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Abstract

This dissertation examines both experimental and chemical contexts for understanding and im-
proving the laboratory synthesis of transient species of astrochemical interest, with an emphasis
on aminomethanol (NH,CH,OH). The first portion of this work describes efforts to improve the
spectrometer and experimental configuration of two rotational spectrometers used to characterize
novel terrestrially unstable species. These efforts include examination of an alternative source for
electronically excited atomic oxygen, O(!D), for use in insertion reactions to generate novel species;
implementation of a new optical cavity to increase sensitivity of the spectrometer; improvements
to a specialized data collection program; and systematic benchmarking of high voltage discharge
source to determine the best operating conditions for radical production. The next portion de-
scribes detailed kinetic study of the decomposition of a key predicted intermediate in the Strecker
synthesis of amino acids, aminomethanol (NH,CH,OH) and its protonated analog (TNH;CH,OH).
In this study, the feasibility of protonation by common proton carriers in the interstellar medium
(ISM) is examined. Then, a detailed study of the decomposition of both aminomethanol and its
protonated analog, using variational transition state (VITST) with highly accurate tunneling cor-
rections is presented. Finally, a spectral prediction of N-protonated aminomethanol is presented.
In the final portion, a wide breadth of catalytic microclusters with catalysts in various orientations
about aminomethanol were examined to determine the effects on decomposition. These catalysts
were chosen for their relevance to laboratory synthesis efforts and presence in the ISM. Catalysts
were examined in both active and passive roles, and the effects on reaction barrier height, shape,
and reaction rate constants were examined using density functional theory (DFT) methods com-
bined with transition state theory (TST) and one dimensional tunneling corrections. These results
are discussed with an emphasis on the impact of the detectability of aminomethanol in laboratory

experiments and in the ISM.



Chapter 1

Introduction

1.1 Motivation

In the field of astrochemistry, the disciplines of observational astronomy, theoretical chemistry,
and laboratory chemistry come together seeking to unravel the chemical complexity of space. The
chemical environment of space is often at temperature extremes from as low as 10 K in the case of
ices in dense clouds [1] to hotter than 100,000 K in the case of hot white dwarf stars[2]. Moreover,
there is often an incredibly low number density of molecules and harsh radiation across the entire
electromagnetic spectrum, including X-rays. Suffice it to say, the chemistry in space can get
complicated.

Major areas of study in astrochemistry are how life may have formed and the search for prebiotic
molecules. A prebiotic molecule is any molecule that can chemically react to form biomolecules
such as sugars, amino acids, nucleobases, and lipids. Within the category of prebiotic molecules,
complex organic molecules are of particular interest. Complex organic molecules (COMs) in an
astronomical context refer to species made up of six or more atoms which are most commonly
carbon, hydrogen, oxygen, nitrogen, phosphorous, and sulfur [3-5].

COMs form in space as stars and planets form. Atoms necessary for the synthesis of bi-
ologically relevant COMs are generated in stars and flow out into the interstellar medium, or
ISM[5]. Complex chemistry can then occur in dense regions of the ISM. The extreme cold and
low density environments found within the ISM lend well to ion-neutral reactions, ion-electron

dissociative recombination reactions, radiative recombination reactions, and neutral-neutral reac-



tions[6, 7]. These reactions take place in two distinct regions in dense clouds: in the gas phase
of warm regions, and on the icy surfaces of dust grains in the cold regions. In warm regions,
gas phase chemistry converts atoms to simple molecular species such as OH, CO, N,, NH;, and
SO [6]. As these simple species travel to cold regions, dust grains made of silicate cores covered
with an ice mantle consisting of H,O, CO, and/or CO, form. These dust grain surfaces facilitate
the generation of even more complex species via adsorption of and subsequent reaction between
simple molecules. Complex molecules such as methanol, ethanol, formaldehyde, acetaldehyde, and
ammonia have been detected in interstellar ices[8]. Both laboratory experiments and theoretical
calculations have shown that even more complex species, including amino acids such as glycine,
can be generated on the surface of these ices[9, 10].

A favored pathway for the interstellar synthesis of the simplest a-amino acid, glycine, is through
Strecker synthesis starting from NH; and H,CO. A key step in this process is the generation of
the simplest aminoalcohol, aminomethanol (NH,CH,OH). Aminomethanol is predicted to be
generated in high abundance within interstellar ice mantles with nearly barrierless formation
pathways[11-15]. Despite the facile nature of formation and detection of the next most com-
plex aminoalcohol, aminoethanol (NH,CH,CH,OH), in the ISM[16, 17], aminomethanol remains
undetected, largely due to the difficulty of laboratory gas phase isolation and characterization.
Characterization in the gas phase using rotational spectroscopy is necessary to provide a basis for
radio astronomical observations, which is the main technique in observational astronomy to identify
COMs in space. Our research group has previously attempted synthesis of this key aminoalcohol
but thus far attempts have been unsuccessful[18]. This work combines experimental and theoreti-
cal chemical methods to explore potential causes of nondetection in previous works with the aim

of successful laboratory detection and characterization in future experiments.

1.2 Outline of Chapters

This dissertation contains a total of 7 chapters, organized as follows:

o Chapter 2 contains an explanation of how rotational spectroscopy works as well as a detailed

description of the spectrometers used in Chapter 4.

o Chapter 3 contains detailed explanations of the theory methods used in Chapters 5 and 6.



Chapter 4 describes exploration of an alternate O(*D) source for generation of terrestrially
unstable molecules, improvements made to the rotational spectrometer, and benchmarking

of a similar spectrometer to inform laboratory genreation of radical species.

Chapter 5 describes theoretical characterization of a decomposition pathway of aminomethanol
and its protonated analog using density functional theory methods, variational transition

state theory with multidimensional tunneling methods, and normal mode analysis.

Chapter 6 explores the effect of astrochemically relevant catalytic microclusters on the de-
composition pathway of aminomethanol using density functional theory and transition state
theory, as well as discusses implications for both laboratory and interstellar detection of

aminomethanol.

Chapter 7 summarizes the results of Chapters 4-6 and discusses the implication of these

results on future work.



Chapter 2

Experimental Methods

2.1 Introduction

This chapter focuses on the experimental methods used in Chapter 4. This section will briefly
discuss rotational spectroscopy, the type of spectroscopy used for the experiments described. It
will then discuss key aspects of our specific laboratory setup, including the chamber configuration
used and the concepts underlying our in-house data collection program. Finally, it will briefly
discuss the merits of this experimental configuration and why this is the most appropriate choice

for the types of experiments performed.

2.2 Rotational Spectroscopy

Millimeter /submillimeter spectroscopy is an ideal method for studying complex organic molecules
important to the origins of life because of its structural specificity, high resolution, and direct
applicability to observations of molecules in the interstellar medium. In this wavelength regime,
pure rotation, low frequency vibration, and fluxional behavior of molecules can be observed with
Doppler-limited accuracy [19, 20]. This is in contrast to the broader vibrational bands observed
in the infrared region that may provide structural insight but not necessarily identification, or
mass spectral data which only provide mass specificity. With rotational spectroscopy, the collected
spectra are highly resolved and structrually specific such that separate conformers or even rotamers

may be uniquely identified. Additionally, the atmosphere and ionosphere of the Earth are opaque to



many regions of the electromagnetic spectrum but most transparent in the microwave, millimeter,
and submillimeter regions from 1 MHz to 1 THz allowing for ground based observations using
telescopes such as the Atacama Large Millimeter/submillimeter Array (ALMA) or the Northern
Extended Millimeter Array (NOEMA). Moreover, dense clouds in the interstellar medium tend to
be opaque in the visible and infrared region of the electromagnetic spectrum but readily observable
using the millimeter /submillimeter range.

Rotational spectroscopy begins with the assumption that a molecule can be treated as a rigid
body. The components of angular momentum of the molecule in terms of moments of inertia can

be represented by Equation 2.1 [19].

T ]:L’:Jc —1I Izy Tz Wy
J, =1 L., I,-I I, w, (2.1)

Where J is angular momentum, I is moment of inertia, w is angular velocity, and x, y, and z denote
the cartesian coordinates of the system. Diagonalizing this moment of inertia tensor simplifies this

to Equation 2.2.

J, I, 0 0 Wy
,1=10 1, 0w, (2.2)
J, 0 0 I, w,

These diagonal moment of inertia values are three perpendicular vectors that can be used to
represent a coordinate system for the molecule with an origin at its center of mass. In rotational
spectroscopy, these axes are labeled A, B, and C such that I, < Iz < I [21]. These moment of
inertia values can then be used to categorize the symmetry of molecules as linear (I5 = I, [, = 0),
spherical top (I4 = Iz = 1), symmetric top (I4 < Iz =Isor I, =I5 < I), or asymmetric top
(I4 < Ig < Ig). Most complex organics of interest to origins of life research are asymmetric tops,
which tend to have more complex spectra than their more symmetric counterparts.

The diagonalized moment of inertia values can then be used to describe the total rotational

kinetic energy Hamiltonian as in Equation 2.3.

H=AJ3 + BJ} + CJ2 (2.3)



Solving the Schroédinger equation for the case of a symmetric top yields the rotational constants
A= %, B= %, C = % [21]. Solving the Schrédinger equation for the case of an asymmetric top
is a more complicated endeavor with no general analytical solution and must be solved numerically
with a computer starting from the basis of a symmetric top. Once the A, B, and C rotational
constants are determined, rough energy levels can be calculated. However, additional terms can
be included to account for centrifugal distortion resulting from a breakdown of the rigid rotor
approximation as the molecule rotates, hyperfine splitting due to nuclear spin, Coriolis coupling
of states, vibration-rotation coupling, and internal rotations. Each molecule has three dipole
moments, f,, ty, and u,, along the principal axes that determine the intensity of the transitions
along with temperature according to the rotational partition function. These dipole moments also
determine allowed transitions for AK, and AK, (the projections of the total angular momentum,
J, along the a and c axes, respectively) transitions depending upon which dipole moments are
nonzero.

These principles are used to generate predicted spectra for molecules of interest with the spec-
tral fitting programs SPFIT and SPCAT [22]. These predicted spectra provide a "first guess” for
where lines may be in an experimental spectrum. Transitions in collected spectra are then assigned
to predicted transitions, new rotational constants are generated and the prediction is updated, and
new transitions are assigned. This process is repeated until the error between predicted and ob-
served transitions is minimized to the extent that the data allow. This iterative fitting process
incorporating theoretical and laboratory data insures that details that alter the observed tran-
sitions, such as differences between observed and predicted geometries, large amplitude motions,
spectral splitting, or chemical effects such as dimers or clusters, are not missed and that the most

accurate information possible is available to guide astronomical observation.

2.3 Experimental Setup

Experiments in this dissertation, in particular those in Chapter 4 Sections 4.1 and 4.2, were con-
ducted in a vacuum chamber as shown in Figure 2.1. This chamber is made of stainless steel
and operated under vacuum using a roots blower (Leybold RUVAC WH2500), achieving a base
pressure of 10 mTorr. When operating, gases (backing gases and chemical precursors) are balanced

using mass flow controllers (MKS 1179A). Typically argon was used as a backing gas. When in-



vestigating O(!D) chemistry, O; or N,O were used as precursors. When O was used as an O(1D)
precursor, it was generated continuously using the Pacific Ozone L11 Ozone Generator, with an
O, (Airgas, 99.994%) feed gas. The gases in use were mixed in stainless steel gas lines beneath
the chamber and introduced using a pulsed valve (Parker Hannifin Series 9 general valve with 1
mm pinhole aperature). The pulsed valve was run with a repetition rate of 25 Hz and driven by a

pulsed driver (Parker Hannifin Iota One).
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Figure 2.1: Side views showing the optical path of the excimer laser (top) and of the
millimeter/submillimeter signal (right). The UV irradiation from the laser initiates
chemistry in the quartz photolysis tube. The millimeter/submillimeter signal probes
the supersonic expansion.

In the exerpiment described in Chapter 4, Sections 4.1 and 4.2, chemistry was initiated by an
ultraviolet excimer laser (Coherent Excistar 1000) in order to photolyze O4 or N,O and generate
electronically excited atomic oxygen in the form of O(!D), which then barrierlessly inserts into

bonds to synthesize terrestrially unstable species. In these experiments, a quartz photolysis tube
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Figure 2.2: Anatomy of the supersonic expansion. The supersonic expansion, consists
of a zone of silence in the center, differentiated from the surrounding turbulent gas
by a barrel shock region. The edge of the zone of silence is terminated by the mach
disk shock.
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3 cm long with an OD of 5.00 mm and an ID of 1.00 mm (wall thickness = 2.00 mm) was affixed
to the pulsed valve faceplate. This experimental configuration is shown in Figures 2.1 and 2.2.
As described in Chapter 4 Section 4.3, a high voltage ring electrode source was used to strike
a plasma and generate radical species. These electrodes were made of stainless steel and had an
inner diameter of 2 mm to match the pulsed valve pinhole aperture. Voltage was applied across the
electrode source using a high voltage power supply (Spellman SL2PN2000) run through a ballast
resistor with resistance of 2.5 k{2. This configuration is depicted in Figure 2.3.

The pressure differential between the high pressure gas lines and the low pressure vacuum
chamber generates a supersonic expansion, as shown in Figures 2.2 and 2.3. From these two
figures, the nature of the supersonic expansion should maintain similar characteristics regardless
of the presence of a photolysis tube or ring electrode source. Supersonic expansions consist of a
turbulent outer shell (depicted in purple), a barrel shock region which separates the turbulent shell
from the quiescent core called the zone of silence. At the leading edge of the zone of silence is the
mach disk, which occurs when the mach number of the exiting gas goes from from M > 1 to M
< 1. The zone of silence is of the greatest interest for on-the-fly synthesis of terrestrially unstable
products due to its greater adiabatic cooling and quiescent nature.

The products exiting the photolysis tube were characterized using the multiplier chain system

and the Fast Sweep scanning method developed by Hays[23] and optimized by Zou[24]. Briefly,
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Figure 2.3: The pulsed valve configuration with a high voltage ring discharge source.
An enlarged cross sectional view of the ring electrode source is shown to the right.
The outer housing is made of teflon. The inside of the ring source consists of teflon
spacers and stainless steel electrodes which have an applied voltage to initiate plasma
generation.

a microwave synthesizer (Agilent Technologies E8257D PSG) produces a 0-50 GHz signal that is
then multiplied by a Virginia Diodes Inc. GaAs Schottky diode multiplier chain (AMC-268,-166)
to achieve higher frequencies. In the case of these experiments, the frequency range probed was
140-225 GHz, which was achieved using the WR1.5 doubler and triplers. The resultant signal
was then passed through teflon lenses and focused on the supersonic expansion produced by the
pulsed valve apparatus. The signal through the expansion was then focused onto the window of a
cryogenically cooled InSb hot electron bolometer (QMC Ltd. QFIXBI/PTC) detector, which is a
semiconductor whose resistivity changes as a result of incident radiation. The voltage output from

the bolometer was processed using an oscilloscope.

2.3.1 Fast Sweep

Data collected on the spectrometers described in Section 2.3 were acquired using an in-house
program called Fast Sweep[25]. In the Fast Sweep acquisition scheme, a triangular frequency
modulated signal centered on a particular frequency is passed from the microwave synthesizer
and multiplier chain system, through the sample in the supersonic expansion where radiation
is absorbed by molecules according to their rotational transitions, and finally detected by the

bolometer. This triangular wave is aligned in time with the event that initiates the chemistry,
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whether that is the laser pulse or the high voltage discharge, so that products of interest are
present in the beginning of the data collection at sweep 1 but not sweep 5. The resultant data then
contains both time and frequency dependent spectral signatures over the collected waveform as in
Figure 2.4. The frequency range covered by the triangular wave is dependent upon the degree of
deviation in the frequency modulation as well as the degree of frequency multiplication. The total

bandwidth is given by 2 x ( FM Deviation ) x ( Frequency Multiplication ).

-0.10
—~ 015
2
=
2
& 020~
£
-0.25
-0.30

Sweep 3

Time (us)

Figure 2.4: An example of a collected triangular wave. Spectral data are collected
on the first sweep; spectral lines are circled. The total duration of the sweep spans
a 12.0 MHz window, as marked in blue. The background sweeps are collected later,
such as in sweep 5, when the spectral lines have disappeared as sample is pumped out
of the vacuum chamber.

The Fast Sweep scanning method greatly enhances the spectral acquisition speed as compared to
other data collection methods that utilize lock-in detection. This faster spectral acquisition allows
for collection of spectral data of transient species with lifetimes on the order of microseconds, such
as in photolysis or plasma initiated chemistry. Moreover, the background subtraction between the
first and last data sweeps increases the spectrometer sensitivity, allowing for detection of minor
chemical products. Fast Sweep also provides greater flexibility on the frequency and timescale of
data collection than a traditional frequency step method, though at particularly fast and wide
bandwidth operation modes, the fidelity of the frequency in the collected spectra degrade due to

detector response time [25].
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Chapter 3

Theoretical Methods

3.1 Introduction

As discussed in Chapters 5 and 6, a variety of computational methods were used to study chemical
systems of interest. These methods include electronic structure calculations such as density func-
tional theory (DFT) methods and coupled cluster (CC) methods, as well as computational kinetics
methods including transition state theory (TST) and variational transition state theory (VTST)
with one dimensional and multidimensional tunneling corrections. A brief overview of these meth-
ods, including their merits and weaknesses, as well as their utility in supporting experimental work

is described in this Chapter.

3.2 Electronic Structure Calculations

The goal of any electronic structure calculation for a given chemical system is to solve the Schrédinger

wave equation[26], given by Equation 3.1:

Hip = Ey (3.1)

where H is the Hamiltonian operator that encompasses the kinetic energy (T = —%VQ, h is
Plank’s constant and m is the mass of the particle) and potential energy (V = V (r)) operators, ¥
is the wavefunction of the system, and E is the energy eigenvalue for the quantum state described

by W. Solving the Schrédinger equation allows for determination of key aspects of a chemical
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system, including its energy, structure, and spectroscopic features. Such information is vital to
understanding processes underlying observed chemistry, especially when complimented by labora-
tory data. Moreover, electronic structure data can provide important guideposts for designing and
executing laboratory experiments.

The Hamiltonian becomes complicated rather quickly in molecular systems, taking the generic
form|[27] in Equation 3.2

where Tn and Te represent the kinetic energy of the nuclei and electrons, respectively, and 1%
represents the potential energy that arises from interaction between the nuclei (n), electrons (e), or
both (en). This generic form, in reality, is a summation of all possible permutations of interactions
between the electrons and nuclei. Solving the (simpler) time independent Schrodinger equation
analytically is only possible for very simple single-electron systems such as the Hydrogen atom. For
more complex many-electron systems, such as molecules, it is necessary to make approximations.
One important such approximation is the Born-Oppenheimer approximation[28]. The premise
of the Born-Oppenheimer approximation is that the significant difference in the masses between
nuclei and electrons allows their wave functions to be treated as separable. Moreover, because the
movement of the larger nuclei is relatively quite slow in comparison to the electrons, the nuclei
can be treated as fixed in space. This allows the Hamiltonian to be expressed as the sum of its
electronic and nuclear components, as in Equation 3.3, and the nuclear kinetic term of the operator

in Equation 3.2 to be treated as negligible.

H = I;[elec + ﬁnuc (33)

The purely electronic energy then becomes a function of only the electronic Hamiltonian and

wave function.

Helec¢elec = Eelec’welec (34)

The purely electronic Hamiltonian is then,

- h? 5 7, e"? e?
Helec :7ﬁzvz 7;2 Tie +ZZT (35)

j oi>j i

where m, is the mass of an electron, « is a nucleus, i and j are electrons, Z is the atomic number
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of a, ¢’ is the charge of an electron, and r;; is the distance between electrons i and j. Internuclear
repulsion can also be included as in Equation 3.6.

A e’?
o (3.6)

=22

a f>a

While the Born-Oppenheimer approximation simplifies the work of solving the Schrédinger equa-
tion, the process remains quite complex and is still only feasible for small systems.

