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The unpredictable and the predetermined unfold together to make everything the way it is. It’s
how nature creates itself, on every scale, the snowflake and the snowstorm. It makes me so happy.

To be at the beginning again, knowing almost nothing. People were talking about the end of
physics. Relativity and quantum looked as if they were going to clean out the whole problem

between them. A theory of everything. But they only explained the very big and the very small.
The universe, the elementary particles. The ordinary-sized stuff which is our lives, the things

people write poetry about – clouds – daffodils – waterfalls – and what happens in a cup of coffee
when the cream goes in – these things are full of mystery, as mysterious to us as the heavens were
to the Greeks. We’re better at predicting events at the edge of the galaxy or inside the nucleus of
an atom than whether it’ll rain on auntie’s garden party three Sundays from now... The future is

disorder. A door like this has cracked open five or six times since we got up on our hind legs. It’s
the best possible time to be alive, when almost everything you thought you knew is wrong.

- Tom Stoppard, Arcadia

I do love the shapes of things, you know. I love them even before they mean something.
- Anna Ziegler, Photograph 51
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Abstract

This thesis describes a diverse set of experiments that probe the interfacial dynamics of complex

molecular thin films. Topics include the oxidative and thermal destruction of chemical warfare

agents, sticking of small molecules on and in extraterrestrial ices, heterogeneous catalysis in a high-

pressure reactor, and oxidation of an important industrial alkene. While the systems of study differ

dramatically, all projects focus on uncovering the precise mechanisms of reactivity in condensed

films in which diffusion, stable reactive intermediates, and film structure play a crucial role in

the observed chemistry. In the oxidative destruction of chemical warfare agent simulants, we find

that despite rapid initial reactivity, the build up of a dense product overlayer on the simulant film

hinders full destruction of thicker films. Oxygen plays a similarly vital role in the destruction of

these compounds under high-temperature, atmospheric pressure conditions.

Even initial adsorption can be critically influenced by film structure, as is the case for methane

adsorption on water ice. Our work on this system, which has direct relevance to astrophysical en-

vironments, demonstrates that high energy methane sticks more readily to porous amorphous ice

films than to either crystalline or non-porous amorphous films, likely due to efficient energy accom-

modation by the pore structure. Even when a reaction isn’t expected, the right high-temperature

and high-pressure system can be ripe for heterogenous chemistry. In this case, a supersonic molec-

ular beam nozzle acts as a highly efficient reactor for the production of CO and H2O from a mixture

of CO2 and H2. Finally, we find that in the oxidation of condensed propene (an important com-

bustion intermediate species), propene film structure can have a profound effect on the diffusion

and subsequent reactivity of oxygen. In addition to highlighting the applicability and effective-

ness of time-resolved, surface-sensitive spectroscopic techniques, this work clearly demonstrates

the many factors that influence complex reactivity in condensed phases. Product distributions and

reaction barriers often differ dramatically due to many-body interactions in the film. Even when

barriers are low, contact between reactive species may be significantly hindered by low adsorption

probabilities, diffusion constraints, and film morphology.
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Chapter 1

Introduction

Chemistry in condensed phases is messy. Solid films and their gaseous interfaces present unique

challenges to conventional analytical techniques; while product identities and energy distributions

may be relatively straightforward to identify in a particular gas phase reaction, analogous reactivity

in the condensed phase may be starkly different and significantly more difficult to fully character-

ize. A thin molecular film presents a complex and dynamic reaction environment with a particular

energetic landscape. Reaction barriers and product branching ratios are often influenced by the

presence of so many close-packed neighboring molecules. Moreover, the solid film itself can im-

pact the reaction in unique ways by allowing or impeding reactant diffusion, presenting complex

interfacial morphologies, or changing composition throughout the reaction timescale. Put sim-

ply, teasing apart the many competing reaction variables on and in complex molecular films is an

exercise in patience, creativity, and hard work.

Though challenging, condensed phase research is essential to a number of fields including as-

trophysics, national defense, industrial chemical production, and countless others. The reason for

this is straightforward: real-world chemistry often (either by design or as a result of atmospheric

conditions) takes place on surfaces. Industrial heterogenous catalysis relies on the unique proper-

ties of metal surfaces that differ from the bulk. Self-assembled coatings are useful for corrosion

protection because they impede the diffusion of damaging oxidative species. Accurately modeling

the atmospheric dispersal and lifetimes of many pollutants depends critically on whether they are

traveling in condensed or gas phases. Though the chapters in this thesis have different applica-

tions and implications, they each detail a system in which the condensed film impacts the reaction

dynamics in a critical way that would not be otherwise observed in the gas phase.

In Chapters 3 and 4, we explore the fundamental oxidative chemistry of organophosphonate

compounds similar in structure to the deadly nerve agents Sarin and Soman (termed “simulants”).

This work is directly tied to ongoing efforts within the Defense Threat Reduction Agency to detect

and mitigate the impact of these dangerous compounds. Existing work suggests that oxygen plays
1



a significant role in various remediation techniques, but the essential condensed phase oxidation

mechanism is not well established. We use atomic oxygen, O(3P), as a basic oxidant; it rapidly

reacts with thin simulant films. The presence of so many neighboring molecules leads to a cascade

of secondary reactions and cross-linked product species. It is this easy reaction, however, that ul-

timately prevents effective oxidation of the complete film. Over time, the product build-up creates

a protective crust, blocking oxygen from reacting with the layers buried closest to the substrate.

In Chapter 5 we extend our study of this simulant system to more practical environmental

conditions. This time, we investigate the role of both rapid heating and oxygen, all under realistic

atmospheric pressure conditions. Again we find that oxygen plays a significant role in simulant

degradation. Suggesting a mechanism unique from the analogous gas phase pyrolysis, we find that

atmospheric oxygen is directly incorporated into the incinerated simulant molecule.

The probability for reactive encounter can also influence the observed reaction kinetics in con-

densed phases. In other words, reactivity is often impossible until a gaseous reactant can adsorb to

a film or otherwise embed in the first place. It is precisely this issue that we explore in Chapter 6,

in which we investigate the role of water ice film morphology in the initial sticking and embedding

events for gaseous projectiles with high incident momenta. We find that the sticking probability

of methane is highest on porous ice morphologies, regardless of pore size and orientation relative

to the substrate. Icy bodies serve as the site for numerous astrophysical and prebiotic reactions;

these results suggest that large-scale pores, cracks, fissures, and other morphological deformities

in the surface of ice may lead to an increased uptake of gaseous molecules, impacting downstream

phenomena such as the outgassing of comets, chemical reactions in the interstellar medium, and

thermal and electrical processing of icy dust grains.

Sometimes, the impact of a surface can be so significant that it derails the very experiment you

intend to perform. Such is the case with the research detailed in Chapter 7. During routine heating

of a seeded molecular beam of CO2 and H2, we discovered that the stainless steel beam nozzle

was acting as an extremely efficient catalyst to convert the seed gases to CO and H2O. This reverse

water-gas shift (RWGS) reaction is the reverse of an important industrial catalytic reaction for the
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production of H2. The results of the subsequent analysis demonstrate that this beam-as-reactor

method may present a heretofore unexplored route to efficient, high pressure inline catalysis.

Finally, we highlight yet another way that film structure and morphology can dramatically im-

pact the observed chemistry in a condensed film. In Chapter 8, thin films of propene are observed

to react readily with atomic oxygen to form propylene oxide and propanal. Propene, a significant

intermediate in a number of combustion and industrial processes in it’s own right, does not form

propylene oxide under gas phase oxidative conditions; efficient production in the condensed phase

is significant as market demand for it has increased dramatically in recent years. Importantly, how-

ever, we find that propene films deposited at low temperatures are more amorphous and disordered;

these films are nearly impervious to oxidation, suggesting that diffusion and reactivity is directly

tied to propene ordering within the film.
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Chapter 2

Experimental Methods

Vacuum conditions are typically essential for the study of surface chemistry and reaction dynamics

in thin films. Because the chamber is pumped clean of background gas, we are assured that the

chemistry and kinetics that we measure are uniquely attributable to the desired reaction. As such,

with the exception of the experiments detailed in Chapter 5, the work described in this thesis was

performed in a high volume, ultrahigh vacuum (UHV) chamber equipped with numerous tech-

niques for studying the dynamics of gaseous adsorption on and reactivity in condensed films. The

details of the core chamber, supersonic molecular beam, and analytical techniques are described

in this chapter; any deviations or unique instrumentation specific to a particular experiment will be

detailed in the later chapters.

2.1 Main UHV Chamber

At its cleanest, the commercial UHV chamber (TNB-X, Perkin-Elmer) has a typical base pressure

of 10−10 Torr, as measured with a Bayard-Alpert nude ion gauge. While this base pressure crept

up slightly to 10−9 Torr for the ice experiments described in Chapter 6 due to a larger water

background, the remaining experiments also use a cold sample manipulator, which contributes

extra cryogenic pumping capacity to the chamber and helps to maintain a base pressure on the order

of 10−10 Torr. The chamber vacuum is sustained by a 260 L s−1 turbomolecular pump (HiPace

300, Pfeiffer Vacuum), backed by a 3 L s−1 dry scroll pump (nXDS10i, Edwards Vacuum).

As shown in Figure 2.1, The UHV chamber was designed to offer many different analytical

techniques and sample configurations in situ. The sample substrate used for all experiments per-

formed in this chamber is a square centimeter Au(111) single-crystal. This crystal is mounted

on a five-axis manipulator (x-, y-, and z-translation, polar rotation, and precession around a small

internal diameter). Additional manipulator detail is provided in Section 2.4.1. On the lower deck

of the chamber, the crystal can be positioned to allow for concurrent exposure to the molecular
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Figure 2.1: Schematic layout of main chamber. The instrumentation in the main sample chamber
is primarily confined to two vertical levels. The lower level (left) is used for RAIRS and molecular
beam exposure. The upper level (right) is used for XPS, sputtering, and mass spectrometry.

A - Molecular beam source G - Au(111) sample M - MCT/A detector
B - Chopper (beam modulation) H - Directed doser N - X-ray source
C - Flag for timing exposure I - Leak valve O - Cylindrical mirror analyzer
D - Differential pumping stages J - inline QMS P - Ion gun for sputtering
E - Rotatable flag K - RAIRS optics Q - Residual gas analyzer
F - UHV chamber L - FTIR spectrometer

beam and analysis via reflection-absorption infrared spectroscopy (RAIRS). This is the standard

configuration for collecting detailed, time-resolved data about the dynamics at the surface. The

same level also contains a quadrupole mass spectrometer (QMS; QMG 112, Balzers) for perform-

ing time-of-flight analysis on the molecular beam as well as a leak valve (Varian) and directed

doser (MDC). The leak valve is primarily used for admitting Ar into the chamber during sputtering

cycles (Section 2.4.2), but it also finds use in Chapter 6 as one of two methods for depositing

water ice on the crystal. The second method is via the nearby directed doser. The details of film

preparation are discussed in more detail in Subsection 2.4.3.

The upper level of the UHV chamber is used for X-ray photoelectron spectroscopy (XPS)
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and sample cleaning via Ar+ ion sputtering. It also contains a second mass spectrometer (RGA

300, Stanford Research Systems) that is used for residual gas monitoring and the King and Wells

measurements described in Subsection 2.2.3.

2.2 Surface-Sensitive Analytical Techniques

As described in Section 2.1, the main UHV chamber contains a variety of instrumentation for

analyzing gaseous species in the chamber and directly probing dynamics and composition of thin

films. The three techniques used in this thesis and described in the following sections are RAIRS,

XPS, and King and Wells. We often use these techniques in concert to provide a full, detailed

picture of adsorption and reactivity at the surface.

2.2.1 Reflection-Absorption Infrared Spectroscopy

RAIRS is a technique that leverages the basic principles of vibrational spectroscopy to probe

molecules physisorbed to a reflective metal substrate. As with all vibrational spectroscopies,

RAIRS can provide detailed information about which chemical species are present on the sur-

face and their respective chemical environments and conformations. In order to circumvent the

limits of Beer’s law and achieve high sensitivity for thin films down to sub-monolayer coverages,

p-polarized incident infrared radiation is reflected at a glancing angle from the reflective substrate.

As shown in figure Figure 2.2a, the electric field vector of the light can be polarized either parallel

(p) or perpendicular (s) to the plane of incidence. Using the Fresnel equations for light reflected

from a surface, it can be shown that when s-polarization is used, the electric field generated near the

surface undergoes a near 180◦ phase shift, regardless of incident angle. This results in a negligible

standing wave at the surface; this standing wave, when present, is what leads to infrared absorp-

tion of the molecules on the surface. On the other hand, the phase change for p-polarized light

is highly angularly dependent.1,2 This phenomenon, first quantitatively established by Greenler in

the 1960’s, leads to a maximum standing wave and signal reflectance at high incidence angles,
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Figure 2.2: Theoretical description of RAIRS. (a) Only p-polarized light can generate an appre-
ciable standing wave at the surface of a reflective substrate. (b) Maximum reflectance is observed
at oblique incidence angles (reproduced from ref. [3]). (c) Dipoles must be oriented perpendicular
to the surface in order to be detected via RAIRS.

peaking around 85-89◦ for most systems (Figure 2.2b).3

One important consequence of the reflective metal substrate used in RAIRS measurements is

the introduction of a new vibrational selection rule. As shown in Figure 2.2c, IR-active modes

are only detected if the active dipole is perpendicular to the substrate. Because the intensity of

absorption is proportional to the square of the dot product between the electric field (E) and the

transitional dipole moment µ , dipoles parallel to the surface (θ = 90◦) will be virtually unde-

tectable by RAIRS:4

A ∝ E2
µ

2 cosθ
2 (2.1)

This additional selection rule allows for quantitative estimations of structural order in condensed

thin films, although care must be taken to account for other optical effects introduced by the exper-
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Figure 2.3: RAIRS optical setup. After exiting the spectrometer, the IR light is polarized and
enters the chamber, glancing off the crystal at an angle of 75◦. Signal is collected in an external
MCT/A detector.

imental geometry, substrate, and relative surface coverage.

The external RAIRS optical setup in our lab is depicted in Figure 2.3. Infrared light from

a commercial FTIR spectrometer (Nicolet 6700, Thermo Fisher) passes through a 25 mm ZnSe

polarizer (Thermo Fisher) and then into the UHV chamber, in which the optical components are

permanently affixed to a metal plate. The beam is focused onto the crystal at angle of 75◦ via a

gold-coated parabolic mirror (Thermo Fisher). After exiting the chamber, the signal is collected

in a liquid nitrogen cooled mercury cadmium telluride detector (MCT/A, Thermo Fisher), which

affords large signal intensity over the 4000 - 650 cm−1 spectral range. For the work described in

this thesis, we collect RAIR spectra with a resolution of 4 cm−1 that are averaged over 100 - 500

scans.

2.2.2 X-Ray Photoelectron Spectroscopy

In Chapters 3 and 4, we use XPS to qualitatively assess the chemical composition of the thin films

studied. XPS is a versatile, surface-sensitive technique based on the photoelectric effect; a beam

of X-ray photons with a known energy is directed at the surface and core electrons are ejected

into vacuum from species present in first 10-20 angstroms of the sample. Because energy must be

conserved, the measured kinetic energy (KEelec) of the ejected electrons can be used to directly
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calculate their characteristic binding energies (EB).5,6 We easily account for the shift in binding

energies caused by the unknown work function of the spectrometer (Φspec) by normalizing all

spectra to the assignment of the 4 f5/2 and 4 f7/2 photoemission peaks of gold at 87.63 and 83.95

eV, respectively:7

KEelec = hν−EB−Φspec (2.2)

Each element has unique core electron binding energies, so XPS data provides comprehensive

elemental analysis of the surface. Chemical bonding and other intermolecular interactions, how-

ever, can lead to small perturbations in these binding energies, making XPS a useful technique for

probing local chemical environments within thin films.

To perform XPS, we expose the crystal to X-ray photons with an average energy of 1486.6 eV

generated by an achromatic Al Kα X-ray source (PHI Model 04-153, Perkin Elmer) positioned

45◦ from surface normal. The energy of ejected electrons is detected by a double pass cylindrical

mirror analyzer (PHI Model 15-255G, Perkin Elmer) approximately 1-2 inches from the crystal

surface. We note that X-ray induced damage is commonly observed for physisorbed thin films,

so all XPS data reported in this thesis were collected on pristine films that were subsequently

discarded or reacted films at the very end of an experiment.

2.2.3 King and Wells

The King and Wells technique is a straightforward method for measuring the sticking probability

of an incident projectile onto a surface of interest;8,9 much of the data in Chapter 6 is collected in

this fashion. Historically, this technique has been used to accurately measure coverage-dependant

sticking probabilities and provide detailed information about surface-adsorbate interaction poten-

tials, binding sites, etc.10 In our experiments, however, we are only concerned with the probability

for adsorption of the first few molecules incident on the surface (sticking at zero coverage).

To perform a King and Wells experiment, the out-of-line residual gas analyzer (RGA) is used

9



Figure 2.4: Representative King and Wells data. CH4 signal (m/z = 15) monitored with the RGA
during a representative King and Wells experiment conducted at a surface temperature of 33.5 K.
P1 (orange) is the background CH4 signal; P2 (blue) is the full CH4 flux with flag blocking the
substrate; P3 (pink) is CH4 adsorption with flag removed.

to collect signal intensity for the desired mass as a function of time. A representative trial for m/z

= 15 (CH4) is shown in Figure 2.4. The experiment begins with monitoring the background signal

prior to introducing any CH4 into the chamber (P1). Next, the CH4 beam is introduced into the

chamber, but with the rotatable chamber flag in front of the substrate (Figure 2.1E), preventing

any CH4 from sticking to the cold sample. This pressure rise is the full indirect CH4 flux (P2).

Then the flag is rotated out of the way, at which point CH4 molecules begin sticking to the surface

(P3). The initial sticking probability (S0) is thus calculated as:

S0 =
P2−P3
P2−P1

(2.3)

Over time, the CH4 signal rises back up to the blocked value as the available surface sites become

filled and no more molecules can adsorb onto the surface. More specific details about this type of

measurement in the CH4/ice system will be discussed in Chapter 6.
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2.3 Supersonic Molecular Beam

The UHV chamber is connected via a manually operated gate valve to a triply-differentially pump-

ed supersonic molecular beamline. Supersonic molecular beams have been widely used in both gas

and condensed phase research to generate collimated, collision-free sources of atoms or molecules

with well-defined kinetic energies.11 Building on earlier beam sources that relied on simple ef-

fusion of a high-pressure gas from a small aperture into a region of modest vacuum (the “oven”

beam), the supersonic beam construction offer significantly more intense beams with narrower

velocity distributions.12

Our beamline consists of three chambers, depicted in Figure 2.5. First, the beam expands into

the vacuum region of the source chamber and passes through the 0.5 mm aperture of a conical

skimmer (Gentry) located 7 mm from the beam nozzle exit aperture. With no gas flow, the source

chamber has a base pressure of 5×10−7 Torr; the vacuum is maintained by an 8000 L s−1 diffusion

pump (VHS-400, Varian) backed by a 19 L s−1 single-stage rotary vane pump (Duo 65 MC,

Pfeiffer Vacuum) coupled to a 175 L s−1 Roots blower (WKP 500AM, Pfeiffer Vacuum). Next,

the skimmer selects for the centerline of the beam, and the gas passes through the first and second

differential chambers (1DC and 2DC). The baseline pressures in these chambers are 5×10−8 and

5× 10−9 Torr, respectively. The vacuum is maintained by a 1200 L s−1 diffusion pump in the

1DC (VHS-4, Varian) and a 200 L s−1 turbomolecular pump (TPU-240, Pfeiffer Vacuum) in the

2DC; the chambers are backed together by a 7 L s−1 dual stage rotary vane pump (Duo 20 M,

Pfeiffer Vacuum). Finally, the beam passes through a 2.3 mm aperture into the main chamber.

This beamline geometry results in a beam spot on the crystal of approximately 2 mm.

2.3.1 Time-of-Flight Analysis

Prior to beginning any experiment involving beam exposure, we characterize the velocity distribu-

tions of the pertinent gas species in the expansion using standard time-of-flight (TOF) techniques.

The beam can be modulated in a number of patterns by a variable-speed, mechanical chopping
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Figure 2.5: Schematic layout of molecular beamline. Immediately upon exiting the nozzle, the
gaseous expansion passes through a skimmer, two differentially pumped chambers, and into the
main UHV chamber. The chopper in the 1DC modulates the beam for time-of-flight analysis.

wheel located in the 1DC (Figure 2.1B). In order to rotate the chopper at the desired speed (100

Hz), we use an RC circuit to split the output from a frequency signal generator (651A Test Oscil-

lator, Hewlett-Packard). The two 90◦ out-of-phase signals are next amplified by a stereo receiver

(XGA-3000, Gemini) and delivered to the hysteresis-synchronous motor that drives the chopper.

The chopper, in turn, is mounted on a linear motion vacuum feedthrough, allowing us to remove it

completely from the line of the beam during experimentation or align one of the three patterns for

beam modulation. In this thesis, we use two patterns: the 50% duty-cycle square waveform and

the 1% duty-cycle single shot waveform. The latter is used throughout Chapters 3, 4, 6, 7, and 8

to collect TOF spectra and establish beam velocity and energy distributions.

When the chopper is positioned for 1% duty-cycle modulation, it breaks the beam into pack-

ets that are detected 116.2 cm downstream in the QMS detector at the back of the UHV chamber

(Figure 2.1J). Following initial detection at the QMS, the signal passes through a 90◦ off-axis

secondary electron multiplier (SEM; QMA 120), a pre-amplification stage (VT120, Ortec), and

subsequent amplification (Model 771, Phillips Scientific) and discrimination stages (Model 123,

LRS), before being counted with a multi-channel analyzer (MCS-PLUS-OPT2, Ortec) in a com-

puter. The timed start of signal counting is triggered when light from an infrared LED passing

through the same chopper slit as the beam is detected with a simple photodiode (United Detector
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Technologies). There are 4 thin slits on the wheel, which is rotating at 100 Hz, resulting in 0.0025

s separation between packets approaching the detector.

Shown in Figure 2.6, the mass spectra (MS) as collected is raw signal intensity as a function

of time (from triggering to detection). The first step in converting this to a velocity distribution

is to change the time data on the x-axis to velocity by dividing the beam flight path distance (L,

116.2 cm) by the time. The raw signal must also be converted to counts per second (CPS) using

the known values input into the MCA for counting bin size. Next, the signal must be converted

from the time to velocity domain using the Jacobian from a standard change of variables (time, t

to velocity, v):

n(t)dt = n
(

L
v

)(
− L

v2

)
dv (2.4)

n(v) ∝
n(t)
v2 (2.5)

We then divide this value by the velocity a third time to account for the inverse proportionality

between detector ionization efficiency and velocity. In other words, the detector measures the

particle number density (not flux), so the signal intensity varies with incident velocity:

n(v) ∝
n(t)
v2 =

[
nden(t)/v2

]
v

=
[
nden(t)/v3

]
(2.6)

After this processing, the data are fit to the theoretical velocity distribution for a supersonic molec-

ular beam (Equation 2.7).12 We note that this analysis does not include deconvolution for the finite

width of the chopper slit. In this thesis the width of the slit is negligibly small compared to the

measured beam distribution widths, so this is an appropriate omission.

n(v) ∝ v3exp

[
−(v− v0)

2

α2

]
(2.7)
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Figure 2.6: Representative TOF-MS. Raw signal intensity is converted to the velocity domain,
plotted as a function of beam velocity and energy, and fit to the appropriate theoretical probability
distribution (see text). This particular distribution (CH4 seeded in H2 at 400 K) has an average
energy of 1.3 eV and a width of 12%.

2.3.2 Beam Flux Analysis

In addition to beam velocity, we often need to know the absolute flux of gaseous species in the beam

to accurately track kinetic processes on the surface during exposure. We cannot, however, establish

flux of a seeded (multi-component) beam without prior calibration to a species of interest. We

begin this calibration process by measuring the pressure rise in the chamber with a nude Bayard-

Albert ion gauge calibrated to N2 upon introduction of a neat (single-component) beam. Once the

pressure has reached a steady value, we assume that molecular flow into and out of the chamber

(via pumping) are equivalent. The gas flow rate (Q, throughput) is defined as:13

Q =
d(PV )

dt
(2.8)

At constant pressures, the flow rate can be further simplified and rearranged using ideal gas law

relationships. Additionally, the volumetric flow rate (dV
dt ) is synonymous with pumping speed (S),

a known value for any commercial pump.

Q = P
dV
dt

=
dN
dt

1
kT

= P ·S (2.9)
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If we recognize that flux into the chamber (Φ, units of molecules cm−2 s−1) is simply the change

in number of molecules per unit time per unit area (dN
dt

1
A ), Equation 2.9 can be rewritten finally

as:

Φ =
P ·S

kT ·A
(2.10)

P is the change in pressure on introduction of the beam and A is the beam spot size on our substrate.

Equation 2.10, however, still requires two additional corrections to get a quantitative value for Φ.

First, P must account for the variable sensitivity of the ion gauge (using the ratio of the ionization

cross sections for N2 and the gas of interest). Second, S must be changed to an “effective pumping

speed” that accounts for the conductance (C) of the chamber geometry leading to the pump inlet:

1
EPS

=
1
C
+

1
S

(2.11)

Our chamber is connected to the turbomolecular pump via one cylindrical tube, so C (assuming

molecular flow conditions) is:14,15

C (L s−1) = 3.81
(

T
m

)1/2
(

D3

L

)1/2

(2.12)

In Equation 2.12, m is the molar mass of the species of interest, and D and L are the diameter

and length of the cylindrical tube, both in cm. Once we establish these values, we calculate the

flux using Equation 2.10 for a range of beam pressures and relate them linearly to either RGA-

measured pressure values at the component’s parent mass or the integrated area of a TOF curve.

An example of this calibration is shown in Figure 2.7 for a beam of CO2.

2.3.3 Radio Frequency (RF) Plasma Beam Source

We use two beam sources for the experiments described in this thesis. The first, used in Chapters

3, 4 and 8, generates beams of ground state atomic oxygen, O(3P), which is an effective basic
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Figure 2.7: Representative beam flux calibration for a neat CO2 beam. The calculated beam
flux (see text) is plotted against an experimentally measured quantity like TOF peak area for a
particular beam gas. We use this linear relationship to calculate flux for experiments using seeded
beams where flux cannot be calculated directly from the pressure rise in the chamber.

oxidant for films of interest. To generate an intense flux of this atomic species, a gas mixture of

5% O2 in Ne travels through a custom, water-cooled, quartz nozzle.16 Just before supersonic ex-

pansion into the first vacuum chamber, the gas is exposed to an intense radio frequency discharge,

which ignites a plasma and leads to O2 dissociation. We promptly remove other ionic species (O+
2 ,

O+, Ne+) from the beam using a set of 2000 V cm−1 deflecting plates located in the 1DC. We

select against the production of other possible neutral species in the expansion (O(1D2)) by using

relatively low RF powers and stagnation pressures (100-120 W and <100 Torr).17,18 If small quan-

tities of these species are present, however, they are likely quenched in the beam via collisions with

molecular oxygen or Ne. For each experiment, we perform a blank trial using a neat Ne beam; we

observe no reactivity, indicating that the only other potential reactive beam component, metastable

Ne, is not present. Therefore, the beams used in this thesis contain only O2, Ne, and the desired

reactive O(3P).

In operation, this beam source can produce discharges containing 30-60% O2 dissociation. We

quantify the extent of dissociation by monitoring the relative QMS signal intensities (square-wave

modulation) of O2 (m/z = 32) and atomic oxygen (m/z = 16) in the beam with the plasma on
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and off. This is to account for the fact that signal at m/z = 16 exists even in the absence of the

discharge, due to contributions from the dissociative detachment of O2 in the QMS ionizer. The

relative intensities with the plasma off can therefore be represented as:

ηL =
I16
I32

=
CQ16[NO2σD]

CQ32[NO2σO2]
(2.13)

In the equation above, NO2 and NO are the number densities of O2 and O, respectively. QO2 and

QO are the quadrupole transmission coefficients at those masses, and C is an unknown empirical

constant related to our instrument. The two cross-sections refer to the ionization of O2 (σO2 , 1.52

Å2) and the dissociative detachment of O2 (σD, 0.88 Å2):16

O2 + e−
σD−−→ O++O+2e− (2.14)

O2 + e−
σO2−−→ O+

2 +2e− (2.15)

With the plasma on, atomic oxygen becomes a second source of signal intensity at m/z = 16. A

similar equation can then be written for the relative intensities with the plasma on:

ηH =
I16
I32

=
CQ16[NO2σD]+CQ16[NOσO]

CQ32[NO2σO2]
(2.16)

A third cross-section is introduced, corresponding to the ionization of O (σO, 1.15 Å2):

O+ e−
σO−−→ O++2e− (2.17)

Ultimately, our desired quantity is the relative number density between O and O2; we’ll refer to

this quantity as R. We solve for this value by dividing Equation 2.16 by Equation 2.13 and

rearranging:

R =
N16
N32

=

(
ηH
ηL
−1
)(

σD
σO

)
(2.18)
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The percent dissociation is then simply R
R+1 , and we can use this relationship to convert the mea-

sured O2 flux (following the procedure outlined in Subsection 2.3.2) to O(3P) flux.

It is worth noting that this process of calculating a number density ratio between beam species

is quite generalizable. We follow the same analysis, albeit with different ionization reactions and

cross-sections, in Chapter 7 to quantify the relative amounts of CO and CO2 in the beam.

