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Abstract

Investigation of Small Molecule Dynamics Using Fast Beam Photofragment Spectroscopy and
Flat Liquid Jet Scattering

By

Steve Saric
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Daniel M. Neumark, Chair

Molecular dynamics is the sub-field of chemistry interested in studying the microscopic
movements of molecules and their partitioning of energy. Through molecular dynamics, a higher
level of understanding of both reactive and non-reactive chemical processes can be achieved. In
these works, two separate techniques are used to investigate the molecular dynamics of three
different chemical systems. The first technique, fast beam photodissociation spectroscopy
utilizes a combination of anion photoelectron spectroscopy and fast beam free radical
dissociation to study the photodissociation dynamics of free radical species. The free radical
species investigated in these works are the methyl phenoxy radical and isoprene hydroxy radical
both of which are relevant to atmospheric and combustion chemistry. Insights are obtained for
the different dissociation products which can be formed from these two radicals, the branching
ratios of each dissociation channel, and the dissociation mechanisms responsible for each
channel. The second technique, flat liquid jet scattering is used to investigate the gas-liquid
interface of ND3 and dodecane. Flat liquid jet scattering is a relatively new technique which
utilizes a flat liquid sheet and molecular beam to uncover mechanistic details of gas-liquid
interactions. The dynamics uncovered in these works specifically investigate NDj scattered from
the relatively high vapor pressure liquid dodecane, and provide a proof of concept for the flat
liquid jet technique being used on more volatile liquids such as water.
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1.2 Molecular Dynamics

Molecular dynamics is a field interested in the study of the microscopic movements and
energy partitioning of molecules.' Both experimental and theoretical techniques to probe the
dynamics of molecules and chemical reactions have been developed since the early 1960’s.>”
These techniques have led to unprecedented levels of detail in the fundamental understanding of
both reactive and non-reactive molecular motion which has played a significant role in countless
fields including atmospheric chemistry, environmental science, biochemistry, and chemical
engineering." '

The development of molecular beam experiments in particular has been important to the
understanding of molecular dynamics in a wide variety of fields.'"" '* For more than thirty years,
our research group has made use of various molecular beam experiments to study the molecular
dynamics of many systems relevant in physics, chemistry, and biology.'* '

The works described in this dissertation make use of two techniques, both of which are
designed to study the dynamics of a particular class of molecules. The first technique that is
described in this work is fast beam photofragment spectroscopy which is designed to study the
dynamics of free radical species relevant to atmospheric and combustion chemistry. In this work,
fast beam photofragment spectroscopy is used to study the dynamics of two free radical species,
methyl phenoxy and isoprene hydroxy. The second technique utilized in these works is flat liquid
jet scattering, a recently developed technique used to probe the dynamics of the gas-liquid
interface. Flat liquid jet scattering is used to investigate the non-reactive dynamics of NDs on a
dodecane liquid surface, which serves as a proof of concept and necessary steppingstone in the
development of this technique.

1.1 Photodissociation Reactions

Photodissociation reactions are unimolecular reactions that involve the absorption of a
photon by a molecule and the subsequent dissociation of that molecule into products. A general
example of a photodissociation reaction is shown in equation 1.

h
ABC = AB +C €y

The mechanisms and dynamics of photodissociation reactions can be investigated
through the characterization of the product fragments. While equation 1 shows a possible
reaction for the photodissociation of species ABC, it does not display all the potential product
channels for this molecule. Other possible reactions of species ABC are shown in equations 2-4.

h
ABC S AC+B (2)
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h
ABC S BC+A 3)
b @
ABC SA+B+C

Characterizing the masses of the products allows for identification of which channels are seen for
the actual dissociation of a molecule, and the branching ratios for each channel.'> " '®

Characterizing the translational energy of the fragments can give insight into the potential
energy surface of the molecule and the dynamics taking place during photodissociation. Two
limiting mechanisms for photodissociation reactions differ by the identity of the excited state
potential energy surface. During photodissociation, the molecule will absorb a photon and be
moved from a ground state potential energy surface to an excited state potential energy surface
that may be bound or repulsive.'” Excitation into a repulsive potential energy surface leads to
rapid dissociation along the reaction coordinate. Conversely, excitation into a bound potential
energy surface results in either predissociation where a repulsive potential energy surface crosses
over the bound excited state, or internal conversion to the ground state followed by statistical
dissociation.'” A representation of the these three mechanisms is shown in Fig. 1.2.1.

a) b) c)

A+B*
A+ B

AB* AB*

Potential Energy
Potential Energy
Potential Energy

A+B A+B A+B

AB AB AB

Reaction Coordinate Reaction Coordinate Reaction Coordinate

Figure 1.2.1. Potential energy surfaces for a) a repulsive excited state dissociation, b) an excited
state predissociation, and c) a ground state dissociation process for the molecule AB dissociating
to products A + B. The repulsive excited state results in rapid translation along the reaction
coordinate and dissociation taking place on the excited state surface. Predissociation excites the
molecule to a bound excited state, which crosses over a repulsive excited state where
dissociation can occur along the reaction coordinate. The ground state process requires internal
conversion to the ground state followed by statistical dissociation.

Repulsive potential energy surfaces lead to dissociation taking place on the excited state
surface due to potential energy being converted to translational energy along the reaction
coordinate. For this reason, excited state dissociation results in most of the available energy
being partitioned into translational energy. In contrast, ground state dissociation results in most
of the available energy being partitioned into the internal degrees of freedom of the products
(vibrations and rotations).'’ By comparing the maximum available energy to an experimentally
measured translational energy, it is possible to gain insight into the mechanism of dissociation
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that is occurring. An example of each limiting mechanism from our prior work is provided in
Fig. 1.2.2. Panel a) of Fig. 1.2.2 is the dissociation of iso-propoxy to OH and C;Hg at 248 nm
which represents a ground state dissociation process, the blue arrow points to the maximum
translational energy that is significantly larger than the distribution peak.'® Panel b) of Fig. 1.2.2
is the dissociation of CH300 to CH;0 and O (1D) at 248 nm, which represents an excited state
dissociation process, the red line represents the maximum translational energy that is very near
the peak of the distribution.'®*°

a) b)
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Figure 1.2.2. The translational energy distributions for a) iso-propoxy dissociation to OH and
C3Hg at 248 nm, and b) CH300 to CH30 and O (1D) at 248 nm. The maximum translational
energies are marked by a blue arrow and red arrow in distributions a and b respectively.
Distribution a has a maximum translational energy that is far above the peak of the distribution
which is representative of a ground state dissociation process. Distribution b has a maximum
translational energy that is very close to the peak of the distribution and is representative of an
excited state dissociation process.'™® 2

Another measurable factor that can give insights into the mechanism of dissociation is the
degree of anisotropy of the products. By measuring an angular distribution of the products, the
anisotropy parameter £ can be determined using equation 2.

P(Er,0) = P(Er) - [1 + B(Er)P;(cos6)] (5)

Here B (Et) is the translational energy anisotropy parameter and P,(cos8) is the second
Legendre polynomial.?' Anisotropy parameters for this work are measured using a non-polarized
excimer laser which leads to values of -1 to 1/2 for parallel and perpendicular transitions
respectively.”> An anisotropy parameter of 0 has no angular dependence and results in an
isotropic distribution. Since the molecule has time to rotate before falling apart, isotropic
distributions are indicative of ground state dissociation. A highly anisotropic distribution on the
other hand requires a rapid dissociation process which is indicative of excited state
dissociation.”” It is important to note that the non-polarized laser used in our work is not a typical
case, and in the case of a linearly polarized laser the 8 parameter is defined differently. In the
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linearly polarized case, 6 is defined as the angle between the electric field vector and dissociation
recoil axis, while in our experiment € is defined as the angle between the laser propagation
direction and the dissociation recoil axis. The linearly polarized case leads to anisotropy
parameters ranging from -1 to 2 for perpendicular and parallel transitions respectively.

1.2 Free Radicals

The photodissociation reactions studied in this work are those of free radical species. Free
radicals are highly reactive chemical species containing unpaired electrons. Due to their highly
reactive nature, they often play a significant role in many chemical and biological processes.
Unlike closed shell molecules, free radicals have lower-lying electronic states and low
dissociation energies leading to interesting dissociation dynamics.”** Atmospheric and
combustion chemistry in particular are two fields where free radical species play a significant
role in many of the relevant reactions.”> While free radicals are a particularly interesting class of
molecules to investigate, their transient nature makes them difficult to study. However, the fast
radical beam machine (FRBM) used during our photodissociation experiments makes use of
anion photodetachment to create and study these species.

Understanding the photodissociation dynamics of combustion and atmospherically
relevant free radicals has been a goal of our research group for many years and has led to the
elucidation of fundamental mechanisms in many classes of molecules such as alkoxy radicals,
peroxy radicals, and perthiyl radicals.'* > ***" The works presented in this dissertation,
investigate the photodissociation dynamics of two atmospherically relevant free radical species
using fast beam photofragment spectroscopy. Methyl phenoxy is presented in chapter 3 and
isoprene hydroxy is presented in chapter 4.

1.3 Gas-Liquid Interface

The gas-liquid interface is relevant to countless natural processes including aerosol
formation, ocean acidification, and acid rain formation.”*?' While significant work has been
done previously to study the gas—liquid interface, elucidation of mechanistic detail behind gas—
liquid interactions has remained a challenging endeavor.’® Recent efforts by Nathanson and
others, however, have allowed for the use of molecular beam scattering to study the gas—liquid
interface’>*. This has uncovered mechanistic detail at a degree greater than what was previously
possible for this critical chemical environment.

Molecular beam scattering is an incredibly powerful technique that has been used for
over half a century to study chemical dynamics.” >* Advances in molecular beam scattering
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techniques have allowed for the elucidation of the dynamics and mechanistic details of several
classes of chemical reactions. The major challenge of performing molecular beam scattering
techniques on the gas—liquid interface is that the liquid must be compatible with a vacuum
environment. The original molecular beam experiments performed to probe the gas—liquid
interface were done with a wetted wheel which allowed for the study of liquids with vapor
pressures below 107 Torr.**" The wetted wheel technique consists of a wheel rotating in a
liquid reservoir to consistently replenish the liquid surface and is shown in Fig 1.2.3.

Molecular Beam--..___Incident Beam
T Rotating Wheel

il 'Scattered Beam

To Detector \ /
N4

Liquid Reservoir

Figure 1.2.3. A schematic of the wetted wheel scattering technique. A rotating wheel is placed in
a liquid reservoir to constantly replenish the liquid scattering surface. A molecular beam scatters
gas molecules from the liquid surface of the wheel, the scattered particles are detected.

1.4 Liquid Jet Scattering

More volatile liquids have been studied largely through the efforts of Faubel and co-
workers who developed a liquid microjet which allows for these liquids to be vacuum
compatible.* * A schematic of liquid jet scattering is shown in Fig. 1.5.1 a. While liquid
microjets allow for the study of a larger array of liquids than the wetted wheel, they pose specific
problems when attempting molecular beam scattering experiments. First, they provide poor
signal-to-noise ratios due to the relatively small diameter of the jet. Second, the cylindrical
nature of a typical microjet does not allow for angularly-resolved scattering measurements.”*
Taking these considerations into account, our group incorporated a flat liquid jet into molecular
beam scattering experiments using a microfluidic chip. The flat liquid jet is formed by colliding
two cylindrical microjets to form a flat surface, a schematic of which is shown in Fig 1.5.1 b.
Forming a flat jet provides a much larger scattering target (~1 mm). This simultaneously solves
the issues of low signal-to-noise ratios and loss of angular specificity.
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a) b)

Figure 1.5.1 a) Representation of a liquid microjet, the liquid jet diameter is ~25 pm on
average. b) Representation of a flat liquid jet. Colliding two liquid microjets creates a flat sheet
of liquid with a diameter of ~1 mm at its widest point.

The development of the flat liquid jet motivated two recent studies by our research group
where Ne, CDy4, and D,O were scattered from dodecane.”® ' Dodecane was chosen as a target
liquid specifically because of its relatively high vapor pressure (1.5 x 107> Torr at 275 K).*’ The
choice of molecules to scatter from the dodecane jet followed from them all sharing a mass of 20
amu, but varying other physical properties, such as dipole moment, polarizability, and solubility.
The liquid jet scattering work presented in this dissertation is a continuation of our previous
work where the dynamics of ND; on a dodecane surface are investigated. This work can be
found in chapter 6.
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2.1 Experimental Scheme

Fast beam photofragment spectroscopy is an experimental technique used to study the
photodissociation dynamics of free radical species. Although studying radical species is the
primary goal of this technique, the reactive nature of free radicals makes them challenging to
work with. The method used by our research group to create free radicals is to start with a stable
precursor molecule which passes through an electric discharge creating an anion species. This
anion is then subjected to a laser pulse providing it with enough energy to detach an electron, the
product of this final reaction is the neutral free radical species we wish to study. The precursor
reactions described are shown in equation 1.

Once the radical species is created, the photodissociation dynamics can be probed by
subjecting the radical to another laser pulse initiating photodissociation, as shown in equation 2.
The dissociation products are then detected and characterized to probe the dynamics of the
photodissociation process.

discharge . hvy . (1)
Stable Precursor ——— Anion ———— Neutral Radical
h
Neutral Radical L) Dissociation Products 2)

This process can be better visualized on a potential energy surface, one of which is shown in Fig
2.2.1. In most experiments, the anion species is given just enough energy by the first laser pulse
to detach an electron and reach the ground vibrational state of the neutral radical, this is done by
tuning the wavelength of the detachment dye laser to just above the electron aftinity of the
neutral. Once the neutral is created, the second laser pulse is used to excite the radical species
and dissociation can take place. Fig 2.1 shows a repulsive potential energy surface which would
result in an excited state dissociation process.' However, as mentioned in chapter 1, the excited
state may also be a bound state which would result in a ground state dissociation process
provided no predissociation takes place (see Fig 1.2.1).
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Fig 2.1. Relevant potential energy surfaces for anion AB™ and neutral radical species AB during a
fast beam photofragment dissociation experiment.

2.2 Fast Radical Beam Machine

2.2.1 Instrument Schematic

The fast radical beam machine (FRBM) is the instrument used to conduct fast beam
photofragment dissociation experiments. FRBM was first constructed in the early 90’s to study
free radical photodissociation reactions, and has been modified several times over its long
lifetime.* A schematic of the FRBM instrument is shown in Fig 2.2. The remainder of this
section serves as an ordered overview of the entire FRBM instrument.
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Discharge Acceleration Stack 4 /4
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Figure 2.2.1. Schematic of the fast radical beam machine. The molecular beam path through the
machine moves from left to right along the horizontal red line.