Another vital approximation is the Hartree-Fock approximation[29-33]. Under this approxi-
mation, the many body wavefunction (¢) used in the above equations is approximated to a Slater
determinant (D), the antisymmetrized product of spin-orbitals. D is a product of spatial orbitals
¢, and a spin function a or 5. The molecular energy (in bra-ket notation) using this wavefunction
is then

Eyr = (D|H,

elec

+ V.| D) (3.7

where H

elec

and V,,,, are defined as in Equations 3.5 and 3.6. Separating Equation 3.7 into its one

and two electron operators, and separating V,,,, as it is independent of electronic coordinates, Epp

becomes
n/2 n/2 n/2
Eyp=2Y HEe+Y Y (20— K;) +V,, (3.8)
i—1 i=1 j—=1
where
1 Z
Hire = (9] — V2 = 30 22 3) (39)
and
<¢¢| W¢> <¢¢| W¢> (3.10)

J;; and K; are the Coulomb and Exchange integrals, respectively. As the Fock operator (the
first two terms on right hand side of Equation 3.7) is dependent upon ¢,, the molecular orbital
coefficients and energies are solved for iteratively using the Roothaan equations[34]. This process
makes solving Equation 3.1 possible and efficient for more complex systems. However, while these
calculations are now accessible for more complex systems, the Hartree-Fock approximation cru-
cially neglects electron correlation effects, which leads to inaccuracies in computed structures and
energies. Post-Hartree-Fock methods such as Mgller-Plesset perturbation theory[35, 36], coupled
cluster theory[37-40] (discussed in Section 3.2.2), configuration interaction[41, 42], and composite

methods[43-46] address the issue of the electron correlation effects but come at a higher compu-
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tational cost.

3.2.1 Density Functional Theory

The Post-Hartree-Fock methods described above are more accurate but the high computational
cost can make their utility limited for large systems or studies involving many systems. Density
Functional Theory[47-49], or DFT, provides an attractive alternative to Hartree-Fock based meth-
ods. Whereas the Hartree-Fock method relies upon the many body wavefunction, 1), DFT methods

consider the spatially dependent electron density, p(r).

Po(r) :N/.../|z/1(r1,r2,...rN)|2dr2...drN (3.11)

where N is the number of electrons in the system.

DFT methods originate from the work of Hohenberg and Kohn[47]. The first Hohenberg-Kohn
theorem states that the ground-state electron density, p,(r) as defined in Equation 3.11, uniquely
determines the external potential, V,_,(r), acting upon the electrons. Therefore, the ground-state
properties, including the total ground-state energy and the wavefunction, can be determined by
the ground-state electron density. In other words, the ground-state electronic energy (E,) is a

functional® of the function pg(r), yielding Equation 3.12.

Ey = E,[po] = Tlpo] + Vyelpo] + Veelpol (3.12)

E,[py] is the energy arising from the external potential, V,,,(r), T[p,] represents the average

ext
kinetic energy as a functional of p, and V|p,] represents the average potential energy arising
from nuclear-electron interaction (ne) or electron-electron interactions (ee) as a functional of p,.
The second Hohenberg-Kohn theorem states that for every trial density function p,,.(r) such that
[ pp(r)dr = N and p,,.(r) > 0 for all v, E, < E,[p,,]. From Equation 3.12, E, = E,[p,]. Then
the true ground-state electron density, p, must be the electron density that minimizes the energy
functional E,[p,,]. These theorems were later proven to hold for degenerate ground states[51]

as well. The Hohenberg-Kohn theorems simplify quantum chemical calculations by reducing the

number of variables needed to determine electronic structure properties from 3N to just 3, and by

!From Levine[50], a function f(x) is a rule that associates a number with each value of the variable for which the
function f is defined. A functional F[f] is then a rule that associates a number with each function f. In other words,
a functional can be thought of as a function of a function that outputs a single real number.
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introducing a variational principle that allows for efficient optimization of p,,..

The Hohenberg-Kohn theorems are made practical by the Kohn-Sham method[48], which in-
volves iteratively solving the equations described below until certain threshold criteria are reached
between computations of the system’s energy, density, or forces. The Kohn-Sham method begins
with a model fictitious system of non-interacting electrons which have the same density as the real
system, p,(r) = py(r), where p,(r) is the density in the fictitious system. Since the electron proba-
bility is known, the external potential in the reference system is uniquely known. The Kohn-Sham

equations can be expressed as

<hV2 + Veff(r)) Vi = € (3.13)

2m,

where

Veff = Vewt + VHartree [p] + VXC[/)] (314)

In 3.14, V,,, is the external potential acting upon the electrons, Vig,ireelp] is the Hartree potential

and Vyo|[p] is the exchange-correlation potential. Vi, ireelp] and Vya[p] are given by

VHartree[p] = %// p(rlr)lpz(ré)drlr% VXC = 5(5E;(Cr[)p] (315)

where Vi, eree describes the electrostatic interaction between electrons in the system and V- takes
into account both electron exchange and correlation effects. The exchange correlation functional,
Exc[p] is unknown and therefore must be approximated.

Common approximations include local density approximation (LDA)[48], local spin-density ap-
proximation (LSDA)[52, 53], generalized gradient approximations (GGA)[54-56], meta-GGAs[57],
or hybrid functions[58]. Local approximations such as LDA and LSDA take Vy to depend solely
on local electron density and assume that this density is nearly uniform. Gradient approximations
such as GGA and meta-GGA introduce a spatial dependence of the electron density which tends
to yield more accurate results than local approximations. Hybrid methods include some portion of
exact Hartree-Fock exchange in addition to DFT exchange correlation terms, which tends to yield
more accurate results than (meta-)GGAs, but they are also computationally more expensive. The
two primary functionals used for Chapters 5 and 6 are the M06-L. and M06-2X, which are a meta-
GGA and a global-hybrid meta-GGA, respectively. The umbrella of DFT methods can provide a
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flexible cost to accuracy ratio that makes study of many systems more attainable, including larger
and more complex systems. However, these methods can have a variety of weaknesses depending
upon the approximations used, including poor representations of barrier heights, charge transfer,
response to external fields, and weak interactions in some systems. There is not necessarily one
single best functional as their performance can vary system to system and based on which property
is being computed, so it is best to benchmark a given system and property against experimental

data when available or highly accurate computations for the best possible performance.

3.2.2 Coupled Cluster Theory

Another method used for some calculations presented in Chapter 5, as well as the literature values
used to benchmark systems for DFT calculations, is the coupled-cluster method[59-61]. In coupled-

cluster theory, the wavefunction from Equation 3.1 is taken to be[62]
) =eTe, (3.16)

where 1 is the exact electronic wavefunction, @, is the normalized ground-state Hartree-Fock wave

function, and eT is the Taylor expansion:

N . T2 T3 oo Tk
T_ Lz - fll
T=14+T+ 2!+3!+..._kz:;k! (3.17)
T is the cluster operator
T=T+Ty+ ...+ Ty (3.18)

and
00 =] N N-1

o N
Ty = Y > tade, Tog= Y > D> tehag (3.19)
a=N+1 i=1 b=a+1a=N+1j=i+1 i=1
In these equations, N is the number of electrons, Tl is the one-particle excitation operator, TQ
is the two-particle excitation operator, ® represents a Slater determinant, and t is a numerical
coefficient. The pattern of expansion in the excitation operators holds up to T v Coupled-cluster
theory endeavors to find the t coefficient values for all a,b,c... and i, j, k... values in order to

determine the wavefunction, v, as represented in Equation 3.16.

In coupled-cluster theory, it is necessary to assume that Tis approximately equal to a truncated
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expansion of the cluster operator rather than the full set in Equation 3.18. Additionally, the frozen
core approximation, that is that inner-shell electron excitation can be omitted, is often invoked.
Terms are also commonly approximated using perturbation theory, which are often denoted with
parentheses. For example, CCSD(T) would be an implementation of coupled-cluster theory that
uses full treatment of singles and doubles and approximates with perturbative triples. Even with
these approximations in mind, coupled-cluster theory provides quite accurate correlation energies
for closed-shell systems near equilibrium geometries. However, for complicated systems like di-
radicals or those that undergo bond breaking, accessible systems such as CCSD(T) often break
down. Higher order methods such as CCSDT and CCSDTQ are more accurate but prohibitively
computationally expensive for all but the smallest molecules. Bearing these limitations in mind,
CCSD(T) with a large basis set (aug-cc-pVTZ) was used for determination of rotational constants
in Chapter 5, but was not used for characterization of reaction paths in Chapters 5 and 6 due
to the high computational cost and prevalence of non-equilibrium structures along the examined

minimum energy paths.

3.3 Computational Kinetics

Understanding of chemical processes begins with precise knowledge of the reactants and products
of a reaction, but all of the steps in between (and sometimes outside of) these points are required
for a complete picture of what is happening in a reaction. A collection of all of these points in a
3-dimensional representation of system parameters (such as bond lengths or angles) and system
energy is what is referred to as a potential energy surface or PES. An example of this for an
arbitrary system is shown in Figure 3.1 and a projection of this PES in the form of contours is
shown in Figure 3.2. A typical chemical reaction usually has at least 3 major points of interest,
often referred to as stationary points: the reactants, the products, and the transition state. The
reactants and products are local minima on the PES. A transition state is defined as a saddle
point, or a minimum in one direction and maximum in another. All three of these major points are
labeled in Figures 3.1 and 3.2. In order for a chemical reaction to occur, the system must travel
from the reactants, over the transition state saddle point, to the products, as denoted by the white
line in Figure 3.1 or black dotted line in 3.2. This path of travel is taken to be the one of steepest

descent on either side of the saddle point, and is often called the minimum energy pathway (MEP)
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or the intrinsic reaction coordinate (IRC). Since this path is typically the most interesting feature

of a PES, and it does not require three dimensions to show this path, it is often represented as a

’slice” of the PES as shown in Figure 3.3.

| ea®iiva
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Figure 3.1: Two views of a PES for an arbitrary chemical system showing two minima
and a saddle point. The reactants and products are labeled in blue and red, respec-
tively. The transition state is denoted by a star and labeled as ”TS” in orange. The
reaction path is shown by a white line. R, and R, are arbitrary system parameters
such as bond lengths or bond angles. Energy contours are projected on to the R, R,

plane.
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Figure 3.2: A 2-dimensional plot of the energy contours from Figure 3.1. The re-
actants, products, and transition state are labeled as before. The reaction path is

denoted by a black dashed line.

S 3
) - o
T w
w
| Products Reactants
Reaclants o .. . |
R\/ Products
2 Ri Reaction Progress

Figure 3.3: A side view of the PES (left) and the ”slice” of this PES that is often
used to represent a chemical reaction (right). Stationary points are labeled as before.
The black line in the figure to the right denotes the reaction path.
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3.3.1 Transition State Theory

An early understanding of the reaction path and its relationship to how fast a reaction occurred
was developed by Arrhenius in 1889[63]. This relationship is expressed by the (modified) Arrhenius
equation:

k = AT”@G%L’F (320)

where k is the rate constant, A is a pre-exponential factor, n is a proportionality constant, F,
is the activation energy of the reaction (or the difference in energy between the reactants and
the transition state in Figure 3.3), R is the universal gas constant, and T is temperature. In the
unmodified version, n=0. This understanding lays an important foundation for the temperature
dependence of chemical reactions. However, the capabilities of this description are limited.
Another similar representation is transition state theory, or TST[64, 65]. The basis for TST is

given by the equation:

krT i
2BT - ARGT

kBT ast AHE
e —e€ R
h

k= € AT (3.21)

where k is the rate constant, kg is the Boltzmann constant, T is temperature, h is the Planck
constant, AG? is the Gibbs energy of activation, AS? is the entropy of activation, and AH? is the

enthalpy of activation. This equation can also take the form of:

ENT) = king)e& (3.22)

~—

where Q*(T') and Q,.(T) denote the temperature dependent partition functions of the transition
state and reactants respectively, and V* denotes the potential energy barrier. Equations 3.21 and
3.22 provide a more complex understanding of the dependence of reactions upon temperature.
However, this method is still limited by poor performance at temperature extremes and classical
treatment of chemical species. Moreover, this method only considers the properties of the reactants

and transition states, thus neglecting the full dimensionality of the PES shown in Figure 3.1.

3.3.2 1-Dimensional Tunneling Corrections

The limitations of Equations 3.21 and 3.22 due to classical treatment can be addressed using

tunneling corrections. Tunneling corrections are applied via a multiplicative factor according to
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the equation

|TSTtunn () = ok TST(T) (3.23)

where kTST/ tunn (T} is the temperature dependent, tunneling corrected rate constant, & is the
transmission coefficient, and k77(T) is the classical temperature dependent rate constant from
Equations 3.21 and 3.22. A correction to account for tunneling was developed by Wigner[64, 66]. A
modified version of this correction is typically used to eliminate divergence at certain temperatures
and is given by Equation 3.24.

m l/i 2
Kyig(T) =1+ i (ﬁIkB(T )> (3.24)

Here, I'm(v*) is the imaginary frequency at the saddle point which characterizes the reaction mode.
However, this correction incorporates limited information, only involving one parameter related to
the transition state and nothing else. It also assumes that the reaction barrier is symmetric, which
is not always the case.

Another approximation was proposed by Eckart[67] which incorporates more information about

the system and allows for asymmetry. The Eckart approximation is given by[68]:

AHYK
exp( kaT) > __B_
Eper(T) = TRaT p(E)e F8TdE (3.25)
0

where E is the energy of the system, p(E) is the probability of transmission given by Equation

3.26, and AHP¥ is the zero point corrected enthalpy of the reverse reaction.

(3.26)

p(E)=1— {Cosh[%(a —B)+ cosh[27r5]]]

cosh[2m(a + ) + cosh[2m0]

« and f are constants given by

a:i E, ﬁ:L\/E—A, 5:L\/B—c (3.27)
2\/C 2

and

2 B3 2
A= AHYK — AHOK, B= <\/AH;2K - \/AHSK) . O = (hIm(h))? [M} (3.28)
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AH}QK and AHPX are the zero point corrected enthalpy of the forward and reverse reactions,
respectively, and Im(v?) is the imaginary frequency at the saddle point which characterizes the
reaction mode. While this correction allows for greater accuracy, it still only takes into account the
properties of the reactants, transition state, and products. Importantly, the Wigner and Eckart
corrections fail to address the multidimensional nature of a true potential energy surface as in the
one shown in Figure 3.1. Corrections that take this multidimensionality into account are discussed

in Section 3.3.4.

3.3.3 Variational Transition State Theory

An offshoot of transition state theory that increases the accuracy of computational kinetic pre-
dictions is variational transition state theory, or VI'ST. The key consideration in this framework
is the location of the dynamic bottleneck of the reaction. This bottleneck is described by a hy-
perplane perpendicular to the reaction path that divides the reactant region of the PES from the
product region. In classical TST, this hyperplane is taken to be at the saddle point[65]. In reality,
a dividing hyperplane at a different location may provide a more ”true” kinetic bottleneck, which
occurs when the forward flux through this surface is minimized[69-73]. The location of such a
hyperplane is referred to as a generalized transition state and provides more accurate computed
rate constants. Equation 3.22 can be written in terms of and minimized with respect to s, the
coordinate along the minimum energy pathway[74]. When minimized with respect to s, this is the

canonical variation theory (CVT) rate constant[74-77].

LOVT _ min KST(T, 5)) = ]ﬁg;LTQGT([g;s(*CT‘;T(T)D exp (VM?;%?(T))) (3.29)
Here k9T(T, s) is the rate constant of the form in Equation 3.22 when s # 0 (not at the saddle
point), Q is the quantum mechanical partition function of the generalized transition state (GT)
or the reactants (R), and Vj,;gp(s,(T)) is the potential along the MEP evaluated at s,. Using
the described variational methods lead to more accurate computed rate constants. Additionally,
quantum mechanical tunneling effects can be incorporated as in Section 3.3.2. However, the same
limitations regarding the true multidimensionality of the PES still apply. Corrections that address

this multidimensionality are discussed in the next section.
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3.3.4 Multidimensional Tunneling Corrections

More complex incorporations of tunneling effects beyond the 1-dimensional corrections discussed
in Section 3.3.2 can be implemented for more accurate kinetic rate constant determinations. These
multidimensional tunneling effects become quite impactful in highly curved systems. While in
Figures 3.1 and 3.2 there is a relatively straight path of travel from the reactant to product

regions, systems can show more complex MEPs as in Figures 3.4 and 3.5.

Energy

Reactants /ﬁ
| WH

-

Figure 3.4: A PES of an arbitrary chemical system with a more complex MEP. Re-
actant and product wells are labeled and energy contours are projected onto the xy
plane. This arbitrary system displays a highly curved path.
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Figure 3.5: A 2-dimensional plot of the energy contours from Figure 3.4. The reactants
and products are labeled as before along with the MEP as would be determined by
following the path of steepest descent (black, dashed) and two alternative paths (A,
orange; B, Red) that account for tunneling.

The main corrections considered in Chapter 5 are the zero curvature tunneling (ZCT)[78],
small curvature tunneling (SCT)[79], large curvature tunneling (LCG4)[80], and microcanonically
optimized multidimensional model (uOMT)[81]. The explanation provided here is taken with slight
modification from Chapter 5, Section 5.2 and is incorporated for a complete discussion.

Key considerations in multidimensional tunneling approximations are: (1) the quantized con-

tribution of all vibrational modes in the tunneling path (which changes the shape of the energy
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barrier), and (2) the coupling between motion along the MEP and the vibrational modes perpen-
dicular to it (which results in reaction path curvature, a major consequence of which is the so called
“corner cutting” effect, shown by paths A and B in Figure 3.5). The ZCT approximation takes
into account (1) but neglects the effects of (2), which leads to seriously underestimated tunneling
effects. Meanwhile, SCT, LCT, and pOMT take into account both (1) and (2) to varying degrees.
ZCT and SCT use the semiclassical WKB approximation, which gives transmission probability

through an energy barrier as in equation: 3.30[74, 77)

0 E<E,

{1 + 620(E)} VaG(S = —OO) <E<L VaG(s*)

PT(E) = (3-30)
1-— PT(QVaG(S*) - E) VaG(S*) < E < 2VaG(S*) - EO

1 2VE(s,)—E, < E

where 6 is the imaginary action integral given by equation. 3.31[74, 77]

0— %/ ds{p[VAC () — E]}1/2 (3.31)

s<

In equation 3.31, s< and s> are turning points where Vf = F, p is the reduced mass, and VA is
the ground state adiabatic potential. A key distinction between ZCT and SCT is that p becomes
teg(s) for SCT tunneling probability calculations. The value of i ;,(s) is determined by reaction
path curvature and the calculations of it are described elsewhere[77].

The LCG4 (other large curvature tunneling approximations exist and are described elsewhere
[74, 77]) tunneling approximation is more complex than those of the ZCT and SCT. Key features
of this approximation are that tunneling paths are straight lines that connect the reactant and
product valley regions (shown by path B in Figure 3.5), it includes tunneling paths through regions
of the PES that are far from the MEP, and nonadiabatic regions can be included. The primitive

tunneling probability in the LCG4 method is given by equation 3.32[74]

N N 2
P;;I:r?n?4(E) — |T<E)|2 + (COSX{SO(E)7 [80(E>]} ;_ COSX{SI(E)7 [SO(E>]}) * exp{—?@[so(E)]}

(3.32)
Where T(E) is the tunneling amplitude that accounts for tunneling initiated by the vibrational

modes perpendicular to the reaction coordinate and exp{—0[s,(E)]}cosx{5q or1(E);[so(F)]} is the
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amplitude of the tunneling contribution initiated by motion along the reaction coordinate at the
classical turning point s, for the forward (s,) and reverse (s;) motion. 7) is the unit vector along the
tunneling path, x[s, 7(s;)] describes the angle between the unit vector 7 and the unit vector tangent
to the reactant path at s, and 6 is the action integral which is defined by adiabatic reactant and
product regions and a nonadiabitic region in between. This probability is constrained by equation

3.33 for E < VAY such that the probability tends to 0.50 at the barrier maximum.