2.3.4 Stainless Steel Beam Source

The second source is a more conventional supersonic source, and we use it in Chapters 6 and 7

to make intense, high-energy beams of small molecules. The beam nozzle is machined from a 1
4”

VCR gland and the size of the aperture exit from this gland is controlled with Mo or Pt pinholes

ranging from 15 - 30 µm (3.04 mm O.D. electron microscope apertures, Ted Pella). To heat the

beam, we wrap a tight coil of resistively-heated wire (1 Nc I 10, Thermocoax) around the length

of the nozzle. We secure the coil with a sheet of tantalum and copper ties, ensuring even, efficient

heating. We monitor and control temperature beam temperature via a Type-K thermocouple spot-

welded approximately 0.5 - 1 mm from the aperture. The output of this thermocouple is fed into a

feedback loop with a temperature controller (CN76000, Omega) and DC power supply. With this

configuration we are routinely able to reach beam temperatures of 1000 - 1100 K.

2.4 Surface Preparation and Temperature Control

For the majority of the work described in this thesis, the substrate is a relatively passive participant

in the observed chemistry. When preparing for an experiment, our primary concern is ensuring

that the crystal is clean, free of impurities, and that its temperature is easily and evenly controlled.

As discussed in Section 2.1, all experiments are performed on a single-crystal Au(111) substrate.

This surface is not chosen for any particular reactivity. Rather, it is an excellent reflective substrate

for RAIRS as well as being oxidation resistant and relatively unreactive under the temperature and

atmospheric conditions used. The primary role of the surface, therefore, is as a substrate on which
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to deposit multilayer thin films of interest like nerve agent simulants (Chapters 3 and 4), water

(Chapter 6), and propene (Chapter 8).

2.4.1 He-Cooled Sample Manipulator

After the conclusion of the work in Chapter 3, we replaced our liquid N2-cooled copper sample

manipulator with a custom-designed manipulator and commercial recirculating liquid helium cryo-

stat (204P, Advanced Research Systems). This greatly expanded our cooling capacity; in practice

the sample can reach temperatures as low as 19 K, and as high as 800 K (sufficient for sput-

ter/anneal cycles described in Subsection 2.4.2). The basic construction of the manipulator is an

OFHC copper extension terminating with an OFHC copper sample holder with a sapphire plate for

optional electrical isolation. A small cartridge heater sits immediately above the sample, allowing

for high-temperature capabilities even while the cryostat is fully cooled. The whole manipulator

(excluding a small facet cut out to allow clearance for IR radiation and other surface-sensitive

techniques) is also encased in a nickel-plated radiation shield to increase cooling capacity down

the length of the manipulator.

Outside of UHV, the cryostat assembly is connected to the chamber via differentially-pumped

rotary seal (RNN-400, Thermionics Vacuum Products) to allow for polar rotation of the sample.

The cryostat itself is also mounted above a low-vibration interface, which reduces movement at

the sample caused by the circulating cryostat (DMX-20B, Advanced Research Systems). When

the manipulator system was first installed, we performed a temperature calibration for the perma-

nent sample thermocouple sensor using temperature readouts from a nearby Si diode during cool

down. After this calibration we removed the diode from the sample to allow for high temperature

experiments. We now monitor temperature in three locations: at the sample (Type-E thermocou-

ple), at the cartridge heater (Pt RTD), and at the second stage of cooling (Si diode). More detail of

the configuration, including sites for temperature monitoring, is included in in Figure 2.8.
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Figure 2.8: Schematic layout of sample manipulator and cryostat assembly. Our custom, He-
cooled sample manipulator allows for precise temperature control from 19 - 800 K.

A - Cryostat G - Radiation shield
B - Eyebolt for manipulator removal H - 800 K interface (cartridge heater)
C - Vibrational isolation collar I - Sample holder
D - Feedthroughs for T sensing and control J - Au(111) sample (held with BeCu clips)
E - Extension and polar rotation * - Temperature sensor connections
F - Entrance to UHV chamber
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2.4.2 Surface Preparation

Following the oxidation reactions described in Chapters 3, 4 and 8, we routinely clean the Au(111)

crystal through a concurrent sputter and anneal cycle to remove any residual impurities and restore

the unique 22×
√

3 herringbone reconstruction.19 A typical cleaning cycle includes raising the

sample temperature to 800 K and bombarding the sample with 1.6 keV Ar+ ions for 15 minutes.20

We generate the Ar+ ions by backfilling the chamber with Ar to a pressure of approximately

5.5×10−5 Torr) and directing an ion source (20-045 and 04-161, Perkin Elmer) at the crystal. We

then check crystal cleanliness by confirming the absence of carbon or oxygen in high-resolution

XPS spectra.

2.4.3 Thin Film Deposition and Characterization

There are multiple ways to deposit a thin film on the Au(111) substrate, each with particular ad-

vantages and disadvantages. In Chapters 4 and 8, the film of interest is dosed on the crystal

via molecular beam. This is the most precise dosing method, because as long as the surface is

cold enough (making the sticking coefficient of the gas = 1), the dosed gas will only reside on

the crystal. This streamlines kinetic analysis and allows for more robust temperature-programmed

desorption experiments. The challenge with beam dosing, however, is that it can be remarkably

slow, particularly when using small beam pinhole sizes and low volatility gases. In Chapter 6, we

needed thick (>200 ML) water ice films in a matter of minutes. To accomplish this, we compro-

mised our chamber cleanliness and switched to dosing via a directed doser, located in the UHV

chamber approximately 4 cm from the crystal surface. This process gave us thick, even films in

minutes, but had the negative effect of adding more water to chamber, increasing the wait time

before beginning experiments and our need to bake the chamber periodically.

We rely on the final dosing method most infrequently because it leaks a tremendous amount of

gas into the chamber and can contribute significantly to contamination and higher base pressures.

Located in the back of the chamber (behind the crystal), the leak valve used for backfilling Ar
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in sputtering cycles (Subsection 2.4.2) can easily be repurposed to backfill the chamber with a

molecule of interest. We used this method to dose one of the porous ices in Chapter 6 because

it is essential for achieving the desired morphology. More importantly, however, this method is

essential for quantifying the deposition rate for molecules that cannot be dosed via the beam.

To use RAIR signal intensity as a measure for film thickness, we first calibrate the signal to a

controlled dose at a known flux. For example, we know that a monolayer of water is 1.06 ×1015

molecules.21 Therefore, if we cool the crystal to a temperature at which water sticks and backfill

the chamber to a constant background water pressure of 1 ×10−7 Torr, we know that our growth

rate is roughly 0.1 layers of water per second.22–24 We can easily compare this with growth of

signal intensity in the RAIR spectra, allowing for easy quantification of future film thicknesses.
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Chapter 3

Oxidation, Destruction, and Persistence of Multilayer Dimethyl

Methylphosphonate Films during Exposure to O(3P) Atomic Oxygen

We present work detailing the oxidative reactivity of the nerve agent simulant dimethyl methylphos-

phonate (DMMP) with atomic oxygen using time-resolved in situ reflection-absorption infrared

spectroscopy (RAIRS) and X-ray photoelectron spectroscopy (XPS). When exposed to a super-

sonic beam containing O(3P) with average translational energy of 0.12 eV, thermally-annealed

DMMP films (less than 50 layers) on single-crystal Au(111) are observed to react via hydrogen

abstraction, followed by various secondary reactions with resultant hydroxyl and DMMP-derived

radicals. This reaction is accompanied by the appearance of hydrogen bonding interactions with

the DMMP phosphoryl (P=O) groups on the film surface, and it is also observed to result in both

a loss of carbon and an uptake of oxygen by the film. These trends, when considered with the

additional thermal stability of reaction products left on the surface, suggest that the mechanism

entails reaction with DMMP methyl groups and the formation of various oligomeric and poly-

meric species; the presence of these products hinders continuous, effective destruction for films

thicker than roughly ten layers. This work has specific implications for the implementation of

plasma-based and oxidative decontamination methods based upon an improved fundamental un-

derstanding of the chemistry of this important class of phosphoryl containing molecules.
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3.1 Introduction

The 1993 Chemical Weapons Convention prohibits the creation and stockpiling of chemical wea-

pons, yet these dangerous compounds remain a critical social and environmental threat.25 Whether

decontaminating attack sites or destroying unused chemical weapon stores, there is a great risk

to both civilians and military personnel if these agents’ surface interactions are not properly un-

derstood; any new destruction strategy must, in addition to removing the toxic agent, account for

volatile byproducts, secondary contamination, and waste disposal.26 As such, it is critical to have

a comprehensive grasp of the agents’ destruction pathways and mechanisms, persistence, and po-

tential redispersal on a myriad of representative environmental and industrial materials.

The surface interactions of nerve agents and their simulants have been investigated thoroughly

on a number of surfaces to date, including metals,27–31 metal oxides,28,32–43 nanoparticle as-

semblies,44–46 and other thin films;47–50 complementary theoretical analyses have also been pub-

lished for many of these systems.51–58 Notably, many of these materials (particularly metal oxides)

have demonstrated significant catalytic activity in the decomposition of surface adsorbed dimethyl

methylphosphonate (DMMP), a common nerve agent simulant. While effective, active site poi-

soning often limits the practicality of these methods on a large scale. Furthermore, these oxide

materials are often difficult to reactivate once poisoned.37,38 To overcome these limitations and

establish continuous decomposition activity, Mitchell et. al. have explored the reaction of DMMP

and ozone on alumina-supported iron oxide and manganese oxide. Measurements of the resultant

CO and CO2 production revealed higher catalytic activity in the presence of ozone, due to the

formation of reactive atomic oxygen species resulting from ozone’s decomposition on the oxide

surface.59,60

Additional nerve agent decontamination strategies involve exposure to atmospheric pressure

plasma sources.61–65 While many current decontamination methods rely on complete incineration

at high temperatures66–68 or corrosive wet chemicals (i.e., bleach), use of these plasmas provides

a nondestructive, environmentally safe alternative that precludes mass storage and long exposure
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times.26,65 Like the aforementioned continuous decomposition studies, the effectiveness of this

method is also linked to the presence of both ozone and atomic oxygen in the plasmas.63 In addition

to clarifying the basic mechanisms underlying some of these destruction techniques, the results

of this study may also shed light on the known flame-retarding properties of organophosphate

compounds.69,70

Informed by recent theoretical work on gas-phase reactivity between DMMP and O(3P),71,72

we present a detailed picture of the oxidative destruction of solid multilayer DMMP films and

elucidate the mechanistic role of atomic oxygen in its destruction. Using RAIRS and XPS, we

demonstrate that DMMP reacts upon exposure to O(3P) under UHV conditions, and that the re-

action likely generates additional reactive species on the surface. Furthermore, we present clear

evidence that overall reactivity decays upon continued exposure, and results in formation of ad-

ditional byproducts possessing greater thermal stability on the surface than the original DMMP.

Reactive oxygen species have been shown to be important in the destruction of nerve agents and

their simulants in applications ranging from preventative surface treatments to post-contamination

remediation. The findings contained herein have direct implications for understanding the fate of

dispersed agents subject to naturally occurring oxygen species and better inform development of

safe and effective decontamination techniques.73,74

3.2 Experimental Section

We performed all of the experiments described in this chapter in the molecular beam scattering

instrument described in Chapter 2. Our primary analytical techniques were time-resolved RAIRS

and XPS.

For each trial, we deposited DMMP on the Au(111) substrate via directed doser (Subsection

2.4.3). RAIR spectra, fit to Gaussian peaks on cubic baselines, were used to characterize the

surface and extent of reactivity. We collected spectra averaged over 300 scans at 4 cm−1 resolution,

using sputtered/annealed Au(111) as the background reference signal. A representative spectrum

of a DMMP film is shown in Figure 3.1. The intense P-O-C and P=O modes, highlighted in the

25



Figure 3.1: Representative RAIR spectrum of DMMP film. RAIR spectrum of forty-layer thick
DMMP film on single-crystal Au(111). Notable signals discussed throughout text include the P-
O-C (red, 1041 and 1066 cm−1) and P=O (blue, 1240-1260 cm−1) stretching modes; these are
highlighted in the DMMP molecule and spectrum inset.

figure’s inset, are most frequently referenced herein, with observed peak positions and assignments

informed by and consistent with the literature.30,34,35,40,50 For all experiments involving reaction

of DMMP with O(3P), the surface temperature was held at 155 K during dosing, where DMMP

desorption is negligible. After dosing, we annealed films at 175 K until they reached the desired

thickness.

A series of isothermal desorption experiments allowed us to quantify initial DMMP film thick-

ness via RAIRS (Figure 3.2). We subjected DMMP films to desorption at surface temperatures

ranging from 163-165 K, and tracked the integrated areas of the P-O-C stretching modes as a func-

tion of time. Total integrated peak intensity decays linearly at two different rates, corresponding

to a difference in multilayer and monolayer desorption rates, respectively.75 As displayed in each

panel of Figure 3.2, the spectroscopic signature of the monolayer is determined from the point

at which the rate abruptly changes. Using this experimental setup, one layer of DMMP corre-

sponds to a total integrated P-O-C peak intensity of 0.05 absorbance units cm−1. We quantified
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Figure 3.2: Isothermal desorption of multilayer DMMP. Isothermal desorption of DMMP films
allows for quantification of initial film thicknesses via integrated P-O-C signal intensity. The tran-
sition from multilayer to monolayer desorption exhibits a marked decrease in desorption rate; the
value where this occurs correlates with the infrared intensity of a single layer of DMMP.

initial film thicknesses (reaching 50 layers) with this procedure, observing that peak line shapes

remained consistent with continued DMMP exposure.

Following deposition of a film of known thickness, we exposed DMMP films to O(3P) atomic

oxygen using the source described in Subsection 2.3.3. We similarly determined the O(3P) transla-

tional energy and flux following the procedures described in Subsections 2.3.1 and 2.3.2. Typical

values for the beam impinging at normal incidence were, respectively, 0.12 eV and 5× 1016 atoms

cm−2 s−1. Beam energy widths were approximately 0.06 eV.

Our analysis of DMMP reactivity also included collecting XPS spectra of the C(1s), O(1s),

and Au(4f) regions. The full XPS system is described in Subsection 2.2.2; for these experiments

we operated the X-ray source at 10 kV and 20 mA and collected the spectra using 50 eV pass

energy and a 0.4 eV step size. We fit the spectral peaks in the same manner as that used in RAIRS

analyses.
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3.3 Results and Discussion

3.3.1 Spectral Assignment and Film Reactivity

We observe a number of clear spectral changes upon exposing DMMP films to O(3P). Figure

3.3 depicts, chronologically, changes in the methoxy group signals (1041 and 1066 cm−1) of

the film as a function of total O(3P) exposure. While the peak locations, consistent with reported

values for the symmetric and antisymmetric P-O-C stretches,35,47,48 remain unchanged, both peaks

are observed to decrease in intensity in Figure 3.3a. Given the multilayer character of the films

studied, this behavior cannot be attributed to a change in average orientation of these groups, and

is instead ascribed to reactive destruction. In contrast, the total integrated intensity of the P=O

stretching mode of a given film (≈1200-1270 cm−1) does not exhibit the same behavior. As seen

in Figure 3.3b, total P=O intensity is left unchanged by extended O(3P) exposure.

To further unpack this behavior, Figure 3.4a highlights the individual peaks that comprise

the P=O stretching region. P=O peak positions are highly sensitive to coordination environment,

whether via hydrogen bonding or direct physisorption to surface (Lewis acid) sites.30,38,43,47,76

While the overall intensity in this region is unchanged during exposure, there are a number of

significant changes in the peak shape. Prior to O(3P) exposure, the P=O stretch can be decon-

voluted into separate signals at 1249 and 1258 cm−1. These peak locations are consistent with

recorded values for DMMP adsorbed on unreactive, nonhydroxylated surfaces.47–49 Exposure to

O(3P) causes the intensity of the 1258 cm−1 peak to decrease, replaced by a new signal at 1214

cm−1, highlighted in Figure 3.4b. This shift is consistent with DMMP coordination with hydrox-

lyated metal oxides or other hydroxyl-terminated surfaces, in which the P=O stretch is weakened

and red-shifted by the formation of one or two hydrogen bonds.35,37,47 Further corroborating this

assignment is a separate control experiment we performed in which a DMMP monolayer was de-

posited on a 50- to 60-layer thick amorphous solid water film at 125 K. Detailed in Figure 3.5, a

comparison of the P=O signals of one DMMP layer deposited on Au(111) versus water ice shows

a red shift identical to that observed upon exposure of a multilayer film to O(3P). Finally, this shift
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Figure 3.3: DMMP exposure to O(3P). (a) RAIR signal in the P-O-C region of a six-layer thick
DMMP film changes during exposure to a molecular beam containing 0.12 eV O(3P) (flux = 2.9×
1016 cm−2 s−1); total intensity decays as a function of O(3P) exposure. (b) Total integrated RAIR
peak intensities normalized to their initial values show that, unlike the P-O-C signal intensity, the
total P=O intensity is unchanged by O(3P) exposure. Dotted lines are drawn to guide the eye. Error
bars, where visible, indicate one standard deviation with respect to the peak fitting.
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Figure 3.4: DMMP exposure to O(3P) - P=O region. (a) We deconvolute P=O signals throughout
exposure into contributions from three signals at 1258, 1249, and 1214 cm−1. Individual peaks
illustrate the decay of the 1258 cm−1 peak (blue) coupled with the emergence of the 1214 cm−1

peak (purple) during exposure (O(3P) flux = 2.9 × 1016 cm−2 s−1). (b) Corresponding integrated
areas of the P=O stretching peaks demonstrate that the 1249 cm−1 peak is unaffected by O(3P)
exposure, while 1258 and 1214 cm−1 peaks exchange intensity. Dotted lines are drawn to guide
the eye. Error bars indicate one standard deviation with respect to the peak fitting.
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Figure 3.5: Reacted and pristine DMMP on ice and Au(111). Appearance of the 1214 cm−1

peak in the spectrum of a six-layer DMMP film exposed to O(3P) for 106 min (black, 2.9 × 1016

atoms cm−2 s−1) is compared to the spectra of a pristine DMMP monolayer deposited on clean
Au(111) (gold) and on thick amorphous water ice (blue). This reacted peak’s position is consistent
with the observed red-shift of the monolayer deposited on water ice, indicative of new hydrogen
bonding interactions with the phosphoryl group of DMMP as a result of O(3P)-induced reactivity.

is also consistent with DMMP solvation in the liquid phase.49,77

Importantly, O(3P) exposure only impacts one of the two initial P=O peaks; the 1249 cm−1

peak remains essentially unchanged (Figure 3.4b) except for some broadening. In order to ex-

plain this disparity, it is important to identify the two initial peaks. One possible explanation is

conformational; DMMP is reported to have at least two low energy conformers in both the solid

and gas phase.30,56,78–81 Electronic structure calculations predict that the P=O peaks for the two

lowest-energy conformers in the gas phase could be as little as 2 cm−1 apart.81 On the other hand,

a splitting of 20 cm−1 between conformers has been interpreted from FTIR spectra of solid- and

liquid-phase DMMP.79 Our observed splitting of 9 cm−1 is within this range, but the lack of agree-

ment complicates definitive assignment. A supplemental explanation may involve the organization

of DMMP in the solid film. Other scientists have suggested that spectroscopic signals associ-

ated with DMMP aggregates appear between 1240 and 1250 cm−1.79 A consequence of DMMP

aggregates would likely be two general molecular environments. The reactive 1258 cm−1 peak

could potentially represent molecules at the boundaries of such aggregates, while the 1249 cm−1
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peak, mostly unchanging during exposure to O(3P), could correspond to DMMP molecules within

the interior of these aggregates. This latter argument is supported by spectroscopically observing

DMMP growth, in which the two peak intensities were tracked as DMMP was deposited. The

1258/1249 integrated intensity ratio remains constant from one layer and beyond, eliminating the

possibility that the 1258 cm−1 peak corresponds simply to DMMP at the vacuum- or substrate-film

interfaces.

3.3.2 Product Formation

Partial DMMP film destruction is evinced by the decrease in intensity of the P-O-C stretching

modes; this is corroborated by consistent decreases in the C-H stretching mode region below 3000

cm−1 upon O(3P) exposure. At the film thicknesses studied, however, the IR intensity for these

modes are weak and preclude more detailed spectral analysis. We support the proposed mecha-

nism by citing recent theoretical calculations for collision dynamics between DMMP and O(3P)

in the gas phase, the results of which indicate that hydrogen abstraction is the most energetically

accessible reaction channel. The calculated upper limit for the gas phase barriers are 0.14 and

0.36 eV for abstraction from the methoxy or methyl groups, respectively.71,72 These barriers are,

however, likely lower in the solid phase due to formation of longer-lived collision complexes in

the film. Furthermore, experimental evidence suggests that reactions between O(3P) and organic

or hydrocarbon-based films does proceed largely through the abstraction mechanism.82–84 In the

present study, hydrogen abstraction would naturally yield hydroxyl radicals as products:

O−−P(CH3)(OCH3)2 +O(3P)−−→ O−−P(CH3)(OCH3)(OCH2)
•+ •OH (3.1)

We expect these reactive species will then undergo further reactions within the film. For example:

O−−P(CH3)(OCH3)(OCH2)
• −−→ O−−P(CH3)(OCH3)

•+OCH2 (3.2)

32



Figure 3.6: DMMP reaction kinetics - loss of methoxy group on O(3P) exposure. Aggregated
data for all experiments showing methoxy group loss from DMMP as a function of O(3P) exposure.
A linear fit to the data early in the exposure (solid circles) shows that one methoxy group reacts for
approximately every 50,000 O(3P) dosed onto the surface.

Reaction 3.2, in particular, could help explain the observed methoxy group loss during exposure.

Figure 3.6 contains a plot of all aggregated data collected, arranged to show methoxy group loss

as a function of O(3P) exposure. The ordinate axis values estimate that a DMMP monolayer

is comprised of 6 × 1014 molecules cm−2 via its gas phase geometry,29 and take into account

that there are two methoxy groups per DMMP molecule. The observed reactivity does not follow

simple first-order, or even half-order kinetics with respect to O(3P) exposure; the observed behavior

is likely the product of numerous reactions contributing to the observed spectroscopic changes.

We can, however, consider the initial reactivity to get a sense for the initial reaction probability. A

linear fit to the data early in the exposure (solid circles in Figure 3.6) shows that in the first stages

of reaction, a methoxy group is lost for roughly every 50,000 O(3P) dosed onto the surface. If direct

reaction occurs, this rather low probability could be a result of low initial sticking probability or

only a fraction of the incident O(3P) having sufficient energy to overcome the barrier. Otherwise,

after collision and exchange of energy with the film, O(3P) would then have to diffuse both along

and through the vacuum-film interface to encounter a methyl group.

Similarly, changes in the P=O region of the spectra during reaction suggest formation of hy-
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Figure 3.7: XPS of reacted and pristine DMMP films. Representative XPS data comparing
DMMP films as deposited and after exposure to O(3P) show that the NO/NC ratio increases as a
result of oxygen uptake by the film. To emphasize this effect, we have scaled the data such that
the carbon 1s peak areas are equivalent; this accounts for the fact that some carbon is also lost as
gaseous species during reaction.

droxyl species, given that conversion of signal from 1258 cm−1 to 1214 cm−1 is consistent with

“solvation” of phosphoryl oxygens via hydrogen bonding.49,77 It is worth noting that phosphoryl

stretching modes of organophosphorus compounds are also influenced by inductive effects from

other functional groups attached to the central phosphorus atom.85 However, all reaction routes

considered in the aforementioned theoretical studies—hydrogen abstraction, hydrogen elimina-

tion, and methyl elimination—would not result in a redshift of this mode.

XPS data displayed in Figure 3.7 suggest that in addition to carbon loss, possibly as gaseous

CO or CO2,60 the reaction results in incorporation of oxygen into the film. Comparison of C(1s)

and O(1s) signals between a reacted film and a pristine film, normalized to respective film thick-

nesses, shows a definitive increase in the relative NO/NC ratio at the surface. Reactions with O(3P)

and OH radicals would leave radical intermediates that could also react with nondissociated O2

present in the molecular beam.86 Thus, there are at least three sources of oxygen resulting from

exposure to the beam that are likely contributing to the observed uptake of oxygen in the DMMP

film upon beam exposure. These various uptake pathways are further supported by the O(1s) peak

shapes before and after O(3P) exposure. On a pristine DMMP film, the O(1s) spectrum is com-
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prised of two signals, attributed to the methoxy and phosphoryl oxygens in DMMP. After O(3P)

exposure, however, the O(1s) signal is no longer so neatly deconvoluted into distinct oxygen chem-

ical environments.

A slight IR signal increase near 3300 cm−1, indicative of hydroxyl group formation, is ob-

served during exposure to O(3P), but the rate of growth is convoluted with the small amount of

background water deposition expected under our conditions (4-8 × 10−11 Torr based on readings

from a residual gas analyzer). It is important to note, however, that the observed P=O shift does not

take place without exposure to O(3P). DMMP films left in the chamber for periods of time equal

to that of an experiment (two hours on average) show no spectroscopic change except for slight

growth in the OH region amounting to less than half a layer of water. Moreover, the films remain

unchanged when exposed to a pure neon plasma and a mixture of 5% O2 in helium (no plasma;

approximation of O2 with higher translational energy present in O2/Ne plasma). We thus conclude

that these changes are initiated by reaction of the film with O(3P) and cannot simply be attributed

to background water sticking to the vacuum-film interface.

The remaining P-O-C and P=O stretching mode signals of films having an initial thickness

fewer than ten layers (e.g. Figs 3.3 and 3.4) are clearly broadened with respect to the pristine

peaks, indicating disordering. The close spatial proximity of radical intermediates could promote

formation of oligomeric or polymeric species on the surface; this has been reported under related

circumstances.62 To test this hypothesis and monitor the thermal stability of the reaction products

on the surface in situ, we performed isothermal desorption experiments by increasing the surface

temperature in a stepwise fashion and collecting RAIR spectra at each temperature. We ramped

the surface temperature up from 155 K in 10 K increments at 1 K s−1 and held it constant for

the duration of an IR scan (roughly three minutes) at each step. We then compared the results

to a pristine film subjected to identical treatment, and provided a summary in Figure 3.8. From

these data we can conclude that a reacted film’s thermal stability on the Au(111) substrate differs

dramatically from that of the pristine film. Whereas the total P-O-C and P=O integrated intensities

of the pristine film are effectively zero by the time the surface temperature reaches 195 K, these
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Figure 3.8: Isothermal desorption of pristine and reacted DMMP films. (a) Stepped isothermal
desorption experiments show that after reaction of a DMMP film with O(3P), a portion of the film
exhibits substantially greater thermal stability on the substrate. The P-O-C and P=O modes still
exhibit appreciable intensity in spectra of reacted films collected at surfaces temperatures above
195 K as compared to the pristine film as deposited on Au(111). The respective spectra are given
in waterfall plots (b) and (c).
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Figure 3.9: DMMP P=O environment during isothermal desorption. Behavior of the decon-
voluted P=O spectroscopic signals of DMMP during isothermal desorption of films both pristine
and exposed to O(3P). The majority of a pristine DMMP film desorbs on the ramp from 185 K to
195 K, as shown in (a). This behavior, shown in (b), is mirrored in a reacted DMMP film, where
the non-reacted DMMP is free to desorb, leaving behind the heavier product species, and therefore
some intensity at 1249 cm−1. Given that its intensity stays essentially constant during the ramp,
the new signal at 1214 cm−1 is therefore directly related to formation of the new, more thermally
stable product, shown in (c).

peaks are readily observable at 245 K and beyond for the reacted film. Indeed, the most dramatic

changes occur during the ramp from 185 K to 195 K for a pristine DMMP film, as emphasized in

Figure 3.9a. This behavior is mirrored in the reacted DMMP film shown in Figure 3.9b, where

the non-reacted DMMP molecules freely desorb, leaving behind the product species, and therefore

some partial intensity at 1249 cm−1. The new signal at 1214 cm−1 stays essentially constant

during the ramp (Figure 3.9c) and therefore directly corresponds to the presence of the new, more

thermally stable polymeric product. Reacted films further show a clear difference in desorption

kinetics between the P-O-C and P=O groups (Figure 3.8a), and we propose that the combination

of increased surface energy and trapped oxygen species induces additional secondary reactions

within the film during thermal annealing. These reactions further destroy DMMP methoxy groups,

leading to a faster observed rate of decay in those particular infrared signals.

Hydrogen-bonded phosphoryl groups (1214 cm−1), as mentioned previously, are products of

the reactions taking place on the surface, and based on the desorption evidence they are likely

part of hydroxylated oligomeric species that have significantly greater thermal stability on the

surface. In Figure 3.10, product formation resulting from reactions of O(3P) with six, twelve,
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Figure 3.10: DMMP oxidative reactivity as a function of initial film thickness. RAIR spectra
obtained for six, twelve, and thirty-six layer DMMP films during exposure to O(3P) suggest that re-
action probability decreases as exposure continues, but does not follow half- or first-order kinetics.
Panels depict (a) intensity gained in the 1214 cm−1 peak, (b) intensity lost from the 1258 cm−1

peak, and (c) total intensity lost from the P-O-C stretching modes. Overlap of the data asserts that
reactivity is independent of initial film thickness and originates at the vacuum-film interface. Error
bars indicate one standard deviation with respect to the peak fitting.
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and thirty-six layer DMMP films begins to terminate at similar absolute signal intensities on all

films studied. If the reaction begins at the vacuum-film interface and progresses layer-by-layer

into the bulk DMMP, this trend suggests a limit to the penetration depth of the reactive species.