2.2.1 Amsterdam Piezo Valve

The molecular beam for this experiment is generated by an Amsterdam pulsed
piezoelectric valve (MassSpecpecD BV, Enschede). *° The valve is backed by argon gas that is
bubbled through the liquid precursor molecule of interest. The backing pressure of the valve is
30 psi, and it is pulsed at a repetition rate of 100 Hz. The valve is pulsed into high vacuum ~107°
torr creating a supersonic expansion which rapidly cools the molecules in the beam as they
partition their internal energy into translational energy along the beam path.® The valve is
operated with an opening time of ~30 us with a repetition rate of 100 Hz.

2.2.2 Electric Discharge

After exiting the valve, the molecular beam enters the electric discharge where a constant
direct current electric potential of ~ 2 kV is held between two pieces of stainless-steel mesh
spaced 1 cm apart.” To maximize signal, the electric potential of the discharge varies, but is
always in the range of 1.5 — 2.5 kV. The strong electric field of the discharge causes the gas
molecules to ionize and is the section of the instrument where the precursor molecule becomes
an anion.

2.2.3 Accelerator and Potential Switch
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The product fragments of photofragment dissociation are typically neutral species which
have a low probability of detection, further exasperated by the coincidence detection scheme
used in our experiment. For this reason, it is necessary to accelerate the gas molecules in order to
improve the detection efficiency.® The acceleration stack of the FRBM instrument is comprised
of 16 resistively coupled plates which are used to accelerate the ions through a potential of 8 kV.
Once exiting the acceleration stack, the ions enter the potential switch which consists of a
stainless-steel cylinder held at 8 kV and pulsed to ground while the ion packet moves through the
cylinder. Switching the potential to ground eliminates the need to float the entire instrument at 8
kV and references the molecules to a ground potential.

2.2.4 Mass Selector

Upon exiting the potential switch, the ion packet reaches the mass selector where two 3
inch length plates are positioned parallel to the beam at opposite sides. One plate is held at + 30
V while the other plate is held at - 30 V, deflecting any anions passing through the region. When
the molecule of interest passes through the plates, the + 30 V plate is pulsed to - 30 V allowing
the ions of the proper mass to continue along the beam path.

2.2.5 First Interaction Region and VMI Detector

Once the ions are mass selected, they are met with a laser pulse in the first interaction
region. The laser pulse is generated by a Nd-YAG (Litron) pumped dye laser (Radiant Dyes)
running at 100 Hz repetition rate. The wavelengths used by the detachment laser in this work are
562 nm, 568 nm, and 601 nm. The anions absorb the light from the laser and an electron is
detached forming the neutral free radical species of interest. Our instrument is equipped with a
velocity map imaging (VMI) detector located above the first interaction region perpendicular to
the molecular beam axis.” The VMI is used to detect the detached electrons and generate a
photoelectron spectrum.

While our VMI stack can provide us with relatively good resolution as described by
Sullivan in her 2020 thesis, the purpose of the VMI is to characterize the radical species and
verify that the molecule observed is the correct species.’

2.2.6 Flipper and Second Interaction Region

The radicals continue down the beam path where they encounter the flipper which is a
deflection plate that is pulsed between ground and 200 V. The purpose of the flipper is to deflect
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any anions that were not photodetached in the first interaction region. This assures that only the
free radicals of interest are in the molecular beam upon reaching the second interaction region.

In the second interaction region, the neutrals encounter a second laser pulse from an
unpolarized excimer laser (GAM). The experiment originally featured a dye laser (LPX);
however, the laser was switched to allow experiments with higher energy photons. Wavelengths
used in this work are 248 nm and 193 nm. At this stage, one of the neutrals in the beam may
absorb a photon and will have enough energy to dissociate. Dissociated fragments will spread out
from the beam path and collide with the detector face. Undissociated radicals continue straight
down the beam path and collide with the beam block placed in front of the detector. The beam
block ensures that the detector is only detecting the fragments and not the radicals themselves.

2.27 Coincidence Detector

The photodissociation fragments are collected using a hexanode delay line detector
(RoentDek). This detector has been well described in the past.'® The hexanode delay line
detector provides 2-dimensional position data as well as time data for each particle detected.
Using the arrival time, position, and parent mass, the masses and translational energies of the
fragments can be characterized. For our experiment, both two and three-body dissociation events
are detected in coincidence.

2.3 Data Analysis

2.3.1 Two-Body Mass Distributions

One of the initial goals of FRBM experiments is to determine the dissociation channels
and their relative branching ratios. The coincidence detector allows us to determine the masses of
our fragments using conservation of momentum. The conservation of momentum dictates that in
a center of mass coordinate system the momentum vectors must sum to 0.'' This law is
demonstrated by the two body case shown in equation 3.

mlﬁl + mzﬁz == O (3)

Substituting for the velocity vectors with displacement vectors from the beam center (#;, 7) and
arrival times (¢4, t5), then rearranging equation 3 leads to equation 4.
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Making the assumption that the arrival times of the fragments are equal, substituting for the
magnitude of the displacement vectors, and rearranging leads to equation 5.
™m_n (3)

m, 41

While the detector does not measure either of the fragment masses, the sum of the two masses
must be the parent mass M as shown in equation 6. This parent mass can then be substituted into

equation 5 to yield equation 6.

M=m1+ m2 (6)
M—mz_r_z (7)

Equation 8, which gives the mass of fragment 2 in terms of the position vectors of the two
fragments and the parent mass is obtained through a simple algebraic rearrangement of equation

7.

M (8)

From equation 8 The mass of one of the fragments can be found and the other mass is calculated
using equation 6. Once the masses are found, they are plotted in a 2-body mass diagram. Fig
2.3.1 provides a sample 2-body mass diagram for the species iso-propoxyl.'*
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Figure 2.3.1. Example two-body mass distribution for iso-propoxy shows two distinct peaks at
masses 15 and 44 amu assigned to CH3 and CH3CHO, and shoulder peaks at 17 and 42 amu
assigned to OH and C3H6.12

Due to our coincidence detection scheme, 2-body mass distributions will always appear
symmetric, centered at one half of the parent mass. From the distribution, channel assignments
are made, and branching ratios can be calculated from the number of counts in each channel.

2.3.2 Three-Body Mass Distributions

The coincidence detector has the capability to detect three particles in coincidence, which
can be used to construct 3-body mass distributions. An analysis similar to the one performed for
2-body mass distributions can be performed for 3-body mass distributions according to the
conservation of momentum shown in equation 9.

ml‘l_])l + mzﬁz + m31_7)3 = O (9)

The details of solving for the three fragment masses is nearly identical to the analysis performed
for 2-body mass distributions in section 2.3.1, with the exception that there are now three
variables to solve for and only two equations, so one must be assigned. The choice of assignment
is the assignment which minimizes the deviation between the center of mass and center of the
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neutral beam.” Since there is some ambiguity in the choice of assignment, this can lead to false
assignments of particular coincident events. These false coincidences have been well described
in the past and must be accounted for when assigning dissociation channels to three body mass
distributions.’ Fig. 2.3.2 shows a sample 3-body mass distribution for the radical iso-propoxyl.'?

Intensity (a.u.)

Mass (Da)

Figure 2.3.2. Example 3-body mass distribution for the radical species iso-propoxyl showing
peaks corresponding to 3 different dissociation channels, CH4, CH3, and CO, CH3, CH3, and
HCO, and H, CHs3, and C,H;0.

Note that for 3-body mass distributions, the peak symmetry that was seen in 2-body distributions
is broken. Also, if there is overlap between masses from different channels, the intensity of some
peaks become larger than others from the same coincident event.

Once a 3-body mass distribution is constructed, dissociation channels are assigned while
taking into account peak overlap, peak intensity, and the possibility of false coincidences. From
this point, branching ratios are also assigned.

2.3.3 Translational Energy Distributions

In addition to position information, the coincidence detector also records arrival times for
each particle. The arrival times can be used to calculate the velocity of each particle by
considering the distance between particle positions. The translational energy of the coincident
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particles are summed for each coincident event and plotted as a distribution separately for each
dissociation channel assignment. An example translational energy distribution for a 2-body
channel of iso-propoxyl is given in Fig 2.3.3."

Intensity (a.u.)

0 ' 2 ' 4
Translational Energy (eV)
Figure 2.3.3. Example translational energy distribution for the OH and C;H¢ 2-body dissociation
channel of iso-propoxy at 248 nm.

Constructing translational energy distributions allows for the main goal of fast beam
photofragment spectroscopy which is to characterize the dissociation mechanism for each
channel of the radical species of interest. This characterization is generally performed by
comparing the peak of the translational energy distribution to the maximum available
translational energy imparted by the dissociation photon. The relevant equation to find the
maximum possible translational energy Et y,x 1S given by equation 10.

ET,max = hv, — D, (10)

Here hv, is the energy of the dissociation photon and D, is the dissociation energy of that
channel. The energy of the photon is given by the wavelength of light output by the dissociation
laser, while the dissociation energy of the channel is calculated using the enthalpy of formation
for the products and reactants. Experimental values for the enthalpy of formation are used when
available but must be calculated theoretically using ab initio quantum chemistry software if they
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are not. In the past, the Et a1« has been identified for excited state dissociation, and used to
calculate D,."?

Comparing Et nax to the peak of the translational energy diagrams can be used to
determine whether dissociation for that channel occurred on the ground state or excited state. If
dissociation occurs on an excited state, a repulsive potential causes the majority of the available
energy to be partitioned into translation along the reaction coordinate and Er =~ E pax.
Conversely, if dissociation occurs on a ground state, energy must be partitioned into the internal
degrees of freedom of the molecule to undergo internal conversion to the ground state before
dissociation can take place and Er < Et pax-

2.3.4 Analysis Software

The photoelectron spectra are simulated using calculation from the quantum chemistry
software Gaussian, and the photoelectron spectra simulation software ezFCF.'*'>. The FRBM
data analysis software responsible for construction of mass distributions and translational energy
distributions is FRBM Analysis. FRBM_Analysis was written in C++ and is contained in its
entirety in the thesis of Alexandra Hoops, while all modifications to the original software are
listed in the thesis of Erin Sullivan.” '°
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3.1 Introduction

Molecular dynamics is a field interested in the study of the microscopic
movements and energy partitioning of molecules.' Both experimental and theoretical techniques
to probe the dynamics of molecules and chemical reactions have been developed since the early
1960’s.> These techniques have led to unprecedented levels of detail in the fundamental
understanding of both reactive and non-reactive molecular motion which has played a significant
role in countless fields including atmospheric chemistry, environmental science, biochemistry,
and chemical engineering." *'°

The development of molecular beam experiments in particular has been important to the
understanding of molecular dynamics in a wide variety of fields.'" '* For more than thirty years,
our research group has made use of various molecular beam experiments to study the molecular
dynamics of many systems relevant in physics, chemistry, and biology.">™'® The work performed
in this chapter attempts to investigate the photodissociation dynamics of the methyl phenoxy
radical.

The methyl phenoxy radical is a free radical formed from the hydrogen abstraction of the
common organic solvent cresol. Cresols are naturally occurring by products of biochemical
reactions, but are often produced during the manufacturing of organic solvents.'” The biggest
source of cresols in the environment is through the burning of wood and fossil fuels in which
cresol is released into the atmosphere and broken down naturally over the course of 1 to 2 days.'’
Cresols and most of their related products including methyl phenoxy have three different
isotopes, meta, ortho, and para as shown in Fig. 3.1.1.

OH OH
OH

m-cresol o-cresol p-cresol

Figure 3.1.1. Structures of m-cresol (meta), o-cresol (ortho), and p-cresol (para).

The methyl phenoxy radical is one of the potential products formed from the
decomposition of cresol, as well as from other cresol products such as methyl phenol ether.
While the phenoxy radical has been studied extensively, very little work has been done
investigating the properties of methyl phenoxy radicals.'>**** Mechanisms involving the
oxidation of cresol to form methyl phenoxy radicals were studied in the aqueous phase in 2006.%

18, 19
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Shortly after, density functional theory was used to determine the difference in enthalpies of
formation between the methyl cresol radicals and their cresol radical counterparts in 2007.%°.
More recently, Lineberger measured the electron affinities of the three methyl phenoxy radicals
using anion photoelectron spectroscopy in 2017.%” The electron affinities measured from this
work are 2.22, 2.20, and 2.12 eV for the meta, ortho, and para methyl phenoxy radicals
respectively.?’

This work will investigate the photodissociation dynamics of the methyl phenoxy radical
using fast beam photofragment spectroscopy. The relevant two and three-body dissociation
channels of the methyl phenoxy radical and their dissociation energies are shown in Fig 3.1.2.
Dissociation energies are calculated from the heats of formation of each species. Heats of
formation for the product species are all taken from Tsang or Chase.”® ?’ Heats of formation for
the methyl phenoxy radicals were calculated to be 2.12, 1.01, and 0.83 eV for the meta, ortho,
and para isomers respectively. Calculated values were obtained from density functional theory
with the B3LYP functional and 6 31G basis set using the ab initio quantum chemistry software
Gaussian.”’

Channel 1:  CH3CgH,0 — HCO + CgHg D, = —0.82,0.30,0.48 eV
Channel 2:  CH3C4H,0 — H+ CO + CgHg D, = —0.21,0.91,1.09 eV
Channel 3:  CH3C4H,0 — CO + C,Hs +C4,H, D, = 2.83,4.13,3.94¢V
Channel4:  CH3C4H,0 — HCO + C3Hz + C3H; Dy = 5.35,6.47,6.65 eV

Figure 3.1.2. The relevant two and three-body dissociation channels of the methyl phenoxy
radical at 193 nm. The dissociation energies of each reaction have three different values
corresponding to the three isomers of methyl phenoxy: meta, ortho, and para respectively. All
dissociation energies are calculated from heats of formation of the individual species. Heats of
formation of the product species are taken from Tsang or Chase.”®** The heats of formation for
the methyl phenoxy radicals were calculated using density functional theory with a B3LYP
functional and 6 31G basis set from the quantum chemical software Gaussian.>® Values of 2.12,
1.01, and 0.83 eV were calculated for the meta, ortho, and para methyl phenoxy radicals
respectively.

3.2 Experimental Methods

The photodissociation dynamics of the methyl phenoxy radical is investigated using fast
beam photofragment spectroscopy. The instrument used to perform these experiments is the fast
radical beam machine (FRBM) described in detail in Chapter 2 Section 2 of this dissertation. The
formation of methyl phenoxy anions in the molecular beam was originally discovered by
accident. Toluene was placed in the bubbler and a backing gas comprised of 98 % argon and 2 %
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fluorine was pressurized to 30 psi in the Amsterdam piezo valve. After entering the chamber of
the FRBM, and passing through the electric discharge, it was discovered through mass selection
and photoelectron spectroscopy that the anion species in our beam was indeed methyl phenoxy.
This curious process to form methyl phenoxy is shown in Fig. 3.2.1. Perhaps the most surprising
thing about this reaction is that the source of the oxygen on methyl phenoxy is unknown. Some
speculation in our research group has suggested that it may come from the formation of oxidized
compounds on the electric discharge grids, atmospheric oxygen entering the gas mixture through
small leaks in the valve manifold, or trace amounts of water that has contaminated the toluene in
the bubbler. Although these are the most likely candidates, none of these explanations seem very
plausible or would account for the relatively large amount of anion signal seen in the molecular
beam.

