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Abstract

Over the last century there have been countless experimental measurements of the overall
reaction kinetics of gas-phase radicals, often with the aid of lasers. In more recent decades, ab
initio predictions of product branching using quantum chemical calculations combined with
modern rate theories have become common. However, there are few experimental measurements
against which to validate predicted product branching, even for an important reaction system
such as hydroxyl radical addition to acetylene that is critical to oxidation chemistry both in the
atmosphere and in combustion. As a result, many of the kinetic parameters that appear in
commonly used combustion mechanisms are based purely on predictions. The few experiments
that do attempt to quantify product branching generally fall into two categories, each with unique
advantages/disadvantages: crossed molecular beams (CMB) that simulate single collision
conditions, or end-product analysis of a complex, thermalized process, such as pyrolysis. Laser
flash photolysis (LFP) with molecular beam mass spectrometry (MBMS) offers a compromise
between CMB and end-product experiments: the reaction conditions are thermalized but still
simple enough that primary products can be quantified with confidence.

This thesis describes a unique apparatus, and the improvements made to it, that combines
LFP and MBMS for primary product branching quantification, as well as multiple-pass laser
absorbance spectrometry (LAS) for accurate measurements of overall kinetics. The full
capability of this LFP/MBMS/LAS apparatus is demonstrated for the chemically interesting
phenyl radical + propene reaction system, which has been implicated as a potential source of
second aromatic ring formation under combustion conditions. Overall kinetic measurements are
also reported in this work either for systems that involve a newly discovered reactive species
(various cycloaddition reactions of the simplest Criegee Intermediate formed in atmospheric
ozonolysis) or that was disputed in the literature (vinyl radical + 1,3-butadiene, which has been
implicated as a potential source of benzene in combustion). Finally, this thesis shows how
detailed chemical insights made either experimentally or theoretically can be translated into
applications via the Reaction Mechanism Generator (RMG). The application discussed is natural
gas high temperature pyrolysis for the production of C2 commodity chemicals.
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Chapter 1

Introduction

Over the last 100 years there have been many experimental measurements of the overall
decay kinetics of gas-phase radicals important to combustion and atmospheric chemistry,' often
with the aid of lasers. In more recent decades, ab initio or DFT quantum calculations of the
potential energy surfaces (PES’s) of radical reactions have become commonplace, which are
then combined with modern rate theory to obtain the predicted product distribution or branching
as a function of both temperature, T, and pressure, P.> However, until recently there were few
experimental measurements of the product branching against which to validate predictions. Even
for a reaction such as hydroxyl radical + acetylene (OH + C,H,) that is critical to oxidation in
both the atmosphere and combustion, there are still no measurements against which to validate
the complicated T,P-dependent product branching predicted by Senosiain et al.,’ which has
subsequently been incorporated into many widely-used combustion mechanisms.* The main
goal of this thesis is to partially fill the large knowledge gap between experimental and
theoretical product branching using a new experimental technique.

The experiments that do attempt to quantify product branching generally fall into just a
few categories, which will be described shortly. First, however, it is helpful to define terms.
Scheme 1-1 uses the example reaction system of phenyl radical + propene (C¢Hs + C3Hg, CoHyy
PES) to illustrate what is meant by “overall kinetics” and “primary products” as opposed to

secondary or side products.

25



Precursors/Rcactants
Primary Reactions/Products
Secodary Reactions/Products N
Tertiary Reactions/Products F

N,

L ¥ | LU P I P I
Wall™ Reactions/Products

Side Reactions/Products
Ide e ns/1'roducts ‘Hﬁ l _H /
( CoH;; PES i— + CHy
+A | - I
—_— + H

@ + CiHs kE.abs K/\} + }kAg
—
M@ + C2H4

@

I
>

koverall = Kij-abs + Kadd

R'+ R — R'-R

l+R l(+///\ Y [erwanr
v
CgH-R CiaHy9 d
l(+/\\ )
CysHos

Scheme 1-1: Definition of primary, secondary, etc. reactions/products using phenyl radical +
propene as an example.

In an experiment aimed at quantifying products, the first objective is to somehow access
the PES of interest (often a doublet, or radical, PES) and then see what products come off of it.
Once a PES is identified for experimental exploration, the experimentalist must make two
decisions: first, will the PES be accessed unimolecularly (e.g., propylbenzene, CoHjs,
decomposition to CoH;;) or bimolecularly (CsHs + CsHs), and second, where will the energy, A,
come from to make the initial radical. The most common energy sources for gas-phase radical
generation are either thermal or photolytic. All four combinations of experimental choices can be
visualized in Scheme 1-1. For the bimolecular option, the radical precursor will often have one
weak bond that will break preferentially upon heating or laser excitation. For example, the X in
the C¢HsX precursor could be either nitrogen monoxide, NO, or iodine atom, I, both of which
make a weak single-bond with carbon that is known to photodissociate following 266 nm laser
excitation.”® For the unimolecular option, a precursor could also be chosen that exploits the

weakness of one particular bond, or a conventional hydrocarbon, such as CoH;; shown in
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Scheme -1 could simply be pyrolyzed at high enough temperatures to break C-H bonds. Also
worth considering is that depending on how the PES is accessed and the conditions of the
experiment (temperature, pressure and composition) there might be an excess of internal energy
initially, which can facilitate unimolecular reactions via chemical activation.’

Any products formed through unimolecular reactions (including isomerizations, P-
scissions and dissociations) on the PES are considered primary products. For the CoH,; PES,
there are several feasible primary products, including styrene from B-scission of a methyl radical,
CH3, and benzyl radical + ethene (C,H;) from a new unimolecular pathway described in section
4.2. If the CoH;y1 PES is accessed via C¢Hs + CsHg, then benzene (C¢Hg) and a C3Hs isomer
might also be considered primary products as they are directly formed from the reactants through
hydrogen-abstraction. The overall kinetics of C¢Hs + C3Hg can then be defined as the sum of all
rate coefficients consuming CgHs: Koveran = Kaaa + Ku-abs. This is the effective rate coefficient that
will be observed if only C¢Hs decay is monitored, as in the case of direct absorbance
experiments.®

Secondary reactions are bimolecular reactions between an isomer on the PES of interest
and something else also present in the reactor. For example, one of the CoH;; isomers could
recombine with another radical, R, such as CH; or X. Another kind of secondary reaction might
be radical addition of a CoH; isomer to a closed-shell molecule present in excess, such as C;Hs.
The secondary product formed would be another radical, which could then undergo a tertiary
reaction, and so on. “Wall” reactions are really a catchall for unobserved loss processes, many of
which might actually involve the reactor wall. Finally, side reactions don’t involve any of the
isomers on the PES of interest, and nominally should not affect quantification of the primary
product branching. For example: CH; +X —» CHsX.

Figure 1-1 shows the actual CoH;; PES, calculated by Kislov et al.,’ to illustrate the
complexity of a real PES. In reality, even this PES is not “complete”, but it does show most of

the energetically favorable reactions relevant to CsHs + C;Hs.
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Figure 1-1: Example of a potential energy surface (PES): CoH;,. Taken from Kislov et al.’

As mentioned earlier, experiments aimed at primary product quantification of a particular
PES can usually be grouped into a handful of categories, shown in Figure 1-2. Literature
examples of each type of experiment are also provided, and are mostly taken from work
published within the last ten years. Note that Figure 1-2 is not meant to be exhaustive in terms of
the types of experiments listed or the literature examples given, nor does it consider combustion
experiments aimed at measuring macroscopic properties (e.g., ignition delay, laminar flame
speed, extinction strain rate). Rather, Figure 1-2 is meant to summarize some of the most

common experimental techniques in use currently for quantifying products of a specific PES.
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Figure 1-2: Summary of experimental techniques in literature for quantifying product branching,
organized according to collision frequency in reactor (how closely the experiment mimics
combustion conditions) and time resolution of product detection. The three bolded techniques are
discussed in detail in the text. Abbreviations have the following meaning: CMB = Crossed
Molecular Beams, CLMB = Crossed Laser Molecular Beam, MS = Mass Spectrometry, LFP =
Laser Flash Photolysis, MB = Molecular Beam, GC = Gas Chromatography, HRR-TOF = High
Repetition Rate Time-of-Flight, LIF = Laser Induced Fluorescence. Examples of each technique:
CMB + MS,'*?° CLMB + MS,*' LFP + GC/MS,*?* Discharge Flow Reactor + MBMS,? Flow
Pyrolysis + GC/MS,*® Flow Pyrolysis + MBMS,””? Flash Pyrolysis + MBMS,**** LFP +
MBMS,** Shock Tube + HRR-TOF-MS,’"** LFP + Absorbance/LIF,”*® Shock Tube +
Absorbance/LIF.*7°

Fundamentally, every experiment that measures products from a chemical reaction
consists of two parts: a reactor and a detector. As shown, there is a wide diversity of reactors
employed throughout the literature, ranging from crossed molecular beams (CMB’s) that
simulate single-collision conditions, to pyrolysis reactors where each molecule experiences
around a billion collisions per second. The type of reactor combined with the detection technique
determines the time resolution for product detection, which is another important experimental
variable. For example, if a laser flash photolysis (LFP) reactor is used with molecular beam mass
spectrometry (MBMS) detection, time zero for reaction is well defined by the time of the laser
flash, and mass spectra can be recorded in ~10 ps intervals. In that case (LFP + MBMS) the time
resolution is actually determined by the time scale of transport in the MB (~10-100 ps). In

contrast, if LFP is used with GC/MS there is essentially no time resolution because running a
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chromatogram requires ~10 minutes, during which time any reactive products will be converted
to more stable forms. Nonetheless, useful information can be gained from LFP + GC/MS
experiments, especially considering the isomer selectivity of GC, which is why end product
analysis more generally is still used. Of course, there are many other experimental variables
besides collision frequency and time resolution to consider, such as sensitivity, selectivity, T,P-
range, etc, that would allow further subdivision of the experimental techniques listed in Figure
1-2. However, for the purpose of this discussion, which is to illustrate experimental trends in gas-
phase kinetics research, the two variables chosen in Figure 1-2 are sufficient.

Three specific experimental techniques in Figure 1-2 have come to dominate the recent
literature on product branching, and will be discussed in more detail: CMB + MS, Flash
Pyrolysis + MBMS and LFP + MBMS. These three examples also make nice case studies, as
each one has its own unique advantages and disadvantages.

Figure 1-3 shows a CMB “reactor” with quadrupole MS (QMS) detection. Briefly, two
pulsed molecular beams with well-defined velocity profiles collide in a vacuum chamber. One
beam might be photolytically generated C¢Hs, for example, and the other might be CsHe. The
molecules in the intersecting beams undergo a single-collision with a partner, forming a radical
adduct in some cases with a large excess of internal energy due to the exothermicity of the
radical addition reaction. Because there are no further collisions after the first one (collisionless
environment) the internal energy of the adduct can only be channeled into unimolecular
rearrangement and decomposition. The bimolecular products are detected by QMS on a rotatable
stage, such that for a given collision energy, E.,;, QMS signal can be measured as a function of
three variables: mass-to-charge ratio of the product’s cation (m/z), angle of the QMS (), and
translational energy of the product (E,, quantified by the flight-time of the cation). From this
multivariate measurement, insights can be made into the relative product branching, the
dynamics of the chemistry (e.g., did the adduct survive multiple rotational periods) and the
energetics. Specifically, the heat of reaction, AH,,,, for a particular bimolecular product channel
can be calculated by an energy balance:

Etmax = —AHpn + E¢q (1-1)
where Etma is the maximum translation energy observed for the product. In other words, the
maximum translation energy that a given product can have is the sum of the exothermicity of the

reaction and the collision energy. Being able to quantify AH.y, allows for reasonable guesses of
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the product’s isomeric identity to be made. For example, Kaiser et al. were able to conclude that
indane was not the major C¢Hs + C;Hg product at m/z=118 amu because the measured AH 4,

was not nearly exothermic enough."
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Figure 1-3: Schematic of a Crossed Molecular Beam (CMB) apparatus with quadrupole mass
spectrometry (QMS) product detection. Taken from Gu et al.*°

There are two major advantages of CMB + MS over some of the other experimental
techniques listed in Figure 1-2. First is the exquisite detail that can be obtained for a given PES,
examples of which were provided in the preceding paragraph. The second is the lack of either
secondary or wall reactions, owing to the collisionless environment. Therefore, one can be
confident that all of the measured products are coming from the PES of interest. The main
disadvantage is that measurements made with CMB, such as product branching fractions, cannot
be directly applied to the thermalized conditions of most applications. Instead, the CMB results

must first be rationalized by a theoretically calculated PES, which can then be used to extrapolate
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the CMB findings to a thermal environment. Of course, relying on theoretical calculations
introduces additional uncertainty to any subsequent thermal prediction. The other disadvantage is
that it may not be possible to observe all of the major primary products with CMB + MS. For
example, none of the three CMB experiments looking at C¢Hs + C3Hg were able to observe CsHe
from H-abstraction, even though it should be a major product, because of overlap with the '*C
isotopologue of scattered C¢Hs.'"® Another reason that a product might not be observed is
sensitivity, even if that product accounts for up to 10% of the branching.!" As will be shown in
section 4.2, it is likely that an important product of C¢Hs + C;Hg was missed by all three CMB
experiments due to the latter issue.

The second experimental technique for product quantification that has come to
prominence is at the opposite collision frequency extreme as CMB: flash pyrolysis + MBMS
(Figure 1-4). In fact, the two techniques are often regarded as complementary, such that
theoretical calculations are often validated at both extremes.’’ As shown, the flash pyrolysis
reactor is a short silicon carbide flow reactor (either pulsed or continuous depending on
downstream pumping capacity) that can be heated up to 1700 K with pressures ~100 Torr and
very short residence times of ~10-100 us (hence they are often referred to as microreactors). The
effluent of the reactor is directly sampled for MBMS detection of products. Although only
MBMS detection is shown in Figure 1-4, other detection techniques have also been coupled with
flash pyrolysis that allow more isomeric specificity to product measurements, such as matrix

infrared (IR)*® or IR/UV ion dip spectroscopy.>*’
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Figure 1-4: Schematic of flash pyrolysis reactor with molecular beam mass spectrometry
(MBMS) product detection. Taken from Guan et al.%?

The advantage of flash pyrolysis, and of pyrolysis generally, is that it can more closely
mimic the real conditions of combustion (high T and P) especially compared to CMB
experiments. Unlike regular pyrolysis, however, flash pyrolysis offers a unique advantage in that
the short residence time should make primary product detection possible before secondary and
higher generation reactions become important. The main disadvantage is that the complicated
flow, temperature and pressure profiles inside of the microreactor make it difficult to extract
quantitative kinetic and product branching measurements to compare against predictions.
Instead, flash pyrolysis is mostly useful for qualitative insights currently, such as what are the
major products of C¢Hs + CsHg at ~1200 K and ~300 Torr and what isomers dominate,3l rather
than exactly how much of each is made. However, efforts are being made to build models for
flash pyrolysis,®® so as to enable quantitative comparisons with theory.*® Another disadvantage is
the lack of time-resolution, as indicated by Figure 1-2, which is common among all pyrolysis
reactors. This is due to the lack of a clearly defined time zero for reaction, in contrast to an LFP

reactor or shock tube where t=0 corresponds to the photolysis flash and shock, respectively.



Instead, pyrolysis reactors have a residence time, 1, that can be adjusted, but given the
aforementioned complexities of transport in the microreactor, adjusting the residence time will
only add another dimension to the problem. In other words, the T,P conditions at one T will not
be the same as another 1, even if everything else is kept fixed. Finally, secondary reactions do
still occur in a flash pyrolysis reactor, even if they are less than in regular pyrolysis, and can
become important depending on the reactor conditions. Returning to the example of C¢Hs+ CsHs,
flash pyrolysis + MBMS experiments were also unable to observe either benzene from H-
abstraction or benzyl radical/C,H, from the new pathway, likely due to secondary reactions.

The last common technique for product branching quantification is somewhat of a
compromise between CMB and flash pyrolysis: LFP + MBMS. Figure 1-5 shows the original
apparatus of Slagle and Gutman that popularized this technique. A laser flashes the otherwise
inert contents of a flow reactor, such that a weak bond in a chemical precursor breaks (the C-I
bond in iodobenzene, C¢Hsl, for exafnple) forming a reactive radical (C¢Hs) and a (hopefully)
less-reactive co-product (I atom). The laser flash defines t=0, and the evolution of the gas

mixture is monitored relative to that point by time-resolved MBMS.
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Figure 1-5: Schematic of original Laser Flash Photolysis (LFP) reactor with molecular beam
mass spectrometry (MBMS) product detection. Taken from Slagle et al.*®

Unlike either CMB or flash pyrolysis, not only does LFP + MBMS have time-resolution,
it offers high time-resolution down to ~10-100 ps at which point transport of the MB becomes

e el 65
rate-limiting.®*°

This is useful for discerning primary products from secondary products from
tertiary products, etc, based on their respective growth time scales. Furthermore, instead of only
measuring product branching, LFP + MBMS has sufficient time resolution to accurately measure
kinetics (time-dependence) as well, which has been utilized throughout the literature. The
contents of the LFP reactor are also thermalized, which makes it easier to connect laboratory
measurements with applications, although theoretical calculations are still generally needed. It
should be noted, that although historically the collision frequency in LFP reactors has been ~2
orders of magnitude lower than pyrolysis reactors (as indicated in Figure 1-2) due to pumping
requirements and inhomogeneous initial radical concentrations following photolysis, this is not a
fundamental limitation. For example, Krasnoperov and co-workers have repeatedly used LFP up

to 1 atm (using absorbance for detection) by carefully maintaining a uniform photolysis beam
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profile (+7% radial intensity).”® Another example of using LFP at high collision frequency (high
P) is with on-axis MBMS, where pressures up to ~3 atm were explored.*® The final advantage of
LFP is that the reactor has a well-defined T and P, unlike in flash-pyrolysis. There are two major
disadvantages. The first is that LFP is not immune to side, secondary and wall reactions. In fact,
as will be most clearly demonstrated for the C¢Hs+ CsHg system in section 4.2, the presence of a
photolytic co-product, X (I atom for example), can make secondary reactions even more
important than they would be in a flash pyrolysis reactor with only hydrocarbons. Second, LFP is
limited to temperatures <~1000 K, because above that point photolytic precursors with
intrinsically weak bonds will start to thermally dissociate, at which point the LFP reactor begins
to resemble a flow pyrolysis reactor.