Given substantial film thickness, a fraction of the DMMP—presumably underneath—is unchanged

under our reaction conditions and is left free to desorb from the surface normally upon heating.

Coupled with the decay kinetics mentioned previously, reaction energetics presented here seem to

preclude the ability for O(3P) to erode thicker DMMP films all the way down to the substrate; we

hypothesize that the product overlayer formed hinders continued destruction. It is therefore likely

that the effectiveness of surface DMMP decontamination through use of atmospheric plasmas cited

in the literature61–65 is facilitated by thermal desorption or sputtering in addition to reactivity with

oxygen species.

3.4 Conclusion

We have characterized the oxidative reactivity of solid multilayer DMMP by O(3P) using time-

resolved RAIRS and complementary XPS. Our analysis suggests that destruction is initiated via

hydrogen abstraction from methyl or methoxy groups. In turn, resultant hydroxyl and DMMP

radical intermediates formed subsequently react with surrounding DMMP molecules, and also po-

tentially with additional O2 present in the beam under our conditions. While XPS confirms that

some carbon is lost from the surface, it also shows oxygen incorporation within the film resulting

from continued exposure. At 155 K, 0.12 eV O(3P) atoms do not destroy thicker (≥ ten lay-

ers) DMMP films all the way down to the substrate on which they are deposited. We propose

that the radical side-reactions initiated by O(3P) under our experimental conditions yield hydroxy-

lated oligomeric species whose presence hinders continuous destruction of a significant fraction of

thicker DMMP films. Despite this observed resistance, unreacted DMMP can freely desorb from

the Au(111) surface upon thermal annealing, leaving the stable products behind.
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Chapter 4

Oxidative Destruction of Multilayer Diisopropyl Methylphosphonate Films

by O(3P) Atomic Oxygen

In this chapter, we present work detailing the oxidative destruction of the nerve agent simulant

diisopropyl methylphosphonate (DIMP) with O(3P) using time-resolved, in situ RAIRS and XPS.

Thermally annealed DIMP films deposited on Au(111) react upon exposure to a supersonic beam

containing O(3P) with average translational energies of 0.12 eV. The reaction is initiated by a

hydrogen abstraction from one of three possible sites on DIMP, and then progresses through vari-

ous secondary reactions with resultant hydroxyl radicals, carbon-centered DIMP-derived radicals,

and nondissociated O2 in the beam. Uptake of oxygen into the film accompanies these reactions,

leading to new hydrogen bonding with the DIMP phosphoryl group. The generated products also

present greater thermal stability than pristine DIMP, suggesting the formation of a distribution of

oligomeric and polymeric products. As reactivity is observed to decrease upon continued O(3P)

exposure, this product likely forms a protective layer at the vacuum-film interface, hindering de-

struction of thicker films. Importantly, the rate of reaction and general reactivity trends are the

same between DIMP and the smaller simulant DMMP (Chapter 3). The comparable reaction

rates of the two molecules coupled with oxygen’s inability to erode thick films all the way down to

the substrate have specific implications for the development of oxidation-based decontamination

strategies for these and other organophosphates in the solid phase. The findings presented in this

chapter add significant new fundamental understanding of the oxidative chemistry of such species,

knowledge needed in order to develop efficacious nerve agent decontamination strategies and to

refine of existing models for the dispersal, adsorption, persistence, and destruction of organophos-

phates in the environment.
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4.1 Introduction

As discussed in Chapter 3, understanding the oxidative destruction of organophosphates is in-

creasingly essential for national defense and environmental protection.87,88 Organophosphonate

nerve agents like Soman and Sarin remain a significant threat in modern warfare, despite the multi-

national treaty aimed at preventing their creation and stockpiling.25 Additionally, many industries

use less toxic organophosphates widely as pesticides and fire-retardant additives.89,90 Whether

combating dangerous exposure to nerve agents, modeling the environmental impact of pest control

measures, or exploring the efficacy of flame retardant coatings, it is critical to understand both

the atmospheric and condensed phase destruction pathways, persistence, and dispersal of these

compounds.91–93

In studies of both gas phase and surface adsorbed organophosphate reactivity, it is clear that

oxygen plays a crucial role in the effective destruction of these compounds. Under atmospheric

conditions, for example, it is widely accepted that reaction with hydroxyl radicals is the dominant

loss process for organophosphates.86,93–96 Scientists have also extensively studied the surface-

induced, photocatalytic, or thermal destruction of these compounds on metals,27,30,31 metal ox-

ides,32–40 and nanoparticle assemblies.41,45,46,97 While metal oxides in particular are often suc-

cessful in decomposing organophosphates through coordination to surface-bound hydroxyl groups,

many are limited by the number of active sites and significantly decreased activity upon repeat cy-

cles of adsorption and reaction. Recently, these limitations were partially alleviated by the addition

of ozone to the reaction,59,60 which again highlights the importance of oxygen in the reliable de-

struction of these compounds. Even in larger-scale decontamination strategies that involve the

use of atmospheric pressure plasma sources,61–65,98 the presence of molecular and atomic oxygen

species has been shown to improve overall efficacy.63,98

In the current chapter, we present a detailed picture of the oxidative destruction of multilayer

diisopropyl methylphosphonate (DIMP) exposed to O(3P). Again, we chose atomic oxygen in

its O(3P) ground electronic state, as it serves as an aggressive oxidant for simulant destruction
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while allowing for incisive experimental and theoretical mechanistic studies. This work is, in

part, an extension of the work presented in Chapter 3 on DMMP.99 In this chapter, the isopropyl

groups in DIMP provide an additional structural similarity with the nerve agent Sarin as well as the

possibility of observing alkyl reaction channels unseen in DMMP.94 The mechanistic conclusions

presented here for the oxidative reactions of both simulants are additionally informed by theoretical

investigations of the interaction between organophosphates and reactive oxygen species.71,72,93,100

Through the use of in situ RAIRS and XPS, we conclusively demonstrate oxidative destruction

between adsorbed DIMP and O(3P) under UHV conditions, and compare that to the analogous

reaction with DMMP. For both simulants, an oxygen-enriched, thermally stable product is formed

upon exposure to O(3P). Additionally, the overall rate of oxidative destruction is identical between

the two molecules, despite the differences in functional groups. As such, the findings contained

herein have important implications for the solid phase destruction of organophosphates; future

decontamination and environmental modeling techniques will have to take into account the fact

that the relative rates, byproducts, and persistence of these compounds may vary greatly between

the condensed and gaseous phases.

4.2 Experimental Section

We performed all of the experiments described in this chapter in the molecular beam scattering

instrument described in Chapter 2. Our primary analytical techniques were time-resolved RAIRS

and XPS.

Most of the experimental details described here are identical to those used in Chapter 3.99 One

difference, however, is in the method for simulant film deposition. For these experiments, we dosed

DIMP on the Au(111) crystal surface through the beam source using 5% O2 in neon as the carrier

gas; all beam lines were pumped out to remove trace DIMP prior to turning on the O(3P) source

for reaction. We fit RAIR spectra (averaged over 200 scans at 4 cm−1 resolution) to Gaussian

peaks with linear baselines; integrated peak areas were used to quantify DIMP film thickness and

characterize products and reaction progress during exposure. Figure 4.1 contains a representative

42



Figure 4.1: Representative RAIR spectrum of DIMP film. RAIR spectrum of a 30-layer thick
DIMP film deposited on single-crystal Au(111). Signals referred to in the text include the P-O-C
(red; 995 and 1020 cm−1), P=O (blue; 1245 cm−1), and C-H (green; 2880, 2931, and 2981 cm−1)
stretching modes. All modes are highlighted in the DIMP spectrum and molecule inset.

spectrum of a 27-layer DIMP film, with the three characteristic regions most frequently referenced

herein (P-O-C, P=O, and C-H stretches) highlighted in color. The respective peak assignments are

consistent with expectations and values previously reported in the literature.39,101–104

To prepare films, we dosed DIMP onto the substrate at 165 K, under conditions where desorp-

tion is negligible. Immediately following the dosing, we annealed films at 182 K until they reached

the desired initial thickness. Analogous to the experiments performed in Chapter 3, we corre-

lated RAIR signal with a DIMP film thickness using isothermal desorption experiments within the

range 173-175 K. By tracking the integrated area of the P-O-C signals over time, it was possible

to distinguish multilayer from monolayer DIMP. As shown in Figure 4.2, the rate of desorption

changes abruptly upon reaching the monolayer, which allows for the quantitative determination

that a monolayer of DIMP corresponds to an average total integrated P-O-C intensity of 0.07 Ab-

sorbance units cm−1 using our current setup. We used this value to quantify initial DIMP film

thicknesses for all trials; peak line shapes remained consistent beyond 30 layers, the maximum

thickness referenced in this study.

Following deposition, we exposed DMMP films to O(3P) atomic oxygen using the source de-

43



Figure 4.2: Isothermal desorption of multilayer DIMP. Isothermal desorption of a DIMP film
at 174 K shows a clear distinction between multilayer and monolayer desorption rates, as tracked
via integration of P-O-C signals. The value at which the rate changes corresponds to the infrared
intensity of a single layer of DIMP.

scribed in Subsection 2.3.3. We similarly determined the O(3P) translational energy and flux

following the procedures described in Subsections 2.3.1 and 2.3.2. Typical values for the beam

impinging at normal incidence were, respectively, 0.12 eV and 2 × 1017 atoms cm−2 s−1. Beam

energy widths were approximately 0.06 eV. We note that while the experimental conditions for

O(3P) exposure are the same as in Chapter 3, all of the DIMP reactivity experiments discussed

herein involved significantly greater total O(3P) exposures. As such, we repeated the DMMP ex-

periments with this increased exposure to better compare the two molecules. This change did

not significantly alter any of our previous conclusions; the details of any minor refinements are

referenced in Section 4.3.

Our analysis of DIMP reactivity also included collecting XPS spectra of the C(1s), O(1s), and

Au(4f) regions. The full XPS system is described in Subsection 2.2.2; for these experiments we

operated the X-ray source at 10 kV and 20 mA and collected the spectra using 50 eV pass energy

and a 0.4 eV step size. We fit the spectral peaks in the same manner as that used in RAIRS analyses.
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4.3 Results and Discussion

4.3.1 Spectral Evidence of Reaction

As with DMMP, numerous transformations are observed in the RAIR spectra of a DIMP film

exposed to O(3P). Changes in four important spectral regions are highlighted in Figure 4.3 for a

7-layer film. We note here (and discuss further in Subsection 4.3.2) that the observed oxidative

reactivity is independent of original DIMP film thickness for the O(3P) exposures considered in

this study. The original peaks associated with pristine DIMP are clearly observed to decrease in

intensity upon exposure. In the P-O-C region (Figure 4.3a), it is the 995 and 1020 cm−1 signals

that decay; these peak locations match reported values for the asymmetric and symmetric P-O-C

stretches.39,101–104 This decay corresponds to reactive destruction of these modes.99 Concurrent

with this destruction, however, new intensity is observed between 1030 and 1100 cm−1. The

broadness of this new region makes exact peak fitting difficult, but we routinely established a

good fit with peaks at 1041 and 1063 cm−1. These peak locations are also nearly identical to

our recorded values for adsorbed DMMP, which suggests that they may correspond to the same

asymmetric and symmetric P-O-C stretches in a phosphonate ester with smaller alkyl groups. It

has been reported that the P-O-CH3 peak locations are 40-60 cm−1 greater than those associated

with P-O-iPr,85 Alternatively, these signals may be due to the formation of new P-O or P-O-H

groups. The locations and broadness of these modes are consistent with reported values for various

amorphous or glassy phosphate species.98,105–108

The P=O region (Figure 4.3b) undergoes a similar transformation on exposure to O(3P). The

pristine DIMP film has a single peak at 1245 cm−1, which is consistent with reported values for the

P=O stretch in gas and liquid phases or adsorbed on unreactive, nonhydroxylated surfaces.101–104

With O(3P) exposure, the 1245 cm−1 mode decays and is replaced by a new signal at 1216 cm−1.

As was reported for DMMP, this red-shifted peak location is the result of the P=O moiety coordi-

nating to surface hydroxyl groups, water, or other hydroxyl-terminated species through hydrogen

bonding.35,53,85,102,109 Therefore, unlike the P-O-C region, the decrease in intensity of the origi-

45



Figure 4.3: DIMP before and after O(3P) exposure. RAIR spectra of characteristic regions of a
7-layer DIMP film before (dashed line) and after exposure to O(3P) (solid line; total exposure of
1 × 1021 atoms cm−2). The total signal intensity decreases in the P-O-C (a), P=O (b), and C-H
(d) regions, but new signal growth appears in parts a and b. New peaks grow in upon exposure in
between 1650 and 1750 cm−1 (c). Further explanation of all peak intensity changes and shifts is
given in the text.
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nal P=O peak does not correlate with reactive destruction of P=O modes. Rather, the reaction of

DIMP with O(3P) generates hydrogen bonding sites within the film, resulting in some fraction of

the DIMP becoming partially solvated by hydrogen bonds. This is supported by Figure 4.4, which

shows the absolute areas lost and gained by peaks in the P=O (Figure 4.4a) and P-O-C (Figure

4.4b) regions. Clearly, the loss of area in the 1245 cm−1 signal tracks almost exactly with the area

gained in 1216 cm−1. This is unlike the behavior of the P-O-C peaks, for which area growth and

loss appear unrelated. Therefore, the P=O region is exhibiting a red shift in the original band.

In the C-H region (Figure 4.3d), the three original peak locations are consistent with literature

values for asymmetric P-CH3 (2981 cm−1), asymmetric C-CH3 (2931 cm−1), and symmetric P-

CH3 stretches (2880 cm−1).39,102,104 All three peaks decrease in intensity during the reaction

but no new peaks or shifts are observed, supporting reactive destruction of DIMP. The fact that

all three of these modes are observed to decrease in intensity indicates that the system has enough

energy to overcome the barriers for reaction at each of the C-H sites visible in the RAIR spectra (P-

CH3 and C-CH3). The tertiary C-H stretch of the isopropoxy group is unresolved in our spectra,

but theoretical barriers for hydrogen abstraction are comparable for both possible sites on the

isopropoxy groups, so the reaction is likely occurring at the tertiary site as well.71,72,93

The final change observed in the reacted DIMP RAIR spectra yet to be discussed is the growth

of a broad pair of peaks at 1645 and 1724 cm−1 (Figure 4.3c). A number of prior organophosphate

studies have identified carbonyl-containing products or intermediates with similar peak locations,

including destructive adsorption on metal oxides,37,45,97 gas-phase reactions with hydroxyl rad-

icals under atmospheric conditions,94 and destruction with a radio frequency plasma source.98

Probable sources of these new C=O bands are addressed in the next section.

4.3.2 Product Formation

Oxidative destruction of both DIMP and DMMP begins with a hydrogen abstraction step leading

to formation of a carbon-centered radical. This is supported by a myriad of both theoretical and

experimental work concluding that hydrogen abstraction is the most energetically accessible chan-
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Figure 4.4: P=O and P-O-C regions during O(3P) exposure. Changes in integrated peak areas
are shown for the P=O (a) and P-O-C regions (b) of a 27-layer DIMP film. The area lost from
peaks associated with pristine DIMP is shown in black (1245 cm−1 for P=O and 995 and 1020
cm−1 for P-O-C, while the area gained by new peaks is shown in blue (1216 cm−1 for P=O and
1041 and 1063 for P-O-C). In the P=O region, intensity shifts away from the original peak due to
solvation by new hydrogen bonds. Conversely, in the P-O-C region, the original peaks continue to
decay in intensity long after the new peaks have stopped growing in.
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nel for these organophosphates. We cite, for example, recent theoretical gas phase calculations for

O(3P) and Sarin (nerve gas for which DMMP and DIMP are both simulants), which report that

the upper limits for hydrogen abstraction barriers are 0.47, 0.20, and 0.19 eV for abstraction from

the methyl, isopropoxy tertiary C-H, and CH3 sites, respectively.71,72 While some of these pro-

jected barriers are larger than the current study’s mean beam energies (accounting for the energy

distributions), there are a few reasons why hydrogen abstraction is nevertheless feasible. First, the

barriers are likely lower in the solid phase due to formation of longer-lived collision complexes in

the film. This assertion is reinforced by experimental evidence indicating that reactions between

O(3P) and organic or hydrocarbon-based films proceed largely through such abstraction mecha-

nisms.82–84 Second, and perhaps more importantly, while the initial abstraction by O(3P) may

be energetically-limiting or rate-limiting, once a hydrogen has been abstracted, hydroxyl radicals

are produced. These hydroxyl radicals can continue reacting within the film, and the barriers for

hydrogen abstraction from DIMP by hydroxyl radicals are significantly lower.93,110 One theoret-

ical study concluded that abstraction from all three possible sites by hydroxyl radicals is facile

under atmospheric conditions, with barriers at or below 2kT for our system.93 These low-barrier,

secondary abstractions help explain why all of the DIMP C-H stretching peaks are observed to

decrease concurrently despite the possible disparity in barriers for direct abstraction by O(3P).

Spectral changes in the P=O region, as well as XPS analysis, confirm the continued reaction

and retention of oxygen-containing species within the film. In the P=O region, the shift in intensity

from 1245 to 1216 cm−1 is consistent with the analogous shift observed for DMMP and indicates

solvation of the P=O moiety by new hydrogen bonds.49,77,99 Additionally, the XPS data in Figure

4.5 verify that even when accounting for the loss of gaseous carbon-containing products such as

CO and CO2,60 comparison of C(1s) and O(1s) signals between pristine and reacted DIMP films

shows a substantial increase in the relative NO/NC ratio at the surface.

A number of studies have examined the radical reactions of organophosphates under atmo-

spheric and aqueous conditions, and have proposed relevant pathways that provide a useful mech-

anistic foundation for this work.86,93–96,100,111–113 Following the rate-determining hydrogen ab-
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Figure 4.5: XPS of reacted and pristine DIMP films. XPS data of 17-layer DIMP films as
deposited and after O(3P) exposure demonstrating that the NO/NC ratio increases, confirming oxy-
gen is incorporated into the film. We have scaled the data such that the carbon (1s) peak areas
are equivalent in both films, which accounts for the fact that some carbon is also lost as gaseous
species during reaction.

straction by O(3P) or hydroxyl radical, it is likely that O2 from the beam adds to the resultant

carbon-centered radicals, forming peroxy radicals (RO2·).93,114–117 These radicals have a num-

ber of possible subsequent reaction pathways, including reactions 1 and 2 detailed in Figure

4.6.114,118,119 Reaction 1 presents a clear explanation for the uptake of oxygen in the film that

is observed with XPS, since both of the nonradical products have new oxygen-containing func-

tional groups. Additionally, these products account for both the observed increase in hydrogen

bonding within the film and the appearance of bands in the C=O stretching region of the RAIR

spectra. Reaction 2, on the other hand, is not a termination reaction and therefore presents yet

another set of possible reaction pathways, detailed in reactions 3 and 4 in Figure 4.6.120–123

These latter reactions provide further evidence for carbonyl-containing products, as well as

a product with a smaller alkoxy group, possibly accounting for the new bands observed in the

P-O-C region of reacted DIMP. Because the initiating hydrogen abstraction step can occur at all

three possible sites, there are, of course, a great many more possible reaction pathways than just

those discussed here, including combinations and cross-reactions between different radical species.
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Figure 4.6: Proposed reaction pathway for DIMP oxidation. Possible reaction pathways follow-
ing the hydrogen abstraction from a primary isopropyl carbon in DIMP and subsequent addition of
O2. Reactions include disproportionation (1) to form carbonyl- and hydroxyl-containing products,
as well as conversion to alkoxy radical species (2). Alkoxy radicals can undergo unimolecular
decomposition (3) or further reaction with hydroxyl radicals in the film (4).

While gas phase barriers, rate constants, and branching ratios have been reported for many of the

analogous alkoxy and peroxy radical reactions and decompositions, they are difficult to reliably

apply to such a complex solid phase system, whose spectroscopic bands tend only to broaden

and convolute. The spectroscopic evidence and mechanisms presented here do, however, largely

align with atmospheric studies of DMMP and IMMP (isopropyl methylphosphonate). The prod-

ucts of the reaction between hydroxyl radicals and IMMP, for example, include formaldehyde and

acetone as well as the carbonyl-containing phosphonate, iPrOP(O)(CH3)OC(O)CH3.94 A distinct

P-O-C=O band is unidentifiable in the data presented here, but this mode possibly overlaps with

DIMP’s P-O-C stretches or may also simply be too small and broad to detect on top of the lower

wavenumber DIMP peaks.85

Another consequence of the reactions taking place in a solid film is that reaction products and

intermediates are in close spatial proximity. Therefore, it can be expected that some of the com-

bination reactions may lead to various cross-linked and higher molecular weight oligomeric and

polymeric products (referenced herein as simply “polymeric products”). Polymeric byproducts

have been reported during investigations of the decomposition of organophosphates under both

gaseous and surface-adsorbed conditions.62,66 It is often difficult, spectroscopically, to conclu-

sively identify evidence of P-O-P or P-R-P stretching modes, because they either overlap with
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Figure 4.7: Isothermal desorption of pristine and reacted DIMP films. Stepped isothermal
desorption experiments on pristine (blue) and reacted (red) 17-layer films show that DIMP exposed
to O(3P) exhibits much greater thermal stability on the substrate. In the reacted film, the integrated
intensity of the P-O-C region (normalized to original film thickness) begins to decrease at a surface
temperature approximately 30 K higher than the point at which the pristine film decreases. RAIR
spectra in the corresponding region of each of the simulants are displayed in the inset.
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other absorption bands or appear as smaller, broader peaks.85 Instead, we find evidence by mon-

itoring the thermal stability of the film after reaction. After a DIMP film has been exposed to

O(3P), we systematically increase the surface temperature from 165 to 350 K at 0.05 K s−1 and

hold it constant at a series of intermediate temperatures for the duration of a spectrum acquisition.

For comparison, a pristine film is subjected to identical treatment. A representative summary of

this data for the P-O-C region is given in Figure 4.7. Clearly, the thermal stability of a reacted

DIMP film is much greater than that of a pristine film. As the RAIR spectra inset shows, unreacted

DIMP is fully desorbed by 200 K, whereas a reacted film retains appreciable intensity at 350 K and

beyond. Moreover, when the reacted film does begin to desorb, intensity is lost from the original

P-O-C peaks first, indicating that unreacted DIMP is eventually freed. This increase in product

stability cannot be explained fully with the initial unimolecular and bimolecular reactions given

in Figure 4.6. Rather, radical intermediates likely react in a series of steps, forming the observed

oxygen-containing species of higher molecular weight.

As observed in Figure 4.7, the full retention of spectral intensity for an additional 30 K in a re-

acted film suggests that even the unreacted DIMP possesses some increased thermal stability on the

substrate following O(3P) exposure. A possible explanation for this is that the oxidative reaction

begins at the vacuum-film interface and progresses layer-by-layer into the film. The subsequent

reactions lead to the formation of a thermally stable, polymeric overlayer on top of the remaining

unreacted DIMP. Until the surface temperature is high enough to destroy or increase the mobility

of this polymeric overlayer, the unreacted DIMP is effectively trapped on the surface. Evidence for

this type of “top-down” reactivity is presented in Figure 4.8, which shows the absolute area lost

from the original P-O-C peaks in a 7, 17, and 27-layer DIMP film as they are exposed to O(3P). Re-

gardless of initial film thickness, the reaction progresses at the same rate. The reaction then begins

to slow as either the film is completely eroded or, in the case of thicker films, the O(3P) is simply

unable to penetrate and continue reacting in the bulk. This decay, like for DMMP, therefore does

not follow simple first or half-order kinetics with respect to O(3P) exposure. The formation of the

polymeric overlayer thus hinders not only desorption of unreacted DIMP but also the destruction
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Figure 4.8: DIMP oxidative reactivity as a function of initial film thickness. RAIR spectra
for 7-, 17-, and 27-layer DIMP films showing that reaction probability decreases with continued
O(3P) exposure. The data shown are the integrated areas lost from the original P-O-C peaks (995
and 1020 cm−1) upon O(3P) exposure. The overlap of the data confirms that multilayer reactivity
is independent of original film thickness and likely initiates at the vacuum-film interface. The
earlier turnover of the 7-layer film likely reflects the reaction front beginning to terminate as it
approaches the film-substrate interface.

of thicker films all the way down to the substrate. We repeated this experiment with DMMP under

the same heating rate conditions for exact comparison. The same trends emerge: a stark increase

in thermal stability of the reacted product, and when desorption begins, it is the unreacted simulant

that desorbs first.

4.3.3 Comparison of DIMP and DMMP Reactivity

Qualitatively, there are many similarities in the behavior of DIMP and DMMP films exposed to

O(3P). In Figure 4.9, the RAIR spectra of both reacted films show: a decrease in intensity of the

asymmetric and symmetric P-O-C stretches, a red shift of intensity in the P=O stretch, and a broad

growth between 1650 and 1750 cm−1 that we attribute to new C=O stretching modes. The only

key difference is the growth of two new, bluer peaks at 1041 and 1063 cm−1 in the P-O-C region

of DIMP. These peaks are attributed to products or intermediates in the oxidative destruction of

DIMP and are unobserved in DMMP. As such, total reactivity of the two molecules is compared

exclusively via decay of the original P-O-C peaks. Such a comparison is shown in Figure 4.10.
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Figure 4.9: Spectral changes in DIMP and DMMP films during oxidation. We observe anal-
ogous changes in the RAIR spectra of pristine (dashed) and reacted (solid) 17-layer DIMP and
12-layer DMMP films. C-H modes are not included here due to their low intensity in DMMP
spectra.

Once the P-O-C peak decay is scaled to the integrated intensity of the monolayer (Figure 4.2), the

reactivity of DIMP and DMMP are clearly identical.

Many of the reaction channels presented here for DIMP are possible for DMMP as well. Dif-

ferences may, however, be expected in the overall reaction rates for the two molecules, due in

part to differences in both initial hydrogen abstraction rates and preference for tertiary hydrogen

abstraction in the gas phase.94,114,117 However, the barriers for all possible hydrogen abstractions

in DIMP and DMMP are comparable in magnitude, especially when considering abstractions by

generated hydroxyl radicals.71,72,93,110 The replicable decay observed in the C-H peaks of both

molecules upon O(3P) exposure attests to the fact that these barriers are indeed accessible by the

system. Furthermore, once radicals have begun forming, the close spatial proximity of radical

species in the film will likely contribute to a high rate of secondary reactions.124,125 The multitude

of channels available, as well as the accessibility of initial abstractions, leads to the comparable

observed overall rates of reaction for DIMP and DMMP in this study.
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Figure 4.10: Comparison of DIMP and DMMP oxidation rates. The integrated area lost from
the two original P-O-C peaks of both molecules (995 and 1020 cm−1 for DIMP, 1041 and 1066
cm−1 for DMMP), scaled to respective monolayer areas. The scaled reaction rates for the two
simulants are indistinguishable.

4.4 Conclusion

We have characterized the oxidative destruction of solid multilayer DIMP by O(3P) using time-

resolved RAIRS and XPS. The reaction begins with hydrogen abstraction from one of three pos-

sible sites on the DIMP molecule by an incident O(3P) or hydroxyl radical intermediate. The

resultant carbon-centered radicals go on to either unimolecularly decompose or further react with

nondissociated O2 in the beam or a neighboring radical in the film. The overall destruction per unit

dose decays upon continued O(3P) exposure, independent of film thickness. The products formed

during reaction possess greater thermal stability on the substrate than unreacted DIMP, which leads

to the conclusion that at 165 K, 0.12 eV O(3P) erodes the top layers of a DIMP film, forming an

oxygen-containing product overlayer that hinders the continued reaction of DIMP fully down to

the substrate. Interestingly, the reactions of O(3P) and both DIMP and DMMP progress at the

same overall rate and lead to similarly persistent polymeric products. This is in contrast to gas

phase analyses that find faster rates of oxidation for DIMP.

These findings aid our understanding of condensed phase organophosphate destruction. For
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example, protection of unreacted compounds afforded by a polymeric overlayer could explain

why organophosphates coating inert particles in the atmosphere have longer lifetimes than their

gas phase counterparts.96 Additionally, the clear importance of organophosphate reactions with

hydroxyl radicals observed here serves to reinforce our understanding of these compounds’ known

flame retarding properties.126

Extension of this work could examine the oxidative destruction of these compounds on a vari-

ety of representative environmental surfaces, both reactive and inert; reactive surfaces may include

metal oxides like silica or titania, while inert surfaces may include some organic thin films, wa-

ter ice, or biopolymers. This will aid in developing nerve agent decontamination strategies and

refining existing models for the dispersal, persistence, and destruction of organophosphates in the

environment.
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Chapter 5

Rapid Laser-Induced Temperature Jump Decomposition of the Nerve Agent

Simulant Diisopropyl Methylphosphonate under Atmospheric Conditions

In our third study of nerve agent destruction, we present work detailing the destruction of DIMP

via rapid laser heating under atmospheric conditions. Following Nd:YAG laser ablation of liquid

DIMP deposited on a graphite substrate, both parent and product fragments are transmitted via

capillary from an atmospheric chamber to a vacuum chamber containing a high-resolution mass

spectrometer. This allows for real time measurements of product distributions under a variety of

temperature and atmospheric conditions. Ex situ Fourier transform infrared (FTIR) spectroscopy

analysis of the same chamber contents provides complementary information about product identi-

ties and fragmentation pathways. Results demonstrate that product distributions depend on heating

rate, surface temperature, and atmospheric oxygen content. In the destruction of DIMP, the relative

production of alkene products depends significantly on laser power; smaller products are relatively

more abundant at higher ablation temperatures. We also show that in the absence of atmospheric

oxygen, the concentration of oxygenated products decreases sharply relative to alkene and alkane

products. This suggests that under high-temperature conditions, atmospheric oxygen is incorpo-

rated directly into the products of the fragmented simulant. This project extends significantly our

understanding of the fundamental chemistry of these dangerous compounds under atmospheric and

rapidly changing thermal conditions. The results have critical implications for the development of

effective chemical warfare agent decontamination and destruction strategies.
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5.1 Introduction

Due to the threat chemical warfare agents (CWAs) pose to the global community, there is consid-

erable interest in detecting, destroying existing stockpiles, and decontaminating areas affected by

these compounds.67,127 Current large-scale destruction techniques include incineration87 and neu-

tralization by base hydrolysis, but these strategies come with additional challenges regarding safe

transport and toxic byproducts.26 Therefore, it remains critical to continue developing new strate-

gies and to understand the exact chemistry of agents’ destruction in both vapor and condensed

phases. Of particular interest are the extremely dangerous organophosphonate nerve agents Soman

and Sarin.92 Sarin, for example, has a high estimated toxicity of 35 mg min m−3 in humans via

vapor inhalation.128 Even beyond these dangerous compounds, many less toxic organophospho-

nates have found widespread industrial use as plasticizers, flame retardants, fire-resistant fluids

and lubricants, and pesticides.86,90 It is therefore important to characterize environmental impacts

and remediation strategies for organophosphonate contaminants more broadly. This study adds to

our fundamental understanding of the primary chemical kinetics and physical processes occurring

when these compounds are exposed to rapid heating under atmospheric conditions.

