated by electrostatic interactions with surrounding 

water molecules. Consider that in the ground state, the atomic charges of the selected water 

molecule are taken from the fSPC model, but in the excited state the atomic charges reproduce 

the dipole moment in the
1

1A B state6, 20 (0.4e for oxygen and -0.2e for hydrogen). 

For photoexcitation in a matrix of fSPC water, the atomic coordinates and momenta are 

taken from the instantaneous structure of the randomly selected molecule at the instant of 

photoexcitation.  The molecular structures in the ensemble of photoexcited molecules are 

influenced by the matrix environment and will not be the same for ice XI and ASW.  However,  
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Figure 4.2: Experimental and simulated UV absorption spectra obtained for crystalline ice and 

amorphous solid water.  (A) The absorption spectrum calculated for a matrix of rigid SPC water 

is shown both with zero point energy correction (green dash) and without this correction (green).  

The calculated spectra from the fSPC model are shown for amorphous solid water (blue) at 11 K, 

crystalline ice (red) at 11 K, and crystalline ice (black) at 125 K. (B) The red, blue, and green 

solid curves are experimental UV absorption spectra for crystalline ice and amorphous solid 

water at 80 K18 and gaseous H2O19, respectively. 

 

these low temperature simulations oversample molecules near the bottom of the potential well.  

This makes the spectra artificially narrow, i.e. compared to the experimental spectra the widths of 

the calculated UV absorption bands (Figure 4.2) are underestimated.  At the higher temperature, 

125 K, the water molecules in ice XI sample a wider range of structures, positions, and 

orientations leading to a broadening of the peak in the calculated absorption spectrum (Figure 

4.2).   

For photoexcitation from a matrix of SPC water, a different approach is required, since 

all molecules have identical structures prior to photoexcitation.  In this case, the initial 

coordinates and momenta of the atoms in the photoexcited molecule are distributed according to a 

Wigner-type phase space distribution calculated from the normal modes of a gas phase water 
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molecule (see Appendix A.1).  If the acceptance criterion for the structure is based on the bottom-

of-the-well energy, then the spectrum has a width comparable to the spectrum obtained for the 

fSPC simulations.  However, when zero point energy (ZPE) is included in the criterion, the width 

of the spectrum increases and, as shown in Figure 4.2, is comparable to experiment signifying 

ZPE is the cause of the spectral broadening.    

The calculated UV absorption spectra appear at lower excitation energies compared to the 

experimental ice spectra, and the calculated spectrum of ASW shows a larger shift compared to 

ice XI. Assuming that the DK potentials of gas phase water are accurate for water in an ice 

matrix, the deviation must originate from the environmental correction term that does not account 

for about 0.5 eV stabilization of the ground state and/or upshift of the excited state. Of course, 

one can correct this shift by adjusting the charge distribution on the ground or excited state of the 

dissociating molecule. DeSimone et al.21 undertook QM/MM calculations of a surface water 

molecule in crystalline ice and found evidence for a first excited state with a near-zero charge on 

oxygen. The best representation of the polarity of a photoexcited water molecule in crystalline ice 

and ASW remains an open question but, here, we have chosen to reproduce the calculated excited 

state dipole moment of a single water molecule.   

The large surface-to-volume ratio in our 576 molecule assembly reduces the influence of 

matrix stabilization. Consider that we only photoexcite molecules in the top 4 bilayers. One 

quarter of the selected water molecules are located in the top bilayer and clearly experience a 

reduced matrix stabilization and, consequently, a lower value of ΔEenv.  Consistent with this 

hypothesis, the ASW matrix has an even higher surface-to-volume ratio and the corresponding 

calculated photoexcitation spectrum is roughly 0.2 eV lower than calculated for ice XI.  Because 

of this surface effect, in our simulations the photofragments are formed with an energy that is 

somewhat less than what might be expected for experimental photodissociation processes 

occurring in ice XI and ASW.   
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4.3.3 Trajectory Outcomes 

4.3.3.1 Trajectory Outcomes for Ice XI 

Trajectory outcomes for ice XI are shown in Figure 4.3 as a function of the original 

bilayer of the photoexcited water, the temperature, and molecular flexibility.  Three outcomes are 

distinguished: both H and OH fragments are trapped, H desorbs and OH remains trapped, and H 

and OH fragments re-form trapped water.  Other outcomes, such as OH or H2O desorption, are 

much less probable and are not shown.   

H atom desorption is the most likely outcome from photoexcitation of a water molecule 

in the top bilayer.   Trajectory analysis indicates that the “dangling” H atom, pointing directly 

away from the surface, desorbs preferentially for the top monolayer and accounts for nearly 50% 

of the H atom desorption events from the top bilayer.  This H atom leaves the surface  

Figure 4.3: Outcomes from photoexcitation in 

crystalline ice, as a function of the original bilayer 

of the excited water molecule.  The outcomes 

predicted by the SPC water model, at 11 K, are 

shown in (A).  Outcomes for photoexcitation in an 

fSPC water matrix are shown at 11 K (B) and 125 

K (C).   The white, red, and green histograms 

correspond to OH + H trapping, H desorption + 

OH trapping, and H + OH recombination, 

respectively.  Outcomes are expressed as a 

fraction of the total number of runs (~12000 for 

each) with 95% confidence intervals shown. 
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Figure 4.4: A sequence of snapshots for an OH trapping event in 125 K crystalline ice.  The 

number of instantaneous hydrogen bonds for the OH fragment is provided on the right.  The 

oxygen and hydrogen of the photoexcited water molecule are shown in blue and green, 

respectively, while surrounding water molecules have oxygen in red and hydrogen in black.  The 

vertical arrows in the right-hand graphs indicate the number of instantaneous hydrogen bonds for 

each of the snapshots on the left.    

 

immediately after photoexcitation, without any collisions with the surrounding matrix of water 

molecules. Figure 4.3(B) shows that the impact of molecular flexibility is small; the introduction 

of flexibility lowers the probability for H atom desorption with fragment trapping and 

recombination becoming slightly more probable.  This is not surprising since the amount of 

energy transferred to the bulk immediately following photodissociation is expected to play a role 

in determining whether or not the H atom desorbs or remains in the ice. 

In the second bilayer, H desorption, H trapping, and H+OH recombination have 

comparable probabilities but, in a matrix of flexible molecules, H+OH trapping is most probable.  

Figure 4.4 shows a series of snapshots of an OH trapping event. In this example, the H atom is 

eventually trapped but has already moved away from OH by 0.05 ps after photoexcitation.  As 

shown by the snapshots, the vacancy created by the photoexcited water and the presence of the 

fragments leave the hexagonal ice structure largely unaffected by the photodissociation event.  

The OH fragment moves from the lattice site originally occupied by the photoexcited water 

molecule to the center of the adjacent hexagonal cage 0.2 ps after photoexcitation occurs.  
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Figure 4.5: A sequence of snapshots showing a recombination following photoexcitation in 125 

K crystalline ice.  The number of instantaneous hydrogen bonds is provided on the right.  The 

oxygen and hydrogen of the photoexcited water molecule are shown in blue and green, 

respectively, while surrounding water molecules have oxygen in red and hydrogen in black.  The 

vertical arrows in the right-hand graphs indicate the number of instantaneous hydrogen bonds for 

the recombined water/fragments in each of the snapshots on the left 

 

However, OH does not remain at this interstitial site but eventually returns to a position near its 

original location. In the ab initio MD study of Kusalik et al.,22 interstitial OH within a complete 

hexagonal water cage eventually forms an O-O hemi-bond due to its inability to find suitable 

hydrogen bond acceptors in the lattice. In our study, there is a vacancy in the lattice and this is 

where the OH is observed to settle.  The instantaneous hydrogen bonds formed between the OH 

and the surrounding water are included in Figure 4.4.  Hydrogen bond formation is identified 

when the O-H‧‧‧O angle is 150o or higher, the H‧‧‧O distance is less than 0.26 nm, and the distance 

between donor and acceptor oxygens is less than 0.35 nm. Following photodissociation, the O 

atom in OH remains involved in one hydrogen bond but the H atom loses its hydrogen bond until 

around 0.6 ps after photoexcitation, when the OH fragment is settled near the original lattice site.    
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In Bilayers 3 and 4, fragment trapping and recombination are the most probable outcomes 

(Figure 4.3 (A),(B)). Extrapolating to an infinitely thick crystalline layer, we expect that the 

probability for H-atom desorption approaches zero, whereas the ratio of photofragment trapping 

to recombination approaches roughly 7:3.   

A snapshot sequence for an H+OH recombination event is provided in Figure 4.5.  

Immediately after photoexcitation, the H fragment moves away from the OH before returning to 

the original solvent cage at around 0.10 ps.  The H and OH fragments eventually recombine, 

leading to a high energy H2O molecule that is rapidly reorienting within the solvent cage.  The 

presence of the reformed water has a larger impact on the surrounding ice matrix than does the 

OH fragment by virtue of the energy difference between the fragment and the re-formed H2O.  As 

expected, the instantaneous hydrogen bonds for the recombined water are rapidly fluctuating until 

1.5 ps after photoexcitation.  At this point, energy has been dissipated into the surrounding matrix 

and the resultant H2O molecule is trapped interstitially. The recombined H2O accepts one H bond 

and donates intermittently one of the H-atoms into a hydrogen bond while the other is not well 

positioned to form a hydrogen bond.  Our simulations indicate that re-formed H2O may ultimately 

remain in the interstitial region or adopt a lattice site, but possibly not the original site. It may 

even travel up or down into different bilayers - usually via the interstitial regions.   

The outcomes from photoexcitation in 125 K ice XI are shown in Figure 4.3(C).  On the 

whole, an increase in temperature from 11 K to 125 K has only a small impact on outcomes.  In 

the top bilayer, H + OH trapping is more probable at higher temperature and, in turn, H atom 

desorption decreases.  In contrast, the fraction of H atom desorption increases in the lower 

bilayers, at the expense of H2O recombination. One may expect these trends since an increase in 

temperature provides a “softer” collision partner, therefore leading to faster (less elastic) energy 

exchange between the fragments and neighboring water molecules.  In addition, at higher 

temperatures the water molecules sample a broader range of structures, positions and orientations.   
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Figure 4.6: A sequence of snapshots for the photoexcitation of a surface water molecule in 125 K 

crystalline ice.  The number of instantaneous hydrogen bonds is provided on the right.  The 

oxygen and hydrogen of the photoexcited water molecule are shown in blue and green, 

respectively, while surrounding water molecules have oxygen in red and hydrogen in black.  The 

vertical arrows in the right-hand graphs indicate the number of instantaneous hydrogen bonds for 

the OH in each of the snapshots on the left.   The OH fragment travels 0.45 nm along the surface 

during the 2.2 ps following photoexcitation and the graph on the lower right shows the 

instantaneous vertical distance between the OH fragment and the surface.   

 

Both effects increase the H atom trapping probability when photoexcitation occurs in the top 

bilayer. 

OH and H2O desorption occur very rarely in our crystalline ice simulations.  At 11 K, 

only 2 desorption processes were identified in ~12000 photoexcitations.  At 125 K, the 

probability for OH desorption rises to 1% and H2O desorption accounts for 1.5% of the outcomes.  

In the 10 K studies conducted by Andersson et al.5, 6, 23 OH desorption and H2O desorption were 

observed in 0.7 % and 0.3 % of the trajectory outcomes, respectively.  The OH···H2O potential 

implemented here is based on recent high-level ab initio calculations4 and yields a potential that 

has a deeper global minimum compared with the potential used by Andersson.  We believe that 

our updated OH···H2O potential reduces overall OH mobility, directly leading to a reduction in 

the probability for OH desorption. Our calculated water desorption rates apply only to desorption 

following a recombination of fragments that originate from the same photoexcited molecule.    
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DeSimone et al.21 and Andersson et al.23-25 have examined mechanisms for H2O desorption in CI 

and ASW, including “kick-out” and several “recombinative” routes. As these other mechanisms 

are not considered in this chapter, our rates represent a lower limit on H2O desorption.  

Photoexcitation from the top monolayer is the most likely event that can yield a desorbed 

OH fragment. If the OH is produced by dissociation of the dangling H, then OH trapping occurs 

quickly but when the OH fragment includes the dangling H, then the OH is ejected from the 

surface.  Figure 4.6 shows snapshots of this event. In this particular case the OH does not possess 

enough kinetic energy to escape the matrix; it rises to a height of ~0.6 nm above the surface 

before returning.  The OH then settles above a neighboring hexagonal lattice site, 0.45 nm away 

from the original photoexcited water molecule, where the oxygen atom forms a hydrogen bond 

with a dangling H from a water molecule in the top monolayer.  Condensation on the surface 

appears to be a common phenomenon; the analysis of trajectories also indicates that when water 

molecules (re-formed or from the top monolayer) leave the surface, they tend to return.     

4.3.3.2 Trajectory Outcomes from Amorphous Solid Water 

Before examining photoexcitation outcomes for ASW, a further classification is required 

since the definition of bilayers is ambiguous for an amorphous structure.  We have categorized 

the photoexcited water molecule based on two criteria.  First, the “approximate bilayer” where the 

molecule is located, with the bilayer calculated by dividing the ASW into 8 equal layers. Second, 

we categorize according to local water density, calculated from the number of water molecules 

within 0.6 nm of the excited molecule (see Figure 4.1).  This distance was chosen with reference 

to the ice XI structure where 0.6 nm corresponds to slightly more than the O–O distance for next 

nearest neighbors.  The local density is divided into three categories: low density corresponding 

to less than 21 water molecules near the excited molecule, intermediate density between 21 and 

31, and high density more than 31. For comparison, 26 water molecules are within 0.6 nm of any  
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Figure 4.7: The local density distribution in amorphous solid water.  Low, intermediate, and high 

local densities correspond to less than 21, between 21 and 31, and more than 31 water molecules 

surrounding the selected molecule, respectively.  (A) shows the distribution of  these three density 

criteria and (B) shows the distribution according to bilayer. Bilayers 1 – 4 are represented by 

black, red, green and blue, respectively.   

 

one water molecule in ice XI, whereas in the bulk of ASW the average density is 1.05 kg/L i.e. 32 

water molecules found within 0.6 nm of the excited molecule.  Arasa et al.25 also considered the 

local molecular environment in ASW but ultimately assigned the photoexcited molecule to a 

specific monolayer. While we attempt to correlate the reaction outcomes to two different criteria 

for the local environment, we are also aware, as noted by Arasa25, that all binning methods have 

some arbitrariness for ASW since each local environment is distinctly different.   

Figure 4.7 shows the overall distribution of low, intermediate, and high local densities in 

ASW, along with the distribution of local densities found in each approximate bilayer.  Most 

water molecules in ASW have intermediate local densities but around 12% are in a low density 

region and 25% have high local densities.  As expected, the majority of molecules in the top 

bilayer are in a low density environment, while most molecules in Bilayer 2 have intermediate 

density and Bilayers 3 and 4 have intermediate or high density.   

The photoexcitation outcomes at 11K for ASW are provided in Figure 4.8, where the 

results are divided according to bilayer only (Figure 4.8(A)) and then according to both bilayer 

and local density (Figure 4.8(B)-(D)).   As the photoexcited molecules are chosen at random,  
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without biasing based on local density, fewer trajectories originate from regions of low local 

density.   This is the reason for the reduced fraction of outcomes originating from the top bilayer.  

Compared to the ice XI outcomes, H atom desorption from Bilayers 2-4 is more likely.  At the 

same time, photoexcitation of a water molecule in the topmost bilayer of ASW is less likely to  

lead to H atom desorption since the water molecules near the surface in ASW are generally not 

oriented with an OH bond directed away from the surface as occurs for the top monolayer in ice 

XI.  In ASW, the distribution between H2O recombination and H + OH trapping in the lower 

bilayers favors more recombination, in comparison with CI. Extrapolating to an infinitely thick  

Figure 4.8:  Total outcomes observed from 

photoexcitation of 11 K amorphous solid 

water as a function of bilayer (A) and further 

subdivided according to local density;  

outcomes from low, intermediate, and high 

local densities are shown in Panels (B), (C), 

and (D) respectively.   The white, red, and 

green histograms correspond to OH + H 

trapping, H desorption + OH trapping, and H 

+ OH recombination.  Histograms include 

95% confidence intervals. 
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Figure 4.9: A sequence of snapshots showing H+OH trapping in 11 K amorphous solid water.   

The instantaneous hydrogen bonds of the OH fragment are shown on the right and nearby water 

molecules that hydrogen bond with the OH are highlighted in the snapshots.  The oxygen and 

hydrogen of the photoexcited water molecule are shown in blue and green, respectively, while 

surrounding water molecules have oxygen in red and hydrogen in black.  The vertical arrows in 

the right-hand graphs indicate the number of instantaneous hydrogen bonds for the OH fragment 

in each of the snapshots on the left. 

 

ASW film the ratio of trapping to recombination approaches 3:2, i.e. it is somewhat lower than 

the 7:3 ratio obtained for ice XI.   

When a molecule is photoexcited from a low density environment (Figure 4.8(D)), H 

atom desorption is the most likely outcome with a small probability for fragment trapping and 

recombination events.  A high local density (Figure 4.8(B)) favors trapping and recombination.   

At intermediate local densities (Figure 4.8(C)), the outcomes are dependent on bilayer. When 

photoexcitation occurs near the surface, desorption of H atoms is the most probable outcome but, 

for Bilayers 3 and 4, fragment trapping and recombination are more frequent.  

 Although OH and H2O desorption are very rare events in the 11 K ice XI simulations, we 

find that photoexcitation in ASW leads to slightly higher desorption rates; 0.3% and 0.6% of the 

trajectories lead to OH and H2O desorption, respectively.  Further analysis shows that these 

events follow photodissociation from one of the top two bilayers when the photoexcited molecule 
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has a low or intermediate local density.  An increase in OH and H2O desorption is expected for 

ASW, relative to ice XI, due to the presence of low density local environments and an increase in 

surface area. The low density and high surface area conspire to allow some OH and H2O an 

escape from the matrix environment. 

 Figure 4.9 shows a series of snapshots depicting OH + H trapping in ASW. Immediately 

after photoexcitation, the H atom moves away from the OH fragment (upper left of Figure 4.9) 

but, within 0.10 ps, the H atom is trapped. The water molecules adjacent to the OH fragment 

initially move away and re-orient from their original positions. In the end, the nearby water 

molecules adjust their positions to donate and accept hydrogen bonds with the OH fragment.  The 

OH accepts 1-2 hydrogen bonds and donates one.  Compared to OH trapping in ice XI (Figure 

4.4), the fragment forms more hydrogen bonds and has a greater impact on the surrounding water 

molecules. 

4.3.4 Fragment Displacements 

The mobility of the fragments through the ice determines the likelihood of secondary 

reactions such as formation of H2O2 by reaction of two OH photofragments, as well as formation 

of H2 by either abstraction of H from matrix water molecules, H + H2O → H2 + OH, or by 

recombination of two H-atom photofragments, H + H → H2. The outcomes from all three 

secondary reactions have been observed experimentally.26 Some of these secondary processes 

will be examined in Chapter 6. In this section, displacements due to the primary photoexcitation 

process are discussed. 

 Photoexcitations that lead to fragment trapping were further analyzed for the 

displacement of the fragment – the distance between the location of trapping and the location of 

photoexcitation.  Starting with ice XI, the H atom displacements are presented in Figure 4.10, as a 

fraction of the total number of outcomes that lead to trapped H+OH. Photoexcitation from the top 

bilayer has the lowest probability of producing a trapped H atom since desorption is strongly  
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Figure 4.10: Hydrogen atom displacements in crystalline ice, as a function of the original bilayer 

of the photoexcited water molecule.  The distributions exclude outcomes in which H desorbs 

from the ice. Results for the SPC water model at 11 K are shown in (A).  Displacements for the 

fSPC water model at 11 K and 125 K are shown in (B) and (C) respectively.  The results for 

Bilayers 1-4 are shown in black, red, green, and blue respectively. Error bars represent a 95% 

confidence interval.   

 

favored in this bilayer.  The displacement distributions in Figure 4.10 are broad and the H atom 

may remain in the same solvent cage or it may travel over 3.5 nm before becoming trapped.  The 

influence of molecular flexibility and temperature on H atom displacement are evident from the 

average displacements in Table 4.1.  An increase in temperature from 11 K to 125 K leads to little 

change in the H atom displacements.   At either temperature, an H atom typically travels 2-4 

water cages before becoming trapped in the matrix. On average, H travels roughly one solvent 

cage further through a matrix of flexible water molecules compared to a matrix of rigid 

molecules.  As shown in the next section, photoexcitation from a flexible water molecule leads to 

H atom fragments with higher average kinetic energy.  These H atoms therefore travel a longer 

distance in the matrix before losing enough kinetic energy to become trapped.    

 Figure 4.11 shows the H atom displacements for ASW.   Results are shown for the 

intermediate (Fig. 4.11(A)) and high (Fig. 4.11(B)) local densities only, as photoexcitation from  
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Figure 4.11: Hydrogen atom displacements following photoexcitation in 11 K amorphous solid 

water, subdivided according to bilayer and local density.  The distributions exclude outcomes in 

which H desorbs.  Results for Bilayers 1-4 are shown in black, red, green, and blue, respectively, 

and results for intermediate and high local densities are provided in Panels (A) and (B) 

respectively.  Displacements for photoexcitation from a low local density environment lead to 

few H trapping events and are not shown.  Error bars represent a 95% confidence interval. 

 

the low density environment yields trapped H too infrequently to provide meaningful statistics. 