As can be surmised from this brief overview of the literature, none of the common
experimental techniques for product branching quantification is perfect, but as a suite of
techniques they offer a stringent litmus test for any theoretical predictions. Using CsHs + CsHe as
a chemically-interesting test system (section 4.2), this thesis demonstrates the additional
knowledge that can be gained by applying LFP + MBMS to a system that haé already been
studied extensively by both CMB'" '* '8 and flash pyrolysis experiments,*’ as well as theory.”

Although the discussion so far has focused solely on product branching, measurements of
overall kinetics are also still needed in some cases. For example, when a new reactive
intermediate with unknown kinetics is discovered, as discussed in Chapter 3 for the
atmospherically important Criegee Intermediate, or when theoretical kinetics predictions are in
dispute, as discussed in section 4.1 for vinyl radical + 1,3-butadiene.

Finally, Chapter 5 will demonstrate how the detailed chemical knowledge gained either
from experiments or predictions can be applied to applications via RMG. The application that
will be discussed is natural gas high temperature pyrolysis for production of C2 commodity
chemicals.

Before delving into the detailed chemistry that comprises the core of this thesis, however,
the experimental apparatus used throughout must first be described, which is done in the

following chapter.
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Chapter 2

Improvements to LAS and PI TOF-MS

Experimental Apparatus

2.1 Overview of Apparatus
The experimental apparatus used in this work combines laser flash photolysis (LFP) for
radical generation, laser absorbance spectrometry (LAS) for fast kinetics measurements, and
time-resolved photoionization (PI) time-of-flight mass spectrometry (TOF-MS) for quantitative
product branching measurements. The LAS and time-resolved PI TOF-MS portions of the
apparatus were designed, built, characterized and tested mostly by Dr. Huzeifa Ismail and Dr.

67 6% Most of what they

Joshua Middaugh, respectively, and are described in detail in their theses.
describe still applies, thus only a brief ovérview of the apparatus is provided in this section. Later
sections will describe in detail the improvements made to the apparatus as part of my thesis
work. The final section of this chapter will summarize the characterization of the modified
apparatus.

Figure 2-1 to Figure 2-3 show the apparatus from different angles and cross-sectional
views. The apparatus consists of a “bow-tie-shaped” custom quartz flow reactor housed in a
custom vacuum chamber (Figure 2-2). The reactor is ~1 m long (99.0 cm) and has a 1.6 cm ID
(2.5 mm wall thickness) in its central 40 cm and a 3.6 cm ID (2.0 mm wall thickness)
everywhere else. The narrow 1D at the center of the reactor is matched by the diameter of the
photolysis laser used to generate radicals. As a result, radial diffusion of photolytically-generated
radicals and subsequent products is eliminated as a loss process in the center of the reactor where
sampling for TOF-MS occurs. The larger diameter at the edges of the reactor is necessary to
accommodate the Herriott cell for LAS.*7' The reactor shown in Figure 2-2 is different than the
ones used by either Ismail or Middaugh, both in terms of construction material and geometry,

and the reasons for these changes are discussed in detail in section 2.2.2
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Figure 2-1: 3-D isometric view of LAS and PI TOF-MS apparatus. Photolysis beam is shown in

pink, probe beam is green and 355 nm beam used to generate VUV is purple. Courtesy of Dr.
Joshua Middaugh.
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Gases are mixed upstream and pumped through the reactor by a roots blower. Pressure is
controlled in the reactor by throttling a butterfly valve at the exit. The contents of the flow
reactor are coaxially flashed by a collimated laser beam (usually either the fourth, 266 nm, or
third, 355 nm, harmonic frequency of an Nd:YAG laser) at a set repetition rate (usually 1 Hz).
The total gas flow through the reactor is set such that one flash per refresh (FPR) conditions are
maintained. The photolysis beam is expanded by a set of telescoping lenses, and clipped by an
adjustable iris to the same diameter as the narrow section of the reactor (16 mm). This approach
to setting the photolysis beam diameter (expand and then clip) is intended to reduce radial
inhomogeneities at the edges of the beam. A “funnel-shaped” pinhole, similar to that used by
Wyatt et al.,”” is drilled in the center of the reactor with a 275 um diameter at the narrowest
point. A small portion of the reactor contents are sampled through the pinhole, and the center of
the resulting gas expansion is skimmed by a Beam Dynamics skimmer (Model 16.3, 1.0 mm
orifice diameter), forming a molecular beam. After traversing ~50 mm, the molecular beam
intersects with a focused 118 nm (10.5 eV) vacuum ultraviolet (VUV) laser beam (ninth
harmonic frequency of an Nd:YAG laser) inducing PI. The VUV generation setup is shown in
Figure 2-3. Cations formed in the ionization region are accelerated, focused, and guided to the
detector of the Kore TOF-MS (ETP electron multiplier, model AF824) by a set of ion optics.
Residual 355 nm radiation from VUV generation is dispersed by an off-axis MgF, lens and beam
dumped in order to prevent undesired multi-photon or light-induced electron ionization. This
improvement to the VUV generation setup is discussed in detail in section 2.2.1

The reactor is heated by nichrome ribbon wire in two zones. First, there is a 5 cm pre-
heat zone slightly upstream of where the Herrott cell and photolysis laser overlap (referred to as
the Herriott Cell Overlap region) that rapidly brings the room temperature flowing gas mixture to
the desired temperature. Then there is a reaction zone that maintains the gas at near isothermal
conditions for almost the entire remaining length of the reactor (up to the last 20 cm). The
temperature of the gas leaving each zone is measured by a thermocouple inside the reactor and
out of the path of the photolysis laser and Herriott cell. The thermocouple reading is used to
control the power provided to each heated zone. Using this scheme, the temperature in the
central 0.6 m corresponding to the Herriott Cell Overlap region only varies up to +3% (2
standard deviations) of the full scale (Figure 2-4). The variance is even less for the 0.2 m region

upstream of the reactor center, where products are sampled for TOF-MS (referred to as the MS
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Sampling region). Temperature profiles were measured for nominal temperatures of 300-800 K,
and 10-50 Torr of flowing helium with a 1 s residence time from gas inlet to outlet. All of the

measured profiles were of similar quality as those in Figure 2-4.
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Figure 2-4: Representative axial centerline temperature profiles.

The current accessible T,P-range of this apparatus is 300-800 K and 1-50 Torr. The lower
bound for T is set by room temperature (no controlled cooling capability yet) and for P the lower
bound is set by the accuracy of the pressure gauge controlling the butterfly valve. Of course, a
different P-gauge could be used with a lower range, so the real limit is set by the density of gas
needed to observe the chemistry of interest. The high-T and high-P limits are closely related, as
they are currently set by the maximum power output of the short pre-heater before it burns out.

Both upper bounds have additional constraints as well. For T, many of the chemical precursors
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that will photodissociate at 266 or 355 nm such as iodobenzene, C¢Hsl, will also start to
thermally dissociate significantly on a 1 s time scale (residence time of reactor) as T approaches
1000 K.” For P, as discussed by Osborn et al., less than 10 Torr is desirable to allow fast (<1
ms) radial diffusion to “smooth out” any non-uniformity in photolytically-generated radical
concentration due to a non-uniform beam profile.** However, this is mainly a concern if kinetics
(i.e., time-dependence) are to be measured by time-resolved MS, in which case transport delays
(including diffusion to the MS sampling region within the reactor) can and should be minimized
to 10-100 ps.** ® In our case, however, kinetics are measured by LAS, which does not require
any physical sampling of the reactive mixture (hence no transport delays) and which is also
mostly insensitive to local concentration variations under pseudo-first-order conditions.
Therefore, as long as the primary reaction products can be clearly resolved by TOF-MS before
secondary reactions take over, a lower time resolution is acceptable, allowing both LAS and PI
TOF-MS measurements up to 50 Torr in the current apparatus.

The Herriott cell consists of a UV/visible probe laser beam that passes through the
photolyzed region of the reactor ~40 times by reflecting between a pair of mirrors on opposite
sides of the reactor. The overall overlap pathlength between the Herriott cell and the photolyzed
region is typically ~30 m. The probe beam is currently generated by a Spectra Physics Tsunami
Ti:Sapphire laser (pumped by a Millennia Xs diode laser) with a GWU doubler/tripler module.
Using this laser combination, reactive species have been probed at 375 nm (simplest Criegee
intermediate’*"®), 408.4 nm (ally! radical), 423.2 nm (vinyl radical’’), 447.7 nm (benzy! radical)
and 505.3 nm (phenyl radical). The reference and signal intensity, Iy and I, of the probe beam
are measured at the entrance and exit of the reactor by a pair of Thorlabs DET110 Silicon
detectors and subtracted from one another to achieve a large reduction in noise.’’” Absorbance is
calculated by the Beer-Lambert law, which is proportional to the concentration of the reactive
species being probed (or mixture of species).

A fourth laser (New Focus Vortex TLB-6025 CW diode laser) outputs a beam centered at
1315.28 nm to quantitatively probe iodine (I) atom by its 2P, 2= p, /2 hyperfine transitions.”
This is useful for quantifying initial radical concentrations when an iodinated photolytic
precursor is used, such as diiodomethane (CH,l,), vinyl iodide (C;HsI) or iodobenzene (CsHsl).

The “I atom laser” beam passes through slits in the Herriott mirrors, counter to the probe laser, in
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a single pass (~70 cm overlap with photolyzed region) and is focused on a Thorlabs DET10C
InGaAs detector.

Absorbance traces (both from UV/visible probe and I atom lasers) are measured and
averaged using a 1 GHz oscilloscope (Lecroy 6100A Waverunner), while mass spectra are
measured and averaged using a 2.5 GHz oscilloscope (Tektronix DPO7254). Both oscilloscopes
are triggered by a photodiode signal: for absorbance the trigger is the photolysis flash defining
t=0 for reaction, and for mass spectra the trigger is the VUV PI laser flash defining t=0 for flight
time in the TOF-MS. The timing of the experiment (firing of pulsed lasers) is controlled by a
BNC 575 digital delay generator, which is used to scan the delay time between the photolysis
and PI laser flashes. The entire experiment, including the temperature and pressure of the
reaction cell, gas flows, timing and data acquisition/storage, is controlled by a custom LabView
program. The data recorded is further analyzed by a custom MATLAB program that can
automatically integrate MS peak areas at specified m/z’s, and fit absorbance traces to common

kinetic models such as pseudo-first-order and second-order decays.

2.2 Improvements to Apparatus
Two major improvements were made to the LAS and PI TOF-MS apparatus over the course
of this thesis work: dissociative ionization in the TOF-MS was minimized by modifying the
VUYV generation setup, and the reactor material/geometry was changed for a number of reasons.

Both improvements are discussed in the following two sections.

2.2.1 Minimizing Dissociative lonization

Dissociative ionization, also referred to as fragmentation, is an unavoidable feature of MS
detection. If a pure sample is being analyzed, fragmentation is desirable because it provides a
unique fingerprint of the molecule with isomeric detail. For a mixture of chemical species,
however, overlapping fragmentation patterns are difficult to disentangle and it is preferable for
each species to produce one signal at their respective parent m/z. This is especially true for a
mixture that is evolving with time, such as in a post-flash photolysis reactor, which is why “soft”
photoionization (PI) is the ionization method of choice for time-resolved TOF-MS.®* 7% The PI
source used in our TOF-MS, as well as in many others, is the ninth harmonic frequency of a
1064 nm Nd:YAG laser, which generates 118.2 nm (10.487 eV) radiation, abbreviated as 118 nm

(and 10.5 eV).*> While providing an intense and convenient source of vacuum ultraviolet (VUV)



radiation suitable for ionizing most organic molecules,® the overall “up-conversion” of 1064 to
118 nm light is a very inefficient process and the wasted light must be dealt with in some way.

In the first step of the overall VUV-generation process, 1064 nm is frequency tripled to
355 nm in a solid crystal and the two wavelengths are separated by a set of coated dichroic
mirrors such that the excess 1064 nm radiation can be beam-dumped inside of the laser housing.
In the second step, 355 nm is frequency tripled to 118 nm in a mixture of xenon (Xe) and argon
(Ar) gas under vacuum with an efficiency of ~0.0001%.%° Various research groups have taken
different approaches to handling the residual UV radiation: simply allow it to pass into the
ionization region with the VUV and accept the consequences,® use a “waveguide” to direct the
VUV to the ionization region while simultaneously attenuating the UV,* or separate the

8 39 We have undertaken three of these

wavelengths with a grating®” or some kind of prism.
approaches at different times (ignoring, waveguide and prism) and the results are discussed
below.

Figure 2-5 shows results from a ray tracing simulation for both the 355 and 118 nm
radiation during VUV generation if both wavelengths are permitted into the ionization region
unperturbed (no waveguide or prism). The simulations were conducted using custom MATLAB
scripts assuming;:

1. Geometrical optics (diffraction not considered) because both wavelengths are much
smaller than any physical feature of the system.

2. Paraxial approximation (refraction angles are small).

3. Perfectly thin lenses (thickness ignored).

4. Cylindrical symmetry (input 355 nm beam is perfectly aligned with optical system).

The 355 nm beam is focused close to the center of the Xe/Ar mixture (referred to as the Xe cell)
by a UV fused SiO, lens where frequency tripling to 118 nm occurs. Both beams are then
focused by an Mgk, lens (suitable for VUV wavelengths), but due to their markedly different
indices of refraction in MgF,” the 118 nm beam is focused close to ionization region of the
TOF-MS, whereas the 355 nm beam is focused much further away. In these simulations, the
input 355 beam is assumed to have a “flat-top” intensity profile, although a Gaussian profile was

also considered and gave similar results.
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Figure 2-5: Ray tracing simulation results for VUV generation without a waveguide.

The blue mass spectra in Figure 2-6 demonstrate the two main issues that arise when
nothing is done to attenuate, divert or dump the residual 355 nm radiation, as in the simulation of
Figure 2-5. The first is that species with ionization energies (IE’s) above 10.5 eV are observed in
the MS. This is most clearly observed for helium, which is present in high concentration in the
reactor as a bath gas but has an IE of 24.6 eV.”' The second issue is unexpected fragmentation,
such as C,Hsl fragmenting to C,Hs", which has an appearance energy (AE) of 11.3 eV.”
Evidence of excessive fragmentation is also observed in the mass spectrum of the calibration gas
mixture, which should only have peaks at nine m/z’s corresponding to the parent masses of the
nine species in the mixture (labelled in Figure 2-6). Many unidentified smaller peaks are
clustered around the C2 (27-30 amu), C3 (39-43) and C4 (50-58) m/z’s, indicative of
fragmentation of larger species. Fragmentation is particularly problematic if time-resolved mass
spectra are desired. For example, C;Hsl is a common photolytic precursor of vinyl radical, C,Hs,
that has frequently been utilized by this lab for LAS experiments.”” ****® However, its prospects

as a photolytic precursor in time-resolved PI TOF-MS experiments are greatly diminished if it

45



always fragments substantially to C,H;, thereby obscuring any small, transient signals at the

same m/z due to C,H3 chemistry. Based on the simulations of Figure 2-5, the large excess of 355

nm radiation in the ionization region is the prime suspect for both issues, either due to

multiphoton ionization (MPI)”’ or light-induced electron impact ionization (LEI).*’ In either

case, it was concluded that for our application it is not sufficient to simply allow the UV

radiation through.
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Figure 2-6: Mass spectra of calibration gas (top) and vinyl iodide, C,H;l (bottom), with and
without a waveguide for the PI laser.
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The first approach taken to reducing the overall UV radiation in the ionization region was
to couple the immediate output of the MgF, lens with a hollow, glass “waveguide” that
terminates near the ionization region. This design was taken from Blitz et al., where unexpected
ionization of He was also observed initially.*” Figure 2-6 shows mass spectra recorded with the
waveguide, wherein He" was eliminated but excessive fragmentation of both the calibration gas
and C;Hsl persisted (also analogous to what was observed by Blitz et al.¥). In order to gain
further insight, Figure 2-7 shows the results of a ray-tracing simulation for VUV generation with
a waveguide. The overall power in the ionization region, Py, of both the 355 and 118 nm
radiation are attenuated by absorbance of the waveguide glass (by factors of ~2 X for 355 nm
and ~4 x for 118 nm), while the intensity of both wavelengths at the same axial point is
predicted to sharpen (compared to the case without a waveguide, Figure 2-5). While it is
expected that the waveguide will lower P,,, the second prediction is an artifact of the assumption
of perfectly cylindrical symmetry (assumption #4 in the list above). If He ionization is a multi-
photon process that requires x 355 nm photons, then the rate of He (non-resonant) MPI will
depend on the intensity of 355 nm radiation, Isss, to the x power (MPIxIzss¥).”” In contrast, the
desired 118 nm single photon ionization (SPI) will depend linearly on Ij;s. Therefore, the
attenuation of 118 nm power by the waveguide will result in a linear decrease in SPI, whereas
the attenuation of 355 nm will result in a superlinear decrease in MPI (and possibly the
elimination of observable He"). Attenuating 355 nm P, will also reduce He ionization by LEI,
wherein electrons are ejected by the photoelectric effect via 355 nm photons striking the metal
walls and are subsequently accelerated by the ion optics. While this experimental and simulation
exercise was illuminating in that it highlighted the importance of the residual UV radiation, it did
not solve the main issue of excessive fragmentation. Furthermore, parameters of the waveguide
(e.g., diameter, shape, material) could be optimized to attenuate more 355 nm without sacrificing
118 nm Pg,;, but fundamentally there will always be some residual UV in the ionization region if

a waveguide is used. Therefore a fundamentally different approach was sought and implemented.
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Figure 2-7: Ray tracing simulation results for VUV generation with a waveguide.