In a continuation of the work presented in Chapters 3 and 4, the current chapter presents a

detailed investigation of the laser-induced, high temperature rapid heating destruction of DIMP

(Figure 5.1).33,39,66 We again selected DIMP from among the class of organophosphonate sim-

ulants for two reasons. First, DIMP shares key structural similarities with the nerve agent Sarin,

which is a compound of particular interest due in part to its use in urban terror attacks in Japan

and its exposure to US troops abroad.26,33 Second, it has been shown in a number of pyrolytic

and thermal studies that a significant organophosphonate destruction channel yields substituted

and unsubstituted carbon products resulting from the alkoxy moiety.66,68,109,129–133 This gaseous

product array is easily detectible and differentiable via mass spectrometry and FTIR analyses,

which enables a robust investigation of the impact of laser heating rate, surface temperature, and

atmospheric pressure on simulant destruction.
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Figure 5.1: Chemical structures of Sarin and DIMP. Chemical structures of the nerve agent sarin
(red) and the simulant DIMP (black) differ only in the replacement of fluorine with an additional
oxygen and isopropyl group.

In addition to experimental and theoretical work on the thermal decomposition and combustion

of these compounds,66,68,132,134,135 this work is an extension of previous work examining oxida-

tive99,136 and laser destruction137 of adsorbed chemical nerve agent simulants under UHV condi-

tions (Chapters 3 and 4). As discussed, the oxidative destruction of DIMP and DMMP progress

at similar rates and yield oxygen- and carbonyl-containing oligomeric product species.99,136 Laser

desorption and destruction studies of a number of Sarin simulants (DIMP, DMMP, and diethyl

ethylphosphonate), demonstrated lower temperature thresholds for destruction of simulants with

relatively larger phosphonate side chains.137 On the basis of these results, we again expect that the

majority of gas phase products in this study will include a variety of 1, 2, and 3-carbon products

generated from the DIMP isopropyl group, with possible incorporation of atmospheric oxygen.

Using a unique atmospheric pressure ablation chamber, rapid laser heating of 1011 K s−1, and

in situ MS, the experiments in this chapter probe the reaction products in the prompt destruction

of DIMP under atmospheric and, for the first time, oxygen-depleted atmospheric conditions. In

addition to identifying product branching ratios as a function of laser power, the manipulation

of oxygen content allows us to elucidate the mechanistic role of oxygen in simulant destruction.

This basic understanding is critical for practical decontamination strategies that involve, for exam-

ple, flame incineration, as these conditions often lead to significant oxygen depletion in the local

environment.138

In the laser-induced thermal destruction of DIMP, we demonstrate that the resulting product
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distribution depends on both surface temperature rise and atmospheric oxygen composition. More

specifically, the relative production of small alkene products depends significantly on laser power;

the relative yield of smaller substituted products is higher when the sample is ablated with higher

laser powers. Likewise, under oxygen-depleted conditions, the relative amount of oxygenated

products decreases sharply relative to alkene and alkane products. This suggests that under ex-

treme high-temperature conditions atmospheric oxygen is incorporated directly into the products

of the fragmented simulant. Such findings are directly relevant to producing novel CWA mitigation

strategies and maintaining national security.

5.2 Experimental Section

Unlike the other chapters in this thesis, we conducted all experiments for this chapter in a newly

constructed atmospheric-mass spectrometry apparatus, shown in Figure 5.2. Additional measure-

ments were collected via ex situ FTIR analysis. In short, a QMS (UTI 100) occupies a high-vacuum

chamber reaching base pressures of 10−9 Torr. This chamber samples, via a 20 cm fused silica

capillary with a 25-µm inner diameter, the gaseous products produced in a small, adjacent atmo-

spheric chamber used for laser ablation trials. A second identical inlet capillary in the atmospheric

chamber ensures that atmospheric pressure is maintained during experimental sampling. The vol-

ume of the atmospheric sampling chamber is small (approximately 40 cm3), which enables rapid

diffusion of vapor products; changes in chamber contents are detected by the mass spectrometer

within 300 ms. We do note that the capillary is not heated, so there is a possibility for vapor

condensation of DIMP or associated products during transport. Gas phase products are, however,

expected to thermalize rapidly in the atmospheric chamber, so we do not expect condensation in

the capillary to be a major pathway. The large pressure differential between the two chambers also

ensured consistent gas flow through the capillary, and repeated use of the same capillary showed

no blockage, indicating that condensation was not happening on a large scale.

In order to prepare DIMP samples for ablation, we routinely purged the atmospheric chamber

and re-opened it to atmosphere between trials. The substrate for all experiments was a highly
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Figure 5.2: Schematic layout of atmospheric ablation chamber. We conducted laser ablation
experiments in a joint atmospheric and high vacuum apparatus. We ablated condensed DIMP
simulant films in an atmospheric chamber with a Nd:YAG laser; gaseous products are transported
via capillary (green) to a high vacuum chamber containing a QMS for analysis.

ordered pyrolytic graphite crystal (HOPG, Bruker). In addition to chamber purging, we exfoliated

the HOPG surface between trials to ensure reproducible surface quality and composition. To begin

each experiment, we deposited 10 µL of DIMP (Alfa Aesar) on the HOPG surface and sealed the

chamber. A background mass scan was then collected; final product analysis was performed on

the background-subtracted spectra collected following ablation.

We ablated DIMP films with pulses from a Nd:YAG laser (Quanta-Ray GCR 130) producing

near-IR photons at 1064 nm. To estimate the surface temperature on the HOPG substrate induced

by the laser pulse, we carried out the following calculation for one-dimensional heat flow into a

semi-infinite slab of material (transverse propagation of the beam is large compared to the depth of

heat conduction into the film). Assuming that the optical absorption coefficient of HOPG is large

(on the order of 104 – 106 cm−1),139–142 the surface temperature of the HOPG surface at time t

can be calculated as:143

T (0, t) =
2F0
K

(
κt
π

)1/2
(5.1)

In Equation 5.1, F0 is the absorbed incident flux from the laser, K is the thermal conductivity

of HOPG and κ is the thermal diffusivity (reported as 290 W m−1 K−1 and 0.000165 m2 s, respec-
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tively).144 In practice, the total pulsed laser power is first measured with a Scientech calorimeter

(Model 38-0101). We then convert this output to pulse energy by incorporating the pulse frequency

(20 Hz) and scaling to the duration of individual pulses (8 ns). Pulse energies in this study range

from 0.103 to 0.244 J. This total flux is further scaled to the reflection coefficient of HOPG (re-

ported as 0.21 at 300 K).139 With this model, peak laser powers raise the crystal temperature to

approximately 2830 ± 110 K at a heating rate of 3.2 × 1011 K s−1. The error cited for tempera-

ture is a standard propagation including error from the calorimeter measurement, pulse width, and

HOPG reflection coefficient. We note that simulant films were ablated for 2 minutes at 20 Hz in

order to generate sufficient product signal for analysis. However, product signals (propene at m/z

= 41, for example) were detected for single pulse ablations and thermocouple measurements of

the HOPG crystal show a steady-state temperature rise of only approximately 350 K as a result of

the extended ablation. We therefore assume that the modest temperature rise caused by extended

ablation is negligible compared to the high temperatures during each individual pulse.

MS analyses involved a series of steps illustrated with representative data in Figure 5.3. To

begin, background spectra were subtracted from post-ablation spectra (Figure 5.3a). Next, the

MALDIquant R package was used for data smoothing (using a 7-point Savitzky-Golay-filter, Fig-

ure 5.3b) and peak detection.145,146 In order to deconvolve the spectra into individual product

contributions, it was first necessary to build a library of fragmentation patterns for the proposed

products. To this end, mass spectra were collected for propene (Sigma Aldrich), acetone, and iso-

propyl alcohol (IPA, both from Thermo Fisher). The spectra for additional products, ethylene and

acetylene, were obtained from reference data from the National Institute of Standards and Technol-

ogy (NIST).147 Once this library was complete, the relative product contributions for the ablated

spectra were determined using a least-squares analysis (Figure 5.3c). We note that though present

in the background-subtracted spectra, large peaks associated with atmospheric gases like N2, O2,

Ar, and so forth, were excluded from this deconvolution procedure because of the difficulty sepa-

rating trace product signals from atmospheric contributions. The omission of m/z = 27 and 28 in

particular made it difficult to distinguish ethylene and acetylene. Therefore, all discussions herein

63



Figure 5.3: Representative analysis of DIMP mass spectra. We process and analyze MS of
ablated DIMP in three steps. Background spectra are subtracted from post-ablation spectra (a).
These background-subtracted spectra are smoothed (red, b) and peaks are detected (black bars, c).
A least-squares procedure is used to determine relative product yields and reproduce the ablated
spectra (red bars, c).

will group these two-carbon products together.

In addition to MS, we used a second modular chamber for concurrent ex situ FTIR analysis of

ablated products. To begin these experiments, we purged a 150 cm3 IR cell with ZnSe windows to

approximately 25 mTorr. We then connected the chamber via a leak valve to an analogous atmo-

spheric chamber for simulant ablation. Following the ablation procedure, the valve was opened,

allowing the evolved gaseous products to escape into the purged chamber. The contents of the un-

heated chamber were analyzed using a Nicolet iS50 infrared spectrophotometer (Thermo Fisher)

and a liquid-nitrogen-cooled MCT/A detector. We averaged all such FTIR spectra over 200 scans

at 4 cm−1 resolution; peak fitting analysis utilized Gaussian peaks atop cubic baselines.

5.3 Results and Discussion

5.3.1 FTIR Product Analysis

Previous investigations into the thermal destruction of DIMP have consistently identified a number

of products including propene, IPA, and ethylene. These studies include destruction via pyrol-

ysis, combustion, exposure to a corona discharge, dissociative adsorption, laser ablation, and so

forth.66,68,76,126,127,148 While this provides a reasonable set of products to look for, the current
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Figure 5.4: Representative FTIR spectrum of ablated DIMP. Following ablation to approxi-
mately 2720 K, FTIR spectra show clear evidence of residual DIMP as well as acetylene, propene,
and ethylene products.

work represents the first direct study of rapid laser heating (on the order of 1011 K s−1) of ad-

sorbed liquid DIMP under atmospheric pressure and oxygen-depleted conditions. It is therefore

necessary to firmly establish the full range of products before attempting to assess branching ra-

tios; this was done using ex situ FTIR. The representative spectrum of ablated DIMP in Figure

5.4 shows clear evidence of propene, ethylene, acetylene, as well as contributions from unreacted

DIMP or other partially decomposed organophosphonate fragments such as isopropyl methylphos-

phonate (IMP). In addition to the prominent phosphonate P-O-C stretching modes at 995 and 1020

cm−1, we observe significant signal intensity from propene’s =CH2 wagging mode (912 cm−1)

and the bending modes of acetylene and ethylene (730 cm−1 and 949 cm−1, respectively). All

peaks referenced herein are consistent with those reported for the corresponding molecules in the

gas phase.39,101,102,147,149–152 CO is also observed, but this is difficult to uniquely assign to ei-

ther DIMP or HOPG ablation. Additionally, other small product peaks are observed in the spectra

beyond those highlighted in Figure 5.4, but we were not able to clearly establish their identities

using FTIR alone.

In both FTIR and the following MS analyses, we note that the scope of our experiment did not
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Figure 5.5: FTIR - product distribution with increased surface temperature. Relative pro-
duction of ethylene and propene changes as a function of laser ablation power. FTIR spectra
normalized to propene height (a) demonstrate increases in relative ethylene production as surface
ablation temperature increases. Baseline and other product peaks have been subtracted for clarity.
The relative integrated area of the associated peaks (b) shows that this trend is observed throughout
the temperature range explored in this study (error bars represent the standard deviation of at least
three trials at each ablation temperature).

include direct quantification of condensed-phase products or parent molecules remaining on the

HOPG substrate or in the atmospheric chamber. Similar to other studies, however, our gas-phase

product analysis suggests that it is primarily phosphorus-containing products that remain following

thermal destruction.66,153 In addition to unreacted DIMP, these products likely include IMP and

methylphosphonic acid (MPA).

As laser power (and thereby HOPG surface temperature) is increased, an interesting trend

emerges in the relative distribution of products. When we normalize spectra to the height of the
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propene peak, we see a corresponding relative increase in the height of ethylene (Figure 5.5a). If

the relative areas of these two peaks are plotted as a function of HOPG surface temperature (Figure

5.5b), it becomes clear that as the ablation temperature increases, ethylene production increases

relative to propene. The same trend is observed for relative propene and acetylene production.

Without precise absorption cross-sections for these compounds it is difficult to quantify the abso-

lute amount of each product formed. It is clear, however, that higher temperatures lead to a higher

yield of smaller substituted carbon products.

5.3.2 Effects of Varying Surface Temperature

The results described in the preceding section were easily replicated with in situ mass spectrom-

etry. However, it is important to note that the MS data reveal some additional minor products

unidentified in the FTIR data. FTIR spectra provided no conclusive evidence of oxygenated ab-

lation products, despite their suggested presence in other pyrolytic and thermal decomposition

studies of DIMP.68,76,126 Background subtracted mass spectra of ablated DIMP, however, show

clear increases in m/z = 43 and m/z = 45 (acetone and IPA, respectively). The yield of both of

these products is consistently small relative to propene and ethylene/acetylene, so their absence in

FTIR spectra may simply be due to lack of sensitivity. Therefore, mass spectra are deconvoluted

into contributions from four observed products: propene, ethylene/acetylene, acetone, and IPA.

Figure 5.6 shows the least-squares fit for the data collected in three representative trials at differ-

ent ablation powers. When the data are normalized to propene signal (m/z = 41), there is a clear

corresponding relative increase in the amount of the smaller acetylene and ethylene products. In

other words, these results again suggest that peak surface temperatures impact the extent of bond

cleavage and identity of destruction products.

5.3.3 Effects of Varying Atmospheric Oxygen

In order to probe the role of atmospheric oxygen in DIMP destruction, we performed a series of ex-

periments with variable partial pressures of oxygen. Following simulant deposition, the sampling
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Figure 5.6: MS - product distribution with increased surface temperature. Reproduced repre-
sentative mass spectra (a) from a least-squares fit of the data (normalized to propene signal at m/z
= 41) show an increase in low molecular weight products (ethylene and acetylene) as laser power
is increased. This can also be seen in the normalized relative intensities of propene and acety-
lene/ethylene (m/z = 26) averaged across all trials (b). Ablation surface temperatures are 1440 K
(blue), 2140 K (green), and 2830 K (red). Dotted line is drawn to guide the eye.

chamber was carefully purged with N2 until a desired oxygen pressure was reached (as measured

with the QMS). The chamber, however, was still maintained at atmospheric pressure. After ab-

lation at the highest laser powers, the results in Figure 5.7 show that the presence of oxygenated

products plummets nearly to zero when atmospheric oxygen is reduced. Signals associated with

both acetone (m/z = 43) and IPA (m/z = 45) decrease sharply relative to propene (m/z = 41). This

observation is of critical importance; it demonstrates clearly that atmospheric oxygen is incorpo-

rated directly into the fragmenting DIMP molecule.

5.3.4 Mechanism of Destruction

We summarize the effects of varying both ablation surface temperature and atmospheric compo-

sition in Table 5.1. Each entry represents the average of at least three similar trials. In brief, we

observe that higher ablation temperatures lead to an increase in the relative production of shorter

chain substituted products (ethylene/acetylene vs. propene). Additionally, a reduction in available

atmospheric oxygen leads to a decrease in the relative production of oxygenated products (acetone

and IPA vs. propene). These results inform the following discussion of the mechanisms underlying
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Figure 5.7: MS - product distribution with decreased atmospheric oxygen. Reproduced rep-
resentative mass spectra (a) from a least-squares fit of the data (normalized to propene signal at
m/z = 41) show a sharp decrease in oxygenated products as available oxygen decreases. This can
also be seen in the normalized relative intensities of propene, IPA (m/z = 45) and acetone (m/z =
43) averaged across all trials (b). Recorded oxygen pressures in the QMS chamber were 1 × 10−6

Torr under atmospheric ablation conditions (red), 2 × 10−7 under low oxygen conditions (green),
and 3× 10−9 Torr under oxygen-depleted conditions (blue). Dotted line is drawn to guide the eye.

the thermal destruction of condensed-phase DIMP.

To begin, it has been proposed experimentally and theoretically that that the primary pyrolytic

destruction step for DIMP and other similar molecules is a unimolecular decomposition to IMP

and propene via a six-membered ring transition state.66,154–156 Moreover, propene production has

been observed under a variety of high temperature conditions, beginning with temperatures as low

as 700 K, which is lower than the ablation range studied here.66,137 In vacuum studies, propene

is also produced as a result of dissociative adsorption of DIMP.76,109 Essentially, many studies

agree that a major step in DIMP destruction involves the formation of propene. On the other hand,

few studies have identified direct mechanisms that yield smaller substituted products from DIMP’s

initial dissociation (and indeed no single initial bond scission is enough to yield a two-carbon

product from DIMP directly). Instead, it is likely that the smaller products (ethylene, acetylene,

methane, etc) are produced as secondary destruction products of propene.157,158 The results of

this work present evidence that indeed propene is likely one of the first products, and that higher

ablation temperatures increase the relative extent of further fragmentation.

The results of the oxygen study add interesting detail to the existing mechanistic picture.
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Chamber Conditions Relative Product Contributions
Oxygen (Torr) Ts (K) IPA Acetone Propene Ethylene/Acetylene
(1±0.1)×10−6 2830±110 0.2±0.05 0.1±0.06 1±0.16 1.2±0.18
(1±0.1)×10−6 2140±86 0.2±0.03 0.1±0.12 1±0.04 1.2±0.16
(1±0.1)×10−6 1440±64 0.1±0.08 0.4±0.13 1±0.13 0.5±0.06
(1±0.1)×10−6 2830±110 0.2±0.05 0.1±0.06 1±0.16 1.2±0.18
(2±1.7)×10−7 2830±110 0.0±0.03 0.1±0.08 1±0.27 4.2±0.86
(3±0.4)×10−9 2830±110 0.0±0.0 0.0±0.0 1±0.30 7.0±1.49

Table 5.1: Normalized product ratios following DIMP ablation. Summary of all DIMP ablation
experiments performed, normalized to propene production. As surface temperature is increased,
the relative ratio of ethylene and acetylene to propene increases. As available oxygen is decreased,
the relative production of IPA and acetone decreases.

Zegers and Fisher proposed a two-step pyrolysis mechanism for DIMP, beginning with the uni-

molecular decomposition that yields propene. The second step involves transfer of a hydrogen

from the phosphorous hydroxyl group to the oxygen of the isopropoxy group, yielding IPA and

methyl dioxophosphorane.66,68 Our observations suggest, however, that this intermolecular step

may not be the primary mechanism for IPA formation at these high-temperature, fast-heating, and

condensed-phase conditions. Instead, atmospheric O2 or radicals formed from thermal dissocia-

tion may abstract hydrogens or break bonds in the DIMP molecule directly. For example, if an

alkyl radical forms upon scission of the P-O-C bond, atmospheric O2 can readily add to generate

an alkoxy radical. This species, in turn, is expected to react or decompose readily to form both the

observed acetone and IPA.122,159,160 The direct incorporation of oxygen from the atmosphere in

this proposed mechanism would account for the observed dependence on oxygen pressure in the

ablation chamber in the production of oxygenated products.

5.4 Conclusion

Building on work investigating pyrolysis, dissociative adsorption, and laser ablation of chemi-

cal warfare agents and their simulants, this study presents a comprehensive look at rapid thermal

ablation of condensed DIMP under atmospheric pressure conditions. Decomposition products ob-

served include propene, ethylene, acetylene, IPA, and acetone, which are well in line with existing
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literature on thermal destruction of organophosphonates. Product distributions varied significantly

when both laser power (HOPG surface temperature) and oxygen content were altered; higher ab-

lation powers led to higher temperatures, which increased the extent of secondary fragmentation

in alkene and alkyne products observed. Lower oxygen partial pressures led to a sharp decrease

in oxygenated products, suggesting that a dominating mechanism in this system involves direct

incorporation of atmospheric oxygen into product fragments.

Though Sarin, unlike DIMP, includes a fluorine substituent on the central phosphorus atom,

there is reason to believe the results highlighted here have direct relevance for Sarin’s thermal de-

struction. Experimental work with simulants and nerve agents has shown significant correlation

between bond frequency and desorption energies, suggesting that simulants like DIMP are indeed

appropriate for modeling the chemistry of toxic agents.33 Perhaps more importantly, pyrolytic sim-

ulations of Sarin have confirmed that thermal destruction begins with the same six-center interme-

diate that leads to propene elimination.68 Therefore we expect that the chemistry observed in these

temperature-jump experiments is relatively generalizable to Sarin and other organophosphonates.

In addition to validating the applicability of these results on live nerve agents, extensions of

this work may include tracking the destruction temperature thresholds and product distributions

for additional simulants and simulant mixtures, as well as the impact of incorporating less absorp-

tive or reactive substrates. In general, this work continues to shed light on the basic mechanisms

of organophosphonate thermal destruction, related to those encountered under high temperature

rapid heating blast conditions. These results are critical for the accurate modeling of environmen-

tal persistence and implementation of mitigation strategies for chemical warfare agents and other

organophosphonate pesticides.
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Chapter 6

Sticking Probability of High-Energy Methane on Crystalline, Amorphous,

and Porous Amorphous Ice Films

We present research detailing the sticking probability of CH4 on various D2O ices of terrestrial

and astrophysical interest using a combination of time-resolved RAIRS and King and Wells mass

spectrometry techniques. As the incident translational energy of CH4 increases (up to 1.8 eV),

the sticking probability decreases for all ice films studied, which include high-density, non-porous

amorphous (np-ASW) and crystalline (CI) films as well as porous amorphous (p-ASW) films with

various pore morphologies. Importantly, sticking probabilities for all p-ASW films diverge and

remain higher than either np-ASW or CI films at the highest translational energies studied. This

trend is consistent across all porous morphologies studied and does not depend on pore size or

orientation relative to the substrate. We propose that in addition to offering slightly higher binding

energies the porous network in the D2O film is very efficient at dissipating the energy of the inci-

dent CH4 molecule. These results offer a clear picture of the initial adsorption of small molecules

on various icy interfaces; a quantitative understanding of these mechanisms is essential for the

accurate modeling of many astrophysical processes occurring on the surface of icy dust particles.
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6.1 Introduction

To create accurate models of the chemical and physical processes occurring in atmospheric and

terrestrial environments, it is necessary to examine molecular and atomic adsorption onto frozen

water ices.161,162 Furthermore, understanding the interactions between gas molecules and different

molecular ices can help to classify the composition and the history of complex multicomponent

ices.163 Adsorption on icy surfaces, in astrophysical environments for instance, is a critical first

step in a variety of recombination and addition reactions, some resulting in the formation of small

organic molecules.164,165

Ice can exist in a variety of crystalline and amorphous forms. Crystalline (CI) water ice with its

hexagonal lattice is the most common form of snow and ice on Earth166 and can also be found in

warmer astrophysical environments.167 Amorphous solid water (ASW), on the other hand, is the

most abundant form of water in astrophysical environments168 and is present in comets, planetary

rings, and interstellar clouds.22 ASW can be classified into two types: high-density nonporous

(np-ASW) and low-density porous (p-ASW) based on its pore structure.169 In general, ASW

morphology plays a significant role in the adsorption of volatile gas species within astrophysi-

cal ices.170–172 Although not yet found in such environments, p-ASW can exist as the result of

heterogeneous molecular synthesis occurring on dust grains in the interstellar medium (ISM).173

Exposure to ultraviolet light, X-rays, cosmic radiation, or thermal processing can also induce mor-

phological changes in astrophysical ices162,172–174 Over time and as a result of these processes,

ASW ices can become CI and vice versa. Because of this, there is an interest in understanding the

precise role of surface morphology in gaseous adsorption.175

In this work we use high-energy projectiles to examine adsorption mechanisms on various

astrophysical ices. A particular focus is on porous amorphous water ices and how the pore structure

influences the energy accommodation and uptake of incident molecules. In general, a molecule

impacting a surface adsorbs if it loses enough of its kinetic energy to the lattice upon impact.176

Accurate measurements of sticking probabilities are essential because a higher sticking probability
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can lead to greater observed reactivity as has been shown other molecules on amorphous ices.177

We present the first study examining the sticking probability of CH4 as a function of transla-

tional beam energy on p-ASW of varying porosities, np-ASW, and CI D2O ice films under UHV

conditions using the King and Wells method and molecular beam techniques (Subsection 2.2.3).8

Molecular beams enable tunable control of incident energy, and thus precise knowledge of the

sticking process.178 We chose CH4 for this work primarily due to its known presence in many

astrophysical environments, including its potential incorporation in icy clathrates found in outer

solar system bodies such as Titan.173,179,180 Within those environments, reactions involving CH4

can be a significant contributor to the formation of complex organic molecules.181 Additionally,

CH4 will hopefully allow us to exclusively probe adsorption phenomena, because its light mass

and lower momenta may preclude direct embedding underneath the surface.23,182,183 We demon-

strate that for the highest energy beam (1.8 eV), the sticking probability is higher for p-ASW than

np-ASW and CI ices. For the p-ASW ices, we also determine that there is no difference in sticking

probability as a result of increased porosity.

Our results build upon previous work in our group focused on the sticking probability of D2O

and H2O on CI for incident translation energies ranging from 0.3 to 0.7 eV.184 The sticking proba-

bility was near unity for those measurements and did not change as a function of water ice morphol-

ogy or surface temperatures ranging from 140 to 155 K. By using CH4 and expanding the water

ice morphology to include amorphous water ices with and without pores as well as higher incident

translational energies, our measurements provide a more complete understanding of the dynamics

of sticking between projectiles and water ices. Such work is critical to creating accurate models

of these processes occurring in atmospheric and terrestrial environments between water ices and

CH4. By examining the initial part of the uptake process, these results provide insight into the

adsorption-desorption equilibrium for ices in the troposphere.185 Beyond these astrophysical and

environmental applications, the adsorption of molecules into solid materials is an important first

step in many dynamic processes at interfaces in fields such as photo-catalysis, radiation chemistry,

waste processing, and advanced materials synthesis.170 Many commercial catalysts are porous
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within these fields; these pore structures enable efficient sticking and transport of molecules.186

6.2 Experimental Section

Figure 6.1: Representative RAIR spectra of different water morphologies. Normalized infrared
spectra of the O-D stretch distinguish porous amorphous (p-ASW, red), non-porous amorphous
(np-ASW, blue), and crystalline (CI, yellow) D2O ices on Au(111) dosed at 25 K, 107 K, and
150 K, respectively. The inset demonstrates that while dangling O-D modes are observed for both
ASW films, they are significantly more intense in the p-ASW films.