1 [pLCG4(VAG)]71 -1 1
PLCGYE)y =1 4 =~ mas 2 pLOGA( | .
(E) { + 2~ PLCGI(VAG) T E) pox [T [PECCA(E)[ T (3.33)

Additional corrections are incorporated to describe tunneling into and from excited states; these
are described elsewhere. [74]

The pOMT method strikes a balance between the considerations of small and large curvature
tunneling approximations by simply taking the tunneling probability to be the highest of PL¢%4(E)
and PSCT(E). Thus, the rate constants kV75T/HOMT is the rate constant which provides the highest
probability of tunneling. In other words, it can be thought of as an upper limit for the system’s

rate constant.
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Chapter 4

Experimental Improvements

Of particular interest to the astrochemical community is the laboratory synthesis and interstel-
lar detection of aminomethanol (NH,CH,OH). Previous experiments by Hays [82] and Bunn
et al. [18] attempted to synthesize aminomethanol via O(*D) insertion into methylamine, which
is predicted to form barrierlessly[83] with few side products being energetically accessible. How-
ever, these attempts resulted in complex chemical networks which generated a variety of detected
products, including H,CO, NH,CHO, HCN, HNC, as well as two yet unidentified products [18§].
Unfortunately, despite their theoretical plausibility, gas phase experiments have, as of yet, been
unsuccessful in synthesizing aminomethanol in a detectable form. This chapter describes a variety
of efforts to improve detection capabilities, whether through increased instrument sensitivity or
through fine tuning of the chemistry. This chapter first describes the use of an alternate O(!D) pre-
cursor, N,O, over O5 used in previous experiments. Then descriptions are included for additional
adaptations of the scanning routine for use with alternate equipment, addition of new features to
improve the user interface, and increases in spectral sensitivity. Finally, an application of these
improved sensitivity and interface measures is described and its bearing on future experiments is

discussed.
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4.1 Alternative Chemical Precursors

4.1.1 Chemical Reaction Networks and Modelling

As described, previous experiments by Hays[82] and Bunn et al.[18] attempted to synthesize
aminomethanol but resulted in complex product networks and nondetection of aminomethanol.
These experiments utilized ozone (O3) as a photolytic precursor for on-the-fly O(!D) generation.
Some of the observed extraneous products are likely produced by decomposition of excited inser-
tion products. However, a portion of this complex network is generated by additional photolysis
products of O5, O5(*A) and O(®P), as well as reactions with Oy itself. Generation of O4(*A) is
unavoidable using O5 as the O(!D) precursor as it is produced in equal efficiency to O(*D)[84],

per Reaction 4.1, where hv represents UV radiation at 248 nm.

O3 +hr — 0,(*A) + O('D) (4.1)

Methylamine (CH3NH,) is known to react with O,(*A) to form several of the observed side
products directly or as part of the reaction network[85, 86], including CH,NH, NH,CHO, HCN,
and H,CO. Additional side products that were not observed include HCO, CO, HCNH, NH;, O,,
H,O, and H,. Some species, such as H, and O,, are not visible using the experimental methods
outlined because they lack a permanent dipole. Change in other species, such as H,O, is difficult
to quantify since these species are always present in the experiment. Finally, some species such
as CO may be visible but not have rotational transitions (or have very weak transitions) in the
frequency range covered. In contrast, N,O photodissociation does not generate O,(*A) at all and
thus eliminates these side reactions.

As such, N,O was explored as an alternative precursor for on-the-fly O(*D) generation. Upon
photolysis at 193 nm, N,O dissociates as in Reaction 4.2, where hv represents laser radiation at
193 nm|87].

N,O +hy — N, (1 X) + O('D) (4.2)

The N, side product is expected to provide a more challenging path for further reaction with
precursors and products of interest, thereby leading to an increased yield of the desired O(1D)
insertion product. Additionally, as noted in Table 4.1, N,O has a greater quantum yield of pho-

tolysis at 193 nm (nearly unity) than O3 at 248 nm. Morever, because N,O can be purchase in
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high purity form, N,O circumvents the pressure constraints imposed by the limited efficiency of
O3 generation from O,.

Models of the experiment were constructed using the Framework for 0-Dimensional Atmospheric
Modelling[88] (FOAM) to determine anticipated relative product yields. Models for the system
utilizing O4 as a precursor were developed by Bunn et al.[18] and chemical networks utilizing
N,O as a precursor were developed using the same methods. Briefly, many reactions were pulled
from FOAM’s list of reactions, which relies on the Master Chemical Mechanism (MCM)[89]. For
other reactions that were not in the MCM database, namely photolysis of key species, photolysis
frequencies, absorption cross sections, and quantum yields were incorporated from literature[84,

87, 90-92]. Models were run with the parameters listed in Tables 4.1, 4.2, 4.3, and 4.4.

Table 4.1: Photolysis parameters for O; and N,O

Parameter Og4 N,O
Photolysis Wavelength (nm) 248 193
Quantum Yield of O(!D) 0.90 ~ 1.00

Absorption Cross Section (cm?) | 1.08 x 10717 | 9.00 x 10~2°
Photolysis Rate Constant (s7*) | 1.00 x 107 | 1.40 x 107°

Table 4.2: Parameters used for FOAM models of the experiments using O3 and N,O
as O(!D) precursors for the synthesis of both methanol and aminomethanol.

Parameter Value Used
Ky (51 14 x 107
Pressure (Torr) 850
Temperature (K) 298
Mixing Time (s) 6.0 x 107*
Laser Pulse Time (s) 11x107°
Final Reaction Time (s) | 2.0 x 1073




Table 4.4: Pressures (Torr) used for gases in the aminomethanol models with O5 and

N,O as O(!D) precursors.

Gas Species

O3 Aminomethanol
Model Pressure (Torr)

N3O Aminomethanol
Model Pressure (Torr)

5.00
4.756
470.8

370.244

5.00

474.756
370.244
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Table 4.3: Pressures (Torr) used for gases in the methanol models with O; and N,O

as O('D) precursors.

Gas Species

O3 Methanol
Model Pressure (Torr)

N,O Methanol
Model Pressure (Torr)

85
2.125
191.25

571.625

85

193.375
571.625
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Figure 4.1: O('D) production from O; and N,O precursors. Expected O(!D) product
yields are shown above in blue for N,O and pink for Oz. An inset is shown to make

the production from the O; precursor more clear.
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Figure 4.2: CH3OH production from O; and N,O precursors.

Expected CH;0H

yields using Oj (solid) and N,O (dashed) as O(!D) precursors are shown. An inset is
shown to make the production from the O; precursor more clear.
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Figure 4.3: NH,CH,OH production from O; and N,O precursors. Expected CH;OH
yields using O (solid) and N,O (dashed) as O('D) precursors are shown. An inset is
shown to make the production from the O; precursor more clear.
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Figure 4.4: Decomposition product yields from O; and N,O precursors. Expected
yields of H,CO, NH,CHO, and HCN using O3 (solid) and N,O (dashed) as O(!D)
precursors are shown. Yields with N,O are expected to be zero thus no inset is shown.
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Figure 4.5: CH,NH yield from O3 and N,O precursors. Expected CH,NH yields
using O3 (solid) and N,O (dashed) as O(!D) precursors are shown. An inset is shown
to make the production from the O4 precursor more clear.

According to these models, as shown in Figure 4.1, O(!D) production is expected to increase by
nearly two orders of magnitude using N,O over O5 as a precursor. Effects on O(*D) production are
mainly attributable to greater pressure that can be achieved from a pure N,O cylinder. As a result,
it is observed in Figures 4.2 and 4.3 that O(!D) insertion product yield increases dramatically, by
a factor of nearly 80 times in the case of methanol and 30 times in the case of aminomethanol,
with N,O as the O(*D) precursor. Likewise Figure 4.4 shows that no contribution to the yield
of decomposition products H,CO, NH,CHO, and HCN is expected with the N,O precursor. In
contrast, CH,NH is still produced by minor channels and thus has a nonzero contribution even
using N,O as a precursor, as shown in Figure 4.5. However, this production is still reduced by
a factor of over 100, which should lead to a far less convoluted spectrum. Given the promising
results of the FOAM models shown above, experiments were conducted using N,O as an O(D)

precursor on the benchmark CH;OH system.

4.1.2 Experimental Testing

Experimental Methods

Experiments were conducted on the benchmark methanol system using both O; and N,O as an

O('D) precursor. These experiments were performed using methods similar to those previously
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described by our group [18, 93]. Notable differences in this experiment are that the mixing block
was omitted from the experimental design and that a new excimer laser (Coherent Excistar 1000)
was used. Separate lines for CH, (Airgas, 99.99%), Ar (Airgas, 99.996%), and a 8% O in O,
mixture or N,O (Airgas, 99.6% ) were managed by MKS 1179A flow controllers. O3 was generated
continuously using the Pacific Ozone L11 Ozone Generator, with an O,, (Airgas, 99.994%) feed gas.
The gases were mixed prior to introduction to the chamber at a backing pressure of approximately
1040 Torr , with a roughly 2:1.5:1 ratio of Ar:05:CH,. The chamber achieved a base pressure of
approximately 10 mTorr and an operating pressure (when gases were introduced) of approximately
30 mTorr. The gases were introduced with a pulsed valve (Parker Hannifin Series 9 general valve
with 1 mm pinhole aperature) with a quartz photolysis tube attached to the faceplate, after the
design of Lester and coworkers[94]. The photolysis tube was 3 cm long with an OD of 5.00 mm and
an ID of 1.00 mm (wall thickness = 2.00 mm). In the case of some N,O experiments, an additional
quartz tube was explored which was 2.2 cm long with a 2.4 mm OD and 1.4 mm ID (wall thickness
= 0.50 mm). The pulsed valve was run with a repetition rate of 25 Hz and driven by a pulsed
driver (Parker Hannifin Iota One). The sample was photolyzed in the quartz tube using a 248 nm
pulse with energy of 12.00 mJ in the case of O or at 193 nm pulse with energy of 9.00 mJ in the
case of N,O.

The products exiting the photolysis tube were characterized using the multiplier chain system
described previously[18, 93] and the Fast Sweep scanning method developed by Hays[23] and opti-
mized by Zou[24]. Briefly, a microwave synthesizer (Agilent Technologies E8257D PSG) produces
a 0-50 GHz signal that is then multiplied by a Virginia Diodes Inc. multiplier chain to achieve
higher frequencies. In the case of these experiments, the frequency range probed was 140-225 GHz.
The resultant signal was then passed through teflon lenses and focused on the supersonic expansion
produced by the pulsed valve apparatus. The signal through the expansion was then focused onto
the window of an InSb hot electron bolometer (QMC Ltd. QFIXBI/PTC) detector, the output
from which was processed using an oscilloscope card (National Instruments PCI-5124).

Owing to the expected limited lifetime and weak signal of some products, data were collected
via targeted line scans in 9 MHz windows. Lines were selected from the catalogs of species known
to be present from related studies[93, 95-97] and theory [83, 98]. Scans were averaged for 50,000
averages in the case of stable species such as CH;0H, H,CO, and H,0O, and 80,000 averages for

the radical species. Water was detected in the experiment but changes in production were difficult
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to quantify, as described in Section 4.1.1.

Data Analysis

The raw data were first background subtracted using a python program previously developed by
Zou[24]. The collected data were then power corrected to account for fluctuations in power from
the multiplier chain system and sensitivity in the detector over the frequency range of the band.
This power correction was performed by taking a 100 MHz step size scan across the 140-225 GHz
range with an empty chamber, normalizing the intensity against the highest intensity data point,
and dividing the intensity of the collected data by the normalized intensity of the power scan.
Peak area was calculated for the power corrected scans using the peak fitting function in Igor Pro
(version 6).

For observed lines, the transitions were first power corrected to account for power deviations
of the multiplier chain system across the frequency range. The power corrected transitions were
then fit to a Gaussian line shape using Igor Pro’s (Version 6) peak fitting function, returning the
peak height, full width at half maximum (FHWM), and fit error. The line data were then used
to construct rotation diagrams, originally described by Goldsmith and Langer[99] for astronomical
use and later adapted for laboratory use by Laas et al.[100] and again by Yocum[101], to determine
temperature and relative column densities of the observed products.

Population diagrams can be constructed using equation 4.3
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where k is the Boltzmann constant, (v) is the center frequency of the transition, Wis the integrated
line intensity, A,,; is the Einstein A coefficient, h is Planck’s constant, c is the speed of light, g,, is
the upper state degeneracy, IV is the column density, Z is the partition function, F, is the upper

state energy of the transition, k is Boltzmann’s constant, 7T,

ot 1S the rotational temperature, and

C

 is the optical depth correction factor, given by equation 4.4. W can be obtained from the

Gaussian fit of the line. The values of g, E,, and Z at select temperatures can be obtained from
the molecular catalog on Splatalogue[102] or in the included data from the Cologne Database for

Molecular Spectroscopy[103-105] or the JPL Molecular Spectroscopy Database[106]. The Einstein
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A coefficient must be calculated using equation 4.5 [107]

7
(T)V27[67El/kTmt _ e*Eu/kTrot]*l (45)

Ay = (2.7964 x 10716)
u

cat

Where I, is the catalog intensity of the transition, (v) is the frequency of the transition, Z is the
partition function, g, is the upper state degeneracy, and k is the Boltzmann constant.

Equation 4.3 can then be simplified to equation 4.6 by grouping the constants and coefficients in
the left hand side of equation 4.3 into a -, term, converting E, from cm™! to K, and incorporating
the assumption that the experiment is optically thin, that is 7 <« 1. This gives a C_ of 1, resulting

in the last term of equation 4.3 being zero.

N E,
)~ (4.6)

In(y, W) = In

The values of In(y, W) and E,, for each transition are then plotted and the data are fit to a least

squares linear regression. From the equation of best fit, the slope corresponds to the TE n

rot

term and
the intercept to the ln(%) term. Thus, the rotational temperature and relative column density of
each species can be determined from the respective parameter of the best fit line from its rotation
diagram. The column densities are then normalized to a species for determination of relative

abundances.

4.1.3 Results and Discussion

Power corrected transitions from CH;OH and H,CO are shown in Figures 4.6 and 4.7, respectively.
These figures show collected transitions from all experiments, using O, as a precursor with the
photolysis tube of 2.00 mm wall thickness (top rows), using N,O as a precursor with the photolysis
tube of 2.00 mm wall thickness (middle rows), and using N,O as a precursor with the photolysis
tube of 0.50 mm wall thickness (bottom rows). Of note, only one CH;OH transition was observable
in the system with the N,O precursor and 2.00 mm wall thickness. Thus, it was not possible to
construct a rotation diagram for this CH;OH dataset and it is simply listed as ”"detected” in Table
4.5. As is evident from the scale in both Figures 4.6 and 4.7, signal intensity is much greater for
H,CO than for CH;OH. This is partially attributable to its greater overall dipole moment (2.331
D[108] versus 1.698 D in CH;OH[109]). The methoxy radical, CH;0 ", was observed only when

the O4 precursor was used. The observed transitions are shown in Figure 4.8, though there were



38

not enough transitions to construct a meaningful rotation diagram.
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Figure 4.6: Power corrected CH3;OH transitions using the O; (top) and N,O (middle,
bottom) precursor to synthesize CH;OH via O(!D) insertion. Data were collected
using quartz photolysis tube with a wall thickness of 2.00 mm (top, middle) or 0.50
mm (bottom). Quantum numbers (Jx, ;.) of the observed transitions are noted below
the lines. Additional scaling is noted where applied.
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Figure 4.7: Power corrected H,CO transitions using the O; (top) and N,O (middle,
bottom) precursor to synthesize CH;OH via O(!D) insertion. Data were collected
using quartz photolysis tube with a wall thickness of 2.00 mm (top, middle) or 0.50
mm (bottom). Quantum numbers (Jx, ;.) of the observed transitions are noted above
the lines. Additional scaling is noted where applied.
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Figure 4.8: Power corrected CH;O ' transitions using the O; precursor to synthesize
CH3;OH via O(!D) insertion. Data were collected using quartz photolysis tube with a
wall thickness of 2.00 mm. Quantum numbers (N, A, t, F) of the observed transitions
are noted below the lines. No additional scaling was applied.

These transitions from Figures 4.6 and 4.7 were used to construct rotation diagrams following
the procedure outlined in Section 4.1.2. Of note, the O4 precursor data displayed quite poor fits to
the data, which is reflected in the high errors associated with the T, and N values. It is likely that
the data collected with this setup sampled the turbulent outer shell of the supersonic expansion as
well as the quiescent zone of silence, resulting in multiple temperature components and fluctuating
intensity. This is likely an issue of optical alignment which was fixed in subsequent experiments.
Additionally, H,CO often shows poorer fit than CH;OH for rotation diagrams as there are multiple
pathways to formation in the reaction between CH, and O('D) as described by Chang and Lin
[98, 110], which can result in varying degrees of collisional cooling. The experiment using N,O
as the O(!D) precursor with the thick photolysis tube displayed only one CH;OH transition but
several HyCO transitions. This indicates a considerably reduced yield of not only the O(D)
insertion product CH;OH, but of the decomposition and/or side products as well. The presence of
some CH;OH and H,CO may indicate that some O(*D) production was taking place but not at the
expected degree of efficiency. In contrast, in the case of a thin wall thickness (0.50 mm), the CH;OH

transitions were visible once again. The yield of both CH;OH and H,CO increased in this case,



40

though not nearly to the same degree as the O4 precursor. The production scaling with thickness
of the photolysis tube inidcated that part of the issue with decreased production was the poor
transmission efficiency of quartz at a wavelength of 193 nm[111]. This was not an issue at 248 nm for
the O4 precursor as quartz has greater tranmsission efficiency at this wavelength. If N,O is pursued
as an O(!D) precursor in future experiments, it is recommended that a material transparent at 193
nm such as fused silica[111] be used for the photolysis tube over traditional quartz. This option
was explored during the current study but difficulty was encountered sourcing a manufacturer that
could produce photolysis tubes of the correct specifications made from fused silica. An additional
factor that may have influenced these results is the lower absorption cross section of N,O compared
to 05 (9.00 x 1072Y ¢m? vs 1.08 x 10717 em?)[84, 87]. Though, the presence of both CH;OH and
H,CO transitions with the thin walled tube show that some combination of high quantum yield
and higher achievable pressure is enough to overcome this absorption cross section to generate
detectable products. Scans of these products using the N,O precursor were attempted without a
photolysis tube, however product yields were too low for detectable transitions. The data from
the rotation diagrams in Figures 4.9 and 4.10 are summarized in Table 4.5. Although the overall
yield of reaction products did not improve using N,O as a precursor, the ratio of CH;OH:H,CO
between trials indicates a slight improvement in production of insertion products. The ratio of
CH;0H:H,CO was 0.85 in the case of the O precursor with a photolysis tube wall thickness of
2.00 mm and 0.94 in the case of the N,O precursor with a photolysis tube wall thickness of 0.50
mm. The ratio of CH;OH:H,CO was indeterminable in the case of the N,O precursor with a thick

photolysis tube due to the number CH;OH transitions collected.
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Figure 4.9: Rotation diagram constructed from collected CH;OH transitions using the
O3 (left) or N,O (right) precursor to synthesize CH;OH via O('D) insertion. Data
were collected using quartz photolysis tube with a wall thickness of 2.00 mm (left)
or 0.50 mm (right). Data were fit to a least squares linear regression. The rotational

temperature and relative column density are derived from the slope and y intercept
of the best fit line, respectively.
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Figure 4.10: Rotation diagrams constructed from collected H,CO transitions using
the O; precursor (top left) or N,O (top right, bottom) to synthesize CH;OH via
O('D) insertion. Data were collected using quartz photolysis tube with a wall thick-
ness of 2.00 mm. Data were fit to a least squares linear regression. The rotational
temperature and relative column density are derived from the slope and y intercept
of the best fit line, respectively.
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Table 4.5: Rotational temperatures and relative yields of CH;OH and H,CO observed
in synthesis of CH;OH via O('D) insertion.