Before moving on, another interesting aspect of the waveguide design is worth
mentioning: while the 355 nm radiation undergoes total internal reflection (TIR) inside of the
glass where the index of refraction, n, is higher compared to vacuum, 118 nm TIR occurs inside
the hollow vacuum core of the waveguide due to n being less than one for VUV wavelengths in
glass.”® This property of VUV radiation has previously been utilized for fiber optic
applications,” and could perhaps be utilized in future applications to focus the divergent output
of atomic resonance lamps.'”

If leftover 355 nm radiation is the fundamental problem, as the previous results suggest,
then the logical solution is to prevent it from ever reaching the ionization region. This can be
accomplished by dispersing the two wavelengths and selectively permitting one into the
ionization region. The dispersal can be accomplished with a grating,®” a prism® or an off-axis
lens.® '°! The latter, elegant solution, adapted from Tonokura et al.,** was used here and is
summarized by the ray-tracing simulation in Figure 2-8 and the CAD drawing in Figure 2-9. In
this design the MgF, lens both focuses the VUV in the ionization region and acts as a prism to

separate the residual UV. After propagating a distance past the MgF, lens that is sufficient for
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the two beams to completely separate (1;), the VUV is aligned so as to pass through a small
pinhole into the ionization region, while the UV is not and is blocked as a result. The dimensions
in Figure 2-8 were roughly optimized for our apparatus considering the two goals (focusing of
118 in ionization region and blocking of 355) and constraints imposed by the stock vacuum parts
and optics available. Figure 2-9 shows the physical VUV generation setup that was eventually

used.
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Figure 2-8: Ray tracing simulation results for VUV generation using MgF, lens as a prism to
separate 355 and 118 nm radiation. All lengths are in cm.
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Figure 2-9: Top cross-sectional view of VUV generation using MgF, lens as a prism to separate
355 and 118 nm radiation.
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As expected, once 355 nm radiation was eliminated from the ionization region, all
irregular cation signals disappeared from the TOF-MS (Figure 2-10): He®, C2, C3 and C4
fragments of the calibration gas, and C,H;" from C,H;1 fragmentation. The lack of a giant C.H;"
fragment allowed transient C,H; to be observed with TOF-MS following C,Hsl
photodissociation. Similarly, it also became possible to measure transient C¢Hs (phenyl radical)
from CgHsl (iodobenzene) photodissociation with time-resolved PI TOF-MS, which was
previously impossible due to fragmentation. More generally, the reduction in fragmentation
greatly “cleaned up” the mass spectra, regardless of what was being sampled from the reactor.
This was essential for interpreting the chemistry occurring during flash photolysis, which turned
out to be more complicated than we initially assumed (e.g., wall catalysis and secondary

reactions with I atom), as discussed in detail in section 4.2.
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Figure 2-10: Mass spectra of calibration gas (top) and vinyl iodide, C,HsI (bottom), with and
without residual 355 nm radiation in the photoionization region.

The following design equations can be used in lieu of a ray-tracing simulation (Figure

2-8) should modification or adaptation of the VUV generation setup be needed in the future:
fiy = — @2-1)

nj—1

for = fy 110 (it ) @)

f13s5+f2118— 11
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Many of the variables in Eq. 2-1 to 2-5 are shown pictorially in Figure 2-8. Equation 2-1 is the
generic formula for calculating the focal length, i3, of a given lens i, at a wavelength A, provided
the lens’s radius of curvature, R;, and the index of refraction of A in the lens material, n;;. For
the optical setup used here, there are only two lenses: the UV fused SiO; lens for focusing 355
nm in the Xe cell (i=1), and the MgF; lens used for focusing 118 nm in the ionization region and
dispersing residual 355 nm to the wall (i=2). Equation 2-2 can be used to calculate the focus of
the 118 nm beam, fp, relative to the MgF, lens, where 1, is the distance between lens 1 and 2.
Equation 2-3 gives the angle of the Xe cell relative to the normal of the apparatus, 6, such that
for a given radial shift of the 118/355 nm beam from the centerline axis of the MgF, lens, Ax,,
the VUV beam will still be on-axis with the ionization region. Equation 2-4 gives the axial
distance after which the 118 and 355 nm beams are perfectly separated, L, relative to the MgF,
lens, where ri, is the initial radius of the 355 nm beam before it is focused by lens 1. Finally, Eq.
2-5 gives the diameter of the pinhole at I, that will allow all of the 118 nm radiation to escape,
dpinhole-

As an example of how they can be used, Eq. 2-1 to 2-5 are applied to the current setup.
The focal length of the UV lens, and the distance between it and the MgF; lens should be chosen
to maximize frequency tripling of the 355 nm beam. In our case, f; 355 =21.6 cm (R; = 10.3 cm,
CVI Laser Optics PN: PLCX-25.4-64.4-UV-355) and 1; = 43 ¢cm were empirically found to
maximize VUV generation. In other words, the 355 nm beam is focused roughly in the center of
a long Xe cell. A suitable MgF, lens should then be chosen that will roughly focus the VUV in
the photoionization region and allow sufficient 118/355 nm separation. In our case, a Thorlabs
LA6007 MgF, lens with R, = 7.54 cm was used. Based on the different n,; for A = 118 and 355
nm (1.66 and 1.39, respectively™) f5 ;15 = 11.4 and 5355 = 19.3 cm, and according to Eq. 2-2 fpr
= 24.5 cm. Ax, should be as large as possible to maximize 118/355 nm separation. In our case,

Ax, = 0.5 cm such that the off-axis 355/118 beam is still entirely within the 1.25 cm radius of the

52



MgF; lens. The necessary angular shift of the entire Xe cell assembly can then be calculated by
Eq. 2-3 as 2.5°. For the actual set-up, there is a flexible bellows between the MgF, lens and the
rest of the vacuum chamber that allows 6 to be easily adjusted (Figure 2-9). Finally, the axial
position of the pinhole relative to the MgF> lens and its diameter can be calculated by Eq. 2-4
and 2-5. For our case 1, = 0.3 cm, therefore 1, = 18.9 cm and dpinnhole = 0.14 cm. These values
don’t exactly match the dimensions in Figure 2-8 because other considerations were made in the
ray-tracing simulations (i.e., what vacuum parts were available). The equations above also don’t
consider the thickness of the MgF, lens (thin lens approximation), while the ray-tracing

simulations did with negligible effect.

2.2.2 Compact Quartz Reactor

Figure 2-11 shows the “compact quartz reactor” that was designed, installed, characterized
and tested in this work. As suggested by its name, this reactor is both smaller (1.6-3.6 ¢cm ID)
and constructed of a different material (quartz) than the previous reactor.®® In particular, the
previous reactor was essentially a ~6 cm ID stainless steel tube with a pinhole-tipped cone
protruding into the photolyzed region through which gases were sampled for PI TOF-MS. Both
reactors have the same length (~1 m) because the same vacuum chamber with fixed dimensions
was used to house both (Figure 2-2). The main motivation for changing the reactor material was
to minimize catalysis of undesired reactions by the walls, which was only discovered after the
TOF-MS was rid of excessive fragmentation as described in the previous section. The motivation
for tightening the ID was to eliminate radial diffusion as a loss process in the MS Sampling
region, so as to extend the longest chemical time scale that could be probed reliably with PI
TOF-MS.
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Figure 2-11: 3-D isometric view of compact quartz reactor with dimension.

Figure 2-12 provides two examples of wall catalysis in the compact quartz reactor from
the same experiment. Following iodobenzene (C¢Hsl) photodissociation both phenyl radical
(CsHs, m/z=77 amu) and I atom (127 amu) are promptly formed as expected. Unexpectedly,
benzene (C¢Hs, 78 amu) is also formed promptly, and HI (128 amu) is formed gradually. The
appearance of C¢Hs and HI is surprising because it suggests both C¢Hs and I are taking
hydrogens, H, from somewhere, but in the gas-phase the only sources of H are CsHsl and C¢Hs
itself. Control experiments with varying [CsHsI] and [CsHs] verified that neither of these species
is providing H to C¢Hs or I. The same conclusion can be drawn by comparing the growth time
scales of biphenyl (CsHs-C¢Hs, 154 amu) and C¢Hs in Figure 2-12. Biphenyl appears on the
same time scale as C¢Hs is decaying (characteristic time ~10 ms), consistent with gas-phase
recombination of C¢Hs. If C¢Hg were also forming in the gas-phase through some direct reaction
involving CsHs, then it should also appear on the same ~10 ms time scale, which it clearly does
not. Although HI does appear to form at the same rate that I atom is decaying, the source of H is

still mystifying.
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Figure 2-12: Examples of wall catalysis in compact quartz reactor following iodobenzene
photodissociation: prompt benzene (78 amu) formation (left) and gradual HI (128 amu)
formation (right). Refer to section 4.2 for complete experimental details.

If H is not coming from the gas phase, then it must be from an outside source, namely the
walls. For example, H-atoms that are generated from gas-phase chemistry following photolysis
might adsorb on and eventually saturate the walls (denoted H-wall). CsHs that is formed in the
gas-phase could then quickly abstract one of these weakly wall-bound H’s via Eley-Rideal
heterogeneous kinetics: CgHs(g) + H-wall » CsHs. This kind of H-abstraction reaction on a
surface has been observed previously between gas-phase fluorine atom, F, and deuterium, D,
adsorbed on various surfaces, including quartz.'®

From a bond-energy perspective, the ideal reactor surface would have only strong R-F
bonds exposed, where R could be carbon, C, or silicon, Si. For example, halocarbon wax, which
contains a mixture of C-F and C-Chlorine bonds, is commonly used to coat the inner surfaces of
photolysis reactors for low-T kinetic studies.* More commonly, Teflon, or
polytetrafluoroethylene (PTFE), has become a household name over the last century because of
its “non-stick” (low reactivity) property. Unfortunately, neither halocarbon wax nor Teflon are
suitable for the highest temperatures of interest in this work (800 K), therefore quartz is still the
standard reactor material in the field of high-temperature gas-phase kinetics. In particular, the
use of boric-acid treated quartz, which has an inert layer of boron oxide, B,Os;, was first
proposed by Krasnoperov et al.'” and has been sucdessﬁllly applied to many other high

temperature kinetic studies since then. However, the MS time profiles shown in Figure 2-12 were
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obtained using a boric-acid treated quartz reactor, which was clearly not sufficient to reduce wall
catalysis below the detection limit.

The extent of wall catalysis (quantified by the ratio of maximum Ce¢H¢ to C¢Hs, which is
~1:1 in Figure 2-12) observed in the compact quartz reactor is about the same as what was
observed in the previous stainless steel reactor, suggesting that perhaps it is not the actual reactor
walls that are catalyzing H-abstractions, but whatever has accumulated on them over the course
of experiments. Given that the inner walls of the quartz reactor exhibit a yellow/brown tint even
after only a few flash photolysis experiments with phenyl radical (~10k flashes total), it seems
likely that heavy aromatic or iodinated molecules are condensing on the surface, which could
certainly have consequences for the gas-phase chemistry of interest. If this is the case, lower
radical concentrations could be used to keep the reactor clean for longer, but as shown in the
following section we are already operating at the optimal initial radical concentration of ~10"
cm™. Lowering the radical concentration further would bring both the LAS and P1 TOF-MS
measurements close to their respective detection limits, especially if a heavy excess reagent such
as propene, C;Hg, is also present in high concentration.

As shown later using C¢Hs + C3;Hg as an example (section 4.2) the most practical
approach to extracting reliable product branching information from the time-resolved PI TOF-
MS experiments, even with wall catalysis, is through control experiments. Specifically, if enough
excess reagent is added (C;Hg in the example) CsHs will react faster in the gas-phase than it can
abstract an H from the walls. By varying [C3Hg] we can verify that this limit has been reached.
Of course, the radical products of C¢Hs + C;Hs might also undergo wall catalysis, thereby
confusing the product distribution further. For example, the radical adduct of C¢Hs + C3Hg might
also abstract an H from the wall to make propylbenzene. This kind of secondary wall effect can
also be accounted for with control experiments, specifically at higher temperatures, the radical
adduct will unimolecularly isomerize and decompose faster than it can react on the walls.

Because a lot of the chemistry of interest to us is inherently “dirty” (e.g., molecular
weight growth to PAH), accumulation of heavy products in the reactor and subsequent wall
catalysis is an inevitable consequence of using flash photolysis with an intrusive detection
technique such as time-resolved PI TOF-MS. This would explain the proliferation of recent

literature on molecular weight growth chemistry under single-collision conditions (no walls)," *°

or qualitative end-product analysis (no time dimension) of a high-temperature reactor.”> *'
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Conversely, other than the work of Park and Lin,” there is a dearth of thermalized flash
photolysis experiments with time-resolved product detection studying the same chemistry.
Nonetheless, there are advantages to conducting such experiments, as will be demonstrated for
CsHs + C3Hg, if one is willing to wade through the associated challenges (e.g., wall catalysis).

As a final note regarding wall catalysis, although the C¢Hg:CsHs ratio in Figure 2-12 is
not significantly better than what was obtained in the previous stainless steel reactor, it could be
demonstrably worse. Specifically, it was observed that with a constricted sampling pinhole
(essentially a 300 um tube through the 2.5 mm thick quartz reactor wall) C¢Hg:CsHs was as high
as ~10:1, depending on the reactor pressure, due to wall catalysis within the long and narrow
pinhole. This situation was remedied, and the ratio brought down to the more manageable 1:1
seen in Figure 2-12 by adopting the “funnel-shaped” pinhole geometry of Wyatt et al.”* and Park
and Lin,* shown in Figure 2-13. Essentially, the narrow section of the pinhole should be as short
as possible to minimize the residence time of reactive species during sampling. The funnel-
shaped geometry can be achieved either by mechanical or laser drilling.
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Figure 2-13: “Funnel-shaped” pinhole geometry used to minimize wall reactions. Taken from
Wyatt et al.”

Besides wall catalysis, the compact quartz reactor design was also intended to eliminate
radial diffusion loss from the MS Sampling region. Figure 2-14 shows snapshots of a COMSOL
simulation conducted by Te-Chun Chu of the transport processes (no chemistry) occurring in the
large-ID (6 cm) reactor. When the photolysis laser is fired at t=0 ms, a concentrated, 1.3 cm
diameter core of radicals (I atom in the simulation) is created near the sampling pinhole. Within
8 ms the concentration of I atom in the core has dropped by about an order of magnitude due to
fast radial diffusion at the relatively low pressure of the reactor (10 Torr, 500 K), and within 16

ms the I atom has a uniformly low concentration throughout the reactor. Experimentally, at the
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same conditions, PI TOF-MS signal at 127 amu from photolytically generated I atom was also
found to decay to a constant level (~10% of peak value) within ~15 ms. While fast radial
diffusion is not a problem for a high time-resolution detection technique like LAS that can
measure processes down to ~1 us, for PI TOF-MS, which will be shown in the next section to
have ~1 ms time resolution, this leaves a very narrow time window (if any) during which product
branching can be quantified before all of the stable products diffuse out of the MS sampling
region. Of course, the reactor pressure could simply be increased, which according to the
correlation of Fuller et al. would linearly increase the diffusion time scale.'” However, the
simulation of Figure 2-14 assumes that the photolysis laser intensity is radially uniform, which in

1.,%* radial diffusion is actually desirable to

reality it is not. Therefore, as discussed by Osborn et a
“smooth out” initial non-uniformity within the concentrated core of radicals created at t=0. The
conundrum is then the following: radial diffusion should be fast within the core of radicals (<1
ms) but slow outside of it. The obvious solution used throughout the field is to restrict radial
diffusion outwards by matching the reactor ID with the photolysis laser diameter, which was the

same approach taken here with some modification.

t=0ms

Concentration {(mokm')
x10°
12

08

06

Figure 2-14: COMSOL-simulated cross-sectional concentration profiles of photolytically-
generated | atom in the large-ID (~6 cm) stainless steel reactor. Cross sections are shown at the
axial center of the reactor (where sampling for MS occurs). Photolysis beam diameter is 1.3 cm
and reactor conditions are 500 K and 10 Torr. Courtesy of Te-Chun Chu.
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The challenge for our apparatus is to design a reactor that will restrict radial diffusion
loss in the MS Sampling region while still accommodating the Herriott Cell for LAS. With the
aid of some COMSOL simulations, the compact reactor geometry shown in Figure 2-2, Figure
2-11 and Figure 2-15 was chosen because it could meet both criteria. Figure 2-15 compares
radial profiles of the compact quartz reactor with the photolysis laser and Herriott cell that must
fit inside of it. The radius of the Herriott cell, ruemion, Was calculated as a function of axial

distance, z, according to the following equation®:
1
L Z 2 Z z
I'Herriott = Tin [1 +2  — ([E] - [I])] (2-6)

where 1y, is the radius of the Herriott cell at the mirrors (usually ~1.6 ¢m), L is the distance

between mirrors (~150 cm) and Ruiror 18 the radius of curvature of the mirrors (80.0 ¢cm for the
current pair). As shown, the Herriott cell was calculated to fit inside of the compact quartz
reactor (central 100 cm) and associated vacuum hardware (everything outside of the central 100

cm), which was later verified experimentally.
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Figure 2-15: Axial profiles of compact quartz reactor and lasers that must fit inside of it.

Most importantly, for an overall residence time of 1 s (gas inlet to outlet, Figure 2-2)
corresponding to a 1 Hz experiment, the residence time in the MS Sampling region (20 cm of

narrow, central section upstream of pinhole) of the compact quartz reactor is ~50 ms. After 50
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ms the TOF-MS signal will start to decrease due to dilution by upstream gas, but up until that
point there should be no decrease in TOF-MS signal due to transport effects (i.e., no radial
diffusion out of the MS Sampling volume). This can be seen in Figure 2-12, where the 127 amu
signal from I atom has only decreased by ~50% after 45 ms (likely due to I atom abstracting an
H from the wall to make HI) and all of the stable products (benzene, biphenyl and HI) stay at
their steady state concentrations for the full 45 ms. Eliminating transport losses for time-resolved
PI TOF-MS, even for only ~50 ms, widened the window of time during which stable product
branching could be measured and even enabled the observation of secondary products at later
times that might not have been possible to see before (see C¢Hs + C3Hg example in section 4.2).