Ar,F,, Discharge

7

methyl phenoxy

toluene -
anion

Figure 3.2.1. The electric discharge reaction with toluene to form the methyl phenoxy anion. The
source of the oxygen in this reaction is not known. Only the meta isomer is shown, but all three
isomers are formed.

The methyl phenoxy anions in the molecular beam are mass selected and photodetached
in the first interaction region to form the methyl phenoxy radical according to Figure 3.2.2. The
laser pulse used for photodetachement is generated by a frequency doubled Nd-YAG (Litron)
laser producing photons at 532 nm (2.33 eV). The electrons detached in this process are collected
to generate a photoelectron spectrum and identify the methyl phenoxy radical.
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Figure 3.2.2. Formation of methyl phenoxy radical from methyl phenoxy anion using a 532 nm
photon from the detachment laser of the FRBM. Only the meta isomer is shown, but all three
isomers are formed.

The methyl phenoxy radicals are allowed to continue to the second interaction region
where they are subjected to a second laser pulse from a 193 nm (6.42 eV) ArF excimer laser. The
energy of this laser pulse was chosen as a first look at this species, in which we typically use the
highest energy photons available for photodissociation. The excited methyl phenoxy radicals
initiate photodissociation and the products are detected on a hexanode delay line detector
(RoentDek).

3.3 Results and Discussion

3.3.1 Photoelectron Spectrum

The photoelectron spectrum for the methyl phenoxy radical at 532 nm is shown in figure
3.3.1. The stationary states of the three isotopes of methyl phenoxy (meta, ortho, and para) are
calculated using the ab initio quantum chemistry software Gaussian and the photoelectron
spectra are simulated using the software ezFCF.>"*!' Peak assignments of the photoelectron
spectrum are made using the assignments provided by Lineberger.”” The major peaks of our
spectrum match well with the peaks of our three simulated isomers, suggesting that methyl
phenoxy radicals are the identity of the neutral species in our molecular beam. Our group was
unable to isolate a single isomer, and photodissociation was conducted on the mixture of all three
isomers present in the molecular beam.
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Figure 3.3.1. Photoelectron spectrum of the methyl phenoxy anion at 532 nm. The experimental
spectrum is a mixture of all three isomers of methyl phenoxy. The simulated spectra for the meta,
ortho, and para isomers are plotted in red, blue, and pink respectively. The simulated spectra
account for all major peaks in the experimental spectrum suggesting that the identity of the
species present is indeed methyl phenoxy.

3.3.2 2-Body Mass Distribution

Photodissociation of the methyl phenoxy radical was conducted at 193 nm (6.42 eV) and
the product fragments were detected in coincidence. The 2-body mass distribution for the
photodissociation of the methyl phenoxy radical is shown in Fig 3.3.2. The 2-body mass
distribution for methyl phenoxy only consists of 2 peaks, one at 29 amu and 78 amu. Since the
detector collects particles in coincidence, these peaks represent a single 2-body dissociation
channel for the methyl phenoxy radical.
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Figure 3.3.2. The 2-body mass distribution of methyl phenoxy photodissociation at 193 nm (6.42
eV). The distribution contains only 2 peaks at masses of 29 amu and 78 amu.

The assignment given to the 2-body photodissociation of the methyl phenoxy radical is
the formyl radical for the peak at 29 amu and benzene for the peak at 78 amu, this channel
labeled channel 1 is shown in figure 3.3.3. The 2-body channel assignment for the peaks at 29
amu and 78 amu is fairly easy to assign, because only one pair of species that’s known to exist
have these fragment masses and the correct molecular formulas to react and form a methyl
phenoxy radical.

O
hVZ . +
HC=0
Mass 107 Mass 29 Mass 78
methyl phenoxy radical formyl radical benzene

Figure 3.3.3. Channel 1 of the photodissociation of the methyl phenoxy radical at 193 nm. The
only 2-body channel consists of dissociation of the methyl phenoxy radical to form a formyl
radical and benzene. Only the meta isomer is shown, but all three isomers can dissociate via this
channel.
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3.3.3 3-Body Mass Distribution

The 3-body mass distribution of the photodissociation of the methyl phenoxy radical at
193 nm is shown in Fig 3.3.4. In contrast to the 2-body distribution, the 3-body distribution has
more than one dissociation channel present and several more peaks present in the distribution.
Peaks appear at 1, 28, 39, 52, and 78 amu with a potential shoulder in the 28 amu peak at 27
amu. The peak at 28 amu is particularly strong with about 3 times the intensity of the other peaks
in the distribution.

29

27

0.5 4 39

78
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Figure 3.3.4. The 3-body mass distribution for the photodissociation of the methyl phenoxy
radical at 193 nm. The distribution contains peaks at 1 amu, 28 amu, 39 amu, 52 amu, and 78
amu with a potential shoulder at 27 amu.

Assignment of the channels is slightly more difficult for the 3-body distribution, but in
several cases can be determined by the process of elimination and the energetics of the existing
chemical species. The first and most obvious assignment is channel 2 which consists of the peak
at 1 amu being assigned to hydrogen, the peak at 28 amu being assigned to carbon monoxide,
and the peak at 78 amu being assigned to benzene. Channel 2 is shown in Fig. 3.3.5.
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Figure 3.3.5. Channel 2 of the photodissociation of the methyl phenoxy radical at 193 nm.
Channel 2 consists of a hydrogen atom at mass 1, carbon monoxide at mass 28, and benzene at
mass 78 for the dissociation fragments of the methyl phenoxy radical. Only the meta isomer is
shown, but all three isomers can dissociate via this channel.

Channel 2 was the most obvious 3-body assignment because its products are very similar
to the products seen in channel 1. The dissociation products of channel 1 are benzene and the
formyl radical, while the dissociation products of channel 2 are benzene, carbon monoxide and
hydrogen. It is highly likely that channel 2 is a sequential dissociation event where the methyl
phenoxy radical dissociates to benzene and a formyl radical as expected, but enough energy is
imparted to the formyl radical to further dissociate into carbon monoxide and a hydrogen atom.
The required energy for the dissociation of HCO to H and CO is 0.6 eV, making it highly likely
for this process to occur with ~6 eV of energy leftover in the product fragments. For this reason,
it is reasonable to consider channel 2 to be a secondary dissociation following the original 2-
body dissociation of channel 1.

It is important to note that 0.6 eV being imparted to the formyl radical should be a very
common occurrence, and it is possible that channel 1 does not exist at a dissociation energy of
6.42 eV. Meaning all channel 1 coincident events are channel 3 coincident events where the
hydrogen is not detected. While there is a strong possibility that this is the case, without further
experiments it would be difficult to prove, and under these circumstances, we will operate under
the assumption that two body dissociation events are channel 1 dissociation events.

Accounting for the three times intensity of the peak at 28 amu and the accompanying
shoulder at 27 amu, channel 3 follows as the next logical assignment. Channel 3 consists of the
peak at 28 amu being assigned to carbon monoxide, the shoulder at 27 amu being assigned to the
vinyl radical, and the peak at 52 amu being assigned to 1-buten-3-yne. Channel 3 is shown in Fig
3.3.6.
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Figure 3.3.6. Channel 3 of the photodissociation of the methyl phenoxy radical at 193 nm.
Channel 3 consists of the vinyl radical at mass 27, carbon monoxide at mass 28, and 1-buten-3-
yne at mass 52 amu dissociating from the methyl phenoxy radical. Only the meta isomer is
shown, but all three isomers can dissociate via this channel.

The assignments of channels 2 and 3 account for all peaks seen in the 3-body mass
distribution apart from the peak at mass 39 amu. This peak is most likely assigned to the
propargyl radical. For the assignment of this peak to work properly, the dissociation products
would need to be two propargyl radicals at mass 39 amu, and a formyl radical at mass 29 amu
which is labeled channel 4 and shown in Fig. 3.3.7. Similar to channel 2, channel 4 is likely a
sequential dissociation process following channel 1. In this case, the methyl phenoxy radical will
dissociate to a formyl radical and benzene via channel 1; however, if enough energy is imparted
to the benzene fragment it will further dissociate to two propargyl radicals via channel 4. The
energy required for the further dissociation of benzene to two propargyl radicals is 6.17 eV
which is greater than the maximum energy available for the ortho and para isomers, so only the
meta isomer would be expected to proceed via channel 4.

O.
" . H H
v —_ . / . /
2 HC=0 + H-Cc=C=C +H-C=C=C
H H
Mass 107 Mass 29 Mass 39 Mass 39
methyl phenoxy formyl propargyl propargyl
radical radical radical radical

Figure 3.3.7. Channel 4 of the photodissociation of the methyl phenoxy radical at 193 nm.
Channel 4 consists of the formyl radical at mass 29 amu and two propargyl radicals at mass 39
amu dissociating from the methyl phenoxy radical. Only the meta isomer is shown, but all three
isomers may dissociate via this channel.
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3.3.4 Branching Ratios

The photodissociation of the methyl phenoxy radical at 193 nm results in 4 channels. The
only 2-body dissociation channel, channel 1 consists of a formyl radical and benzene which
accounts for 83 % of total dissociation events. The three 3-body channels make up the remaining
17 % of total dissociation events. Channel 2, which is likely a sequential dissociation mechanism
following channel 1 accounts for 4 % of total dissociation events and dissociates into a hydrogen
atom, carbon monoxide and benzene. Channel 3 which consists of the dissociation fragments,
carbon monoxide, 1-buten-3-yne, and the vinyl radical accounts for 7 % of total dissociation
events. Channel 4 corresponds to the dissociation fragments of 2 propargyl radicals and a formyl
radical and accounts for 5 % of total dissociation events. The 3-body channels 2 and 4 are
suspected of being sequential dissociation events following channel 1, in which 0.6 eV
partitioned into the formyl radical may result in further dissociation to hydrogen and carbon
dioxide via channel 2, or 6.17 eV partitioned into the benzene may result in dissociation to two
propargyl radicals via channel 4. If channels 2 and 4 represent sequential dissociation
mechanisms, then 93 % of initial dissociation proceeds via channel 1 at 193 nm.

3.3.5 Translational Energy Distributions

As mentioned previously, the translational energy distributions for each dissociation
channel are measured and can be used to characterize the dissociation mechanism for each
channel. The translational energy distribution for channel 1 is shown in Fig 3.3.8. The red text on
the plot indicates the maximum available translational energy. The dissociation energies of
channel 1 for the three isomers of the methyl phenoxy radical are -0.81, 0.30, and 0.48 eV for the
meta, ortho, and para isomers respectively.”® ** At a photon energy of 6.42 eV (193 nm) these
dissociation energies correspond to maximum translational energies Et ¢ 0of 7.2, 6.1, and 5.9
eV for meta, ortho, and para respectively. The translational energy distribution for channel 1
peaks around 0.6 ¢V meaning that in the case of channel 1 Ep < Et .4 Which is indicative of
internal conversion to the ground state followed by statistical dissociation.
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Figure 3.3.8. The translation energy distribution for channel 1 of the photodissociation of the
methyl phenoxy radical at 6.42 eV. The maximum translational energies of the three methyl
phenoxy radicals are 7.2, 6.1, and 5.9 eV for the meta, ortho, and para isomers respectively.

Channel 2 corresponds to the dissociation of the methyl phenoxy radical to a hydrogen
atom, carbon monoxide, and benzene. The dissociation energies for this channel are -0.21, 0.91,
and 1.09 eV for the meta, ortho, and para isomers of the methyl phenoxy radical respectively.zg’ 32
These dissociation energies correspond to Et .y values of 6.6, 5.5, and 5.3 eV for the meta,
ortho, and para isomers respectively with a dissociation photon energy of 6.42 eV. Similar to
channel 1, there is a lot of excess energy available for excitation of the fragments. The
translational energy distribution for dissociation channel 2 of the methyl phenoxy radical is
shown in figure 3.3.9. The translational energy distribution for channel 2 peaks around 1.0 eV
which means that Ep < Ep 1,4 and once again indicative of internal conversion to the ground
state followed by statistical dissociation.
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Figure 3.3.9. The translational energy distribution of dissociation channel 2 of the methyl
phenoxy radical at 6.42 eV. The maximum translational energies for the meta, ortho, and para
isomers of the methyl phenoxy radical are 6.6, 5.5, and 5.3 eV respectively.

The dissociation energy difference between channel 1 and channel 2 corresponds to an
energy of 0.61 eV which is the dissociation energy of the formyl radical to a hydrogen atom and
carbon monoxide. For channel 2 to correspond to a sequential mechanism of channel 1, at least
0.61 eV of energy must be partitioned into the formyl radical fragment. Since benzene contains
many more internal degrees of freedom than a formyl radical, statistically it will contain much
more energy than the formyl radical in most cases. This means that most channel 1 dissociation
pairs partition the majority of their energy into the internal degrees of freedom of benzene and
will have a lower total translational energy. However, for a channel 1 dissociation pair that
contains more energy in the formyl radical, we would expect to see a higher percentage of that
energy partition into translation. Meaning that the higher translational energy peak for channel 2
over channel 1 is strong evidence in support of channel 2 as a sequential dissociation mechanism
of channel 1.

The dissociation energies for channel 3 are 2.8, 3.9, and 4.1 eV for the meta, ortho, and
para isomers of the methyl phenoxy radical respectively.”® ** These dissociation energies
correspond to maximum translational energies of 3.6, 2.5, and 2.3 eV for the meta, ortho, and
para isomers respectively. The translational energy distribution for dissociation channel 3 of the
methyl phenoxy radical is shown in Fig. 3.3.10. The translational energy of the channel 3
fragments peaks around 1.25 eV, and the maximum translational energy of the para-methyl
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phenoxy radical is 2.8 eV. While the translational energy of channel 3 is much closer to the
maximum, it still differs by more than 1.5 eV and is most likely indicative of a ground state
dissociation process. It is important to note that the translational energy distribution extends
slightly past the maxima for the para and ortho isomers. These higher energy pairs above
energies of 2.5 eV likely come from the meta isomer and not the other two. The dissociation
mechanism for this channel would need to be much more complicated than those of channels 1
and 2 and involve substantial isomerization to take place. Since isomerization generally requires
significant partitioning of energy into internal degrees of freedom, this makes a ground state
dissociation process more likely for channel 3.
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Figure 3.3.10. The translational energy distribution of dissociation channel 3 of the methyl
phenoxy radical at 6.42 eV. The maximum translational energies for the meta, ortho, and para
isomers of the methyl phenoxy radical are 3.59, 2.48, and 2.29 eV respectively.