Table 4.1 shows that the average displacements in ASW are very similar for intermediate and 

high local densities and for all bilayers but, relative to ice XI, the H fragment does not travel as 

far in ASW.  As shown in the next section, photodissociation in ASW leads to H atoms with 

lower kinetic energy than those produced in ice XI and, for this reason, the H fragments do not 

move as far from their original positions.  The OH fragment is much less mobile than H by virtue 

of size and electrostatic interactions with the surrounding matrix.  In all bilayers of ice XI, the OH 

fragment typically remains within the same solvent cage. As shown in Table 4.1, the average OH 

displacement is less than 0.14 nm in ice XI.   This is consistent with ab initio molecular dynamics 

simulations of ice by Kusalik et al.22 which indicates that OH radicals remain within lattice cages 

for long periods.  As observed in Figure 4.6, OH may travel further when produced in the top 

monolayer.  In our simulations, OH displacements as large as 1.5 nm have been observed after   

(B) 

(A) 

High 
Intermediate 
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Table 4.1: Average H and OH displacements, calculated between the locations of photoexcitation 

and trapping, for each system and bilayer studied. Average displacements are not listed for 

systems that did not yield H or OH trapping in significant amounts.  Error bars represent a  95 % 

confidence interval. 

  H Average Displacement (nm)  OH Average Displacement (nm) 

System 
Bilayer 

1 

Bilayer 

2 

Bilayer 

3 

Bilayer 

4 

 Bilayer 

1 

Bilayer 

2 

Bilayer 

3 

Bilayer 

4 

CI 

11 K, Rigid 
0.95 ± 

0.08 

1.21 

±0.08 

1.05 

±0.06 

1.04 ± 

0.06 

 0.14 ± 

0.01 

0.10 

±0.01 

0.10 ± 

0.01 

0.10 ± 

0.01 

11 K, 

Flexible 

1.34 ± 

0.08 

1.34 ± 

0.04 

1.28 ± 

0.04 

1.29 ± 

0.04 

 0.11 ± 

0.01 

0.08 ± 

0.01 

0.07 ± 

0.01 

0.08 ± 

0.01 

125 K, 

Flexible 

1.36 ± 

0.06 

1.28 ± 

0.04 

1.25 ± 

0.04 

1.28 ± 

0.04 

 0.13 ± 

0.01 

0.10 ± 

0.01 

0.09 ± 

0.01 

0.09 ± 

0.01 

ASW 

11 K, Low -- -- -- -- 
 0.24 ± 

0.02 

0.26 ± 

0.04 
-- -- 

Intermediate 
0.95 ± 

0.10 

1.08 ± 

0.04 

1.05 ± 

0.05 

1.04 ± 

0.06 

 0.26 ± 

0.02 

0.21 ± 

0.01 

0.17 ± 

0.01 

0.17 ± 

0.01 

High -- 
1.04 ± 

0.10 

1.05 ± 

0.04 

1.04 ± 

0.03 

 
-- 

0.17 ± 

0.01 

0.17 ± 

0.01 

0.17 ± 

0.01 

 

 

photoexcitation in the top monolayer. For ASW when the photoexcited molecule is in a low 

density environment or in the top two bilayers with a low or intermediate local density, the OH 

average displacement is higher and a few OH radicals are observed to move by up to 2.0 nm from 

the starting location. 

4.3.5 Fragment Kinetic Energies 

 Figure 4.12 shows the kinetic energy distributions for H atoms that are desorbed from ice 

XI, with intensities given as a fraction of the overall number of outcomes that yield a desorbed H 

atom.  Photodissociation is typically accompanied by collisions between H and the matrix, 

leading to a lower desorption kinetic energy.  When desorption follows photoexcitation deeper in 

the ice, a greater number of collisions occurs as H travels through the matrix, leading to a higher 

probability for entrapment in the matrix (Figure 4.3) and lower desorption kinetic energies 

(Figure 4.12).  

Sharp, high-energy maxima are observed in the distributions for H originating from the 

top bilayer. Trajectory analysis indicates that the highest kinetic energies correspond to the 

dissociation of those water molecules in the top monolayer with an O-H bond perpendicular to  
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Figure 4.12: The kinetic energy distribution of desorbed H as a function of the original bilayer of 

the photoexcited water molecule in crystalline ice.   Distributions for the SPC model at 11 K are 

shown in (A).   Results for the fSPC model at 11 K and 125 K are shown in (B) and (C), 

respectively.   Distributions in Bilayers 1-4 are shown in black, red, green, and blue, respectively. 

Error bars represent a 95% confidence interval. 

 

the surface.  In fact, in a perfect ice XI lattice, all of the molecules in the top monolayer have an 

O-H bond perpendicular to the surface. Dissociation of these water molecules is not accompanied 

by collisions between H and the matrix, thereby maximizing the kinetic energy available.  At 11 

K, the simulated ice XI is close to a perfect lattice but at 125 K, the surface water molecules 

sample a range of positions and orientations and the O-H bonds are less frequently pointed 

directly away from the surface; the increase in temperature has broadened the peak in the kinetic 

energy distribution.    

The energy available to the photoexcited water molecule can be estimated from the 

excitation spectra in Figure 4.2 and from the gas phase dissociation energy.  Starting with the 

DK7 ground state potential energy surface, the dissociation energy for a gas phase water molecule 

is estimated to be 5.3 eV.  This energy is calculated from the energy of a single water molecule at 

the equilibrium geometry and the energy of the separated H and OH fragments.   

Given the maxima of the absorption spectra at 7.8-8.5 eV (Figure 4.2), photoexcitation in 

ice XI leaves 2.5-3.2 eV of available energy when the matrix consists of fSPC water molecules. 

The H fragment kinetic energy distribution peaks at 3 eV for the fSPC model (Figure 4.12(B) and  
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Figure 4.13: The kinetic energy distribution of desorbed H in 11 K amorphous solid water, as a 

function of the initial bilayer and local density of the photoexcited water molecule.  Results for 

Bilayers 1-4 are shown in black, red, green, and blue and Panels (A), (B), and (C) correspond to 

low, intermediate, and high local densities, respectively.   Distributions are not shown for bilayers 

and local densities where there are few H desorption events. Error bars represent a 95% 

confidence interval.   

 

4.12(C)), very near the maximum from this simple energy balance. Similarly, the maxima of the 

absorption spectra at 7.7-8.4 eV (Figure 4.2) yield 2.4-3.1 eV of available energy when the ice XI 

matrix consists of rigid SPC water molecules. However, the H fragment energy peak is shifted to 

1.8 eV (Figure 4.12(A)), much lower than expected.  Trajectory analysis indicates that this energy 

difference is not due to collisions, since the most energetic H atoms dissociate from the top 

monolayer without any collisions with the matrix.  The lower-than-expected kinetic energy for 

SPC can be explained by the difference in the excitation processes employed; the structures of the 

SPC and fSPC water molecules just prior to photoexcitation differ, as discussed in Section 4.2.2.  

These structural differences yield distinct dynamics on the excited state surface. We observe on 

average a 1 – 2 fs longer lifetime for the excited water molecule in the SPC simulations as 

compared with the fSPC simulations. Additionally, in the SPC case, the dissociation process 

deposits more internal energy into OH, and commensurately less kinetic energy is available for H.  
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Together, these results show the importance of accurately reproducing both the initial structure of 

the photoexcited water molecule and the details of the excited state potential energy surface.   

 Figure 4.13 shows the kinetic energy distribution of desorbed H from ASW, as a function 

of the starting bilayer and the local density.  As for ice XI, we estimate the energy available to the 

dissociating molecule as 2.3 – 2.9 eV. In a low local density environment, the majority of the H 

fragments desorb with high kinetic energy, peaking at 2.8 eV.  These high energy fragments 

correspond to H atoms that desorb after few or no collisions with neighboring water molecules. 

As the local density increases or photoexcitation occurs deeper in ASW, the kinetic energy 

distribution broadens and the peak shifts to lower energy, reflecting the increased probability of 

collisional cooling.   

 A 6.4 eV photolysis study on water clusters by Poterya et al.27 showed a small signal in 

the kinetic energy distribution that was very close to the maximum available energy.  Note that 

one-photon absorption at 6.4 eV is assumed to be primarily due to water molecules which take 

part in very few hydrogen bonds, as proposed by Harvey et al.28 These would be mostly found on 

the surface. Yabushita et al.29, 30 measured average H atom kinetic energies in ice and ASW.  

They found that desorbed H atoms, following excitation with 6.4 eV and 7.9 eV radiation, had 

average kinetic energies of approximately a quarter of the theoretical available energy.  On the 

other hand the average kinetic energy in our fSPC simulations of ice XI and ASW is more than 

half the theoretical maximum.  In comparing the simulation to experimental results one needs to 

consider that our simulations only include contributions from the top four bilayers and inclusion 

of layers deeper in the matrix would lower the average kinetic energy, accordingly.  Of course 

hydrogen desorption from the matrix becomes less and less likely with increasing distance from 

the surface, and it is thus plausible that the average H-atom energy is far from being at thermal 

equilibrium with the ice matrix. Qualitatively, our results are therefore consistent with the 

experimental observations by Poterya27 and Yabushita.29, 30 
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4.3.6 Vibrational Energy of OH and Recombined H2O 

 The average vibrational energy is calculated for trapped OH from the instant the fragment 

is formed until 0.82 ps later.  The average OH vibrational energy is ~3700 cm-1 or ~0.5 eV, 

relative to the potential minimum, equivalent to OH in v=0 or v=1. The low vibrational energy 

observed further supports the observation that photodissociation occurs with little energy 

allocated to OH.  For comparison, Yabushita et al.24, 31 measured the vibrational energy of 

desorbed OH and also found v = 0, 1. 

 For recombined H2O, we separate the vibrational modes according to the approach 

described by Bopp.32 Briefly, the velocity components of the H2O molecule are projected onto 

center of mass coordinates and the H atom velocities are separated into components parallel and 

perpendicular to the molecular plane. The in-plane velocity components are combined to give 

three velocities which correspond to the normal modes. From our simulations, the vibrational 

modes are monitored from the moment of recombination until 0.82 ps later. At the moment of 

recombination, the symmetric stretch is found to have an energy roughly four times higher than 

the asymmetric stretch which, in turn, is quite a bit higher in energy than the bending mode.  The 

energy of all three modes decreases over time due to collisions with the surrounding matrix.  

Over the 0.82 ps period, the symmetric stretch is found to have an average energy greater than 

16000 cm-1 or ~2 eV. This corresponds roughly to v = 4. On the other hand, the bending and 

asymmetric stretch contain very little energy; less than the zero point energy in both cases.   We 

used a number of approximations to arrive at this result, including the use of a classical water 

model and neglecting the motion of the oxygen atom when decoupling the vibrational modes.  

We note the non-statistical vibrational energy distribution here only because it is intriguing and 

possibly worth further consideration with an ab initio treatment of the recombination.  

 

 



 

108 

 

4.3.7 Photon Flux and Desorption Yield 

 Each outcome in this chapter follows from a one-photon photoexcitation event without 

allowance for secondary processes. An estimate of the corresponding photon flux can be 

calculated based on the sample surface area, A = 6.37 x 10-14 cm2, the number of bilayers, NBL = 8, 

the number of water molecules per bilayer, N = 72, and a typical simulation time, τ = 82 ps. 

Following Andersson and van Dishoeck,23 the estimated photon flux is:  

 
2 BL

BL

abs

N
f

P A
 ,  (4.3.3) 

where the probability of absorption per bilayer, BL

absP , is the ratio of the absorption cross section, 

σ, and the surface area per molecule, Amol = A/N. Cruz-Diaz et al.33 have measured the absorption 

cross section for ice at ~8 eV as 4 × 10-18 cm2. With this, the probability of absorption per bilayer 

for a sample of the same dimensions as our simulated ice XI is 0.009 or 0.9% per photon. From 

Eq. (4.3.3), the photon flux corresponds to ~ 3.4 × 1026 photons/cm2·s in the simulation. This 

corresponds to a power density of 4.4 × 108 W/cm2 at a photon energy of 8 eV.  In experiments 

on CI and ASW,30, 34, 35 typical photon densities are several orders of magnitude lower (~1015 

photons/cm2·s). This simple calculation indicates that it is very unlikely that two photons cause 

simultaneous photoexcitation events within the simulation volume. In fact, the volume that is 

sampled by photofragments should be even smaller – given that H atoms migrate at most 3 nm 

from the photoexcitation point (Figs. 4.11 and 4.12). Within the approximations of our simulation 

it appears therefore that secondary radical-radical reactions would always have to be between one 

trapped and one moving radical.  

 Experimentally, desorption yields have been obtained for H, OH, H2O, as well as 

products from secondary reactions such as H2 and O2.  In our study, desorption of H atoms 

dominates over OH or H2O desorption, since secondary processes were not considered. In 

contrast, Westley et al.34 and Öberg et al.35 observe H2O, OH and H2 as the main desorption 

products and the H-atom yield was not explicitly reported. In both experimental studies, the yield 
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was related to temperature. The fit by Westley et al.34 gives the total desorption yield at 11 K and 

125 K as 0.0035 molecules/photon and 0.0130 molecules/photon, respectively. The total 

desorption yields from the fit by Öberg et al.35 are 0.0017 molecules/photon and 0.0051 

molecules/photon at 11 K and 125 K, respectively.  

The dissociation yield can be estimated using the data shown in Figure 4.3 and the 

probability of absorption per layer calculated from:36 

 
2BL

abs

mol

P
A


 ,  (4.3.4) 

where σ is the absorption cross section and the surface area per molecule is Amol = A/NBL.  

Representing the probability of an event occurring in bilayer i as 
i

 , the total dissociation yield 

for event α, Yα, can be estimated as:36 

  
1

1

1
BLN

i
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abs abs i

i

Y P P 




   ,  (4.3.5) 

where α represents each of the possible events in Figure 4.3: H desorption with OH trapping, H + 

OH trapping, or trapping of re-combined H2O. The factor of  
1

1
i

BL

absP


  represents the 

probability that the photon is absorbed in a bilayer above the ith bilayer. For ice XI we can 

estimate the total yield of OH and H2O at 125 K as 0.0004 ± 0.0002 molecules/photon. At 11K 

the yield was so low that a meaningful estimate could not be obtained. For ASW at 11 K the OH 

and H2O yield are calculated as 0.0003 ± 0.0002 molecules/photon. 

We estimate the total H atom desorption yield from ice XI as 0.014 ± 0.001 and 0.015 ± 

0.001 atoms/photon at 11 K and 125 K, respectively. For ASW the H-atom yield was identical 

within the uncertainty. The H atom yields are much larger than have been observed in experiment 

and are effectively constant with temperature while the OH and H2O yields are about an order of 

magnitude smaller and depend strongly on temperature. Secondary processes are not included in 

the simulations in this chapter but they will certainly impact the calculated yields.  Westley et 
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al.34 observed that their yields required an initial photon dosage although this was contested by 

Öberg et al.35  

4.4 Summary and Conclusions 

 Molecular dynamics simulations have been conducted to investigate photochemistry in 

both ice XI and ASW.  The dynamics are governed by the water models (SPC1 for rigid water and 

fSPC2 for flexible water), by fits to ab initio potential energy surfaces for H···H2O3 and 

OH···H2O4 and, for the photoexcited molecule, by the ground 1

1X A  and excited 
1

1A B  state ab 

initio surfaces developed by Dobbyn and Knowles.7 A Nosé-Hoover Thermostat has been used to 

thermalize all degrees of freedom to the temperature of the simulations. Reactions of the primary 

photoproducts with other molecules in the ice were not considered in this chapter. 

 Snapshot analysis indicates that the ice XI structure is largely unaffected by the 

photoexcitation of a single molecule from the lattice.  The OH produced from the 

photodissociation can remain in the initial solvent cage or temporarily adopt an interstitial 

position but eventually settles near the original lattice site, where hydrogen bonds to the oxygen 

are readily formed. In ASW the photoexcitation initially disrupts the hydrogen bond network and 

displaces the surrounding water molecules. The neighboring water molecules then re-orient to 

donate and accept hydrogen bonds from OH or recombined H2O.  Desorption of OH from the top 

layer in ice XI is observed in only a small number of outcomes. More frequently the OH is 

observed to travel above the ice XI surface, and to eventually return to condense on the surface. 

 The incorporation of molecular flexibility into the representation of the water molecules 

allows for energy transfer between the photodissociated fragments and the surrounding matrix, 

but we have found that the ability to adapt the molecular structure to the local environment is 

even more important.  Indeed, we found that some SPC water molecules deviate from their 

expected lattice positions in ice XI due to interference between the hexagonal structure of the ice 

and the rigid molecular structure.  In contrast, fSPC water adapts its H-O-H angle and maintains 
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the hexagonal ice structure.  Additionally, our choice of fSPC allows for a seamless description of 

water molecules in the matrix, immediately before photodissociation, and also after a 

recombination event.  At the same time, incorporating secondary processes, as will be discussed 

in Chapter 6, is more straightforward with the use of atom-based charges.  While fSPC maintains 

the hexagonal ice structure, flexible TIP4P is known to provide a better description of the relative 

stability for the proton disordered analog of ice XI, ice Ih, as well as ice II.37, 38  Although a 

flexible solvent model offers many advantages, the absence of zero point vibration means that the 

molecules sample a limited range of structures, particularly at lower temperatures.  This leads to a 

UV absorption spectrum that is too narrow (Figure 4.2). Inclusion of zero-point vibrational 

energy will broaden this spectrum. This can be done through the use of a colored noise thermostat 

as will be discussed in Chapter 5 and Chapter 6. 

 The H-atom kinetic energy distributions for the SPC simulations are consistent with those 

observed by Andersson.5, 6 Compared to the rigid SPC model the adoption of the fSPC model 

leads to higher H-atom kinetic energies on average.  Trajectory analysis indicates that this result 

is not due to interactions with the matrix but follows from the initial structure of the photoexcited 

water molecule.  The initial atomic positions and velocities of a photoexcited fSPC water 

correspond to those immediately prior to photodissociation.  In this case, the O-H bond lengths 

and H-O-H angle are different from the gas phase and reflect the matrix environment.  In 

contrast, for SPC water a structure is assigned based on the normal modes of an isolated gas 

phase molecule. This difference in initial structures leads to different photodissociation dynamics 

that, in turn, lead to higher H atom kinetic energies for the fSPC simulations.    
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Chapter 5 

Photoexcitation of Crystalline Ice:  Inclusion of Zero Point Energy 

5.1 Introduction 

In this Chapter, we examine the impact of zero-point energy on photoexcitation 

outcomes.  The importance of nuclear quantum effects has been the subject of several reviews, 

including a recent review by Ceriotti et al. 1, 2 focused on aqueous systems.  Path integral 

approaches are not feasible for the current simulations; the size of the simulation cell, the time 

scale of the simulations, and the large number of simulations required render this approach 

untenable.   On the other hand, the Generalized Langevin formalism is readily implemented but 

with well-known caveats on zero-point energy leakage and concerns regarding dynamics.1, 3 The 

Generalized Langevin Equation, with the “quantum” frequency dependent thermostat of Ceriotti 

et al.1, 4, 5 has been implemented in our MD simulations of photoexcitation in ice.  Translational, 

rotational, and vibrational temperatures are evaluated and discussed.  Comparisons with 

simulations that employ a Nosé-Hoover thermostat provide an assessment for the impact of zero-

point vibrational motion.   Specifically, the impact of zero-point vibrations on the hydrogen 

bonding network in the ice, the UV and IR spectra, the probability for various photoexcitation 

outcomes, the kinetic energy distribution of desorbed hydrogen, and the distances travelled by 

trapped OH and H fragments are examined.  These properties are also examined when the ice 

structure changes from proton ordered ice XI to proton disordered ice Ih.   

Details on the interaction potentials, the Generalized Langevin Equation, and 

computational methods are given in Section 5.2. Section 5.3 summarizes simulation results and 

provides a discussion on ice Ih and ice XI properties, including the surface and bulk density, UV 

and IR spectra, and hydrogen bonding.  Analysis of the photoexcitation outcomes is presented, 

with particular emphasis on the observed mechanisms for low-probability outcomes.  The 
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Chapter concludes with a discussion of the impact of zero point energy and proton order on ice 

properties and photoexcitation outcomes. 

5.2 Theoretical Details 

5.2.1 Interaction Potentials 

In the previous chapter, Chapter 4, crystalline ice was simulated using the flexible simple 

point charge (fSPC) water model developed by Toukan and Rahman.6  The intramolecular 

potential in the fSPC model includes cross terms that depend on products of bond lengths, relative 

to the equilibrium values.  This potential has a negative energy for some molecular structures and, 

with the inclusion of zero point energy, we found that dissociation of ground state molecules 

(water molecules in the ice matrix) occurred on rare occasions.  A single dissociation led to a 

cascade of dissociations as the potential energy continued to decrease as the structure distorted, 

leading to an acceleration of the atoms, and high energy collisions with nearby molecules. For 

this reason, the SPC/Fw potential of Wu et al.7 has been adopted for this study.  Both models are 

based on the SPC model of Berendsen8 where the pairwise intermolecular potential has a 

Lennard-Jones 12-6 term between oxygen atoms and a Coulomb potential between all atomic 

pairs: 
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where σ and ε are Lennard-Jones parameters, qi is the atomic charge on atom i, and rij is the 

interatomic separation between atoms i and j.  The SPC/Fw model augments Equations (5.2.1) 

and (5.2.2) with harmonic potentials for the bend and the stretching of each bond: 
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In Equation (5.2.3) kb and ka are force constants for the bond stretching and angle deformation, 

respectively. Each of the OHi bond lengths are designated 
iOHr  and the equilibrium OH bond 

length ,OH er = 0.1012 nm. The HOH angle in water is designated HOH  and the corresponding 

equilibrium bond angle is 113.24 degrees.  The fit parameters kb, ka, and the equilibrium distances 

for the SPC/Fw model were chosen to reproduce distribution functions, the self-diffusion 

coefficient, and the dielectric constant of water at 298.16 K.7   

It is important that the water models include only atom-centered partial charges since 

photodissociation involves the fragmentation, and potentially the recombination, of molecules.  