There are three other benefits to the compact quartz reactor design. The first is that
because of its narrow diameter (4.0 cm OD at most) and because it is held in place by hand-
tightened Ultra-Torr fittings (Figure 2-2), the entire reactor (including the Ultra-Torr fitting) can
simply slide out of the side of the vacuum chamber. Although this process does require removing
one of the Herriott crosses, it only takes one person about an hour to go from doing an
experiment with the reactor under high vacuum to having the reactor out of the chamber and in
his or her hands. Re-installing the reactor in the vacuum chamber is just as easy and can also be
done in about an hour. In contrast, to remove the larger diameter stainless steel reactor from the
vacuum chamber required about a day’s worth of work, mostly because the entire apparatus had
to be rolled out of its niche in the laser table. Re-installing the previous reactor would take even
longer, because once the apparatus was back in place its height had to be carefully adjusted to
match the height of its vacuum mates on the laser table. Although this may seem like a mundane
improvement, in terms of practical day-to-day operation being able to easily remove and install
the reactor is a huge time-saver, accelerating research in the long—term. For example, obtaining
the T profiles shown in Figure 2-4 required removing and installing the reactor at least ten times
in order to try different heater patterns. The reactor can also be cleaned/coated more frequently,
which as mentioned earlier might help with some of the wall catalysis issues. Finally, if the
Herriott cell alignment is lost then the reactor can be pulled out and the Herriott cell easily
realigned in the open without the reactor walls imposing an additional constraint.

The second additional benefit is that because the overall inlet to outlet volume of the
reactor has been reduced by about half, the amount of gas needed per photolysis flash (assuming

one flash per refresh) is also cut in half. Less gas use is a boon both economically (some of the
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chemical precursors like vinyl iodide are quite expensive) and environmentally (“use only what
you need”).

The final benefit is that due to the lower thermal conductivity of quartz compared to
stainless steel, higher T’s can be reached without overheating the vacuum seals or the flexible
bellows on either the inlet or outlet side of the reactor. In fact, other research groups that use
quartz reactors for time-resolved TOF-MS routinely reach T’s of ~1000 K,** a limit that we hope
to approach eventually. Before the new reactor design was finalized, COMSOL simulations were
conducted to confirm the T,P-range over which we could reasonably expect to operate (Figure
2-16). The main constraints considered were the melting point of the Kalrez o-rings (600 K)
making the vacuum seal between the reactor and the rest of the chamber, and the strain point of
quartz (1170 K). The simulations were also helpful in sizing the pre-heater, i.e., choosing what
length and what kind of nichrome ribbon wire to use. At lower pressure, less power is needed to
bring the lower-density gas to the desired temperature, and all of the constraints are satisfied.
Even up to 50 Torr and 700 K none of the constraints are exceeded, but at 100 Torr the outer
wall T starts to exceed the quartz softening point. In reality, we found that if the pre-heater was
worked too hard, it would simply burn out, which empirically allowed us to estimate the current
T,P-limit as 300-800 K and 1-50 Torr (900 K has not been attempted yet). Most importantly, as
shown in Figure 2-4, temperatures up to 800 K have been reached with the compact quartz rector
without incident, whereas the only attempt to reach 800 K with the stainless steel reactor resulted

in overheating and warping of the flexible bellows that then required replacement.
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Figure 2-16: COMSOL-simulated temperature profiles in compact quartz reactor at 4 (top) and
50 Torr (bottom) for ~0.5 s residence time (2 Hz flash photolysis experiment). Important design
constraints are also shown.

To summarize, tightening the diameter of the flash-photolysis reactor has three clear benefits:

1.) The longest chemical time scales that can be measured with time-resolved Pl TOF-MS before
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transport effects become competitive was extended from <10 ms to ~50 ms. 2.) The reactor is
now easy to remove from and install in the vacuum chamber. 3.) Less gas is needed for the same
experiment. In contrast, switching the reactor material from stainless steel to quartz had only one
clear benefit: experiments can be conducted at 800 K, with the possibility of extending this limit
up to 1000 K. Wall catalysis is still an issue, but it is at least no worse than before, and its effect
on product branching can be checked by control experiments. Given the number of quartz
reactors that were broken in this process (at least five) future consideration should be given to
using the same compact reactor geometry of Figure 2-11, but fabricated out of a material

stronger than quartz.

2.3 Characterization of Modified Apparatus

All of the characterization below applies to the apparatus after implementing the
improvements described in section 2.2 (only 118 nm single photon ionization used to create
cations for TOF-MS, and compact quartz reactor). Estimates for both LAS and PI TOF-MS
sensitivity are discussed in section 2.3.1, the time-resolution for both detection techniques is
discussed in section 2.3.2 (as well as the mass-resolution for PI TOF-MS) and the expected
precision and accuracy of overall kinetics and product branching measurements made with this
apparatus are discussed in section 2.3.3.

Although this characterization is helpful for clearly defining the current limitations of the
apparatus and brainstorming future improvements, the real test for the modified apparatus is if it
can be used for its original intended purpose: simultaneous measurements of overall kinetics
with high time-resolution by LAS and quantitative product branching with time-resolved PI
TOF-MS. This capability is demonstrated for the chemically-interesting phenyl radical + propene
(C¢Hs + C3Hs) system in section 4.2. Note that all of the other chemical systems experimentally
studied in this thesis (1,3-cycloadditions of the simplest Criegee Intermediate in Chapter 3, and
vinyl radical + 1,3-butadiene in Chapter 4) were probed using the original LAS and PI TOF-MS
apparatus described by Middaugh.® However, for those systems the main contribution was
accurate quantification of overall consumption kinetics (not product branching) using LAS.
Because the LAS portion of the apparatus was largely unaffected by the improvements described

above (by design), it is unimportant which iteration of the apparatus was used for LAS
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experiments. If anything, LAS was easier to do in the larger-ID reactor because there was much

more space for the Herriott alignment (in contrast to the tight alignment of Figure 2-15).

2.3.1 Sensitivity

As already mentioned, the LAS portion of the apparatus was unaffected by the
improvements discussed in section 2.2. Therefore, the same cross section weighted detection
limit for LAS estimated by Ismail still applies: 0;C; = 3.3 x 1078 ecm™.%” For phenyl or vinyl
radical, both of which have visible absorption cross sections ~107'° cm?%®'% this corresponds to
a minimum detectable concentration of ~10'" ¢m™. The main sources of noise are the Millennia
Xs pump laser and thermal lensing of the Herriott cell within the heated reactor.

Before reporting measurements of the PI TOF-MS sensitivity, it is helpful to estimate the
expected detection limit using simple calculations. To begin, the detection limit for TOF-MS
detection is defined as the point at which only one ion is generated per photoionization laser shot
(single ion counting limit). Several assumptions are then made. First, typical 355 to 118 nm
conversion efficiency are only 0.0001%,% such that for 50 m] pulse~? of 355 nm input energy,
~10" photons of VUV should be generated. Second, it is assumed that the free jet density drops
by two orders of magnitude relative to the reactor density before being skimmed 2 mm from the
reactor pinhole, after which the molecular beam has minimal spread in the transverse
direction.'® Finally, a typical photoionization cross section of 107 em? (10 MB) is assumed,
which gives a detection limit of 10° cm™ in excellent agreement with our measured detection
limit below. Typically we operate at conditions such that the TOF-MS signals for important
products of a photolytically initiated reaction are 1-2 orders of magnitude above the detection
limit, and are therefore well above the single ion counting regime.

The sensitivity of the PI TOF-MS portion of the apparatus was measured using a custom
calibration gas mixture. The mixture, which contained seven species diluted in helium (propene,
1,3-butadiene, furan, benzene, cyclohexane, toluene and heptane) with known concentrations and
known photoionization cross sections, was also used to calibrate the conversion of time-of-flight
to m/z in the TOF-MS.

The signal for any given species i in the TOF-MS is given by Eq. 2-7:
Si = o;RiC; (2-7)
where S is the signal (integrated m/z peak area), ¢ is the photoionization cross section at 10.487

eV, R is the mass discrimination factor, and C is the concentration in the reaction cell. Equation
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2-7 is a simplification of the complete relationship between S and C,** but will suffice for our
purposes. The mass discrimination factor is an instrument-dependent conversion factor that
accounts for any systematic differences in signal due to differences in the gas sampling and the
detection efficiencies for each species. Technically, every species has its own mass
discrimination factor, but typically this parameter is mostly a function of mass-to-charge ratio
(m/z) and is not strongly dependent on the exact identity and features of the species being
detected. The mass discrimination factor for the PI TOF-MS was measured by the calibration gas
signal during an experiment (phenyl radical + propene at 707 K and 10 Torr) and is shown in
Figure 2-17. Note that of the seven calibration gas species, only four could be used in this
analysis because the remaining three (propene, benzene and toluene) overlapped with some other
species or precursor impurity in the reactor during that particular experiment. The mass

discrimination factor was fit to a power law:

R, = A [-’zﬂ]b (2-8)
which is the functional form typically used to match R. The fit in Figure 2-17 uses b=0.57,
similar to the square root dependence on m/z empirically observed before.* Interestingly,
without excess propene present in the reactor no dependence of R; on m/z was observed across
the entire calibration gas range (42-100 amu). Nonetheless, for the combustion applications of
current interest to us, a heavy hydrocarbon like propéne will often be present in the reaction
mixture. Therefore, the best approach to quantifying R; (needed for subsequent product

quantification) is to fit the measured signals in situ of a small known concentration of calibration

gas, such as in Figure 2-17.
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Figure 2-17: Mass discrimination factors measured (markers) at 707 K, 10 Torr during a phenyl
radical + propene experiment. Error bars are from 15% uncertainty in photoionization cross
sections and line is a power law fit.

The detection limit for the PI TOF-MS was estimated by measuring signals from the
species in the calibration gas mixture using various levels of dilution, and comparing them to the
noise in the baseline of the mass spectra after averaging 100 times. To account for the fact that
each species has a different photoionization cross section, and thus gives a different signal for the
same concentration, the signal-to-noise ratio (Si/N) is plotted versus the cross section weighted
concentration (o;C;, Figure 2-18). Plotting versus 6;C; effectively collapses all of the data onto a
single line (accounting for at least 15% cross section uncertainty), which was fit using the least-
squares method. Defining the minimum discernable signal to correspond to Si/N = 3, the
detection limit for the PI TOF-MS is estimated to be 6;C; = 2x10® ¢cm™. In terms of a typical
organic molecule such as propene (~10 MB photoionization cross section®!) or a radical such as
phenyl (~17 MB'?) this detection limit corresponds to ~10° em?, identical to the single ion
counting limit estimated above, and about two orders of magnitude lower than the LAS detection
limit. However, this detection limit is an optimistic estimate because it was measured with only
helium bath gas. In a real experiment, there will often be a large organic molecule (e.g. propene)

also present in high concentration that tends to lower the S/N for a given oCi due to both
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attenuation of VUV photons and a decrease in the molecular beam density for a heavier carrier

108
gas.

Therefore, initial radical concentrations during actual experiments were typically ~10"
cm™ such that the various stable products formed have concentrations ~10'! and give MS S/N’s
of at least 10 (above single ion counting limit) even in the presence of a heavy excess reagent.
This initial radical concentration is also ideal for LAS as it is 10X that detection limit, but not so
high that radical-radical recombination will become a significant problem (typical high-pressure
bimolecular rate coefficients of ~1x10™'° em® molecule™ s for vinyl®® and phenyl radicals'®).

Another feature of Figure 2-18 worth commenting on is the linear dependence of S/N on C;
for a given species, such as benzene or toluene. It is reassuring that in the S/N range of 10-100
where most products were quantified the MS detector is within its linear response regime.,
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Figure 2-18: Calibration gas measurements used to determine detection limit of PI TOF-MS.
Courtesy of Te-Chun Chu.

2.3.2 Time and Mass Resolution
Because the Ti:Sapphire laser is actually pulsed at 80 MHz, or every 12.5 ns, the fastest

possible reaction timescale that can be measured by LAS is limited to 10x this value in order to
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have at least 10 points to fit during the decay. For a pseudo-first order system, this timescale

corresponds to a maximum reaction rate of k’ =8x10°%s™.

However, this upper-limit is
constrained further by considering the effect of RC electronics on the signal during data
acquisition. Specifically, the Stanford Research System SR560 pre-amplifier used to take the
difference between the laser intensity before and after the reaction cell (increasing the sensitivity
of the LAS experiment by orders of magnitude, as discussed by Ismail®’) has a maximum | MHz
bandwidth. Therefore, the fastest measurable k’ for the LAS experiment is 1x10°s™, as we have
previously noted.” Similarly, the slowest radical decay that we have managed to observe with
LAS, that of T atom with k> =505, also exhibited signal distortion due to the electronic data
acquisition process.”” In that case, the pre-amplifier, which had a high-pass filter of 0.03 Hz, was
not the problem, but rather the oscilloscope to which the signal was AC coupled also acted as a
high pass filter with an RC time constant of 65 ms. Therefore, we estimate the slowest
measurable k’ without significant electronic signal distortion as 50 s'. For transient species that
are smaller or more reactive than I atom, their slowest decays will likely be limited by some
other physical process, such as diffusion out of the LAS probe volume or wall reaction, before
this limit is reached. Thus, the absolute greatest range of first order rate coefficients that can be
measured using the LAS method is estimated as the following.

505! <k'<1x10%s™?

The range of kinetic timescales that can currently be measured using the time-resolved PI
TOF-MS technique are very limited compared to the LAS technique. Although the BNC 575
delay generator has sub-nanosecond time resolution and can control the relative timing of the
photolysis and the photoionization lasers to well within their ~10 ns pulse durations, the time
resolution of the PI TOF-MS measurements is constrained to much longer timescales by other
factors. In particular, the fastest possible measurement timescales are limited by transport delays
during molecular beam sampling that include diffusion to the sampling pinhole, flow through the
pinhole and transport via the supersonic expansion to the ionization region of the TOF-MS. The
effect of effusive and supersonic sampling on Kinetic measurements has been extensively
characterized theoretically by Moore and Carr''® and Taatjes,''' and experimentally it has been
verified that processes as fast as 100 us can be resolved by both effusive®® and supersonic®
expansions. In our case, the rate-limiting transport step is actually diffusion within the reactor

due to radial inhomogeneities in the photolysis beam, a delay that becomes more acute at higher
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pressure. In order to estimate the overall effect of all transport processes on the observed PI1
TOF-MS time-resolution, the simple, one-parameter model of Baeza-Romero et al. for transport

of species i from the reactor to the ionization region was adapted®’:

9(% = Ksampling(Ri0:Ci(t) = Sy) (2-9)
where Keampling i @ first order rate-coefficient used as a fit parameter to describe the rate of
transport both to and from the ionization region, and S;, R;, o; and C; have the same definitions as
before (MS signal, mass discrimination factor, photoionization cross section and concentration in
the reactor). Baeza-Romero et al. showed for a variety of Ci(t) functional forms that Eq. 2-9 can
be used to accurately fit for kinetic processes with pseudo-first-order rate coefficients, k’, up to
half of Kempling. For example, If Ci(t) is a step function at t = 0 that changes by ACio (can be
either positive or negative) to a constant value, then Eq. 2-9 can be solved to give an analytical
equation for the change in Si(t), ASi(t):

AS;(t) = Ri0;AC;o(1 — e Xsampling!) (2-10)
Therefore, if we photolytically generate some species in the reaction cell that has a step |
concentration profile, Ksampiing can be determined by fitting the TOF-MS signal observed for this
species to Eq. 2-10. The positive jump in I atom MS signal (m/z=127 amu) following
photodissociation of CsHsl was used for this purpose (Figure 2-19), although a more complicated
form of Ci(t) was used that accounts for subsequent reactions of I atom necessitating numerical
solution of Eq. 2-9.

Figure 2-19 compares two different models of sampling: instantaneous (Ksampling = ©°)
and fit (Ksampting = 750 s™'). Clearly the instantaneous model is not suitable, but it is helpful for
visualizing what the profile should look like (what it does look like inside of the reactor) and
how sampling effects distort that behavior. Over the course of conducting experiments on the
phenyl radical + propene system (section 4.2), Ksampiing Was fit over a range of T, P and reactor
gas composition, from which it was observed that Kempiing is typically ~1000 s (such as in
Figure 2-19) and decreases with increasing pressure and propene concentration, Ccsns. The last
two observations are consistent with diffusion within the reactor being the rate-limiting transport
step, as both increasing P and Ccsue Will inhibit diffusion. From this analysis, the fastest process
that could be measured reliably with time-resolved TOF-MS is ~500 s™" (half of Kgmpiing) giving a
time-resolution of ~1 ms. Of course this resolution can and should be improved down to a 10-

100 ps time scale, for instance by using a reactor P < 10 Torr or working to improve the radial
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uniformity of the photolysis beam. Nonetheless, for the purpose of primary product branching
quantification, a 1 ms time resolution is sufficient so long as primary products can still be
distinguished from later generation products, which was found to be the case for the phenyl
radical + propene system. This is especially true considering that the LAS portion of the
apparatus already has ps time resolution and as a non-intrusive detection technique is preferable

for kinetic measurements.

0.7 707 K, 10 Torr, MS Experiment 7

g / k,«;ampil'ng =% m/z (amu) =
1,0
6| ' _ - o 127
06 ksampling =750s
o g o
L o]
0.5 P o
o
E- —L0
é, 0.4} | o
g
Z o3}
@
[
g 02}
E
01t
0.0
-0.1 : - . x
-10 0 10 20 30 40
Time (ms)

Figure 2-19: Measured (markers) time-resolved PI TOF-MS profile of [ atom at 127 amu
following 266 nm photodissociation of iodobenzene in the presence of CsHg at 707 K, 10 Totr.
Lines are two different models of MB sampling: instantaneous (blue) and delayed by fitting a
Keumpling of 750 s (black). Back-extrapolation of S;o for initial radical concentration
quantification is also shown.