Channel 4 corresponds to the dissociation of the methyl phenoxy radical to two propargyl
radicals and a formyl radical. The translational energy distribution for this channel is shown in
Fig. 3.3.11 with maximum translational energies of 1.06, -0.05, and -0.23 eV for the meta, ortho,
and para isomers respectively. The negative maximum dissociation energies for the ortho and
para isomers suggest that there is not enough energy available at 6.42 eV to dissociate these
isomers, so channel 4 is expected to be comprised entirely of the meta isomer at this energy. The
maximum translational energy of 1.06 eV is marked on Fig. 3.3.11 with a red arrow. The
maximum translational energy of this channel occurs very near the peak of the distribution,
which is typically associated with excited state dissociation processes. However, the majority of
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the fragments in the distribution have energies above the 1.06 eV maximum. Also, the
dissociation of benzene to form two propargyl radicals has been studied previously and is
believed to involve significant isomerization to take place.> For these reasons, it is much more
likely that benzene dissociation occurs on the ground state as opposed to the excited state. The
reason for the fragments in Fig 3.3.11 exceeding the maximum available energy is not known at
this time. However, it may be caused by initial internal excitation from the detachment laser
and/or multiple photon absorption.

o Er p = -0.23,-0.05, 1.06 eV
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Figure 3.3.11. The translational energy distribution of dissociation channel 3 of the methyl
phenoxy radical at 6.42 eV. The maximum translational energies for the meta, ortho, and para
isomers of the methyl phenoxy radical are 1.06, -0.05, and -0.23 eV respectively. A red arrow is
added to the plot to mark the maximum translational energy of the meta isomer at 1.06 eV.

3.4 Conclusions

The photodissociation dynamics of the methyl phenoxy radical are investigated using fast
beam photofragment spectroscopy. A photoelectron spectrum was taken and confirmed the
presence of the meta, ortho, and para methyl phenoxy radical isomers in the molecular beam.
The isomers were not isolated and photodissociation is conducted on a mixture of all three
isomers. Photodissociation was conducted at photon energies of 6.42 eV and revealed 4
dissociation channels.
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Channel 1 is a 2-body dissociation channel resulting in fragments of benzene and a
formyl radical. Channel 2 is a 3-body dissociation mechanism that results in dissociation
fragments of benzene, carbon monoxide, and a hydrogen atom. Channel 2 likely follows channel
1 as a sequential dissociation mechanism as evidenced by the similar products which only differ
by the further dissociation of the formyl radical for channel 1. Channel 3 is another 3-body
dissociation channel that results in dissociation fragments of 1-buten-3-yne, carbon monoxide,
and a vinyl radical. Channel 4 is a 3-body dissociation channel that results in a formyl radical
and two propargyl radicals. Channel 4 appears to be another sequential dissociation mechanism
continuing from channel 1, by further dissociating benzene to form 2 propargyl radicals. The
branching ratios for the four channels are 83, 4, 7, and 5 % for channels 1, 2, 3, and 4
respectively.

The translational energy distributions for the first three channels peak far below the
maximum allowed translational energy mechanisms suggesting that all three dissociation
mechanisms are ground state processes. Dissociation for the first three channels likely proceeds
via internal conversion to the ground state followed by statistical dissociation. The translational
energy distribution for channel 4 peaks near the maximum translational energy of the meta
isomer. This would normally be indicative of excited state dissociation, however, previous work
on benzene dissociation and the majority of channel 4 fragments peaking above the maximum
translational energy suggest that channel 4 is most likely a ground state dissociation process
where additional energy has been imparted to the fragments from an unknown source.
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4.1 Introduction

Molecular dynamics is a field interested in the study of the microscopic movements and
energy partitioning of molecules.' Both experimental and theoretical techniques to probe the
dynamics of molecules and chemical reactions have been developed since the early 1960’s.>”
These techniques have led to unprecedented levels of detail in the fundamental understanding of
both reactive and non-reactive molecular motion which has played a significant role in countless
fields including atmospheric chemistry, environmental science, biochemistry, and chemical
engineering." ¢'°

The development of molecular beam experiments in particular has been important to the
understanding of molecular dynamics in a wide variety of fields.'" '* For more than thirty years,
our research group has made use of various molecular beam experiments to study the molecular
dynamics of many systems relevant in physics, chemistry, and biology.'*'® The work performed
in this chapter attempts to investigate the photodissociation dynamics of the isoprene hydroxy
radical.

The isoprene hydroxy radical is a free radical species related to isoprene, the third most
abundant hydrocarbon in the atmosphere.'” '® Isoprene is primarily released into the atmosphere
by trees and vegetation, but is also released by humans, animals, and even bacteria.'”** Once in
the atmosphere, isoprene reacts with hydroxy radicals to form several different species including
the isoprene hydroxy radical and the much more stable isoprene hydroxy hydroperoxide
(ISOPOOH)."” Structures of isoprene, ISOPOOH, and the isoprene hydroxy radical are shown in
Fig4.1.1.

OH OH

OOH

isoprene isoprene hvd.roxv isoprene hydroxy
hydroperoxide radical
ISOPOOH

Figure 4.1.1. The structures of isoprene and its related compounds ISOPOOH and the isoprene
hydroxy radical. Isoprene is the third largest source of hydrocarbons in the atmosphere.
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The atmospheric abundance of isoprene and its products, makes these compounds of
particular interest in developing a better understanding of their dynamics. While much work has
been done on isoprene and ISOPOOH, little is known about the isoprene hydroxy radical.'” %2
The isoprene hydroxy radical has been observed in several studies involving ISOPOOH and
isoprene reactions, but to the best of our knowledge has not been investigated directly.'”?’

In this work our group proposes to investigate the photodissociation dynamics of the
isoprene hydroxy radical using fast beam photodissociation spectroscopy. The relevant two and
three-body dissociation channels are shown in Fig 4.1.2. Dissociation energies of each channel
are calculated from the heats of formation of each species. Heats of formation for the product
species are all taken from Tsang or Chase.””*° The heat of formation for the isoprene hydroxy
radical was calculated to be 3.73 eV. This calculated value was obtained from density functional
theory with the B3LYP functional and 6 31G basis set using the ab initio quantum chemistry
software Gaussian.”'

Channel 1:  C;HgOH — OH + CgHg Dy = 0.23eV
Channel2:  C;HgOH — O + CsHg Dy = 126eV
Channel 3:  CsHgOH — C4Hs + CH;0H Dy = =3.42eV
Channel4:  C5HgOH — OH + CH3 + C4H;5 Dy, = 0.62¢eV
Channel 5: C5HgOH — O + CH4 + C4Hg Dy, = 051eV

Figure 4.1.2. The relevant two and three-body dissociation channels of the isoprene hydroxy
radical at 248 nm. All dissociation energies are calculated from heats of formation of the
individual species. Heats of formation of the product species are taken from Tsang or Chase.
The heat of formation for the isoprene hydroxy radical was calculated to be 3.73 eV using
density functional theory with a B3LYP functional and 6 31G basis set from the quantum
chemical software Gaussian.”'

29,30

4.2 Experimental Methods

The photodissociation dynamics of the isoprene hydroxy radical are investigated using
fast beam photofragment spectroscopy. The instrument used to perform these experiments is the
fast radical beam machine (FRBM) described in detail in Chapter 2 Section 2 of this dissertation.
The precursor molecule chosen for this experiment is ISOPOOH, the structure of which is shown
in Fig. 4.1.1. ISOPOOH was chosen as a precursor since it is relatively stable in the liquid phase
at room temperature and is likely to 1onize by removal of part or all of its peroxide group in our
electric discharge.**>*
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ISOPOOH is not commercially available and was synthesized for the purpose of our
experiment. Recently, more modern synthesis techniques for ISOPOOH have been
documented.” However, at the time these experiments were conducted the synthesis outlined in
the thesis of Lozano was followed.*® This procedure was modified slightly for our purposes due
to lack of the appropriate equipment; modifications from the original procedure are discussed in
section A1 of the appendix. After completion of the first synthesis, characterization was done
using proton NMR by a former graduate student Isaac Ramphal. The original NMR spectra has
been lost; however, characterization is always performed through photoelectron spectroscopy in
our instrument when a new batch of ISOPOOH is synthesized. Batches of ISOPOOH last about 2
weeks at room temperature before there is noticeable degradation of anion signal. For the
purposes of the experiments described in this work 3 total batches of ISOPOOH were
synthesized.

After synthesis, ISOPOOH is placed in a bubbler and ~30 psi of argon backing gas is
bubbled through the sample and sent to the Amsterdam piezo valve. The ISOPOOH and backing
gas are supersonically expanded into the source chamber through the electric discharge which
creates the isoprene hydroxy anion shown in Fig 4.2.1. The electric discharge is comprised of
two metal grids spaced 1 mm apart and held at a potential difference of ~2 kV.

OH
OH

Ar, Electric Discharge

<
OOH ™ -

isoprene hydroxy isoprene hydroxy
hydroperoxide anion
ISOPOOH

Figure 4.2.1. The reaction forming the isoprene hydroxy anion from ISOPOOH which takes
place in the electric discharge of the FRBM. The electric discharge consists of two metal grids
spaced 1 mm apart and held at a potential difference of ~2 k'V.

The newly created isoprene hydroxy anions are mass filtered and sent to the first
interaction region where they are photodetached at 532 nm (2.33eV) by a Nd-YAG (Litron) to
form the isoprene hydroxy radical. This process is shown in Fig. 4.2.2. The detached electrons
are detected by a velocity map imaging spectrometer (VMI) and a photoelectron spectrum is
used to characterize the isoprene hydroxy radical. After characterization, the detachment laser
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energy is then used to pump a dye laser (Radiant dyes) that is tuned to just above the electron
affinity of the isoprene hydroxy radical at 501 nm (2.47 eV), and the radicals are sent to the
second interaction region. In the second interaction region, the radicals are subjected to a 248 nm
(5.00 eV) excimer laser (GAM) pulse and photodissociation is initiated. The photodissociation
fragments are detected by a hexanode delay line detector which records the 2-dimentional
position of the particles as well as their arrival times.

OH OH

hvq

isoprene hydroxy isoprene hydroxy
anion radical

Figure 4.4.2. The formation of the isoprene hydroxy radical by photodetachment of the isoprene
hydroxy anion. A 532nm (2.33 eV) or 501 nm (2.47 eV) photon detaches an electron from the
isoprene hydroxy anion to form the isoprene hydroxy radical.

4.3 Results and Discussion

4.3.1 Photoelectron Spectrum

The photoelectron spectrum for the isoprene hydroxy radical is shown in Fig.
4.3.1. The photoelectron spectrum for the isoprene hydroxy radical is much noisier than most
spectra that are taken using this spectrometer. The source of the noise is not known, but may be
due to a slight misalignment of the detachment laser causing electrons to detach from the
aluminum baffle in the first interaction region. The region of the photoelectron spectrum from
0.0 to 0.2 eV of electron kinetic energy is particularly noisy producing a broad peak that is nearly
the size of the electron affinity peak at 0.20 eV (electron kinetic energy). Trying to obtain a clean
photoelectron spectrum for this system proved to be difficult, and eventually it was decided to
ignore the noisy parts of the spectrum.
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Figure 4.3.1. The photoelectron spectrum of the isoprene hydroxy anion at 532 nm (2.33 eV).
The spectrum is quite noisy at low electron kinetic energies but shows a strong electron affinity
peak at 0.20 eV (electron kinetic energy) corresponding to an electron binding energy of 2.46 eV.

The minimum energy points of the isoprene hydroxy anion and radical are calculated
using the ab inito quantum chemistry software Gaussian, and the spectrum was simulated using
eZFCF and is shown in red on Fig. 4.3.1.%"*® The electron affinity peak of the simulation was
assigned and overlapped with the peak from the experimental spectrum. The simulated spectrum
predicts only one large progression centered around the electron affinity, with very small peaks at
lower electron kinetic energies which are masked by noise in the experimental spectrum. Apart
from the noisy region, the simulated spectrum is in good agreement with the experimental
spectrum, and it is likely that the species we are forming is the isoprene hydroxy radical.

The electron affinity of the isoprene hydroxy radical appears in the spectrum at electron
kinetic energy of 0.20 eV which equates to a binding energy of 2.13 eV. The Nd-YAG
detachment laser was then used to pump a dye laser tuned to 583nm (2.13 eV), just above the
electron affinity of the radical. This process ensures that the radicals we are studying are in their
ground vibrational state.
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4.3.2 2-Body Mass Distribution

The isoprene hydroxy radicals entering the second interaction region are subjected to a
248 nm (5.00 eV) excimer laser pulse. Radicals that absorb a photon dissociate and the
fragments are detected in coincidence on a hexanode delay line detector. The 2-body mass
distribution for the dissociation of the isoprene hydroxy radical at 248 nm is shown in figure
4.3.2.
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Figure 4.3.2. The 2-body mass distribution for the dissociation of the isoprene hydroxy radical at
248 nm (5.00 eV). The distribution shows peaks at 16, 17, 32, 53, 68, and 69 amu.

The 2-body mass distribution shows coincident pair peaks at 16 and 69 amu, 17 and 68
amu, as well as 32 and 53 amu. The simplest assignment to make is the peak pair at 17 and 68
amu. This pair is labeled channel 1 and is assigned to a hydroxy radical and isoprene. A depiction
of channel 1 is shown in Fig. 4.3.3. Channel 1 is particularly easy to assign because the peak at
17 amu can only be a hydroxide radical, and the mechanism for this channel could easily be
performed through a simple bond cleavage to remove the hydroxide radical and form a diradical
on the hydrocarbon, then followed by forming a double bond to make isoprene.
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OH

hv, bH : /

mass 85 mass 17 mass 68
isoprene hydroxy hydroxy isoprene
radical radical

Figure 4.3.3. Channel 1 of the dissociation of the isoprene hydroxy radical at 248 nm. Channel 1
results in dissociation fragments of isoprene and a hydroxy radical.

The peaks in the 2-body distribution at 16 and 69 amu also only have one valid
assignment. They are labeled as channel 2 and assigned to be an oxygen atom and 3-methyl-1-
buten-3-yl. The dissociation of the isoprene hydroxy radical through channel 2 is shown in Fig.
4.3.4. Unlike channel 1 whose assignment is restricted by the low mass peak, channel 2 is
restricted by the high mass peak. While mass 16 can be either oxygen or methane, to the best of
our knowledge, no information on species with the chemical formula C4HsO is available,
meaning that the peak at 16 amu must be oxygen.’

OH

hv, O N \ |

mass 85 mass 16 mass 69
isoprene hydroxy oxygen 3-methyl-1buten-3-yl
radical radical

Figure 4.3.4. Channel 2 of the dissociation of the isoprene hydroxy radical at 248 nm. Channel 2
results in dissociation fragments of an oxygen radical and 3-methyl-1-buten-3-yl.
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The coincidence pairs to be assigned in the 2-body distribution are the peaks at mass 32
and 53 amu. This channel is once again easy to assign as the only possible assignments for mass
32 are methanol (CH3OH) and C,Hg only the first of which is known to exist.”” The peaks at
mass 32 and 53 amu are labeled channel 3 and assigned to methanol and 1-butyn-3-yl which is
chosen because it is the lowest energy structure known to exist at mass 53. The 2-body
dissociation channel 3 of the isoprene hydroxy radical is shown in figure 4.3.5.