We performed all of the experiments described in this chapter in the molecular beam scattering

instrument described in Chapter 2. Our primary analytical techniques were time-resolved RAIRS

and King and Wells. All RAIR spectra were analyzed with Gaussian peaks atop either linear or

cubic baselines, depending on the region. Each spectrum is an average of 70-200 scans taken using

4 cm−1 resolution with a clean Au(111) sample for the background. For ice preparation, we used

D2O (rather than H2O) due to its preferable O-D stretch frequency that avoids overlap with the ν3

methane mode.187–189

We produced D2O films via directed doser (Subsection 2.4.3). D2O was typically leaked in at a

pressure of 2.0× 10−9 Torr, leading to an average growth rate of 0.5 ML/min.21 The ice films used
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in this study were between 150 and 300 layers thick. While backfilling the chamber to a known

pressure of D2O, we collected RAIR spectra at regular time intervals during exposure, allowing for

direct quantification of film thickness from integrated intensity of the large O-D stretch between

3600 cm−1 and 2800 cm−1 (Subsection 2.4.3).190,191 Figure 6.1 shows a typical normalized O-

D stretch for the three different ice films used in this study. Following literature precedent and as

a result of D2O molecule coordination differences among these films, this region can be used to

distinguish p-ASW, np-ASW, and CI films.192 In particular, the interface of p-ASW films contains

a significant fraction of three- and two-coordinated surface D2O molecules (“dangling bonds”) that

can be clearly resolved spectroscopically at 2725 cm−1 and 2740 cm−1 respectively. Though also

present in the np-ASW film, this dangling bond region is much lower intensity, reflecting the large

difference in surface areas between porous and non-porous films.188,193–195 The temperature of

the substrate during dosing dictates the water ice morphology; the substrate temperatures used for

ice growth were 150 K for CI, 107 K for np-ASW, and 25 K for p-ASW.167,168

To produce ASW films with increased porosity, we changed the angle of the directed doser

relative to surface normal.22,196,197 The films used in this study were produced at 30◦, 60◦, or 70◦

as well as via background deposition. As characterized by Stevenson et. al.,22 porosity increases

with deposition angle, so the D2O films dosed at 30◦ are less porous than those grown at 60◦ or

70◦.198 The pores also grow with an orientation that matches deposition angle.196 Although films

produced via background deposition (backfilling the chamber with water vapor) are as porous as

those grown at 70◦, the water molecules approach the surface with thermal energy and random

angular orientation resulting in nonuniform pore orientation and size.196,197 The intensities of the

dangling bond spectroscopic signals are known to roughly scale with porosity, so RAIR spectra

can be used to qualitatively confirm that ices with different porosities have been formed.199,200

Unless otherwise specified in this work, “p-ASW” refers to our default porous film grown at 30◦,

and porous films grown at other deposition angles (60, 70 and background) will be identified as

such.

We produced CH4 beams by expanding 1% CH4 in H2 or neat CH4 at stagnation pressures
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of 200-400 psi through a 10 µM molybdenum pinhole. Resistively heating the beam nozzle from

room temperature to 970 K resulted in CH4 translational energies of up to 0.3 eV for the neat CH4

beam and up to 1.8 eV for the CH4 beam seeded in H2. The translational energy distribution widths

(∆E/E) ranged from 12% to 21%. For one experiment (investigating the impact of embedding

phenomena), we also used a beam of CF4, produced by expanding 1% CF4 in H2 at stagnation

pressures of 300-500 psi through a 20 µM molybdenum pinhole. Resistively heating the beam

nozzle to over 950 K resulted in a CF4 translational energy of 5.3 eV with a ∆E/E ≈ 40%.

As described in Subsection 2.2.3, we determined sticking probability using the King and Wells

technique.8,9 To conduct multiple trials with a given film, we first annealed the ice to 70 K for 30

min. While this reduced porosity slightly, it ensured that repeated King and Wells cycles did not

further alter the film morphology throughout the day.186,196,201 We also explored the generaliz-

ability of our results by comparing the sticking probabilities for CH4 on np-ASW, p-ASW, and

CI H2O films. We note that for all the CH4 translational energies studied, the sticking probability

values were the same as those observed for D2O ices; we did not observe any significant isotopic

effect at our experimental resolution, as has been previously detected between D2O impinging on

H2O and D2O ices.202

6.3 Results

6.3.1 King and Wells

We performed King and Wells measurements of initial sticking probabilities on a prepared ice

substrate held at 33.5 K for all results presented in this study. This temperature choice reflects

a number of important considerations related to both the nature of the CH4/D2O interaction and

the King and Wells method itself. As discussed by He et al., there are three potential challenges

with performing King and Wells measurements for this ice system.175 First, the liquid helium

cooling of the sample manipulator may impact the pumping speed of the chamber, thereby alter-

ing the reflected portion of the beam at different sample temperatures. We avoid this by taking

77



Figure 6.2: Isothermal desorption of CH4 from ice. Isothermal desorption of multilayer CH4
from crystalline (CI, a), non-porous amorphous (np-ASW, b) and porous amorphous (185 layers,
c) ice films (top) allows for quantitative estimation of monolayer thickness, as measured via the
integrated absorbance of the ν4 mode. Growth of the same peak area during exposure at 33.5 K
(bottom) confirms that the amount of adsorbed CH4 is significantly less than a full monolayer for
each type of ice. This is also demonstrated in the corresponding RAIR spectra for desorption a 25
K (blue, d) and 33.5 K (pink, d).

all measurements at a single sample temperature, where the unknown improvement in chamber

pumping speed is consistent across experiments. Second, because CH4 interacts with the ice sur-

face via weak dispersion forces rather than direct chemisorption, these experiments require low

surface temperatures. Furthermore, ice surfaces have a wide range of binding sites and binding

energies.203–205 These two factors present a second challenge; a well-defined saturation of the

CH4 reflected signal might be difficult to observe over short exposure time scales. Although full

reflection may ultimately be observed with long exposures, CH4 desorption as well as finite ad-

sorption of background H2O and D2O at these low temperatures over long timescales compete to

prevent signal saturation. As such, all initial sticking probability measurements referenced herein

are calculated using the initial CH4 indirect flux rather than the value at saturation (after surface

sites are filled). These considerations, therefore, are mitigated by our experimental setup.

Beyond the aforementioned considerations, we are also specifically interested in quantifying

the initial sticking probabilities in the low coverage, submonolayer regime. This is desirable be-
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cause the concentrations of small molecules in the ISM are typically quite low.206 Moreover, we

want to eliminate any contribution from multilayer sticking, which occurs more readily in porous

films, even at higher surface temperatures.186,198 As such, the desired temperature regime should

be high enough to restrict all sticking to submonolayer.196 In light of these considerations, we

selected 33.5 K as the surface temperature of interest. At this temperature, however, the mono-

layer is not perfectly stable on the surface. While this does not impact the measurements of initial

sticking probabilities, CH4 surface coverage at long exposure time scales will reflect contributions

from both adsorption and desorption. By explicitly quantifying and accounting for the rates of des-

orption, we also account for the third concern with King and Wells measurements, which is that

they typically do not have the time resolution to distinguish between molecules that are directly

reflected from the surface and those that adsorb for a short time and then desorb again.

As shown in the top panels of Figure 6.2a-c, quantification of the monolayer was established

via isothermal desorption experiments for each ice film. After dosing a multilayer film of CH4 at 20

K, we tracked the integrated area of the ν4 mode over time at an elevated temperature.189,207–209

A distinct slope change is observed when multilayer desorption changes to monolayer, thereby

allowing for an approximate quantification of monolayer thickness. The bottom panels of Figure

6.2a-c show that when we hold the surface at 33.5 K (as during a King and Wells experiment), the

total amount of adsorbed CH4 reaches a maximum far below the respective monolayer thickness

for each type of ice film. Measured desorption rates for all films at 33.5 K are similar in magnitude

to the incident CH4 flux, so this steady-state maximum indicates that only a small fraction of the

monolayer is stable on the surface over long timescales (as shown in Figure 6.2c in pink).

Figure 6.2 highlights another important feature of this system, which is that the monolayer

thickness (and uptake at 33.5 K) on the porous film is significantly higher than uptake on ei-

ther CI or np-ASW films (likely due to the increased surface area).210 This effect has been well-

documented previously – Kimmel et. al. demonstrated, for example, that a 50 layer film of p-

ASW deposited at 30◦ sees a total CH4 adsorption of 2 monolayer equivalents.196 On this basis

one might expect, therefore, that a 185 layer film (as used in Figure 6.2c) would likewise adsorb
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Figure 6.3: CH4 sticking probabilities - p-ASW, np-ASW, and CI. Sticking probabilities for
CH4 on porous (p-ASW, red), non-porous (np-ASW, blue) and crystalline (CI, yellow) D2O films
held at 33.5 K. Sticking probability decreases for all films as incident CH4 energy increases, but
remains higher for the porous film. Error bars represent the standard deviation of at least three
measurements on at least two different days.

roughly 7-8 monolayers of CH4. Indeed, the data show that the p-ASW monolayer adsorption is

almost exactly 8 times that of the CI and np-ASW films. Similarly, steady-state adsorptions at

33.5 K are on the order of 1014 CH4 cm−1 on the p-ASW films and 1013 CH4 cm−1 on CI and

np-ASW films.

Figure 6.3 contains the measured sticking probabilities for CH4 on crystalline (CI), non-porous

(np-ASW), and porous (p-ASW) D2O films. Clearly, as the CH4 incident energy increases, the ob-

served trend on the porous film diverges from both CI and np-ASW; sticking probabilities remain

significantly higher for the porous film. This divergence will be discussed in further detail below.

First, however, it is important to note that crystalline and non-porous films display nearly identical

sticking probability trends throughout the range of incident energies studied. This insensitivity

to morphology (CI versus np-ASW) has been observed in other experimental and theoretical sys-

tems, including D2O sticking on H2O and D2O,202 H2O sticking on H2O,176 and CO sticking on

H2O.166,211 The theoretical work of Al-Halabi et. al., for example shows not only that the stick-

ing of CO is nearly equal between np-ASW and CI H2O films, but also an exponential decay of

sticking probability with incident translational energy that is roughly comparable to that measured
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Figure 6.4: CF4 embedding in p-ASW and np-ASW. (a) RAIR spectra collected throughout
CF4 exposure show clear signal growth at 1276 and 1257 cm−1. (b) The integrated area of these
CF4 peaks is proportional to the amount of CF4 that remains embedded in the surface. Both
p-ASW and np-ASW films show similar rates of uptake, indicating that the barrier for ballistic
embedding into porous films matches that established in previous works for non-porous films.
This figure highlights the trend for a porous film deposited at 30◦ from surface normal, but there
are no significant differences in embedding rates for any of the porous films studied in this work.

in this study.166

It is important, when discussing adsorption to both porous and non-porous films, to elucidate

the contribution of any penetration of the incident CH4 into the bulk ice. Previous work in our

lab identified a significant activated uptake channel for incident projectiles in the ice bulk (termed

“embedding”).23,182,183 After investigating this process for a range of molecules in np-ASW H2O,

we established a clear momentum barrier for this channel (embedding probabilities in CI films

were significantly lower than those observed for np-ASW). In general, the momenta reached in

the current chapter (using the relatively light CH4) are well below this barrier, so no embedding is

expected in either np-ASW or CI films. There is, however, the question whether the use of D2O

(rather than H2O) or a more porous ice morphology will effectively lower this barrier, making

direct comparisons of sticking probabilities across more challenging films. To examine this, we

exposed both porous and non-porous D2O ice films to beams of 5.3 eV CF4. We selected CF4

because it has a higher mass and has been successfully used in previous embedding experiments.
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Figure 6.5: D2O films before, during, and after CH4 exposure. RAIR spectra of D2O films are
unchanged by CH4 exposure and subsequent anneal. During exposure, some CH4 adsorbs to the
surface (a), and the dangling O-D stretching mode is slightly red-shifted (b). Annealing to 70 K
removes all CH4 and leaves the original D2O film unchanged.

All such ballistic embedding experiments were performed with the films held at 70 K to mimic ice

preparation conditions used during sticking probability experiments and to preclude a significant

surface adsorption channel for CF4 on the ice. RAIR spectra were collected at regular intervals

during exposure to quantify the increase in stable, embedded CF4 within the ice film (Figure

6.4a). These growth rates closely match data collected in previous works, indicating no major

differences between D2O and H2O ice films (Figure 6.4b). Furthermore, the rates of embedding

are nearly identical for both p-ASW and np-ASW. Therefore, we expect the previously reported

momentum barrier for np-ASW to hold for p-ASW, preventing CH4 embedding in all of the ice

films discussed herein. Indeed, RAIR spectra collected during anneal cycles to 70 K after King

and Wells experiments (as well as RGA monitoring of ice desorption at the end of the day) confirm

that there is no discernible uptake of CH4 into the ice bulk; all CH4 is surface adsorbed.

Though we have demonstrated that there are no differences in embedding phenomena, there

are other ways in which CH4 may interact differently with the p-ASW structure, thereby impacting

the observed sticking probability. First, we observe no discernible sputtering of the water film by
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the CH4 beam. Though sputtering of astrophysical ices has been reported, the impinging species

in these works are typically either charged and/or significantly higher in energy.212–216 In other

words, we do not expect the momentum transfer for the CH4/D2O system to be significant enough

to desorb water molecules from the surface, nor is there any possibility for electronic sputtering.

Second, there is also a large body of research investigating the impact of fast, heavy ions on the

morphology of ice films. Specifically, high energy ions (mimicking the effect of cosmic rays) have

been shown to compact the pores of vapor-deposited ices.203,217–219 Even the relatively low energy

release of H2 recombination (4.5 eV) on the surface of ice can have a similar compaction effect.193

Though it appears unlikely, it is important to investigate the possible impact that CH4 may have

on the morphology of the porous D2O films used in this study. Figure 6.5 depicts representative

regions from RAIR spectra of the film before, during, and following CH4 exposure. Upon exposure

to CH4 (Figure 6.5a), there is a slight red shift in intensity of the dangling O-D mode (Figure

6.5b). This shift is well documented in FTIR studies of sequential CH4/H2O depositions, and

indicates that some of the surface D2O molecules are coordinating with the adsorbed CH4.187,195

After annealing the sample back to 70 K following the experiment, however, all CH4 desorbs and

there are no lasting changes in the O-D stretch or the dangling O-D peaks. This indicates that the

water film height, morphology, and porosity are not impacted by CH4 sticking experiments, even

at the highest energies studied (1.8 eV).

6.3.2 Amorphous Films, Varied Porosity

In the previous section, we established that sticking probabilities of CH4 are higher for p-ASW

films than either np-ASW or CI films at high incident energies. This comparison, however, only

includes porous films deposited at 30◦ relative to surface normal. Figure 6.6 depicts the sticking

probabilities for CH4 on a variety of porous films, including those deposited via directed doser (at

30◦, 60◦, and 70◦ from surface normal) as well as via background deposition. Surprisingly, there

is no strong variation in sticking probabilities for CH4 on any of these films, despite the expected

differences in pore orientation and film density.197,220
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Figure 6.6: CH4 sticking probabilities - porous films. Sticking probabilities are shown for CH4
impinging on porous D2O films held at 33.5 K, deposited via directed doser at 30◦ (red), 60◦

(green), and 70◦ (gray) relative to surface normal as well as via background deposition (purple).
For the incident energies studied, there are no clear differences in sticking probabilities for these
films. Error bars represent the standard deviation of at least three measurements on at least two
different days.

To further understand these results, it is possible to quantify CH4 coverage on a given surface

during a period of exposure and compare it across films. We can estimate the amount of adsorbed

CH4 at a given time t1 using the following equation:

NCH4 = (P2−P1)(t1− t0)−
t1∫

t0

P(t)dx (6.1)

In Equation 6.1, P2 is the indirect CH4 flux when the beam is blocked from the substrate, P1 is

the background CH4 pressure when the beam is closed, and t0 is the time at which the flag is

removed and the film is fully exposed to CH4. The last term is a simple numerical integration of

the raw King and Wells pressure reading between those two time values. In doing this analysis

for high translational energy CH4 beams (1.8 eV), we find that in the first seconds of exposure

(corresponding to a total exposure of (5.0± 0.4)× 1014 CH4 cm−2), CI and np-ASW films have

adsorbed (1.0± 0.1)× 1014 CH4 cm−2, while 200 ML porous films (at all deposition angles)

have accumulated (1.8± 0.3)× 1014 CH4 cm−2. This increase is the result of both increased
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surface area and higher initial sticking probabilities on porous films at these beam energies, and the

difference only widens as exposure continues. The difference in uptake is illustrated qualitatively

in Figure 6.7a, which depicts normalized King and Wells data for representative trials on np-ASW,

CI, and p-ASW films. To aid in visual comparison, the data have been normalized in both axes by

incident flux. Clearly, the porous film adsorbs more CH4 before desorption takes over.

In Figure 6.7b the results of a similar coverage analysis are displayed for all porous ices. In

this depiction, total coverage is scaled further by surface area to give an approximate “fractional

coverage”. Relative surface area is defined via the integrated intensity of the dangling O-D feature.

As we discuss in Figure 6.1, this feature provides a reasonable measure of porosity and is related to

the total surface area of the film.199,200 Though the initial sticking probability is consistent across

porous films, the relative accumulation of CH4 is 1-2 times higher for films deposited at 30◦ and

via background deposition than those deposited at 60◦ or 70◦. The roots of this behavior will be

addressed further in Section 6.4 below.
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Figure 6.7: CH4 uptake and fractional coverage on ice. Representative, normalized King and
Wells data for all films studied show a clear increase in CH4 uptake on porous films relative to
CI and np-ASW. (a) Total uptake on a porous film (p-ASW, red) is nearly an order of magnitude
higher than on either crystalline (CI, yellow) or non-porous (np-ASW, blue). Time and intensity
axes are normalized to the incident flux. (b) Fractional CH4 coverage is higher for porous films
deposited at 30◦ or via background deposition (red, purple) than for those deposited at 60◦ or 70◦

(green, gray). We define fractional coverage as the total adsorbed CH4 scaled by the integrated
areas of the dangling bond feature. All data were selected from trials using 1.8 eV CH4 beams.
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6.4 Discussion

There are two new, significant findings to come out of this work. The first is that the sticking

probability of CH4 on p-ASW D2O films does not decay as fast as it does on CI and np-ASW D2O

films. The second is that under our energetic conditions, the sticking probability trend does not

depend on the type of porous ice film used. What follows is a qualitative discussion of why these

trends occur and how future studies might further refine the proposed conclusions.

Sticking probabilities for a particular system are known to depend on both the binding energy

between the surface and the adsorbate as well as the surface conditions (morphology, temperature,

etc).165 Binding energies for a variety of molecules on different ices of astrochemical interest

have been widely reported. As discussed, the low-coverage binding energy for CH4 on np-ASW

ice has been reported in the range of 0.06 – 0.14 eV.195,201,206,221 Additionally, differences in

binding energy for CO (CH4 and CO are expected to have similar binding interactions on ice)201

between CI and np-ASW are small and on the order of 0.01 eV at most.166,222 This suggests a

partial explanation for the similarity in sticking probabilities between these two ice films. Binding

energies on porous films, on the other hand, may be higher than those for either np-ASW or CI

ice interfaces. Many studies assert that the binding energy distribution for molecules on porous

films is wider and peaks at higher values.164,206,223,224 This idea is refined by Zubkov et al., who

concluded that while the distribution of binding sites on the surface is independent of film thickness

and porosity, the lower fractional coverages of adsorbates on porous films (due to their increased

surface area) lead to adsorbates interacting with more higher energy binding sites.186 In short, it

is likely that at the low coverages investigated here, CH4 binds somewhat more strongly to the

porous films.

Binding energy, however, is not a sufficient explanation on its own. Whatever the variation

may be for the different ice films, all available reported binding energies for CO and CH4 are less

than 0.2 eV. This is significantly lower than most of the incident energies studied here, suggesting

that there must be an additional mechanism for energy accommodation by the surface. Indeed,
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theoretical work has shown that energy dissipation into ice films is incredibly facile under similar

conditions.166,225 We suggest, therefore, that it is the distinct morphology of the porous films that

is largely responsible for the observed divergence in sticking probabilities at high incident ener-

gies. Desorption studies from a variety of porous substrates have found that desorption kinetics are

governed by diffusive motion within pores and multiple collisions with pore walls.226,227 Indeed,

the energy-dissipating effects of these pore wall collisions have been previously cited in studies

of molecular or atomic interactions with ice;228 Zubkov et al. also found that prior to desorption,

molecules on porous ice experience hundreds of desorption-readsorption attempts (as compared to

just one attempt on non-porous).186 Perhaps the most significant evidence of this energy accom-

modation by pore walls was demonstrated in a study of HD recombination. Hornekaer et al. found

that on porous ice, a significant fraction of newly formed HD remained adsorbed to the surface,

indicating that the porous network was extremely efficient at dissipating the 4.5 eV recombination

energy.229 This is in contrast to a non-porous film, which saw almost zero retention of the HD

molecules following recombination. In summary, the higher sticking probabilities for CH4 on p-

ASW relative to np-ASW and CI likely result from diffusion on and multiple collisions with pore

walls, leading to a more efficient dissipation of incident translational energy. It is possible, then,

that the sticking probability as discussed here on porous films is more of an uptake coefficient; a

measure of advantageous decelleration induced by the physical pore structure, rather than a higher

capacity for site-specific energy accommodation on different types of icy surfaces.

In order to discuss CH4 coverage, it is important to mention the impact of desorption. As men-

tioned previously, only a fraction of a CH4 monolayer can remain stably adsorbed on the surface

at 33.5 K. Therefore, we expect the increase in reflected signal after the first few seconds (after

initial sticking is measured) to be a result of both directly reflected CH4 and steadily desorbing

CH4. Ultimately, when the reflected signal levels off at long exposure timescales, adsorption and

desorption are occurring at equal rates. Measured isothermal, low-coverage desorption rates for

all porous films studied here are roughly equivalent and comparable in magnitude to the incident

flux, making it possible to compare coverages across these films despite the competing rates of
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adsorption and desorption.

At normal incidence, this study showed that porous films of any orientation are equally efficient

at dissipating the energy of impinging CH4, but these films adsorb relatively different amounts

of CH4, depending on deposition conditions. The invariance in sticking probability across films

of different porosities suggests that the D2O pore surface is equally efficient at accommodating

the incident energy of the CH4 molecules, regardless of how that pore is oriented relative to the

incident beam. These results also suggest, however, that incident CH4 is not sampling the full

surface area of the pore network of 60◦ and 70◦ films before beginning to desorb. This can perhaps

be understood in terms of pore geometry and size. Films deposited at 30◦ have lower total surface

areas, but they also have pores that are closer to perpendicular to the substrate.22,220 Relatively

more of the pore surface area, therefore, is accessible to the incident beam. Likewise background

deposited films have a distribution of pore sizes and orientations; some fraction of which will be

perpendicular or near-perpendicular to the substrate. On the other hand, the more tilted, wider

pores of the 60◦ and 70◦ films present fewer surface sites for the incident beam. So while CH4

may undergo multiple collisions with the pore structure before sticking, these coverage results

indicate that adsorbed CH4 is not necessarily diffusing fully into the pore structure and filling up all

available surface sites, particularly on the more angled porous film structures. A future experiment

that explores the angular dependence of sticking and uptake on these porous films would be a

significant step toward identifying the relative importance of factors such as pore orientation and

size.

6.5 Conclusion

In this chapter we present detailed sticking probability measurements for high translational energy

CH4 impinging on a variety of D2O ice films at 33.5 K. We confirm that at the energies stud-

ied, CH4 is unable to either embed in the bulk or significantly impact the morphology of any ice,

including low-density porous films. As incident translational energy increases, the sticking prob-

ability decreases for all films. However, CH4 sticks with greater probability to p-ASW films than
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it does to either CI or np-ASW films at the same energies. Furthermore, we observe no substantial

changes in sticking probability when changing the exact morphology (pore orientation and size)

of the porous film used. Even though there may be slight changes in binding energies between

CH4 and the different films, we propose that the porous morphology is largely responsible for

this observed divergence. Multiple collisions with pore walls are likely efficient at dissipating the

incident energy of the CH4 projectile. This conclusion is supported by the fact that porous films

with more beam-accessible pore surfaces (films deposited at 30◦ and via background deposition)

accumulate relatively more CH4 during exposure than do films with fewer accessible pore surfaces

(deposited at 60◦ and 70◦).

These results are further evidence that the morphology of ice films (and other industrial sub-

strates) critically influences the adsorption and subsequent reactivity of incident molecules. Even

if not universally porous, small cracks, fissures, and other morphological deformities in the surface

of astrophysical ices may lead to an increased uptake of gaseous molecules, thereby impacting

phenomena including the outgassing of comets, chemical reactions in the ISM, and thermal and

electrical processing of icy dust grains.166,228,229
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Chapter 7

Reverse Water-Gas Shift Chemistry inside a Supersonic Molecular Beam

Nozzle

In this chapter, we show that resistive heating of the metal surface of a supersonic molecular

beam nozzle is very effective in converting CO2 diluted in H2 to CO and H2O via the reverse

water-gas shift (RWGS) reaction at temperatures that preclude simple pyrolysis. The conversion

of CO2 to CO, referred to herein as “RWGS yield,” exceeds 80% at nozzle temperature above

1000 K, with a detectable methane byproduct. The stainless-steel surface of the nozzle appears

to facilitate the reaction as a heterogeneous catalyst. Reaction yield is observed to increase with

higher nozzle temperature and, when the gas mixture contains a significant excess of H2, decrease

with increasing in nozzle stagnation pressure. The inverse dependence of the reaction on stagnation

pressure is used to propose a reaction mechanism. Additional kinetic control over the mechanism

is afforded by adjusting reactant partial pressures and residence times inside the nozzle reactor,

highlighting this method’s utility in screening heterogeneous catalysis reactions with fine control

over mass flow rates, pressure, and temperature. The results of this study, therefore, present a route

to efficient, high pressure, inline catalysis as well as a method to rapidly assess the viability of new

catalysts in development.
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7.1 Introduction

Thermodynamic equilibrium of the system containing carbon dioxide, hydrogen, water vapor, and

carbon monoxide is at the center of mass production of high-demand chemicals including ammonia

and methanol.230,231 The direct reaction of carbon dioxide with hydrogen is an endothermic re-

action known as the reverse water-gas shift reaction (RWGS). The RWGS reaction is endothermic

by 41 kJ mol−1, expressed by the equation:232

CO2 +H2→CO+H2O (7.1)

This reaction has not attracted as much attention as its forward-direction counterpart, but the

RWGS reaction, particularly at high temperatures, can often play a role in the overall observed

kinetics. RWGS conversion is typically below 50% under typical experimental conditions232–236

and extraneous alcohol or hydrocarbon byproducts often accompany the desired products. These

byproducts come from Fischer-Tropsch reactions branching from intermediate steps in the RWGS

reaction.237,238

Two general methods are employed for the water-gas shift reactions: high-temperature pyrol-

ysis and heterogeneous catalysis.233,234,239–242 The former typically requires temperatures above

1000 K to overcome the energetic barrier. The latter is generally efficient for a variety of metal

and metal-oxide catalysts.241 The experimental conditions in the current study produce a facile

route for high conversion yield of CO2 to CO as measured by TOF-MS. Unique to this study is the

use of a supersonic molecular beam as the reactor. The nozzle’s stainless-steel surface serves as

the heterogeneous catalyst and the products are sampled via TOF-MS after exiting the beam’s hot

nozzle.

This beam-as-reactor method has been used to generate radical reactants via pyrolytic uni-

molecular dissociation243,244 as well as to study catalytic hydrocarbon formation. Shebaro et al.

reported large hydrocarbons, including benzene, in the product stream of a supersonic beam of

ethane at elevated nozzle temperatures.245,246 Romm et al. expanded upon this work; they eluci-
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dated the interplay of kinetic and thermodynamic control of methane pyrolysis in a heated nozzle

by identifying changes in products under different flow conditions.247,248

In the current chapter, we use a similar setup to sample the RWGS reaction products. Un-

like prior work sampling reaction products via TOF-MS following desorption from a surface, we

feed the reactive mixture of H2 and CO2 into the hot stainless-steel nozzle of the supersonic beam

source, which serves as the catalytic site.249–252 Downstream, with the QMS along the direct

line-of-sight from the differentially pumped beam, we measure conversion yields of CO2 to CO of

≈50% by 800 K; the yield is above 80% by 1000 K. We discuss the reaction mechanism and exam-

ine the extent of extraneous Fischer-Tropsch reactivity under these conditions. We also determine

the extent of kinetic control over the product stream afforded by our experimental conditions.

7.2 Experimental Section

We performed all of the experiments described in this chapter in the molecular beam scattering

instrument described in Chapter 2. A gas mixture of 10%, 50%, or 88% CO2 diluted in H2 flows

into a 316 stainless-steel nozzle gland fitted with a 20 µm diameter pinhole made of molybdenum.

We also tested platinum pinholes to confirm that the pinhole material had no impact on reaction

yield. Using the configuration described in Subsection 2.3.4, we were able to heat the nozzle to

1025 K and reach stagnation pressures up to 450 psi. After changing either the nozzle temperature

or stagnation pressure we allowed the beam at least 30 minutes to equilibrate prior to data acqui-

sition. Our primary analytical technique was TOF-MS, using square-wave (SQW) modulation of

the beam (50% duty cycle) and the inline QMS located in the UHV chamber.

7.2.1 Calculating RWGS Yield

Quantifying CO2 to CO conversion involves comparison of SQW modulated data at m/z = 28 and

m/z = 44 at room and elevated temperatures. Because we used SQW-modulated data, we derived

total intensity at any given m/z value from the difference in the sums of four consecutive 200 µs
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bins with the beam passing and blocked by the chopper wheel. Once we collected these four data

points, the calculation for RWGS yield is identical to the procedure described in Subsection 2.3.3

for calculating the dissociation of O2 to O(3P). The key difference is that the relevant ionizations

are now:

CO2 + e−
σD−−→CO++O+2e− (7.2)

CO2 + e−
σCO2−−−→CO+

2 +2e− (7.3)

CO+ e−
σCO−−→CO++2e− (7.4)

Once we plug these values into the analogous versions of Equation 2.13 and 2.16, the relative

number density between CO and CO2 (R) can be written as:

R =
N28
N44

=

(
ηH
ηL
−1
)(

σD
σCO

)
(7.5)

As is the case for O2, the only cross-section values that remain are the dissociative detachment of

CO2 to CO+ (σD) and ionization of CO (σCO); for irradiation with 100 eV electrons, these values

are 2.25 and 1.82 Å2, respectively.253,254 Finally, the fraction of CO2 converted to CO, defined

here as the RWGS yield, is a function of R:

NCO
NCO +NCO2

=
R

R+1
(7.6)

7.3 Results and Discussion

7.3.1 Evidence for RWGS Reaction

Reactivity is evident in comparing representative SQW modulated data in Figure 7.1 obtained

from a supersonic beam with a stagnation pressure of 250 psi. Near room temperature, when no

reaction is expected, there are the anticipated signals at m/z = 28 and m/z = 44, attributed entirely
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Figure 7.1: Representative MS of room and high temperature beam composition. Representa-
tive square wave TOF-MS signals at m/z = 18 (H2O, yellow), 28 (CO, pink), and 44 (CO2, blue).
At room temperature (left), the only contribution to signal intensity at m/z = 28 is the dissociative
ionization of CO2. Upon heating the nozzle to 800 K (right), RWGS reactivity is evidenced by a
dramatic increase in the ratio of CO to CO2, as well as new signal intensity at m/z = 18 (attributed
to H2O formation). These data were collected using the 10% CO2 gas mixture at 250 psi.

to the ionization and dissociative detachment of CO2 in the beam. Upon heating the nozzle to

800 K, however, the CO2 intensity drops significantly, while the signal at m/z = 28 increases. We

also observe new signal intensity at m/z = 18, due to H2O formation in the nozzle. This indicates

significant RWGS reactivity.