The slowest &’ that can be measured with TOF-MS is limited by convective transport of
the reactive gas out of the MS Sampling region (Figure 2-4). For a typical total residence time of
1 s the residence time in the MS Sampling region is ~50 ms. Therefore, the range of pseudo-first-
order rate coefficients that can be measured using the PI TOF-MS method is as follows:

20 < k' < 500571
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Depending on the identity of the species being sampled for PI TOF-MS, the lower bound on k’
could be higher due to wall reaction loss. Clearly this is a very restrictive range, but it is
sufficient for extracting quantitative product branching by PI TOF-MS.

The mass resolution of the PI TOF-MS, m/Am, is ~400 as measured by fitting a gaussian
to each of the seven peaks in the calibration gas mass spectrum and taking the full width at half
maximum, FWHM, of the fit as Am (see Figure 2-20). This resolution is more than sufficient to
distinguish chemical species with m/z values separated by 1 amu over the m/z range of interest,
1-200 amu. For example, in Figure 2-20 the "C isotopologue for each species is clearly
resolvable. The current cation flight time is relatively short (~20 ps for m/z = 200 amu),
therefore it is certainly possible to achieve higher mass resolution by extending the length of the
flight path.
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Figure 2-20: Representative mass spectrum of calibration gas with gaussian fits to each peak in
order to estimate Am. Calibration gas consists of propene (m/z=42 amu), 1,3-butadiene (54),
furan (68), benzene (78), cyclohexane (84), toluene (92) and n-heptane (100). There is a
fragment of an iodobenzene impurity (CsHsl) at 77 amu and an acetone impurity at 58 amu.
Other unidentified peaks are likely accumulated impurities in the reactor. Courtesy of Te-Chun
Chu.
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Table 2-1 summarizes the sensitivity and resolution of both parts of the apparatus. Using
the phenyl radical as an example, the PI TOF-MS detection limit is ~2 orders of magnitude lower
than it is for LAS. As already mentioned, for a typical initial radical concentration of 1x10'
molecules cm™, the LAS S/N will be ~10, and the various products that are subsequently formed
with concentrations of ~1x10'" molecules cm™ will appear in the TOF-MS with S/N up to ~100.
Despite its lower sensitivity (currently), LAS can measure much faster values of k’. The
advantage of combining both experiments is clear: while PI TOF-MS can only be used to
accurately measure k’ values up to 500 s, LAS can extend that range to 1x10° s, Furthermore,
even if the time resolution of the PI TOF-MS experiment is too slow to resolve k’, it can still be
used to accurately quantify product branching fractions down to ~10%. Finally, other than wall
reactions, all of the limitations in Table 2-1 are technical rather than fundamental, therefore they
all have technical solutions. As an example, routes to improve the fastest TOF-MS k’ have
already been discussed, while the slowest TOF-MS k’ (due to convection out of the MS-
sampling region) could be doubled by shifting the entire TOF-MS sampling assembly (pinhole,
skimmer, TOF-MS, PI laser) to the exit of the narrow reactor region (or simply decreasing the
gas residence time). As another example, the detection limit of LAS could drop by an order of
magnitude by increasing the number of probe laser passes accordingly, such as in cavity
ringdown spectrometry,® or with an astigmatic Herriott cell.''? It also bears mentioning that
although LAS in this apparatus currently uses a picosecond Ti:Sapphire laser, there is no reason
that another UV/visible laser with a narrower bandwidth could not be directly used instead to
allow more selective radical detection. For example, a dye laser tuned to the 308 nm absorbance
band of hydroxyl radical, OH, an important oxidant in atmospheric and combustion chemistry.™*
*® Despite all of the dimensions in which this complex apparatus could improve even further, the
current iteration is perfectly capable of achieving the original goal: simultaneous measurements
of overall kinetics with high time-resolution and quantitative primary product branching (see

section 4.2).
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Table 2-1: Summary of LAS and PI TOF-MS apparatus characterization.

Detection Limit Slowest Measurable k’ Fastest Measurable K’
Detection [Phenyl Mass
Technique Gic.‘i Radical] Va_llu ¢ Cause Va.llu ¢ Cause Resolution
(cm™) 3y (s7) (M)
(cm™)
High-Pass RC Low-Pass RC Filter of
LAS 3x10° 1x10" 50 Filter 1x10° Differential Pre- -
of Oscilloscope Amplifier
3 9 Convection/ Diffusion to Pinhole/
PITOF-MS 2x10 110 20 Wall Reactions >00 MB Sampling 400

"Absorption and photoionization cross sections of phenyl radical at 504.8 nm and 10.5 eV taken from Tonokura et
al.'”” and Sveum et al.,'”” respectively.

233 Precision and Accuracy
Besides verifying that the LAS and PI TOF-MS apparatus can be used to measure overall
kinetics and product branching, it is equally important to know how precisely and accurately

those quantities can be measured and why. Table 2-2 summarizes the answers to these questions.

Table 2-2: Summary of precision and accuracy for both overall kinetics and product branching
measurements using LAS and PI TOF-MS, respectively.

Precision Accuracy
Measurement Value Cause Value Cause
(+%. lo) (+%)
Overall Kinetics L. s Mass Flow Controller
by LAS <1 . Fitingk 10 Calibrations
Product Branching Fluctuations in T .
by P TOF-MS 10 Pl Laser/VUV Generation 15 Photoionization Cross Sections

For overall kinetics measured by LAS, the precision is very high, <x1% uncertainty in
fitting k’, due to the high density of data points for a given absorbance decay. However, the
accuracy is limited by #5% systematic uncertainty in the mass flow controller (MFC)
calibrations used to control gas flow rates, which translates into +£10% systematic uncertainty in
the excess reagent concentrations needed to convert k’ into the bimolecular rate coefficient of
interest, k. If each MFC was specifically calibrated for the gas that is used to flow during an
experiment, then the accuracy would improve to +1%.

For product branching measured by PI TOF-MS, the precision is +10% due to
fluctuations in the 118 nm photoionization laser energy. This was determined by comparing
replicate measurements of both photolysis-dependent and independent MS signals, both of which
have one standard deviation uncertainties of 10%, suggesting that it is fluctuations in the PI

Laser/VUV generation and not the photolysis laser that mostly contributes to the random
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uncertainty in the signal. The accuracy is limited to £15% due to systematic uncertainties in
photoionization cross sections (PICS) needed for quantification. This is a well-known limitation
of MS-based quantification techniques, but perhaps if relative PICS were measured with the
same instrument and then applied to a measured product signal ratio the resulting product
branching ratio would be known with much greater accuracy because of a large cancellation of

systematic uncertainties.
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Chapter 3

Kinetics of Atmospheric Reactions

All of the atmospheric reactions discussed below involve some kind of cycloaddition reaction
of the simplest Criegee intermediate: either a dipolar 1,3-cycloaddition across an unsaturated
alkene (section 3.1) or carbonyl (section 3.3) bond, or a head-to-tail cycloaddition to itself
(section 3.2). Sections 3.1 and 3.2 adapted with permission from Buras et al.”* and Buras et al.”
Copyright 2014 American Chemical Society. Section 3.3 adapted with permission from Elsamra
et al.”® Copyright 2016 John Wiley & Sons.

3.1 Kinetics of CH,00 + Alkenes

3.1.1 Introduction
Carbonyl oxide biradicals are an important class of atmospheric species formed as

intermediates during alkene ozonolysis.'”> Once formed in the atmosphere, carbonyl oxides can
g Y p Y

114 115

impact the budgets of many important atmospheric species, such as OH, '~ organic acids, ~ and
SO,''"® with far reaching implications. The simplest carbonyl oxide, CH,00, is commonly
referred to as the simplest Criegee Intermediate (CI) after Rudolf Criegee, who first proposed
their formation in 1949,

Despite the prediction of these species for decades, carbonyl oxides such as CH,OO were
not directly measured experimentally until 2012 when Welz et al. demonstrated reliable and
stable production of CH,OO via the first two steps of Scheme 3-1 below (248 nm rather than 355

nm photolysis was used by Welz et al.)."'

75



355 nm
CHyl, ———> CH,l + 1

CHyl +0,—2K1 5 1,00 +1
(1-a)k

————> Other(CH,10,,10,CH,0)
CH,00 + Alkene——kz-—-> Products
CHZOO—-—k-:-;——é Products
l———k"—b Products
[CH 1o = [1]o
[CH,00]p =0

Scheme 3-1: Kinetic model used to fit CH,0O0 and I Atom absorbance traces

This discovery has enabled many subsequent experimental studies on both the spectroscopy
and kinetics of CH,00 as summarized in a recent review by Taatjes.!' This method for forming
CH,00 was employed to measure the kinetics of CHOO reacting with SO,, NO,, NO, H,0,
CH3CHO and CH;COCH; using photoionization mass spectrometry and laser-induced
fluorescence of both HCHO and OH.>> ''® 212! Qheps has also measured the reaction of

CH,00 with SO, using cavity-enhanced absorption'*?

by probing the broad absorption feature
from 250-450 nm assigned to the B A’ « X A’ transition in CH,00 by Beames et al.'> and
Lee et al."** Criegee Intermediates are commonly formed by reactions of ozone with alkenes, so
the rate of CI reacting with alkenes is of considerable interest. Until recently, however, there
were no experiments and only one theoretical study on the reaction of CH,OO with alkenes, with
no predicted reaction rates.'*> Very recently Vereecken et al. predicted the first rate coefficients

126 Here we

for CH,0OO0 + alkenes using quantum calculations and transition state theory (TST).
report the first experimental measurement of the kinetics of CH,OO reacting with various
alkenes using multiple-pass ultraviolet absorption at 375 nm and report additional quantum

chemical calculations on these reactions.

3.1.2 Experimental Methods

All experiments were conducted on a modified version of the MIT laser-photolysis/Herriott
multiple-pass laser-absorption apparatus described by Ismail et al.”® This apparatus was modified
to incorporate a time of flight mass spectrometer (TOF-MS) with supersonic molecular beam

sampling from the center of the reactor and is described in detail by Middaugh.®® For the purpose
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of this work, where only the absorption capability of the apparatus was utilized, Ismail’s
description is still mostly accurate. The only relevant changes pertain to the dimensions of the
reactor and the manner in which it is heated. The new reactor is 86 cm long, 6 cm in diameter
and resistively heated by four heaters wrapped along the length of the reactor to create a uniform
temperature profile (+2% standard deviation) through the overlap region of the absorption and
photolysis lasers. In order to minimize excited I atom formation and eliminate the possibility of
CH, formation via a single-photon process'?” the third harmonic output of an Nd:YAG laser (355
nm) operated at a 2 Hz repetition rate was used to photolyze CHyl, instead of a shorter
wavelength such as the fourth harmonic of an Nd:YAG laser (266 nm). The frequency-doubled
output of a mode-locked Ti:Sapphire laser (80 MHz pulsed laser with 1.2 ps FWHM wide
pulses) was used to generate the ultraviolet probe beam, and the fundamental wavelength was
measured before each experiment using a recently calibrated Ocean Optics USB2000
spectrometer. A narrow linewidth low-noise continuous-wave diode laser was used to generate

an infrared beam tuned to the (F = 3 *P;;, « F = 4 ?P; ;) I atom atomic transition. Multiple-

pass ultraviolet probe laser path lengths were in the range of 10 — 15m and infrared path
lengths for I atom absorption, which were only single-pass, were in the range of 50 — 70 cm.
Both ultraviolet and infrared absorbance traces were averaged over 500 acquisitions. 375 nm was
chosen as the ultraviolet probe wavelength because this was the closest wavelength to the peak
of the B *A’ « X A’ transition at ~350 nm'* that could be used with the available Herriott
mirrors. Using 375 nm rather than shorter wavelengths also made it easier to reduce the
interference from scattered 355 nm photolysis light. Helium was used as the bath gas in all
experiments, which minimizes thermal lensing of the probe beam. CH,l, was purchased from
Sigma-Aldrich at 99% purity and was further purified by successive freeze-pump-thaw cycles.
CH;l, was introduced into the reactor by a helium flow through a room temperature bubbler
maintained at 750 Torr. Helium (Airgas, 99.999%), oxygen (BOC, 99.999%), ethene (Airgas,
99.5%), propene (Airgas, 99.95%), iso-butene (Airgas, 99%), 1-butene (Airgas, 99%) and 2-

butenes (Airgas, 99%) were all used directly from their cylinders without further purification.

3.1.3 Computational Methods
The electronic structure and rate coefficient estimation methods employed were identical to

those used recently by Jalan et al. to study chemically activated reactions between CH,OO and
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HCHO, CH;CHO and CH;COCHS;.'*® All stationary points reported here were optimized using
restricted Kohn-Sham calculations with the B3LYP density functional and the MG3S basis

12 equivalent to 6-311+G(2df,2p) for systems containing only H, C, and O.”%B! All

set,
B3LYP/MG3S calculations employed an ultrafine density-functional integration grid (using
Int=Ultrafine in Gaussian 03)."** Zero-point energies were computed using the same DFT model
chemistry and scaled by a factor of 0.99 before use in TST calculations. Electronic energies were
computed using the RCCSD(T)-F12a'**"** method with the VTZ-F12 basis'*® using the Molpro
program suite'*! at geometries optimized using the B3LYP/MG3S electronic model chemistry.
Conventional TST calculations for rate coefficients were performed using the CanTherm
computer code.'*? Eckart tunneling corrections were used where applicable. One-dimensional
hindered rotor corrections were applied to the partition functions using relaxed scans along

torsional degrees of freedom.'?® The relaxed scans were performed at 10° intervals using the
B3LYP/MG3S model chemistry.

3.1.4 Results and Discussion
3.1.4.1 Probing CH,0O at 375 nm

To first verify CH,OO was being probed in our apparatus at 375 nm, CH;I> was photolyzed
at 355 nm in the presence of eight different oxygen concentrations ranging from 0.10 X 10*° to
49.3 x 105 molecules cm™ (detailed experimental conditions given in Appendix A). Both

ultraviolet absorption at 375 nm and single-pass infrared absorption tuned to the (F = 3 %P, /2 &

F=47%p, /2) 1 atom atomic transition’® were simultaneously recorded as shown in Figure 3-1.
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Figure 3-1: Measurement of CH,O0 formation at 298 K and 25 Torr using ultraviolet
absorption of CH,OO0 at A = 375 nm (Panel A) and infrared absorption of I atom at A =
1315.246 nm (Panel B) over the following range of O, concentrations (units of molecules cm™):
[0,] = 0 (black), 0.10 x 10*° (red), 9.7 x 10'° (blue) and 49.3 x 10'® (green). The infrared
absorbance trace with no O, is shifted up for visual comparison and is not included in the model
fit. Every 200" point is shown for clarity. Solid black lines are model fit.

The model fits shown in Figure 3-1 represent the analytical solutions (shown below) to
the kinetic model given in Scheme 3-1. These were obtained assuming excess O, and alkene and

also that ultraviolet (375 nm) absorption is mostly attributable to CH,0O.

_ ok [05][CHI]o —(kz[Alkene]+ks)t _ o—Kkq[05]t _
[CHZOO](t) - k4 [05]-k;[Alkene] —k; (e ’ ’ et ) (3 l)

® = 2l ([(1 + ky [0;] — kyJe ™ — oy [0]eHal%2)  (3-2)
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Az75(t) = ocp,00(A = 375 nm)l3,5[CH,00](t) + shift (3-3)
A;(t) = o7(A = 1315.246 nm)],[1}(t) (3-4)
where A is absorbance, ¢ is absorption cross section and | is path length. The global fit
parameters in this model are o, k; and o¢y,00(A = 375 nm). Different values for [CH,I]o, k3,
and k, were fit for each experiment. No alkene was present during these experiments so those
terms do not affect the inferred reaction rate of interest, k,. A baseline offset, with parameter
name “shift”, was also fit for each ultraviolet absorbance trace to account for any small
contributions by other species. o7(A = 1315.246 nm) was computed for each reactor condition
using the integrated cross section given by Ha et al.”® and the approximation of the Voigt profile
given by Whiting'*’ to account for Doppler and collisional broadening. Both path lengths are
also known, albeit with 20-25% uncertainty due to imprecise knowledge of exactly where the
probe beams intersect the photolysis beam. The full results from this fit are presented in
Appendix A along with comparison to literature. The value obtained for k; is (1.4 + 0.1) X
107'2 cm3 molecule™?s™! , in good agreement with Huang et al.'* [(1.58 +0.22) X
10~*2 cm® molecule~'s™1], Stone et al.'*’ [(1.67 + 0.04) x 10~'2 cm® molecule~*s™*] and
Eskola et al.'*® [(1.39 + 0.01) x 10712 cm® molecule~'s~1]. We also measured k, at 700 K
following the same procedure as above in order to confirm that the same species was observable
at high temperatures (see Appendix A). We found
k. (700 K) = (1.0 + 0.1) x 10~*3cm?3 molecule~?s~!, which is qualitatively consistent with the
negative temperature dependence observed by Eskola et al.'%

The results above demonstrate that the species absorbing strongly at 375 nm is a product
of CH,I + 0,. Both Huang et al.'"** and Stone et al.'"** concluded that at 25 Torr (the pressure
used in all experiments reported here unless otherwise noted) CH,OO should be the major
species, with o =~ 0.90. Furthermore, we measured that at 298 K and 4 Torr the 375 nm
absorbing species reacts with acetone at a rate of (2.03 + 0.15) x 10~ *3cm3molecule~?s™? (see
section 3.3 for details), in good agreement with the measured CH,OO + acetone rate of (2.3
0.3) x 107 *3cm3molecule™!s~! from Taatjes et al.'*®

As shown in Scheme 3-1, CH,100, CH,O and IO are all other possible products of CHl
+ O, and therefore could be contributors to the ultraviolet absorbance signal observed above.

h124, 147

CH,I00 and CH,0 are both known to absorb only weakly at this wavelengt and therefore

will make negligible contributions to the absorbance. 10, however, does absorb strongly in this
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range, particularly at wavelengths longer than 375 nm."*® Nonetheless, the following evidence
indicates that the contribution of 10 is also negligible at our conditions. First, there is the
agreement of the measured rate above with literature for CH,OO + acetone. Second, as shown in
Figure A 6, the transient absorption was found to decrease with increasing A between 370 and
385 nm, consistent with the spectrum of CH,00'? and inconsistent with 10."*® Third, the
literature values for a and the 10 cross section at 375 nm'*® would give an absorption an order of
magnitude smaller than the transient absorption we observe. Finally, the probe wavelength was
moved from 375 to 427.2 nm where 10 is known to absorb strongly due to the 4,0 band of its
AZI1 « X211 transition.'* Figure 3-2 compares the measured pseudo-first-order decay rates of the
absorbance traces observed for A = 375 nm and A = 427.2 nm taken at the same conditions as a
function of propene concentration. The decay rate measured at A = 375 nm is clearly dependent
on [C3:Hs], whereas at A = 427.2 nm it is not. This demonstrates that two different species are
being predominantly probed at 375 and 427.2 nm, which we attribute to CH,OO and 10,
respectively. Details of the experiment to probe 10 at A = 427.2 nm can be found in Appendix
A.