OH

*— H3C-OH - :—é{—l

mass 85 mass 32 mass 53
isoprene hydroxy methanol 1-butyn-3-yl
radical

Figure 6.4.5. Channel 3 of the dissociation of the isoprene hydroxy radical at 248 nm. Channel 3
results in dissociation fragments of methanol and 1-butyn-3-yl.

4.3.3 3-Body Mass Distribution

The three body mass distribution of the isoprene hydroxy radical is shown in Fig. 4.3.6,
and only displays two broad peaks at 16 and 53 amu. The peak at 16 amu is approximately
double the intensity of the peak at 53 amu suggesting that two similar mass fragments are
overlapping and creating a combined peak at 16 amu. Based on this fact, the most obvious
assignment for the 3-body dissociation channel appearing in this distribution is to assign the peak
centered at 16 amu to be a combination of hydroxide radical of mass 17 amu and a methyl
radical at mass 15 amu, this would result in 1-butyn-3-yl as the third species at mass 53. This
assignment is labeled channel 4 and displayed in Fig. 4.3.7. However, while the peak at 53 amu
is very likely 1-butyn-3-yl, the other two fragments could also be oxygen and methane which is a
much lower energy combination of products labeled channel 5 and displayed in Fig. 4.3.8.
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Figure 4.3.6. The 3-body mass distribution of the dissociation of the isoprene hydroxy radical at
248 nm. The distribution shows two peaks, a peak at mass 53 and a peak at mass 16 that is
approximately double the intensity.

OH

e .CH3 + bH + :—C{—|

mass 85 mass 15 mass 17 mass 53
isoprene hydroxy methyl hydroxy 1-butyn-3-yl
radical radical radical

Figure 4.3.7. Channel 4 of the dissociation of the isoprene hydroxy radical at 248 nm. Channel 4
results in dissociation fragments of a methyl radical, hydroxy radical, and 1-butyn-3-yl.
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Figure 4.3.8. Channel 5 of the dissociation of the isoprene hydroxy radical at 248 nm. Channel 5
results in dissociation fragments of oxygen, methane, and 1-butyn-3-yl.

It is unclear whether the 3-body dissociation of isoprene hydroxy corresponds to channel
4, channel 5, or both. While channel 5 is significantly lower energy than channel 4 with
dissociation energies of 0.51 and 0.62 eV respectively, channel 4 can easily proceed as a
sequential mechanism from channel 3. Channel 4 may proceed by dissociating to form methanol
and 1-butyn-3-yl via channel 3, and then further dissociating the methanol fragment to hydroxide
and a methyl radical. This sequential dissociation process would happen through a simple bond
cleavage; however, it would require 4.04 eV being partitioned into the methanol fragment to
happen.’® The available energy for this channel is 8.42 eV owing to the highly stable methanol
product, so this mechanism is highly probable. Despite channel 5 being lower energy, and
therefore a more likely candidate for the 3-body dissociation channel, channel 4 cannot be ruled
out and further experiments would need to be conducted to separate these two channels.

4.3.4 Branching Ratios

Two body dissociation events which include channels 1, 2, and 3 account for 86 % of the
total dissociation events for the isoprene hydroxy radical at 248 nm. Channel 4 or 5, which is the
only 3-body channel, accounts for the remaining 14 % of dissociation. Of the 2-body channels,
channel 1 accounts for 41 % of the total dissociation, channel 2 accounts for 37 %, and channel 3
accounts for 7 %.

Given that channel 3 is the most stable product channel with the smallest dissociation
energy, it’s unexpected that this channel would result in the smallest branching ratio. Channel 4
which is possibly a sequential dissociation channel continuing from channel 3 makes up 14 % of
the total dissociation events, so if they are sequential events, they would account for a total of 21
% of all dissociation. Channel 4 having a higher branching ratio than channel 3 is strong
evidence that channel 4 is a sequential dissociation channel; however, 21 % is still much less
than the branching ratios of the other two channels, and channel 4 might actually be events from



Chapter 4: Photodissocaiton of the Isoprene Hydroxy Radical at 248 nm 50

channel 5 or a mixture of the two as discussed earlier. Channel 2 in particular has the highest
dissociation energy and has a branching ratio 16 % higher than the combined channel 3 and 4.
Although no explanation for this phenomenon is offered in this work, any possible explanation
must lie in the mechanism for channel 3. It is reasonable that a relatively high activation energy
barrier must be reached to form the transition state for this channel, but further work would need
to be performed to say for certain.

4.3.5 Translational Energy Distributions

The hexanode delay line detector collects arrival times and positions of the dissociation
fragments that are used along with the masses assigned to construct translational energy
distributions for each product channel. The translational energy distribution for channel 1 is
displayed in Fig. 4.3.9 and the maximum translational energy Et 1, is listed in red at the top of
the chart. The dissociation energy for channel 1 is 0.23 eV corresponding to a maximum
translational energy of 4.77 ¢V at dissociation photon energy of 5.00 eV (248 nm).***° The
channel 1 translational energy distribution peaks around 0.4 eV which is far less than the
maximum translational energy and is indicative of a ground state dissociation process. In a
ground state dissociation process, the excited radical must undergo internal conversion to the
ground state before statistical dissociation will occur. In ground state dissociation, the vast
majority of the energy imparted by the photon is partitioned to internal degrees of freedom and
not translation so Et < Eg nax.
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Figure 4.3.9. The translational energy distribution for channel 1 of the dissociation for the
isoprene hydroxy radical at 5.00 eV. The distribution peaks around 0.4 eV and the maximum
translational energy is 4.77 eV.

Channel 2 of the isoprene hydroxy radical dissociation has the highest dissociation
energy of all four channels at 1.26 eV.?* 3% This dissociation energy corresponds to a maximum
translational energy of 3.74 eV. The translational energy distribution for channel 2 is shown in
Fig 4.3.10 and peaks around 0.2 eV meaning that the translational energy of the fragments is
once again far less than the maximum available translational energy. This trend is once again
indicative of ground state dissociation and channel 2 likely proceeds via internal conversion to
the ground state followed by statistical dissociation.
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Figure 4.3.10. The translational energy distribution for channel 2 of the dissociation for the
isoprene hydroxy radical at 5.00 eV. The distribution peaks around 0.2 eV and the maximum
translational energy is 3.74 eV.

The translational energy distribution of channel 3 for the dissociation of the isoprene
hydroxy radical is shown in Fig. 4.3.11 and has a dissociation energy of -3.42 eV.**° The
negative dissociation energy suggests that the products of channel 3 are much more stable than
the isoprene hydroxy radical itself. The stability of the products is credited to the methanol
fragment which has a enthalpy of formation of -205 kJ/mol.* The corresponding max
translational energy for channel 3 at a 5.00 eV photon energy is 8.42 eV. The translational energy
distribution of channel 3 peaks around 0.25 eV which is far less than the maximum, suggesting
that channel 3 is also a ground state dissociation process.

The relatively small dissociation energy of channel 3 yields 8.42 eV of energy available
for the products. For channel 4 to follow channel 3 as a sequential dissociation event, 4.04 eV of
energy must be partitioned into the methanol fragment during dissociation, which is less than
half of the available energy. This would mean that we expect to see a fairly large percentage of
channel 3 dissociation events continue to channel 4, which is likely what we observe as the
branching ratios are 7 % and 14 % for channels 3 and 4 respectively. If future experiments were
possible, lowering the dissociation photon energy would help confirm this hypothesis.



Chapter 4: Photodissocaiton of the Isoprene Hydroxy Radical at 248 nm 53

Ermax = 8.42 eV

fadboan s

E; (eV)

3

Figure 4.3.11. The translational energy distribution for channel 3 of the dissociation for the
isoprene hydroxy radical at 5.00 eV. The distribution peaks around 0.3 eV and the maximum
translational energy is 8.42 eV.

Channel 4 or 5 is the only 3-body dissociation channel for the isoprene hydroxy radical.
Channel 4 has a dissociation energy of 0.62 eV and channel 5 has a dissociation energy of 0.51
eV which correspond to maximum translational energies of 4.38, and 4.49 eV at a photon energy
of 5.00 eV. The translational energy distribution for channel 4 is shown in Fig. 4.3.12 and peaks
around 0.7 eV which is far below the maximum kinetic energy for both channel 4 and 5, and
once again indicative of ground state dissociation.
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Figure 4.3.12. The translational energy distribution for channel 4 or channel 5 of the dissociation
of the isoprene hydroxy radical at 5.00 eV. The distribution peaks around 0.7 eV and the
maximum translational energy is 4.38 eV for channel 4 and 4.49 eV for channel 5.

4.4 Conclusions

The photodissociation dynamics of the isoprene hydroxy radical are investigated using
fast beam photofragment spectroscopy. A photoelectron spectrum of the isoprene hydroxy anion
was taken at 532 nm and the presence of the isoprene hydroxy radicals in the molecular beam is
suspected. This along with proper mass selection are evidence to continue with photodissociation
of the radical. The wavelength of the detachment laser was adjusted to 538 nm, just above the
energy of the electron affinity peak found in the photoelectron spectrum before starting
dissociation experiments.

Photodissociation was carried out at 248 nm (5.00 eV) and 4 dissociation channels were
found. Channel 1 is a 2-body channel that consists of a hydroxide radical and isoprene, it makes
up 41 % of total dissociation events. Channel 2 is a 2-body channel that consists of an oxygen
radical and 3-methyl-1-buten-3-yl which makes up 37 % of total dissociation. Channel 3 is the
last 2-body channel and consists of methanol and 1-buten-3-yl. Despite being the most stable
product channel, channel 3 only represents 7 % of the total dissociation events. Channel 4 or 5
make up the only 3-body channel consisting of a hydroxide radical, a methyl radical, and 1-
buten-3-yl for channel 4, and oxygen, methane, and 1-buten-3-yl for channel 5. Channel 4 or 5
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make up the remaining 14 % of the total dissociation events. The 3-body dissociation for the
isoprene hydroxy radical may be comprised of channel 4, channel 5, or a combination of both.
Further experiments are needed to decouple these two channels.

Translational energy distributions are plotted for each dissociation channel. The
translational energy for all five channels is far less than the maximum available energy that could
go to translation. This is indicative of all 5 dissociation mechanisms proceeding via internal
conversion to the ground state followed by statistical dissociation.

The products of channel 4 suggest that channel 4 is most likely a sequential dissociation
event that proceeds from channel 3. When dissociation occurs via channel 3, a partitioning of
4.04 eV or more of the available 8.42 eV into the methanol fragment may result in further
dissociation of the methanol to form a hydroxide radical and methyl radical. The large quantity
of available energy and 14 % branching ratio for channel 4 compared to only 7 % for channel 3
provide strong evidence to support the mechanism for channel 4 being a sequential dissociation
continued from channel 3.
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5.1 Experimental Scheme

Liquid jet scattering provides a method for probing dynamics at the gas-liquid interface.
Two limiting mechanisms at the gas liquid interface that our experiment seeks to differentiate
and characterize are impulsive scattering (IS) and thermal desorption (TD). Impulsive scattering
occurs when gas molecules collide with the liquid surface and are quickly recoiled in a nearly
elastic collision."? Thermal desorption on the other hand refers to a process where the gas
molecule is trapped by the liquid and desorbs at a later time statistically following a Maxwell-
Boltzmann (MB) distribution. A schematic comparing IS and TD is shown in Fig. 5.1.1.

a) b)
Impulsive Scattering Thermal Desorption

e °

4

Liquid Surface Liquid Surface

Figure 5.1.1. Schematic of a) impulsive scattering and b) thermal desorption mechanisms for
gas-liquid scattering.

In gas liquid scattering experiments, TD is characterized by an MB distribution at the liquid
temperature, because the trapped gas molecules have time to thermalize with the liquid before
they are desorbed. IS on the other hand is characterized by the distribution of the impeding
molecule. In the case of our experiment, our gas molecules are introduced into vacuum via a
supersonic expansion and thus follow a supersonic (SS) distribution. By comparing and fitting
the time of flights of scattered gas particles, it is possible to characterize their scattering
mechanism and understand the dynamics of the scattering process.
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5.2 Flat Liquid Jet Scattering

5.2.1 Instrument Schematic

The flat liquid jet scattering apparatus is shown in figure 5.2.1. The instrument schematic
shown in figure 5.2.1 includes only the parts of the instrument that are unique to our experiment
and excludes many of the experimental details. The remainder of this section will focus on a
detailed dive into those unique parts of the instrument.

Incident Beam  Microfluidic Chip

Pulsed Valve

Liquid Catcher

Scattered Beam

"™ To Detector Chamber
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Figure 5.2.1. Schematic of the unique portions of the flat liquid jet scattering (FLJS) instrument.

5.2.2 Molecular Beam

The molecular beam for the experiment is generated using an Amsterdam piezoelectric
valve (MassSpecpecD BV, Enschede). > * The opening time and voltage of the valve are varied
depending on the optimization parameters of the system being studied, but generally fall around
~30 ps and ~160 V. In the case that the gas system being studied is a gas at room temperature, it
is either studied directly or seeded in helium or argon in concentrations between 0.5 % and 10 %.
In the case that the gas molecules being studied are a liquid at room temperature, the liquid is
placed in a bubbler and a helium or argon backing gas is used. In all cases up to this point, the
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backing pressure of the gas in the valve is 4 bar. The valve is jacketed and connected to a heater
as well as a cooling reservoir for temperature controls = 1 °C. After entering the chamber, the gas
molecules undergo supersonic expansion and are skimmed twice with 500 um skimmers before
entering the main chamber.

5.2.3 Flat Liquid Jet

The flat liquid jet in our instrument is generated with the help of a commercially
available microfluidic chip (Micronit). The chip has two 50 um channels which generate two
liquid jets and collide at the tip forming the series of liquid sheets used in the experiment. A
schematic of this chip is shown in Fig 5.2.2.

/ Liquid Source Input

v&,\&
50 um Channels

¥ —— Flat Liquid Jet

Figure 5.2.2. Schematic of the Micronit microfluidic chip. Pressurized liquid is introduced at the
liquid source inlet, it continues down the two channels forming cylindrical jets that collide at the
chip tip forming a flat liquid jet.

5.2.4 Liquid Source

The liquid provided to the Micronit chip can come from two different sources. Non-
corrosive liquids such as dodecane are pumped into the chip from a high-performance liquid
chromatography (HPLC) pump (Agilent). Liquids fed into the chip using the HPLC pump are
held in an HPLC solvent bottle near the pump head and held close to ambient pressure with a
constant stream of helium bubbled through the liquid to prevent atmospheric gases from
interfering.
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Corrosive liquids such as 8 M LiBr in water can damage the pump head and must be
placed in a stainless-steel pressurized reservoir. The stainless-steel reservoir has a glass insert to
prevent the liquid from corroding the metal, and a standard 1/8” tube equipped with a 200 um
particle filter. The reservoir is pressurized using any inert backing gas that will not interfere with
the measurement up to 100 bar.