Though the RWGS reaction is the primary mechanism, we also observe some evidence that

secondary reaction channels are active at the highest temperatures studied. For example, we see

significant signal intensity at m/z = 15 that cannot be attributed to the initial gas mixture. Shown

in Figure 7.2, the normalized intensity at m/z = 15 increases with nozzle temperature, peaking

near 800 K before starting to decrease thereafter. Moreover, after extended use at the highest

temperatures studied (weeks of operation with consistent daily use), the nozzle eventually clogs

with soot (or coke) and must be taken apart and sonicated to continue.

Under our reaction conditions, both Fischer-Tropsch or CO2 methanation (Sabatier) reactions

are possible explanations for this observation.255,256 In monitoring the product stream, however,
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Figure 7.2: CH4 in product stream at high temperatures. TOF-MS signal at m/z = 15 is
observed at high temperatures in the nozzle, likely corresponding to the generation of methane.
Above 800 K, the relative amount of methane in the product stream decreases, perhaps signaling
the loss of methane due to coupling Fischer-Tropsch processes. These data were collected using
the 10% CO2 gas mixture at 250 psi. Dotted line is drawn to guide the eye.

we do not see any major evidence of Fischer-Tropsch byproducts such as formaldehyde and ethanol

(m/z = 29 and 31, respectively) or other large, unsaturated hydrocarbons. This makes sense, as sig-

nificant Fischer-Tropsch reactivity would necessarily consume any CO generated by the RWGS

reaction. Any trace Fischer-Tropsch reactivity that is taking place is likely, under our conditions,

to have high methane selectivity anyway due to our high temperatures and H2/CO ratios, as well as

the nozzle acting as an un-promoted iron-based catalyst.257–259 It is possible that the decrease in

methane signal above 800 K is due to some methane coupling in the nozzle,245–248 contributing to

the eventual clogging, but in general it appears that the most significant secondary reaction is sim-

ply the production of methane or other surface carbide species directly from CO2 and H2.260–262

Notably, the stainless-steel nozzle does not exhibit considerable RWGS catalytic activity until

it has been thermally annealed under vacuum for dozens of hours. Figure 7.3 demonstrates the ef-

fect of vacuum annealing of the nozzle at 800 K on the RWGS yield. The yield, as measured using

a nozzle temperature of 800 K and stagnation pressure of 250 psi, is essentially zero with no treat-

ment, and has leveled off near 50% after 180 hours of vacuum annealing at 800 K. This observation
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Figure 7.3: RWGS yield increases with anneal time. The 316 stainless-steel nozzle does not
show appreciable catalytic activity of any kind until it has been annealed at 800 K under vacuum.
The RWGS yield (for 10% CO2 gas mixture at a stagnation pressure of 250 psi) reaches 50% after
roughly 180 hours of vacuum annealing at 800 K. Dotted line drawn to guide the eye. Error bars
represent one standard deviation.

can be rationalized by considering the stainless steel surface. As produced, the passive property

of stainless steel derives from iron and chromium oxide surface layers. Annealing under vacuum,

however, can significantly alter the composition of the surface. At modest vacuum annealing tem-

peratures, (500 – 800 K), the surface sees a decrease in graphitic and hydrocarbon contamination as

well as an increase in chromium content.263–267 Both of these effects may be crucial in maintain-

ing a high number of active sites on the catalytic substrate. Mixed iron and chromium oxides are

common catalysts for both the forward and reverse water-gas shift reactions.230,241,268,269 Many

researchers have also highlighted the significant role chromium plays in stabilizing the surface and

preventing sintering (and the associated loss of catalytic surface area).230,268,270,271 We conclude,

therefore, that vacuum annealing increases the surface chromium content, thereby enabling the

high-yield RWGS reaction.

At constant stagnation pressure, RWGS yield is obtained only at high nozzle temperatures.

This is expected from the reaction’s endothermicity. Shown in Figure 7.4, once the nozzle tem-

perature exceeds 650 K, conversion of CO2 to CO is observed, and the total conversion increases
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Figure 7.4: RWGS yield increases with nozzle temperature. Given the endothermic nature of
the reaction, increasing the nozzle temperature leads to a higher RWGS yield for the 10% CO2 gas
mixture at a constant stagnation pressure of 250 psi. Dotted line drawn to guide the eye. Error bars
represent one standard deviation.

with increasing temperature throughout the entire range studied in this work. While hydrocarbons

are evidently produced to some extent, the total conversion of CO2 to CO is very high above 800

K, reaching above 80% by 1025 K. It is worth noting, however, that the yield appears to plateau

at the lowest and highest temperatures studied. The fact that there is no significant yield below

650 K suggests a thermally activated process; likely the dissociation of H2.272–275 It is less likely

that this activation arises from a sudden freeing of surface active sites for dissociative adsorption;

CO and CO2 are present in such dilute amounts, and their desorption from Fe-based surfaces typ-

ically occurs at slightly higher temperatures.276–279 At the highest temperatures studied, on the

other hand, increases in reaction yield appear to slow. Again, this behavior may be understood

by considering the composition of the stainless steel interface at these temperatures. While mod-

est annealing temperatures lead to chromium enrichment as discussed above, temperatures above

1000-1100 K lead to a significant depletion in surface chromium levels.264,265,280–282 A loss of

active sites, therefore, may explain why peak reactive yields do not exceed 85%.

98



7.3.2 Reaction Mechanism and Kinetic Control

The mechanisms of RWGS reactions have been studied both in the gas phase and over cata-

lysts.233,235,236,239,241 Several early investigations suggested surface-mediated processes, with the

mechanism broadly classified as either regenerative or associative.233,236 Reported mechanisms

are frequently dependent upon catalyst composition and reaction temperature, and considerable

dispute remains in mechanistic studies.231,233,256 In light of our current results and utilizing some

key assumptions, we attempt to describe the RWGS reaction mechanism taking place within our

nozzle. High-temperature pyrolysis would require temperatures higher than those studied here, so

we can assert that a surface-specific process is taking place.237,239 Several authors have studied

RWGS reactivity under similar temperature and pressure conditions with inert quartz reactors and

conversion was typically less than 0.1%.232,235 Bustamante and co-workers compared yields for

quartz and metallic chambers; they found a dramatic increase in catalytic activity with a metallic

surface, resulting in conversion rates of up to 55% at 1173 K under ambient pressure.232,283 They

concluded that the metal surfaces of the reactor directly catalyzed the reaction. Similarly, surface-

facilitated reactions utilizing supersonic beams have also been demonstrated in other studies. For

example, Romm et al. reported close to 100% conversion of ethane to heavier hydrocarbons in a

supersonic nozzle beam; their proposed mechanism relied heavily on surface-mediated hydrogen

abstraction processes.247,248

Based on the above discussion, we postulate one possible mechanism, wherein the (*) subscript

denotes a surface site and X* is a surface-adsorbed X species:

(1) H2(g) + 2∗
 2H∗
(2) CO2(g) + ∗
 CO2∗
(3) CO2∗ + ∗ → CO∗ + O∗
(4) O∗ + 2H∗
 H2O∗ + 2∗
(5) CO∗ → CO(g) + ∗
(6) H2O∗ → H2O(g) + ∗

Figure 7.5: Proposed RWGS reaction mechanism. Proposed mechanism for high pressure, high
temperature RWGS reaction for a 10% CO2 in H2 gas mixture in a stainless steel beam nozzle
reactor.
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This mechanism is based on the frequently-cited redox mechanisms for high-temperature WGS

catalysis in both the forward and reverse directions.230,236,269,284 Given the large excess of H2 in

our reaction mixture and the relatively facile dissociation on steel, we assume that the limiting step

under our reaction conditions is the dissociation of CO2 (Figure 7.5, step 3). Therefore, the overall

rate can be represented by:

Rate =
dPCO

dt
= k3θCO∗2

θ
∗ (7.7)

Additionally, the fractional coverage of adsorbed CO2 (θCO∗2
) can be determined from the equilib-

rium in step 2 (Figure 7.5):

θCO∗2
= K2PCO2θ

∗ (7.8)

By combining these two equations and assuming that hydrogen coverage on the surface remains

approximately constant and CO2 is competing for the remaining sites, we can derive a rate expres-

sion:

Rate =
dPCO

dt
=

k3K2PCO2

(1+K2PCO2)
2 (7.9)

Though we do not measure rates directly in this study, we can approximate them by recogniz-

ing that nozzle residence times do not change as a function of stagnation pressure.11 Therefore,

measuring yield as a function of CO2 partial pressure allows us to partially assess the feasibility

of this rate law. These results are shown in Figure 7.6, where RWGS reaction yield is observed

to decrease as a function of CO2 partial pressure. Equation 7.9 is a good fit for the data, but our

limited pressure range makes it difficult to say with certainty that this predicted rate law completely

describes the reaction. It is clear, however, that there is a small negative power dependence for the

rate on CO2 partial pressure. This has been observed occasionally in previous studies,230,285 but

we note that it is common for WGS power rate laws to change significantly across different catalyst

systems, temperatures, and relative reactant pressures. In other words, Equation 7.9 may only be
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Figure 7.6: RWGS yield decreases with CO2 partial pressure. RWGS yield decreases as a
function of CO2 partial pressure (10% CO2 in H2 gas mixture) at a constant nozzle temperature
of 800 K. Dashed line is a fit of the data to Equation 7.9, which is a proposed mechanism for the
reaction assuming CO2 dissociation on the metal surface is the rate-limiting step.

appropriate for the data in this particular pressure, temperature, and reaction mixture regime.

The challenge of establishing a universal mechanism for this reaction is highlighted when we

consider that the dissociation of H2 (Figure 7.5, step 1) can also be a key step, depending on

reaction conditions. In the 10% mixture, H2 drastically outnumbers the CO2. Given the facile

splitting of H2 on the stainless steel, we assume that the oxygen atoms left from the dissociative

chemisorption of CO2 can generate water immediately (Figure 7.5, step 4). Strengthening this

argument are a series of experiments we performed with two additional mixtures of CO2 and H2:

50% and 88% CO2 diluted in H2. The results in Figure 7.7 show that the RWGS yields for the

less dilute mixtures are significantly lower than the 10% mixture over the same high temperature

range. Though the yield may be decreasing in part due to the increase in CO2 partial pressures for

the 50% and 88% mixture (as discussed for Figure 7.6), it also appears that excess H2 is critical in

facilitating high yields. Without an excess of H2 in the feed gas, the rate-limiting step may change,

leading to a slowdown in CO production; though CO2 may be able to adsorb more readily, the

number of hydrogen atoms on the surface available for reaction will also decrease.
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Figure 7.7: RWGS yield impacted by CO2/H2 ratio. Representative RWGS yields for various
mixtures of CO2 and H2 at varying temperatures and constant stagnation pressure (250 psi). With-
out an excess of H2 in the feed gas, the reduction of CO2 to CO relative to the dilute 10% mixture
plummets at high temperature. Dotted lines drawn to guide the eye.

7.4 Conclusion

Utilizing a supersonic expansion from a heated stainless steel nozzle, we demonstrate selective

CO2 reduction to CO by H2 involved in the RWGS reaction. This reaction exhibits conversion

yields above 80% at nozzle temperatures above 1000 K. The yield of the reaction increases as

nozzle temperature increases and decreases with higher stagnation pressure (and CO2 partial pres-

sure). The stainless-steel surface was found to serve as a heterogeneous catalyst for the reaction.

A small amount of methane is formed as a byproduct, and is likely further converted to heavier

hydrocarbons when the nozzle temperature is above 800 K.

We propose a mechanism for the reaction under our conditions and probe its applicability

through precise control of reaction mixture, residence time in the nozzle reactor, and nozzle

temperature. In addition to characterizing the RWGS reaction catalyzed on stainless steel under

high pressure conditions, this supersonic expansion technique also provides broad opportunities to
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screen various catalytic reactions under variable pressure and temperature conditions. It is feasible

for this technique to facilitate such reactions with surface-generated gas-phase radicals, followed

by rapid desorption and cooling of the intermediate products. This method, therefore, affords a

rapid, quantitative, and comprehensive screening ansatz of catalytic efficiency.
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Chapter 8

Reaction Kinetics and Influence of Film Morphology on the Oxidation of

Propene Thin Films by O(3P) Atomic Oxygen

We present results detailing the oxidative reactivity of condensed propene thin films, with partic-

ular attention to epoxide product formation due to its importance in the industrial production of

polyurethane plastics and trace presence of these species in the interstellar medium. After exposing

films to a supersonic beam of ground state atomic oxygen, O(3P), RAIR spectra confirm significant

propene reactivity yielding products including propylene oxide, propanal, and a small amount of

acetone. In addition to identifying these primary products, we discuss experimentally-determined

activation energy barriers for reaction in the condensed propene system. Interestingly, we identify

significant differences in propene film crystallinity as a result of substrate deposition temperature;

lower deposition temperatures (≤44 K) yield a more amorphous film, whereas higher temperatures

(>59 K) yield a more ordered, crystalline film. Very little oxidative reactivity is observed in the

amorphous propene film, suggesting that film structure has a substantial impact on observed reac-

tivity by impeding or allowing efficient O(3P) diffusion. Overall, this work provides fundamental

mechanistic insight into the diffusion and reactivity of atomic oxygen in condensed films of small,

unsaturated hydrocarbons. The results also emphasize limitations of condensed phase reactions

that rely on reactant diffusion; film composition, morphology, and thickness can significantly limit

reactivity despite low reaction barriers.
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8.1 Introduction

The reaction of atomic oxygen, O(3P), with small alkenes is important across many fields including

smog formation in the atmosphere, combustion processes, and chemical complexity in astrophys-

ical ices.158,286 These reactions also play a critical role in the formation of polycyclic aromatic

hydrocarbons and soot.287 Additionally, the products formed from oxygen addition across double

bonds are often significant industrial intermediates. Propylene oxide, for example, is a key inter-

mediate in the manufacturing of polyurethane plastics and other products.288,289 It is one of the

top chemicals produced worldwide by mass,290 and there is immense interest in optimizing the

economic and environmental efficiency of its production.291–293

The gas phase reaction between alkenes (including propene) and oxygen has been well-studied,

beginning as early as the 1950’s.294–298 It is well established, for example, that the reaction be-

gins with oxygen addition across the double bond, forming a triplet biradical intermediate. This

primary product species then progresses through a number of reaction channels including inter-

system crossing (ISC) from the triplet to the singlet potential energy surface (PES) to form singlet

products. Recently, a comprehensive study from Leonori et al. used crossed molecular beams

and complementary ab initio electronic structure calculations to identify complete branching ra-

tios, energetic barriers, and potential energy surfaces for the O(3P) + propene reaction.299,300 This

study and others have highlighted the temperature dependent role of ISC in the gas phase reac-

tion; the fraction of products formed via ISC decreases with increasing temperature.296,299,300

Despite this rigorous work in the gas phase, however, there still remains limited mechanistic and

kinetic data available for the oxidation of condensed alkene films. In the few early studies of this

system,301–304 primary products and reaction rates were identified, but the experimental condi-

tions utilized thick, uncharacterized propene films and were limited to temperatures above 70 K

(propene phase may have been unclear).

Understanding reactions between condensed alkenes and oxygen at cold temperatures is also

important for astrophysical applications due to the trace presence of these species in the interstellar
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medium.305 It is thought that reactions on interstellar dust grains below 77 K facilitate the forma-

tion of many such molecules with abundances that cannot be explained by gas phase chemistry

alone.162,306,307 To date, only gaseous propene has been observed in a dark interstellar cloud308

and on Titan,309 but molecules formed on dust grains (possibly due to exposure to ionizing radia-

tion)310 could desorb and contribute to these measured gas phase concentrations.311 Additionally,

propylene oxide, one of the major products in the O(3P) + propene reaction, has been detected

spectroscopically in the interstellar medium312 as well as produced in a laboratory simulation ex-

periment by exposure of propylene ices at 5 K to energetic electrons.313 Such studies indicate that

oxygen atom addition and insertion reaction pathways could activate a novel channel for chemical

complexity in ices that are too cold for radicals to diffuse and react.314,315

In this chapter we use the RF plasma source described in Subsection 2.3.3, to generate a

supersonic expansion of ground state atomic oxygen, O(3P), which is then exposed to condensed

propene films. We track reaction product formation in real time with in situ RAIRS, which allows

us to determine the activation energy for this process. We find that in the condensed phase, propene

reacts readily with O(3P) to form primarily the partial oxidation products propylene oxide and

propanal. Additionally, we present the first study highlighting the specific impact of alkene film

morphology on oxidative reactivity. Specifically, oxygen is unable to react with more disordered,

amorphous propene films.

Overall, the work in this chapter provides fundamental insight into the diffusion and reactivity

of ground state atomic oxygen in condensed films of small, unsaturated hydrocarbons. By employ-

ing cryogenic conditions and thin films of propene, we can simulate interstellar conditions which

can aid in modeling reactivity on interstellar dust grains. Additionally, the kinetic and mechanistic

detail gained from this reaction will inform polyurethane plastic manufacturing. This work also

broadly highlights the possible challenges with condensed phase reactivity in which film structure

and morphology may significantly limit reactant diffusion and reactivity in thicker films.
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8.2 Experimental Section

We performed all of the experiments described in this chapter in the molecular beam scattering

instrument described in Chapter 2. Our primary analytical technique was time-resolved RAIRS.

All RAIR spectra were analyzed with Gaussian peaks atop cubic baselines. Each spectrum is an

average of 300-500 scans taken using 4 cm−1 resolution with the clean Au(111) sample as the

reference background. Between experiments, we cleaned the Au(111) crystal via a 15 min sputter

and anneal cycle, as described in Subsection 2.4.2.

Using the beam dosing method outlined in Subsection 2.4.3, we dosed propene on the Au(111)

substrate at surface temperatures ranging from 44 K to 59 K, where propene desorption is negligi-

ble. Dosing conditions resulted in a typical incident propene flux of 2.6 × 1015 molecules cm−2

s−1, corresponding to a deposition rate of approximated 2.4 layers s−1 (assuming one monolayer

is roughly 1015 molecules cm−2).21 Because we used a neat propene beam, we were able to quan-

tify propene flux using the procedure from Subsection 2.3.2. We performed this measurement

and calculation at room temperature to ensure no additional pumping capacity was added by the

cold sample manipulator. Following this measurement, we used the same beam to establish a con-

version to propene film thickness by monitoring propene growth on the cold crystal via RAIRS

as a function of exposure and calculating an absorption cross-section for the =CH2 wagging mode

(γw), comprised of two peaks: a large, sharp peak at 919 cm−1 and a smaller shoulder at 914 cm−1.

Our calculated cross-section is in good agreement with previously reported values.147,152,316,317

Propene film thicknesses are herein reported in layers; films throughout this chapter ranged from

10 to 240 layers (specific thicknesses are noted). The beam source was thoroughly pumped out and

purged prior to turning on the oxygen source to avoid trace propene contaminants during exposure.

Finally, we generated atomic oxygen using the RF beam source described in Section 2.3.3.

Our gas was a mixture of 5% O2 in Ne mixture, and typical experimental conditions resulted in an

O(3P) flux of 8.4 × 1014 atoms cm−2 s−1. The translational energies were 0.12 eV, with energy

widths of approximately 0.06 eV. While it would be desirable to explore the reaction with higher
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incident translational energies by substituting a seeded mixture of O2 in He, doing so would reduce

O2 dissociation and introduce O(1D) to the beam, which is a more reactive species.82 45 Thus, for

this experiment, 5% O2 in Ne remains the optimal gas mixture.

8.3 Results and Discussion

8.3.1 Spectral Evidence of Reactivity and Product Formation

Condensed propene reacts readily with O(3P). Figure 8.1 shows typical RAIR spectra of a 66-

layer propene film at 54 K before and after extended exposure to O(3P). Prior to exposure, spectral

features are easily correlated with gas-phase and condensed-phase peak assignments.152,317–320

As shown by the dashed line in Figure 8.1a, the most intense features at 919 cm−1 and 914 cm−1

are assigned to the =CH2 wagging mode of propene (γw) with a smaller feature at 1003 cm−1 cor-

responding to the CC bending mode.151,321,322 Unless otherwise stated, changes in the integrated

areas of the features at 914 cm−1 and 919 cm−1 are used throughout the rest of this study to track

propene reaction progress (corresponding to oxidation of the propene double bond). A second re-

gion is highlighted in Figure 8.1b at 1643 cm−1, corresponding to the propene C=C stretch.323 A

third region highlighted in Figure 8.1c shows additional CH, CH2 and CH3 stretching modes that

are smaller in intensity.324 The two largest peaks at 3075 cm−1 and 2977 cm−1 correspond to the

CH2 and CH2 + CH stretching modes, respectively.320,324 Other notable features in this stretching

region are peaks at 2939 cm−1 and 2964 cm−1 assigned to CH3 stretching,318,322 and a peak at

3009 cm−1 assigned to CH stretching.320

Following 1 × 1018 atoms cm−2 of oxygen exposure, the aforementioned propene peaks

change dramatically, many of them decaying in intensity. At the same time, there is significant

growth of novel features that represent oxygenated products. Most notably in the solid line in Fig-

ure 8.1a, the spectral signature at 830 cm−1 is assigned to the ring deformation mode of propylene

oxide (δC2O).325–328 New peaks (1730 cm−1 and 1693 cm−1 ) in Figure 8.1b are similarly as-

signed to the C=O stretching frequency of propanal (νC=O).329–331 Additionally, there is a small
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Figure 8.1: Representative RAIR spectra of pristine and reacted propene. RAIR spectra of
characteristic regions of a 66-layer propene film before (dashed line) and after exposure to O(3P)
(solid line, total exposure 1× 1018 atoms cm−2). As a result of exposure, the total signal intensity
is observed to decrease for the CH2 wagging (919 cm−1 and 914 cm−1, a), C=C stretching (1643
cm−1, b), and CH, CH2 and CH3 stretching (3009 cm−1, 3075 cm−1 2977 cm−1, 2939 cm−1, and
2964 cm−1, c) modes of propene. New peaks grow in upon exposure corresponding to propylene
oxide (830 cm−1, a), acetone (1709 cm−1, b), and propanal (1730 cm−1 and 1693 cm−1, b).

Figure 8.2: Propene oxidation - propene consumption. Changes in the number of propene layers
on the surface (as determined via the integrated area of the =CH2 wagging mode, γw) when films
of varying thicknesses are exposed to O(3P) at 54 K demonstrate initial reactivity that slows upon
extended exposure. O(3P) is only able to fully react the film when the initial film has fewer than
24 layers of propene. Dotted lines are drawn to guide the eye.
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amount of acetone produced, confirmed spectroscopically by growth of a new peak at 1709 cm−1,

corresponding to its C=O stretching mode.332,333

To determine the role of film thickness in product formation and oxidative reactivity, propene

films of increasing thickness ranging from 12 to 66 layers were dosed at 59 K and exposed to

O(3P) at 54 K. Figure 8.2 depicts the decrease in the integrated area of the γw peak as these

films are exposed. There is a clear period of initial linear reactivity for all films with a rate that

is independent of the starting thickness. From these initial reactivity measurements, we estimate

that ≈1 propene molecule reacts for every 100 oxygen atoms reaching the film surface. Given the

observed rate of reaction and calculated barriers (below), this low reaction probability is perhaps

surprising. We estimate, however, that at our surface temperatures, the sticking probability of

oxygen atoms is on the order of 20% or less. This estimate was performed using the King and

Wells technique8 and thus explains why not every oxygen atom reaching the film is able to react.

Figure 8.2 also shows that after this initial period of exposure there is a stark drop in reactivity.

In the 12 and 24 layer films, the reaction tails off because oxygen reacts with propene completely

down to the Au(111) substrate. In thicker films, however, oxygen is unable to fully react with the

propene in more buried layers. Moreover, the total reacted depth is inconsistent for both the 46 and

66-layer films (reaction complete at 4 layers and 23 layers remaining, respectively). This suggests

that oxygen reactivity is connected to initial propene film thickness and that the reaction does not

progress by simple layer-by-layer consumption of propene.

These results indicate that for films with fewer than 70 layers (Figure 8.2), the initial reactivity

of O(3P) + propene is linear and independent of film thickness. However, when examining thicker

propene films (70 – 240 layers), the initial linear rate slows slightly (Figure 8.3a). When plotting

the initial rates as a function of propene film thickness in layers, we see that initial propene reac-

tivity plateaus for films greater than 150 layers (Figure 8.3b). We note that frequencies of the γw

mode do not shift upon increased propene deposition, confirming that there are no major changes

in film structure or optical effects as coverage increases.334 Rather, we propose that these changes

in initial reaction rates can be attributed to increased barriers for oxygen diffusion within the film,
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Figure 8.3: Initial reaction rate varies with film thickness. Integrated areas of the γw peak cor-
responding to 66, 100, and 170-layer thick propene films (a) show that the initial O(3P) reactivity
is linear with rates that depend on thickness. Taking these initial rates from (a) and including rates
for films up to 240 layers (b) demonstrates that that this initial rate slows for films greater than 70
layers, but reaches a steady value for films greater than 150 layers. Dotted line in (b) is drawn to
guide the eye.

as discussed in the following section (8.3.2).

Throughout oxygen exposure, propene disappearance is coupled to the growth of new spectral

features corresponding to propylene oxide, propanal, and a small amount of acetone (Figure 8.1).

Product growth is immediately observed upon O(3P) exposure by monitoring the integrated areas

of propylene oxide’s δC2O mode (Figure 8.4a) and propanal’s νC=O mode (Figure 8.4b). We

see that not only is there more propylene oxide and propanal formed in thicker films, but that the

rate of formation of these products does not change with increasing film thickness (up to 70 ML).

During exposure at 54 K, the Au(111) substrate temperature is such that propene and our products

(propanal and propylene oxide) are stable on the surface.313,323,331 Even though our film com-

position changes (decrease in propene, increase in propanal and propylene oxide), there is limited

desorption of products, and thus our overall film thickness is likely comparable throughout. We de-

tect no distortion or shifting of RAIR peaks as exposure continues and products form. Additionally,

we expect that the index of refraction is comparable for alkene ices and oxygen hydrocarbons,335

so we primarily attribute changes in peak intensity to reactivity and possibly molecular orientation,
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Figure 8.4: Propene oxidation - product formation. Integrated area of the propylene oxide
ring deformation peak (δC2O, a) and propanal C=O peak (νC=O, b) for propene films of varying
thickness exposed to O(3P) at 54 K demonstrate that the primary products grow in with a similar
linear rate. More product is formed in reactions with thicker films. Dotted lines are drawn to guide
the eye.
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Figure 8.5: TPD of propene oxidation products. TPD of a 46-layer propene film after exposure
to 1 × 1018 atoms cm−2 of O(3P) confirms the presence of propanal (m/z = 26, 58), propylene
oxide (m/z = 26, 43, 58), and acetone (m/z = 43). There is also some propene left on the surface
(m/z = 39, 41).

rather than optical effects as our films are likely less than 100 nm thick.336

In addition to RAIRS, temperature programmed desorption (TPD) data can help to confirm

product identities and their relative stabilities on the surface (Figure 8.5). For the 46-layer film,

O(3P) is unable to fully react the film down to the substrate (Figure 8.2), and there are correspond-

ingly low-temperature desorption features for unreacted propene at m/z = 39 and 41. As shown

in Figure 8.5, these first desorption features peak at 119 K, closely matching previous studies for

propene on Au(111).323 Although it is difficult to quantitatively differentiate our products due to

significantly overlapping cracking patterns, we can assign m/z = 43 to acetone and propylene ox-

ide, m/z = 26 to propanal and propylene oxide, and m/z = 58 to propanal, propylene oxide, and

acetone. As shown in Figure 8.5, acetone appears to be the least stable with a small desorption
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feature at 78 K, while propanal and propylene oxide have major desorption features at around 175

K.331,337 From this analysis, it is clear that propanal and propylene oxide are not only our ma-

jor products in the condensed phase, but also more stable on the surface. It is possible that these

products are in weakly bound multilayer films, while there is less than a monolayer of acetone.333

We also note that we do not identify any high-molecular weight polymeric or oligomeric species

which suggests that our intermediate product species are not long lived on the surface.