700
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S
x 300 ¢
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[C;Hg] (10'® molecules cm-3)

Figure 3-2: Comparison of pseudo-first-order decay rates k’ vs. propene concentration for
species measured at A = 375 nm (CH,00, o) and A = 427.2nm (10, A) at T = 298K and
P = 25 Torr.

Taken together, this evidence suggests that whatever contribution 10 makes to the

absorbance signal at 375 nm is small compared to CH,OO and independent of alkene

concentration, and should therefore not affect the k, values reported here. At the high
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temperature extreme of 700 K the fit value obtained for o¢y,00 decreases only slightly from the
300 K measurements, suggesting that the same species is still predominantly being probed.
Hence, we assume this species is still CH,OO at 700 K.
3.1.4.2 Experimental Measurements of CH,OQO + Alkene Rates

At alkene concentrations > 10'® molecules cm™3 a noticeable increase in the decay rate of

CH,00 was observed, as shown in Figure 3-3.
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Figure 3-3: Representative decays of CH,OO absorbance (A = 375 nm) at 494 K and 25 Torr
over the following range of C3;Hg concentrations (units of molecules cm™):[C3H] = 0 (red),
6.5 x 10%° (blue), 13.0 x 10®(green) and 19.5 x 106 (purple). Every 200™ point is shown for
clarity. Single-exponential fits are shown as solid black lines.

Care was taken to ensure that the time scale of CH,OO formation was at least an order of
magnitude faster than CH,OO decay so that the decay portion could be fit to a single exponential
and a simple pseudo-first-order analysis could be conducted. The decay of CH,OO in the
absence of any alkene was also described adequately by a single exponential fit, suggesting a
first order loss process. Control experiments were conducted to ensure that substantially
increasing photolysis power or precursor concentration did not increase the measured second
order rate constants above their error bounds, and all measurements were conducted such that the

reaction cell contents were totally refreshed between photolysis shots. A full description of the
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experimental conditions and error analysis is given in the Appendix A. Sample linear fits of k'

versus [Alkene] for ethene and propene at 298 K are shown in Figure 3-4.
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Figure 3-4: Pseudo-first-order CH,OO decay rate k” vs. alkene concentration for propene ()

and ethene (O) at T = 298 K and P = 25 Torr. Error bars are not given for individual k" values
because the uncertainty due to fitting a single exponential to a measured decay was very small
(< 0.1%).

The rate of CH,0O reacting with ethene, propene and the three butene isomers (iso-
butene, 1-butene and a mixture of cis- and trans-2-butene) at 298 K was measured from 10 to 50
Torr as shown in Figure 3-5. The pressure dependence appears flat over this range for all of the
CH,00 + alkenes rates, especially considering the uncertainty of the measurements. From these
results, k, appears to be pressure independent over this range using helium as a bath gas. For
atmospheric models, however, where nitrogen acts as a more efficient stabilizer, we recommend

using the rates reported here at low pressures as reasonable lower bounds.
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Figure 3-5: Experimental CH,OO + Alkenes rates at 298 K as a function of pressure, normalized
to 25 Torr measurement.
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CH,00 + alkenes rates were also measured at 298, 390 and 494 K (all at 25 Torr).
Attempts were made to measure the rate at 600 K as well, but at this temperature CH,OO
decayed very rapidly even in the absence of any excess reagent (k; =~ 2000 s~ as opposed to
100 — 300 s™* at the lower temperatures) possibly due to unimolecular decomposition of
CH,00. There was also a reproducible baseline offset in the 375 nm absorption at 600 K that
was not observed at lower temperatures possibly due to absorption by an unknown product (see
Figure A 4). For these reasons the temperature dependence of CH,OO + alkenes was only
measured up to 494 K. Figure 3-6 shows the measured temperature dependence of all five
alkenes and Table 3-1 summarizes the Arrhenius fit parameters obtained. The theoretical

predictions (also shown in Figure 3-6) are discussed in the following section.
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Figure 3-6: Comparison of experimental and theoretical rate coefficients for CH,OO + C,Ha,
CsHe, 1-C4Hs, iso-C4Hsg (top) and CH,00 + C,H4 and 2-C,4Hg (bottom). Theoretical predictions
are represented by the curves and have all been scaled down by a factor of 5. Experimental rate
coefficients are represented by filled circles and correspond to measurements at 298 K, 390 K

and 494 K and P = 25 Torr.

Table 3-1: Arrhenius fit parameters and experimental rate constants at 298 K for the reaction of
CH,00 with alkenes at 25 Torr. The uncertainty of the rate constants reported here includes
both random and systematic uncertainty contributions as detailed in Appendix A. The form of

E
the Arrhenius equation is k(T) = A e R,

A E, k; (298 K)

(10" em® molecule s™) (J mol™) (10" em® molecule s
Ethene 11+3 7000 = 900 0.7+0.1
Propene 8§+£2 3700 £ 600 1.8+0.3
Iso-Butene §=£2 3400 = 1300 1.4+0.3
1-Butene 5+2 3200 = 1400 1.5+ 0.3
2-Butene 2+1 3500 = 1700 0.7+£0.2

The measured rate coefficients reported here for CH,OO + alkenes at 298 K and 25 Torr (see

Table 3-1) are 1-4 orders of magnitude slower than for the reactions of CH,OO with SO, NO,,

ketones and aldehydes at similar pressures''™ '?° but an order of magnitude faster than the upper
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limit rate for reaction with H,0.>> The possible impact of the CH,OO + alkenes reaction in the
atmosphere is discussed in more detail in a later section. Also interesting to note is that ethene, as
the only alkene without any alkyl substitution, has an apparent activation energy (E,) almost
twice that of the other substituted alkenes studied here, consistent with the trend computed by
Vereecken et al.'?®

3.1.4.3 Theoretical Predictions of CH,O0 + Alkene Rates

Figure 3-7: DFT optimized saddle point for the CH,O00 + C,H4 cycloaddition reaction.
Bond lengths shown in A.

1,3-dipolar cycloaddition is expected to be the dominant mode of reaction between
CH,0O0 and alkenes.'** Several 1,3-dipolar cycloaddition reactions (especially those of Os) have
been studied previously using quantum chemical methods.”* "' Like Os, the reaction between
CH>0O0 and alkenes involves formation of a weak Van der Waals complex before the
cycloaddition saddle point.'® For this study, we assume any pre-reaction complex formation to
have little effect on the overall kinetics and use conventional transition state theory (TST) along
with ab initio calculations'® for the concerted cycloaddition reactions between CH,00 and
ethene (C;H,), propene (CsHg) and butene isomers (iso-C4Hsg, 1-C4Hg, 2-C4Hsg) to understand the
experimentally observed difference in reactivity.

Because of symmetry numbers and optical isomers (or “reaction path degeneracy”) the
actual reaction rate coefficient is 4 times larger than the calculated value for the unique CH,O0

+ C;H4 saddle point (Figure 3-7). An important feature of the CH,OO + C;H4 saddle point is the
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central O (O2 in Figure 3-7) which puckers out of the CI1-C2-C3-O1 ‘ring’ plane. Using
conventional TST, the overall rate of CH,OO + C,H4 (accounting for symmetry and optical
isomers) was fit to a simple Arrhenius expression (neglecting the curvature of the predictions)
with A = 3.8E-14 cm’/molecule-sec and E, = 4600 J mol’ (1.1 kecal/mol). The highest-level
calculations of Vereecken et al.'*® on this reaction agree very closely with our calculations, even
though somewhat different electronic structure methods were used. The quantum calculations
predict E, within ~1 kcal/mole and the A factor within a factor of ~4, about as well as one could

expect for conventional TST for such low-barrier reactions.

Figure 3-8: DFT optimized saddle points for the CH,OO + Cs;Hg cycloaddition reaction.
Bond lengths shown in A.

However, for CH,OO + CsHg, there are four distinct cycloaddition channels (Figure 3-8)
corresponding to methyl substitution at each vinylic H atom in the CH,OO + C,H, saddle point.

A comparison of our computed ZPE inclusive reaction barriers (Eo) for the four CH,O0 + C;Hg
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cycloaddition channels is shown in Table 3-2. Vereecken et al.'*® used lower level theory for this
reaction than for the CH,OO + ethene reaction, and with that lower level of theory they obtained
lower Eo’s (by a few klJ/mole), but qualitatively similar results: both calculations agree that
saddle point Al is “submerged”, i.e. has an energy lower than that of the reactants.

Table 3-2: Comparison of ZPE inclusive barrier heights (Eo) for the four CH,OO + C;Hg
cyclo-addition channels. The E, value of CH,OO + C,H,4 was calculated to be 2930 J mol ™.

~ Site of -CH;

. -1
Reaction  ubstitution " U™
Channel A1 H1 -3340
Channel A2 H2 840
Channel A3 H3 6690
Channel A4 H4 - 7520

Both channels Al and A2 have Eq lower than the barrier for CH,O00 + C,H4 and are
characterized by methyl substitution on the C atom (C3 in Figure 3-7) under attack by the O end
of CH,0O0 (Ol in Figure 3-7). Channel A1 has —CHj3 and the puckered O atom (similar to O2 in
Figure 3-7) on opposite sides of the forming C-C-C-O plane while Channel A2 has them on the
same side. It is possible that steric repulsion between the ~CHs group and puckered O atom leads
to the higher barrier for channel A2. Methyl substitution on C2 (Channels A3 and A4) appears to
have the opposite effect leading to an increase in the reaction barrier compared to CH,00 +
C;H4. The position of the =CH3 group above or below the ring plane has a very small effect on
the barrier height in these cases.'*

Similar to CH,00 + C;3Hg, the reactivity of CH,OO towards 1-C4Hs depends on the
position of the —C,H;s substituent on the CH,O0+C,H,4 saddle point in Figure 3-7. The resulting
barrier heights follow similar relative trends and are summarized in Table 3-3. It is interesting to
note that with the exception of Channel A1, barrier heights for all other saddle points decrease by
1800-2000 J mol" in going from —CHs to —C,Hs as the substituent. The barrier height for
Channel A1 also goes down but only by ~500 J mol™.
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Table 3-3: Comparison of ZPE inclusive barrier heights (Eo) for the four CH,O0 + 1-C4Hg
cyclo-addition channels. The Eq value of CH,00 + C;H, was calculated to be 2930 J mol.

~ Site of -C;Hs

. -1

(Reaction ubstitution =0 (I mel)
Channel Al HI -3800
Channel A2 H2 -1650
Channel A3 H3 4720

Chamnel A4 H4 710,

Table 3-4: Comparison of ZPE inclusive barrier heights (Ey) for the CH,OO + iso-C4Hs and
CH;00 + 2-C4Hjs cyclo-addition channels. The Eq value of CH,O0 + C,H4 was calculated to be
2930 J mol™.

~ Siteof-CH;

N -1
Reaction ¢ pstitutions Lo mol)
CHzOO + iSO-C4Hs
Channel A1 H1, H2 2440
Channel A2 H3, H4 12080
CH,00 + 2-C H;
Channel A1% H1, H3 -950
Channel A2° H1, H4 -1250
Channel A3° H2, H3 2830
Channel A4* H2,H4 3200

“ Calculated with respect to cis-2-C4Hy
» Calculated with respect to trans-2-C,Hg
Unlike 1-C4Hs, both 2-C4Hg and iso-C4Hs are characterized by two —CHj3 substitutions
compared to C;H,. They can proceed through several different transition states as seen in Table
3-4. As seen in Table 3-4, the barrier heights for these reactions are bounded by the CH,OO+iso-
C4Hg system while the CH,O0+2-C4Hg reactions lie in between. The upper bound on these
barrier heights corresponds to both —CHj; groups on C3 (Channel A2 for iso-C4Hsg) while the
lower bound has both —CHj3 groups on C2 (Channel Al for iso-C4Hg). For CH,O0+2-C4Hs, all
saddle points with a —CH; substitution at H1 (Channels A1, A2) have a negative barrier similar
to CH,OO0 + C3;Hi. Both Channels A3 and A4 have a —CHj; substitution at H2 and have barrier
heights comparable to or slightly higher than CH,OO + C,Hs. For 2-C4Hs, it is not surprising
that the highest barrier channel corresponds to both —CHj substituents on the same side of the
plane as the puckered O atom.
A comparison of predicted absolute rate coefficients for CH,OO + C,Hy, C3Hs, 1-C4Hs
and iso-C4Hs is shown in Figure 3-6. Our computed TST (high-pressure-limit) rates at 298 K
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agree very closely with Vereecken et al.’s highest level calculation for CH,OO + C,H4, but less
well with their lower-level calculations for CH,OO + propene and CH,OO + 2-butene. Our
calculations consistently overestimate the rate coefficient by factors varying between 5 and 10
depending on the alkene type and temperature. In general, the discrepancy is highest at low
temperatures. The calculated rates for C;He and 1-C4Hg give curved Arrhenius plots due to the
contributions of distinct saddle points, and flatten out at lower temperatures because of the
submerged saddle points. Even though current calculations overestimate the absolute rate
coefficients in the 300-500 K temperature range, they capture qualitative trends in relative
reactivity between the alkenes. As seen in Figure 3-6, the reaction with CsHg is faster at lower
temperatures but because of the relatively stronger temperature dependence of CH,OO + C,Ha,
the difference in reactivity decreases as temperature increases. Both experiments and calculations
agree that the rate coefficients for CH,0OO reacting with propene, 1-butene, and isobutene are
very similar (within 40% at all temperatures), but do not agree on the details. The comparison is
more complicated for 2-C,Hs as it is the sum of the rates for the cis and trans isomers weighted
by their respective equilibrium distribution at the temperature of interest. For simplicity, the
calculated values for cis and trans isomers are shown separately in Figure 3-6 (bottom) along
with the experimental measurements. As expected the trans isomer is relatively more reactive
and the corresponding rates are upper bounds for the overall CH,OO+2-C4Hjs rate. Similarly, the
rates for the cis isomer represent lower bounds on the calculated overall 2-C4Hg rate coefficients.
The trans isomer is thermodynamically favored and should be more representative of the overall
behavior of 2-C4Hs. Similar to C;Hg, the lowest barrier heights for CH,OO + cis-2-C4Hg and
CH,00 + trans-2-C4Hg computed by Vereecken et al.'*® are systematically lower compared to
corresponding values obtained here using higher level calculations.

More accurate estimation of the flux through shallow/submerged saddle points like those

-15 . .
133134 which is

discussed here requires a two-bottlenecks-in-series variational TST treatment,
beyond the scope of the present work. The rate coefficients for CH,OO + alkenes reported here
are almost 2 orders of magnitude smaller than the corresponding measurements for addition to
carbonyl compounds'? indicating a shift from a very loose TS to a tight TS. This is because the
saddle point for addition to carbonyls is deeply submerged (Eq~ -21000 J mol™), while E, for

alkenes was found to be much higher varying between -4000 J mol”' and 12000 J mol™.
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3.1.44 Impact of CH,00 + Alkene Measurements on Atmospheric Models
Alkenes are an important constituent of the atmosphere. They are emitted as products of

combustion!>>136

and also as chemical intermediates in the manufacturing of plastic and other
industrial and agricultural processes.'”’ Natural sources of alkenes include emissions from
vegetation, soils and the oceans.'”® As such, it is worthwhile to investigate what impact alkenes
may have on CH,OO chemistry in the atmosphere.

The recent study of Percival et al.™*

on atmospheric sulfuric acid concentrations concluded
that three reactions - with H,O, SO, and NO, - can have a comparable effects on atmospheric
CH,0O0 levels, combining to give CI removal rates of 20 s or faster by bimolecular reaction.
They did not consider possible reactions of CI with alkenes, though of course they noted that
reaction of alkenes with ozone is a major source of CI in the environment.

Recent measurement of the concentration of a small subset of alkenes (C2-C6) in polluted
urban areas was found to exceed 100 ppb.'® Combining this concentration with our newly
measured CH,OO rate coefficient at 298 K results in a relatively small CI removal rate of ~ 2-
5x10? s™!. We expect alkenes to compete with H,0, SO, and NO, in the removal of CI only if
alkene concentrations reach 400 ppm (1x10 '® molecule cm™), which is possible in alkene rich
environments such as emission plumes, polymer melts, rubber, etc.'®!1%? Since the CI formation
rate is highest in alkene-rich environments, the reactions of CI with alkenes may be significantly
more important than one would compute from atmospheric averages which implicitly assume CI
formation and CI destruction to be uncorrelated. Our measurements also reveal that the reaction
of alkenes with CH,OO is faster than the reaction of alkenes with the CI’s parent molecule Os,

~5x10""" cm® molecule™ 1.1

3.1.5 Conclusions

Using Herriott multiple-pass laser-absorption we have probed the B *A’ « X A’ transition
in the simplest Criegee Intermediate, CH,OO. The identity of CH>OO is confirmed by room
temperature measurement of the CH,I + O, reaction rate as well as the reaction rate of CH,OO0 +
acetone, both of which agree well with previous measurements. We then measured kinetics of
CH,00 reacting with C2-C4 alkenes at 25 Torr and temperatures ranging from 298 K — 494 K.
The Arrhenius fits from these measurements are given below.