Once liquids leave the reservoir, they enter a double walled cooling system that is
constantly being circulated by a temperature controlled 50:50 mixture of ethylene glycol and
water. The double-walled cooling system is proficient at getting the liquid down to temperatures
at or around -20 °C. Recently, work with salty water has elucidated the need for liquid
temperatures below the capability of the cooling system, and several redesigns have been made
that will not be discussed in this dissertation.

5.2.5 Liquid Catcher

Once the liquid in the jet has been pumped through the main chamber it is drained into
the liquid catcher system. The liquid catcher system consists of a temperature-controlled copper
skimmer placed vertically below the jet attached to a tigon tube that allows the liquid to drain
into an HPLC solvent collection bottle which is cooled in an ice bath and evacuated by a
mechanical pump. The principle behind this design is to heat the liquid copper skimmer to avoid
liquid freezing and clogging the orifice, then rapidly cool the liquid when it enters the collection
bottle to prevent back pressure from disturbing the jet.

5.2.6 Translational Stage and Cameras

One of the most difficult parts of running a liquid jet scattering experiment is getting
everything properly aligned. Small deviation in the position of the jet relative to the liquid
catcher can cause the entire experiment to be shut down for the day even if the misalignment
only happenes for a fraction of a second. Also, misalignment with the molecular beam can
prevent scattering from occurring as expected. For this reason, the microfluidic chip and catcher
are placed on a translational and rotational stage to allow them to be moved relative to the other
parts of the experiment. Aligning the jet is done manually using two cameras that are pointed at
the experiment through viewing windows from two perpendicular directions. The cameras allow
for the precise alignment of the jet and catcher relative to the each other and the molecular beam.

5.2.7 Detector
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The particles are detected using a rotatable mass spectrometer that is well described in
previous work."? The detector consists of a quadrupole, ionizer, and ion detection assembly. The
rotation of the detector combined with the rotational capabilities of the jet allow us to vary both
the incident and detector angles of our scattered particles.

5.3 Data Analysis

The raw data obtained from scattering experiments are the time-of-flight profiles for the
scattered species. The raw data is then fed into a data analysis program written in python by
former graduate student Chin Lee and modified by current graduate student Walt Yang. The code
for the python analysis program is contained in appendix section A2. The analysis program
provides fitting for time-of-flight distributions, angular data through integration, and fitting to the
soft-sphere and hard-sphere model.

Evaporation profiles are fit with a sum of two MB distributions. Scattering is fit with a
sum of an MB distribution and SS distribution. TD fractions are obtained by dividing the
integrated TD channel by the integrated IS channel in a scattering experiment.
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6.1 Abstract

NDj evaporation and scattering from a dodecane flat liquid jet are investigated and
compared to previous molecular beam scattering studies from liquid surfaces. Evaporation
experiments are fitted and well-described by a Maxwell-Boltzmann flux distribution with a cosé@
angular distribution at the liquid temperature. Scattering experiments at £; = 28.8 kJ mol ' and a
deflection angle of 90° yield a thermal desorption fraction of 0.54 which is ~4 % higher than
other molecules previously scattered from dodecane and consistent with work performed on NHj3
scattering from a squalane wetted wheel. NDj scattering from dodecane results in super-specular
scattering that has been observed prior with other small molecular scattering from dodecane. The
impulsive scattering channel is fitted to a “soft-sphere” model, yielding an effective surface mass
of 55 amu and an internal excitation of 5.08 kJ mol'. Compared to our prior studies, impulsively
scattered ND; behaves similar to other small molecules scattered from dodecane.

6.2 Introduction

The gas—liquid interface plays a key role in several processes including but not limited to
acid rain formation, aerosol surface chemistry, and carbon capture at the ocean surface.'™ While
significant work has been done previously to study the gas—liquid interface, elucidation of
mechanistic detail behind gas—liquid interactions has remained a challenging endeavor.” Recent
efforts by Nathanson and others, however, have allowed for the use of molecular beam scattering
to study the gas—liquid interface’”’. This has given rise to uncovering mechanistic detail at a
degree greater than what was previously possible for this critical chemical environment.

Molecular beam scattering is an incredibly powerful technique that has been used for
over half a century to study chemical dynamics.*'® Advances in molecular beam scattering
techniques have allowed for the elucidation of the dynamics and mechanistic details of several
classes of chemical reactions. The major challenge of performing molecular beam scattering
techniques on the gas—liquid interface is that the liquid must be compatible with a vacuum
environment. The original molecular beam experiments performed to probe the gas—liquid
interface were done with a wetted wheel which allowed for the study of liquids with vapor
pressures below 10 Torr.'"?!

More volatile liquids have been studied largely through the efforts of Faubel and co-
workers who developed a liquid microjet which allows for these liquids to be vacuum
compatible.””  While liquid microjets allow for the study of a larger array of liquids than the
wetted wheel, they pose specific problems when attempting molecular beam scattering
experiments. First, they provide poor signal-to-noise ratios due to the relatively small diameter of
the jet. Second, the cylindrical nature of a typical microjet does not allow for angularly-resolved
scattering measurements.’ Taking these considerations into account, our group incorporated a flat
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liquid jet into molecular beam scattering experiments using a microfluidic chip. The flat liquid
jet is formed by colliding two cylindrical microjets to form a flat surface, which provides a much
larger scattering target (~1 mm). This simultaneously solves the issues of low signal-to-noise
ratios and loss of angular specificity.

The development of the flat liquid jet motivated two recent studies by our research group
where Ne, CDy4, and D,O were scattered from dodecane.’* % Dodecane was chosen as a target
liquid specifically because of its relatively high vapor pressure (1.5 x 107 Torr at 275 K).* The
choice of molecules to scatter from the dodecane jet followed from them all sharing a mass of 20
amu, but varying other physical properties, such as dipole moment, polarizability, and solubility.

Our studies compared two limiting scattering mechanisms, impulsive scattering (IS) and
thermal desorption (TD).** * Impulsive scattering is characterized by an elastic or nearly elastic
collision with the surface resulting in a scattered molecule that maintains much of the character
of the incident molecular beam. Conversely, thermal desorption is characterized by a scattered
particle being trapped at the liquid surface for a period of time long enough to thermalize with
the liquid and then evaporate according to a Maxwell-Boltzmann flux distribution at the liquid
temperature (T]iq).s’ 12,26,21

In our previous work, we demonstrated that both the fractional energy loss and TD
fraction, defined as TD/(TD + IS), are higher for the polyatomic molecules than they are for Ne,
and trend in a consistent manner with the free energy of solvation found in literature.”> These
results also agreed with previous work performed by Nathanson scattering these same small
molecules from squalane using a wetted wheel, although his study was confined to a single
deflection angle.”®

In this work, we aim to further investigate the scattering of small molecules from a
dodecane flat liquid jet, by scattering deuterated ammonia (ND3). NDs scattering naturally
follows from our previous work®* > as it has a mass of 20 amu and has previously been scattered
from squalane by Nathanson.*® This enables further comparison of trends between squalane and
dodecane surfaces. ND3 has very similar physical properties to D,O as shown in Table 6.1.1,
apart from its polarizability which is nearly half that of D,0.”**" Another interesting property of
ND; is that it has the lowest energy vibrational mode of all of the molecules we have studied thus

far: an umbrella inversion mode at 8.95 kJ mol !, 2% 313
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Table 6.1.1. Physical properties of D,0O and ND; > 23033

Physical Properties D,O NDj3
Radius (A) ~1.4 ~1.8
Polarizability (A% 2.2 1.3
Dipole Moment (D) 1.8 1.4

2 )
Solubility in Hexadecane ~ 2-17 %10 2.97 x 10
KH (Xsoln/ IDvap)

6.3 Experimental Methods

The crossed molecular beam apparatus used for all experiments carried out in this work
has been previously described in great detail.”* *>-***” The instrument itself is comprised of three
regions evacuated by turbomolecular pumps. The source region houses a piezoelectric pulsed
valve (MassSpecpecD BV, Enschede) that generates the molecular beam.*® ** The collision
chamber contains the flat liquid jet and is where gas—liquid interactions take place during
scattering experiments. Also present within the collision chamber is a cryogenically cooled
copper wall that assists in evacuating this region through cryo-condensation.”* * Finally, the
rotatable detector region is contained within the collision chamber and houses an electron impact
ionizer, a quadrupole mass filter, and an ion detection assembly.** *>%% %" Schematic diagrams of
the scattering experimental configuration is shown in Fig. 6.3.1.
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Figure 6.3.1. Instrument schematic for scattering experiments performed in these works. Inset in
the bottom right shows the incident angle 6, the scattering angle 6r and the deflection angle y.

The NDj; supersonic beam is prepared by seeding 1.5 % ND; (Sigma—Aldrich 99 % D) in
helium. Stagnation conditions through the 500 ym diameter orifice of the valve are 288 K and
3000 Torr with an opening time of 12 us. This results in a temporal width of 27us measured at
the detector. The velocity of the molecular beam is characterized by time-of-flight (TOF)
measurements as described previously.”” * The velocity of the ND; molecular beam was

measured to be 1730 + 205 m s~ (FWHM) corresponding to a mean translational kinetic energy
of 28.8 kJ mol .

The dodecane flat liquid jet is produced by flowing liquid dodecane (n-Ci,H,s, TCI
America #D0968) through a commercially available microfluidic chip (Micronit BV, Enschede)*
as described in our previous works.** *> Operating conditions include a flow rate of 3.5 mL min "'
and corresponding flow velocity of 10 m s, resulting in average dimensions of the flat jet of
1.0 x 4.5 mm* (W x H). The thickness of the jet is not directly measured but is estimated to be
~1.5 pum at its center.”* ** The average temperature of the liquid in both evaporation and
scattering experiments was measured to be 269 K.

The 3 x 3 mm? detector aperture used throughout leads to a viewing time of ~0.5 ms for
species detected during all experiments. TOF measurements are taken with the ionizer set to an
electron kinetic energy of 80 eV. Each measurement is taken with an acquisition time between 2
and 8 minutes. Time zero for the evaporation experiments is determined by the rotating chopper
wheel described prior,”* *> while time zero for scattering experiments is defined when the most
intense part of the molecular beam collides with the flat liquid jet.
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Evaporation experiments are performed by dissolving NDj in the dodecane reservoir. The
dodecane reservoir is initially vacuum degassed for several minutes and then slowly over-
pressurized to 850 Torr with the 1.5 % NDs/He mixture. This process is repeated five times. In
evaporation experiments, the molecular beam is not present. Scattering experiments are
performed by vacuum degassing the dodecane reservoir as described for evaporation, but over-
pressurized with pure helium instead of NDs/He.

The incident angle 6; is defined as the angle between the molecular beam axis and the
liquid surface normal, which is set by rotation of the flat liquid jet assembly. In this work,
incident angles of 45, 60, and 80° are chosen. The scattering angle 6r is defined as the angle
between the liquid surface normal the detector axis. The deflection angle y is defined as y = 180°
— (6; + ). A depiction of the scattering geometry can be seen in the inset of Fig. 6.3.1. In order
to prevent systematic errors, TOF measurements are taken in a back-and-forth manner as
described previously.*

6.4 Results and Discussion

6.4.1 Evaporation

Evaporation experiments are used to isolate the TD channel of the scattering experiments
and ensure conditions are present for nascent scattering. During evaporation, the particles
thermalize with the liquid, which results in a particle flux being described by a Maxwell-
Boltzmann (MB) flux distribution.

2

fup(v) o v3 exp<— g )#(1)

2RTiq
Here, v and m represent the velocity and mass of the evaporating particles, while R is the
universal gas constant. TOF profiles for the evaporation of ND; from a dodecane flat jet at
detector angles 8 = 0, 30, 60, and 90° are fitted using a linear combination of MB distributions
and shown in Fig. 6.4.1.
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Figure 6.4.1. Normalized evaporation TOF spectra of ND3 from a NDs-doped liquid dodecane
flat jet at 269 K. TOF distributions are fitted with a linear combination of Maxwell-Boltzmann
velocity distributions at the liquid temperature (blue traces) and at Ty, = 75 K (light blue traces).
The absolute intensity of the Ty, component is fixed for all angles. The green traces represent
the sum of the two contributions.

The fitting procedure used in Fig. 6.4.1 has been described in our prior works.** ** The
blue and light blue traces in Fig. 6.4.1 show contributions to the TOF spectra that are described
by an MB distribution at the liquid temperature 7Tiq and background temperature Ty,
respectively, and the green traces show the sum of these two distributions. The background
contribution arises due to desorption of ND; from the Cu cryocooled wall in the collision
chamber that has been experimentally measured to have a temperature of ~118 K in this study.

The TOF spectra for ;= 0° is well-fitted by the 71, MB distribution alone, while spectra
at detector angles further away from the surface normal tend to display more “sub-Maxwellian”
behavior and have a larger contribution from the Ty, distribution. This trend is explained by the
relative flux of evaporated particles from the jet following a cosfr distribution well-described in
the literature.*" **

Integrating the TOF spectra and plotting the intensity as a function of detector angle 6¢
results in the angular plot shown in Fig. 6.4.2.



Chapter 6: Molecular Beam Scattering of Ammonia from a Dodecane Flat Liquid Jet 70

— = cosb;

6;=0° ® ND;atT,,

A NDjatTy,

Figure 6.4.2. Angular plot created from the integrated, non-normalized intensities of the
Maxwell-Boltzmann simulations at 7jiq and Ty, (blue circles and cyan triangles, respectively) of
NDjs evaporation data at various detector angles. The cosine function representing the expected
angular distribution for evaporation is indicated by the dashed gray curve.

The angular plot in Fig. 6.4.2 shows the Tj;; MB distributions in dark blue circles, the Ty
MB distributions in light blue triangles, and the cos& distribution with a dashed curve. The Tiq
distribution is captured by the expected cosfr distribution from the cosine law of evaporation.
Maxwellian behavior of the TOF spectra as well as the Tj;q distributions fitting the expected cos&r
distribution suggest that ND3 evaporation from the jet takes place without significant interference
from vapor phase collisions, indicating that scattering experiments should result in nascent
scattering from the surface of the flat liquid j et.2+%

6.4.2 Scattering

While evaporation can be described by single mechanism in TD, scattering features more
complicated mechanisms; however, this picture can be simplified significantly by confining the
description of scattering to two mechanisms, TD and IS. Unlike TD, which is described by a MB
distribution, IS is better described by a supersonic (SS) distribution due to the scattered particles
maintaining more character of the incident supersonic molecular beam:> " **

m(v — Uss)z

2RTqs >#(2)

fss(v) o v3 exp <—
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where v represents the velocity of the particle, R is the universal gas constant, and vgg and Tsg
are the average flow velocity and average temperature of the molecular beam, respectively. TOF
spectra of NDjs scattering from a dodecane flat jet are shown in Fig. 6.4.3.