The placement of non-atom centered charges becomes problematic while dissociation or 

recombination is underway.   For this reason, the well-known TIP4P9 and TIP4P/Ice10 models are 

not suitable for studies of photodissociation. The fSPC and SPC/Fw models meet this constraint 

and, for the latter, the strictly quadratic form of the intramolecular potential prevents any 

dissociation of molecules in the ground state.   

In order to simulate photodissociation in ice, interaction potentials between each fragment 

and the water matrix are required.  These potentials have been described in detail in Chapter 3 

and only brief details are provided here.  The H∙∙∙H2O interaction potential is a fit to the gas phase 

H3O potential energy surface (PES) developed by Zhang et al.11 To fit this PES, we adopted the 

same interaction potential form as Andersson et al.12 and reparametrized for the SPC8 model 

geometry:  
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and the parameters in Equations (5.2.4) - (5.2.8) are available in Appendix A.2.  As is evident 

from Equations (5.2.4) - (5.2.7), the interaction potential includes dispersive and repulsive terms 

for the H fragment interacting with each atom of H2O.  This potential is supplemented by a Morse 

potential between the H fragment and the O of water.    

The interaction potential between the OH fragment and the surrounding H2O molecules is 

based on CCSD(T) energies obtained by Du et al.13 The full OH…H2O potential includes short-

ranged repulsion, dispersion, and electrostatic interactions.  The latter follows Equation (5.2.2) 

with OH atomic charges obtained from a fit to the bond dipole12, 14 and H2O charges from the SPC 

model.8 A bond-bond interaction potential is adopted for short-ranged repulsion and dispersion, 

with the hydroxyl radical pairwise interacting with both O-H bonds of water. This potential15 has 

the form  
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where R is the distance between the bond centers, 𝛾 represents three angles needed to describe the 

relative orientation of the two bonds, and 
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In Equation (5.2.10), 𝜀(𝛾)  is the angle-dependent well-depth parameter, and R is the distance 

between bond centers of the two interacting bonds while Rm(γ) is the angle-dependent equilibrium 

distance.  Further details on the bond-bond interaction potential are available in Chapter 2 and 

Appendix A.3.   

A 1.14 nm spherical cutoff has been applied to all dispersive and electrostatic interactions 

throughout the simulations.  Specifically, the potentials are shifted and truncated so that the forces 

transition smoothly to zero at the cutoff distance. The potentials also include a correction term to 

ensure that the slope of the potential transitions smoothly to zero at the cutoff distance.16 

5.2.2 Photoexcitation and the Dissociating Molecule 

The potential energy surfaces developed by Dobbyn and Knowles17 (DK) for the ground 

state ( 1

1X A ) and first excited electronic state ( 1

1A B ) of an isolated water molecule are the 

starting point for the representation of  photoexcitation in ice.  In each simulation, a molecule is 

chosen at random and “photoexcited” by exchanging its intramolecular potential (see Eq. (5.2.3)) 

with the DK 1

1A B  potential energy surface.18  Immediately after photoexcitation, the 

intramolecular interactions of this water molecule are governed by the excited state surface but, 

as the molecule dissociates, the H∙∙∙OH interactions are gradually switched12, 14 to the ground state 

1

1X A  surface.  The transition begins when at least one O-H bond is longer than 0.30 nm and ends 

with a complete transition to the ground state surface by 0.35 nm.  Switching to the ground state 

surface allows for recombination of the H and OH fragments if they approach one another again. 

If this occurs, the intramolecular potential of the water molecule will be represented by the 

ground state DK surface for the remainder of the simulation; Reversion to the classical SPC/Fw 

potential does not occur in the simulation.   

As dissociation of the excited molecule proceeds, its intermolecular potential must 

transition from H2O∙∙∙H2O to H∙∙∙H2O and OH∙∙∙H2O interactions.  While both O-H bonds in the 
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photoexcited water are less than 0.11 nm, the intermolecular interactions between the excited 

water molecule and the bulk are described using the SPC/Fw potential, with appropriate atomic 

charges for the excited water.  If one O-H bond is longer than 0.16 nm, the H∙∙∙H2O and OH∙∙∙H2O 

potentials, Eqs. (5.2.4) and (5.2.9), are both fully applied. As the molecule dissociates into H and 

OH fragments, a transition region between the H2O∙∙∙H2O regime and the H∙∙∙H2O and OH∙∙∙H2O 

regime is required. Continuous switching functions are applied in the transition region; the 

intermolecular potential is a combination of the water-water and fragment-water potentials.  

Further details are provided in Chapter 3.In principle, the photoexcited molecule could dissociate 

to O+H+H but this occurs very rarely in our simulations; the immediate photoexcitation outcome 

is almost always OH+H. 

5.2.3 Zero Point Energy and the Frequency Dependent Thermostat 

Although the water molecules in the ice matrix are flexible, a fully classical approach 

will lead to a range of molecular motion that is far too restricted at the low temperature of interest 

(125 K).  This was observed in Chapter 4 based on using the Nosé-Hoover thermostat19-21 where 

the calculated peak in the photoexcitation spectrum was far too narrow.  At 125 K, the zero-point 

energy of water is ~0.56 eV while thermal energy, kT, is only 0.01 eV.   It is imperative that the 

water molecules in the ice matrix explore the full range of vibrational motion in order to include 

the impact of molecular flexibility on photoexcitation outcomes.   

We initially attempted to implement the approach of Ganeshan et al.22 where a Nosé-

Hoover thermostat, set at a very high temperature, is offset by a frequency-dependent thermostat 

within the Generalized Langevin equation (GLE) formalism with a temperature of zero.  This 

approach has several appealing features but the required parameterization and the difficulty in 

targeting a specific temperature, such as 125 K, made the method impractical for our purposes.  

Briefly, the NH and GLE thermostats are set to different temperatures that are different again 



 

120 

 

from the calculated translational, vibrational, and rotational temperatures (see Ref. 22), and all are 

different from the target temperature which is not part of the parameterization or input.   

The Ganeshan approach builds upon earlier work by Ceriotti et al.1, 23 where a frequency 

dependent thermostat is implemented via a generalized Langevin equation to include nuclear 

quantum effects. The starting point is the introduction of n additional degrees of freedom 𝒔 = {𝑠𝑖} 

which couple to the particle momenta: 

 

0

0

pp pp p

p

q p

V a bp pq

V pq







                                  

           
      

T T

p p

p p

p p

a b

a A b Bs s ξ

A B
s ξ

 . (5.2.11) 

In Equation (5.2.11), p  and   are n+1 uncorrelated Gaussian random numbers that satisfy 

0   and      0 0i j ijt t     .  Ceriotti et al. proceed by analyzing Eq. (5.2.11) in the 

free particle and harmonic oscillator limits, where exact analytical results can be obtained.  With 

these results in mind, the drift matrix Ap and the diffusion matrix Bp are related by  

 T T

p p p p p pA C + C A = B B ,  (5.2.12) 

where Cp is the static covariance matrix, with    , ,
T

p ppC s s . To simulate the canonical 

ensemble the fluctuation dissipation theorem must hold, and it can be shown that choosing Cp = 

kTI accomplishes this.  In the present case, the thermostat is frequency dependent and suitable 

choices for Ap and Cp (and hence Bp from Eq. (5.2.12)) are provided elsewhere1, 5 based on an 

analysis of Eq. (5.2.11) for the harmonic oscillator.   

Implementation of the frequency dependent GLE algorithm involves an advancement of 

the momenta and additional degrees of freedom, before and after traditional Velocity Verlet 

advancements of position and momenta. This step is done through application of a Liouville 

operator: 
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p pS S C C . The form of  tT and  tS  

depend upon the frequency range covered by the thermostat and the strength of coupling between 

the system degrees of freedom and the thermostat. In this work, the maximum frequency is 4344 

cm-1, well above the highest frequency vibrations in water, and the quantum thermostat with 

strong coupling4, 5 is implemented. 

Just as with the Nosé-Hoover thermostat, there is a conserved quantity, GLEH , in the 

colored noise thermostat: 

  ,GLE i

i

H H q p K   .  (5.2.14) 

In Equation (5.2.14),  ,H q p  is the system Hamiltonian, and iK  is the change in kinetic 

energy due to the colored noise thermostat for the ith time step.  Conservation of GLEH  reflects 

the accuracy of the integration – the choice of time step – and is monitored prior to 

photoexcitation in our simulations. We observe variation in GLEH  on the order of 5% over 80 ps 

of simulation time. 

5.2.4 Computational Details 

All simulations begin with an ice matrix initially prepared in a proton-ordered hexagonal 

ice structure24 of 576 water molecules arranged in 8 bilayers. Water molecules in the lowest two 

bilayers are kept at the SPC/Fw equilibrium geometry and in their perfect lattice positions while 

the molecules in the remaining 6 bilayers are free to move.   In order to simulate an interface and 

examine desorption, the simulation cell includes a 17.58 nm layer of empty space above the 

surface.  This space is roughly six times larger than the ice depth, yielding a 2.71 nm × 2.35 nm × 

20.51 nm simulation cell.  The application of 3D periodic boundary conditions to this simulation 

cell yields well-separated, parallel, infinite sheets of ice.   
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 The initial configuration for proton-disordered ice Ih is prepared starting from ice XI.  

The bilayered structure of hexagonal ice allows for six possible molecular orientations in each 

layer.   Starting from a randomly chosen molecule, one of the six possible orientations is chosen 

at random.  Such a move will disrupt the local hydrogen bonding network by pointing two 

hydrogens at each other.  The defect is corrected by randomly reorienting the neighboring 

molecule, subject to successfully correcting the initial defect.  A new defect is created and the 

process is repeated, following a chain of water molecules through the ice matrix.  The algorithm 

follows the chain until it eventually returns to the originally chosen molecule, closing the loop.  

The entire process is repeated with a new starting molecule until the total dipole moment of the 

ice is nearly zero, and with all the possible water orientations equally represented in the ice.  Each 

ice Ih starting structure has a dipole of less than 1 x 10-7 D. The algorithm described here for 

generating ice Ih structures was adapted from descriptions by Rahman and Stillinger25 as well as 

Geiger et al.26   

Prior to photoexcitation, each ice structure is evolved at 125 K for 80 ps using the colored 

noise thermostat.1, 4, 23 The time step for the simulations is 0.5 fs during this equilibration period.  

After equilibration is complete, a molecule from within the top 4 bilayers is chosen at random, 

“photoexcited”, and the time step is reduced to 0.02 fs.  Excitation occurs without a change of 

atomic positions or momenta to simulate a Franck-Condon excitation from the ground state 

surface to the excited state surface.  Following photoexcitation the trajectory is followed until one 

of the following outcomes is achieved: 

1) The H and OH fragments are trapped in the ice matrix. 

2) One fragment desorbs while the other is trapped.  

3) Both the H and OH fragments desorb.  

4) The H and OH fragments recombine and the re-formed water is trapped or desorbed. 
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5) A fragment moves below the lowest bilayer.  Simulations with this outcome are discarded 

from the analysis.   

Fragment desorption is flagged once the distance between the fragment and all oxygens in the top 

bilayer exceeds 1.10 nm.  Molecule trapping is identified by comparing the kinetic energy of the 

fragment with its potential energy.  Specifically, if the kinetic energy averaged over 1.2 ps of 

simulation time is less than the absolute value of the potential energy averaged over this same 

time, then the fragment is flagged as trapped.   

For the simulations reported in Chapter 4, which used a Nosé-Hoover thermostat, the 

thermostat was not applied beyond the point where photoexcitation occurred; the simulations 

were microcanonical (NVE) beyond photoexcitation.  The thermostat would remove the 

excitation energy from the system and possibly impact the photodissociation outcomes and 

dynamics.  Once the frequency-dependent GLE thermostat is implemented for any molecule, 

subsequent removal of the thermostat will lead to vibrational cooling (below the zero-point 

energy) with vibrational energy quickly transferring to translations and rotations. For this reason, 

the GLE thermostat is maintained for the matrix molecules after photoexcitation. Test simulations 

in which the GLE thermostat was also applied to the fragments were undertaken.  It was found 

that the thermostat impacted the translational energy of the H fragment. As a result, the GLE 

thermostat is not applied to the photoexcited molecule or to the resulting fragments or 

recombined water. Our approach leads to different treatments of zero-point energy for the 

fragments and recombined water versus the matrix; the matrix molecules have zero-point energy 

included via the GLE thermostat but the fragments do not.   

Simulations were conducted to assess the hydrogen bonding, bulk and surface density, 

and spectral properties of ice XI and ice Ih.  To examine photoexcitation in ice, a large number of 

independent simulations were run to ensure accurate probabilities for all possible outcomes,  
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Figure 5.1: Snapshots showing the structure of proton-ordered ice, ice XI, following 

equilibration. The simulation cell consists of 576 water molecules arranged in 8 bilayers, 

indicated by the dashed lines on the image on the left. 

 

including low probability events.  Overall, 100-200 independent proton-ordered and proton-

disordered ice starting structures were equilibrated.  For each starting structure, 70-140 

simulations were conducted where one molecule is chosen at random, subject to not having been 

chosen previously, and photoexcited.  In total, 15000 molecular dynamics simulations with the 

GLE thermostat were undertaken for ice XI and 13000 simulations for ice Ih.  Simulations with 

the Nosé-Hoover thermostat were also completed to assess structural and spectral properties of 

the ice while photoexcitation outcomes are taken from Chapter 4 for comparisons. All simulations 

and properties reported below correspond to ice at 125 K, with results reported for ice XI and ice 

Ih using both the Nosé-Hoover and the GLE thermostats.   

5.3 Results 

5.3.1 Structure and Properties of Ice Prior to Photoexcitation 

Figure 5.1 shows the structure of proton-ordered ice XI following the equilibration 

period; the bilayers and hexagonally arranged water molecules are evident in the side-view and 

top-down snapshots.  The hexagonal hydrogen-bonded rings form channels that extend through 
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the whole structure (Figure 5.1, right).  As shown by the dashed lines in Figure 5.1 (left), the 

water positions in neighboring bilayers alternate, allowing for hydrogen bonding between the 

bilayers.  The hydrogen-bonded water rings in each bilayer have a diameter of roughly 0.47 nm 

while the bilayers are separated by approximately 0.37 nm. The ice structure in Figure 5.1 is more 

disordered than the corresponding structure from the Nosé-Hoover thermostat (see Fig. 4.2) but, 

despite the increased atomic and molecular motion, the hexagonal molecular arrangement and the 

hydrogen bond network remain largely in place.   

To further analyze the impact of zero-point vibrational motion, the hydrogen bonding 

network has been examined in detail.  We apply the following criteria27, 28 to assess the average 

number of hydrogen bonds per molecule:  a hydrogen bond occurs if the O-H O  angle is 150o 

or higher, the H O  distance is less than 0.26 nm, and the distance between the donor and 

acceptor oxygens is less than 0.35 nm.  Five separate simulations were run for both the proton 

ordered and proton disordered ice. The time step was set at 0.5 fs and each simulation was run for 

0.5 ns. The number of hydrogen bonds was calculated, using the above criteria, every 10 ps, 

beginning after an initial 40 ps equilibration period.  

The increased vibrational energy has slightly disrupted the hydrogen bonding network in 

the ice.  For simulations of ice XI with the Nosé-Hoover thermostat, the average number of 

hydrogen bonds per water molecule in the ice matrix is calculated to be 4.0; 2.0 for oxygen, and 

1.0 per hydrogen atom. In other words, each water molecule has a full complement of hydrogen 

bonds.  For molecules in the top monolayer, the number of hydrogen bonds is reduced due to 

each molecule having a dangling H atom; the average number of hydrogen bonds per molecule is 

3.0, with the oxygen participating in 2.0 hydrogen bonds while one H atom is hydrogen bonded 

and the other is dangling. For simulations of ice XI with zero point energy included, the average 

number of hydrogen bonds per water molecule is reduced to 3.5, with 1.7 per oxygen atom and 

0.9 for each hydrogen.  The increased vibrational energy has led to molecular rotation for some of 



 

126 

 

the water molecules in the top monolayer; The hydrogen atoms that would have one hydrogen 

bond in perfectly ordered ice at 0 K now have 0.8 bonds on average while the H atoms which 

would be dangling and have no H-bonds have 0.2 bonds on average.  The oxygen atoms in the top 

monolayer are slightly less likely to hydrogen bond due to vibrational motion, forming 1.6 bonds 

on average. Overall, the introduction of zero-point energy reduces the number of hydrogen bonds 

per molecule in ice XI from 4.0 to 3.5 for water molecules in the bulk while, for water molecules 

at the surface, the number of hydrogen bonds per molecule decreases from 3.0 to 2.6.    

The impact of proton-order is small compared to the impact of zero-point vibrational 

energy.   In ice Ih, with the inclusion of zero-point energy, the average number of hydrogen bonds 

for water molecules in the bulk is 3.5 and surface molecules have 2.9 hydrogen bonds on average.  

The only notable difference between ice XI and ice Ih is that the surface layer in the latter has a 

slightly higher hydrogen bonding probability, via a reduced probability for hydrogen bonding to 

O atoms that is more-than-offset by an increased hydrogen bonding probability for H atoms. 

Changes in the hydrogen bond network may lead to changes in the surface and bulk 

densities of the ice.  In order to evaluate the surface and the bulk densities, the ice is divided 

according to bilayer.   Within the simulations, the density is directly determined by the bilayer 

separation since the x and y dimensions of each bilayer are fixed in the NVT simulations and no 

water molecules move between bilayers prior to photoexcitation. As a result, each bilayer has the 

same number of molecules (72) and each has the same x and y dimensions. Any change in density 

is due only to changes in the inter-bilayer separation.  The latter are assessed from five 0.5 ns 

simulations of ice XI and ice Ih.  For each simulation, the bilayer distances are determined every 

10 ps beginning after a 40 ps equilibration period.  

The bilayer widths in ice XI and ice Ih are provided in Table 5.1.  The calculated widths 

are obtained from the bilayer centers of mass.  For example, the width of 0.362 nm for 
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Table 5.1: Calculated bilayer widths and densities for ice XI and ice Ih at 125 K. 

Ice XI Ice Ih 

Bilayer Width (nm) ρ (g/cm3) Bilayer Width (nm) ρ (g/cm3) 

1 0.358 0.947 1 0.357 0.949 

2 0.362 0.935 2 0.360 0.941 

3 0.366 0.925 3 0.364 0.931 

4 0.366 0.926 4 0.365 0.930 

 

Bilayer 2 in ice XI is calculated from the distance between the center of mass for Bilayers 1 and 

2, and the center of mass for Bilayers 2 and 3.  Equivalently, the calculated width of Bilayer 2 is 

obtained as 50% of the distance between Bilayers 1 and 3 

      2 ;2 ;1 ;3 ;2 ;1 ;3

1 1 1

2 2 2
C of M C of M C of M C of M C of M C of Mz z z z z z z         (5.3.1) 

where 
;C of M iz  is the z-coordinate of the center of mass for Bilayer i.  An equivalent definition is 

employed for Bilayers 3 and 4 but this definition cannot be applied for the top bilayer, Bilayer 1.  

Here the width is set to the distance between the center of mass of Bilayer 1 and the center of 

mass of Bilayer 2.  Note that the process of evaluating the bilayer width discussed here is 

different from the approach employed in Chapter 4.  

Table 5.1 shows that the bilayer widths are nearly constant at 0.36 nm, with a small 

gradual decrease from Bilayer 4 to Bilayer 1; The bilayer width decreases slightly for the layers 

closest to the surface. Proton order has only a slight impact on bilayer widths. The bilayers are 

0.3-0.7% further apart for ice XI. Estimated densities are readily obtained from the bilayer widths 

since, as noted above, the number of molecules per bilayer and the x and y dimensions of each 

bilayer are constant in our simulations. Table 5.1 shows that the density for ice XI and ice Ih are 

very close – within 0.006 g/cm3 – and that the density increases slightly for the surface bilayers.  

Geiger et al. have recently reported calculated densities for ice XI and ice Ih at 70 K and 170 K.26  

Their isothermal-isobaric (NpT) molecular dynamics simulations employ the TIP4P/Ice model on 

a simulation of ice represented by a unit cell of 896 water molecules.  They calculate densities of 

0.93017 and 0.91900 g/cm3 for ice Ih at 70 K and 170 K, respectively.  For ice XI, the 
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corresponding densities are 0.93031 and 0.91912 g/cm3.  Interpolating their results to 125 K, 

yields a prediction of nearly identical densities of 0.925 g/cm3 for ice XI and ice Ih.  Our 

simulations also show that the two phases have nearly identical densities at 125 K  

although, on average, the SPC/Fw water model predicts a slightly higher density (roughly 

0.8% higher) than TIP4P/Ice.   

The GLE thermostat aims to produce a frequency dependent temperature given by 

   coth
2 2 GLE

T
k kT

 
  

 

 
 ,  (5.3.2) 

where GLET  is 125 K in our simulations.  The zero frequency modes of the system correspond to 

translation and free rotation.  At the same time, this thermostat impacts phonon and librational 

modes in the system along with the higher-frequency single-molecule vibrational modes.   For 

this reason the translational, rotational, and vibrational temperatures differ when this thermostat is 

implemented.  For the Nosé-Hoover thermostat, these three temperatures should agree, within 

statistical error, and equal 125 K.   