Oy N,O N,O
2.00 mm wall thickness 2.00 mm wall thickness 0.50 mm wall thickness
Product | T,,(K) | Ny (em?®) | T,p(K) | Ny(em?) | T,y(K) | Ny (em )
CH;O0H 7T+ 4 2.3 (+ 1.4) x 10 | Detected Detected 842 6.0 (£ 1.7) x 10
H,CO 746 2.7 (£ 2.3) x 107 8 4+ 2 7.8 (£ 1.8) x 105 8 4+ 2 6.4 (£ 3.4) x 10
. Not Not Not Not
CH,0 Detected Detected Detected Detected Detected Detected

4.1.4 Conclusion

The data presented here show that N,O is a viable aternative precursor to Oy for O(*D) driven
gas phase chemistry. However, while products are detectable when synthesized using N,O as a
precursor, they do show an overall decrease in signal intensity. Experiments run using decreased
wall thickness of the quartz photolysis tube show that signal intensity scales with wall thickness,
indicating the incident radiation from the laser is being cut by the low UV transmission of the quartz
tube. Thus, use of a more transparent material for the photolysis tube such as fused silica may lead
to increased signal intensity. Despite the lower product yields, the ratio of CH;OH:H,CO indicates
that there is a modest increased production in the O(*D) insertion product over other products with
N,O. Based on these data, using N,O as an O('D) precursor may quench unwanted side reactions
but still poses a challenging implementation owing to the lower absorption cross section and poor
transparency of traditional glass at the wavelengths needed to initiate photolysis. Therefore, it is
recommend if N, O is pursued as a precursor in such experiments, that an appropriately transparent

material such as fused silica be used in construction of the photolysis tube.

4.2 Updates to the Fast Sweep Program and Experiment

Optical Configuration

4.2.1 Adapting Fast Sweep for an Alternate Oscilloscope

In addition to adjusting the chemistry of the experiment, the equipment used for data collection
was updated. The efforts to adapt the fast sweep program first implemented by Hays et al. [23]
and optimized by Zou[24] for use with a new oscilloscope are described here. The goals of these

updates were to improve the user interface of the data collection program, and provide a more cost
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effective alternative to the previously used oscilloscope card (National Instruments PCI-5124). The
core principles of how the Fast Sweep program operates are described in Section 2.3.1.

The oscilloscope chosen to replace the original PCI oscilloscope card was the Rigol DS1202Z-E.
This oscilloscope provides comparable resolution and better channel bandwidth and sample rate,
as per Table 4.6. Most importantly, the cost of operation was significantly reduced using the Rigol
oscilloscope, which is available for $369 as opposed to the recommended replacement oscilloscope
card for the PCI-5124, which starts at a base price of $15,285. Replacement of the oscilloscope in
the Fast Sweep code simply required updating the instrument drivers and changing the appropriate
commands to use the rgdslkz instrument drivers within LabWindows. Some workarounds were
needed to address quirks in the oscilloscope’s data output in order to access the high quality data
that was being collected by the scope. These workarounds and other attempts to maximize the

oscilloscope’s utility are described in Section 4.2.2.

Table 4.6: Oscilloscope operating parameters per manufacturer specification
sheets[112, 113]

Parameter NI PCI-5124 | Rigol DS1202 Z-E
Max Sample Rate 200 MS/s 1 GaS/s
Resolution 12 bit 12 bit
Channel Bandwidth 150 MHz 200 MHz

4.2.2 Upgraded Program Capabilities and Quality of Life Features

Once adapted to accommodate an alternative oscilloscope, minor bugs were addressed (namely
memory leaks that would cause the program to crash over a certain number of averages), several
quality of life features were added, and the user interface (UI) was updated to provide a more
intuitive and streamlined experience. Additional avenues to maximize the oscilloscope’s potential
were also explored. The user interface for the original version of Fast Sweep developed by Hays[23]
and Zou[24] is shown in the top of Figure 4.11. There are a variety of Ul features for controlling
the synthesizer, oscilloscope, and viewing raw data within this interface. The user interface for
Fast Sweep 2.0 is shown in the bottom of Figure 4.11. The many available settings in Fast Sweep
v1.0 were sequestered into separate pages within the program to provide focus to the interface and
clear distinction of what instrument the page controlled. Additionally, settings were separated into
numbered sections to guide the user through experiment setup. Available RF settings are shown in

Figure 4.12. The user is guided to set the multiplier band in use (and thus the accessible frequency
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range) and the scan resolution in section 1, followed by providing scanning frequencies individually
(section 2a) or in batches by uploading a linelist (section 2b), then setting modulation settings,
including the deviation and rate of the local oscillator in section 3, and finally initializing the
synthesizer in section 4. The graph to display collected data to the right in the Ul is outside of the
tab containers and thus visible no matter which tab is active. Documentation was also added such
that right clicking on a section will provide a popup describing the functions within the respective

section as in Figure 4.13. This was done to make information accessible as the program is being

used and make the program more accessible to new users.
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Figure 4.11: User interface with Fast Sweep v1.0 (top) and v2.0 (bottom). In Fast
Sweep v2.0, controls for the instruments used are in appropriate tabs and data are
displayed during operation in the graph region to the right. A legend populates the
blank space to the right as data are added.
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Figure 4.12: The RF settings interface to control the Agilent microwave synthesizer
in Fast Sweep V2.0. Users are able to set the level of multiplication and resolution
in section 1, the frequencies scanned in sections 2a or 2b, the modulation settings in
section 3, and initialize the instrument in section 4.
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Figure 4.13: An example of a help popup provided when the user right clicks on the
program with explanation of how parameters are used.

Additional features were added with the scan summary (Figure 4.14) and data processing tabs
(Figure 4.15). The scan summary was implemented to provide an overview of key data collection
settings as the experiment is running. The experiment title allows the user to set a naming
convention for the collected data that will be incorporated into the output filename along with
the center frequency of the scans and the number of averages of the scan. A progress bar was
also added to give users a visual indication of how much data has been collected and how much
collection remains. After data collection, the raw frequency modulated signal is plotted in the chart
on the right side of the Ul. Users can then process this data directly in the data processing tab and
view the output data immediately within the program. This data processing allows the user to use
a GUI to interface with the Sweep.py processing script written by Zou[25] rather than providing
command line arguments. This feature makes the program more accessible to new students and

streamlines data processing.
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Figure 4.14: The scan summary interface to report scanning conditions in Fast Sweep
v2.0. At the top, a progress bar indicates to the user how many data acquisitions are
left. The mode of operation is indicated as is the naming convention. The frequen-
cies scanned, modulation settings, and number of averages are summarized for user

reference.
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Figure 4.15: The data processing interface to provide a GUI for the Sweep.py pro-
cessing script in Fast Sweep v2.0. The user is able to provide all arguments needed
via a graphical user interface, including file names and paths, to process and view
data within the Fast Sweep program.

Some challenges were encountered during implementation of the updates due to operating
quirks of the oscilloscope. One such case is that the instrument driver command to read the data
resulted in a maximum output of 1,000 data points, despite up to 12 million data points being
collected. This issue was circumvented by utilizing USB I/O commands to pull data. The resultant
output led to increased data density over the Fast Sweep v1.0 program, as shown in Figure 4.16,
largely owing to the greater accessible memory in the Rigol DS1202Z-E. Another issue addressed
was a large spike at the end of the data buffer caused by odd formatting at the end of the array.
This was circumvented by using multiple data collection commands (as the output data buffer
had a maximum character capacity), truncating the data written to the array slightly early, and

concatenating the collected data arrays together into one large array.
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Figure 4.16: Density of the collected data points in Fast Sweep v1.0 (blue) as com-
pared to v2.0 (red). Data output is roughly double the density with the capability of
collecting with the potential for far greater density.

An additional avenue that was explored was utilizing the internal averaging function of the
oscilloscope to reduce the number of processes necessary for data collection and free up resources
on the computer. A combination of internal averages (those acquired on the oscilloscope) and
external averages (those taken on the computer) were explored as potential solutions and the

results of this are discussed in Section 4.2.4.

4.2.3 Multipass Implementation

Experimental sensitivity was enhanced after implementation of the new scanning routine through
setting up a multipass optical arrangement. The motivation of this multipass optical cavity was to
increase the number of ”free” scans to counterbalance some of the slower aspects of data acquisition
and increase signal sensitivity. Initially, a spherical cavity was explored after the design of Laas et
al. [100], originally adapted from Kaur et al. [114]. Such a cavity is depicted in Figures 4.17 and

4.18. The stability of an optical cavity is measured by its g factor, as per Equation 4.7:
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where 1 is the index of the mirror, L is the length of the cavity, and r,, is the radius of curvature[115,
116]. A cavity is most stable when 0 < g;g, < 1, which occurs when 0 < L <rorr <L < 2r. In
the case of a concentric resonator, the greatest stability is achieved when r; = ro = L/2. Outside
of these lengths, beam divergence can occur causing signal to "spill out” of the cavity and power

loss to occur.

Figure 4.17: Spherical mirrors used to create a multipass optical system, aligned
with a HeNe laser. Water vapor is used to better visualize the beam paths, showing
tightening of the beam waist in the center of the optical path to approximately 1 inch.

This cavity used aluminum 6 inch diameter spherical mirrors with a 12 inch focal length (Ed-
mund Optics 32-836). Figure 4.17 shows a test system on the benchtop displaying a proof of
concept for the multipass. The system displays refocusing effects resulting in a tight beam waist
(~ 1 inch) in the center of the cavity with an ideal cavity length of 24 inches. In the cham-
ber, a visible helium neon (HeNe) laser (Melles Griot 25-LHR-073-249) is colinearized with the
millimeter /submillimeter system consisting of the a microwave synthesizer (Agilent Technologies
E8257D PSG), multiplier chain (Virginia Diodes WR5.1), PTFE lenses, and an InSb hot electron
bolometer (QMC Ltd. QFIXBI/PTC). The visible system is first aligned before the non-visible
system is finalized to more easily follow the optical path. When assembling this system, power
measurements of the millimeter /submillimeter beam were taken at key points in the optical path

using a zero bias detector (ZBD, Virginia Diodes WR5.1) processed through a lock in amplifier
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(SRS 830). This detector was used as it could move freely through the beam path unlike the InSb
hot electron bolometer typically used in experiments.

This configuration worked quite well on the bench top. However, once implemented into the
chamber, showed significant power loss and unpredictable behavior from the millimeter beam once
at the detector, as shown in Figure 4.18. This issue was primarily caused by the large size of
the mirrors as well as the large mounts needed to support them. The size of the mounts made it
difficult to achieve enough passes for ideal focusing to occur without blocking the beam paths of
the other optics needed to focus and collimate the mm/submm beam. Smaller mirrors (Edmund
Optics NT32-824) with a 7.62 cm diameter and focal length were also explored but again produced
issues with spacing and configuration largely due to the size of the mounts. The mounts would
scatter the beam as there were narrow clearances at the entrance and exit. While it was possible
to minimize this behavior with the smaller mirrors, it was not fully avoidable given the space
constraints. Power retention was significantly better in this optical system but still did not provide

the sensitivity required for desired experiments.
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Figure 4.18: A schematic showing the optical path followed by both the HeNe laser
(red) and the millimeter/submillimeter signal (black) in the spherical cavity. Power
measurements taken with a ZBD are shown at key points along the optical path.

As an alternative to the previously used spherical cavity, a plane parallel cavity was explored.
Flat aluminum mirrors of a 2 inch diameter (Edmund Optics 45-614) in kinematic mounts were
used to create a cavity of just 8 cm centered over the sample source. A schematic of this optical

configuration and the beam path behavior is shown in 4.19. This optical configuration displayed
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much more predictable behavior and greater power retention along the beam path. Ultimately,
this setup was able to achieve 5 passes through the sample path, as shown in Figure 4.20. The
success of this system is largely attributed to its smaller usable cavity length which minimizes beam
divergence effects. Whereas the stability of a cavity using spherical optics is dependent upon the
length of the cavity, planar mirrors can be thought of as having infinite curvature, which will always
produce a g of 1 per Equation 4.7. It also has the added benefit of greater placement flexibility
and greater clearance for the beam path owing to its smaller kinematic mounts. Additionally, it is

more cost effective than the larger spherical mirrors at $30 per mirror rather than $100+.
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Figure 4.19: A schematic showing the optical path followed by both the HeNe laser
(red) and the millimeter/submillimeter signal (black) in the planar cavity. Power
measurements taken with a ZBD are shown at key points along the optical path.

Final confirmation of the behavior of the millimeter/submillimeter beam was performed by
measuring the power output from the bolometer and passing a thin object through the cavity path
that would block the beam. The system showed significant power loss when the beam path was
blocked, occurring 5 times throughout the cavity, confirming that the millimeter/submillimeter
beam was indeed making 5 passes as the HeNe did. The results of this test are shown in Figure
4.20. Power tests were performed at the center frequency of band 5 (180 GHz) with 15% modulation

depth and an amplitude modulated (AM) signal, achieving a power output of 654 mV.
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Figure 4.20: Power spectrum at the InSb bolometer when an opaque object is passed
through the cavity. Five power dips occur over the optical path, indicating that the
path crosses through the sample 5 distinct times.

4.2.4 Benchmarking the New Program

With both the new scanning routine and the multipass configuration implemented, benchmarking
on the newly improved experiment was conducted. Benchmarking was performed again using the
O('D) insertion into CH, to synthesize CH;OH as described in Section 4.1. Briefly, Ar (Airgas,
99.996%), an 8% O5 in O, mixture, and CH, (Airgas, 99.99%) gases were balanced using MKS
1179A flow controllers in a roughly 2:1.5:1 ratio at a backing pressure of approximately 1040 Torr
and introduced via a pulsed valve (Parker Hannifin Series 9 general valve with 1 mm pinhole
aperature) run at a 25 Hz repition rate. O3 was generated using the Pacific Ozone L11 Ozone
Generator with O, (Airgass, 99.994%) feedgas. The 2.00 mm wall thickness photolysis tube was
attached to the faceplate and the laser (Coherent Excistar 1000) was operated at 248 nm with a
12.00 mJ pulse energy. The data were collected using the newly optimized Fast Sweep scanning
routine. Transitions of both CH;OH and H,CO were measured, which provided both high and

low intensity product signals to benchmark against. To begin, select methanol transitions were
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used to confirm that signal was indeed high enough to detect products and that the multipass did
indeed increase signal intensity. As shown in 4.21, the same signal intensity is observed for these
methanol transitions with the multipass configuration with 5 times fewer averages. Moreover, there
is a reduction in the noise level at the baseline, leading to a greater signal to noise ratio that is

beneficial for low yield or low intensity products.

No Multipass, 5,000 avgs
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Figure 4.21: Methanol transitions with and without the multipass. The light red trace
shows data collected without a multipass system (5,000 averages) and the dark red
trace shows data collected with the multipass system (1,000 averages).

Next, the effects of signal averaging were explored. The purpose of this was twofold, first to
confirm that signal averaging was having the intended effects; and second, to test the feasibility
of exploiting the internal averaging of the oscilloscope as discussed in Section 4.2.2. The time to
acquire averages through each method was measured, and as in Table 4.7 there was a significant
time disparity between the oscilloscope and computer collected averages, largely due to the time to
transfer data via USB and processing the data through the scanning routine. As shown in Figure

4.22, the increased averages results in a reduction in baseline noise.
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Table 4.7: Time (s) to collect data using averaging on the oscilloscope and on the
computer

Number of Averages Time to Collect Time to Collect
8 on Oscilloscope (s) | on Computer (s)
2 <1 5.88
4 <1 7.37
8 <1 9.38
6 <1 17.07
32 <1 33.89
64 ~ 1 60.97
128 ~ 1 119.65
256 1.35 238.27
512 3.15 469.87
1024 7.60 928.38
— 1,024 Averages
0.025 — 128 Averages
0.020
0.015
>
2
% 0010
c
Q<
c
0.005
0.000
-0.005 |
20,210, 1
145508 145600 145602 145604 145606 145608
Frequency (MHz)

Figure 4.22: A processed acquisition of formaldehyde at 128 and 1,024 oscilloscope
averages. This comparison shows the feasibility of using the oscilloscope’s internal
averaging feature to speed up data acquisition. Data offset for clarity.
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Figure 4.23: Scans taken with different available oscilloscope settings attempting to
utilize the internal averaging capabilities to speed up data acquisition.

For high intensity signals such as the formaldehyde signal shown in Figure 4.22, Fast Sweep
v2.0 behaved as expected, showing significant smoothing in data with greater numbers of averages,
whether this was performed with the oscilloscope or computer. However, when tested on a lower
intensity signal as in Figure 4.23, the signal disappeared when using averaging on the oscilloscope.
This occurred regardless of the time delay set in Fast Sweep v2.0, indicating that this was not
merely a matter of undersampling. However, whenever computer averaging was used, as in Figure
4.23, the signal returned, indicating this was specifically an issue with the oscilloscope’s averaging
function. While the documentation for the instrument and contacting the manufacturer indicated
that there was no averaging or special signal processing occurring, it became apparent that the
weak signal was being processed out. Indeed, attempting to use the math functions within the
oscilloscope to manually average the signals resulted in an automatic smoothing factor of at least 3
times smoothing being applied during each average, which could not be removed[117, 118]. As the
manufacturer was unaware of this effect and the manual averaging could not remove the smoothing
effect, the only feasible option for averaging was unfortunately exporting the raw signal upon each
acquisition and processing all of the averaging on the computer side. This particular issue highlights
a weakness in the Fast Sweep v2.0 data pipeline and the importance of benchmarking edge cases,

especially when implementing new protocols.
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In theory, the speed of data acquisition can likely be greatly increased by using this internal
averaging feature as data collection was much faster when it was implemented. Under the current
setup, while this may work for particularly intense signals, it is likely to erroneously remove weak
signals and it is unclear where the exclusion threshold may be. If this option is explored in the
future, it is recommended that any replacement oscilloscope is insured to not alter or smooth data
in this way. Additionally, it may increase the speed of data collection even further to have an
oscilloscope that does not require updating an interface, such as a Picoscope. Such an oscilloscope
would maintain the flexibility benefits provided by a usb oscilloscope over the required PCI in-
stallation as in the National Instruments oscilloscope cards but remove overhead involved in data
collection.

Despite the challenges encountered due to signal averaging, ultimately the updated Fast Sweep
scanning routine and multipass optics configuration successfully increased the sensitivity of the
experiment for a fraction of the original cost. As shown in Figure 4.24, the same data can now
be acquired with fewer averages overall and greater signal intensity. Additionally, very minor
smoothing (as with a 3 pt boxcar model as implemented in Igor Pro) increases the signal to noise
ratio even further. This enhanced noise reduction is believed to come from the smoothing removing

signal jittering occurring as a result of the multipass optics.
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Figure 4.24: A comparison of Fast Sweep v1.0 and v2.0 covering the same frequency
window. Fewer overall averages are needed to acquire better data and a better overall
SNR is achieved with minimal smoothing
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4.3 Benchmarking Radical Generation in a High Voltage

Discharge

4.3.1 Experimental Methods

Utilizing the changes implemented in Sections 4.2, Fast Sweep Version 2.0 was used to conduct
benchmarking on a high voltage discharge experiment for the purpose of determining ideal operat-
ing conditions for generation of radical species. A bubbler was used to introduce methanol (Fisher
Chemical, 99.9%) seeded in an argon backing gas (Airgas, 99.996%). The resulting mixture was
introduced at indicated pressures (20-100 PSI) into a stainless steel vacuum chamber with a pulsed
valve (Parker Hannifin Series 9 general valve with 1 mm pinhole aperture) operating with a 25 Hz
repition rate driven by a pulsed driver (Parker Hannifin Iota One). The background pressure of the
vacuum chamber was 10 mTorr. The pressure differential between the gas lines and the vacuum
chamber creates a supersonic expansion. A ring electrode source after the design of McCarthy and
coworkers [119, 120] was used to initiate a plasma discharge for the destruction of the methanol
precursor. These electrodes were made of stainless steel and had an inner diameter of 2 mm to
match the pulsed valve pinhole aperture. Voltage was applied across the electrode source using a
high voltage power supply (Spellman SL2PN2000) run through a ballast resistor with resistance
of 2.5 k2.