(@) 0=45 (b) 6,260 (c) 0;=80° oS

T T T T T T T T T T . | | I |
0 200 400 600 0 200 400 600 0 200 400 600
Flight Time (us) Flight Time (us) Flight Time (us)

1
800

Figure 6.4.3. Normalized TOF spectra of ND; scattering (E; = 28.8 kJ mol™') from a dodecane
flat liquid jet with (a) 6; = 45°, (b) 6; = 60°, and (c) #; = 80°. The data are fitted by the sum of an
SS distribution (red traces) and an MB distribution (blue traces) at the liquid jet temperature (7Tiiq
=269 K). The sum of the two contributions is shown by the green traces.

The TOF spectra in Fig. 6.4.3 are fitted with the MB distribution corresponding to the
liquid temperature shown in blue, the SS distribution shown in red, and the sum of the two
distributions shown in green. The blue trace corresponding to the MB distribution is
representative of the fraction of the overall scattering events that result in TD, while the red trace
corresponding to the SS distribution is representative of the overall scattering events that result in
IS. A clear trend that persists in the data from Fig. 6.4.3 is that larger values of & result in smaller
TD fractions. This can be explained by the fact that at these angles the cosine law dictates that
TD flux will be small.*> * The trend for & is similar as can be seen by comparing the three
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spectra at the largest scattering angles. As & increases, the scattering angle becomes more
grazing in nature, also leading to smaller TD fractions.

TOF spectra from Fig. 6.4.3 were integrated to produce the angular plots shown in Fig.
6.4.4. The MB distributions corresponding to the TD mechanism are plotted on Fig. 6.4.4 as blue
squares, the SS distributions corresponding to the IS mechanism are plotted as red circles, and
the cosine distribution is once again plotted as a dashed curve. Additionally, each angular plot
shows the specular angle as a large black arrow for reference. Overall, the MB distributions tend
to follow a cosér trend as expected from TD. The SS distributions tend to peak in intensity near
the specular angle for all three incident angles measured as expected of IS. However, the actual
peak intensities for the #; = 45° and 60° angular plots occur at angles slightly larger than the
specular angle. This “super-specular” scattering is well-known to occur in gas—solid scattering.*”
* This effect was also observed in our previous work on Ne, CD4, and D,O and has been
attributed to anisotropic momentum loss being favored parallel to the surface normal.”

(a) 6,=45° (b) 0=60° (c) 6;=80°

0,=0° 0=0° 8=0° — —cosb;
H MB

® sS

90

Figure 6.4.4. Angular plots created from the integrated, non-normalized intensities of scattering
at incident angles of (a) 45°, (b) 60°, and (c) 80°. Blue squares represent the TD, and red circles
represent the IS contributions to the TOF fits. The cosine function representing the expected
angular distribution for evaporation is indicated by the dashed gray curves. Arrows indicate the
specular angle.

6.4.3 Kinematic Models

The IS channel of scattering is fitted to a “soft-sphere” kinematic model. The soft-sphere
model is well-described in the literature and allows for estimating the fractional energy loss of
impulsively scattered molecules according to the equation below.* *!

(AE) 2u
E/) (1+p?

Eint (u + 1) [1 N V = 2RTyq

#

E.
1+ u(siny)? — cosx\/l — u?(sin y)2 —é—nt(u +1)+
i



Chapter 6: Molecular Beam Scattering of Ammonia from a Dodecane Flat Liquid Jet 73

Where AE represents the change in translational energy of the scattered molecule. E; is the
incident translational energy of the scattered molecule. The variable u is the mass ratio between
the scattered molecule and the effective surface mass u = mgas/mesr. The deflection angle is
represented by y as described above. Ej, is the total internal energy of both the scattered gas
molecule and the liquid surface. Tjq is the temperature of the liquid surface. V represents the gas—
surface potential calculated to be 2.8 kJ mol ' using combining rules on the Lennard-Jones
parameters listed by Mourits and Rummens.”” > Fractional energy loss as a function of
deflection angle is plotted for NDj scattering in Fig. 6.4.6.
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Figure 6.4.6. Average fractional energy loss as a function of deflection angle for impulsively
scattered ND3 from a dodecane flat jet at 269 K. The incident translational energy is 28.8 kJ
mol " and the gas-surface potential is modeled as 2.8 kJ mol . The incident angles of 45°, 60°,
and 80° are displayed as black squares, red circles, and blue triangles respectively. The data are
fitted to the soft-sphere model represented by the solid gray curve, and the hard-sphere model
represented by the dashed gray curve. The fitting parameters are mes = 55 amu and Ej, = 5.08 kJ
mol ™! for the soft-sphere model, and mer = 36 amu and Ei, = 0 kJ mol ™! for the hard-sphere
model.

ND; scattering on dodecane trends relatively well with the fitted soft-sphere model.
Fractional energy loss increases with deflection angle as expected for all incident angles.** > *°
Similarly, the fractional energy loss is independent of incident angle for a given deflection angle.
The effective surface mass as fitted by the soft-sphere model is 55 amu which corresponds to
only a small portion of a dodecane molecule contributing to each NDj collision. The total
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internal energy of the impulsively scattered NDs and surface was determined to be 5.08 kJ mol ™'
using the soft-sphere fitting model.

By assuming that the internal energy loss of the scattered species occurs entirely
perpendicular to the surface normal, Ejy is used to calculate an estimation of the super-specular
scattering angles. This analysis results in an increase of ~10° from specular for each angle of
ND3 scattered on a dodecane surface. This number matches well with the 8; = 60° plot from
Fig. 6.4.4 where the angle of maximum intensity appears to be approximately 70°, but does not
match well with incident angles of 45° and 80°. This discrepancy is explained in our previous
work, where it is mentioned that low signal to noise at 45° and contamination from non-
scattered species entering the detector directly from our molecular beam at 80° provide the
most likely explanation for this difference.2>

Fractional energy loses for the scattering of Ne, CDy4, D,0O, and ND3 on dodecane as well
as Ne, CHy4, D,0, and NHj scattered on squalane at y = 90° are shown in Table 6.4.1.

Table 6.4.1. TD fractions and fractional energy losses for scattered molecules on a dodecane flat
liquid jet and a squalane wetted wheel. Incident beam energies are 23.7, 29.3, 33.4, and 28.8 kJ
mol ! for Ne, CD4, D,0, and ND; respectively. Potential energy well depths are 0.9, 1.9, 3.6, and
3.6 kJ mol’! for Ne, CD4, D,0, and NDjs respectively. All values are taken from a deflection
angle of 90°. CD4 and NDj; data for squalane is taken from the analogous species CH4 and
NHj.Data for Ne, CD4, and D,O on dodecane are taken from our previous work.? Data on
squalane are taken from work performed by Nathanson™ and interpolated to yield values at the
appropriate beam energy for each species.

Fractional Energy Loss TD Fraction
Scattered Species Dodecane Squalane Dodecane Squalane
Ne (Fast) 0.46 0.42 0.28 0.30
CDy 0.61 0.49 0.44 0.50
D,0O 0.64 0.56 0.50 0.58
ND3 0.62 0.51 0.54 0.63

The average translational energies of each species range from 23.7 to 33.4 kJ mol ™' and are all
measured at a deflection angle of 90°. The fractional energy losses of Ne, CD4, D,0O, and ND;
scattered on dodecane are compared to the analogous species scattered on squalane by
Nathanson.?® The ordering of the fractional energy loss for each scatterer is Ne < CD4 < NDs <
D,0O on both squalane and dodecane.

In order to assess the degree of vibrational excitation, the percentage of molecules
populating each vibrational mode was calculated at 269 K. Using the soft-sphere fitted internal
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energy parameter of 5.08 kJ mol™', population analysis suggests that 93% of scattered NDs
molecules are in their ground vibrational state. The umbrella inversion mode represents the
largest fraction of vibrationally excited molecules and comprised a maximum of 6% of all
scattered ND; molecules. While significantly more vibrational excitation occurs for ND; when
compared to the previously studied species scattered on a liquid dodecane surface, most internal
energy is still partitioned into rotational excitation as opposed to vibrations.

6.4.4 TD Fractions

The TD fraction is defined as the fraction of overall scattering events attributed to
thermal desorption. TD fractions are shown in Table 6.4.1 and follow a similar trend to the data
obtained by Nathanson for squalane, where the TD fraction of Ne is significantly smaller than
that of the other scattered species.28 The overall trend of TD fractions is Ne < CD4 < D,O < NDj;
on both dodecane and squalane. Ne has a significantly smaller TD fraction than the molecular
scatterers, while CD4, D0, and NDjs all have similar TD fractions. The increasing trend of the
molecular scatterer TD fraction follows and has been attributed to the solubility of these
molecules and the free energy of solvation AGg,,, = —RTInKy in previous work.” *® As seen
previously, the higher the solubility of the scattered species in dodecane, the higher the TD
fraction. Comparing the TD fraction of species scattered on dodecane to Nathanson’s work on
squalane shows that for all species besides Ne there is a ~15 % increase in TD fraction on
squalane compared to dodecane; this trend is attributed to squalane being a softer surface than
dodecane as mentioned in our previous work.”

6.5 Conclusions

The evaporation and scattering of ND3 from a dodecane flat liquid jet is investigated and
compared to previous work for Ne, CD4, and D,0O scattered from a dodecane flat liquid jet, as
well as analogous species scattered from squalane on a wetted wheel. Evaporation experiments
were performed to quantify the role that vapor phase interference would pose while scattering
ND; from a dodecane flat jet. TOF measurements of NDs evaporation were fit to a sum of two
MB distributions comprised of a fast contribution from evaporation and a slow contribution from
the constant background signal. Good agreement between the MB fittings suggests that vapor
phase interference does not contribute significantly to the measured evaporation signal.

Scattering experiments were conducted and followed similar trends seen in both our
previous work and work by Nathanson on squalane. The angular plots for NDj scattering show
that the TD channel for all incident angles obey the cosfr law quite well, and the IS channel
peaks at or slightly above the specular scattering angle for all three incident angles as expected
from previous liquid surface scattering experiments. The TD fractions of the scattered species
show that Ne has similar TD fractions on both dodecane and squalane, while CD4, D,0O, and ND3
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have significantly higher TD fractions. The TD fractions of CD4, D,0O, and ND3 on squalane are
~15 % higher than the analogous scattered species on dodecane indicating that squalane is a
softer surface than dodecane and therefore is more likely to trap scattered species.

The fractional energy losses for ND3 agree quite well with the soft-sphere model fitting
presented in Fig. 6.4.6 at all three incident angles. When comparing the fractional energy losses
of all scattered species, the fractional energy loss on dodecane and squalane follow the trend of
Ne < CD4 < ND; < D;0. The fractional energy loss of 0.62 for ND; on dodecane follows the
trend of the other polyatomic species and is ~10 % greater than the analogous species scattered
from squalane.

This work concludes our investigation of small molecule scattering from a dodecane flat-
jet, and in conjunction with our previous work serves as a proof of concept of elucidating small
molecule scattering dynamics from a volatile flat liquid jet. Future directions of this work aim to
investigate both non-reactive and reactive scattering of more volatile liquids such as water.
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Al. ISOPOOH Synthesis Modifications

The ISOPOOH synthesis largely follows the procedure outlined in the thesis by Lozano
with the exception of two steps:

1. The step that calls for stirring methanol and hydrogen peroxide overnight was done for 3 hours
instead.

2. The hydrogen peroxide in the last step was added dropwise via pipette over the course of 10
minutes while the reaction mixture was suspended in a regular ice bath.
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A2. Liquid Jet Scattering Data Analysis Python Code

File 1: Molecular Beam

HHHHHEHHHH
#

# <INTRO>: #
# This script is used to fit the molecular beam profile using supersonic (SS) #
# distribution . It gives the fitting parameters of temperature (T) and flow #

# velocity (v0). These numbers should be used in the scattering data for  #

# convolution. #
# #
# <INPUT>: #

# The input data should be full molecular beam profile detected without  #

# chopper wheel in at detector angle at 270deg. Each data should include beam #
# on and off with time interval of 1 us. The MCS delay is default to be set at#

# the same delay as scattering data MCS delay. If MCS delay is 1250us, this #

# number can be adjust at parameter "dMCSdelay". Th input data should be saved#

# in a folder, which is at the same file path as the script. #
# #
# <OUTPUT>: #

# The output data are in the variables. Only the important ones are shown: #

# #

# xData: flight time (us) #

# yDataRaw: data from the input file #

# yData: yDataRaw with beam on/off subtraction #
# yData norm: normalizeation of yData #

# yFit SS:  fitted supersonic profile of yData it
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# yFit SS norm: normalizeation of yFit SS #

# yFit SS param: parameters of yFit SS #

# #

# E mean: translational energy of the beam (kJ/mol) #
# #

# beam E: average value of translational energy of the beam (kJ/mol)#
# beam T: average value of fitted beam temperature (K) i
# beam vO0: average value of fitted flow velocity (m/s) #
& #

# <OUTLINE>: #

# Parameters #

# 0. Initialize Enviornment #

# 1. Data Loading #

# 2. Normalization and Plotting #

# 3. Mean Translational Energy #

# 4. Data Processing #

R
#

HHHHHEHHH - - - m e m e m e PARAMETERS------------=--=---om--- i
folderName = "ND3 80deg combined" # name of the folder that includes molecular beam data
beamName = "Fast ND3" # name of the beam

L=0.1716+0.036 # m, flight distance, default should be 0.1716+0.036 cm
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dMCSdelay = 0 # us, if the molecular beam profile are taken using scattering MCS
delay time, put Ous. If the MCS delay time is, put (1250-scattering MCS delay time).