Ethene:k, = (11 % 3) x 10~ cm3molecule™ st exp[— (7000 + 900)] mol~/RT]

Propene: k, = (8 + 2) x 10~*5cm3molecule~s ! exp[—(3700 + 600)] mol~1/RT]
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Iso — Butene: k, = (5 + 2) X 10~ **cm3molecule™ s~ exp[—(3400 + 1300)] mol~*/RT]

1 — Butene: k, = (5 + 2) x 10~**cm®molecule™'s™* exp[—(3200 + 1400)] mol~!/RT]

2 — Butene:k; = (2 + 1) x 10~**cm®molecule*s~* exp[~(3500 + 1700)] mol~!/RT]
We recommend using the above rates as reasonable lower bounds for atmospheric rates. Theory
predicts some of the Arrhenius plots are significantly curved, consistent with the experiments,
and the error bars are significant, so caution is recommended when extrapolating these fits
outside of the experimental temperature range. For all alkyl substituted alkenes E, ~ 3500 +
1000 J mol™*, whereas for ethene E, ~ 7000 + 900 ] mol~'. Ab initio calculations for the
concerted cycloaddition reactions between CH,OO and the various alkenes combined with
conventional TST calculations qualitatively capture reactivity trends between C,H4, CsHe, 1-
C4Hg and iso-C4Hg although the absolute rate coefficients are all overestimated. The reactivity of
2-C4Hg depends on the cis-trans distribution with the trans isomer expected to dominate.
Interestingly, the reaction of Criegee Intermediate with alkenes is at least an order of magnitude
slower than the analogous reaction with carbonyl compounds, due to the significantly different
submerged barrier height. In normal atmospheres where the concentration of alkenes is less than
100 ppb, Criegee Intermediates are expected to react with other species (e.g. H,O, NO,, SO,)
much faster than they react with alkenes, but the reactions of Criegee Intermediates with C=C
double bonds could be important in environments with higher concentrations of alkenes, such as
in emission plumes or in rubber exposed to ozone. These high-alkene environments are the

locations where Criegee Intermediates are also formed the fastest.
3.2 Kinetics of CH,00 Self-Reaction

3.2.1 Introduction
Following the discovery of an efficient route to produce the simplest Criegee Intermediate,
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CH,00, by photolysis of diiodomethane, CH,I,, in the presence of O,, ° there has been a

tremendous amount of experimental work done on this species as summarized in a recent review

1.'®* Many of these experiments involve such high concentrations of CH,OO that

by Taatjes et a
self-reaction needs to be taken into account. As such, it is important to have an accurate rate
coefficient for this reaction, kg.s. Vereecken et al. recently predicted a rate coefficient for this
reaction at 300 K of ~4 x 107'1cm3 molecule™® s~ (factor of five uncertainty) using

variational Transition State Theory.'*® Even more recently, using FTIR, Su et al. recommended a



value approaching the collision limit, kgef = 40 £ 20 X 10~ *2cm? molecule™! s~ near room
temperature in 20-100 Torr of N, bath g,as.164

We have shown that CH,OO can be selectively probed using UV absorbance at A = 375
nm (section 3.1.4.1). It is often difficult to determine absolute concentrations of reactive
intermediates, which is needed to determine self-reaction rate coefficients, but we are able to
quantify absolute concentrations by probing the 1315.246 nm F = 3 2P, peF=4 ’p, /2 atomic
transition of I atom formed as the co-product of CH,OO formation. This provides a very direct
way of accurately determining the absolute concentration of CH,OO. In this work we combine
both of these measurements with laser flash photolysis to measure kge)¢. By simultaneously
measuring the absolute CH,OO and I atom concentrations, which have very different time-
dependences, we have also put an upper bound on the rate coefficient for CH,OO + I. Finally, we
have determined an absolute absorption cross-section for CH,OO at our ultraviolet probe
wavelength in good agreement with a recent measurement by Ting et al.'®® but in disagreement
with the measurement of Sheps.'*? Accurate quantification of the absolute absorption spectrum
of CH,OO in this ultraviolet range is necessary in order to predict the true fate of CH,OO in the

troposphere.

3.2.2 Experimental Methods

The relevant aspects of the apparatus were described in section 3.1.2 so only a few details
are noted here. All measurements were conducted at 297 K. The fourth harmonic output of an
Nd:YAG laser (266 nm) operated at either a 0.5, 0.91 or 2 Hz repetition rate was used to
photolyze CH,l,. Different pairs of convex and concave lenses were used to collimate the
photolysis beam to various diameters. For all experiments, except for the single UV pass control,
the UV probe beam was in a Herriott multiple-pass configuration giving effective path lengths in
the range of 10 — 15 m. The I atom laser was single-pass for all experiments (45 — 60 cm path
length). Both UV and infrared absorbance traces were averaged over 500 acquisitions. CHzl, was
purchased from Sigma-Aldrich at 99% purity and was further purified by successive freeze-
pump-thaw cycles. CH,I, was introduced into the reactor by flowing bath gas (either He or Na,
depending on the experiment) through a room temperature bubbler maintained at 750 Torr.
Helium (Airgas, 99.999%), nitrogen (Airgas, 99.99%) and oxygen (Airgas, 99.999%) were all

used directly from their cylinders without further purification.

94



323 Results and Discussion
3.2.3.1 Quantifying [CH,00], using I Atom Absorbance

In order to determine self-reaction rate coefficients, it is necessary to quantify the initial
concentration of the species of interest. We are able to quantify [CH,00], by fitting

simultaneously recorded absorbance traces of co-produced I atom (Figure 3-9).

x 10

| Atom Absorbance

<+— Scattered Photolysis Light

0 1 2 3 4 5
Time (s) x10°

Figure 3-9: Representative 1 atom absorbance trace at 297 K, in 50 Torr He and [0,] = 1.1 x
10'7 em™3 with model fit (black line) to extract value of [CH,00],.

We have previously shown (section 3.1.4.1) that the growth and decay of I atom for this system
can be captured by the simple kinetic model in Scheme 3-2, which has the biexponential

analytical solution shown below.
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266 nm
CHzlz——') I+ CHZI

ak
CH,l +0, —Z=% | 4 CH,00

B kgTOWthE Products other than CH,00
(e.g., HCOOH, dioxirane,CH,0 + O)

YKgrowth  Non-I atom forming channels
(CH,10,,10 + CH,0)

Ko
1—-—% Products
Ara

(o = o1(A = 1315.246 nm){;

[CH,00](t=0)=0

a+f+y=1

Scheme 3-2: Kinetic model for I atom growth

O = () (o + [CH20010)kgrowtn[02] = Mokun ettt =
[CH,00]oKgrowtn[02]e ™ erown(021t) (3-5)
Ar(t) = o;(A = 1315.246 nm)}[1](t) (3-6)

Note that [CH,00], # [CH,00](t = 0) in this model. The initial jump in I atom absorbance
shown in Figure 3-9, A;;, corresponds to the initial photolytic production of CH,I + I, while the
second rise, Ay ,, corresponds to production of I atom by the reaction CH,I + O, — CH,00 +1
with rate coefficient Kgrowtn(= 1.4 £ 0.1 X 10712 cm® molecule™? s71) 7+ 1% Here we
assume that the amount of I atom produced by this second process, [I]o, is equal to the
maximum amount of [CH,00] formed, [CH,00], (i.e., branching of CHxI + O, to other CH,OO
isomers or their fragments is negligible, B « ). With this assumption [CH,00], can be

calculated using Beer’s Law.

Al
01(A=1315.246 nm)l;

[1]o = [CH,00], = (3-6)

More details of calculating [CH,00], using this procedure, including a propagation of
uncertainty, are included in Appendix B. From this analysis, the overall uncertainty in our
determination of [CH,00], is 35%. Assuming B <« « is partially justified by the 10% upper
bound on the branching fraction of CH,I + O, to formic acid determined by Welz et al.''® (the

same limit can be placed on dioxirane formation, assuming it has a comparable photoionization



cross section as formic acid). Several researchers have also measured CH,O in similar reaction

conditions,!'® 1%

and found that most of it is formed by secondary chemistry (presumably from
CH>00) on a much longer timescale than that shown in Figure 3-9, again consistent with B «< a.
Furthermore, one would expect any channel of CH,I + O, that produces I atom and
decomposition products of CH,00 (e.g., CH,O + O) to be pressure dependent, but as shown
below our results are insensitive to pressure and bath gas, lending further credence to the

assumption that 8 < a.
. . A . ..
Several prior researchers have measured the ratio of -Al'—z (this ratio is often assumed to equal
L1
o in the literature)."**'** Our measurements are consistent with the prior work, though our error

bar is higher: literature values of this ratio at our conditions are about 0.8, and our measurements

range from 0.6-1.0 with an error bar of about 0.2 (Appendix B). We note that some assumptions

are required to equate o = 2i2. first that B is negligible (B « o), and second that the CH,l + 1
Al

producing channel dominates over any other photolysis channel producing I atoms. For the
analysis in this paper, we do not need to know the ratio %ﬁ, only the value of A ,, which appears
in Eq. 3-6, nor do we need to know the value of o or y, but only that B « « (i.e., that the reaction
of CHzl + O, forms I atoms and CH,OO in a 1:1 ratio).
3.2.3.2 Measured CH,00 self-reaction

The decays of both CH,OO and I atom were recorded simultaneously by UV and IR

absorbance respectively, for a range of experimental conditions as summarized in Table 3-5.
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Table 3-5: Summary of experimental conditions (T = 297 K for all experiments and [0,] = 0.55 and 1.1 X 107 cm™~3 for all 25 and

50/100 Torr eerriments, resEectivelz!

Photolysis . d

B . Ti . a b [CH,I,] . Photolysis [CH00]" Number
xperiment Title bear?;;meter I’ (em) FPR" Bathgas P (Torm) (1014 molecule/ cm®)°  power (mJ/pulse) (1012 molecule/cm’)  Of traces

1.15 55 1.5 N, 25 2 15-65 2-8 6

25 Torr N, 1.15 55 1.5 N, 25 15 65 6 1

1.15 55 1.5 N, 25 1 65 4 1

1.5 55 1.65 N, 50 4 15-65 2-11 6

50 Torr N, 1.15 55 1.65 N, 50 3 65 9 1

1.15 55 1.65 N, 50 2 65 6 1

100 Torr N, 1.3 64 1.51 N, 100 4 15-65 3-9 6

25 Torr He 1.15 55 1.5 He 25 3 15— 65 2-9 6

50 Torr He 1.15 55 1.65 He 50 6 15-65 5-18 6

Double FPR Control 1.15 55 33 N, 50 4 15-65 3-11 6

Half FPR Control 1.3 64 0.85 He 50 6 15-65 4-13 6

Smaller Photolysis Beam Control 1 47 1.65 N, 50 4 15-65 2-13 6

Larger Photolysis Beam Control 1.3 58 1.65 N, 50 4 15-65 3-9 6

Single UV Pass Control 1.3 60 1.65 N, 50 4 1565 3-10 6

25% relative uncertainty in all [, values reported

FPR = Flashes per Refresh

¢ [CH,1,] was estimated by using the vapor pressure of CHol, at 298 K'® and assuming that after passing through the bubbler the gas was saturated with [CH,1,].
Therefore, these values represent upper bound estimates of the true [CH,1,].

4Determined from simultancously recorded T atom absorbance at short times. All [CH,00], values reported have 35% relative uncertainty.



[CH,00](t) and [I](t) were first fit to the “complex” kinetic model shown in Scheme 3-3, which

requires numerical integration.

kuni
CH,00—> Products

k
2 CH,00—=2L— Products

k
CH,00 + | —22245 products

uni,l

k
| =—————> Products

k
2A+M—=LLy 4 M

_ Ar
01(4 = 1315.246 nm)/,

Ao
o(A = 1315.246 nm)};

[CH,00],

o =

Scheme 3-3: “Complex” kinetic model for simultaneous CH,OO and 1 atom decay

Az7s(t) _ [CH,00](¢) _ ;
oy =(1+b) “CH.00, b (3-7)
A(®) _ e

1O (140 W0 (3-8)

Following the recommendation of Su et al.,'® we have included CH,O0 + I in this
model. We have also included self-reaction of I atom using the recommended overall third order
rate coefficients of Baulch et al. based on extensive literature review for different bath gases,
M."®” Note that in this model, t = 0 is defined as the time at which both CH,OO and I atom are
at their maximum concentrations. Because the growth of both CH,OO and I atom occur on a
time scale at least two orders of magnitude faster than their respective decays, we found it was
unnecessary to include the formation step (Appendix B). We have previously shown at similar
conditions that IO does not make a noticeable contribution to the observed absorbance at 375 nm
(section 3.1.4.1), therefore we assume As;5(t) oc [CH,00](t) only. This assumption is most
readily validated using the present data by the fact that A;,5(t) returns to baseline at timescales
(~10 ms) where [I0] would still be near its maximum.

[CH,00], and [I], are both obtained by fitting the I atom absorbance trace at short times
when formation occurs as discussed in the previous section. The global fit parameters (constant

for a given experiment) in this model are Ky, Keelr, Kcu,0041 and kynip. Local fit parameters



(allowed to vary from trace to trace) are b and ¢, which are included to take into account the fact
that the oscilloscope signal sometimes goes below baseline, and the value of [CH,00],, which
was allowed to vary within its +35% relative uncertainty. Representative decays and fits of the

“complex” model are shown in Figure 3-10.

[CH,00],
(102 molecules cm™3) =

7.6
5-°h &
O
T 4.4
%) : =
= Ee
S| . =
0
T 13.0
o, = L

15.0

-0#01 ' 0.004 0.009| -0.001 0.019

Time (s) Time (s)

Figure 3-10: Measured decays of CH,OO (left) and I atom (right) at 297 K and 50 Torr He over
a range of [CH,00], values. Solid black lines are fits of the “complex” model. Only every 100
data point is shown for clarity.

The fit parameters obtained by fitting this model to all of the experiments in Table 3-5 are
summarized in Table B 1. Interestingly, while the decay of CH,OO becomes faster and appears
more second-order for higher [CH,00], values as expected, the decay of I atom is completely

insensitive to [CH,00], and [I],. From the experiments where the diiodomethane concentration
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was also varied we found that the | atom decay is insensitive to [CH,I,]. A separate experiment
was conducted at varying O, concentrations to show that oxygen also has no effect (Figure B 6).
This leaves diffusion out of the beam as the dominant loss process for I atom, which is
corroborated by the fact that the only experimental parameter that significantly decreased the
time constant of the decay of I atom signal was switching the bath gas from N, to He (Appendix
B). Furthermore, at these low pressures and for our photolysis beam diameters, diffusion is
expected to occur on a time scale of 10 — 100 ms, consistent with the ~15 ms timescale for I
atom decay observed here.'**

This suggests that CH,OO + 1 is not significant, and indeed if kcy,00+1 is unconstrained
during the fitting procedure very good fits are obtained with Kcy,00+1 = 0 (Appendix B).
Furthermore, if kcy, 0041 18 constrained to equal 5 x 10~ cm?® molecule™*s™, the theoretically
predicted value by Su et al.,'** the model is not able to simultaneously fit the decay of both
CH;00 and I atom well. Only for kcy,00+1 < 1.0 X 107 cm?® molecule™!s™* is the model
able to adequately fit the data (Figure B 2). Therefore we conclude that
1.0 x 10~ cm3 molecule™*s~! is a conservative upper bound on the rate coefficient for
CH,00 +1at 297 K.

If CH,00 + I is removed from the kinetic model, it is no longer necessary to fit the
decays of CH,OO and I together and a “simplified” kinetic model, shown in Scheme 3-4, for the
decay of CH,OO only can be fit to the data.

kuni

CH,00—> Products

k
2 CH,00—=L— products

AI,Z

[CH,00], = 01{A = 1315.246 nm),

Scheme 3-4: “Simplified” kinetic model for CH,OO decay

The analytical solution to this “simplified” model is shown below.

Azys(t) _ [CH,00](t) — Kuni _ )
A3z7s,0 - (1 +b) [CH;00], b (1 +b) (Kuni+2Kse1f[CH200] o) eXuni®—2kge1([CH,00] b (3-9)

Unlike the “complex” model, in this model [CH,00], is fixed at the value determined by the

simultaneous 1 atom measurement for a given trace (not allowed to vary +35%) and ky,; is a
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local fit parameter. kyp; captures the contributions of CH,00 + I as well as other first order loss
processes such as unimolecular decay of CH,OO and diffusion out of the beam. (Because the
concentration of I atom drops by at most 20%, and in most cases less than 10%, over the ~2 ms
time scale that CH,OO decays, the CH,0O + I reaction can be treated as pseudo-first-order. This
provides another way to estimate kcy, 0041 as discussed in Appendix B). Representative fits of
this “simplified” model are shown in Figure 3-11 and Table 3-6 summarizes the fit values of
Kgerf and kyp; obtained. Because kgej¢ and [CH,00], are always multiplying each other in this
“simplified” model, the 35% relative uncertainty in [CH,00], causes K¢ to also be uncertain

by at least +35%.