The products in the expansion were characterized using the multiplier chain system described
in previously[18, 93] and the fast sweep scanning method developed by Hays[23] and optimized
by Zou[24]. Briefly, a microwave synthesizer (Agilent Technologies E8257D PSG) produces a 0-50
GHz signal that is then multiplied by a Virginia Diodes Inc. multiplier chain to achieve higher
frequencies. In the case of these experiments, the frequency range probed was 140-225 GHz. The
resultant signal was then passed through teflon lenses and focused on the supersonic expansion
out of the pulse valve apparatus. The signal through the expansion was then focused onto the
window of an InSb hot electron bolometer (QMC Ltd. QFIXBI/PTC) detector and was then
processed using an oscilloscope (Rigol DS1202Z-E). Timing between instruments was controlled
using a digital delay generator (Stanford Research Systems DG645) synchronized to the internal
clock of the microwave synthesizer. Timings of the pulses are described in Table 4.8.

Rotational transitions of methoxy (CH;0 ") and formaldehyde (H,CO) transitions were scanned

using a 12 MHz window (1 MHz FM Deviation, 5 kHz FM Rate). CH;0 " scans required 500 av-
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Table 4.8: Delay generator settings used to synchronize instruments

Channel Label | Time Setting (ms) Event
A 0.000 Pulse valve open
B 1.100 Pulse valve closed
C 0.850 Voltage on
D 1.350 Voltage off
E 1.200 Oscilloscope trigger on
F 2.000 Oscilloscope trigger off

erages while H,CO scans required only 200 averages. Time traces of the product signal were taken
using 256 averages. Additional species are expected to be present in the experiment, including
"CH3 and “OH, however these species are not observable using the methods described as ~CHjy
lacks an appreciable dipole and the Boltzmann peak of ~OH lies much higher than the frequency
range used. Data were systematically collected at a variety of operating conditions, including
backing pressures ranging from 20 PSI to 100 PSI, and discharge voltages ranging from 300 V to
1000V. Scans taken at lower voltages or higher backing pressures often resulted in no observable
data. This may be a result of the voltage being below the striking voltage required to generate a
plasma [121] for argon under the operating conditions in the case of low voltages. In the case of
high backing pressures, this may be a result of pressure broadening effects or low precursor density.
Data were initially processed using the updated scanning routine described in Section 4.2, which
included background subtraction between the first and fifth sweeps of the triangle wave, as well as
the second and fourth sweeps. These sweeps were 100 us in duration, thus these background sub-
tractions provided two timing data points with a difference of approximately 100 us for analysis.

These datapoints are henceforth referred to as "early” and "late”, relatively speaking.

4.3.2 Data Analysis

Data were further refined after background subtraction using several python scripts, briefly de-
scribed here. These scripts are included in Appendix A.2 of this work. Background subtracted
data were first smoothed using the SciPy uniform 1 dimensional filter with a filter length of 15. A
spectral window of size 3 MHz around the center frequency was then created using the SpecUtils
package. The purpose of this was to remove extraneous features and limit the fit to only the line
of interest (especially if other lines were present in the data window, as in the case of CH;0 ).

A guess of the line parameters was then generated and the line fit to equation 4.8 using SciPy’s
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curve fitting feature, with the dogbox fitting method employed,

—(z—xg)?

y=1v,+ AeT;) (48)

where A dictates the height of the peak, z dictates the center of the peak, and o dictates the
width. The leading term, v, is an arbitrary vertical offset applied to allow for better fits when
deviations appeared in the baseline (i.e., an artifact of the background subtraction process). The
raw, smoothed, and Gaussian fit of the data are then plotted and saved directly to the script
location. The peak amplitude, area, full width at half maximum (FWHM), and fit error were then
exported to a csv file.

Once the data were fit to a Gaussian equation, the fits were manually evaluated to ensure that
the produced fit accurately represented the data. This was especially important in the case of
CH;O " which had far weaker signal strength and two lines within the window of interest. Manual
evaluation ensured that the correct line was being fit and that baseline artifacts did not skew the
resultant fit. Occasionally, false positive fits were also generated and had to be manually removed
from the dataset. Example data are shown for both H,CO (Figures 4.25 and 4.26) and CH;0°
(Figures 4.27 and 4.28).
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Figure 4.25: Representative background subtracted data of the H,CO transition used
for construction of heatmap data presented. Raw data are shown in light blue and
smoothed data are shown in dark blue. Center frequencies used to generate spectral
windows are shown with dotted lines. Data are collected at a backing pressure of 30
PSI and voltage of 650 V.
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Figure 4.26: Representative Gaussian fits for H,CO used for construction of heatmap

data presented. Smoothed data are shown in dark blue and Gaussian fits are shown
in red.
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Figure 4.27: Representative background subtracted data of the CH3;O transitions
used for construction of heatmap data presented. Raw data are shown in light blue and
smoothed data are shown in dark blue. Center frequencies used to generate spectral

windows are shown with dotted lines. Data are collected at a backing pressure of 30
PSI and voltage of 650 V.
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Figure 4.28: Representative Gaussian fits for CH;0 * used for construction of heatmap
data presented. Smoothed data are shown in dark blue and Gaussian fits are shown in
red. A prominent noise feature is observed on the second CH;0  transition (right).
Such noise features are adequately excluded from the gausssian fit.

The data were then appended to a master spreadsheet and a heatmap was generated using
the Seaborn python package. In the case of normalized plots, data were normalized by taking the
maximum value of the line parameter for a particular transition from all datasets, and dividing
all data by that value. Time trace data were collected directly using the oscilloscope’s “export to
csv” feature in the UltraScope program that is included with the Rigol DS1202Z-E.

Altogether, a total of 1,080 spectral scans were taken for construction of the presented heat
maps. From these scans, 3,240 peaks were fit using the python scripts described in this section.
Each series of averaged scans took between 5-10 minutes to acquire, with scans requiring higher
averages being on the higher end of that timeframe. Using alternative methods such as the Igor
Pro peak fitting function to fit collected peaks would take several minutes per scan. In contrast,

the gauss_ off.py script is able to process a folder of 15-20 scans in approximately 30 seconds, with
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no significant delay in fitting extra lines within a window. This reduces the data processing from
a days long process to an accomplishable task in just a few hours even when considering manual

processing and formatting of files.

4.3.3 Results and Discussion

The direct outputs from the analysis conducted as described in the 4.3.2 are included in Figures
4.29 and 4.30 for the 150498.33 MHz peak of H,CO and 4.31, 4.32 for the 192428.4 MHz peak
of CH;0 " and 4.33 and 4.34 for the 192431.7 MHz peak of CH;0 . While not quantitatively
comparable between the datasets, general trends are qualitatively comparable between these plots.
Notably, the H,CO transition provides a much clearer signal and associated trends. As discussed
in Section 4.1, this is partially attributable to the rather high dipole of H,CO[108]. Additionally,
whereas H,CO displays a clear increase in yield with increased argon backing pressure and increased
discharge voltage, CH;O ~ displays a greater yield at lower backing pressures and a more moderate
voltage. Firstly, it becomes clear rather quickly that operating conditions that favor a stable
discharge product are not necessarily predictive for an unstable product. Whereas one operating
condition may be ideal for one product, a completely different set of conditions may be necessary for
optimal production of another species. That is to say, there does not appear to be any ”universal”
operating condition. Secondly, these observed trends follow with the greater associated energy
to generate formaldehyde directly from methanol. According to ab initio MRD-CI computations
with a double zeta basis set performed by Buenker et al. [122] on electronically excited methanol
dissociation, it is likely that the H,CO formation pathway involves a non-concerted series of steps
in which the O-H bond of methanol is first lengthened and a second hydrogen is attracted from the
carbon side of methanol. This is in contrast to the direct loss of a hydrogen in the case of CH;0 "
without any transition state, which is consistent with many experimental observations of the O-H
bond scission channel as dominant[122, 123]. Although there is some increased favorability created
by greater degeneracy in the singlet states of methanol due to the lengthened O-H bonds, the
presence of an energy barrier presents a greater challenge to formation. Thus, the greater required
voltage for optimal H,CO production is likely a product of the presence of this energy barrier. It
may therefore be informative for future experiments to evaluate the energy landscape of expected

discharge products to identify the ideal operating conditions of a high voltage discharge source.



65

1000
-0.016 950- 1.2
900
-0.014 850 Lo
800- ’
0012 ©
°
— = ~ 700 0.8 =
b 0010 2 = 650 I
J] 2 o 600 =
o E o uw
Ie] 0.008 < Jc 550 0.6 v
5 X g ow g
> 0006 g > 450 o
=8 425 0.4
400
0.004
350 0.2
0.002 s
0.000 300_ 0.0
20 30 40 50 60 70 80 90 100 ' 20 30 40 50 60 70 80 90 100 )
Pressure (PSI) Pressure (PSI)
16 -0.025
1.4
0.020
—_
1.2 5
— — £
> o > L
< 10 @ < 0015 o
[ < o s
e 08 % e I
i} : © i} <
= @ = o
Q a Q 0.010
0.4
0.005
0.2
0.0 £0.000

20 30 40 50 60 70 80 90 100
Pressure (PSI) Pressure (PSI)

20 30 40 50 60 70 80 90 100

Figure 4.29: Early acquisition heatmaps of the 150498.33 MHz transition of H,CO
under a variety of backing pressure and voltage discharge conditions. Peak amplitude
(top left), FWHM (top right), area (bottom left) and error in peak area (bottom
right) are shown. Data are not normalized.
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Figure 4.30: Late acquisition heatmaps of the 150498.33 MHz transition of H,CO
under a variety of backing pressure and voltage discharge conditions. Peak amplitude
(top left), FWHM (top right), area (bottom left) and error in peak area (bottom
right) are shown. Data are not normalized.
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Figure 4.31: Early acquisition heatmaps of the 192428.4 MHz transition of CH;0"
under a variety of backing pressure and voltage discharge conditions. Peak amplitude
(top left), FWHM (top right), area (bottom left) and error in peak area (bottom
right) are shown. Data are not normalized.
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Figure 4.32: Late acquisition heatmaps of the 192428.4 MHz transition of CH;0’
under a variety of backing pressure and voltage discharge conditions. Peak amplitude
(top left), FWHM (top right), area (bottom left) and error in peak area (bottom
right) are shown. Data are not normalized.
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Figure 4.33: Early acquisition heatmaps of the 192431.7 MHz transition of CH;0"
under a variety of backing pressure and voltage discharge conditions. Peak amplitude
(top left), FWHM (top right), area (bottom left) and error in peak area (bottom
right) are shown. Data are not normalized.
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Figure 4.34: Late acquisition heatmaps of the 192431.7 MHz transition of CH;0"
under a variety of backing pressure and voltage discharge conditions. Peak amplitude
(top left), FWHM (top right), area (bottom left) and error in peak area (bottom right)
are shown. Data in this figure are from a late acquisition. Data are not normalized.

Data were also normalized to facilitate comparison between species and between early and late
data acquisition schemes. These normalized data are shown in Figures 4.35, 4.36, and 4.37. It
is observed that the late data acquisition scheme results in increased product yield in both the
case of H,CO and CH30 ", though to a much more significant degree for CH;0 ". The trends for
the three peaks examined here remained consistent between the timing parameters tested. This is
noteworthy as H,CO may be generated as a direct decomposition product of methanol according

to the mechanism described by Buenker et al. [122], or as a decomposition product of vibrationally
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“hot” CH;0 " or "CH,OH [98, 110] or through additional hydrogen abstractions from a primary
CH;0 " product [123]. Based on the timing of the acquisitions and the timing of the instruments
noted in Table 4.8, there may be continued or even increased product formation just after the
discharge voltage is removed. Such behavior may be indicative of the latter processes described
above in which H,CO is secondarily generated from a primary CH;O " product. This behavior is

corroborated in the case of H,CO as shown in Figures 4.38 and 4.39.
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Figure 4.35: Normalized peak area heatmaps of the 150498.33 MHz transition of
H,CO under a variety of backing pressure and voltage discharge conditions. Peak
areas are shown for the early (left) and late (right) acquisitions.
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Figure 4.36: Normalized peak area heatmaps of the 192428.4 MHz transition of
CH3;O '  under a variety of backing pressure and voltage discharge conditions. Peak
areas are shown for the early (left) and late (right) acquisitions.
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Figure 4.37: Normalized peak area heatmaps of the 150498.33 MHz transition of
H,CO under a variety of backing pressure and voltage discharge conditions. Peak
areas are shown for the early (left) and late (right) acquisitions.

The heatmaps presented in Figures 4.29 through 4.37 are instructive of operating conditions
but give little insight into the time dependent production behavior of the system. For this reason,
time dependent product intensities were collected as in Figures 4.38 through 4.41. Respective
instrument and data collection timing events are overlayed onto product traces. Data were plotted

with a constant vertical offset of 0.005 V between each scan for clarity.
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Figure 4.38: Timing of instrument events overlayed on H,CO signal. Data are col-
lected at the 150498.33 MHz transition of H,CO with a backing pressure of 20 PSI.
Trends were similar across pressures with increased intensities at higher pressures.
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Figure 4.39: Timing of data collection events overlayed on H,CO signal. Data are
collected at the 150498.33 MHz transition of H,CO with a backing pressure of 20 PSI.
Trends were similar across pressures with increased intensities at higher pressures.
The ends of data sweeps are marked 1-5.
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Figure 4.40: Timing of instrument events overlayed on CH3z;O signal. Data are
collected at the 192428.4 MHz transition of CH;0 with a backing pressure of 20
PSI. Trends were similar across pressures with increased intensities at low pressures.
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Figure 4.41: Timing of data collection events overlayed on CH3O ' signal. Data are
collected at the 150498.33 MHz transition of CH;0 with a backing pressure of 20
PSI. Trends were similar across pressures with increased intensities at low pressures.
The ends of data sweeps are marked 1-5.
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Interestingly, as is clear from Figures 4.38, there is persistent and even increased H,CO produc-
tion once the voltage is removed from the supersonic expansion. This is not the case for CH;O " as
shown in Figure 4.40. This is indicative that H,CO production from methanol is much slower or
that H,CO production is initiated by secondary processes. In contrast, production of CH;O = from
methanol is most efficient from direct decomposition of methanol [122, 123]. Moreover, as shown in
Figure 4.38, H,CO production is relatively uniform at low discharge voltages. Production increases
early on in the experiment timeline at mid level voltages, and shifts later in the experiment timeline
at higher voltages. This behavior indicates that the mechanism of production may be changing
with a switchover event near 600 V. There is some mild shifting in the case of CH;O ", though
not nearly to the extent as with H,CO. This may be consistent with greater energy remaining
in primary dissociation products after decomposition, leading to further decomposition. Finally,
as shown in Figures 4.39 and 4.41, background subtraction for early and late acquisition schemes
should be accurately capturing signal and baseline in processing with background subtraction. For
early data acquisition schemes, data between the ”4” and ”5” markers are subtracted from the data
between "Data Collection On” and ”1” markers. For late data acquisition schemes, data between
the ”3” and ”4” markers are subtracted from the data between ”1” and ”2” markers. From Figure
4.39, an additional problem to consider may be posed by residual H,CO that persists into the

background sweeps at high voltages.

4.3.4 Conclusion

The data presented here show correlation between barrier height of a reaction and operating condi-
tions to produce the associated product. The presence of a transition state to direct production or
intermediate to secondary production may require greater backing pressure and discharge voltages
for optimal production. Thus, for production of a novel species via high voltage discharge in a
supersonic expansion, knowledge of the potential energy landscape and routes of production will
be useful for predicting ideal operating conditions. Such predictions may be made relative to stable
and easily identifiable species.

Future studies are planned to examine similar production dependence on operating conditions
for methylamine (CH3NH,). Based on the data presented here, the stable product CH,NH will
likely favor higher voltages and higher backing pressure than transient species. Thus, it may

be useful to find the ideal operating conditions for CH,NH and reduce the voltage and backing
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pressure until the desired product is observed. Previous photolysis studies of methylamine indicate
that scission of the N-H bond is expected to be the primary decomposition pathway, resulting in
high CH;NH " yields[124, 125]. Thus, generation of novel radical species from methylamine will
likely follow similar trends as with methanol and care should be taken to maintain lower backing

pressures and discharge voltages to avoid promoting further decomposition of the desired species.



7

Chapter 5

Kinetic Analysis of the
Decomposition of Aminomethanol
and Its Protonated Analog: A
Route to Strecker Synthesis in the
ISM?

The text in this chapter is taken with minor modification from a revision of the submitted paper
"Kinetic Analysis of the Decomposition of Aminomethanol and Its Protonated Analog: A Route
to Strecker Synthesis in the ISM?” by Colton Moore and Susanna Widicus Weaver that is under

consideration for publication by the Journal of Physical Chemistry A.

5.1 Introduction

Strecker synthesis[126] is the favored mechanism for the synthesis of a-amino acids on Earth. This
process may therefore have been involved in the emergence of life on early Earth[127, 128] and is a

promising pathway to life on other planets. Strecker synthesis proceeds first through the reaction
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of an aldehyde with an amine to produce an amino alcohol, before undergoing a proton transfer
followed by dehydration to form an imine. The resultant imine species then further reacts with
a cyanide containing species to produce an aminonitrile. From there, the aminonitrile undergoes
a series of reactions to protonate the nitrogen from the added cyanide group to form, and then
lose, a NH; group to produce an a-amino acid. A key part of this process is the formation of
and dehydration of an amino alcohol. In the Strecker synthesis of glycine, the simplest amino
acid involved in life on Earth, aminomethanol (NH,CH,OH) is the predicted intermediate amino
alcohol. [129] Though terrestrially unstable, aminomethanol is predicted to form in high abundance
in the interstellar medium (ISM)[11, 12]. Aminomethanol may therefore play a key role in the
formation of biomolecules throughout the universe.

Detection of aminomethanol in the ISM would confirm a key route toward the origins of life
through chemistry starting from small molecules. Routes of aminomethanol formation from am-
monia and formaldehyde, both with[15, 130] and without[131] catalysts, have been studied exten-
sively with theory. The results of these studies indicate that the abundant water ice matrices on
interstellar grains can easily catalyze aminomethanol formation from ammonia and formaldehyde.
Woon[13] reported that the barrier of formation can be suppressed to as little as 0.6 kcal mol™*
when ice matrix effects are incorporated, with just two water molecules playing an active role in
catalysis via the proton relay mechanism. Additional studies show that formic acid and ammonia
can be effective catalysts as well[132-135]. Alternative formation pathways, including the reaction
between formaldehyde and the ammonium cation in water clusters[136], and the combination of the
OH radical and the CH,NH, " cation[137], have demonstrated low or submerged reaction barriers.
The formation pathway via O(!D) insertion into methylamine[83, 138], meanwhile, is completely
barrierless. Likewise, formation through a protonated intermediate in interstellar water ices and
subsequent hydrogen loss was shown by Chen and Woon [14] to be barrierless, and they proposed
that the protonated intermediate may actually be a precursor to the neutral form. In laboratory
experiments, formation of aminomethanol via the ammonia and formaldehyde pathway [139-142]
in ice analogs has been demonstrated by several groups. Infrared (IR) spectral features observed
in these studies could support the protonated intermediate mechanism proposed by Chen and
Woon[14], but this pathway has not yet been explicitly explored in laboratory experiments. More
recently, formation via the O(!D) + methylamine pathway has been demonstrated by Singh et

al.[143] in laboratory ice analogs.
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The existing body of work on aminomethanol, both theory and experiment, suggests that it is
plausible for aminomethanol to form on interstellar ice grains through more than one mechanism
with a variety of contributing catalytic effects. Before a search for aminomethanol in the ISM can
be conducted, laboratory spectroscopic characterization via rotational spectroscopy is required,
as gas phase detection will be more straightforward than its IR detection in icy grain mantles.
However, gas phase synthesis of aminomethanol through the same methods that prove fruitful on
ices is complicated by complex networks of side reactions and decomposition pathways [18]. Tt is
therefore important to fully characterize the reactions that may form or destroy aminomethanol
to guide experiments and observations.