In order to understand the role of the thermostat, the three different temperatures are 

monitored throughout the simulations.  The instantaneous translational temperature is obtained 

from the center-of-mass kinetic energy which is calculated from the atomic velocity components 

in the x, y, and z directions defined by the simulation cell.  The rotational temperature is 

calculated by averaging over instantaneous rotational kinetic energies, extracted from the 

instantaneous principal coordinate system of each molecule and the corresponding three moments 

of inertia and angular velocities.  The vibrational temperature is obtained by projecting the atomic 

velocities onto the remaining three degrees of freedom using a Gram-Schmidt procedure. This 

analysis yields instantaneous translational, rotational, and vibrational temperatures that can be 

monitored throughout the simulations.  
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Table 5.2: Calculated average translational, rotational, and vibrational temperatures for ice XI at 

125 and 250 K.  The method used for thermostatting and the simulation times, excluding 10 ps of 

equilibration, are given in the 2nd and 3rd columns.   

Tset 
Thermostat 

Method 

Simulation 

time 
TTr TRot TVib 

125 GLE 0.2 ns 189.9 503.3 1778.1 

250 GLE 0.2 ns 274.7 520.9 1778.1 

125 NH 0.6 ns 127.7 126.2 121.0 

250 NH 0.6 ns 252.2 252.1 245.4 

 

 Table 5.2 reports average translational, rotational, and vibrational temperatures for ice 

XI at 125 K and 250 K.  For both the Nosé-Hoover and GLE thermostats, the three components 

of the temperature stabilize within the first 5-10 ps.  Consider the temperatures corresponding to 

the Nosé-Hoover thermostat, in which a single thermostat is applied to the atomic velocities.  

When the three components are separated, we find that the translational and rotational motions 

are a few degrees hotter than expected while the vibrational component is slightly cooler.  For 

example, for ice XI at 125 K, the average translational, rotational, and vibrational temperatures 

are 127.2 K, 126.6 K, and 121.1 K.  The three together average to 125 K, the expected 

temperature, but the vibrations are slightly colder.  This further exacerbates the conformational 

impact of excluded zero-point energy for this thermostat.   

With the inclusion of zero-point energy, Table 5.2 shows that the average temperature for 

translation, rotation, and vibration now differ significantly.  The vibrational temperature is 

roughly 1750K; as expected, it is much higher than the external temperature.  The symmetric and 

asymmetric stretch both have frequencies above 3000 cm-1, corresponding to a frequency-

dependent vibrational temperature of  over 2500 K (Equation (5.3.2)) while the H-O-H bend has a 

frequency dependent temperature closer to 1100 K. The calculated vibrational temperature, which 

is an average over all vibrational modes, lies between the estimated stretch and bend 

temperatures.   

The calculated rotational temperature is 501 K and 521 K when the external temperature 

is 125 K and 250 K, respectively.  Librations will be impacted by the frequency dependent  
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Figure 5.2: Calculated IR absorption spectrum and vibrational density of states (VDOS) for 

oxygen and hydrogen in 125 K crystalline ice.  Panels on the right correspond to proton-ordered 

ice XI while panels on the left correspond to proton-disordered ice Ih.  Panels (A) and (B) show 

the IR spectra, with insets (100x expansion) showing the 0-400 wavenumber region.  The 

vibrational density of states for hydrogen is provided in Panels (C) and (D) while Panels (E) and 

(F) show the vibrational density of states for oxygen.  In all cases, results for the frequency-

dependent GLE and Nosé-Hoover thermostats are represented by black and blue lines, 

respectively.   
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thermostat and contribute to the observed rotational temperature.  For this reason, the rotational 

temperature is higher than the external temperature.   

When the external temperature increases from 125 K to 250 K, the rotational and 

vibrational temperatures only increase by a few percent.  On the other hand, the translational 

center-of-mass temperature increases sharply;  When the external temperature is 125 K, the 

average translational temperature is 189.9 K while an external temperature of 250 K leads to a 

calculated center-of-mass temperature of 274.7 K.  The difference is more significant at the lower 

temperature.  Phonon modes contribute to the translational temperature and these are impacted by 

the GLE thermostat.  To further analyze the role of phonons, additional simulations were 

undertaken. Briefly, phonon modes are expected to be less significant as the external temperature 

increases.  Simulations of water at 300 K and 500 K showed that the calculated translational 

temperature slowly converges towards the external temperature; TTr is 317.7K and 505.2K, 

respectively.   As well, an increase in the size of the simulation cell will increase the number of 

phonon modes accessible in the simulations.  A four-fold increase in the simulation cell size, for 

125 K ice XI, led to an increase in the calculated translational temperature from 189.9K to 

234.9K. Both of these results suggest that phonons are responsible for the high calculated 

translational temperature.   

The simulated infrared absorption (IR) spectra and power spectra for ice XI and ice Ih at 

125K are provided in Figure 5.2.  To separate out the zero-point energy contribution, spectra have 

been calculated from simulations that employ the Nosé-Hoover and the frequency-dependent 

GLE thermostats.  The total IR absorption cross section, per unit length29, 30 is obtained from 
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where α(ω) is the IR absorption coefficient and n(ω) is the frequency-dependent refractive index.  

In Equation (5.3.3), V and T are the sample volume and temperature, respectively, c is the speed 

of light in a vacuum, k is Boltzmann’s constant, ω is the frequency, and  M t  is the total electric 

dipole moment of the sample at time t. Equation (5.3.3) applies when the field has been averaged 

over all directions.   In Figure 5.2, the cross sections are reported in arbitrary units but can be 

converted to inverse length by inclusion of the multiplicative factor, C, in Eq. (5.3.3).   

The velocity autocorrelation function of the oxygens and hydrogens are defined as 

  
   

   

0

0 0
vv

v v t
C t

v v





,  (5.3.4) 

where < > denotes an ensemble average.  The corresponding power spectra are obtained from the 

autocorrelation function via a Fourier transform: 

      
0

cosvv vvC C t t dt 


  .  (5.3.5) 

The autocorrelation functions in Equations (5.3.3) and (5.3.4) are calculated from 2 ns 

simulations of ice with a 0.5 fs time step and a 20 ps equilibration period.  Following the 

equilibration,    0M M t  and    0v v t  are assessed every 2 fs with a 20 ps collection 

window (the upper limit in the integrals of Eqs. (5.3.3) and (5.3.5) is 20 ps).   

The IR absorption spectra are very similar for ice XI and ice Ih with the only notable 

difference occurring in the relative intensities of the symmetric and asymmetric stretch bands.  

The symmetric stretch is more intense for ice XI, where the ice structure is proton ordered, while 

the asymmetric stretch is more intense for ice Ih, when proton order is absent. The H-O-H bend is 

visible at around 1500 cm-1 while libration appears at around 700 cm-1.    

The insets in Figure 5.2(A) and Figure 5.2(B) show an expanded view of the low 

wavenumber region of the IR spectrum.  Bertie et al.31 have reported the IR spectrum of 100 K 

hexagonal ice in the 30-4000 cm-1 range.  Ice films of various thicknesses were examined and, for 
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thinner films, three bands at 160, 230, and 370 cm-1 were measured.  In thicker film, these three 

peaks merge into a single peak appearing below 400 cm-1, followed by a minimum at around 440 

cm-1.   The simulation results in Figure 5.2(A) and Figure 5.2(B) reproduce the experimental 

results for the thicker films with a single broad peak at 300 cm-1 followed by a minimum at 

around 400 cm-1.      

The role of zero-point energy is evident by comparison with spectra obtained from 

simulations that employ a Nosé-Hoover thermostat.   The same change in relative intensities is 

observed when comparing the symmetric and asymmetric stretching modes of ice XI and ice Ih, 

but the bands are less intense and the peaks are sharper than the spectra obtained when zero-point 

energy is included.  The absence of zero-point energy also sharpens the H-O-H bend and libration 

peaks but they are otherwise very similar for ice Ih and ice XI. 

TIP4P/Ice simulations of hexagonal ice26 with a Nosé-Hoover thermostat predict peaks in 

the low-wavenumber region at 70, 195 and 310 cm-1.  The IR spectrum in Figure 5.2(A) has 

peaks at 50, 150, and 260 cm-1 when zero-point energy is not included.  Both the TIP4P/Ice and 

SPC/Fw water models predict similar features but the latter shifts all three transitions to lower 

wavenumbers.  As noted by Geiger et al.26 the proton-ordered ice XI structure splits up the low-

wavenumber bands and this is observed in the inset of Figure 5.2(B).  

The density of states for hydrogen is dominated by the stretching modes with the peaks 

for bending and libration comparatively weak.   In contrast, the density of states for oxygen has a 

strong contribution from low frequency modes where hydrogen-bond bending and stretching, 

librations, and phonons contribute. The introduction of zero-point energy broadens the peaks and 

makes the high frequency peaks in the density of states more intense.   

5.3.2 Excitation Spectrum 

The UV excitation spectrum for photoexcitation in ice is evaluated starting from  

 isolated env A X envE E E E E E       ,  (5.3.6) 
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where isolatedE  is the energy difference expected for a gas phase molecule; it is the calculated 

energy difference between the excited 1

1A B  state and the ground 1

1X A  state of a water molecule, 

with the Franck-Condon principle applied. The impact of the environment of surrounding water 

molecules is included via envE .  Following the study in Chapter 4 and others,12, 32 we assume 

that only electrostatic interactions contribute to the environmental energy change;  The change in 

the electrostatic energy (see Equation (5.2.2)) is calculated with the ground state charges set to 

the SPC charges while the excited state charges are obtained from a fit to the excited state dipole 

moment.12, 33  

In each simulation, at the moment of photoexcitation, ΔE is calculated based upon the 

instantaneous structure of the selected molecule and on the arrangement of surrounding water 

molecules.  The UV spectrum obtained by collecting all the ΔE values is provided in Figure 5.3 

for simulations that include zero-point energy (GLE thermostat) and those that don’t (Nosé-   

 

Figure 5.3: Measured and calculated UV absorption spectra for ice XI at 125 K. The top panel 

shows calculated excitation spectra obtained for the GLE (black) and Nosé-Hoover (red) 

thermostats.  Experimental spectra for gas phase water34 (green) and hexagonal ice35 (blue) are 

provided in the bottom panel 
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Hoover thermostat).  Experimental spectra for gas phase water34 and crystalline ice35 are also 

shown.  The difference between the experimental spectra shows that the measured environmental 

contribution raises the excitation energy by around 1.3 eV.  At the same time, the width of the gas 

phase spectrum shows that the different starting conformations of the photoexcited water leads to 

excitation energies as low as 6.7 eV and as high as 8.7 eV.    

The peak widths in the calculated spectra arise primarily from the different structures 

sampled by the water molecules in the ice matrix. The inclusion of zero-point energy leads to a 

broader distribution of starting structures and this, in turn, increases the peak width which now 

compares favorably with the experimental spectra. In contrast, the peak obtained for the Nosé-

Hoover simulations is far too narrow since the water molecules explore a range of structures that 

is too restrictive.   

Regardless of the thermostat, the calculated peak positions are in-between the 

experimental ice and the gas phase spectra.  Several assumptions are embedded in Equation 

(5.3.6) and collectively these must account for the difference.  First, single molecule potential 

energy surfaces are used in Equation (5.3.6) and the electronic and environmental factors are 

assumed to be fully separable.  In addition, the water structures prior to photoexcitation are 

distributed around the equilibrium structure of the classical model (fSPC for the Nosé-Hoover 

thermostat and SPC/Fw for the GLE thermostat).  At the instant of photoexcitation, the molecular 

representation is shifted to the DK potential energy surface but the equilibrium structure of the 

force field does not coincide with the DK ground state structure.  We estimate that correcting for 

this energy contribution would shift ΔE lower by 0.31 eV and 0.42 eV for the Nosé-

Hoover/fSPC6 simulations and the GLE simulations with the SPC/Fw7 model, respectively.  The 

previous paragraph discussed that the inclusion of zero-point energy brought the calculated peak 

width into agreement with experiment.  Zero-point energy also impacts the peak position but this 

has not been included in the calculated ΔE; The ab initio energies are obtained from fits to the 
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DK potential energy surfaces without any contribution from zero-point vibrational energy.  A 

correction for the zero-point energy in ΔE would shift the calculated peak position lower by 

roughly 0.5 eV.  Both of the previous two corrections shift the calculated peak towards excitation 

energies measured in the gas phase and away from the measured UV spectrum for ice.35 Another 

assumption is that ΔEenv does not have a dispersive energy contribution; in other words, 

dispersion is assumed to be the same in the ground and excited state.  Given that the oxygen 

charge on the photoexcited molecule changes from -0.82 e- to 0.40 e-, the dispersion energy 

should change and lead to an increase in ΔE. Another possible source of discrepancy arises from 

the size of the ice sample; The spectrum is calculated from photoexcitation events in the top four 

bilayers and the contribution from surface molecules may be over exaggerated. Molecules in the 

top monolayer do not have a full complement of surrounding molecules and because of this, the 

excitation spectrum calculated from only this monolayer peaks ~0.1 eV lower in energy than the 

bulk spectrum. However, this contribution is efficiently averaged out in considering the excitation 

spectrum for the bulk. Elimination of the top monolayers or bilayers from the calculation of the 

bulk spectrum does not lead to a noticeable shift in the peak position. A final point is that we have 

assumed the excitation to be equally probable for all starting structures.   

At the end of the day, the calculated spectrum reflects the fundamentally classical nature 

of the simulations, despite inclusion of the ground and excited state potential energy surfaces and 

the zero-point energy via the GLE thermostat.  A fully ab initio calculation, together with a 

calculation of the transition intensity, would allow for a better description of the peak position.  

Ab initio calculations of the ground and excited state potential energies for a relatively small 

water tetramer, surrounded by several hundred classical TIP3P waters, shows that the effect of 

neighbors changes the characteristics of the excited state surface.36 Such calculations are 

demanding but provide important insights on the potential energy surfaces and can greatly assist 

the simulation of photoexcitation in water.    
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5.3.3 Trajectory Analysis 

The distribution of photoexcitation outcomes for proton-ordered ice XI and proton-

disordered ice Ih are provided in Figure 5.4(A) and Figure 5.4(B), respectively.  Each 

photoexcitation event is categorized according to the original bilayer where photoexcitation 

occurred and the observed outcome.  In the figure, the outcomes are listed according to their 

overall probability of occurrence.  The three most likely outcomes overall are 1) trapping of the H 

and OH fragments, 2) desorption of H and trapping of OH, and 3) recombination of H and OH to 

yield a trapped water.   

Consider first the outcomes for ice XI in Figure 5.4(A). The probability for trapping of 

the H and OH fragments increases from Bilayers 1 to 4, with a sharp increase in probability from 

Bilayers 1 to 2.  Regardless of the starting bilayer, trapping of both fragments is a significant-

probability event.  In contrast, H atom desorption with OH trapping is most probable from the top 

bilayer with a steadily decreasing probability for Bilayers 2 through 4.  The opposite trends for 

these two outcomes follows from the fact that, when photoexcitation occurs deeper in the ice 

matrix, the H atom has further to travel to reach the surface and desorb.  For this reason, H 

trapping probability increases while H desorption is less probable.  Fragment recombination and 

subsequent trapping of the recombined water is least probable for the top bilayer, where H 

desorption is most probable, but the probability for trapping of recombined water jumps to 

roughly 6% for Bilayers 2-4.    

Figure 5.4(A) includes the probabilities for three infrequent outcomes which are only 

observed when the photoexcitation occurs in the top bilayer: desorption of H and OH; H trapping 

and OH desorption; and desorption of recombined water.  All three of these outcomes involve 

desorption of either OH or recombined H2O.  The simulations show that these larger fragments 

are not able to effectively move through the ice lattice and will only desorb if they are produced 

at the surface.   Even then, the probabilities are much lower than for outcomes that involve OH  
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(A) 

(B) 

Figure 5.4: 
Photoexcitation outcomes 

obtained for 125 K ice XI 

(Panel (A)) and ice Ih 

(Panel (B)). The outcomes 

are categorized by the 

bilayer where 

photoexcitation occurs, as 

indicated in the top right of 

the panels.  Yellow, red, 

green and blue correspond 

to Bilayers 1-4, 

respectively.   The 

intensity/fraction is 

calculated as the ratio of 

the number of times an 

outcome occurs divided by 

the total number of 

trajectories. Error bars 

represent a 95% 

confidence interval.   
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trapping at the surface, but they are comparable to the probability for surface trapping of 

reformed water. 

The minimal impact of proton ordering is evident from a comparison of Figure 5.4(A) 

and Figure 5.4(B).  The proton disordered ice Ih has a comparable number of hydrogen bonds 

(HBs) per molecule as the proton-ordered ice XI; A photodissociating water molecule in Bilayers 

2-4 will almost always direct its leaving H towards another water molecule.  For this reason, one 

might expect similar outcomes.  However, the nature of the hydrogen bonding in the topmost 

layer differs for ice XI and ice Ih.  In a perfect ice XI lattice, each water molecule in the topmost 

layer receives two HBs to oxygen and donates one HB, with the remaining hydrogen pointing 

away from the surface.  For ice Ih, the molecules in the top monolayer of a fully hydrogen bonded 

crystal have two possible hydrogen bonding scenarios;  A molecule may receive two HBs to 

oxygen and donate one HB, as with surface molecules in ice XI, but it may also donate two HBs  

and receive only one HB to oxygen.  From Figure 5.4(B), the presence of a second hydrogen 

bonding scenario for water molecules in the top layer of ice Ih has a small impact on 

photoexcitation outcomes.  Specifically, the probability for OH desorption has increased, at the 

expense of OH trapping.   

The distribution of outcomes for H + OH trapping, H desorption with OH trapping, and 

trapping of recombined water in Figure 5.4(A) are similar to those obtained using the 125 K 

Nosé-Hoover thermostat (Chapter 4); the introduction of zero-point energy has not significantly 

altered the photoexcitation outcomes.  A small difference appears in the desorption probability for 

OH and recombined H2O, which were observed to occur in 1% and 1.5% of the trajectories of the 

Chapter 4 simulations. With zero-point energy included, OH desorption is observed in 2% of the 

simulations and desorption of H2O in 0.3% of simulations. Both of these outcomes originate from 

photoexcitation of water in the top bilayer. With the addition of zero point energy, there is an 

increased propensity for OH desorption at the expense of H2O desorption. This correlation is  
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Figure 5.5: A series of snapshots depicting a photoexcitation event where the fragments 

recombine to form H2O which eventually re-dissociates to yield a desorbed OH and a trapped H 

atom. The oxygen of the photoexcited molecule is blue and the hydrogens are green. All other 

water molecules are represented with red and grey for the oxygen and hydrogens, respectively. 

 

expected since OH desorption will leave the H atom, which is travelling through the matrix, 

without an OH to recombine with. 

A snapshot analysis has been undertaken to provide insight into the mechanisms that lead 

to low probability photoexcitation outcomes.  Figure 5.5 shows a series of snapshots for a 

photoexcitation event that results in OH desorption while the H atom becomes trapped. After 

dissociation of the photoexcited water molecule, the hydrogen atom undergoes a quick collision 

and then recombines with the OH. As the recombined water translates, it undergoes a number of 

high energy vibrations before dissociating again 100 fs later. This not only leads to OH  
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Figure 5.6: A series of snapshots depicting photoexcitation from the top monolayer.  This event 

produces OH desorption with H atom trapping.  The oxygen and hydrogen atoms of the 

photoexcited molecule are colored blue and green respectively. All other water molecules are 

represented with red and grey for the oxygen and the hydrogens respectively.   The H fragment is 

not visible in the t=130 fs panel and is barely visible in the subsequent panels. 

 

desorption but also, in this particular case, to a large amount of translational and rotational kinetic 

energy transferred to the OH. The trajectory in Figure 5.5 can be contrasted with Figure 5.6 

which depicts an OH desorption event without a prior H2O recombination.  Once the fragments 

are produced in the top layer, they move in opposite directions with the H becoming trapped and 

the OH moving away from the ice.  Relative to the trajectory in Figure 5.5, the OH is observed to 

desorb at a much slower rate, reaching an equivalent height above the matrix several hundred fs 

later.  

A recombination of H and OH fragments to yield H2O typically occurs very rapidly in the 

simulations and produces a water molecule with high rotational and vibrational energy. On  
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Figure 5.7: A series of snapshots showing an H2O recombination event. The oxygen and 

hydrogen atoms of the photoexcited molecule are blue and green respectively. All other water 

molecules are represented by red and grey for the oxygen and the hydrogens respectively. 

 

average, H atoms displace 0.50 nm from the oxygen of the photoexcited water molecule before a 

collision reverses their trajectory. Recombination occurs, on average, 250 fs after excitation. 

Figure 5.7 provides a series of snapshots for an H2O recombination event occurring within the ice 

matrix (not at the surface). The H atom is deflected from the nearest neighbor water molecule, 

travels into the adjoining water cage, and is reflected back to the location of the original 

excitation event. The high rotational and vibrational energy of the recombined water can be 

observed from the sequence of frames following recombination of H and OH and through a plot 

of O-H bond lengths. Figure 5.8(A) shows OHr  between oxygen and the initially dissociated 

hydrogen while Figure 5.8(B) shows OHr  between the oxygen and the retained hydrogen. Green 

arrows in Figure 5.8 indicate the bond lengths at times corresponding to the snapshots in Figure 

5.7. 
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Figure 5.8: The oxygen-hydrogen bond lengths, rOH, for the photoexcited water corresponding to 

the series of snapshots in Figure 5.7. Panel (A) shows rOH for the dissociated hydrogen while 

Panel (B) shows rOH for the retained hydrogen. Green arrows indicate the times corresponding to 

snapshots in Figure 5.7. 