6'? 0.8} i
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Figure 3-11: Representative decays of normalized CH,0O absorbance (A = 375 nm) at 297 K

and 50 Torr He over a range of [CH,00], values (5 — 18 x 102 molecules cm™). Solid black
lines are fits of the “simplified” model.
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Table 3-6: Fit CH,OO self-reaction rate coefficient, kqei¢, and first order decay, ky,i, from
“simplified” model for all experiments (T=297 K)

Ksei® ,
Base Case Experiments (10" em? Range_lofkum
-1 -1 (s
— molecule” s7)
P =25 Torr He 47+1.6 69 - 146
P =25 Torr N, 42+1.5 96 - 246
P =50 Torr He 54+19 34 -228
P =50 Torr N, 6.8+24 8-249
P =100 Torr N, 59+2.1 73 - 283
Control Experiments®
Larger Photolysis Beam 47+16 91 - 401
(1.3 cm)
Smaller Photolysis Beam 77427 0-304
(1 cm)
Single UV Pass 45+1.6 206 - 490
Double Flashes per
Refresh (3) 7.4+26 24 - 155
Half Flash(%s 9pser Refresh 59121 2270

*Control experiments were at a total pressure of 50 Torr N,, except for “Half Flashes per Refresh” experiment, which was in 50
Torr He
®Uncertainty in k¢ reflects 35% uncertainty in [CH,00],

As shown, the fit ke.j¢ values range from 4.2 — 7.7 X 10™2cm?® molecule™ s7 and are
all within each other’s uncertainty. Because of the large calculated exothermicity of this reaction

1 4
26. 164 the rate

and the relatively small predicted barrier to chemically activated products,
coefficients we measure here should not depend on either pressure or bath gas. Therefore, rather
than being representative of any real trend, the k¢ values measured at different pressures and
bath gases are representative of our overall uncertainty in Kgeys.

Of course, it is important to also note that all of the control experiments give Kqq s values
in reasonable agreement. The control experiment with a single pass of the UV probe beam is
particularly important. In this experiment the UV and I atom probe beams followed the same
single-pass path through the reactor. The fact that the ko value obtained from this experiment
is in good agreement with those measured using a very different multiple-pass geometry strongly

suggests that any spatial inhomogeneity in the photolysis beam is small such that a nearly

homogenous cylinder of radicals is generated at each photolysis flash. As expected, diffusion out
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of the single-pass beam is much faster than diffusion out of the large region covered by the
Herriott multiple pass geometry, resulting in the consistently higher k,,; values for this
experiment.

Furthermore, the absorption cross section of CH,OO at the UV probe wavelength
(A =375nm) was measured as 6.2 + 2.2 x 10718 cm? molecule™?! for the single UV pass
experiment (Figure B 5) in good agreement with our previous measurement (Figure A 1) as well
as the recent measurement of Ting et al. (7.7 + 0.385 x 1078 cm? molecule™! at 375 nm),
who used a different method to determine [CH,00],."®® We note that our values and those of
Ting et al. are significantly lower than the absolute cross section measured by Sheps (25 +
6 x 10718 cm? molecule™!), who in addition to using a different method to estimate [CH,OO]o
also had a different multiple-pass reactor geometry.'** This agreement of ocy ,00(A =375nm)
values between us and Ting et al. provides evidence that the way in which we are quantifying
[CH,00], using the I atom absorbance is accurate.

Finally, based on the range of values we have measured we recommend using Kgeif =
6.0 £ 2.1 x 10~ cm3 molecule™? s™1 . This value is within the large uncertainty of the
theoretical prediction of Vereecken et al.'*® but much smaller than the experimentally and
theoretically determined estimate of Su et al.'®* The authors of that previous work later revised
their recommended Kgepe to 8 + 4 X 10™11cm? molecule™ s~ based on subsequent ultraviolet

absorption experiments,'®

in much better agreement with our measurements. Chhantyal-Pun et
al. also later measured K¢ = 7.3 + 0.6 X 107 cm? molecule™ s~ using cavity ring down
spectroscopy,'® again in good accord with the measurements reported here.

Using this newly measured self-reaction rate-coefficient we can estimate at what [CH,00],
this sink of CH,OO will compete with other loss processes, [CH;00] min. Typically in both the

Kuni ~
Kself

atmosphere and in laboratory experiments, Kyn; = 100 s™1.''® Therefore [CH,00]0 min =

2 x 102 molecules cm3, which is unlikely to be reached in the atmosphere'”® but is certainly

typical in many laboratory experiments including alkene ozonolysis.'”!

3.2.4 Conclusions
The rate of self-reaction of the simplest Criegee Intermediate, CH,OO, is of importance in
many current laboratory experiments where CH,OO concentrations are high, such as flash

photolysis and alkene ozonolysis. Using laser flash photolysis while simultaneously probing both
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CH,O0 and I atom by direct absorption we can accurately determine absolute CH,OO
concentrations as well as the UV absorption cross section of CH,OO at our probe wavelength
(A =375nm), which is in agreement with a recently published value. Knowing absolute
concentrations we can accurately measure Kgoir = 6.0 £ 2.1 X 10~ **cm?® molecule™ s™* at 297
K. We are also able to put an upper bound on the rate coefficient for CH;OO + 1 of 1.0 X

107 cm?® molecule™? s~ 1.
3.3 Kinetics of CH,00 + Carbonyls

3.3.1 Introduction

Criegee Intermediates (Cl) were postulated many years ago as important biradicals in
atmospheric alkene ozonolysis''’ where they are likely to be formed with high internal
energy and can initiate tropospheric oxidation reactions.'”> They also impact the
atmospheric budgets of SO,''® and NOx''® '"? and are linked to the formation of
H,S04.'” Reaction of CI with water dimer is by far the major bimolecular loss for this
intermediate, which is based on the high concentration of H,O in the troposphere and the
moderate rate constant of the reaction of CI with water dimer.'”* For its potential
importance in the atmosphere, reactions of CI with neutral atmospheric molecules have
been of interest to many experimentalists and theoreticians.’> 74 13- 116 118, 120, 172-176
However, direct kinetic measurements were only accessible recently, after Welz et al.
demonstrated an efficient route for the formation of the simplest CI (CH,OO) through the
reaction of CH,l + 0,.''"® Reactions with carbonyl compounds have received special
attention as the highly exothermic and barrierless cycloaddition of CI to the C=O bond
makes them efficient Cl scavengers. In the present work, we report the temperature
dependent rate coefficients for reactions of CH,OO with acetone (CH3COCH;) and
acetaldehyde (CH3CHO) and compare these with similar studies on C2-C4 alkenes
(ethene, propene and butenes).”* Existing literature on the carbonyl reactions has been
limited to room temperature.’> 2> '>'77 Taatjes et al."*® used Photo-Ionization Mass
Spectrometry (PIMS) and found the reaction with CH3CHO to be 4 times faster than with
CH3;COCHj; at P = 4 Torr. In the case of CH3COCH; they observed products at two
masses: m/z =104 amu, which they assigned to the secondary ozonide (SOZ) and m/z =

89 amu, which they hypothesized was the daughter ion of another 104 amu isomer. Acetic
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acid (CH3;COOH), formaldehyde (HCHO) and formic acid (HCOOH) were all detected as
products in the reaction between CH,OO and CH;CHO. Stone et al.>® investigated the
reaction of CH,OO with CH;CHO at pressures between 25 Torr and 300 Torr. They
monitored HCHO using LIF and found the HCHO yield from the reaction to decrease
with pressure, implying that the reaction is pressure dependent. Horie et al.!” used FT-IR
to measure the rate of CH,OO reaction with CH;CHO relative to CF;COCF; in the
solution phase and observed SOZ formation in both reactions. Berndt et al.'’® measured
the room temperature rate coefficient for the reactions of CH,OO with CH3CHO and
CH3;COCHs;. In their work, CH,OO radicals were generated from the reaction of ozone
with C;H,4 at atmospheric pressure and the rate coefficient was indirectly measured by
detecting H,SO, after titration with SQO,. Several ab initio calculations have been

1.128 used electronic

performed on CH,OO + carbonyls.'?® "717® Recently Jalan et a
structure and RRKM calculations to determine both the rates and the product branching of
the title reactions. We previously reported rates for reactions of CH,OO with alkenes
(section 3.1) and found the kinetics to be slow relative to carbonyl compounds with small
positive experimental Ea's. The main interest of this work is to measure and understand
the T-dependence of CH,OO + C=0 bonds in CH;CHO and CH3;COCH3; and compare
these with similar results for CH,OO + C=C bonds obtained earlier. We also report the
effect of pressure on the kinetics of the title reactions at 298 K and 444 K. The products
of the reactions were measured at 298 K and 10, 25 and 50 Torr by Photo-lonization
Time-of-Flight Mass Spectrometry (PI TOF-MS). The MS study was limited to products
with ionization energy < 10.5 eV. Finally, our measurements were compared against

theoretical predictions using the molecular geometries and energies computed by Jalan et
al. (RCCSD(T)-F12a/cc-pVTZ-F12//B3LYP/MG3S level of theory).'®

3.3.2 Experimental Methods

All experiments were conducted on a modified version of the MIT laser-photolysis/Herriott
multiple-pass laser-absorption apparatus described by Ismail et al.”® This apparatus was modified
to incorporate a PI TOF-MS with supersonic molecular beam sampling from the center of the
reactor. Detailed descriptions of the apparatus are available in a published MIT Ph.D. thesis®®
and only the essential details are included here. The stainless steel reactor is 86 cm long, 6 cm in

diameter and resistively heated by four heaters wrapped along the length of the reactor to create a
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uniform temperature profile (standard deviation +2% of average) through the overlap region of
the absorption laser. The heaters enable the gas mixture to be heated up to 700 K, though in the
present work, measurements were limited to 500 K to avoid secondary chemistry that could arise
from the thermal decomposition of CH,OO at high temperatures. The internal pressure of the
reactor was monitored by a capacitance manometer and controlled via an automated butterfly

valve. In order to minimize the possibility of CH, formation (via a single-photon process'*’

) or
photolytic fragmentation of either CH;CHO or CH;COCHj3, the third harmonic output of an
Nd:YAG laser (355 nm) operated at a repetition rate of 2 Hz was used to photolyze CH,l,
instead of a shorter wavelength such as the fourth harmonic of an Nd:YAG laser (266 nm). The
frequency-doubled output of a Ti:Sapphire laser (80 MHz pulsed laser with 1.2 ps full width at
half maximum, FWHM, pulses) was used to generate the 375 nm probe beam. The fundamental
wavelength of the Ti:Sapphire laser was measured before each experiment using a recently
calibrated Ocean Optics USB2000 spectrometer. Multiple-pass probe laser path lengths were in
the range of 10—-15 m. Because the probe laser generates a continuous pulse train, a complete
transient absorption trace is recorded for each photolysis flash. Transient absorbance traces were
averaged over 500 acquisitions. Helium was used as a balance gas. The flow of this gas was
varied to adjust the total gas mixture flow and maintain the same number of photolysis flashes
per refresh. All experiments were operated at one flash per refresh to avoid secondary chemistry.

The relative time-dependent product concentrations were determined using the PI TOF MS
method. A small amount of the reactive gas mixture was continuously sampled via a small
pinhole at the tip of a cone that juts slightly into cross section of the photolysis beam at the
center of the reaction cell. The sampled gas was supersonically expanded, and the center of the
resultant free jet was passed through a Beam Dynamics skimmer to form a collimated molecular
beam. The gas in the molecular beam was effectively “frozen” in composition by cooling while
in transit to the ionization region of the Pl TOF-MS, where it was photo-ionized using 118.2 nm
(10.487 eV) light. The 118.2 nm light was generated by focusing the third harmonic (355 nm)
output of a pulsed Nd:YAG laser (<12 ns FWHM wide pulses at 2Hz) in a 1:10 Xe:Ar gas cell at
a total pressure of 90—100 Torr. The relative abundance of ions at different mass-to-charge ratios
(m/z) were analyzed using a Kore Time-of-Flight mass spectrometer and detected using the
Kore-supplied discrete dynode electron multiplier detector and analog pre-amplifier. The

correspondence between time-of-flight and m/z was determined by calibration with a mixture of
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known stable species. Control experiments were conducted with and without acetone, O, or
CH,l,.

CHyl, was purchased from Sigma-Aldrich at 99% purity and was further purified by
successive freeze-pump-thaw cycles. CH,l, was introduced into the reactor by a helium flow
through a room temperature bubbler maintained at 750 Torr. CH;COCH; (Sigma Aldrich, >
99.9%) and CH3CHO (Sigma Aldrich, > 99.5%) were used after purification by freeze-pump-
thaw cycles using liquid nitrogen. During use, the carbonyl compounds were maintained at
constant temperatures such that their respective vapor pressures were sufficient to drive the flow
through an MKS mass flow controller (MFC). Because the MFC’s have been calibrated with N2,
the uncertainty in the concentration of CH;CHO and CH3COCH; in the reactor is 10%, as we
have previously explained,” which is the dominant contribution to the uncertainty in our
measurements of overall rate coefficients. In the TOF-MS experiments a small flow of
calibration gas, consisting of 100 ppm each of nine species with known photoionization cross
sections diluted in helium, was simultaneously introduced as an internal standard. The
uncertainty in the concentration of the calibration gas is also 10% for the same reasons, which
has been accounted for in the final reported uncertainty of our TOF-MS results. Helium (Airgas,
99.999%) and oxygen (BOC, 99.999%) were used directly without further purification.

3.3.3 Results and Discussion
3.3.3.1 Generation of CH,00
CH,OO0 radicals were generated utilizing the method demonstrated by Welz et al., (but

using 355 nm instead of 248 nm photolysis)''®

355 nm
CHzlz — CHzl +1

CH,I+ O, 5 CH,00 +1
Figure 3-12 shows the CH,OO 375 nm absorption following 355 nm photolysis of CHzl»
in the presence of O,. Flat signal was observed in the absence of either CHzl; or Oa.
Previous work in our laboratory has demonstrated that CH,OO is the dominant radical
being probed at 375 nm (section 3.1.4.1).This was verified by measuring the formation
rate of CH,OO by simultaneously recording the UV absorption at 375 nm and the infrared
absorption of the co-produced I atom (probing the F= 3 *P;,<— F=4 ’P,, hyprefine atomic

108



transition)'?” at different concentrations of O,. The resulting rate coefficient (k;) agreed
well with literature confirming that the species being monitored is a product of CH,l +
O:. Furthermore, the room temperature reaction rate of this species with CH;COCH;
agreed well with Taatjes’s value'?® for CH,O0O + CH;COCHj at the same temperature and
pressure. As a result we think the change in the absorption intensity of the probe,
A3z75nm (1), in our system is representative of the concentration of CH,OO as a function of
time:
Az75am(t) « [CH,00](t)

From our previous study on CH,OO self-reaction (section 3.2), the absorption cross section of
CH,00 at 375 nm, 6¢y,00(375 nm), is (6.2 + 2.2) x 10"® cm® molecule”. For further
discussion of the absorption spectrum of CH,OO see Ting et al.'®

Once generated, CH,OO radicals undergo reactions with the co-reactants
CH3;COCH;3/CH3CHO (ka, ks) and are also removed from the center of the reactor by other

processes. Possible removal processes of CH,OO in our system include:
k
CH,00 + CH3COCH; = Product
K
CH,00 + CH;CHO = Product

Kself
CH,00 + CH,00 — Products

KcH200+1

CH,00 + [ — Products

CH,00 13 Products

Reactions are carried out under pseudo first order conditions, where the co-reactant,
CH3;COCH; or CH3CHO, is in great excess over the initial concentration of CH,OO and I,
so the first-order processes dominate. Most of the radicals react with the species which is
in excess. This simplifies the analysis of the transient concentration data greatly, as the
kinetics can be accurately fitted by a single exponential function of the form a exp(-k't) +
¢, black dashed line in Figure 3-12.

In most of our absorption experiments, the maximum [CH,OO] is small enough,
4.9 x 10" molecule cm™, that the second-order reaction is negligible. The rate constant
for the self-reaction of CH,OO was reported recently by Buras et al.,”” Ting et al.,'®® and

Pun et al.'®® Employing an average value of Kgep= 7 x 107! cm® molecule™ s and the
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upper bound rate coefficient for CH,OO + I of 1 x 10" ¢m® molecule™ s, the

computed removal by second order processes is always less than 35 s™', at least an order

of magnitude slower than the first-order processes. Therefore once the CH,OO formation

process is complete, the measured exponential decay of the signal due to CH,0OO
absorption in our system can be described by a simple equation:

Az75(t) = aexp(—K'orat) + € (3-10)

K'total = Keo-reactant[cO — reactant] + k', (3-11)

where k's is a catch-all rate that captures effects such as diffusion out of the probe beam,
reaction with contaminants and unimolecular decomposition of CH,0O, a is a scaling factor

and c is a vertical offset.

Absorbance Intensity (Arb. Unit)

0 0.5 1 1.5 2
Time (ms)

Figure 3-12: Time resolved CH,OO absorption signal at 3 temperatures for P = 25 Torr, [O;] =
6 x 10" molecules cm™, [CH,l,] = 1.4 x 10" molecules cm™ and [CH;CHO] = 1.0 x 10"
molecules cm™. The dashed lines are single exponential fits. The reaction is fastest at low T.

A single exponential function was able to fit the absorption traces well at all temperatures

less than 500 K. The resultant pseudo-first order plots at 298 K, as shown in Figure 3-13,
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squares, have a relatively small intercept, k 4, compared to the total removal rate in the presence
of the maximum concentration of the co-reactant. This observation demonstrates that reactions
with CH3COCH3/CH3;CHO are the dominant consumption routes for CH,OO radicals at room
temperature. However, as the temperature increases, triangles and circles in Figure 3-13, the title
reactions become slower, and the secondary chemistry becomes competitive. Attempts to
measure the rate of the title reactions at temperatures above 500 K were made, but, as we have
previously shown,” even at low photolysis energy (50 mJ/pulse) and low CH,I, concentration,
the decay of the CH20O absorption was fast (~2000 s™') and not very sensitive to the
concentration of the co-reactant, so we could not accurately determine k, or k;. We hypothesize
that this is due to the onset of fast unimolecular decomposition at T>500 K.

Control experiments were carried out at different experimental conditions of [CH;l,] and
photolysis energy. The results are consistent with the base condition ([CHl,] = 1.4 x 10"
molecules cm™ and 50 mJ/pulse), implying that the effect of laser energy and precursor
concentration on the measured rate coefficients is negligible. The conditions and results of the
control experiment are shown in Appendix C.
3.3.3.2 T-dependence of CH,00 + CH3COCH; and CH,00 + CH;CHO

A series of 375 nm absorption decay profiles were collected at P = 25 Torr under
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