While aminomethanol has been extensively studied, its protonated analog has received far less
attention. Redondo et al. [144, 145] have explored formation pathways of protonated aminomethanol.
They found a barrier to formation from the ammonium cation and formaldehyde of 16.97 kcal
mol~! at the CCSD(T)/aug-cc-pVQZ//MP2/aug-cc-pVTZ level of theory, which is significantly
lower than reported barriers for the analogous reaction to form neutral aminomethanol. They also
studied the interconversion between the N- and O-protonated forms of aminomethanol, and the
likelihood of formation of protonated glycine from protonated aminomethanol, which was deemed
unlikely.

In addition to direct formation of protonated aminomethanol, protonation of neutral aminomethanol
after formation is another plausible route of formation for both the N- and O- protonated forms.
Proton carriers such as NH4+, H3O+, HCO™, and H3Jr are prevalent in the ISM and react barri-
erlessly with neutral molecules to form protonated species. Given the barrierless nature of proto-
nation, it is possible to form either N- or O-protonated aminomethanol in the ISM once neutral
aminomethanol desorbs from icy grains. The aforementioned theoretical studies and the plausibil-
ity of protonation from a variety of sources indicate that the protonated analog of aminomethanol
may be a key reservoir for aminomethanol in the ISM.

While formation pathways for both protonated aminomethanol and neutral aminomethanol are
characterized in the literature[13-15, 83, 132-135, 137, 146], decomposition via water loss is rarely
mentioned in depth[131]. The focus instead remains on the larger picture of Strecker synthesis of
glycine[129, 130, 136], despite the water loss decomposition step being a key barrier to the formation
of glycine through Strecker synthesis. Few works provide detailed analysis of this decomposition

pathway. Of those that do address decomposition in a detailed manner, most focus on the neutral
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form of aminomethanol. Some works, such as those by Redondo and coworkers[145], have explored
reactions of protonated aminomethanol with formic acid to produce glycine. However, the water
loss channel for protonated aminomethanol decomposition is not yet well explored. This particular
pathway bears consideration as its product, CH2NH2+, is predicted to have a route via submerged
reaction barriers to form NH,CH,CNH™, which can be hydrolyzed to form glycine [147].

The reaction kinetics are often left out in many theoretical studies of molecules important to
astrochemistry. Kinetic effects, especially hydrogen tunneling, are necessary for building a complete
chemical picture of the ISM. From disentangling complex chemical networks observed in laboratory
experiments to providing accurate models of chemistry observed in the ISM, kinetics plays a crucial
role in interpreting observed phenomena. Of the aforementioned studies, only a handful took into
account the kinetics of aminomethanol reactions. Of note are the work by Feldmann et al.[131],
which provides Rice-Ramsperger—Kassel-Marcus (RRKM) theory rate constants for the formation
and decomposition of aminomethanol, and the work of Sarkar et al.[134], which provides rate
constants for the catalyzed formation of aminomethanol with water and formic acid. To the best
of our knowledge, the only kinetic exploration of the water loss channel for aminomethanol is the
work of Feldmann et al.[131], and none exists for the protonated form. Therefore, we present here
a detailed kinetic study of the decomposition of both aminomethanol and its protonated form via
the water loss channel using variational transition state theory (VTST). Additionally, we provide
rotational constants for the N-protonated form of aminomethanol to assist with spectroscopic

detection in laboratory experiments.

5.2 Computational Methods

5.2.1 Benchmarking and Electronic Structure

Initial computational studies focused on benchmarking the energy barriers of the decomposition
pathways of aminomethanol and N-protonated aminomethanol against existing literature values.
All geometry optimizations, frequency analyses, and intrinsic reaction coordinate calculations for
the current work were carried out using Gaussian 16[148]. All geometry optimizations were op-
timized using the "very tight” optimization keyword. The work of Singh et al.[143] focused on
aminomethanol; these calculations used the CCSD(T)/CBS//MP2/aug-cc-pVTZ level of theory

with zero point vibrational energy (ZPVE) corrections to obtain a reaction barrier height of 56.2
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kcal/mol. The work of Redondo et al.[145] focused on the N-protonated aminomethanol sys-
tem; these calculations used the CCSD(T)/aug-cc-pVQZ//MP2/aug-cc-pVTZ level of theory with
ZPVE corrections to obtain a barrier height of 30.10 kcal/mol. Given that kinetics calculations
using Polyrate require frequency calculations using Gaussian 16, using the CCSD(T) level of theory
was not feasible in the current study. Rather, the following levels of theory were tested against the
aforementioned existing work: MP2[149-153], B3LYP[154, 155], PBEQ[156-158], wB97X-D[159],
MO06-L[160], MN15-L[161], M06-2X[162], M08-HX[163], MN15[164], and VSXC[165]. The levels
of theory tested were chosen for their availability in Gausssian 16 and potential performance in
hydrogen transfer reactions.[166] Each theory level was tested with the aug-ce-pVTZ basis set[167—
170] given the relatively small size of the molecules of interest. Appropriate frequency scaling fac-
tors[171, 172] for the methods used in benchmarking were applied using the ”scale” keyword in
Gaussian 16. Where frequency scaling factors were unavailable in databases, no scaling was applied.
The energies used for benchmarking include ZPVE corrections. The Minnesota functionals were
tested with a superfine grid. The mean unsigned errors (MUE) in kcal mol~! of each method with
respect to the the literature values are shown in Table 5.1. The level of theory that gave the lowest
MUE for the neutral aminomethanol system was the M06-2X/aug-cc-pVTZ (MUE=0.61). The
level of theory that gave the lowest MUE for the N-protonated system was M06-L/aug-cc-pVTZ
(MUE=0.54). These theory methods provided an energy barrier for each system in agreement
with those published in the literature to within experimental accuracy. The transition states for
all reaction pathways with barriers were confirmed with analytical frequency calculations, which
returned only one imaginary frequency per reaction. These transition states were confirmed to
represent the appropriate reaction pathways with intrinsic reaction coordinates (IRCs) [173, 174].

High accuracy rotational constants were obtained for N-protonated aminomethanol using the
CFOUR package[175] with a CCSD(T)[39, 176-179]/aug-cc-pVTZ basis set for both geometry

optimization and frequency analysis.

5.2.2 Dynamics and Tunneling Calculations

Once an appropriate level of theory and basis set combination was determined, analysis of the
reaction kinetics was carried out using variational transition state theory (VTST) as implemented
in the Gaussratel7-B[180] and Polyratel7-C[181] program suites. The full computational details

of these programs are described elsewhere [180, 181], so only key aspects are presented here.
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Table 5.1: Difference in energies (kcal mol ') between literature values and calculated
values for the reaction barrier heights ( AEg,,...), overall reaction (AFE, ), and mean
unsigned error (MUE) for the decomposition of aminomethanol and N-protonated

aminomethanol. All energies used in benchmarking included ZPVE corrections.

Aminomethanol N-Protonated Aminomethanol
Theory Method | AEg,rier AFE,., MUE | AEg, rier AE,..., MUE
MP2 -2.91 -1.09 2.00 -1.00 2.19 1.59
B3LYP -5.37 -4.71 5.04 -0.90 -1.64 1.27
PBEO -0.17 1.71 0.95 -0.34 4.24 2.29
wB97X-D -0.88 -0.77 0.83 -0.10 1.61 0.85
MO06-L -5.06 -3.39 4.22 -0.87 0.22 0.54
MN15-L -1.39 -2.20 1.79 0.38 1.65 1.01
MO06-2X -0.93 -0.28 0.61 -0.88 2.04 1.47
MO08-HX 0.87 -1.49 1.18 1.59 1.14 1.37
MN15 -1.48 0.25 0.86 -2.61 1.68 2.15
VSXC -15.49 -8.52 12.00 -1.42 -6.74 4.08

The kinetic rate constants presented in this work are computed using conventional transition
state theory (denoted TST) and variational transition state theory, namely canonical variational
transition state theory (denoted CVT). In conventional transition state theory, the dividing hyper-
surface between the reactant and product regions is presumed to be located directly on the saddle
point (that is, s=0 and perpendicular to the imaginary frequency normal mode), and this theory
makes the assumption that there are no recrossing effects. In contrast, variational transition state
theory variationally optimizes the dividing hypersurface so that it is located at the true dynamic
bottleneck of the reaction, which may or may not be directly on the saddle point. If located
elsewhere (s = s,), this is the generalized transition state, or GT. The optimized location of this
surface is one that minimizes recrossing effects. When the TST rate constant is minimized with

respect to s, one obtains the VI'ST CVT rate constant, given by Equation 5.1 [74-77]

GT (. _
KEVI(T) = min kTST(T, ) = £ 9 =5 T)

: = Qrm) PP Vamp(s (D)) (5.1)

where k€Y7 is the classical CVT kinetic rate constant, o is the reaction path symmetry number,
B = (kgT)™!, kg is the Boltzmann constant, T is temperature, h is the Planck constant, QCT and
QP are the partition functions of the generalized transition state and reactants, respectively, and
Vi ep(8) is the potential evaluated on the minimum energy pathway (MEP) at s. This is the basis
for the computed CVT rate constants in this work.

Equation 5.1 does not take into account tunneling effects. Multidimensional tunneling effects
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were considered using zero curvature tunneling (ZCT)[78], small curvature tunneling (SCT)[79],
large curvature tunneling (LCG4)[80], and microcanonically optimized multidimensional model
(uOMT)[81]. These values are denoted with CVT/MT where MT is the multidimensional tunneling

method used. These effects are incorporated as in Equation 5.2[74, 182]:
kCVT/MT<T) _ RCVT/MT(T)/{CVT(T) (5.2)

where kYT is the CVT rate constant without multidimensional tunneling and xV7/MT is the
tunneling transmission coefficient obtained with a given multidimensional tunneling approximation.

The tunneling transmission coefficient is related to the tunneling probability by equation 5.3[77]:

1 +oo
KT(T) = — / PT(E)e BV keTqp (5.3)
kpT Jg,

VAG ig the maximum of the

where PT(E) is the quantum tunneling probability at a given energy,
adiabatic ground state potential energy (Vf) along the reaction coordinate, and Ej, is the lowest
energy at which the reaction can occur.

Key considerations in multidimensional tunneling approximations are: (1) the quantized con-
tribution of all vibrational modes in the tunneling path (which changes the shape of the energy
barrier), and (2) the coupling between motion along the MEP and the vibrational modes perpen-
dicular to it (which results in reaction path curvature, a major consequence of which is the so called
“corner cutting” effect). The ZCT approximation takes into account (1) but neglects the effects of
(2), which leads to seriously underestimated tunneling effects. Meanwhile, SCT, LCT, and pOMT
take into account both (1) and (2). ZCT and SCT use the semiclassical WKB approximation,

which gives transmission probability through an energy barrier as in equation: 5.4[74, 77)

0 E<E,

{14200 V(s =—00) <E< V(s

P(E) = (5.4)
1_PT(2VQG(S*)_E) VaG(S*) < ESQVaG(S*)_EO

1 2VE(s,)—E, < E



84

where 0 is the imaginary action integral given by equation. 5.5[74, 77]

0= [ astulvaces) - mpe (5.5)

s<

In equation 5.5, s< and s> are turning points where V' = E, p is the reduced mass, and VA is
the ground state adiabatic potential. A key distinction between ZCT and SCT is that p becomes
teg(s) for SCT tunneling probability calculations. The value of 1. ;,(s) is determined by reaction
path curvature and the calculations of it are described elsewhere[77].

The LCG4 tunneling approximation is more complex than those of the ZCT and SCT. Key
features of this approximation are that tunneling paths are straight lines that connect the reactant
and product valley regions, it includes tunneling paths through regions of the PES that are far
from the MEP, and nonadiabatic regions can be included. The primitive tunneling probability in

the LCG4 method is given by equation 5.6[74]

prim 9

~ ~ 2
PLCG4(E> — |T(E)|2—|— <COSX{SO(E)’ [SO(E)]} + COSX{Sl (E)’ [SO(E)]}> *ewp{—Z@[sO(E)]} (56)

Where T(E) is the tunneling amplitude that accounts for tunneling initiated by the vibrational
modes perpendicular to the reaction coordinate and exp{—0[s,(E)]}cosx{5q or1(E);[so(F)]} is the
amplitude of the tunneling contribution initiated by motion along the reaction coordinate at the
classical turning point s, for the forward (s,) and reverse (s;) motion. 7) is the unit vector along the
tunneling path, x[s, 7(s;)] describes the angle between the unit vector 7 and the unit vector tangent
to the reactant path at s, and 6 is the action integral which is defined by adiabatic reactant and
product regions and a nonadiabitic region in between. This probability is constrained by equation

5.7 for E < VA% such that the probability tends to 0.50 at the barrier maximum.

LCG4 (17 AG\—1
1 [P"mam (Va )] —1 LCG4<E) % 1 (5 7)
2 PLCG4(VaAG) Nmax 14+ [PLCG4(E)}—1 :

n n

PLOGYE) = {1 +

max max

Additional corrections are incorporated to describe tunneling into and from excited states; these
are described elsewhere. [74]

The pOMT method strikes a balance between the considerations of small and large curvature
tunneling approximations by simply taking the tunneling probability to be the highest of PXCT(E)
and PSCT(E).
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The minimum energy path was optimized from -2.9 A < s < 4.0 A along the path of steepest
descent on either side of the saddle point using the Page-Mclver integrator. A step size of 0.001 A
was used. Non-redundant internal coordinates were used to describe the systems and the RODS
keyword was used to reorient the general transition state dividing surface. A reaction path sym-
metry number (o) of 1 was used for both reactions as both transition states had C; symmetry and
both reactants had C, symmetry, resulting in a symmetry number of 1 [75]. Appropriate frequency
scaling factors for each system were incorporated based on the functional and basis set used[171,

183, 184].

5.3 Reaction Energetics

The energies of the stationary points of the aminomethanol decomposition pathway and the N-
protonated aminomethanol decomposition pathway were benchmarked against the work of Singh et
al.[143] and Redondo et al.[145], respectively. The energies of these points at both levels of theory
used for the kinetics calculations are shown in Figures 5.1 and 5.2. The barrier height energies
are in good agreement with the previous work, with an energy difference of 0.61 kcal mol™! for
aminomethanol and 0.54 kcal mol~! for N-protonated aminomethanol. At the chosen levels of
theory, both the barrier height and overall reaction energies were within 1 kcal mol~! of literature
values.

The molecular ions NH4+, H3O+, HCO™, and H3+ are all common proton carriers in the
ISM and may be present in relevant laboratory experiments. As such, their reactions with
aminomethanol were examined using the DFT methods applied to the kinetics to show the feasi-
bility of protonation. The results of these calculations are shown in Figure 5.2. The feasibility of
protonation from these species at both the N and O sites of aminomethanol were examined. It was
found that each carrier protonates aminomethanol easily at either the N or O site, with no barrier.
That is to say, the transition state search spontaneously converged to the products. A relaxed
scan of the protonation reaction was performed in Gaussian 16 for the NH4+ protonation reaction
which displayed a smooth downward trend in energy as the reaction progressed, indicating that
the reaction had no barrier. These findings are consistent with the work of Redondo et al. [145]
as well as the known barrierless nature of ion-molecule reactions.

The facile nature of protonation of aminomethanol and high reactant energies shown in Fig-
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Figure 5.1: Reaction coordinate diagram for the aminomethanol decomposition into
methanimine (CH,NH) and water. Energies with ZPVE corrections in kcal mol~! are
shown at the M06-2X /aug-cc-pVTZ level of theory in purple (top number) and the
MO06-L/aug-cc-pVTZ level of theory in green (bottom number).
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Figure 5.2: Reaction coordinate diagram showing the formation of protonated

aminomethanol from aminomethanol and common proton carriers in the ISM (H3+,
HCO™, H,07, NH4+). Energies with ZPVE corrections in kcal mol™! are shown at
the M06-2X /aug-cc-pVTZ level of theory in purple (top number) and the M06-L/aug-
cc-pVTZ level of theory in green (bottom number).
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ure 5.2 indicate that protonation is possible in the interstellar medium. If protonation were to
occur, it is likely that the energy imparted into the molecule by the protonation process will
cause decomposition into CH,NH," and H,O for all cases except that of NH,. These results
indicate that gas phase formation of either N-protonated or O-protonated aminomethanol from
neutral aminomethanol readily leads to decomposition in all but one case. Conversely, in gas
phase laboratory experiments, stabilization could occur through collisional de-excitation, such as
in a supersonic expansion.

In addition to reaction coordinates, more detailed reaction energetics are obtained through
the kinetics calculations performed using the Polyrate program suite. Potential energy curves for
the reaction path are shown in Figure 5.3. The vibrationally adiabatic potential energy, V&, is

represented by Equation 5.8,

VE =Vigp+ €5 (5.8)

where V,,pp is the potential energy of the minimum energy pathway of the reaction and €5, is
the zero point energy from the normal mode vibrations orthogonal to the reaction coordinate. It
is evident from both the reaction coordinates and the potential energy curves that the barrier for
the decomposition of N-protonated aminomethanol is significantly lower than that of the neutral
system. Thus, based only upon barrier height, one may expect the decomposition of the protonated
form of aminomethanol to occur faster than the neutral form. However, less obviously, there is
a slight shift in the potential energy curves of N-protonated aminomethanol toward the reactants

and an overall flattened energy barrier.

5.4 Reaction Kinetics

5.4.1 Reaction Path Curvature and Coupling of Vibrational Modes

Further analysis of these systems was performed by examining the reaction path curvature along
the MEP. Scalar reaction path curvature for both systems at their respective level of theory is
shown in Figure 5.4. Peaks in the reaction path curvature are indicative of electronic structure
changes, such as bond breakage, bond formation, or redistribution of charge in a molecule as
it traverses the minimum energy pathway of a reaction. This information can be used to gain
mechanistic insight into the processes underlying a reaction. As is seen in Figure 5.4, there is a

slight shift in the minimum curvature at the center toward the reactants (s < 0.0 Bohr) in the
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Figure 5.4: Scalar reaction path curvature for the water loss decomposition pathway
of aminomethanol (purple) and N-protonated aminomethanol (green).

case of N-protonated aminomethanol as compared with the neutral system. This suggests that the
true dynamic bottleneck and the transition state structure in the protonated system both lie closer
to the reactants than in the neutral system. Additionally, the curvature of the reaction path for
the N-protonated form of aminomethanol displays a broadened curvature peak near the reactants,
indicating this event may be more prolonged than in the neutral form.

The scalar curvature of the path can be decomposed into the coupling coefficients of each normal
modes (m) with the motion along the reaction path (F) to identify the contribution each mode
makes to the reaction[185-189]. The relationship between scalar curvature (k) and the reaction

path is given by Equation 5.9

k= (3 B p(s)?)"’ (5.9)

Thus, both positive and negative curvature coupling coefficients influence the motion of the
molecule along the path, with vibrational modes having a positive coupling coefficient assist-

ing the progression of the reaction, and modes having negative coupling coefficients resisting the
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progression of the reaction. Through decomposition of the reaction path curvature into the cou-
pling coefficients of these vibrational modes, it becomes clearer where mechanistic differences arise
between the protonated and neutral system. The scalar path curvature, as well as the coupling
coefficients of selected vibrational modes that show strong assistance or resistance of the reaction
progression are shown in Figures 5.5 and 5.6. Each vibrational mode of the molecule is labeled
with a descriptor of the motion and changes in the molecular structure from the corresponding
IRC calculation are overlaid.
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Figure 5.5: Scalar reaction path curvature (k) and decomposition of the reaction path
curvature into the mode coupling constants B, (s) for aminomethanol.