8.3.2 Effect of Surface Temperature

In addition to characterizing film reactivity and product formation, we can use the initial reaction

rates at surface temperatures ranging from 44 K to 59 K to calculate the activation energy for the

disappearance of propene (films of ≈30 layers thick). The =CH2 wagging mode of propene is

comprised of two features at 919 cm−1 and 914 cm−1. Upon exposure to O(3P), Figure 8.6a

depicts the loss of integrated area of 919 cm−1 peak for four different surface temperatures (all

films dosed at 59 K). A corresponding Arrhenius plot is shown in Figure 8.6b; the calculated

activation energy for the removal of propene’s double bond is 0.41 ± 0.05 kcal mol−1. Under

our experimental conditions, this activation energy is similar to or less than those reported in gas

phase studies of the same system.338–340 However, because this value is calculated simply from

the disappearance of propene, it is possibly a convolution of three different reaction steps, each of

which will be explored in detail below.

The first challenge hidden within the measured activation energy is a question of product forma-

tion and reaction mechanism. The observed product distribution for the O(3P) + propene reaction

is well supported by a mechanism341,342 (Figure 8.7) in which O(3P) attacks the double bond to

form a triplet biradical intermediate. It is important to note that our reaction products (acetone,

propanal, and propylene oxide) are singlet species. As outlined by the PES in Leonori et al,299

it is clear that our reaction proceeds almost 100% via ISC to the singlet surface, leading to our

observed products. This can be accounted for by recent studies299,343 demonstrating that ISC and

nonadiabatic effects become increasingly important as reaction temperature decreases.344

114



Figure 8.6: Reaction kinetics - propene consumption. Integrated area lost from the 919 cm−1

peak (part of the =CH2 wagging mode, γw) corresponding to ≈30-layer thick propene films ex-
posed to O(3P) (a) provides initial linear reaction rates for surface temperatures ranging from 44
K to 59 K. These rates are fit to an Arrhenius model (b), giving an experimental activation energy
of 0.41 ± 0.05 kcal mol−1.

Figure 8.7: Propene reaction mechanism. Reported mechanism for the O(3P) reaction with
condensed propene: O(3P) is expected to preferentially attack the least substituted side of the
double bond to form a triplet biradical intermediate that progresses, via ISC, to the final products
propylene oxide and propanal.
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Figure 8.8: Reaction kinetics - product formation. Initial rate constants of propylene oxide (a)
and propanal (b) formation from 30-layer thick propene films exposed to O(3P) over temperatures
ranging from 44 to 59 K are fit to an Arrhenius model. The experimental activation energies are
0.36 ± 0.03 kcal mol−1 and 0.34 ± 0.06 kcal mol−1 for propylene oxide and propanal formation
respectively.
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As mentioned above, however, the measured activation energy for propene oxidation may in-

clude barrier contributions for oxygen addition to either side of the double bond (Figure 8.7). To

parse these contributions, we perform the same Arrhenius analysis on product formation, using the

integrated area of propylene oxide’s δC2O mode and propanal’s νC=O mode as a function of O(3P)

exposure. Propylene oxide is a major product in both addition channels, while propanal should

only be formed from addition of oxygen to the terminal propene carbon.

The results of this analysis show that the activation energy for propylene oxide formation is

0.36± 0.03 kcal mol−1 (Figure 8.8a) and 0.34± 0.06 kcal mol−1 for propanal formation (Figure

8.8a). These values are in good agreement with one another, and they are also within error of the

measured activation energy for destruction of propene’s double bond (0.41 ± 0.05 kcal mol−1).

This suggests that not only is oxygen addition to the terminal carbon the dominating pathway,

obeying Cvetanovic’s rules for oxygen addition to alkenes,341 but the addition step itself is rate

limiting.302 This makes sense for our low temperature, condensed phase environment given that in

the gas phase the barrier for O(3P) addition is three times higher for the central carbon compared

to the terminal carbon.299

To further assess the mechanism, we examine changes in the CH region associated with the

terminal and central carbons. This analysis is shown for a representative 46-layer film, but these

trends are consistent for films of varying thicknesses. In particular, as shown in Figure 8.9a, we

track changes in peaks at 2977 cm−1 (CH2 + CH stretching) and 3075 cm−1 (CH2 stretching).

We integrated these two peaks as a function of O(3P) exposure and normalized their intensity to

the pristine film (Figure 8.9b). When oxygen atoms are introduced into the film, there is a clear

decay in intensity for both peaks, again supporting that atomic oxygen is easily able to react with

the condensed propene. The relative reaction rates in Figure 8.9b suggest that reactivity is greater

for the 3075 cm−1 peak corresponding to only CH2 stretches (green) compared to the 2977 cm−1

peak corresponding to CH2 + CH stretches (orange). This can be interpreted as again reinforcing

that oxygen addition to the terminal carbon is the dominant pathway. We also note that because

we are using RAIRS, this trend may also be linked to a change in average molecular orientation;
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Figure 8.9: Propene reactivity in the CH region. (a) RAIR spectra of the CH region of a 46-
layer propene film before (dashed line) and after exposure to O(3P) (solid line, total exposure 5
× 1017 atoms cm−2) at 54 K shows significant reactivity. (b) Normalized intensities as a function
of exposure demonstrate different rates of reaction for peaks at 2977 cm−1 (orange, CH2 + CH
stretching mode) and 3075 cm−1 (green, CH2 stretching mode).
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this is, however, unlikely to be a significant contribution due to the thick, polycrystalline nature of

the film.319

Also complicating this analysis is a small decrease in intensity of the peaks at 2939 cm−1

and 2964 cm−1 corresponding to the CH3 stretching modes. This suggests that although oxygen

addition is the dominant mechanism, hydrogen abstraction may be a minor secondary pathway.

Gas phase studies found that H abstraction was unable to compete with oxygen addition,114 and

although barriers in the condensed phase are often lower, we do not expect that H abstraction

is a significant contribution to the overall reaction mechanism. H abstraction would necessarily

yield a highly reactive hydroxyl radical,287 which we see no evidence for in our product analysis.

Moreover, abstraction leaves behind a carbon-centered radical that could easily continue to react

with other molecules in the film or with oxygen species in the beam. It is possible that a small

amount of acrolein is formed through this channel, but it is certainly only a minor contribution.

The second challenge with quantifying a reaction barrier for this system in the condensed

phase is the potential contribution of oxygen diffusion. To untangle this contribution, we return to

the difference in initial reaction rates observed between thin (<70 layer) and thick (>150 layer)

films). By performing the same Arrhenius analysis again on 150 ML films, we find that the activa-

tion energy for the reaction of propene’s double bond is 1.06 ± 0.11 kcal mol−1. This is signifi-

cantly higher than the calculated barrier for≈30-layer propene films (0.41 kcal mol−1), suggesting

that oxygen diffusion through the film plays a significant role in the observed reaction in thicker

films.341,345–347 The thinnest propene films (<70 layers) may contain more small defects, grain

boundaries, and islands that allow oxygen more ready access to the bulk. In other words, the re-

action is not diffusion controlled for thin films because there is less need for diffusion: the surface

is likely inhomogeneous with exposed propene islands.348 Higher reactivity at defects and grain

boundaries is well documented,349,350 and as with other thick molecular films, self-similarity may

not be achieved until a certain thickness is reached (often >100 layers).22,183,190,351 Our results,

therefore, suggest that propene films reach self-similarity at approximately 150 layers, at which

point oxygen diffusion becomes limiting.
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8.3.3 Effect of Propene Film Structure

Figure 8.10: Crystalline vs. amorphous propene - RAIR spectra. RAIR spectra of characteristic
regions of 46-layer condensed propene films demonstrate that films deposited at 44 K (pink) are
significantly different than films deposited at 59 K (blue). The peaks corresponding to the γw mode,
the C=C wagging mode, the CH2 twisting + CH out of plane bending mode, and the CH3 rock +
CH out of plane mode in the low-temperature film are generally broader and red-shifted from the
analogous high-temperature film. Such shifts indicate a more disordered and amorphous film.

For all experiments mentioned thus far, propene films were deposited at a surface temperature

of 59 K and exposed to oxygen at temperatures between 44 and 59 K. However, as shown in

Figure 8.10, the deposition substrate temperature has a profound impact on the RAIR spectra

of the pristine propene film, indicating a significant difference in film morphology. This is true

regardless of film thickness. The spectral differences between a propene film produced at 59 K and

one produced at 44 K can be summarized as follows: The γw peak broadens and red shifts by 2

cm−1 to 918 cm−1, the C=C wagging mode red shifts by 2 cm−1 to 933 cm−1, the CH2 twisting

+ CH out of plane bending mode red shifts by 7 cm−1 to 995 cm−1, and the CH3 rock + CH out

of plane bending mode red shifts by 4 cm−1 to 1043 cm−1. These alkene modes are known to

be sensitive to the conformation of the molecule and local changes within the environment.352 In
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general, the peak shifts and broadening observed for the propene film dosed at 44 K compared to

the propene film at 59 K is attributed to increased film disorder.318,323,353 Red shifts may also be

a result of increased intermolecular interactions with surrounding propene molecules, resulting in

a slight weakening of the =CH2 bond.

Although this is, to our knowledge, the first spectral evidence of differing morphologies of

condensed propene, it is not unusual for deposition conditions to influence mobility during film

deposition, leading to different film phases at different temperatures and dosing rates. There is

vast literature, for example, on the growth of amorphous solid water and crystalline water ice

films whereby crystalline films are only possible at higher substrate temperatures where there is

enough mobility for water molecules to rearrange during dosing or upon annealing.22,196,220,354

Similarly for alkenes, amorphous (produced at 12 K) and crystalline (produced at 70 K) acetylene

have been clearly identified spectroscopically.355 Upon warming the amorphous acetylene from

12 K, an irreversible change was detected in the spectra between 40 K and 50 K indicating that the

amorphous acetylene ice was converted to a more crystalline form. Such spectral changes between

amorphous and crystalline have also been detected for ethane and ethylene;335 warming films to 60

K always resulted in crystallization. Based on the similarities between our observations and these

studies, we will use the terms “amorphous” and “crystalline” to differentiate the films deposited

below 44 K or at 59 K, respectively as propene films are less ordered when deposited below 44 K

and more highly ordered at 59 K.

To determine how propene structure impacts oxidative reactivity, a crystalline film dosed at 59

K and an amorphous film dosed at 44 K were exposed to O(3P) at an intermediate temperature of

49 K (Figure 8.11). At 49 K, both propene films structurally remain the same as when deposited,

the amorphous film is unable to irreversibly change to a crystalline structure and vice versa. As

expected, the reaction rate for the crystalline film (blue) is linear as oxygen reacts with the film.

On the other hand, the amorphous film grown at 44 K is largely unreactive. There is a very short

initial period of reactivity, which we attribute to O(3P) reacting with the disordered propene surface

layers at the vacuum interface. After this, however, there is little to no reaction despite extended
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Figure 8.11: Crystalline vs. amorphous propene - reactivity. Changes in the integrated area
of the γw mode for a 46-layer propene film dosed at 44 K (pink) and 59 K (blue) and exposed to
O(3P) at 49 K demonstrate that while films dosed at 44 K do experience some initial reactivity,
O(3P) is unable to penetrate into the bulk of the film; diffusion and reaction occurs more readily
for propene films deposited at 59 K.

exposure; this is true for all RAIR spectral regions, including the CH. It is interesting to note that

the initial reaction rate of the amorphous film is faster than the rate in the crystalline film. This may

further support the “amorphous” vs. “crystalline” designation of the two films. A more amorphous

film typically presents a larger exposed surface area (due to islands, microporous pockets, and

under-coordinated surface molecules) than the crystalline film.200,221 A larger surface area would

provide more accessible surface propene molecules and thus a faster observable rate of initial

reaction before oxygen penetration into the bulk becomes necessary for continued reaction.

Beyond the first seconds of reactivity, it is quite surprising that reactivity plateaus so drastically

for the amorphous film. These results suggest that oxygen is unable to diffuse into the propene bulk

when the film has a more amorphous structure. This behavior is supported by previous studies ex-

amining oxidative reactivity of self-assembled monolayers (SAMs)84,356,357 that found that a more

compact and less mobile film structure was not as reactive. Additionally, it has been suggested that
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film density plays a role in observed spectroscopic band strengths, as is the case for amorphous

methane.358 Thus, the lower intensity of the peaks corresponding to amorphous propene could

indicate increased density compared to the crystalline propene film. Although larger diffusion bar-

riers in amorphous films are less common, there are polymer films where the amorphous regions

are denser and this trend has been observed.359,360 This suggests that our amorphous propene film

may be packed more closely, making it less accessible to the permeating oxygen. We know from

previous studies that monolayer propene molecules organize with the double bond nearly paral-

lel to the Au(111) substrate.323 This molecular orientation also appears to propagate to thicker

multilayer crystalline propene films as well.318 Thus, it is possible that in this crystalline propene

structure, the molecules are organized in such a way that intermolecular-spacing affords easy ac-

cess for oxygen to diffuse into the film and encounter propene’s double bond.361 It is also likely

that our propene films are polycrystalline, and that grain boundaries further facilitate diffusion.84

RAIR spectra of the amorphous and crystalline forms of propene are easily differentiated,

allowing us to probe the amorphous to crystallization transition directly and extract an activation

energy for the process. We dosed amorphous propene films (70-layers thick) at 44 K and subjected

them to isothermal annealing at 50, 51, 51.5, 52, 53, 54, and 55 K. Spectra collected every 60-90

seconds during the anneal clearly demonstrate a sharp phase transition (Figure 8.12a), evidenced

by a sharpening of the peak at 919 cm−1 and a decrease in relative intensity of the 914 cm−1

shoulder. The crystallization process occurs over a time scale of 5-30 minutes, depending on the

temperature.

We established rate constants for the crystallization by tracking the change in intensity at 919

cm−1 throughout the anneal. As shown in Figure 8.12a, the crystallizing spectra have multiple

isobectic points where the spectra overlap, indicating a linear combination of crystalline and amor-

phous states.362 Thus, the relative intensity of this point to both the starting fully amorphous film

and the ending fully crystalline film can be used to establish the crystalline fraction of the film at

any point in time.

This analysis is shown for a representative trial at each temperature by the dotted data in Figure
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Figure 8.12: Propene crystallization kinetics. (a) Time-resolved RAIR spectra of 70-layer
propene films isothermally annealed at 50 K indicate a transition from amorphous to crystalline
propene. (b) Representative crystalline fractions versus annealing time (dots) are fit to the Avrami
equation (Equation 8.1, dashed lines), using k as a fit parameter and a n value of 4 (see text for
details). Crystalline fractions are established using the relative intensities of the corresponding
spectra at 919 cm−1. (c) Rate constants (k) are fit to an Arrhenius equation, yielding an activation
of 1.61 ± 0.16 kcal mol−1 for the crystallization of propene.
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8.12b. The corresponding fit (illustrated by a dashed line) is the integrated form of the Avrami

equation:363–365

x(t) = 1− e−(kt)n
(8.1)

This form of the Avrami equation is commonly used to describe phase transformation by nucleation

and gives the crystallized fraction of a material (x(t)) as a function of time during isothermal

annealing. In Equation 8.1, k is the crystallization rate constant (experimental fit parameter) and

n is a parameter related to the crystallization mechanism.362 A value of n = 4 fits the data well,

suggesting that the nucleation rate is constant and that there is isotropic three-dimensional growth

of the crystalline phase.366,367 We note, however, that the value of n has little impact on the

calculated activation energy for propene crystallization, which is the focus of this analysis.

We calculated an activation energy for the crystallization by assuming that the crystallization

rate constants have an Arrhenius-like temperature dependence. This plot is shown in in Figure

8.12c; the corresponding analysis gives an activation energy of 1.61 ± 0.16 kcal mol−1. This

activation energy is much lower than those reported for water362 or methanol368 ices (≈17-23 kcal

mol−1) indicating a low barrier for this irreversible change to crystalline propene. One possible

explanation for this low value is that our amorphous propene might actually be in a metastable

state, similar to what has been observed in ethane, ethylene, and acetylene ices.335,355 However,

since we do not observe any additional spectral differences between propene deposited between 20

K and 44 K, this seems unlikely. A second, more plausible explanation for the difference may be

that the prope ne films used are thin (≈70 layers); water film crystallization kinetics, for example,

are only independent of thickness for films greater than 300 layers.369

Regardless, this analysis highlights a number of interesting features of the propene system.

First, the Avrami fitting procedure and low activation energy barrier suggests that crystallization

occurs rapidly, with nucleation occurring randomly (i.e. the weak physisorption interaction be-

tween propene and the Au(111) substrate is not the dominating factor in crystallization nucleation).

Additionally, we demonstrate the general feasibility of using isothermal annealing and correspond-

125



Figure 8.13: Crystalline propene oxidation - γw mode. Upon exposure to O(3P), RAIR spectra
of the γw propene mode shows a faster rate of intensity decrease for the higher wavenumber peak
(919 cm−1), indicating that there may be multiple domains within the propene film and that some
of them are more accessible to O(3P) reactivity.

ing spectra to determine alkene crystalline activation energies, which can be useful in discussing

the relative stabilities of solids, liquids, and supercooled liquids.368

The discovery of multiple propene phases may also help to explain the observations from Fig-

ure 8.2, in which O(3P) is unable to fully erode thicker films and the total reacted depth is incon-

sistent among thicker films. When propene films crystallize (Figure 8.12a), RAIR spectra show

a dramatic change in the relative intensity of the γw mode; the 914 cm−1 shoulder decreases in

intensity while the 919 cm−1 peak increases. During oxidation, this bluer peak (919 cm−1) is con-

sumed more readily (Figure 8.13). This may indicate that within “crystalline” films, there is not

uniform O(3P) reactivity within the film. Instead, it is possible that due to inhomogeneity in film

organization, there are certain domains of increased order or accessibility where oxygen diffusion

and reaction occurs more readily. Our results, therefore, show broadly that film structure can have

a dramatic impact on observed reactivity by impeding or allowing efficient reactant diffusion.
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8.4 Conclusion

The oxidative reactivity of condensed propene films at cryogenic surface temperatures has been

characterized using time resolved RAIRS. We find that in the condensed phase, propene reacts

readily with O(3P) to form primarily propylene oxide and propanal, supporting a mechanism where

oxygen almost always preferentially adds to the least substituted side of the double bond. Follow-

ing addition, the triplet biradical intermediate undergoes ISC at a likelihood of close to 100% to

form the singlet products: propanal, propylene oxide, and a small amount of acetone. The acti-

vation energy for the loss of propene in the O(3P) + propene reaction for 30-layer thick films is

0.41 0.05 kcal mol−1 while the activation energy for propylene oxide formation is 0.36 ± 0.03

kcal mol−1 and 0.34 ± 0.06 kcal mol−1 for propanal formation. When examining thicker films

(150 ML), we find that the activation energy for the reaction of propene’s double bond is 1.06 ±

0.11 kcal mol−1 which suggests that oxygen diffusion through the film plays a significant role

in the observed reaction. Interestingly, it is possible to spectroscopically differentiate two forms

of propene: an amorphous form present at lower deposition temperatures (<44 K) and a crys-

talline form present at 59 K. Little reactivity is observed when the propene film is more disordered.

Additionally, since RAIR spectra of the amorphous and crystalline forms of propene are easily

differentiated, it is possible probe the amorphous to crystallization transition directly and extract

an activation energy for this process.

Overall, this work provides fundamental mechanistic insight into the diffusion and reactivity

of ground state atomic oxygen in condensed films of small, unsaturated hydrocarbons. Our results

indicate that despite low reaction barriers for oxygen diffusion, film composition and morphol-

ogy can have significant impact on reactant diffusion and subsequent reactivity. In general, such

work informs the development of novel industrial processes used in the production of polyurethane

plastics as well as shed light on possible chemical pathways in frozen astrophysical environments.

In addition to these applications, an important future extension of this work may be to consider

conformationally ordered, vinyl-containing films in which molecular orientation relative to the im-
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pinging oxygen atom can be controlled, allowing for precise, stereodynamic tuning of reaction

kinetics.
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Appendix A

Appendices

Appendices A1 - A7 contain the raw data for all figures reproduced in this thesis, organized by

chapter in which the figure appears. Many figures include data points that represent the average of

some collected value across numerous trials; the associated appendix figures include a table in the

caption detailing the raw data used.

Appendix A8 details the copyright attribution for all work reproduced in this thesis that has

been published or submitted for publication.

A1 Experimental Methods (Chapter 2)

Figure A1.1: Raw RGA data for Figure 2.4. Signal intensity for a beam of CH4 (seeded in H2)
exposed to a thick film of p-ASW D2O. The beam nozzle is heated to 970 K, resulting in an energy
of 1.8 eV (Data file: 040618.R05).
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Figure A1.2: Raw TOF data for Figure 2.6. QMS signal intensity for a beam of CH4 (seeded
in H2, 400 K) is collected as a function of time. t = 0 when the beam passes through the rotating
chopper slit at 1% duty-cycle modulation. (Data file: 040918T.F05).

Figure A1.3: Raw TOF data for Figure 2.7. We collect a series of TOF spectra for a neat
beam (CO2, in this case) at various backing pressures and find the linear relationship between the
integrated area of these curves and the calculated beam flux. We then use the slope of this fit to
convert TOF peak area to absolute flux for seeded beams. (Data files: 082917T.F01-6).
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A2 Oxidation, Destruction, and Persistence of Multilayer Dimethyl

Methylphosphonate Films during Exposure to O(3P) Atomic Oxygen

(Chapter 3)

Figure A2.1: Raw RAIR spectrum for Figure 3.1. Raw RAIR spectrum of a forty-layer thick
DMMP film on single-crystal Au(111). We dosed the film via directed doser while the crystal was
held at 155 K. (Data file: 081215A.IR01).
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Figure A2.2: Raw RAIR spectra for Figure 3.2 - 163 K. A multilayer DMMP film desorbs
slowly at 163 K; we collect spectra at regular time intervals and track the P-O-C modes at 1041
and 1066 cm−1 and compile the integrated areas in the 163 K panel of Figure 3.2. (Data files:
042815B.IR01-10).
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Figure A2.3: Raw RAIR spectra for Figure 3.2 - 164 K. A multilayer DMMP film desorbs
slowly at 164 K; we collect spectra at regular time intervals and track the P-O-C modes at 1041
and 1066 cm−1 and compile the integrated areas in the 164 K panel of Figure 3.2. (Data files:
043015B.IR01-11).
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Figure A2.4: Raw RAIR spectra for Figure 3.2 - 165 K. A multilayer DMMP film desorbs
slowly at 165 K; we collect spectra at regular time intervals and track the P-O-C modes at 1041
and 1066 cm−1 and compile the integrated areas in the 165 K panel of Figure 3.2. (Data files:
050415A.IR02-14).
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Figure A2.5: Raw RAIR spectra for Figures 3.3 and 3.4. A 6-layer DMMP film changes dra-
matically on exposure to O(3P). We integrate each spectra in the P-O-C and P=O regions over
the course of 106 minutes of exposure. The corresponding areas are discussed in Figure 3.3b.
Figure 3.4 details the relative intensities of the peaks comprising the P=O region. (Data files:
082815A.IR01-10).
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Figure A2.6: Raw RAIR spectra for Figure 3.5. We collected spectra of DMMP films (<10
layers) in three different regimes: as deposited on Au(111), following reaction with O(3P), and
as deposited on a thick film of amorphous solid water (ASW) ice. We prepare the ASW film via
background deposition at a crystal temperature of 123 K. (Data files: 082815A.IR08 (Reacted),
061215B.IR02 (Pristine, on Au(111)), 061115D.IR01 (Pristine, on ASW))).
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Figure A2.7: Raw RAIR spectra for Figure 3.6. We tracked the integrated areas of the P-
O-C modes (1041 and 1066 cm−1) from these spectra in Figure 3.6 as DMMP films are ex-
posed to O(3P). For visual clarity, the spectra are truncated at 2000 cm−1 in this figure. (Data
files: 082015B.IR02-12 (39 layers), 082015B.IR13-19 (34 layers), 083115A.IR02-11 (6 layers),
091115A.IR01-10 (36 layers), 111315A.IR01-10 (12 layers)).

137



Figure A2.8: Raw XPS spectra for Figure 3.7. We collected XPS spectra of the O(1s) and C(1s)
regions of a 15-layer DMMP film as deposited (“before”) and following reaction with O(3P) (“af-
ter”). We used different films for each collection due to X-ray-induced film damage. (Data files:
100115.X02 (C(1s), before), 100115.X01 (O(1s), before) 090215.X01 (C(1s), after), 090215.X02
(O(1s), after)).

Figure A2.9: Raw RAIR spectra for Figure 3.8. We collected spectra of a pristine (“as de-
posited”) and reacted (“exposed to O(3P)”) DMMP films (15 layers) at 10 K intervals dur-
ing stepped programmed desorption experiments. (Data files: 111615B.IR01-09 (reacted),
111715A.IR02-07 (pristine)).
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Figure A2.10: Raw RAIR spectra for Figure 3.9. These spectra are a subset of those collected for
Figure 3.8; we examine the P=O region for the spectra at 185 and 195 K as the DMMP desorbs.
(Data files: 111615B.IR03-04 (reacted), 111715A.IR04-05 (pristine)).

Figure A2.11: Raw RAIR spectra for Figure 3.10. We examine the change in integrated area
in the P=O and P-O-C regions for DMMP films of varying thicknesses as they are exposed to
O(3P). (Data files: 082815A.IR01-08 (6 layers), 111315B.IR01-09 (12 layers), 091115A.IR01-10
(36 layers)).
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A3 Oxidative Destruction of Multilayer Diisopropyl Methylphosphonate

Films by O(3P) Atomic Oxygen (Chapter 4)

Figure A3.1: Raw RAIR spectrum for Figure 4.1. Raw RAIR spectrum of a thirty-layer DIMP
film on single-crystal Au(111). Unless otherwise stated, all films in this chapter were deposited via
beam dosing while the crystal was held at 165 K, and then annealed to 182 K. All O(3P) exposure
was similarly performed with the film at 165 K. (Data file: 072716A.IR01).
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Figure A3.2: Raw RAIR spectra for Figure 4.2. Raw RAIR spectra of a six-layer DIMP film as
it desorbs at 174 K. (Data files: 070616A.IR02-14).

Figure A3.3: Raw RAIR spectra for Figure 4.3. Raw RAIR spectra of a seven-layer DIMP film
before (“pristine”) and after (“reacted”) exposure to 1 × 1021 O(3P) atoms cm−2. (Data files:
102716.IR01 (pristine), 102716A.IR03 (reacted)).

141



Figure A3.4: Raw RAIR spectra for Figure 4.4. Raw RAIR spectra of a 27-layer DIMP film
during O(3P) exposure; we track the integrated areas of the P=O and P-O-C regions. Total exposure
was 2.4 × 1021 O(3P) atoms cm−2. (Data files: 112916A.IR01-09).

Figure A3.5: Raw XPS spectra for Figure 4.5. We collected XPS spectra of the O(1s) and C(1s)
regions of a 17-layer DIMP film as deposited (“before”) and following reaction with O(3P) (“af-
ter”). We used different films for each collection due to X-ray-induced film damage. (Data files:
102616.X02 (O(1s), before), 102616.X01 (C(1s), before) 102716.X05 (O(1s), after), 102716.X01
(C(1s), after)).
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Figure A3.6: Raw RAIR spectra for Figure 4.7. We collected spectra of a pristine (“as de-
posited”) and reacted (“exposed to O(3P)”) DIMP films (17 layers) at 10 K intervals during stepped
programmed desorption experiments from 165 K to 355 K. (Data files: 120916.IR06-15 (reacted),
121216A.IR01-04 (pristine)).

Figure A3.7: Raw RAIR spectra for Figure 4.8. We examine the change in integrated area in
the P-O-C region for DIMP films of varying thicknesses as they are exposed to O(3P). (Data files:
112116A.IR01-10 (7 layers), 112816A.IR01-08 (17 layers), 112916A.IR01-09 (27 layers)).
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Figure A3.8: Raw RAIR spectra for Figure 4.9. We compare the qualitative changes in pristine
and reacted DIMP and DMMP films. Both films are approximately 12-17 layers thick. (Data files:
112816A.IR01,11 (DIMP), 122116A.IR01,07 (DMMP)).