 

Over a 1 ps time scale following recombination, the amplitude of vibration for the OH bond to the 

second hydrogen increases, indicating vibrational energy transfer.  This occurs slowly suggesting 

that trajectories in which H + OH recombine and quickly dissociate should leave OH with little-

to-no vibrational excitation. As the total amplitude in Figure 5.8 is decreasing some of the 

vibrational energy is also being dissipated to the matrix but this is again a very slow process. 

5.3.4 Fragment Displacements 

An analysis of simulations that lead to a trapped H atom reveal a common final location 

for the fragment; The H settles near the midplane of two neighboring bilayers, directly between 

two hexagonal water rings.  This, ferrocene-like cage structure allows the H fragment to form 

comparable dispersive interactions with 12 water molecules, six located in the bilayer above and 

six in the bilayer below.   The final location of the trapped H fragment is shown in Figure 5.10 for 

two simulations that lead to fragment trapping.  The figure provides top down and side views 

showing that H is located between bilayers and close to the center of the hexagonal water rings.   

 

(B) (A
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Figure 5.9: Displacement distribution for trapped H atoms.  All photoexcitations that lead to H 

atom trapping are subdivided according to the distance travelled by the fragment and the original 

bilayer of the photoexcited molecule (different panels above).  The intensity/fraction is the ratio 

of the number of times a trapping outcome occurs from the selected bilayer and with a specific 

displacement, divided by the total number of trajectories. The results for Bilayers 1-4 are shown 

in yellow, red, green, and blue respectively.  Circles (solid line) and triangles (dashed line) show 

results for ice XI and ice Ih respectively.  Error bars represent a 95% confidence interval and, for 

clarily, are only shown for a selection of points.   

 

H atom displacement distributions are shown in Figure 5.9 with error bars representing a 

95% confidence interval.  The displacements are evaluated from the position of the original 

photoexcited molecule to the location where the H atom is identified as being trapped.  The 

relative intensity between the panels in Figure 5.9 reflects the bilayer-dependent probability of an 
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H trapping event; the increased intensity for lower bilayers is due to a higher propensity for H 

atom trapping when photoexcitation happens deeper in the ice.  

The degree of proton order in ice has negligible impact on the H atom displacement in the 

matrix; the H fragment travels the same distance, on average, in a proton ordered or a proton 

disordered matrix.   Qualitatively, H displacements are also very similar to those found in 

simulations that employed a Nosé-Hoover thermostat, Chapter 4.  The only notable difference is 

that the displacements for the Nosé-Hoover simulations have a slightly higher probability for H 

atoms to travel larger distances.   This is consistent with the peak positions in the calculated UV 

absorption spectra (Figure 5.3), since the excitation energy impacts the kinetic energy available to 

the H fragment after dissociation.  Overall, the H atom typically travels 2-4 water cages before 

becoming trapped.  However, it may remain near the same solvent cage or, as observed in 

roughly 0.1% of the simulations, it may travel further than 4.0 nm from the location where 

photoexcitation occurred.    

The similarity in the H displacement distributions and trapping location, despite the 

presence or absence of zero-point energy and the extent of proton order, points to an overarching 

factor that determines the distributions.  A closer inspection of the distributions in Figure 5.9 

reveals a number of secondary peaks that appear above a broad displacement distribution.  These 

peaks are present regardless of the bilayer in which photoexcitation occurs, and regardless of 

whether there is proton order.  They are also somewhat evident in the distributions from Chapter 

4, in which a Nosé-Hoover thermostat is employed.   

From Figure 5.9, peaks in the H displacement distribution occur at 0.60-0.70 nm, at 1.00-

1.10 nm, at 1.30-1.40 nm, and slight peaks are visible at 1.60-1.70 nm, at 2.20-2.30 nm and at 3.0 

nm.  The regularity of these peaks points to the hexagonal ice structure as the source of these 

secondary features.  Closer inspection of simulations that lead to H trapping shows that the 

fragment moves  
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Figure 5.10: H atom trapping locations corresponding to 0.60 – 0.70 nm displacements. The 

photoexcited molecule is colored blue and green for oxygen and hydrogen, and bulk water 

molecules are transparent with red and white for oxygen and hydrogen. The original location of 

the photoexcited molecule is given by the trapping location of the OH fragment. Panels (A) and 

(B), and Panels (C) and (D), show the final configuration for two simulations that lead to 

fragment trapping.  Top-down views are provided in (A) and (C) while side views are given in 

(B) and (D).   

 

in two ways.  First, the H can move in the space between bilayers.  Alternatively, it can travel 

through the channels of hexagonal water rings into adjacent bilayers.   

(A) 

(C) 

(B) 

(D) 
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Consider the first peak of the H displacement distribution in Figure 5.9, corresponding to 

a final trapping location 0.60-0.70 nm from the site of photoexcitation.  Figure 5.10 illustrates 

two scenarios that lead to this final H displacement.  Panels (A) and (B) show a trapping event 

where the H fragment moves to the center of the water ring, then through the hexagonal channel, 

trapping two bilayers lower in the ice.  In contrast, Panels (C) and (D) show an outcome where 

the H fragment moves between the bilayers to trap directly below a next-nearest-neighbor water  

ring. In either case, the H atom has settled near a next-nearest-neighbor water ring.  Only 

scenarios that lead to H trapping two water rings away from the photoexcitation location are 

found to lead to displacements of 0.60-0.70 nm.   

Extending this analysis to H atoms that displace 1.00-1.10 nm, we observed trapping near 

next-next-nearest- neighbor rings, with respect to the starting location.  Three scenarios lead to 

this displacement:  travelling through the hexagonal channel to settle three bilayers above or 

below; travelling between the bilayers to settle above or below a next-next-nearest hexagonal ring 

in the original bilayer; or travelling within the hexagonal channel and between the bilayers, to 

settle over the next-nearest-neighbor ring of an adjacent bilayer.  As the trapping distance grows, 

more scenarios for fragment motions are possible, leading to the pattern of features in the 

distributions of Figure 5.9.   

The average displacements for H and OH are provided in Table 5.3, where the 

displacements are separated based on the bilayer in which photoexcitation occurs.  In comparing 

the values for ice XI, with and without inclusion of zero-point energy, the average H atom 

displacement is slightly less when zero-point energy is included. This follows from the lower UV 

absorption energy when zero-point energy is included (Figure 5.3).   The degree of proton order 

does not have a statistically significant impact on the average displacement of the H fragment, 

although there may be a slight increase in the distance travelled by H when the hexagonal ice 

structure is proton disordered (ice Ih). 
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Table 5.3: Average displacement of H and OH fragments trapped in 125 K hexagonal ice, as a function of 

the bilayer where photoexcitation occurred. The third and fourth rows provide results for ice XI without 

and with the inclusion of zero point energy, respectively, and results for ice Ih are given in the last row.   

Error bars represent a 95% confidence interval. 

Ice structure 
Average Displacement (nm) for H 

fragment 

Average Displacement (nm) for OH 

fragment 

 
Bilayer 

1 

Bilayer 

2 

Bilayer 

3 

Bilayer 

4 

Bilayer 

1 

Bilayer 

2 

Bilayer 

3 

Bilayer 

4 

Ice XI, no zero 

point energy  

1.36 ± 

0.06 

1.28 ± 

0.04 

1.25 ± 

0.04 

1.28 ± 

0.04 

0.13 ± 

0.01 

0.10 ± 

0.01 

0.09 ± 

0.01 

0.09 ± 

0.01 

Ice XI, including 

zero point energy 

1.22 ± 
0.05 

1.26 ± 
0.04 

1.19 ± 
0.03 

1.16 ± 
0.03 

0.21 ± 
0.02 

0.07 ± 
0.01 

0.07 ± 
0.01 

0.06 ± 
0.01 

Ice Ih, including 

zero point energy 

1.28 ± 

0.06 

1.23 ± 

0.04 

1.22 ± 

0.04 

1.23 ± 

0.04 

0.30 ± 

0.04 

0.12 ± 

0.01 

0.11 ± 

0.01 

0.12 ± 

0.01 

 

While H trapping occurs between hexagonal water rings, OH trapping predominantly 

occurs at the original site where photoexcitation took place.  This is primarily due to the fragment 

size and also its polarity and ability to hydrogen bond to nearby water molecules.  When the OH 

fragment is produced in Bilayers 2-4, the fragment travels very little; In ice XI without zero point 

energy, in ice XI with zero point energy, and in ice Ih with zero point energy, the OH only travels 

0.09 nm, 0.07 nm, and 0.12 nm respectively.   

The simulations show that the OH fragment only displaces outside its original solvent 

cage when photoexcitation occurs in the top bilayer.  In many cases, photoexcitation in the top 

bilayer still leads to the OH trapped very close to the original lattice site.  When OH displacement 

occurs, the fragment travels over the surface of the ice and is eventually trapped above a water 

molecule from the top bilayer, with a hydrogen bond formed between the OH and the surface 

water molecule.  Trapping mechanisms differ for ice XI and ice Ih.  For the former, the OH 

fragment acts as a hydrogen bond acceptor and the OH hydrogen is directed away from the 

surface. The surface of ice Ih has water molecules with and without dangling H atoms.  In this 

case, surface trapping of OH occurs with OH acting either as a hydrogen bond acceptor or a 

donor, depending on the orientation of the surface molecule.  
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Table 5.3 shows that the average OH displacement for top bilayer photoexcitation in ice 

XI increases from 0.13 to 0.21 nm with the introduction of zero-point energy.  The average OH 

displacement further increases to 0.30 nm when the ice is proton-disordered.  Surface OH 

displacement was analyzed further by examining the scenarios where OH displaces very little 

(less than 0.10 nm) and quite far (more than 1.00 nm) from the site of photoexcitation.  The 

analysis showed that the percentage of OH fragments that displaced very little increased from 

46% to 58% with the inclusion of zero point energy.  In other words, zero point energy 

counterintuitively leads to more OH that remain very close to the site of photoexcitation.  On the 

other hand, inclusion of proton disorder increases the mobility of OH at the ice surface; the 

percentage of OH that displaces less than 0.10 nm decreases from 58% to 50%.   We assume that 

the increased molecular motion included with the GLE thermostat leads to a more flexible 

environment around the OH and that this can hinder its ability to leave the site of photoexcitation.  

At the other extreme, we find that only 0.06% of OH travel more than 1.00 nm along the surface 

of ice XI when zero-point energy is not included.  This percentage increases sharply, to 4.4%, 

when the GLE thermostat is introduced.  The introduction of proton disorder leads to 5.9% of the 

surface OH travelling more than 1.00 nm along the surface.  The averages in Table 5.3 reflect the 

fact that, once the OH has left its original lattice site, the introduction of zero point energy allows 

the fragment to travel further.  Proton disorder at the surface further increases the tendency of OH 

fragments to travel far on the surface.   

5.3.5  Desorption Kinetic Energy 

The kinetic energy distribution for desorbing H atoms is shown in Figure 5.11.   The 

relative intensity between the panels in Figure 5.11 reflects the bilayer-dependent probability of 

an H  
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Figure 5.11: Kinetic energy distribution of desorbed H atoms.  Photoexcitations that lead to H 

atom desorption are subdivided according to the H kinetic energy and the original bilayer of the 

photoexcited molecule (different panels). The intensity/fraction is the ratio of the number of times 

H desorption occurs from the selected bilayer and with a specific kinetic energy, divided by the 

total number of trajectories. The results for Bilayers 1-4 are shown in yellow, red, green, and blue 

respectively.  Circles (solid line) and triangles (dashed line) correspond to ice XI and ice Ih 

respectively.  Error bars represent 95% confidence intervals and, for clarity, are only shown for a 

selection of points. 
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fragment desorption event; The decreased intensity for lower bilayers is due to a lower propensity 

for an H atom to travel from deep within the ice to the surface.   

From the dissociation energy of the DK ground state potential energy surface, 5.3 eV, 

and the excitation spectrum in Figure 5.3 it is possible to estimate the total available energy to the 

H and OH fragment as ~ 1.3 – 3.3 eV with a peak at 2.4 eV. The peak in the kinetic energy 

distribution for the top bilayer is very close to the expected peak from the excitation spectrum.  

Comparing this with the kinetic energy distributions obtained for Chapter 4 it is clear that the 

transition from the fSPC to the SPC/Fw water model has shifted the peak to lower energy by 0.3 

eV, identical to the shift in the peak of the excitation spectra between the two studies (see Figure 

5.3).   

Although it is tempting to directly correlate the peak position in the excitation spectrum 

to the peak in the kinetic energy distribution, a further analysis indicates that the connection 

between the two is more complex. To be precise, we selected trajectories with excitation energies 

less than 7.4 eV and those with energies greater than 8 eV and constructed kinetic energy 

distributions for both.  If the correlation holds, the two sets of trajectories should yield different 

kinetic energy distributions with the former accounting for low H fragment kinetic energies and 

the latter accounting for high fragment kinetic energies.  In fact, each yields an H atom 

distribution that follows the distribution shown in Figure 5.11 (within statistics); high kinetic 

energy H fragments are not always the result of high excitation energy events.  

Interestingly, the distributions in Figure 5.11 show that there are H fragments produced in 

the top bilayer that leave the ice surface with more than the estimated maximum kinetic energy of 

3.3 eV.  An analysis of trajectories that lead to a high-kinetic-energy desorbed H shows that, in 

some cases, the H atom undergoes a secondary collision with a nearby water prior to desorption.  

This collision leads to a kinetic energy increase for H and a higher-than-expected velocity upon 

desorption.  In many other cases, however, the H fragment does not undergo a secondary 
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collision, yet the fragment still desorbs with a higher-than-expected kinetic energy.  The 

explanation for this is that calculation of the 1.3-3.3 eV range does not include any kinetic energy 

for the H atom prior to photoexcitation; the atoms are assumed to be stationary at the moment of 

photoexcitation.  An analysis of the H atom kinetic energy in the ice, prior to photoexcitation, 

shows that 2.9%, 2.3%, and 2.2% of the H atoms have kinetic energies greater than 0.38 eV, 0.47 

eV, and 0.57 eV respectively and are moving away from the OH fragment.  In other words, for a 

small number of molecules, at the moment of photoexcitation, the H atom already possesses a 

kinetic energy of 0.4-0.6 eV and is moving away from the OH fragment. This kinetic energy will 

contribute to the final kinetic energy of the H fragment as it leaves the surface.    For this reason, 

we find that a small number of H atoms leave the surface with a kinetic energy as high as 3.7 eV.   

Desorption from the top bilayer of ice XI may involve an H fragment directed roughly 

within the plane of the bilayer; assuming that the H atoms in the bilayer are equally likely to 

dissociate and desorb, regardless of their orientation, 75% of the desorptions would be due to H 

fragments initially travelling within the bilayer.  These H fragments will undergo at least one 

collision prior to desorption and the collisions will usually, but not always, lower the kinetic 

energy of the H fragment.  These events give rise to low kinetic energy desorptions from the top 

bilayer observed in Figure 5.11.  When photoexcitation occurs deeper in the ice matrix, the H 

fragment typically undergoes more collisions before desorption occurs.  This impacts the kinetic 

energy distribution in several ways.  First, the overall intensity decreases since desorption 

becomes less probable.  As shown in Figure 5.4, less than 15% of photoexcitations in Bilayer 4 

lead to H desorption.  Second, the average kinetic energy decreases due to a higher number of 

collisions with molecules in the matrix.  A desorbing H fragment produced in the fourth bilayer 

of ice XI is most likely to exit the ice matrix with less than 1 eV kinetic energy and very few have 

kinetic energies in excess of 2 eV.    
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The kinetic energy distributions for ice XI and ice Ih are very similar but there is a small 

notable difference for the top bilayer.  Figure 5.11 shows that proton disorder leads to a slight 

decrease in the probability for producing an H fragment that desorbs with a kinetic energy above 

2.2 eV.  At the same time, the probability for producing a fragment with a kinetic energy less than 

0.8 eV has increased slightly.   In ice XI, roughly 25% of the H atoms in the top bilayer are 

directed away from the surface.  The proton disorder in ice Ih alters the directional distribution of 

H atoms and only 12.5% of H atoms are directed away from the surface, while around 12.5% 

point deeper into the ice and 75% are directed along the surface.  The results in Figure 5.11 are 

consistent with having only 12.5% of H atoms directed away from the surface in ice Ih, as 

opposed to 25.0% in ice XI.  These H atoms can dissociate without further collisions while other 

dissociations will require at least one collision with the matrix before desorption.   For this 

reason, the H fragments produced in the top bilayer of ice Ih undergo more collisions, on average, 

and the distribution shifts to lower kinetic energy.  

The kinetic energy for desorbed OH is shown in Figure 5.12. The OH is only observed to 

desorb from the top bilayer. The OH usually desorbs with less than 0.5 eV kinetic energy but may 

have up to 1.9 eV (2 out of 340 desorbed OH from ice XI had kinetic energies above 1.5 eV). OH 

desorption occurs primarily when photodissociation leads to an OH fragment with a dangling H.  

In this case, hydrogen bonds will only exist to the O atom, reducing the energy penalty for 

leaving the surface. In the rare cases where the OH leaves with a high kinetic energy, trajectory 

analysis shows that the fragment begins with a dangling H and also takes part in an H2O 

recombination and subsequent dissociation (see Figure 5.5).  

The OH desorption kinetic energy from the 125 K Nosé-Hoover study and for the proton-

disordered ice Ih are also shown in Figure 5.12.   In all cases, OH desorption is a rare event and 

the kinetic energy distribution has large error bars.  The impact of zero-point energy and proton 

order are not statistically significant although zero-point vibrations may lead to a decreased  
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Figure 5.12: Kinetic energy distribution of desorbed OH produced from photoexcitation in the 

top bilayer.  The black and green curves correspond to ice XI and ice Ih, respectively.  Results for 

the simulations of ice XI using the Nosé-Hoover thermostat are shown in red.   Error bars 

represent a 95% confidence interval. 

 

probability for desorbed OH with very low kinetic energy (≤ 0.1 eV) and an increase in 

probability for slightly higher kinetic energy. 

5.4 Summary and Conclusions 

Photoexcitation of a single water molecule in 125 K hexagonal ice has been investigated 

using molecular dynamics simulations.  The impact of proton order has been examined by 

comparing simulation results for proton-ordered ice XI and proton-disordered ice Ih.  The impact 

of zero-point vibrational energy on photoexcitation has been examined by implementing a 

quantum colored noise thermostat.1, 4, 23  Effectively, the thermostat maintains the vibrational 

modes at a vibrational temperature in accordance with their vibrational frequency.    
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The water molecules in the ice matrix are represented by the flexible SPC/Fw7 model.  

Photoexcitation proceeds by the random selection of a water molecule, followed by a transition of 

its representation from the classical SPC/Fw model to the ground 1

1X A   and excited 1

1A B  state ab 

initio surfaces developed by Dobbyn and Knowles.17 Photoexcitation of this water initially 

produces H and OH fragments that can recombine, desorb from the surface, or become trapped 

within the ice matrix.  Interaction potentials between the fragments, H and OH, and the 

surrounding water molecules are provided by fits to ab initio potential energy surfaces for 

H···H2O11 and OH···H2O.13   

Inclusion of zero-point energy yields stable hexagonal ice structures but with a somewhat 

reduced hydrogen bond network.  Zero-point energy also broadens the peak in the UV absorption 

spectrum (Figure 5.3), in line with the experimental peak width, but the peak position is in-

between the measured gas phase and crystalline ice peaks.  The assumptions adopted to calculate 

the spectrum from classical simulations are examined, and several corrections are considered.  

Zero-point energy also broadens the peaks in the IR absorption spectrum (Figure 5.2), and this is 

most evident in the low wavenumber region.   Despite the changes in the UV and IR spectra due 

to the inclusion of zero-point energy, the impact on photoexcitation outcomes is relatively small.  

Our simulations show a small increase in probability for outcomes that involve OH desorption 

following photoexcitation in the top bilayer.  Several trajectories are examined to elucidate 

mechanisms that lead to OH desorption, including trajectories where the fragments temporarily 

recombine to form water.  The OH ultimately produced from this process has higher translational 

and rotational energy than an OH that desorbs immediately after dissociation of a photoexcited 

water molecule in the top bilayer.   

Ice XI and ice Ih differ in that the former is proton ordered while the latter is not.  

Nonetheless, in the simulations, the initial structure for ice Ih begins with each water molecule 

having a full complement of hydrogen bonds.  Proton order has only a small impact on calculated 
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photoexcitation outcomes.  As with zero-point energy, proton-disorder leads to a small increase in 

probability for outcomes that involve OH desorption following photoexcitation in the top bilayer.  

As well, when the OH is generated and trapped at the surface, it travels further when the ice is 

proton-disordered.    

An analysis of H trapping events and displacement distributions (Figure 5.9) shows an 

interesting secondary feature present in the distributions; small peaks that occur at specific 

displacements regardless of the proton-order or the bilayer where photoexcitation occurred.  

These peaks follow from the hexagonal structure of the ice and from the fact that the H fragment 

traps in-between bilayers, near the center of hexagonal water rings in the bilayers above and 

below.  For this reason, specific peaks in the displacement distribution can be correlated to a 

small subset of H fragment trajectories.    