As is evident from Figures 5.5 and 5.6, there are slight differences in the phases of the reaction
progression despite the reactants, transition state, and products appearing to have somewhat
similar structures. Water loss from the aminomethanol molecule shown in Figure 5.5 begins with
twisting of the NH, group to bring the hydrogen to be transferred into the O-C-N plane in Phase
1 (P1). In Phase 2, the C-O bond lengthens and breaks, the CH,NH fragment also becomes more
flattened. In Phase 3, the hydrogen atom migrates towards the OH fragment and a C-N double
bond begins to form. In Phase 4, the transition state structure determined by the classic transition
state search in Gaussian 16 is observed. A bond forms between the migrating hydrogen and the OH
fragment to form the leaving water molecule. The C-N double bond is now fully formed. In Phase

5, the products move away from one another. In Phase 6, the leaving water molecule reorients to
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Figure 5.6: Scalar reaction path curvature (k) and decomposition of the reaction path
curvature into the mode coupling constants B, (s) for for protonated aminomethanol.

act as a hydrogen bond donor to the nitrogen on the methanimine product, stabilizing the product
cluster.

In the protonated system, Phase 1 is marked by rotation of the NH; group to again bring the
hydrogen into the O-C-N plane. In Phase 2, the NH; group twists into an eclipsed geometry and
the N-H bond begins lengthening. In Phase 3, the N-H bond continues lengthening and a reduction
in the O-C-N bond angle is observed. The N-H bond of the migrating hydrogen then breaks. Note
that in the N-protonated system, the curvature minimum is shifted towards the reactants, as is
observed with the energy curves in Figures 5.3 and 5.4. As in neutral aminomethanol, in Phase
4 an H-O bond forms and a C-N double bond begins to form. In contrast to the neutral system,
the C-O bond breaks in Phase 4 nearly simultaneously with the H-O bond formation. In Phase
5, the H,O molecule separates from the CHQNH2+ product and the C=N bond forms. There is
slight rearrangement of the CH,NH, " cation as the double bond forms and the molecule adopts
a planar structure. In Phase 6, the products continue to separate. Whereas the neutral form
displays movement of the water product to the N site and stabilization via hydrogen bonding, in
the protonated form, the lost water merely rotates to form an ion-neutral complex, maintaining
association between the water and carbon atom. This results in a prolonged curvature feature in

the pathway of the protonated form. These decomposition paths were examined with the IRC
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calculations performed in Gaussian 16 at the MO06-L, M062X, and MP2 level of theory with the
aug-cc-pVTZ basis set. Likewise, the structures reported by Riffet et al.[136] at the B3LYP/6-
31G(d) level of theory show similar transition states to those shown here. The observed phases of
the decomposition pathways remained the same regardless of the level of theory used. Thus, we
conclude that intramolecular hydrogen atom transfer and subsequent water loss occurs through
similar but slightly different mechanistic phases for aminomethanol and N-protonated aminometh-
naol. The most notable differences in these mechanistic phases are the timing of the C-O bond
breakage and delocalization of electrons about the C-N bond, and the greater degree of heavy atom

movement (i.e., the O-C-N bond angle reduction) in the protonated system.

Table 5.2: Assistive and resistive vibrational modes in the decomposition of neutral
aminomethanol.

Phase Phase Description Assistive Motion Resistive Motion
NH, rotation .
1 H-N-C-O in plane ) NH; rocking
C-O bond breaks | O—C—N outward bend NH,wag
| C-N double bond formin C-0 stretch N stretch
& CH,, NH, twist
H atom translation .
. . H,O scissor
3 H migration CH, wag H.O rockin
NH, wag 2 &
N-11 bond breaks H atom translation NH, scissor
4 H-O bond forms H.0 scissor NH. wa
C=N bond forms 2 5elss 2 Wag
5 Product separation - -
Product separation H50 twist
6 O-H—N hydrogen bond C-0 stretch -0 bond contracts

The vibrational modes that assist or resist in the progression of these reactions are, for the most
part, intuitive. These motions are labeled in Figures 5.5 and 5.6 and summarized in Tables 5.2
and 5.3. Normal mode motions were characterized according to their scaled vibrational motions
in Gaussian 16 and cross referenced to the vibrational energy level corresponding to the s value
associated with the curvature feature. The stationary point that was most similar to the structure
at the curvature feature was used to assign the motion associated with a particular vibrational
mode. The stationary points used were the reactant for Phases 1 in the neutral system and 1 and
2 in the protonated system, the transition state structures for Phases 2, 3, and 4 in the neutral
system and 3 and 4 in the protonated system, and the product complex for Phases 5 and 6 in

both systems. Again, the systems show similar reaction phases with notably different timings
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Table 5.3: Assistive and resistive vibrational modes in the decomposition of N-
protonated aminomethanol.

C-O bond breaks

HC-NH scissor

Phase | Phase Description | Assistive Motion | Resistive Motion
1 NH; rotation NH; rotation
H-N-C-O in plane OH stretch )

2 H migration O—C—N scissor -

C-O bond lengthens | H atom translation CH,—NH, twist
3 N-H bond breaks CH, wag HC-NH scissor

H migration O—C—N scissor
H atom translation
CH,—NH,, twist .

4 H-O bond forms NH, wag CH, scissor

CH, wag

O—C—N scissor
C=N bond forms .
b Product separation NH, twist B}
Product separation

H,O twisting

O—C—N scissor

for N-H and O-H bond breakage and formation, respectively. Phase 2 appears to be the most
significant event in the neutral system showing significant resistance to breaking the C-O bond. In
contrast, the protonated system has similar sized curvature peaks across the MEP. Both systems
are greatly assisted on either side of the transition state by translation of the hydrogen atom from
the N to O site of the molecule. In the neutral system, there are few modes but those present
make substantial contribution to motion along the MEP. In the protonated system, many modes
contribute to motion along the MEP, each making small contributions. Moreover, while the neutral
system has a large peak characterized by significant resistance, phases in the protonated system are
characterized to a greater degree by assistive motions. Additionally, the O-C-N scissoring motion
shows numerous assists to the reaction progression in the protonated system prior to s=0 and
resistive character in the product region.

From the analysis of the normal vibrational modes presented above, two differences between
water loss decomposition in the protonated and neutral aminomethanol systems become clear.
First, while a similar normal mode motion is the main contributor to motion along the MEP, there
are overall more normal modes that contribute to the reaction progress in the protonated system.
The normal modes that have positive coupling to the reaction path in the protonated system
appear to drive a reduction in the O-C-N angle, making much of the reaction possible without
first undergoing a C-O bond breakage. Second, the curvature peak in Phase 3 of the protonated

system is elongated over a greater range of s values, indicating more gradual electronic structure
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changes associated with hydrogen atom movement and N-H and C-O bond breakage. This gradual

electronic structure change may cause a broadening of the reaction barrier.

5.4.2 Reaction Rate Constants

Given the differences in reaction barrier width and reaction phases, it is pertinent to examine the
reaction rate constants with inclusion of tunneling effects. Such effects are of particular interest to
reactions occurring in the interstellar medium given the low temperature and low number density
of molecules. Selected rate constants are presented in Tables 5.4 and 5.5. At low temperatures
(< 300 K), there are significant contributions to the rate constant due to tunneling effects, with
a profound rate enhancement for both systems at low temperatures. This effect is greater for
the neutral system than for the protonated system, consistent with a narrower reaction barrier.
Predictions of rate constants at such low temperatures are difficult, so these values should be
taken with caution. Experimentally measured rate constants at low temperatures are needed
to confirm the calculated kinetics at low temperatures. Despite the intense effects of hydrogen
tunneling at low temperatures, the rate constants of decomposition of both aminomethanol and its
N-protonated analog remain small. This indicates that while hydrogen tunneling will result in a
significant rate enhancement, forward progression of the reactions to form imines for the next step
of Strecker synthesis in the interstellar medium will likely rely on the catalytic effects of ice surfaces,
energy imparted from other sources such as radiation (ultraviolet or X-ray), energy imparted from
collisions or chemical reactions (such as the protonation of aminomethanol), or from warming of
the icy bodies where these molecules are formed (as in atmospheric entry of comets or warming of
ice mantles in protoplanetary disks). However, at temperatures of 300 K and above, N-protonated
aminomethanol does display rate constants that indicate forward progression of Strecker synthesis
is possible. This also indicates that for laboratory experiments, the neutral system is a better
candidate for gas phase detection due to greater stability and that proton rich environments may

promote decomposition of neutral aminomethanol via protonation and subsequent water loss.
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Table 5.4: Rate Constants (s~!) for aminomethanol decomposition. Values with an
* indicate the tunneling correction that produces the largest rate constant, which is
used as the ko, value.

T(K) | TST CVT  CVT/ZCT CVT/SCT CVT/LCG4 CVT/uOMT
100 | 4.3(-109) 4.2(-109)  7.7(-72)  4.0(-63)* 8.0(-68) 4.0(-63)
200 | 1.7(-48) 1.7(-48)  3.2(-42)  6.5(-39)* 1.0(-39) 6.5(-39)
300 | 2.9(-28)  2.9(-28)  1.8(-26)  3.8(-25)* 9.4(-26) 3.8(-25)
400 | 4.0(-18)  4.0(-18)  2.6(-17)  9.9(-17)* 2.8(-17) 9.9(-17)
500 | 5.2(-12)  5.1(-12)  1.5(-11)  3.1(-11)* 1.4(-11) 3.1(-11)
600 | 6.3(-08) 6.2(-08)  1.3(-07)  2.0(-07)* 1.2(-07) 2.0(-07)
700 | 5.3(-05)  5.3(-05)  8.9(-05)  1.2(-04)* 8.5(-05) 1.2(-04)
800 | 8.5(-03)  8.4(-03)  1.2(-02)  1.6(-02)* 1.2(-02) 1.6(-02)
900 | 4.4(-01)  4.4(-01)  5.9(-01)  7.1(-01)* 5.8(-01) 7.1(-01)
1000 | 1.1(+01) 1.1(401)  1.3(+01)  L5(401)*  1.3(401) 1.5(+01)

Table 5.5: Rate Constants (s™!) for N-Protonated Aminomethanol decomposition.
Values with an * indicate the tunneling correction that produces the largest rate
constant, which is used as the k) value.

T(K) [ TST CVT  CVT/ZCT CVT/SCT CVT/LCG4 CVT/uOMT
100 | 2.1(-52) 2.1(-52)  1.8(-36) 2.3(-33) 1.1(-32)* 1.1(-32)
200 | 2.3(-20)  2.3(-20)  1.1(-17) 3.4(-16) 3.8(-16) 4.7(-16)
300 | 1.1(-09) 1.1(-09)  7.8(-09)  2.6(-08)* 1.0(-08) 2.6(-08)
400 | 2.3(-04)  2.3(-04)  6.4(-04)  1.1(-03)* 6.1(-04) 1.1(-03)
500 | 3.9(-01) 3.8(-01)  7.1(-01)  9.4(-01)* 6.8(-01) 9.4(-01)
600 | 5.5(+01) 5.5(+01) 83(+01)  9.9(+01)*  8.0(+01) 9.9(401)
700 | 1.9(+03) 1.9(+03)  2.6(+03)  2.9(+03)*  2.5(+03) 2.9(+03)
800 | 2.8(+04) 2.8(+04)  3.5(+04)  3.9(+04)*  3.5(+04) 3.9(404)
900 | 2.3(+05) 2.3(+05)  2.7(4+05)  2.9(+05)*  2.7(+05) 2.9(405)
1000 | 1.2(+06) 1.2(+06)  1.4(+06)  1.5(+06)*  1.4(+06) 1.5(+06)

The first two columns of Tables 5.4 and 5.5 show the TST and CVT rate constants, respec-
tively. The next three entries show the CVT rate constants with the multidimensional tunneling
corrections ZCT, SCT, LCG4, and pOMT. There is a maximal variational effect (kpgp/key ) for
both systems of approximately 1.03 at 60 K. Thus, there is minimal variational effects for both
systems

The aminomethanol system displays dominance of the SCT approximation across the range
of temperatures at which rate constants were computed, while the protonated system shows a
switchover from the SCT approximation to the LCG4 approximation near 200 K. An Arrhenius
plot comparing the rate constants of the two systems is shown in Figure 5.7. As may be expected,
the rate constants of the protonated system are larger than those for the neutral system, with

a widening of this gap at lower temperatures. In Figure 5.8, an Arrhenius plot for each system
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without tunneling (CVT) and with tunneling corrections (ZCT, SCT, and LCG4) is shown. This
figure demonstrates the profound effect that hydrogen tunneling has on these systems, inducing
non-Arrhenius behavior at low temperatures.

The pOMT rate constants for both systems are plotted together in Figure 5.9. There is a clear
difference in the degree of concavity, and thus tunneling, of the Arrhenius plot for aminomethanol
and N-protonated aminomethanol. Neutral aminomethanol shows a high degree of concavity, which
indicates a large effect of hydrogen tunneling on the rate constant. In contrast, N-protonated
aminomethanol shows a much more subtle concavity, indicating that hydrogen tunneling has a less
profound effect on the rate constant as compared with neutral aminomethanol. These observed
differences are likely due to the width of the energy barrier and the role of heavy atom movement
for the reaction discussed in the vibrational mode analysis. This difference in reaction phases
is likely the cause of the hindered hydrogen tunneling effects despite both systems undergoing
very similar reaction phases. These differences are not immediately apparent by simply looking
at the energy of the transition states of the decompositions. It is through careful analysis of the
intrinsic reaction coordinate and especially the reaction kinetics that the presence and impact of
these minute differences can be observed. The separation of the pOMT rate constants at low
temperatures indicates that the protonated form of aminomethanol is a more promising candidate
for forward progression of the Strecker synthesis pathway. Altogether, this highlights the combined
role of reaction barrier height and width in reaction rate constants and the role protonation may

play in furthering chemistry in the ISM.

0 4
-100+
K
5001 == Kam,cvT
= == KaMH + ,CVT
= -300
400 ]

0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016
1T (K1)

Figure 5.7: Arrhenius plot showing the CVT rate constants for both aminomethanol
and N-protonated aminomethanol.
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Figure 5.9: An Arrhenius plot showing the ftOMT rate constant for each system,
which is the greatest rate constant at each temperature point.

5.5 Rotational Prediction of N-Protonated Aminomethanol

N-protonated aminomethanol shows facile formation pathways from the reaction between aminomethanol,
which has been synthesized in interstellar ice analog experiments, and common proton carriers in
the ISM. Additionally, the work of Chen et al. [14] suggests that protonated aminomethanol may
be an intermediate for the synthesis of aminomethanol in the ISM. Given the challenge to de-
composition via water loss under typical conditions of the ISM (if energy from the formation is

quenched) and the ease of formation for this protonated analog, it is possible that N-protonated
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aminomethanol may be observed in laboratory experiments or in the interstellar medium. As such,
calculations were performed to determine rotational and centrifugal distortion constants for the
N-protonated analog of aminomethanol, the results of which are presented in Table 5.6. Stick spec-
tra of the predicted pure rotational transitions are shown in Figure 5.10 at both T=30 K (blue)
and T=300 K (red). N-protonated aminomethanol displays a Boltzmann peak centered around
200 GHz at T=30 K and centered slightly below 600 GHz at T=300 K. Calculations were carried
out at the CCSD(T)/aug-cc-PVTZ level of theory using CFOUR. Catalog predictions were made
from the rotational constants and centrifugal distortion constants using Pickett’s CALPGM suite
of programs[190] with Watson’s S reduced Hamiltonian in the Ir representation. The input files

for the catalog file are included in Appendix A.3.

Table 5.6: Rotational and Centrifugal Distortion Constants for N-Protonated
Aminomethanol Determined at the CCSD(T)/aug-cc-PVTZ Level of Theory.

Parameter Value Unit
A 34351.8 MHz
B 9878.8 MHz
C 8440.5 MHz

D; 8.802 kHz
Dy -21.944 kHz
Dy 196.974 kHz
dy -1.838 kHz
dy 1.217 Hz
Ly -3.610 D
oy 0.938 D
e 0.000 D
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Figure 5.10: A stick spectrum prediction of N-protonated aminomethanol at T=30 K
(blue) and T=300 K (red).

5.6 Conclusion

We report here reaction coordinates for the protonation of aminomethanol by common proton
carriers in the ISM at both the M06-2X/aug-cc-pVTZ and MO06-L/aug-cc-pVTZ level of theory.
For all species except NH4+, the energy imparted by protonation is higher than the barrier to
rearrangement and subsequent water loss, indicating that protonation of aminomethanol may be
a potential pathway to protonated methanimine CHQNH;, which can undergo further reactions
detailed by Walch et al.[147] to form glycine. We also report a detailed kinetic analysis of the
decomposition via a 1,3 hydrogen transfer and subsequent water loss of both aminomethanol and
its N-protonated analog at the M06-2X/aug-cc-pVTZ and MO06-L/aug-cc-pVTZ levels of theory,
respectively. These methods were chosen by benchmarking the reaction barrier against the existing

literature for the lowest mean unsigned error. Results of kinetic analysis of both systems indicate
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that the reaction barrier is lower for the protonated system, as is consistent with the literature,
leading to a greater rate constant. However, close examination of the potential energy of the
two systems along their MEPs shows a flattened energy barrier and a shift of the peak toward the
reactants in the case of the protonated system. Further analysis of the reaction path curvature and
the coupling constant, B,,, g, for the normal modes show that although the class of decomposition is
the same, there are slight differences in the reaction phases that impact the kinetic rate constants,
particularly in the case of hydrogen tunneling. Whereas aminomethanol decomposes by elongation
of the C-O bond and loss of the OH group, before a hydrogen transfer from the nitrogen to
oxygen atom and subsequent dissociation of the product complex, N-protonated aminomethanol
decomposes by loss of the migrating hydrogen first before the leaving H,O group is formed and the
C-0O bond breaks. Additionally, multiple phases of the N-protonated aminomethanol decomposition
are assisted by an O-C-N scissoring normal mode, emphasizing the importance of heavy atom
movement in its decomposition. These small differences in how decomposition occurs result changes
in reaction path curvature, indicating that the electronic structure changes necessary for reaction
progression in the neutral system are more discrete and result in a narrower reaction barrier
than those of the N-protonated system. As a result of these differences, hydrogen tunneling in the
protonated system has a reduced rate enhancement effect compared to the neutral system, observed
as a reduced degree of concavity in the Arrhenius plot. These results highlight the gap that analysis
of only the energies of the stationary points of a reaction surface leaves in our understanding of
chemical systems. In contrast, detailed kinetic analysis of such chemical systems unveils surprising
features that may contribute to our understanding of the chemistry observed in the laboratory or
in the ISM.

The small kinetic rate constants at low temperatures, even with hydrogen tunneling effects
included, indicate that spontaneous decomposition into either methanimine or protonated metha-
nimine for aminomethanol or N-protonated aminomethanol, respectively, is quite unlikely with-
out catalysis or energy in the form of radiation in the ISM. Thus, both aminomethanol and N-
protonated aminomethanol may exist long enough in the ISM to be observed. Predicted rotational
constants for aminomethanol have already been reported in the literature. We report rotational
constants for the N-protonated system at the CCSD(T)/aug-cc-PVTZ level, as well as stick spectra
at T=30 K and T=300 K, showing Boltzmann peaks near 200 GHz and 600 GHz, respectively. The

kinetic rate constants for both aminomethanol and its N-protonated analog are sufficiently small
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that these products may be observed in laboratory experiments and in the ISM. While Strecker
synthesis of glycine may be possible with these species, progression through this synthesis pathway

will rely on external sources of energy or catalysis rather than spontaneous decomposition.
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Chapter 6

Catalytic Effects of
Astrochemically Relevant Species
on the Decomposition of

Aminomethanol

6.1 Introduction

Aminomethanol (NH,CH,OH) is an aminoalcohol that is a key predicted intermediate in the
stepwise Strecker synthesis of the simplest a-amino acid, glycine, in interstellar chemistry[129].
It is predicted to form in high abundance in the interstellar medium (ISM)[11, 12] from NH,
and H,CO, with advantageous barrier lowering effects in interstellar ice mantles[13, 15, 130-135].
Alternatively it may form from reactions of NH, and CH,OH on icy dust grain surfaces[191].
Indeed, experiments have shown the feasibility of its formation in laboratory ice analogs[139-143].
However, gas phase synthesis and characterization of aminomethanol to support its interstellar
detection via radio astronomy has thus far remained elusive due to complex chemical product
networks[18].