Figure A3.9: Raw RAIR spectra for Figure 4.8. We examine the change in integrated area in
the P-O-C region for both DMMP (12 layers) and DIMP (17 layers) films as they are exposed to
O(3P) at 155 K. O(3P) flux for DIMP was 1.3 × 1017 cm−2 s−1, total exposure of 280 minutes.
O(3P) flux for DMMP was 2.1 × 1017 cm−2 s−1, total exposure of 100 minutes. (Data files:
112816A.IR01-08 (DIMP, 17 layers), 122116A.IR01-07 (DMMP, 12 layers)).
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A4 Rapid Laser-Induced Temperature Jump Decomposition of the Nerve

Agent Simulant Diisopropyl Methylphosphonate under Atmospheric

Conditions (Chapter 5)

Figure A4.1: Raw MS for Figure 5.3. To collect one full mass sweep with the proper resolution,
we compile three separate spectra collected with three different magnifications (nominally×10−4,
×10−5, and ×10−6 Torr, although we do not use these absolute pressure values for comparison;
we simply scale each scan to the same relative order of magnitude and compile a single spectra).
Following simulant ablation, we collect and compile three more spectra to get a mass scan of the
gaseous products. (Data files: 073118F01-F03 (background), 073118F04-F06 (post-ablation)).
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Figure A4.2: Raw FTIR spectrum for Figure 5.4. Following ablation in the atmospheric cham-
ber, gaseous products flow into an evacuated chamber. We collect FTIR spectra of the contents
of this chamber; this representative spectrum was collected after DIMP ablation to approximately
2720 K. (Data file: 072718A.IR03).
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Figure A4.3: Raw FTIR spectra for Figure 5.5. We ablated DIMP at five different temper-
atures and collected FTIR spectra of the associated gaseous products. One spectra from each
set is displayed in Figure 5.5a, and we average the relevant integrated areas (propene’s =CH2
wagging mode and ethylene’s bending mode) from all three spectra at each temperature to cre-
ate the plot in Figure 5.5b. (Data files: 072518A.IR02-04 (1191 K), 072518A.IR05-07 (1488 K),
072618A.IR02-03 and 072718B.IR01 (1910 K), 0727618A.IR05-06 and 072718B.IR02 (2374 K),
072718A.IR01-03 (2723 K)).
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Figure A4.4: Raw MS for Figure 5.6 - 1440 K. We ablated DIMP at three different temperatures
and collected in situ mass spectra of the associated gaseous products. Figure 5.6a contains the
least-squares fit to the 080318B data set, and the 1440 K data points in Figure 5.6b are the average
amounts of propene and acetylene/ethylene present in spectra collected at this ablation temperature.
(Data files: 061418S01-06 (a), 080218E01-06 (b), 080318B01-06 (c)).
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Figure A4.5: Raw MS for Figure 5.6 - 2140 K. We ablated DIMP at three different temperatures
and collected in situ mass spectra of the associated gaseous products. Figure 5.6a contains the
least-squares fit to the 073118G data set, and the 2140 K data points in Figure 5.6b are the average
amounts of propene and acetylene/ethylene present in spectra collected at this ablation temperature.
(Data files: 073118G01-06 (a), 073118H01-06 (b), 080218D01-06 (c)).
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Figure A4.6: Raw MS for Figure 5.6 - 2830 K.
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Figure A4.6: Raw MS for Figure 5.6 - 2830 K. We ablated DIMP at three different temperatures
and collected in situ mass spectra of the associated gaseous products. Figure 5.6a contains the
least-squares fit to the 073118F data set, and the 2830 K data points in Figure 5.6b are the average
amounts of propene and acetylene/ethylene present in spectra collected at this ablation temperature.
Note: This data is also used as the atmospheric data in Figure 5.7 (Oxygen pressure of 1 × 10−6

Torr). (Data files: 061318S09-14 (a), 072718B01-06 (b), 072718C01-06 (c), 072718D01-06 (d),
073118F01-06 (e), 080318A01-06 (f)).

Figure A4.7: Raw MS for Figure 5.7 - 2 × 10−7 Torr. We ablated DIMP under three different
atmospheric oxygen pressures and collected in situ mass spectra of the associated gaseous prod-
ucts. Figure 5.7a contains the least-squares fit to the 081418B data set, and the 2 × 10−7 Torr
data points in Figure 5.7b are the average amounts of propene and acetylene/ethylene present in
spectra collected under these conditions. (Data files: 081318F01-06 (a), 081418B01-06 (b)).
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Figure A4.8: Raw MS for Figure 5.7 - 3 × 10−9 Torr. We ablated DIMP at three different
atmospheric oxygen pressures and collected in situ mass spectra of the associated gaseous prod-
ucts. Figure 5.7a contains the least-squares fit to the 080918H data set, and the 3 × 10−9 Torr
data points in Figure 5.7b are the average amounts of propene and acetylene/ethylene present
in spectra collected under these conditions. (Data files: 080918H01-06 (a), 081318C01-06 (b),
081318D01-06 (c), 081318E01-06 (d)).
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A5 Sticking Probability of High-Energy Methane on Crystalline,

Amorphous, and Porous Amorphous Ice Films (Chapter 6)

Figure A5.1: Raw RAIR spectra for Figure 6.1. The shape of the O-D stretching region varies
with different ice morphologies (p-ASW, np-ASW, and CI). We also use the integrated area of the
small “dangling-bond” region between 2700 and 2780 cm−1 to determine surface area and degree
of porosity. Each spectrum is a representative example of each film type with a thickness between
150 and 250 layers, deposited via directed doser at a crystal temperature of 25, 107, and 150 K
for p-ASW, np-ASW, and CI, respectively. (Data files: 040218A.IR06 (p-ASW), 042018A.IR01
(np-ASW), 050918A.IR36 (CI).
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Figure A5.2: Raw RAIR spectra for Figure 6.2a - CI films. We tracked the integrated area of
methane’s ν4 mode (1305 cm−1) during adsorption and desorption experiments. In the top panel
of Figure 6.2a, we isothermally desorb a multilayer film of methane on a CI film at 24 and 25
K; the change in desorption slope indicates the height of the monolayer. In the bottom panel, we
watch as a small amount of methane (RT beam) grows in on a CI film held at 33.5 K. (Data files:
051018G.IR01-16 (desorption, 24 K), 051018H.IR01-09 (desorption, 25 K), 050318D.IR01-13
(adsorption, 33.5 K)).
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Figure A5.3: Raw RAIR spectra for Figure 6.2b - np-ASW films. We tracked the integrated
area of methane’s ν4 mode (1305 cm−1) during adsorption and desorption experiments. In the top
panel of Figure 6.2b, we isothermally desorb a multilayer film of methane on a np-ASW film at
24 and 25 K; the change in desorption slope indicates the height of the monolayer. In the bottom
panel, we watch as a small amount of methane (RT beam) grows in on a np-ASW film held at
33.5 K. (Data files: 051018F.IR08-29 (desorption, 24 K), 051018E.IR01-10 (desorption, 25 K),
050318B.IR01-17 (adsorption, 33.5 K), 050318C.IR01-13 (adsorption, 33.5 K)).
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Figure A5.4: Raw RAIR spectra for Figure 6.2c and d - p-ASW films. We tracked the integrated
area of methane’s ν4 mode (1305 cm−1) during adsorption and desorption experiments. In the top
panel of Figure 6.2c, we isothermally desorb a multilayer film of methane on a p-ASW film at
24, 25, and 33.5 K; the change in desorption slope indicates the height of the monolayer. In the
bottom panel, we watch as a small amount of methane (RT beam) grows in on a p-ASW film held
at 33.5 K. The spectra in Figure 6.2d are from the same data sets. (Data files: 051118D.IR01-11
(desorption, 24 K), 051118E.IR01-17 (desorption, 25 K), 050918A.25-35 (desorption, 33.5 K),
050218A.IR18-32 (adsorption, 33.5 K), 050218A.IR33-45 (adsorption, 33.5 K)).
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Figure A5.5: Raw King and Wells data for Figure 6.3 - CI films. Using the procedure outlined
in Subsection 2.2.3, we collect the RGA signal at m/z = 15 as a CI film is exposed to a heated
beam of CH4 (0.10 and 0.27 eV) or CH4 seeded in H2 (0.54, 0.74, 1.3, 1.8 eV). We use the drop in
intensity to calculate the initial sticking probability; each yellow data point in Figure 6.3 represents
the average value across all trials with a particular beam energy.

0.10 eV 0.27 eV 0.54 eV 0.74 ev 1.3 eV 1.8 eV
060818.R07 042418.R08 050218.R05 041818.R02 041818.R04 041818.R03
061118.R04 060818.R05 050218.R06 041818.R05 042518.R13 041918.R03
061118.R09 060818.R06 050318.R06 042318.R11 042518.R14 041918.R04
061118.R10 043018.R07 043018.R05 042718.R05

043018.R08 043018.R06 042718.R06
043018.R09 042718.R10

043018.R04
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Figure A5.6: Raw King and Wells data for Figure 6.3 - np-ASW films. Using the procedure
outlined in Subsection 2.2.3, we collect the RGA signal at m/z = 15 as a np-ASW film is exposed
to a heated beam of CH4 (0.10 and 0.27 eV) or CH4 seeded in H2 (0.54, 0.74, 1.3, 1.8 eV). We use
the drop in intensity to calculate the initial sticking probability; each blue data point in Figure 6.3
represents the average value across all trials with a particular beam energy.

0.10 eV 0.27 eV 0.54 eV 0.74 ev 1.3 eV 1.8 eV
040518.R05 042418.R06 050318.R02 041518.R02 041718.R04 041718.R03
040518.R06 042418.R07 050318.R03 041718.R02 041718.R07 041718.R06
040518.R08 060818.R02 050318.R04 041718.R05 042318.R05 042018.R02
042418.R04 060818.R03 050318.R05 042318.R02 042318.R06 042018.R03
042418.R05 042318.R03 042318.R07 042018.R04

042318.R04 042718.R03 042718.R04
042718.R02
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Figure A5.7: Raw King and Wells data for Figure 6.3 - p-ASW films. Using the procedure
outlined in Subsection 2.2.3, we collect the RGA signal at m/z = 15 as a p-ASW (30◦ deposition)
film is exposed to a heated beam of CH4 (0.10 and 0.27 eV) or CH4 seeded in H2 (0.54, 0.74, 1.3,
1.8 eV). We use the drop in intensity to calculate the initial sticking probability; each red data point
in Figure 6.3 represents the average value across all trials with a particular beam energy.

0.10 eV 0.27 eV 0.54 eV 0.74 ev 1.3 eV 1.8 eV
042518.R02 040618.R09 050218.R02 040618.R03 040618.R07 040618.R05
042518.R03 042518.R04 050218.R03 041318.R02 041318.R09 041318.R04

042518.R05 050218.R04 042518.R07 041318.R12 041318.R08
042518.R08 042518.R11 042518.R09

042518.R12 042518.R10
043018.R02
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Figure A5.8: Raw RAIR spectra for Figure 6.4. We tracked the growth rate of CF4 embed-
ded in np-ASW (top) and p-ASW (bottom) films via the integrated area of modes at 1276 and
1257 cm−1. We performed embedding experiments with a beam energy of 5.3 eV and the ice
film held at 70 K. We also performed corresponding blank trials with a room temperature beam
(≈0.11 eV) to quantify any small contributions to the signal from CF4 surface adsorption. (Data
files: 031218B.IR01-10 (np-ASW, 5.3 eV), 013118B.IR04-08 (np-ASW, blank), 031418B.IR01-12
(p-ASW, 5.3 eV), 031518B.IR01-10 (p-ASW, blank)).
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Figure A5.9: Raw RAIR spectra for Figure 6.5. Spectra collected before, during and after expo-
sure to a seeded, 0.54 eV CH4/H2 beam illustrate any minor changes in the underlying water struc-
ture as a result of CH4 exposure. (Data files: 050218A.IR33 (before CH4 exposure), 050218A.IR45
(during CH4 exposure), 050218A.IR46 (after anneal)).
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Figure A5.10: Raw King and Wells data for Figure 6.6 - 60◦ films. Using the procedure outlined
in Subsection 2.2.3, we collect the RGA signal at m/z = 15 as a p-ASW (60◦ deposition) film is
exposed to a heated beam of CH4 (0.10 and 0.27 eV) or CH4 seeded in H2 (0.54, 0.74, 1.3, 1.8
eV). We use the drop in intensity to calculate the initial sticking probability; each green data point
in Figure 6.6 represents the average value across all trials with a particular beam energy.

0.10 eV 0.27 eV 0.54 eV 0.74 ev 1.3 eV 1.8 eV
040818.R02 050718.R14 050718.R02 040918.R02 040918.R04 040918.R03
050718.R16 050718.R15 050718.R03 050718.R05 050718.R08 050718.R11
050718.R17 040818.R03 050718.R04 050718.R06 050718.R09 050718.R12

050718.R07 050718.R10 050718.R13
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Figure A5.11: Raw King and Wells data for Figure 6.6 - 70◦ films. Using the procedure outlined
in Subsection 2.2.3, we collect the RGA signal at m/z = 15 as a p-ASW (70◦ deposition) film is
exposed to a heated beam of CH4 seeded in H2 (0.54, 0.74, 1.3, 1.8 eV). We use the drop in
intensity to calculate the initial sticking probability; each gray data point in Figure 6.6 represents
the average value across all trials with a particular beam energy.

0.54 eV 0.74 ev 1.3 eV 1.8 eV
051418.R02 041118.R02 041118.R04 041118.R03
051418.R03 051518.R02 041118.R04 041118.R06

051518.R03 051518.R05 051518.R07
051518.R06 051518.R08
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Figure A5.12: Raw King and Wells data for Figure 6.6 - BD films. Using the procedure outlined
in Subsection 2.2.3, we collect the RGA signal at m/z = 15 as a p-ASW (background deposition)
film is exposed to a heated beam of CH4 (0.10 and 0.27 eV) or CH4 seeded in H2 (0.54, 0.74, 1.3,
1.8 eV). We use the drop in intensity to calculate the initial sticking probability; each purple data
point in Figure 6.6 represents the average value across all trials with a particular beam energy.

0.10 eV 0.27 eV 0.54 eV 0.74 ev 1.3 eV 1.8 eV
050818.R11 050818.R09 050818.R02 041218.R02 041218.R04 041218.R03
050818.R12 050818.R10 050818.R03 050818.R05 050818.R07 051618.R09

050818.R04 050818.R06 050818.R08 051618.R10
051618.R02 051618.R04 051618.R07 051618.R11
051618.R03 051618.R05 051618.R08

051618.R06
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Figure A5.13: Raw King and Wells data for Figure 6.7. All data listed here already appears
in Figures A5.2 - A5.4 and A5.10 - A5.12. I have just highlighted the data that we used for
calculating the values reported in the text of Subsection 6.3.2 and included in Figure 6.7.

Panel A Panel B - 30◦ Panel B - 60◦ Panel B - 70◦ Panel B - BD
041818.R03 050218.R02 050718.R11 041118.R03 051618.R02
042518.R09 050218.R03 040918.R03 051518.R07 051618.R03
041718.R06 050218.R04 050718.R02 051518.R08 051618.R09

040618.R05 051418.R03 051618.R10
042518.R09 050818.R02
043018.R02
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A6 Reverse Water-Gas Shift Chemistry inside a Supersonic Molecular

Beam Nozzle (Chapter 7)

Figure A6.1: Raw MS for Figure 7.1. We collected mass spectra for CO, CO2, and H2O (m/z
= 28, 44, 18, respectively) with square wave modulation of the molecular beam. Both sets were
collected with a beam pressure of 250 psi. (Data files: 030117T.F03-05 (304 K), 0222817T.F03-05
(800 K)).
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Figure A6.2: Raw MS for Figure 7.2. We collected mass spectra for H2 and CH4 (m/z = 2 and 15,
respectively) with square wave modulation of the molecular beam. The raw CH4 signal intensity
is normalized to the H2 signal for the same trial and then further normalized to 1. Beam nozzle
temperatures vary, but all data was collected with a stagnation pressure of 250 psi.

300 K 650 K 725 K 800 K
030117T.F01-02 022817T.F53-54 030117T.F11-12 022817T.F01-02

030117T.F06-07 030117T.F21-22 022817T.F28-29
875 K 950 K 1025 K

022817T.F63-64 030117T.F31-32 030117T.F42-43
030117T.F16-17 030117T.F37-38 030117T.F47-48
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Figure A6.3: Raw MS for Figure 7.3. We collected mass spectra for CO and CO2 (m/z = 28 and
44, respectively) with square wave modulation of the molecular beam. We established RWGS yield
by comparing the relative intensities of these two masses to a corresponding measurement at room
temperature (see Equation 7.5 for details). All trials were collected at 800 K with a stagnation
pressure of 250 psi (unless otherwise noted below).

0 hr 17-24 hr 68-71 hr 180 hr
021717T.F04-05 021817T.F04-05 022017T.F04-05 022817T.F31-32

020317T.F19-20 (420 psi) 020917T.F04-05 (420 psi) 022017T.F29-30 022817T.F04-05
021017T.F09-10 (420 psi) 021317T.F14-15
021017T.F24-25 (420 psi) 021317T.F04-05

021317T.F09-10
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Figure A6.4: Raw MS for Figure 7.4. We collected mass spectra for CO and CO2 (m/z = 28
and 44, respectively) with square wave modulation of the molecular beam. We established RWGS
yield by comparing the relative intensities of these two masses to a corresponding measurement
at room temperature (see Equation 7.5 for details). Though nozzle temperature varies, all trials
were collected with a stagnation pressure of 250 psi and a nozzle that had been vacuum annealed
for 180 hours or more.

575 K 625 K 650 K 725 K
031317T.F09-10 031317T.F14-15 022817T.F56-57 030117T.F14-15
031317T.F24-25 031317T.F19-20 030117T.F09-10 030117T.F24-25

800 K 875 K 950 K 1025 K
022817T.F04-05 030117T.F19-20 030117T.F34-35 030117T.F45-46
022817T.F31-32 030117T.F40-41 030117T.F50-51
031318T.F04-05
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Figure A6.5: Raw MS for Figure 7.6. We collected mass spectra for CO and CO2 (m/z = 28
and 44, respectively) with square wave modulation of the molecular beam. We established RWGS
yield by comparing the relative intensities of these two masses to a corresponding measurement
at room temperature (see Equation 7.5 for details). All trials were collected at 800 K, with a
stagnation pressure of 250 psi, and a nozzle that had been vacuum annealed for 180 hours or more.

90 psi 160 psi 250 psi 350 psi 450 psi
022817T.F21-22 022817T.F26-27 022817T.F04-05 022817T.F10-11 022817T.F16-17
022817T.F46-47 022817T.F51-52 022817T.F31-32 022817T.F36-37 022817T.F41-42
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Figure A6.6: Raw MS for Figure 7.7 - 10% CO2 mixture. We collected mass spectra for CO and
CO2 (m/z = 28 and 44, respectively) with square wave modulation of the molecular beam. We es-
tablished RWGS yield by comparing the relative intensities of these two masses to a corresponding
measurement at room temperature (see Equation 7.5 for details). All trials were collected at 800
K, with a stagnation pressure of 150-250 psi, and a nozzle that had been vacuum annealed for 180
hours or more.

90 psi 160 psi 250 psi 350 psi 450 psi
041717T.F44-45 041717T.F04-05 041717T.F19-20 041717T.F24-25 041717T.F54-55
041717T.F49-50 041717T.F09-10 041717T.F34-35 041717T.F29-30 041717T.F59-60
042517T.F49-50 041717T.F14-15 042417T.F24-25 042117T.F05-06 042117T.F10-11

042517T.F14-15 042417T.F04-5 042417T.F19-20
042517T.F19-20 042517T.F24-25
042517T.F39-40 042517T.F34-35
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Figure A6.7: Raw MS for Figure 7.7 - 50% CO2 mixture. We collected mass spectra for CO and
CO2 (m/z = 28 and 44, respectively) with square wave modulation of the molecular beam. We es-
tablished RWGS yield by comparing the relative intensities of these two masses to a corresponding
measurement at room temperature (see Equation 7.5 for details). All trials were collected at 800
K, with a stagnation pressure of 150-250 psi, and a nozzle that had been vacuum annealed for 180
hours or more.

90 psi 160 psi 250 psi 350 psi 450 psi
042617T.F04-05 042517T.F44-45 042617T.F21-22 042617T.F26-27 042617T.F31-32
042617T.F61-62 042617T.F16-17 042617T.F51-52 042617T.F46-47 042617T.F41-42
042717T.F09-10 042617T.F5657 042717T.F19-20 042717T.F24-25

042717T.F14-15
042718T.F28-29
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Figure A6.8: Raw MS for Figure 7.7 - 88% CO2 mixture. We collected mass spectra for CO and
CO2 (m/z = 28 and 44, respectively) with square wave modulation of the molecular beam. We es-
tablished RWGS yield by comparing the relative intensities of these two masses to a corresponding
measurement at room temperature (see Equation 7.5 for details). All trials were collected at 800
K, with a stagnation pressure of 150-250 psi, and a nozzle that had been vacuum annealed for 180
hours or more.

90 psi 160 psi 250 psi 350 psi 450 psi
031617T.F11-12 031617T.F04-05 031617T.F36-37 031617T.F41-42
031617T.F26-27 031617T.F31-32 031617T.F51-52 031617T.F46-47
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A7 Reaction Kinetics and Influence of Film Morphology on the Oxidation

of Propene Thin Films by O(3P) Atomic Oxygen (Chapter 8)

Figure A7.1: Raw RAIR spectra for Figure 8.1. Both spectra correspond to a 66-layer propene
film, deposited on the crystal at 59 K via molecular beam dosing. The “pristine” spectrum was
collected immediately after deposition, and the “reacted” spectrum after exposing the film to 1 ±
1018 O(3P) atoms cm−2 while the crystal is held at 54 K. (Data files: 040819A.IR02 (pristine),
040819A.IR16 (reacted)).
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Figure A7.2: Raw RAIR spectra for Figure 8.2 and 8.4. After depositing a propene film with
a desired thickness on the crystal at 59 K, we collect spectra at regular time intervals during ex-
posure to O(3P) with the crystal held at 54 K. Figure 8.2 contains the integrated areas of the 914
- 919 cm−1 region, corresponding to the loss of propene’s double bond. Figure 8.4 contains the
integrated areas of peaks at 827 and 1730 cm−1, corresponding to the appearance of propylene
oxide and propanal, respectively. (Data files: 040119B.IR02-19 (12 layers), 040319A.IR02-20 (24
layers), 040219A.IR02-23 (46 layers), 040819A.IR04-16 (66 layers)).
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Figure A7.3: Raw RAIR spectra for Figure 8.3 - 35-46 layers. As the propene film is exposed
to O(3P), we track the loss of spectral intensity in the 914 - 919 cm−1 region (corresponding to the
loss of propene’s double bond). We use the change in intensity to calculate an initial rate of reactiv-
ity. The surface is held to 59 K during deposition and 54 K during exposure; this figure corresponds
to trials with propene films between 35 and 46 layers thick. Note: the data presented in Figure 8.3
includes the trials displayed in Figure A7.2. (Data files: 070219A.IR02-09, 071019A.IR02-07).
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Figure A7.4: Raw RAIR spectra for Figure 8.3 - 100 layers. As the propene film is exposed
to O(3P), we track the loss of spectral intensity in the 914 - 919 cm−1 region (corresponding to
the loss of propene’s double bond). We use the change in intensity to calculate an initial rate of
reactivity. The surface is held to 59 K during deposition and 54 K during exposure; this figure
corresponds to trials with propene films that are 100 layers thick. (Data files: 051719A.IR04-20,
071219A.IR02-17).
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Figure A7.5: Raw RAIR spectra for Figure 8.3 - 155-170 layers. As the propene film is ex-
posed to O(3P), we track the loss of spectral intensity in the 914 - 919 cm−1 region (correspond-
ing to the loss of propene’s double bond). We use the change in intensity to calculate an initial
rate of reactivity. The surface is held to 59 K during deposition and 54 K during exposure; this
figure corresponds to trials with propene films between 155 and 170 layers thick. (Data files:
071619B.IR02-08, 100719A.IR02-19, and 070519A.IR02-18).
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Figure A7.6: Raw RAIR spectra for Figure 8.3 - 240 layers. As the propene film is exposed
to O(3P), we track the loss of spectral intensity in the 914 - 919 cm−1 region (corresponding to
the loss of propene’s double bond). We use the change in intensity to calculate an initial rate of
reactivity. The surface is held to 59 K during deposition and 54 K during exposure, this figure
corresponds to trials with propene films that are 240 layers thick. (Data files: 090719A.IR02-07).
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Figure A7.7: Raw TPD spectra for Figure 8.5. After exposing a 46-layer propene film to 1 ×
1018 atoms cm−2, we track QMS signal (RGA) as the surface temperature is After exposing a
46-layer propene film to 1 × 1018 atoms cm−2 O(3P), we track QMS signal (RGA) as the surface
temperature is increased at a rate of ≈1 K s−1. (Data file: 040219 TPD01.txt).
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Figure A7.8: Raw RAIR spectra for Figure 8.6 and 8.8 - 44 K. As the propene film is exposed
to O(3P), we track the loss of spectral intensity in the 914 - 919 cm−1 region (corresponding to the
loss of propene’s double bond). All films are 30 layers thick, and the surface is held to 59 K during
deposition and 44 K during exposure. (Data files: 032619A.IR02-07 and 032819B.IR02-07).

Figure A7.9: Raw RAIR spectra for Figure 8.6 and 8.8 - 49 K. As the propene film is exposed
to O(3P), we track the loss of spectral intensity in the 914 - 919 cm−1 region (corresponding to
the loss of propene’s double bond). All films are 30 layers thick, and the surface is held to 59 K
during deposition and 49 K during exposure. (Data files: 032619B.IR02-07, 032819A.IR02-07,
and 032819C.IR02-07).
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Figure A7.10: Raw RAIR spectra for Figure 8.6 and 8.8 - 59 K. As the propene film is exposed
to O(3P), we track the loss of spectral intensity in the 914 - 919 cm−1 region (corresponding to
the loss of propene’s double bond). All films are 30 layers thick, and the surface is held to 59 K
during deposition and 59 K during exposure. (Data files: 032619D.IR02-08, 032719A.IR02-06,
and 040119A.IR02-07).

182



Figure A7.11: Raw RAIR spectra for Figure 8.9. As a 46-layer propene film is exposed to O(3P),
we track changes and loss of spectral intensity in the CH peaks located at 2939, 2964, 2977, and
3075 cm−1. (Data files: 053119A.IR03-13).

Figure A7.12: Raw RAIR spectra for Figure 8.10. We collected spectra of two “pristine”, 19-
layer propene films: one deposited with the crystal held to 59 K, and one with the crystal at 44 K.
Both spectra were collected at 49 K. (Data files: 053019A.IR02 (44 K) and 053119A.IR02 (59 K)).
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Figure A7.13: Raw RAIR spectra for Figure 8.11. We collected spectra at regular time intervals
as two 19-layer propene films are exposed to O(3P): one film was deposited with the crystal held
to 59 K, and one with the crystal at 44 K. Both films were exposed to O(3P) at 49 K. (Data files:
053019A.IR02 (44 K) and 053119A.IR02 (59 K)).
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Figure A7.14: Raw RAIR spectra for Figure 8.12 - 50 K. We collected spectra at regular time
intervals as 24-layer propene films (deposited at 44 K) are isothermally annealed to 50 K. (Data
files: 052219B.IR02-21, 052319B.IR02-19, and 061319A.IR02-27).
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Figure A7.15: Raw RAIR spectra for Figure 8.12 - 51 K. We collected spectra at regular time
intervals as 24-layer propene films (deposited at 44 K) are isothermally annealed to 51 K. (Data
files: 052119B.IR02-24, 052219A.IR02-21, and 052919A.IR02-21).
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Figure A7.16: Raw RAIR spectra for Figure 8.12 - 51.5 K. We collected spectra at regular time
intervals as 24-layer propene films (deposited at 44 K) are isothermally annealed to 51.5 K. (Data
files: 061219A.IR02-23 and 061219B.IR02-23).
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Figure A7.17: Raw RAIR spectra for Figure 8.12 - 52 K. We collected spectra at regular time
intervals as 24-layer propene films (deposited at 44 K) are isothermally annealed to 52 K. (Data
files: 052419B.IR02-14 and 052419A.IR02-14).
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Figure A7.18: Raw RAIR spectra for Figure 8.12 - 53 K. We collected spectra at regular time
intervals as 24-layer propene films (deposited at 44 K) are isothermally annealed to 53 K. (Data
files: 061019A.IR02-16 and 052819A.IR02-18).
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Figure A7.19: Raw RAIR spectra for Figure 8.12 - 54 K. We collected spectra at regular time
intervals as 24-layer propene films (deposited at 44 K) are isothermally annealed to 54 K. (Data
files: 060419A.IR02-14 and 060619A.IR02-14).
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Figure A7.20: Raw RAIR spectra for Figure 8.12 - 55 K. We collected spectra at regular time
intervals as 24-layer propene films (deposited at 44 K) are isothermally annealed to 55 K. (Data
files: 060519A.IR02-15 and 061119A.IR02-14).
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Figure A7.21: Raw RAIR spectra for Figure 8.13. We collected spectra at regular time intervals
as a 40-layer “crystalline” propene film (deposited at 59 K) is exposed to O(3P). Again, we track
the nature of the loss of spectral intensity in the 914 - 919 cm−1 region (corresponding to the loss
of propene’s double bond). (Data files: 051719A.IR02-20).
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(297) Cvetanović, R. J. In Advances in Photochemistry; John Wiley & Sons, Ltd: 1963, pp 115–
182.

(298) Morin, J.; Bedjanian, Y.; Romanias, M. N. Rate Constants of the Reactions of O(3P) Atoms
with Ethene and Propene over the Temperature Range 230-900 K. International Journal of
Chemical Kinetics 2017, 49, 53–60.

213



(299) Leonori, F.; Balucani, N.; Nevrly, V.; Bergeat, A.; Falcinelli, S.; Vanuzzo, G.; Casavecchia,
P.; Cavallotti, C. Experimental and Theoretical Studies on the Dynamics of the O(3P) +
Propene Reaction: Primary Products, Branching Ratios, and Role of Intersystem Crossing.
The Journal of Physical Chemistry C 2015, 119, 14632–14652.

(300) Cavallotti, C.; Leonori, F.; Balucani, N.; Nevrly, V.; Bergeat, A.; Falcinelli, S.; Vanuzzo, G.;
Casavecchia, P. Relevance of the Channel Leading to Formaldehyde + Triplet Ethylidene
in the O(3P) + Propene Reaction under Combustion Conditions. The Journal of Physical
Chemistry Letters 2014, 5, 4213–4218.

(301) Hughes, A. N.; Scheer, M. D.; Klein, R. The Reaction between O(3P) and Condensed
Olefins below 100 K. The Journal of Physical Chemistry 1966, 70, 798–805.

(302) Klein, R.; Scheer, M. D. Mechanism of O(3P) Addition to Condensed Films. II. Propene,
1-Butene, and Their Mixtures. The Journal of Physical Chemistry 1968, 72, 617–622.
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