The kinetic energy distributions for desorbed H reflect the number of collisions required 

for the H to exit the ice matrix.  When photoexcitation occurs in lower bilayers, the H fragment 

undergoes collisions before leaving the ice and ultimately has low kinetic energy.   Some 

photoexcitation events in the top bilayer lead to H fragments desorbing directly away from the 

surface with a higher kinetic energy.  The kinetic energy will be particularly high if this H was 

moving away from the OH prior to photoexcitation.   

Overall, our simulations show that zero-point energy impacts the calculated UV and IR 

spectra but has a comparatively minor impact on trajectory outcomes.  Likewise, ice XI and ice Ih 

have similar photoexcitation outcomes.  Observed differences between ice XI and ice Ih can be 

correlated to the degree of structural order and produce trapped H fragments with similar 

displacement distributions, and produce desorbed H and OH with similar kinetic energy 

distributions. 
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Chapter 6 

Photoexcitation Outcomes with the Inclusion of H + H2O ↔ H3O 

Secondary Reactions 

6.1 Introduction 

This chapter examines the photodissociation of a single water molecule within ice XI at 

125 K, as was also studied in Chapters 4 and 5. However, this chapter builds on the results of the 

previous two chapters by investigating the impact of a secondary reaction on the photoexcitation 

outcomes. Specifically, the simulations conducted in this Chapter include an ab initio H3O 

potential energy surface capable of describing the H3O formation reaction, H + H2O → H3O, as 

well as H3O dissociation to form H + H2O, or H2 + OH.   Additionally, the simulation cell has 

been expanded in all directions, increasing the number of water molecules by a factor of five. 

Inclusion of H3O could increase the distance between the site of photoexcitation and trapping 

locations, and expanding the cell reduces the likelihood for interactions of the fragments with 

mirror images produced by periodic boundary conditions. Additionally, this allows for a longer 

range cutoff on all potentials.  The force fields which have been discussed in the previous 

chapters are also adopted in this study, and zero point vibrational energy will be included in the 

dynamical description of the ice via the use of a colored noise thermostat.1-3  

Section 6.2 provides brief computational details which include the interaction potentials, 

setting up and equilibrating the ice, and terminating the simulations. Further details are provided 

in Chapter 3 and the Appendix. Following this the results of the simulations are presented and 

discussed in Section 6.3. Conclusions are provided in Section 6.4. 
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6.2 Theoretical Details 

6.2.1 The Potentials 

Water molecules in ice XI are represented by the SPC/Fw4 flexible water potential based 

upon the rigid 3-site simple point charge (SPC) model of Berendsen.5 Intermolecular interactions 

are treated with a 12-6 Lennard-Jones potential between oxygen atoms, in addition to a Coulomb 

potential between all atomic pairs: 
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In Equation (6.2.1), 
OO , and 

OO  are Lennard-Jones parameters, ijr  is the distance between atom 

centers for atoms i and j, and qi is the atomic charge for atom i. The form of Equation (6.2.1) is 

the same as used in the SPC5 potential with values for the atomic charges, 
OO , and 

OO  from 

Berendsen.5 Intramolecular interactions in the SPC/Fw model are fully harmonic: 
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The bond-stretch and angle-bend force constants are given by kb and ka, respectively. The bond 

stretch and HOH angle coordinates are represented as 
iOHr  and HOH  with the equilibrium values 

, 0.1012 nmOH er   and , 113.24HOH e   degrees. A fully harmonic intramolecular potential is 

employed since a potential with anharmonic terms (e.g. the fSPC model of Toukan and Rahman6) 

is not stable with respect to dissociation once zero point vibrational energy is imposed by the 

colored noise thermostat.  

Photoexcitation is treated identically to the studies in Chapters 4 and 5.  Briefly, a water 

molecule is chosen at random and, from that point, its intramolecular potential is computed from 

the excited state force field of Dobbyn and Knowles7 (DK) while its intermolecular potential 
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remains unchanged except that the atomic charges are, at that instant, set to qO = 0.4 e- and qH = -

0.2 e-. These values are chosen based upon a fit to the dipole moment of water in the 
1

1A B  state.8 

As the excited water molecule dissociates to form H + OH the intramolecular and intermolecular 

potentials are continuously switched to potentials for the separated fragments although 

interactions between H and OH are always represented through the DK surfaces. As the H OH  

separation exceeds 0.35 nm, the interaction between H and OH will be completely governed by 

the DK ground state 1

1X A  surface, allowing for fragment recombination to form H2O in the 

ground state. 

The H∙∙∙H2O interaction potential is a fit to the gas phase H3O potential energy surface 

(PES) developed by Zhang et al.9 Their YZCL2 PES interpolates ab initio energies calculated at 

the CCSD(T) level of theory with MRCI and CISD(T) gradients and second derivatives.  The 

form of the potential is identical to that used in previous chapters: 
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Briefly, the H∙∙∙H2O potential includes dispersive and repulsive interactions between H and each 

atom of H2O as well as a Morse type interaction between H and the O atom of water. Further 
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details on the potential, including values for the fit parameters, are given in Section 3.2.5 and 

Appendix A.2. 

The OH∙∙∙H2O interaction potential is based on CCSD(T) energies obtained by Du et al.10 

The electrostatic Coulomb potential between OH and H2O follows Equation (6.2.1) with atomic 

charges for OH taken from a fit to the bond dipole11, 12 and H2O charges from the SPC model.5 

Dispersive interactions are treated through a bond-bond, improved Lennard-Jones type, potential: 
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This potential is used to express the interaction of the OH fragment with each of the OH bonds of 

water. In Equations (6.2.8) and (6.2.9) R represents the distance between bond centers and γ the 

triple of angles required to describe their relative orientation. Further details are provided in 

Section 3.2.6 and Appendix A.3.  

In previous chapters, H and H2O only interact through nonreactive force fields and H3O 

did not form. Now, as an H atom approaches a water molecule the potential for the H + H2O 

system is switched from the H‧‧‧H2O force field, described above, to the H3O ab initio fitted 

surface. The transition begins when H is within 0.15 nm of the O in H2O and completes at a 

separation of 0.13 nm. In order to represent intermolecular interactions between H3O and the 

surrounding matrix, potentials of the form Eq. (6.2.1) are adopted with Lennard-Jones parameters 

taken from SPC water. The H3O atomic charges are qO = -0.105 e- and qH = 0.035 e- based upon 

MP2/6-311++G** calculations conducted for this work. Intramolecular motion in H3O is based 

upon forces obtained from the surface of Zhang et al.13 Further details are provided in Appendix 

A.4. 
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Figure 6.1: An example of switching-the-switches.  A case where H is simultaneously interacting 

with H2O and OH. 

 

As in previous chapters, molecular dissociation is described using switching functions 

which smoothly transition the potential between reactive and non-reactive surfaces. In this 

chapter this method is employed to describe both the formation and the dissociation of H3O and 

H2O. One complication is the possibility of simultaneous switching: 

 2 2 3HO H H O HO H H O HO H O     . (6.2.10) 

In order to describe the situation indicated in Equation (6.2.10), where H2O is dissociating while 

H3O is forming,  a higher level switching is employed. An example of this “switching of 

switches” is shown in Figure 6.1.   Ideally the interaction in Figure 6.1 would be treated fully 

quantum mechanically with an H4O2 PES but such a surface is not available. The treatment here 

is a compromise that uses the available potential energy surfaces to smoothly transition between 

OH + H3O and H2O + H2O.  For the example in Figure 6.1, the full switched potential is: 
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where Ra and Rb are the separations indicated in Figure 6.1 and “*” on individual potentials 

indicates that switching is occurring within the potential.  *
2

a

H O
V  represents the H2O potential for 

water dissociating on the excited state surface, 
2

b

H OV  is the H2O potential for bulk water, *
3

b

H O
V  is 

the potential for H3O as it forms, and a

OHV is the OH radical potential.  

The form of the potential in Equation (6.2.11) provides a smooth transition between OH 

+ H3O and H2O + H2O. Since the H3O is partially formed and the excited water, H2O*, is partially 

dissociated they are both individually switching with potentials that are also described by 

combinations of potentials. Thus the approach is termed “switching the switches” since Equation 

(6.2.11) is switching between pairs of potentials that are also individually switching. In Equation 

(6.2.11) V represents the total potential energy and F(Ri) is a switching function: 
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 This definition for F(r) is identical to the one in Chapter 3 and employed in Chapters 4 and 5. 

For use in the “switching the switches” procedure the values of R1 = 0.13 nm and R2 = 0.15 nm 

are used.  

The switching-the-switches treatment can be expanded to include more partners, as 

shown in Figure 6.2. In this case there are three interacting partners. The total potential can be 

written, expanding upon Equation (6.2.11), as 
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Figure 6.2: An example of switching-the-switches.  A case where H is interacting with OH and 

with two H2O molecules. 
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The individual potential terms in Equation (6.2.14) are the same as those in Equation (6.2.11). 

Note that in both Figure 6.1 and Figure 6.2, an OH molecule is involved but this is not always the 

case, all interacting partners can be H2O molecules. In our simulations we switch-the-switches for 

the following interactions:  

1. OH + H + H2O.  Dissociating water with H fragment partially reacting with water 

to form H3O.   

2. OH + H + 2H2O.  Dissociating water with H fragment interaction with 2 H2O.  

Partial transition to the H3O surface for both. 
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3. H2O + H + H2O.  H fragment interacting with 2 water molecules, partial transition 

to the H3O surface for both. 

4. H + 3H2O. H fragment interacting with 3 water molecules, partial transition to the 

H3O surface for all three. 

Initial test simulations indicated that these scenarios would be the most probable situations where 

higher level switching is required, but Options 2 and 4 are not observed in the simulations.   

Options 1 and 3 are commonly observed.   

6.2.2 Computational Details 

All simulations begin with a perfect lattice14 of ice XI composed of 2880 molecules 

arranged in 10 bilayers. The ice is equilibrated for 80 ps at a time step of 0.5 fs with a quantum1, 3, 

15 colored noise thermostat set to 125 K. Snapshots of the structure following equilibration are 

provided in Figure 6.3. The ice measures 5.42 nm x 4.70 nm x 3.66 nm. In order to simulate an 

ice surface, allowing for fragment desorption, empty space is included above the ice measuring 

17.68 nm. The simulation cell therefore measures 5.42 nm x 4.70 nm x 21.34 nm. Periodic 

boundary conditions produce well separated parallel infinite sheets of ice. 

Following equilibration, a molecule is chosen at random from within the top 6 bilayers 

and photoexcited by exchanging its intramolecular potential with the 
1

1A B  DK surface. This 

occurs with no change to the molecular geometry or the atomic velocities to simulate a Franck-

Condon excitation process. At the instant of excitation the time step in the simulations is reduced 

to 0.02 fs. After excitation the excited water molecule quickly dissociates. Although H + O + H is 

a possible outcome, this is rarely observed and most commonly H + OH is formed. The 

dissociation products are followed until one of the following conditions are satisfied for all 

fragments:  
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Figure 6.3: Side and top down views of the hexagonal ice cell measuring 5.42 nm x 4.70 nm x 

3.66 nm. Ice XI is initially prepared as described by Bernal and Fowler14, then equilibrated at 125 

K for 80 ps using a quantum colored noise thermostat1-3.  Oxygen is shown in red and hydrogen 

in grey. 

 

6) The fragment is trapped in the ice matrix. 

7) The fragment desorbs.  

8) An H and OH fragment recombine and the re-formed water is trapped or desorbed. 

9) The fragment moves below the lowest bilayer.  Simulations with this outcome are 

discarded from the analysis.   

H3O may be formed after photoexcitation by the reaction of an H fragment with a water molecule 

in the bulk.  The H3O molecule, as well as the inevitable dissociation products from this reaction, 

are also followed from this point forward in the simulation. The trajectory is not stopped until the 

original photofragments (those arising from dissociation of the photoexcited H2O) as well as all 

secondary reaction products (those arising from H3O reactions) satisfy one of the conditions, 1) – 

4). 

A desorption event is identified when the fragment moves more than 1.1 nm above the 

ice surface, measured with respect to the nearest surface O atom.   The identification of fragment 

trapping begins with tracking of H2O recombination/dissociation and H3O formation/dissociation 

events.   After 0.8 ps of simulation time without one of these events, tests for fragment trapping 
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are initiated. Trapping is then identified by examining the travel distance of a fragment over a 

specified amount of time; if a fragment has travelled less than 0.4 nm in 2 ps then the fragment is 

identified as trapped. The criterion applied in Chapters 4 and 5 used the kinetic and potential 

energy to establish trapping.  The distance-based criterion used in this chapter was implemented 

in order to simplify the trapping condition and also to remove the possibility of ambiguous 

trapping situations in which the potential energy reaches a high value.  

The thermostatting procedure after photoexcitation can impact outcomes by removing 

excitation energy from the ice. In Chapter 4, the Nosé-Hoover thermostat was applied to all 

molecules prior to photoexcitation but completely turned off at the moment where an H2O is 

promoted to the excited state surface. In chapter 5, in which the quantum colored noise thermostat 

was first used, complete removal of the thermostat would have led to the zero-point vibrational 

energy converting to translational and rotational energy, heating these modes. To avoid this 

artificial heating in the matrix, as well as the removal of the excitation energy in the 

photofragments, in Chapter 5 the quantum colored noise thermostat remained in place for the 

matrix but was turned off for the photoexcited molecule and dissociation products.  In this 

chapter, a further refinement is adopted.  As before, the quantum colored noise thermostat is used 

and the photoproducts are treated separately from the matrix. However, the thermostat is still 

applied to the photoexcited molecule but only to the rotational and vibrational modes;  The 

thermostat is turned off for the translational modes in the photoexcited molecule.  Additionally, 

this reduced thermostat (vibrational and rotational thermostatting only) replaces the original 

thermostat for all secondary reaction products, i.e. those resulting from H3O formation and 

dissociation. Test simulations were conducted in which the thermostat was turned off completely 

for all primary and secondary fragments. Application of the thermostat to only rotational and 

vibrational modes did not greatly affect the translational dynamics of the fragments as compared 



 

168 

 

with the test simulations, but the current approach maintains zero point vibrational energy for all 

species – matrix molecules and fragments - in the system. 

Approximately 1000 different equilibrated ice XI structures were produced to study the 

impact of secondary reactions. Simulations were performed for 10 different photoexcitations 

within each structure with the requirement that the same molecule not be excited within the same 

structure. Results are collected from a total of approximately 10000 simulations. 

6.3 Results 

6.3.1 Trajectory Outcomes 

H3O is formed when an H atom approaches within 0.13 nm of a water molecule. At this 

time, the H + H2O system is completely described by an H3O potential energy surface.13 H3O is 

unstable and quickly dissociates: 
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.  (6.3.1) 

Equation (6.3.1) lists the most probable dissociation products. The first of the products listed is 

dissociation of H3O to yield the original H + H2O reactants while the second is a hydrogen 

exchange in which the hydrogen which dissociates is different from the hydrogen which initiated 

the reaction. The last outcome will yield more OH in the system as well as a hydrogen molecule. 

Dissociation of H3O to yield the original reactant H + H2O molecules occurred in 20.1 % of the 

total simulations and hydrogen exchange, the second outcome in Equation (6.3.1), in 15.9 %. H2 

+ OH formation was not observed in the simulations.  

With the introduction of H3O formation, the photoexcitation trajectories are much more 

complex. For instance, as shown in Eq. (6.3.1), formation and dissociation of H3O can involve a 

hydrogen exchange. Also, a trajectory can involve multiple H3O formation events.  It is important 

to remember that our identification of an H3O formation depends upon our selection of cutoff 
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distance (Section 6.2.1); Trajectories in which no H3O formations have been identified may still 

have significant contributions from the H3O surface due to an H approaching very near an H2O 

but not within the H3O formation cutoff distance of 0.13 nm (Section 6.2.1).  

A flowchart depicting the number of simulations conducted for each bilayer as well as the 

number of trajectories in which each of the observed outcomes occurs is provided in Figure 6.4. 

The observed outcomes are separated first according to the bilayer where photoexcitation occurs, 

then by the number of H3O formations during the trajectories, and finally by the outcome. As an 

example, seven simulations from Bilayer 3 ended with H + OH fragment trapping after two H3O 

formation and dissociation reactions. Another example:  eleven trajectories from photoexcitation 

in Bilayer 5 had one H3O formed and ended with H desorption and OH trapping.  Of these eleven, 

seven trajectories involved H exchange.   

Approximately two thirds of trajectories occur with no H3O formed and approximately 

one third with a single H3O formation event. In a few simulations (103 in total) two separate H3O 

formation events were observed and, in three simulations, three H3O were formed (not included 

in Figure 6.4). Recombination of the H + OH photofragments and subsequent trapping of the 

resultant H2O is clearly favored for simulations in which H3O is formed.  H desorption is more 

probable near the surface and is the most likely outcome for the top bilayer even after the 

formation of 1 H3O.  For each bilayer, H + OH trapping is most likely to occur when H3O does 

not form; approximately two thirds of outcomes where H and OH are trapped occur with no H3O 

formation and one third occurs with a single H3O formation. The outcome distribution for 

Bilayers 4, 5, and 6 are qualitatively similar, indicating that surface effects are mostly restricted to 

the top three bilayers.    

The numbers in brackets in Figure 6.4 identify H exchange events.  When the final 

outcome of the trajectory is a recombined H2O, our simulations show that H exchange is not  
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Figure 6.4: A flowchart giving bilayer-specific event and outcome breakdowns for the 

simulations.  The trajectories are broken down according to the number of intermediate H3O 

formed, with brackets identifying the number of events where H exchange occurred, and 

according to the eventual outcome of the fragments.   

 

observed. An exchange of hydrogens after H3O formation and dissociation sends the exchanged 

H away from the OH fragment.  For this reason, recombination is not probable.  On the other 

hand, a significant fraction of trajectories where both fragments are trapped, or the H desorbs, 

have a hydrogen exchange reaction.   

Aside from H3O formation and the size of the simulation cell, there is one notable 

difference between the simulations in this chapter and those of Chapter 5.  Both studies employ a 

quantum colored noise thermostat with a target temperature of 125 K.  However, the thermostat  
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Figure 6.5: The impact of H3O formation on photoexcitation outcomes.  The histograms in (A) 

show outcomes, per bilayer, as a fraction of the total number of trajectories in the study.  In Panel 

(B), rescaled results are provided for the outcomes in Chapter 5, where H3O formation was not 

allowed, with intensities adjusted to account for differences in the total number of 

photoexcitations in the first four bilayers.  Bilayers 1 – 6 are colored yellow, red, green, blue, 

orange, and purple in order.   Error bars represent a 95 % confidence interval. 

 

was turned off for the excited water and the dissociation products in Chapter 5 while for this work 

the thermostat is left on for rotational and vibrational modes.  The thermostat is turned off only 

for translational modes in the excited molecule and all secondary reaction products in this study. 
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Completely turning off the thermostat could result in energy leakage from vibrational modes to 

rotational and translational modes. Similarly, there can still be energy leakage into translational 

modes for this study, but the rotational and vibrational modes will be maintained by the 

thermostat. Applying the thermostat in this way maintains vibrational and rotational temperatures 

which are consistent with zero point energy but should not affect the translational dynamics.   

Trajectory outcomes for this study are presented in Figure 6.5 (A) as a histogram 

organized by observed outcomes and the original photoexcitation bilayer.  Intensity is calculated 

as the fraction of the total number of simulations (~10000) for the particular outcome and bilayer 

combination. In previous chapters, in particular Chapter 5, excitations only occurred in the top 

four bilayers, making direct comparisons of Figure 6.5 (A) with Figure 5.4 more difficult. In 

order to compare the outcomes of this study with those from Chapter 5, the intensities in Figure 

5.4 have been rescaled and are shown in Figure 6.5 (B).  Specifically, the intensities in Figure 5.4 

have been multiplied by a factor of 4/6, the ratio of the number of bilayers in which 

photoexcitation was considered. 

A few major differences are observed between the outcomes in Figure 6.5 (A) and those 

observed in Chapter 5. In this study, desorption of recombined H2O or of the OH fragment was 

not observed.  In Chapter 5, where H3O formation was not included, OH and H2O desorption 

were minor outcomes, occurring in 2 % and 0.3 % of simulations, respectively. Testing indicates 

that the change to the thermostat is unlikely to cause this difference, and that it is likely a result of 

including secondary reactions in these simulations. This is an interesting consequence as neither 

OH nor recombined H2O are directly involved in the only secondary reaction included; H3O 

formation occurs from the reaction of H and bulk H2O. However, the OH is indirectly involved 

through the switching procedure in a OH‧‧‧H‧‧‧H2O situation, as discussed above. Although these 

complexes typically only last between 15 – 40 fs in the simulations, they appear to impact the OH 

kinetic energy enough to prevent desorption. In comparing the studies in Chapters 4 and 5, it was 
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noted that although OH displacements were on average higher with the inclusion of zero point 

energy through the use of a GLE thermostat vs. a Nosé-Hoover thermostat it was counter 

intuitively less likely for OH to leave the original photoexcitation location. Inclusion of zero point 

vibrational energy makes the matrix more difficult for OH to leave. In this study, the addition of 

bimolecular reactions has reduced OH kinetic energy and therefore also reduced the possibility 

for OH to leave the matrix. This in turn affects recombined H2O desorption. 

In comparing Figures 6.5 (A) and 6.5 (B) it is readily observed that the probability for 

separated fragment desorption has decreased while fragment trapping is more probable. Inclusion 

of H3O formation leads to an 8.2% increase in H and OH trapping, an 8.4% decrease in H 

desorption with OH trapping, and a 2% increase in trapping of recombined H2O. Note that there 

is also a decrease in other outcomes which were observed in Chapter 5 but not in this study, 

specifically OH and H2O desorption. All of the changes reflect the impact of inelastic collisions 

and more energy sharing through the addition of H3O formation reactions. More pathways exist 

for kinetic energy to transfer between fragments and to neighboring water molecules.  