# Supersonic (SS) distribution fitting parameters

m =20 # amu, parent ion mass

m_ion=20  # amu, daughter ion mass

dm=0.0001 #amu

T=0 # K, fitting temperature parameter for SS

dT = 1000 #K

v0=0 # m/s, fitting flow velocity parameter for SS
dv0=2000 #m/s

S HHR

HHHHHEHHE - - m e m e e e 0. Initialize Enviornment----------------- W
#trom [Python import get ipython
#get ipython().magic('reset -sf')

import pathlib

import matplotlib.pyplot as plt

from scipy.optimize import curve_fit
import numpy as np

import math

import os

S ——— M
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A - - - m - 1. Data Loading---------------------- HiHHHHHHHIRH
# Function to load data
def LoadData(folderName):
filePath = str(pathlib.Path().resolve())+str("\\")+folderName
fileName = os.listdir(filePath)
yDataRaw =[]
for i in range(len(fileName)):
file = os.path.join(filePath , fileName][i])
yDataRaw.append(np.loadtxt(file))

return fileName, yDataRaw

# Function do beam subtraction
def Subtract(yDataRaw):
count = int(len(yDataRaw))
yData =]
for 1 in range(count):
length = int(len(yDataRaw[i])/2)
y = [yDataRaw([1][j] - yDataRaw[i][j+length] for j in range(length)]
yData.append(y)

return yData

# Load raw data into Python. Prepare xData and yData with time offset and beam on/off
subtraction.

fileName, yDataRaw = LoadData(folderName)

84
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yData = Subtract(yDataRaw) # If the raw data include beam on and off, use "Subtract" function
to do beam subtraction

t offset = (-6 + 19.5 + 4.8*(m_ion)**(.5) - AMCSdelay # the MCS delay is setted wrong

xData = np.array([i - t_offset for 1 in range(len(yData[0]))])

Nfile = len(fileName) # int, number of files
NxData = len(xData) # list, number of x in xData

U —— M

HEHHHEHIH - - e 2. Normalization and Plotting--------------- SRR RER TR TS

# Define supersonic (SS) distribution

def SS(t, m, T, A, v0):
temp = (1/(t*10**-6)**4)*np.exp(-m/1000/(2*8.314*T)*(L/(t*10**-6)-v0)**2)
Dist = temp/np.max(temp)
Dist = A*Dist

return Dist

# Fit molecular beam profile with SS distribution
yFit SS =[]
yFit SS param =[]
for 1 in range(Nfile):
y = yData[i]

popt_SS,pcov_SS =
curve fit(SS,xData,y,bounds=([m,T,0,v0],[m+dm,T+dT,100000,v0+dv0]))



Appendix 86

yFit SS.append(SS(xData,*popt SS))

yFit SS param.append(popt_SS)

# Plotting
plt.figure(figsize=(8,6))
for 1 in range(Nfile):
plt.subplot(1, math.ceil(Nfile/1), i+1)

plt.plot(xData,yData[i], 'ko'.markersize=1,label='Data')
plt.plot(xData,yFit SS[i],'r-',markersize=1,label='SS")
plt.x1im(0,400)

plt.xlabel('Flight Time (us)")

plt.title(""\n (*)".format(beamName, fileName[i]),fontsize=10)

plt.text(380,1000,"T = {:.2f} K \n v0 ={:.2f}
m/s".format(yFit SS param[i][1],yFit SS param][i][3]),horizontalalignment="right',fontsize=8)

plt.tight layout()
plt.legend()

# Print fitted beam temperature (T) and flow velocity (v0)
beam T = sum([yFit_SS param][i][1] for i in range(Nfile)])/Nfile
beam v0 = sum([yFit SS param[i][3] for i in range(Nfile)])/Nfile

print("Average beam temperature (T) = %.4f K" % beam_T)
print("Average flow velocity (v0) = %.4f m/s" % beam_v0)
R = == e e e HRHHRHIHE




Appendix 87

HHHHHHHIH I - - - 3. Mean Translational Energy---------------- HHHHHHHH
# Calculate fitted SS's E_mean (unit=kJ/mol) and S=(speed ratio)**2
E mean =]
S=1I
xTime = [i for 1 in range(1,2501)] # unit: us
xVelocity = [L/(t*10%**-6) for t in xTime]  # unit: m/s
yEnergy = [0.5*m/1000*v**2 for v in xVelocity] # unit: J/mol
for 1 in range(Nfile):
m = yFit SS param[i][0]
T =yFit SS param[i][1]
v0 =yFit SS param[i][3]

# Below, SS function in the velocity space is used for yIntensity. No Jacobian is required. See
Comsa's 1985 paper

yIntensity = [ 1/T*np.exp(-m/1000*(v-v0)**2/(2*8.314*T))*v**3 for v in x Velocity]

E temp 1 = [(xVelocity[j]-
xVelocity[j+1])*(yIntensity[j ] +yIntensity[j+1])/2*(yEnergy[j]+yEnergy[j+1])/2 for j in
range(int(len(x Velocity)-1))]

E temp 2 = [(xVelocity[j]-xVelocity[j+1])*(yIntensity[j]+yIntensity[j+1])/2 for j in
range(int(len(xVelocity)-1))]

E mean_temp = sum(E temp 1)/sum(E temp 2)/1000 # kJ/mol

E mean.append(E_mean_temp)

S temp=yFit SS param[i][0]/1000*yFit SS param[i][3]**2/(2*8.314*yFit SS param][i][1])

S.append(S_temp)

# Print fitted beam temperature (T) and flow velocity (v0)
beam E = sum([E_mean[i] for i in range(Nfile)])/Nfile
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print("Average beam energy (E) = %.2f kJ/mol" % beam E)
s RS IE Rt acaataey

I - - m e 4. Data Processing--------=-==-=-=----- i
# Normalize yData and yFit_SS for data plotting in origin

yData norm = [[i/max(yFit_SS[j]) for i in yData[j]]for j in range(Nfile)]
yFit SS norm = [[1/max(yFit_SS[j]) for i in yFit SS[j]]for j in range(Nfile)]

# Reshaping the data for easy copying

yDataRaw = np.reshape(yDataRaw,(Nfile,int(NxData*2))).T
yData = np.reshape(yData,(Nfile,NxData)).T

yData_norm = np.reshape(yData_norm,(Nfile,NxData)).T
yFit_SS = np.reshape(yFit_SS,(Nfile,NxData)).T
yFit SS norm = np.reshape(yFit SS norm,(Nfile,NxData)).T

yFit SS param = np.reshape(yFit SS param,(Nfile,np.size(yFit SS param[0]))).T

R oo 5. FWHM Calculation-------------------- HHHH
def lin_interp(Xx, y, i, half):

return x[1] + (x[1+1] - x[1]) * ((half - y[1]) / (y[1+1] - y[1]))

def half max_x(x, y):
half = max(y)/2.0

signs = np.sign(np.add(y, -half))
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zero crossings = (signs[0:-2] != signs[1:-1])
zero_crossings i = np.where(zero_crossings)[0]
return [lin_interp(X, y, zero crossings i[0], half),

lin_interp(X, y, zero crossings i[1], half)]

for 1 in range(Nfile):
x=xData

y=yData][:,i]

# find the two crossing points

hmx = half max_x(x,y)

# fwhm time domain
fwhm = hmx[1] - hmx[0]
#print("FWHM: {:.3f}".format(fwhm))

# beam velocity
beam_ vel = L*1e6/xData[np.argmax(yDatal:,1])]

print("Beam velocity = {:.3f}".format(beam_vel))

# fwhm bounds

[fwhm_min, fwhm_max] = [xData[np.argmax(yData[:,i]) - round(fwhm/2)],

xData[np.argmax(yData[:,i]) + round(fwhm/2)]]

[beam vel min, beam vel max]=[L*1e6/fwhm_max, L*1e6/fwhm_min]
print("Beam velocity min = {:.3f}".format(beam_vel min))

print("Beam velocity max = {:.3f}".format(beam_vel max))

# fwhm velocity space
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fwhm_ vel = (beam vel max - beam vel min)/2

print("FWHM = {:.3f}".format(fwhm_vel))

#plot (in repair)

# half = max(y)/2.0

# plt.plot(x,y)

# plt.plot(hmx, [half, half])
plt.show()

# Deleting parameters that are not important. If wish to debug, unfunction this line.

del
beamName,dm,dT,dv0,dMCSdelay,E mean temp,E temp 1,E temp 2, fileName,folderName,i,
L,m,m_ion,Nfile,NxData,pcov_SS,popt SS,T,t offset,v0,x Velocity,y,yEnergy,yIntensity

U —— M

File 2: Energy Transfer

R
#

# <INTRO>: #
# This script is used to fit energy transfer parameters of soft and hard  #

# sphere model. The fitted parameters are mass ratio (mu) and total internal #

# excitation (Eint). #
# #
# <INPUT>: #

# No files are required for this code. Only that the parameters need to be #
# filled up before calculating it, which the numbers can be pre-fit and found #
# in "Molecular Beam.py" and "xxx_xxdeg.py". #

# #
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# <OUTPUT>: #

# The output data are in the variables. Only the important ones are shown: #

# #

# xChi: deflection angle (degree) #

# yE transfer: energy transfer (ratio) #

# #

# xChi_Fit: deflection angle for yE transfer Fit (degree)#

# yE transfer Fit hard:  fitted energy transfer with hard sphere model#
# yE transfer Fit hard param: parameters of yE transfer Fit hard #
# yE transfer Fit soft:  fitted energy transfer with soft sphere model#
# yE transfer Fit soft param: parameters of yE transfer Fit soft #
# #

# <OUTLINE>: #

#  Parameters #

# 0. Initialize Enviornment #

# 1. Data Converting #

# 2. Energy Transfer Fitting and Plotting #

# 3. Data Processing #

R
#

HHHHHHH - - - = mmmm e m o m o PARAMETERS------==-====n==nmemee- HEHEHIHIHHE
Theta i=[ 45, 60, 80]# degree, incident angle
T lig =[ 269, 269, 269] #K, liquid temperature
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E i1 =[29.31,29.31,29.385] # kJ/mol, incident beam energy

m_g =20 # amu, mass of incident gas

xAngle = [[45,60,80,90,45,70,50,45], # degree, outgoing angle
[90,70,50,30,90,40,60,80,90],
[80,60,40,20,80,10,30,50,70,80]] # exclude 90deg

yE SS=[[11.85025,13.36893,17.01061,18.93996,11.21622,15.50526,12.39072,11.14406],
# kJ/mol, mean translational energy of suparsonic part (E_mean)

[21.65629,17.57041,14.80855,11.46618,21.59380,12.89372,16.04659,19.50314,21.58138],

[24.83455,19.39334,15.74812,12.91898,24.78267,11.27028,14.35635,17.22181,21.36080,24.77
978

11
S —— M

HHHHHEHHE - - m e m e e e 0. Initialize Enviornment----------------- W
from IPython import get ipython
#get ipython().magic('reset -sf')

import matplotlib.pyplot as plt
from scipy.optimize import curve_fit

import numpy as np
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# Also fit a "total" fit for all the Theta 1
Nfile=len(Theta 1)
Name = ['{}deg'.format(Theta_i[i]) for i in range(Nfile)]

Name.append('Total'")

T lig.append(sum(T _liq)/len(T _liq))

E i.append(np.average(E 1))

# Convert outgoig angle(xAngle) to deflection angle(xChi)
xChi  =[180-Theta i[i]-np.array(xAngle[i]) for i in range(Nfile)]

xChi.append(np.array(np.concatenate(xChi)))

# Convert translational energy of supersonic part(yE_SS) to energy transfer(yE transfer)
yE _transfer = [(E_i[i]-np.array(yE_SS[i]))/E_i[i] for i in range(Nfile)]

yE _transfer.append(np.array(np.concatenate(yE transfer)))

R - = m e Ribdnligdn

HHHHHEHEHE - - 2. Energy Transfer Fitting and Plotting---------- G
# Function to calculate energy transfer

# Ei's unit: kJ/mol; mu's unit: non(ratio); Eint's unit: kJ/mol; T liq's unit: K
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def Energy Transfer(X, Ei, mu, Eint, T liq): #from Minton's 2012 paper equation (7)
X = X/360*2*np.pi

f=(2*mu/(mu+1)**2)*(1+mu*np.sin(X)**2+Eint/Ei*((mu+1)/(2*mu))-np.cos(X)*(1-
mu**2*np.sin(X)**2-Eint/Ei*(mu+1))**0.5)

E =(1+(1.9-2*%8.314*T 1ig/1000)/E1)
result = f*E

return result

# Fitting and plotting
Colors=['k','1",'b",'g']
plt.figure(figsize=(8,6))

xChi_Fit=[]
yE transfer Fit soft=[]
yE transfer Fit _hard=[]
yE_transfer_Fit soft_param=[]
yE transfer Fit _hard param=[]
for 1 in range(Nfile+1):

x = XChi[i]

y =yE transfer][i]

popt_soft,pcov_soft = curve fit(Energy Transfer,x,y,p0=[E i[i], 0.1, 5,
T liq[i]],bounds=([E i[i], 0.0001, 0.0001, T liq[i]],[E i[i]+0.0001, 10,30, T liq[i]+0.00017))

popt_hard,pcov_hard = curve fit(Energy Transfer,x,y,p0=[E i[i], 0.1, 0,
T lig[i]],bounds=([E i[i], 0.0001,0 , T liq[i]],[E_i[i]+0.0001, 10, 0.0001, T liq[i]+0.0001]))

yE transfer Fit soft param.append(popt soft)
yE transfer Fit hard param.append(popt hard)
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xChi_Fit temp = np.arange(max(x),min(x)-5,-5)
xChi_Fit.append(xChi_Fit_temp)

yE transfer Fit soft temp = Energy Transfer(xChi_Fit temp,*popt soft)
yE transfer Fit hard temp = Energy Transfer(xChi_ Fit temp,*popt hard)
yE transfer Fit soft.append(yE transfer Fit soft temp)

yE transfer Fit hard.append(yE transfer Fit hard temp)

plt.plot(x,y,'0',color=Colors[i],label=Name][i])

plt.plot(xChi_Fit temp,yE transfer Fit soft temp,'-',color=Colors[i],label="Fitting for
{}_soft'.format(Name[i]))

plt.plot(xChi_Fit temp,yE transfer Fit hard temp,'--',color=Colors[i],label="Fitting for
{} hard'.format(Name[i]))

plt.legend()

# Print out soft and hard sphere's fitting parameters for total fitting

print('Soft Sphere Fitting:')

print(" Effective surface mass is %.2f amu' % float(m_g/popt soft[1]))

print(" Eint/Ei is %.2f' % float(popt_soft[2]/popt_soft[0]))

print(" Eint is %.2f kJ/mol' % float(popt_soft[2]))

print('Hard Sphere Fitting:')

print(' Effective surface mass is %.2f amu' % float(m_g/popt hard[1]))

print(" Eint/Ei is %.2f, (should be close to zero)' % float(popt_hard[2]/popt hard[0]))
print(" Eint is %.2f kJ/mol, (should be close to zero)' % float(popt_hard[2]))
HHHHHHE R - - mmm e e e e e e Tt

HHHHEHARE - e 3. Data Processing------==-=--=--=----- HHHHHIHIH
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yE transfer Fit soft param =
np.reshape(yE transfer Fit soft param,(int(Nfile+1),len(yE transfer Fit soft param[0]))).T

yE transfer Fit hard param =
np.reshape(yE transfer Fit hard param,(int(Nfile+1),len(yE transfer Fit hard param[0]))).T

# Deleting parameters that are not important. If wish to debug, unfunction this line.

del
Colors,E 1,i,m g,Name,Nfile,pcov_hard,pcov_soft,popt hard,popt soft,T liq,Theta i,x,xAngle,
xChi_Fit temp,y,yE SS,yE transfer Fit hard temp,yE transfer Fit soft temp

S HHR