As discussed above, inclusion of H3O formation has had a strong impact on 

photoexcitation outcomes. In ice XI, water molecules are arranged such that every H atom is 

directed towards a neighboring water.  Following photoexcitation of a water molecule, 

dissociation will occur with an H atom leaving toward a neighboring water.  In the simulations, 

H3O formation is defined by an H atom approaching within 0.13 nm of the O atom in H2O. In 

36% of the simulations, at least one H3O is formed. In the majority of these trajectories only one 

H3O is formed through the entire simulation; two H3O molecules are formed in 1.1%, and three 

H3O molecules are formed in only 3 of the ~ 10000 simulations. The breakdown of H3O 

formation by bilayer is shown in Figure 6.6. Each point represents the fraction of the total number 

of trajectories, per bilayer, which formed either zero, one, or two H3O molecules during the 

simulation. As an example, for excitations from Bilayer 3, 62.6% of the simulations proceeded  
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Figure 6.6: Fractional breakdown of observed H3O formation events as a function of the 

photoexcitation bilayer and the number of H3O formed during the trajectory. Intensities are the 

fraction of total outcomes per bilayer. Error bars represent a 95% confidence interval. 

 

with zero H3O formations while 36.8% of the trajectories involved one H3O and 0.6% involved 

two. The fraction of trajectories with zero, one, or two H3O formations is constant, within 

statistics, for each bilayer excluding Bilayer 1. In the top bilayer, a higher proportion of the 

photoexcitation trajectories have no H3O formation events.  This reflects the presence of dangling 

H atoms, which make up 25% of the hydrogens in the top bilayer, which desorb from the matrix 

without collisions with neighboring water molecules.  

The trajectories can be further broken down according to the observed outcomes.  Figure 

6.7 shows the fraction of trajectories, separated according to photoexcitation bilayer and 

trajectory outcome, and also separated according to the number of H3O formed during the  
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Figure 6.7: Photoexcitation outcomes, per bilayer, separated according to the number of H3O 

formed during the trajectory.  H desorption with OH trapping is shown in Black, H + OH trapping 

in red, and trapping of recombined H2O in green. Outcomes for zero, one, and two H3O 

formations are shown in Panels (A), (B), and (C) respectively. Error bars represent a 95 % 

confidence interval. Sample error bars are shown on only one curve in panel (C) for clarity. 
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trajectory.  Panels (A), (B), and (C) correspond to zero, one, and two H3O respectively. Error bars 

are significantly larger in Figure 6.7 (C) as trajectories with two H3O formations occur quite 

rarely. Each of the points in these three panels are calculated relative to the total number of 

trajectories per bilayer which form zero, one, or two H3O during the simulation. The three points 

for a given bilayer in each panel of Figure 6.7 sums to one.   The trajectory breakdown in Figure 

6.4 can be used to provide corresponding trajectory counts.   

When H3O is not formed during the trajectory, Panel (A), we see that H desorption with 

OH trapping is dominant in the top bilayer, but H + OH trapping is dominant in each subsequent 

bilayer. A similar pattern is also observed for the case when one H3O forms, Panel (B). In 

simulations where two H3O form, H + OH trapping is dominant for all bilayers.   As these results 

show, H desorption occurs less with more H3O formation, due to energy exchange during H3O 

formation.   

Fragment recombination occurs most frequently across all bilayers when a single H3O is 

formed. This can be observed from the fractional outcomes in Figure 6.7 or the values given in 

Figure 6.4. Following photodissociation, the first H3O formed is often very close to the site of 

photoexcitation. The increase in fragment recombination when one H3O forms, relative to the 

case where no H3O forms, indicates that this initial H3O formation leads to significant energy 

exchange and, when the H is not exchanged, often sends the incoming H back towards OH.  

Therefore, when the H atom dissociates from H3O close to the OH radical, H2O recombination is 

likely. Following this same argument a second H3O formation will lower H kinetic energy further 

and will produce a H fragment farther from the site of photoexcitation, therefore showing a 

preference for separated fragment trapping, as can be observed in the fractional outcomes in 

Figure 6.7 (C) or the values given in Figure 6.4. 

Hydrogen exchange occurs in close to half of the trajectories in which H3O is formed. 

Figure 6.8 (A) shows the breakdown of hydrogen exchange reactions per bilayer. Specifically, the  
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Figure 6.8: Fractional breakdown of H exchange reactions by photoexcitation bilayer. (A) The 

black line shows the fraction of total trajectories in which a single H3O was formed and one H 

exchange occurred. The red curve shows trajectories in which a single H exchange occurred but 

two H3O were formed. The green curve shows the fraction of trajectories in which two separate H 

exchange events occurred from two different H3O formations. Error bars represent a 95 % 

confidence interval. (B) A snapshot taken at the beginning of a simulation in which two hydrogen 

exchange reactions are identified. The photoexcited molecule is colored blue for oxygen and 

green for hydrogen. Water molecules which form H3O are colored orange for oxygen and yellow 

for hydrogen. Black arrows are included in the figure to show the path of the hydrogens and the 

sequence of hydrogen exchange events. 

 

figure shows the fraction of trajectories in which one H3O was formed and one H exchange 

occurred, two H3O formed and only one resulted in H exchange, and finally, trajectories where 

two H3O formed and both led to H exchange. Trajectories with three or more hydrogen exchange 

reactions were not observed. As would be expected, a single H3O formation with hydrogen 

exchange during the simulations is much more probable than trajectories where two H3O 

formations occurred with H exchange. Interestingly, when two H3O form, two H exchanges are 

observed in similar or higher proportions to single H exchange (although the difference is within 

statistical error). This is counter intuitive since there are two ways in which one exchange can 

occur: the first H3O formation leads to exchange but the second does not; or the second leads to H  
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Figure 6.9: A snapshot series depicting a single hydrogen exchange event. The photoexcited 

molecule is shown in blue and green.  Bulk water molecules are semi-transparent for clarity and 

colored red and white for oxygen and hydrogen respectively. The water molecule that forms H3O 

with the H fragment is colored orange for oxygen and yellow for hydrogen.  

  

exchange but the first H3O formation does not. Closer inspection of trajectories which lead to two 

H exchanges show that in these cases the H3O reactions occur in quick succession.  Less than 0.3 

ps elapses between these reactions which occur between neighboring water molecules, either in 

the same hexagonal ring or in the bilayer above or below. An example is shown in Figure 6.8 (B). 

These “chained” hydrogen exchange reactions allow for H3O formation with very little energy 
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lost for H fragments. In simulations where H travels beyond neighboring water molecules, the H 

atom will not possess enough energy for more than one H exchange event. 

Figure 6.9 shows a series of snapshots depicting a hydrogen exchange reaction. In this 

example, hydrogen exchange occurs ~60 fs after H3O formation. Following this, the exchanged H 

atom moves in to the space between bilayers, above the original photoexcitation bilayer, and is 

eventually trapped very near the original site of excitation. The water molecule involved in the 

H3O formation and H exchange re-arranges its position over the course of the simulation, 

eventually trapping in a different orientation from the starting structure, at t = 0 fs. Hydrogen 

exchange has distorted the hydrogen bond network in the ice. 

H2 was not observed as a dissociation product in any of the simulations, despite Equation 

(6.3.1).  H2 + OH formation from the reaction of H + H2O proceeds with a barrier of ~0.9 eV16 

which, in our simulations, correlates with the barrier for H3O formation on the YZCL2 ab initio 

surface13. Quasi-classical trajectory studies16 using the YZCL2 surface have further shown that 

the reaction has a very low cross section, occurring predominately with the reacting H atom 

directed towards an H of water. In our simulations the available energy from photoexcitation will 

exceed the barrier for reaction, but the rigid structure of the matrix ensures that it is unlikely for 

two hydrogens to approach each other directly to form H2. As was observed in Figure 6.9, 

hydrogen exchange reactions lead to a distorted hydrogen bond network and therefore water 

molecules which are more suited to H2 forming reactions. A study in which multiple 

photoexcitations are allowed within the same matrix, either simultaneously or concurrently, 

would be expected to yield more H2 formation, either from the reaction in Equation (6.3.1) or 

directly from the reaction of two H atoms. It would be interesting to observe the relative 

importance of these two possible mechanisms for H2 formation.  
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6.3.2 Fragment Displacements 

Displacement of the H and OH fragments from the original photoexcitation location indicates 

fragment mobility through the matrix.  Figure 6.10 shows H atom displacements for all  

 

Figure 6.10: Displacement distributions for trapped H atoms separated by the original 

photoexcitation bilayer. Intensities are calculated as the fraction of trajectories which lead to H 

trapping, not including trajectories in which H exchange reactions take place. Error bars represent 

95 % confidence intervasl and, for clarity, are only shown on every other point. 
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simulations in which no H atom exchange took place. That is, the displacements are obtained 

from the difference between the location of H in the photoexcited molecule and its trapping 

location in the ice matrix.  As in previous chapters the peaks in the displacement distribution 

show a regular pattern which can be correlated to the underlying structure of the ice matrix. The 

inclusion of H3O formation reactions in the simulations introduces a peak at 0.2 – 0.3 nm, which 

was not observed in Chapters 4 and 5.  

 

 

Figure 6.11: The impact of partial H3O formation on H atom displacement. The solid lines show 

the distribution when H3O is not allowed to form (results from Chapter 5) while the dashed lines 

show displacements observed when H·· H2O does not fully form an H3O, but partial formation 

can occur.  For clarity, error bars are not included in this figure but are comparable to those in 

Figure 6.10. 
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The displacement distributions from this chapter are directly compared with those from Chapter 5 

in Figure 6.11. In order to provide a clearer comparison, only trajectories in which H3O was not 

completely formed are included. In other words, the displacement distributions are obtained from 

the trajectories categorized by “zero H3O formations”.  It is important to note that this is a 

subjective criterion since H3O could be 99% formed during the simulation and the trajectory 

would not be identified as forming H3O, but the interactions would be effectively those of H3O 

due to the switching functions. The peaks due to the underlying ice structure, observed in Chapter 

5, are still apparent in the distributions obtained in this study. Additionally, despite the fact that 

H3O does not fully form, the allowance of a partial transition to intramolecular dynamics on the 

H3O potential energy surface leads to distributions that show a peak at low displacements.   

Figure 6.11 shows that there are still contributions to the H atom displacement from the H3O ab 

initio surface even when only partial H3O formation occurs; the probability of having the H trap 

very near the location of photoexcitation has increased. 

Our simulations show that H3O formation occurs very near the site of photoexcitation. 

The distribution of H atom displacements from the site of photoexcitation to the location of H3O 

formation is shown in Figure 6.12. It should be noted that the results in Figure 6.12 do not include 

trajectories where H3O forms while the H atom is still part of the original photoexcited molecule 

(see Section 6.2.2 on the switching the switches algorithm). This will reduce the contribution 

from water molecules which are direct neighbors of the photoexcited molecule. The distributions 

in Figure 6.12 are qualitatively similar for all bilayers; The H fragment is most likely to travel 

only 0.15 nm between photodissociation and H3O formation.  Indeed, the displacement rarely 

exceeds 0.40 nm. 

Most of the time, H3O formation will occur within the same bilayer as the 

photoexcitation, forming H3O with a water molecule in the same hexagonal ring as the excited 

water. It is not uncommon though for H3O to be formed in adjacent bilayers. 
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Figure 6.12: H atom displacement distributions, from the location of photoexcitation to the 

location of H3O formation. As depicted in the upper right, the displacement, d, is measured from 

the original location of the H atom in excited water to the position of H when H3O is formed. The 

curves are separated by original photoexcitation bilayer; Bilayers 1 – 6, are shown in black, red, 

green, blue, purple, and orange, respectively. Error bars represent a 95% confidence interval and 

are only shown for Bilayer 4 for clarity. 

 

The distribution of bilayers for H3O formation is provided in Figure 6.13, in which the difference 

between the bilayer for H3O formation and the original photoexcitation bilayer is shown. The 

majority of H3O formations - 71.3% - occur in the same bilayer as photoexcitation. Interestingly, 

22.3% of trajectories form H3O in a bilayer below the photoexcitation bilayer but only 2.1% form 

H3O closer to the surface.  This difference arises from the structure of ice XI where the bilayer 

structure is such that the top layer has water molecules which point one hydrogen directly up 

toward the bilayer above, while the bottom layer has water molecules where both hydrogens are 

directed slightly up towards the top layer of water molecules. In most trajectories it is only the 
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Figure 6.13: Bilayer difference for H3O formation, measured relative to the original excitation 

bilayer. A difference of -2 indicates that H3O formed 2 bilayers lower than the site of 

photoexcitation. Intensity is calculated from the fraction of total H3O formations observed, and 

includes the possibility of two or three H3O formations. 

 

hydrogen directed straight up which moves in to the bilayer above photoexcitation. When a 

different hydrogen dissociates, interactions with neighboring water molecules tend to force the 

hydrogen in to lower bilayers. Figure 6.14 shows a series of snapshots from a trajectory in which 

two H3O formations occur. The photoexcited molecule is a water from the lower layer of the 

bilayer. Following excitation, interactions with a nearby water forces the molecule to re-orient 

prior to dissociation after 30 fs, which leads to OH + H with the hydrogen travelling through the 

bilayer below. The trajectory depicted in Figure 6.14 is a rare occurrence as more than one H3O is 

formed and H3O formation occurs further than 0.15 nm from the photoexcitation location in both 

instances. The first H3O is formed in the bilayer below the photoexcitation bilayer and the second 

H3O is formed two bilayers below.  
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Figure 6.14: Snapshot series showing a trajectory with multiple H3O formations. The 

photoexcited H2O is colored blue for oxygen and green for hydrogen. Bulk water molecules are 

made semi-transparent and colored red for oxygen and white for hydrogen. Water molecules in 

the bulk which are involved in H3O formation are highlighted in orange and yellow. 

 

In all trajectories H3O dissociation leads to H + H2O products, with hydrogen exchange 

representing a significant percentage of outcomes from H3O dissociation. The displacement 

distribution for exchanged hydrogen, measured from the site of H3O dissociation, is provided in 

Figure 6.15. Corresponding photoexcitation-bilayer specific displacements are shown in Figure 

6.16. As in Figure 6.10, peaks appear at regular intervals due to the preferred trapping locations 

for H atoms. Interestingly, the H atom displacement for exchanged hydrogens is not overly 

different from those which do not undergo exchange (Figure 6.10). This similarity indicates that  
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Figure 6.15: Displacement distribution for exchanged H atoms. As depicted in the upper right, 

the displacement, d, is measured from the original location within H3O to the final trapping 

location of the exchanged hydrogen. Intensities are relative to the total number of H exchange 

reactions. Error bars show 95 % confidence intervals and are provided on alternate points for 

clarity.   

 

energy is efficiently transferred from the photodissociated H atom to the exchanged hydrogen 

during H3O formation and dissociation.  A series of snapshots showing a hydrogen exchange was 

provided in Figure 6.9. This snapshot series is an example of a low displacement case but, as 

shown in Figure 6.15 and Figure 6.16, hydrogen exchange can also lead to displacements of more 

than 2.5 nm.  

Average displacements for H atoms are given in Table 6.1. The top row shows H atom 

displacements from the site of photoexcitation to the location of trapping. This can include 

trajectories in which H3O is formed but does not include simulations where H exchanges. In this 
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case the average displacement for all bilayers is close to 1.00 nm. Compared with the 

displacements in Chapter 5, the average H displacement has decreased by more than 0.2 nm. 

 

 

Figure 6.16: Displacement distribution for exchanged H atoms separated according to the 

original photoexcitation bilayer. Intensities are calculated as in Figure 6.15 but are now separated 

by bilayer. Error bars represent a 95% confidence interval and are shown on alternate points for 

clarity.   

 

 



 

188 

 

Table 6.1: Average H atom displacements, separated by bilayer, and without contributions from 

trajectories in which H desorbs. The original photoexcitation location is represented as exr , the 

location of H atom trapping as tpr , and the location of H3O formation as 
3H Or . The top row shows 

average H atom displacements from the excitation location to the location of trapping. No 

trajectories in which H exchanged are included in these averages. The second row gives average 

H atom displacements from photoexcitation to the location of H3O formation. The third row 

shows average H atom displacements for exchanged hydrogens, from the location of H3O 

formation to the final trapping location. Error estimate is one standard deviation. 

 

Average H Displacement (nm) 

Bilayer 

1 2 3 4 5 6 All BL 

tpr  - exr    

(No H exchange) 

0.99 ± 

0.06 

0.96 ± 

0.04 

0.98 ± 

0.04 

0.96 ± 

0.04 

0.98 ± 

0.04 

1.13 ± 

0.06 

1.00 ± 

0.03 

3H Or  - exr  

  

0.24 ± 

0.02 

0.23 ± 

0.02 

0.21 ± 

0.01 

0.23 ± 

0.01 

0.23 ± 

0.01 

0.21 ± 

0.01 

0.23 ± 

0.01 

tpr  - 
3H Or   

( H exchange only) 

0.89 ± 

0.17 

0.77 ± 

0.13 

0.74 ± 

0.10 

0.77 ± 

0.08 

0.89 ± 

0.09 

0.90 ± 

0.13 

0.82 ± 

0.08 

 

The inclusion of H3O reactions has led to a higher propensity for inelastic collisions and 

therefore, on average, H atoms displace less through the matrix. The second row in Table 6.1 

shows the average distance between the location of H in the photoexcited molecule and its 

location when H3O is formed. Trajectories in which H exchange occurs are also included in these 

values. For the trajectories, the H travels on average 0.23 nm before forming H3O. i.e. H3O 

formation occurs predominately with H2O molecules which lie within the same hexagonal ring or 

directly above or below the original photoexcited molecule. The third row in Table 6.1 shows the 

average distance travelled by exchanged H atoms from the location of H3O formation to the final 

trapping location. Regardless of the original bilayer, an exchanged H travels 0.75 – 0.90 nm 

before becoming trapped in the ice matrix. Considering that this distance is relative to the location 

of the H3O, H exchange does not appear to have a large effect on the displacement of the H atom.   
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Table 6.2: Average OH displacements, separated according to the bilayer of photoexcitation. 

Displacements are measured from the location of the photoexcited molecule to the final trapping 

location. Error estimate is one standard deviation. 

Average OH Displacement (nm) 

Bilayer 

1 2 3 4 5 6 

0.15 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 0.09 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 

 

Indeed, within statistics, the second and third rows in Table 6.1 add up to the entries in the first 

row.  This shows that energy effectively transfers to the dissociating H when H3O is formed.   

Following photodissociation the OH is much less mobile then the H atom due to the 

much larger mass and stronger interaction potentials. Average OH displacements are given in 

Table 6.2.  The OH displaces very little from the site of photoexcitation, 0.15 nm on average for 

the top bilayer and 0.10 nm for the lower bilayers. Comparing these values with those from 

Chapter 5, the mobility of OH in the lower bilayers is largely unaffected. For top bilayer, average 

OH displacement in ice XI was 0.21 nm in Chapter 5, somewhat larger than the value in Table 

6.2. The lack of OH desorption in addition to the reduced OH displacement indicates that energy 

sharing is more efficient when H3O formation is allowed.  As discussed previously, it is only 

through mixed interactions of the type shown in Equation (6.2.10) that the OH interactions are 

different from those employed in previous studies. Inclusion of these bimolecular reactions have 

led to more pathways for energy transfer from OH and therefore reduced the OH displacement 

profile. 

6.3.3 Desorption Kinetic Energy 

The H atom desorption kinetic energy distributions are given in Figure 6.17. Distributions 

have been separated according to the bilayer of the original photoexcited molecule. Note that in 

the lower bilayers very few trajectories lead to H desorption (see Figure 6.4) leading to poor 
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statistics. These kinetic energy distributions include H atoms produced when a H exchange has 

occurred. In order to separate the distributions when no H3O forms from those where H3O does  

 

Figure 6.17: Desorption kinetic energy for H atoms subdivided according to the bilayer of the 

photoexcited molecule. Each panel shows intensities for all desorbing H atoms, represented with 

circles.  The curves identified by triangles show the kinetic energy distribution for H atoms that 

desorb following an H3O formation. Intensities are relative to the total number of H desorption 

events. Error bars represent a 95 % confidence interval and are shown on alternate points for 

clarity. 
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form, the kinetic energy distributions for H atoms which desorb following formation of H3O are 

also included in Figure 6.17.  The distributions in Figure 6.17, particularly for the top bilayer, 

appear to be composed of two different distributions, a fast and a slow component. Specific to the 

top bilayer, the fast component is dominant in the total distribution, peaking at 2.5 eV. In 

considering only H desorption following H3O formation reactions, the kinetic energy distribution 

is dominated by a broad slow component which peaks at 1.6 eV. In comparing this distribution to 

that observed in Chapter 5 we can see that the fast component is largely unchanged; The fast 

component is the H atoms which leave the matrix with little to no collisions. Because of this, it is 

unsurprising that this component is largely unchanged in this study.  Overall, the more effective 

energy transfer processes due to the inclusion of H3O formation has increased the probability for 

desorption of low kinetic energy H fragments.   

6.4 Conclusions 

This chapter details molecular dynamics simulations in which a single water molecule is 

photodissociated in 125 K pure ice XI. Zero point vibrational energy is included through the use 

of a quantum colored noise thermostat.1, 3 This study expands on previous chapters through the 

inclusion of a secondary reaction process, specifically the formation of H3O from the reaction of 

H  and H2O. Formation and dissociation of H2O and H3O are allowed in these classical 

simulations through dynamics on the relevant ab initio potential energy surfaces.7, 13 Switching 

functions are employed to seamlessly connect the force fields for separated fragments with the 

reactive ab initio potentials. At times higher order switching is necessary when more than one 

switched interaction is at play. 

In previous studies the interactions of the H fragment with all water molecules was 

handled using nonreactive force fields, with parameters obtained from a fit to an H3O ab initio 

fitted surface13 over a wide range of coordinates. For this study, this is still the case for H‧‧‧H2O 
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distances greater than 0.15 nm, but at shorter distances the exact ab initio surface for H3O13 is 

partially included through switching functions. Complete H3O formation is identified when H 

approaches within 0.13 nm of the O in H2O, at which time intramolecular interactions are 

completely governed by the ab initio surface.  

Following photoexcitation, H fragments typically dissociate towards a neighboring water 

molecule. Although complete H3O formation is identified in only ~ 1/3 of the total simulations, 

this initial H‧‧‧H2O interaction has an impact on both the H and OH fragment dynamics due to an 

increase in energy exchange pathways as the system evolves from HO‧‧‧H + H2O to HO‧‧‧H‧‧‧H2O 

and finally HO + H3O or HO + H + H2O. OH desorption, a minor outcome in Chapter 4 and 

Chapter 5, is not observed in this study; the OH radical does not keep enough of the kinetic 

energy to desorb following these interactions. Additionally, H atom dynamics also show the 

effect of reduced kinetic energy. The average displacement is less but also a peak at very low 

displacements, 0.2 – 0.3 nm, is observed in the distributions. Overall, H atom desorption is 

decreased, and the kinetic energy distributions for desorbed hydrogen show a distinct low energy 

peak due to H3O formation. 

Formation of H2 from the hydrogen abstraction of water, H + H2O → H2 + OH, was not 

observed in any trajectories. Although this is energetically possible, the structure of ice XI is such 

that dissociated H atoms are unlikely to approach an H atom in a nearby water, making formation 

of H2 from this reaction very unlikely. Future studies in which more than one photoexcitation is 

allowed, either simultaneously or sequentially, would make H2 formation much more probable. 

An obvious source, in this case, would be direct H2 formation from H + H. Additionally, H 

exchange reactions were observed to disrupt the hydrogen bonding network in this study. This 

could make hydrogen abstraction more probable as the water molecule is now oriented more 

favorably toward a nearby photoexcited water molecule. 
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Chapter 7 

Conclusions 

The dynamics of water ice photodissociation is an important area of study by virtue of its 

applicability to many subjects, from Earth’s atmospheric chemistry to the chemical composition 

of molecular clouds in the interstellar medium. This thesis describes work conducted to further 

the understanding of ice photochemistry. At the outset, the goal of this project was split between 

experiment and theory. Specifically I modified a VMI apparatus for the study of low temperature 

solids and employed molecular dynamics simulations, which provide a molecular scale view of 

the photoexcitation dynamics in pure water ice.  

Due to the complexity involved in a pure water ice study, initial VMI experiments were 

conducted on a test system; NO2:Ar. Although pure water studies were not done, test experiments 

show the capability of the apparatus as well as areas for improvement. Specifically, through 

collection of high resolution rotational spectra, interesting internal energy transfer dynamics were 

clear. The translational energy distributions were readily obtainable from time delay spectra. 

Although these experiments do not allow us to physically observe the dynamics in the ice, we are 

able to elucidate all of the energy transfer processes which occur following photodissociation. In 

this simple system, energy transfer to the matrix will only result in surface heating and, 

potentially, Ar desorption. 

Much more interesting and complex dynamics would follow studies in which the matrix 

is H2O. Not only would the matrix effect we have measured be very different for a system with 

more internal degrees of freedom, but also reactions involving excited NO2 or H2O would lead to 

interesting desorption products to be studied. This system is well suited to such a study as any 

desorption products can be readily separated based upon the ionization wavelength or mass, via 

the time of flight. With an NO2:H2O system, image analysis would become more important in 
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order to disentangle the translational dynamics. Previous work in our group has shown that the 

images can provide a higher resolution measure of the kinetic energy distribution than the time 

delay spectra shown in Chapter 2. 

The majority of the research reported in this thesis is from molecular dynamics 

simulations of photoexcitation in ice. In three separate studies, water ice photoexcitation is 

explored using increasingly complex methods in order to approach closer to the real system. 

Through these studies, I present the effect of different ice morphologies, different temperatures, 

different force fields, inclusion of zero point vibrational energy, and the inclusion of secondary 

reaction processes. In studying a few of the known ice morphologies, I have found only small 

changes in the photoexcitation outcomes which can be attributed to the structure of the ice. The 

inclusion of a flexible water model allows for a seamless description of molecular photoexcitation 

but without the inclusion of zero point vibrational energy, the excitation energy profile is too 

narrow. The inclusion of zero point energy adds interesting and important dynamical behavior to 

the simulations although zero point energy leakage is a concern in a classical simulation method. 

Secondary reactive processes add a myriad of new dynamical outcomes to the simulations, even 

with the addition of only one key reaction.  

It is interesting to note that the introduction of a flexible water model versus a rigid 

model could not be so easily considered an improvement on the description of the photodynamics 

occurring in water ice. Initially a flexible model was added in order to more accurately describe 

energy transfer processes in the system. This is a more complex issue than it first appeared. 

Without a description for zero point energy, the vibrational energy for the molecules will be 

consistent with kT, which in ice simulations, is much less than the zero point energy. These 

energy concerns are one of the primary motivations for the inclusion of zero point energy in my 

later studies. 
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Interestingly, the inclusion of zero point energy had only a minor impact on the 

distribution of trajectory outcomes. Investigation of ice properties through simulation of the IR 

spectrum and the vibrational density of states shows much better agreement with experiment 

when vibrational energy in the system is consistent with zero point energy. The width of the 

simulated absorption spectrum also matches experiment in this case. Bulk system properties are 

well reproduced with the inclusion of zero point energy, but the dynamics of the primary 

photoproducts are largely unaffected as compared with similar model simulations which do not 

include zero point energy. 

Inclusion of a secondary reaction, formation of H3O, has had a major impact on many 

aspects of the simulations. Photofragment dynamics for both H and OH are in general slowed by 

the introduction of more accessible pathways for energy exchange. This is interesting for two 

reasons. First, although H‧‧‧H2O interactions were described by classical potentials in previous 

studies, these potentials were derived from fits to the very ab initio surface I am using to include 

H3O formation. Of course, this fit was made to a range of H‧‧‧H2O distances in order to capture 

most of the appropriate interactions. Close range interactions, which are now included explicitly, 

are clearly important. The second point of interest is that OH is not directly involved in H3O 

formation, but still shows behavior consistent with reduced kinetic energy. Although OH does not 

participate in any secondary reactions, it is involved in OH‧‧‧H‧‧‧H2O interactions which again 

provide more energy exchange pathways.  Allowance for H3O formation means that H exchange 

reactions can occur.  Indeed, they do occur and yield trapped OH and either trapped H or 

desorbed H.  On the other hand, re-formed water is not found after a hydrogen exchange has 

occurred.   

The UV absorption spectrum which, from a simple perspective, represents the available 

energy to the photofragments, is an area which has been identified as problematic in each of my 

studies. Specifically, the center of the absorption has always been too low in energy by ~ 1 eV. 
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One way to correct this is through adjustment of the charge distribution. In my studies, I chose to 

leave the charges, which are based upon a fit to the dipole moment of water in the A  state. This 

choice is based upon access to known experimental data, albeit in the gas phase. It is highly 

possible that not only the charge distribution is misrepresented in this case, but also 

repulsion/dispersion interactions. It would be interesting to have access to force fields for water 

which have been derived explicitly based upon electronic excited state properties of water in bulk 

ice or small water clusters.  

The dynamics of the primary photoproducts in each one of my studies is governed by 

available force fields or ab initio surfaces. When a surface was unavailable we used 

approximations guided by experimental or theoretical studies. As an example, the H3O‧‧‧H2O 

interaction is treated using typical force fields (Lennard-Jones and Coulomb) with Lennard-Jones 

parameters assumed to be identical to those used for H2O‧‧‧H2O interactions and charges based 

upon MP2/6-311++G** calculations. This is assumed to be a minor approximation as H3O is a 

short lived species. An accurate force field for the interaction would change very little, but an 

accurate ab initio surface capable of describing the H4O2 system would be very interesting. This 

would allow for a much better description of HO‧‧‧H‧‧‧H2O interactions, which were involved in 

Chapter 6. For those simulations, instead of invoking an H4O2 potential (which to my knowledge 

does not exist in the literature), I use switching functions to describe this complex system as a 

mixture of H2O‧‧‧H2O and HO‧‧‧H3O interactions. It would be interesting to replace this procedure 

with a high level H4O2 surface, or at the very least to compare my procedure to a smaller system 

study which uses ab initio molecular dynamics methods.  

I have conducted a number studies which involve single photoexcitation processes within 

pure water ice. A multiple photon study would be very simple to implement following the work 

reported in this thesis. Two procedures could be used; either simultaneous excitation or excitation 

within the same simulation or concurrent excitation, in which a finished simulation is used as the 
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starting point for a future simulation. Both of these methods would introduce obvious possibilities 

for H2 and H2O2 formation reactions. It would be interesting to see how the dynamics evolve with 

photon count. As OH and H builds up in the ice the probability for H2O, H2, or H2O2 formation 

reactions would increase. I would predict that a series of simulations which follow multiple 

successive excitations could calculate a maximum concentration for photoproduced H, OH, H2, 

and H2O2 in ice. It would be interesting to compare these values to experimentally observed 

concentrations.  

The addition of contaminants to the ice would be very interesting but would also add a 

number of complexities. Any atom or molecule added will need the inclusion of force fields for 

interactions with H2O as well as the primary photoproducts, H and OH. Of course, the interesting 

chemistry likely involves reactions with one or both of the primary photoproduct. This involves 

introduction of a reactive surface, just as I have done for H3O, as well as force fields for 

interactions between the product species and everything in the ice. This is certainly the future of 

these types of studies and at this time are limited by the availability of ab initio surfaces 

applicable to this system. I would be very interested to apply increasingly complex surfaces to 

these types of studies as more high level surfaces become available.  
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Appendix A 

A.1 Rigid Molecule Structure Assignment Procedure 

To assign atomic coordinates and velocities for the photoexcited water molecule in the 

rigid-water simulations, we follow a method similar to that followed by Andersson et al.1 and van 

Harrevelt et al.2  At the instant of photoexcitation, the initial atomic positions and velocities are 

chosen from a Wigner type phase-space distribution function: 

              
2

1 2 3 1 2 3 1 2 3 1 2 3, , , , ,  WP q q q p p p q q q p p p        ,  (A1) 

where qi and pi represent the three normal modes and the corresponding conjugate momenta. 

𝜓(𝑞𝑖) and 𝜑(𝑝𝑖) are defined as ground state vibrational wave functions in the quantum harmonic 

oscillator approximation3: 
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In equation (A2) 𝜇𝑖 and 𝜔𝑖 are the reduced mass and vibrational frequency of the ith normal 

mode. The Box-Muller4 method is used to generate random values for qi and pi that are consistent 

with the distributions in Equation (A2).  A Boltzmann probability is calculated for the qi and pi: 

 

 1 2 3, ,E q q q

kT
Bp e



 ,  (A3) 

where k is the Boltzmann constant, and T is the temperature of the simulations.   The relative 

energy of the molecular structure represented by q1, q2, and q3 is

1 2 3 1 2 3 1 2 3( , , ) ( , , ) E ( , , )refE q q q E q q q q q q   .  When zero point energy is neglected, the 

energy in Equation (A3) is relative to the global minimum of the potential energy surface, Eref = 

Eglobal, calculated from the Dobbyn-Knowles ground state surface.5 If zero point energy is 
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included, then the reference energy in Equation (A3) includes the zero point energy of water in 

the harmonic approximation: 

 1 2 3

1 1 1

2 2 2

ref globalE E       .  (A4) 

A Monte Carlo criterion, based on 
f w BP P p , is employed to accept or reject the randomly 

generated set of qi and pi values.  Specifically, a random number between 0 and 1 is generated 

and if this number is less than Pf, the set of coordinates and momenta is assigned to the 

photoexcited molecule and the simulation continues.  Otherwise, a new set of qi and pi are 

generated and tested, until a set of positions and momenta is accepted.  

A.2 H‧‧‧H2O Potential Energy Surface 

The H∙∙∙H2O potential energy surface was produced by fitting to the YZCL2 surface of 

Zhang et al.6 The form of the fit potential is given by: 

 
2 (1) (2)

(1) (2)

( ) ( ) ( )

V ( ) ( ) ( ) V ( )

H H O disp HH disp HH disp HO

rep HH rep HH rep HO morse HO

V V R V R V R

R V R V R R

  

   
,  (A5) 
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The constants are provided in Table S1. To generate the points from the YZCL2 surface H2O 

was maintained at the SPC equilibrium geometry and H was positioned at differing R, θ, ϕ  
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Table A.1: Fitted constants for the H‧‧‧H2O potential. Each of the parameters is used in 

Equations (A5) - (A9). 

Constant Fit Value 

6

HHC  -5 6kJ
5.14355 10  nm

mol
x  

6

OHC  5 6kJ
2.32932 10  nm

mol
x 

 

HH

cR  0.197079 nm 

OH

cR  0.501761 nm  

HHa  
kJ

1381.93 
mol

 

HHb  
1

30.2071 
nm

 

HOa  
kJ

4417.09 
mol

 

HOb  
1

28.4494 
nm

 

HOD  
kJ

65.4171 
mol

 

HO  
1

74.5318 
nm

 

,e HOR  0.115553 nm  

 

(see Figure A.1). Points were produced for R = 0.04 nm – 6 nm, θ = 0o – 180o, and ϕ = 0o – 75o. 

The points were fit using a linear least squares fitting algorithm4. Fit parameters for Equation 

(A5) - (A9) are given in Table A.1. Figure A.2 and Figure A.3 shows representative fits for θ = 

0o. Figure A.3 uses a reduced energy scale to bracket the minimum in the surface. Figure A.4 – 

A.7 compares the YZCL2 surface and the fit surface for additional values of θ and ϕ, as indicated 

in the individual figures. 
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Figure A.1: Pictorial description of coordinates used in H∙∙∙H2O fitting procedure. H2O is 

maintained in the equilibrium SPC geometry and YZCL2 points are generated by placing H at 

different R, θ, ϕ around H2O. The x-axis lies along the HOH bisector and the z-axis is 

perpendicular to the H2O molecular plane with O as the origin. The y-axis is not shown for 

clarity. Oxygen is shown in red and hydrogen in grey. 

 

Figure A.2: YZCL2 surface, shown in solid black, along with the fit, shown in red, for θ = 0o and 

ϕ undefined. 

θ 

ϕ 
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Figure A.3: YZCL2 surface, shown in solid black, along with the fit, shown in red, for θ = 0o and 

ϕ undefined. The energy scale is reduced relative to figure 2.9 to compare the surfaces near the 

minimum. 

 

Figure A.4: YZCL2 surface, shown in solid black, along with the fit, shown in red, for θ = 30o 

and ϕ = 150o. 
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Figure A.5: YZCL2 surface, shown in solid black, along with the fit, shown in red, for θ = 90o 

and ϕ = 0o. 

 
Figure A.6: YZCL2 surface, shown in solid black, along with the fit, shown in red, for θ = 90o 

and ϕ = 90o. 
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Figure A.7: YZCL2 surface, shown in solid black, along with the fit, shown in red, for θ = 180o 

and ϕ undefined. 

 

A.3 OH∙∙∙H2O Potential Energy Surface 

The OH∙∙∙H2O potential energy surface was generated using a bond-bond interaction 

formalism combined with Coulomb electrostatic interactions.  The interactions of the two O-H 

bonds in water with the OH radical was modeled using the Improved-Lennard-Jones (ILJ) 

interaction potential:7 
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where, 
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4.0
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.  (A11) 

In Equation (A10) and (A11) Ri is the bond separation and   is the triple of angles  , ,a b  

(see Figure A.8). Ri is taken as the separation between the ith bond in water and the bond in the  
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Figure A.8: Pictorial representation of coordinates used in the works of Du et al.12 and in 

constructing the potential energy surface plots, Figures A.9-A.11. 

 

OH radical. This separation is obtained from approximately the center of mass of the O-H system, 

and is then allowed to vary in the fit optimization. The bond angles a and b  are obtained from 

the inner product of the separation vector 
iR  and the O-H bond vector in water and the OH 

radical respectively: 

 cos( ) i

i

i OH

a

i OH

R R

R R



 ,  (A12) 

and 

 cos( ) r

r

i OH

b

i OH

R R

R R



 .  (A13) 

In these equations 
iOHR  refers to the ith bond in water and 

rOHR  refers to the OH radical bond. 

The angle  is obtained between the components of the bond vectors, 
iOHR and 

rOHR , which are 

perpendicular to the bond separation, 
iR . 

ϕ 

ϕ' 
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  (A14) 

In Equation (A10),  i   and  m iR   are not fit parameters but rather depend on the 

atomic polarizabilities of the species in the bond. For a complete description of these relations the 

interested reader is referred to the works of Pirani and Bartolomei.8,9 The parameters which are 

varied in this potential model are β and the location of the bond – bond interaction site. The 

location of the interaction site within the bond is represented as follows. 

 int
1

O i H
eract

i

r C r
R

C





  (A15) 

In this equation Ci is a parameter which is varied for both the OH radical bond (Cr in Table A.2) 

and for the water OH bonds (Cw in Table A.2). Or  are the Cartesian coordinates of the O-atom 

within the bond, and Hr are the Cartesian coordinates of the H-atom. If Ci = H

O

m

m
=0.0630 then the 

interaction site is the center of mass of the OH bond. Additionally, there is an atom centered 

Coulomb interaction potential: 

 
, ,w i r j

elstat

ij

q q
V

r
 .  (A16) 

In Equation (A16) ,w iq  refers to a charge on either O or H in water, ,r jq  refers to either O or H in 

the OH radical and ijr  is the atom separation. The charges on the water molecule are those 

corresponding to the SPC model and the charges on OH depend linearly on the OH bond length: 

 
O H q q OHq q a b R    .  (A17) 

where ROH is the bond length in OH and the parameters aq and bq are chosen to fit to the OH 

dipole moment similar to Andersson et al10,11. 
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Table A.2: Fit Parameters for the OH‧‧‧H2O potential.  

Constant Value 

aq 0.69004 e


 

bq 30.648 
e

nm



 

Cr 0.0753 

Cw 0.0079 

   8.96 

 

The total interaction potential for the H2O···OH system can be written as: 

 
2

2

1 ,

( , ) ( )k

OH H O vdw k k elstat ij

k i j

V V R V r


   .  (A18) 

The sum of bond-bond potentials, ( , )k

ILJ k kV R  , includes both OH bonds in water. The 

electrostatic sum ( ( )elstat ijV r ), is over all atom pairs. 

Du et al. 12 have calculated points on the OH∙∙∙H2O potential energy surface at the 

CCSD(T)/aug-cc-pVTZ level of theory, which the authors have generously provided to us. The 

values of the constants used in this potential are given in Table A.2. The energies calculated from 

Equation A10 are compared with the ab initio in Figures A.9 – A.11. 
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Figure A.9: OH-H2O potential energy interaction as a function of ROO with θ =90o, φ=0o, θ’=90o, 

and φ’=69o. In black is the ab-initio surface by Du et al.12 and in red is the bond-bond potential. 

 

Figure A.10: OH-H2O potential energy interaction as a function of ROO with θ =54o, φ=128o, 

θ’=126o, and φ’=-52o. In black is the ab-initio surface by Du et al.12 and in red is the bond-bond 

potential. 
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Figure A.11: OH-H2O potential energy interaction as a function of ROO with θ =90o, φ=-52o, 

θ’=90o, and φ’=-52o. In black is the ab-initio surface by Du et al.12 and in red is the bond-bond 

potential. 

A.4 H3O Charge Distribution 

The charges on H3O are obtained from MP2/6-311++G** calculations. Gaussian 0313 

was used to calculate atom centered charges in H3O for several geometries. Six coordinates are 

required for the description. In this case I used the three OHi distances in H3O, represented as 
1OHr

, 
2OHr , and 

3OHr . The 2 1H OH  and 3 1H OH  angles are given by θ1 and θ2. The dihedral angle, 

 , is calculated from: 

 
   
   

3 2 2 1 2

3 2 2 1 2

cos( )
OH OH OH H H

OH OH OH H H

R R R R

R R R R


  


 
.  (A19) 

H3O shows a shallow minimum at 
1 2 3OH OH OHr r r   0.1016 nm,  1 2    107.07o and  

114.5o. At this geometry the charge on each H atom is found to be qH = 0.035 e- and the charge on 

oxygen is qO = -0.105 e-. The charge was also calculated for a variety of geometries. Each of the
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iOHr  were varied from 0.10 nm to 0.15 nm in 0.01 nm increments. Both θ1 and θ2 were changed 

between 60o and 150o in 30o increments and the dihedral,  , was set between 30o and 150o in 30o 

increments. In total, charges were calculated for 642 structures. An average charge distribution 

was calculated, with weightings proportional to the energy of the configuration. This did not give 

charges far different from the equilibrium charge distribution, so qH = 0.035 e- and qO = -0.105 e- 

were adopted for the final charge description.    
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