While many theoretical studies exist on the formation of aminomethanol, few examine the

expected decomposition pathway, an intramolecular hydrogen transfer followed by water loss. Of
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those that do, they often take into account effects of catalysis from a limited number of species[15]
or the kinetics of the reaction[131], but to the best of our knowledge, never both at the same time.
The catalytic effects of species in these ice mantles bears consideration as even one or two catalytic
molecules can have a profound effect on the barrier height of reactions as shown by Woon[13].
While the composition of these ice mantles is understood to have contributions from H,O, CO,,
CO, CH;0H, NH;, and CH,[192], works discussing catalytic effects of anything other than H,O
are lacking. This leaves a gap in the literature for species that may play a similar catalytic role such
as CH;OH and NHj, especially in water poor ice mantles. Moreover, for laboratory synthesis of
such an elusive species, understanding of how expected precursors such as H,CO, NH;, CH;NH,,
and even other aminomethanol molecules interact with aminomethanol is critical to controlling
the chemistry for laboratory detection and characterization. The kinetics of the reaction are also
critical given the nature of the reaction: a high barrier proton transfer reaction occurring in an
ultracold environment. Such a reaction is a prime candidate for hydrogen tunneling and kinetic
isotope effects that may have a profound effect on the timescale and expected yields of the reaction.
For these reasons, the work in this chapter examines in detail the effect that common ice mantle
species (H,O, CH;OH, NHj), expected precursors and products in laboratory synthesis (H,CO,
NH,, CH;NH,, NH,CH,OH), and other rarer but potentially more impactful catalysts (HCOOH,
H,S) have on the intramolecular hydrogen transfer and water loss decomposition pathway for

aminomethanol.

6.2 Computational Methods

6.2.1 Benchmarking

Initial computational work began with benchmarking the energy barrier to decomposition of
aminomethanol in the uncatalyzed system against the work of Singh et al.[143], which used compu-
tations at the CCSD(T)/CBS//MP2/aug-cc-pVTZ level with zero point vibrational energy (ZPVE)
corrections to obtain a reaction barrier height of 56.2 kcal/mol. Several levels of theory were bench-
marked against the aforementioned work, including: MP2[149-153], B3LYP[154, 155], PBEO[156—-
158], wB97X-D[159], M06-L[160], MN15-L[161], M06-2x[162], M08-HX[163], MN15[164], and VSXC[165].
Computations using the Minnesota functionals (MO6L, M06-2X, M08-HX, MN15, and MN15-L)

were performed using a superfine grid. Methods benchmarked were chosen for their availability in
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Gaussian 16 as well as potential performance in accurately predicting hydrogen transfer reaction
barrier heights[166]. The aug-cc-pVTZ basis set[167-170] was used for each of the benchmarking
calculations given the small size of the system of interest. Geometry, frequency, and intrinsic re-
action coordinate calculations were performed using Gaussian 16[148]. Geometry optimizations
were performed using the "very tight” convergence critera. Analytical frequency calculations were
used to confirm the nature of the transition states, which returned only one imaginary frequency
per reaction. Frequencies of each benchmarked system were scaled using appropriate scaling fac-
tors[171, 172] using the ”scale” keyword when available. When frequency scaling factors were not
available, no scaling was applied. Intrinsic reaction coordinates (IRCs) were used to confirm that
the transition states indeed represented the reaction of interest[173, 174]. The results of the bench-
marking are shown in Table 6.1. The M06-2X level of theory showed the lowest mean unsigned
error (MUE) at 0.61 kcal mol~!, which is within chemical accuracy.

Table 6.1: Difference in energies (kcal mol ') between literature values and calculated
values for the reaction barrier heights ( AEg,,,...), overall reaction (AFE, ), and mean
unsigned error (MUE) for the unvatalyzed decomposition of aminomethanol. All

energies used in benchmarking included ZPVE corrections.

Theory Method | AEg,, ;.. (kcal/mol) AE, . (kcal/mol) MUE (kcal/mol)

MP2 -2.91 -1.09 2.00
B3LYP -5.37 -4.71 5.04
PBEO -0.17 1.71 0.95
wB97X-D -0.88 -0.77 0.83
MO6-L -5.06 -3.39 4.22
MN15-L -1.39 -2.20 1.79
Mo06-2X -0.93 -0.28 0.61
MO08-HX 0.87 -1.49 1.18
MN15 -1.48 0.25 0.86
VSXC -15.49 -8.52 12.00

6.2.2 Identification and Characterization of Catalytic Microclusters

Once the M06-2X/aug-cc-PVTZ theory level and basis set combination was determined to be the
best option for aminomethanol, this combination was used to test the catalytic roles of various
astrochemically relevant species. Catalysts were tested by performing transition state optimizations
with at least "tight” convergence criteria. The loosely associated cluster complexes when N ;4,5
= 2 proved difficult for achieving "very tight” convergence. A frequency scaling factor of 0.971

was used in all transition state and frequency calculations using the ”scale” keyword[171]. No

dispersion corrections were added to these systems as the effects of these corrections are highly
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system specific when using the Minnesota functionals, leading to more accurate results in some
cases and over-binding in other cases[193].

Each catalyst was examined as a hydrogen bond donor, acceptor, proton relay facilitator, and
in combined effects for small clusters (N ,;q;ys¢ = 2). Catalysts showed a tendency to converge to
hydrogen bond acceptors at the O site of aminomethanol (OH—Cat), hydrogen bond acceptors
at the N site of aminomethanol (NH—Cat), and to act as both a hydrogen bond acceptor at the
O site and hydrogen bond donor at the N site (Dual H Bond). The dual hydrogen bond donor
and acceptor orientation notably is distinct from the orientations that allowed for the proton relay
mechanism to take place and is another form of passive catalysis. The data labeled as ”clusters”
took the form of one active catalyst and one passive catalyst acting as a hydrogen bond acceptor
at the O site of aminomethanol. An example of each of these geometries is shown in Figure 6.2.
Some of these geometries failed to converge or converged to the geometry of a different system. In
particular, more acidic species such as H,O and H,S showed a tendency to converge towards dual
hydrogen bonding or the relay mechanism rather than a hydrogen bond acceptor.

These microclusters were examined using pre- and post-reaction complexes rather than infinitely
separated products, as this result is most pertinent to ices where reactions would be expected to
occur. Cartesian coordinates of the stationary points, including the pre- and post-reaction com-
plexes, as well as the transition states are provided in Appendix A.4. In addition to barrier lowering
effects, the effect of catalysts on barrier shape was examined using intrinsic reaction coordinate
calculations. These computations were performed using a step size of 0.05 Bohr (StepSize=5), a

path of 100 points, and ”tight” convergence criteria.

6.2.3 Computation of Rate Constants

Rate constants of all reactions were computed using the Kisthelp Program[68]. Thermal reaction
rate constants were computed using traditional transition state theory (TST) and TST with Wigner
and Eckart one dimensional tunneling corrections (TST/W and TST/Eck, respectively). TST,
TST/W, and TST/Eck rate constants were calculated for the uncatalyzed system and all catalyzed
systems as unimolecular reactions. The optimized pre- and post-reaction clusters were used as

a singular reactant or product, respectively. The temperature dependent TST rate constant is
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calculated using the Equation 6.1.

An
KTST(T) = o e (RT> ¢~ AGOH(T) (K, T) (6.1)

h \ PO
Where o is the reaction path degeneracy, k, is the Boltzmann constant, h is Planck’s constant,
%OT has units of inverse concentration, An = 1 or 0 for bimolecular or unimolecular reactions,
respectively, and G*#(T) is the standard Gibbs free energy of activation for the reaction.
One dimesional tunneling corrections were incorporated using the settings in KistHelp, which

computes tunneling corrected rate constants using Equation 6.2.
kTST/Tunn — X(T)kTST (62)

Where x(T) is a multiplicative transmission coefficient and k77 is the TST rate constant from
Equation 6.1. In the case of the Wigner correction, x(7T') is given by Equation 6.3.

m 1/i 2
W(T) =1+ i (hIkb(T)> (6.3)

Where I'm(v*) is the imaginary frequency of the transition state. In the case of Eckart corrections,
x(T) is given by Equation 6.4.

AHE (1, T)

X(T) = WT / p(E+ A)eP/TdE (6.4)
0

Where AHF?K is the ZPE corrected energy barrier in the reverse direction, p(E+A) is the prob-
ability of transmission through the energy barrier above the energy A (the difference between the
ZPE corrected forward and reverse reaction barriers). The transmission probability is dependent
on the shape of the energy barrier, as determined from forward and reverse barrier heights as well
as the imaginary frequency of the transition state.

Reaction path symmetry numbers were considered using the methods outlined by Fernandez-

Ramos et al.[75]. The reaction path symmetry number is taken to be

o
O'F — TOt,R (6.5)

Urot,TS

Where o is the rotational symmetry number of the forward reaction (F), reactants (R), or the
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transition state (TS). The symmetry number of a species is determined by its point group[75]. The
symmetry numbers of the optimized complexes were used for for o, . As frequency scaling was
applied in the Gaussian 16 frequency calculations, no additional frequency scaling was applied in
the KistHelp program. TST rate constants were calculated for a temperature range from 60K to

1,000K. All computed rate constants are available in Appendix A.4.

6.3 Barrier Height Effects

In the present study, a variety of catalysts with relevance to laboratory astrochemical experiments
and in situ interstellar ices were explored. These catalysts were chosen for their prevalence in
interstellar ices (H,O, CH;OH[192]), their role in laboratory attempts to synthesize aminomethanol
(CH3;NH,[18, 143], H,CO and NH;[139-142], NH,CH,OH), or their recent detection in interstellar
ices with the James Webb Space Telescope (HCOOH[194]). H,S has not yet been observed in
interstellar ices[195] however it has been observed as the most prevalent sulfur bearing ice species
in comets[196] and is known to form efficiently on ice grains via successive hydrogenation of atomic
sulfur[197]. A reaction coordinate of the uncatalyzed decomposition of aminomethanol via water
loss, including optimized structures of the reactants, transition state, and products, is shown in
Figure 6.1. An example of the optimized transition state geometry for each examined catalytic
mechanism is shown in Figure 6.2. An overview of the catalytic effects of the examined species on

this reaction are shown in Figures 6.3 and 6.4.
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Figure 6.1: Reaction coordinate diagram of aminomethanol decomposition via 1,3-
hydrogen transfer and water loss showing optimized structures at the M06-2X/aug-

cc-pVTZ level of theory with ZPVE corrections.
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of theory of each catalytic mechanism examined for methanol.
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Figure 6.4: Reaction barrier heights between optimized pre-reaction clusters and
optimized transition states at the M06-2X/aug-cc-pVTZ level of theory with ZPVE
corrections. Datapoints are colored by the catalyst identity as shown in the legend.

Globally, the effectiveness of a catalyst in lowering barrier height appears to depend most on
its ability to act as a proton relay facilitator. As found by Woon[13] previously, additional active
catalysts lower barrier height further. Interestingly, incorporation of an additional passive catalyst
as in the Figure 6.4 category labeled ”Cluster”, showed further reduction in barrier heights over

just the active catalyst in the proton relay. While of potential interest in gas phase astrochemical
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experiments, such as those that use pulsed valves that can produce microclusters like those studied
here, this effect is not pronounced enough to overcome the energy barrier for decomposition of
aminomethanol in the ISM. Initially, a third active catalyst in the proton relay was considered as
well. However, no additional barrier lowering effects were observed relative to two active catalysts
and these systems were not pursued further. This is contrary to the effect predicted by Woon[13]
in the synthesis of aminomethanol and is most likely the result of the small path of travel in a
1,3-intramolecular hydrogen transfer compared to an intermolecular system. Simply from steric
constraints, additional proton relay facilitators are likely prohibitive to further barrier lowering
effects as they force movement of the heavy atoms of aminomethanol.

While the mechanism of catalysis clearly suppresses reaction barrier height, the identity of the
examined catalysts is of importance as well. Water is often the primary catalyst of interest in a
proton transfer reaction such as that presented here[13, 15]. Other species such as ammonia or
methanol are sometimes examined in other contexts [198-201], but to the best of our knowledge
have not been examined in astrochemical contexts. However, as shown in Figure 6.3, many species
are capable of suppressing barrier height via the proton relay mechanism. Relatively abundant
species such as methanol and ammonia should not be discounted when considering such effects,
especially in water poor environments. Additionally, while lower in abundance in the ISM, species
such as formic acid may have an even more profound catalytic effect on observed chemistry. Perhaps
unsurprisingly, trends in catalytic effectiveness for the presented reaction generally followed with
acidity of the catalyst, with more acidic catalysts showing greater barrier suppression via the
proton relay mechanism. This correlation was relatively well clustered for NH,, H,O, and CH;OH.
However, there was greater deviation from the trendline for H,S and HCOOH as shown by Figure
6.5. This may indicate that while acidity is certainly correlated, there may be other factors at play

such as sterics or electron delocalization that make this property only modestly predictive.

Table 6.2: Computed barrier heights between the optimized pre-reaction complex and
transition state for the relay mechanism (kcal/mol) and literature gas phase acidity
(kcal/mol)[202—204]

Species | AEp,, ier.reiay (kcal/mol) | AH? ., (kcal/mol)

NH, 38.65 399.6

H,0O 34.53 390.8
CH;0H 33.24 380.6

H,S 28.74 351.2
HCOOH 18.12 345.2
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Figure 6.5: Computed barrier heights between the optimized pre-reaction complex
and transition state for the relay mechanism (kcal/mol) and literature gas phase
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In addition to species of interest in the ISM, species that may be present in laboratory exper-
iments synthesizing or isolating aminomethanol were also examined. Methylamine has been used
as a precursor for aminomethanol synthesis via barrierless insertion of O(*D). This has proven
successful in the solid phase [143] but aminomethanol detection in the gas phase remains elusive
with this method[18]. Alternatively, synthesis from ammonia and formaldehyde has proven fruitful
in laboratory ices [141, 142, 205], though the high aminomethanol formation barrier provides a
clear challenge to gas phase experiments. Thus, the catalytic effects of these precursors as well
as other aminomethanol molecules are presented here to inform attempts at laboratory synthesis.
Methylamine, formaldehyde, and other aminomethanol molecules (dimers) appear to be quite poor
catalysts for decomposition as shown in Figure 6.3. Ammonia and water show significant barrier
suppression of up to almost 20 kcal/mol and 30 kcal/mol below the uncatalyzed reaction, respec-
tively. However, the high barrier to the uncatalyzed reaction and endothermicity of the reaction
overall suggests that if aminomethanol is synthesized and entered into the gas phase with suffi-

ciently low density and energy, it should remain stable long enough for laboratory detection even
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if catalyzed by ammonia, methylamine, formaldehyde, water, or other aminomethanol molecules.

6.4 Barrier Shape Effects

Reaction barrier height is often considered the most important factor in reaction feasibility. How-

ever, in the harsh environment of the ISM, hydrogen tunneling is expected to play a significant

role in reactions[206-208|. This is of particular interest in a reaction such as the decomposition of

aminomethanol given it is primarily a hydrogen transfer reaction. Presented here are the results

of IRC computations from optimized transition state complexes. Of note, these IRC computations

do not include ZPVE corrections due to the limitations of Gaussian 16. These computations are

presented primarily for qualitative analysis of these systems as ZPVE corrections along the IRC

path would be expected to change the overall barrier shape in highly accurate multidimensional

tunneling models[74].
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Figure 6.6: Computed intrinsic reaction coordinates for dimer systems
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Figure 6.7: Computed intrinsic reaction coordinates for systems displaying passive
catalysis via hydrogen bonding at the O site of aminomethanol. Calculations were
carried out at the M06-2X /aug-cc-pVTZ level of theory without ZPVE corrections.
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catalysis via accepting hydrogen bonding at the O site of aminomethanol and donating
at the N site. Calculations were carried out at the MO06-2X/aug-cc-pVTZ level of
theory without ZPVE corrections.
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Figure 6.9: Computed intrinsic reaction coordinates for systems displaying passive
catalysis via hydrogen bonding at the N site of aminomethanol. Calculations were
carried out at the M06-2X /aug-cc-pVTZ level of theory without ZPVE corrections.

Many systems showed little, if any difference in barrier shape due to passive catalysis, with
the exception of the N-H—Cat mechanism. The effects of passive catalysis in the form of dimers,
the O-H—Cat mechanism, and the dual hydrogen bond mechanism are shown in Figures 6.6, 6.7,
and 6.8, respectively. However, when the catalyst acted as a hydrogen bond acceptor at the N site
of aminomethanol, rather drastic changes in the shape of the reaction barrier were observed, as
in Figure 6.9. This form of interaction increased separation of the reaction phases and promoted
asynchronicity, leading to distinct events of loss of an OH group, followed by hydrogen abstraction
at the N site with little movement of the leaving hydrogen, and finally water loss. In other systems,
the intrinsic reaction coordinate showed simultaneous lengthening of the C-O bond and migration
of the leaving hydrogen from the N site toward the O site. This contrast of light atom movement
(hydrogen) versus heavy atom movement of the OH group could explain why the reaction barrier
broadened so significantly. These IRC data suggest that basic species such as NH; and CH3;NH,,
and other hydrogen bond acceptors such as the carbonyl groups in H,CO and HCOOH may

demonstrate protective effects against aminomethanol decomposition due to barrier broadening.
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Inclusion of a catalyst as a proton relay facilitator also caused a broadening effect, albeit more
modest than in the case of hydrogen bond acceptors at the N site of aminomethanol. The greatest
barrier broadening effects due to a single catalyst were observed in the HyS and HCOOH relay
systems as shown in Figure 6.10. This broadening effect is in addition to significant barrier lowering
effects. The water, methanol, and ammonia systems remained relatively impervious to this effect
in the case of one and two active catalysts. However, the inclusion of one active catalyst and one

passive catalyst induced visible broadening in all three systems.
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Figure 6.12: Computed intrinsic reaction coordinates for systems displaying simulta-
neous effects from the proton relay mechanism and hydrogen bonding. Calculations
were carried out at the M06-2X /aug-cc-pVTZ level of theory without ZPVE correc-
tions.

It seems that inclusion of active catalysts via the proton relay mechanism indeed leads to
barrier lowering effects making hydrogen transfer reactions more energetically accessible. However,
there may be a secondary effect to this catalysis that leads to barrier broadening ranging from
mild in most cases to quite significant in a select few cases, as with H,S and HCOOH. These
broadened barriers may lead to decreased tunneling effects if the reaction remains concerted or it
may make the reaction path more energetically accessible if the effect is so great that the reaction
becomes separated into step-wise mechanisms, as observed by Bovolenta et al. in water catalyzed
synthesis of aminomethanol[15]. Since both scenarios are plausible, there may be unpredictable

effects in catalyzed hydrogen transfer reactions such as those presented here. Such systems are
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excellent candidates for further study with sophisticated computational methods, especially those

that consider the full dimensionality of the reaction potential energy surface.

6.5 Reaction Kinetics

In addition to reaction barrier height and shape, reaction rate constants were calculated using
the Kisthelp program as described previously. All computed rate constants are included in the
supplementary information of this work. An overview of the reaction rate constants without
(TST) and with (Wigner and Eckart) tunneling corrections are shown in Figures 6.13 and 6.14.
The trends within these plots are consistent with the discussion in the previous two sections
and are relatively straightforward, especially in the case of the computed TST and TST/Wigner
rate constants. Which is to say that relatively little effect on the rate constant is observed for
systems with passive catalysis as in the case of dimers, the O-H—Cat mechanism, or the dual
hydrogen bonding mechanism (Arrhenius plots are provided in the supplemental information). In
the case of the N-H—Cat mechanism, the barrier broadening effects lead to reduced reaction rates
when tunneling is considered. When using the asymmetric Eckart approximation, the impact of
increased barrier width on tunneling is more readily observed, as in Figure 6.9. Nearly no curvature
is observed in the Arrhenius plot for broadened systems, while the curvature remains quite clear in
the uncatalyzed system. This indicates that little if any tunneling is occurring in these systems[209,
210]. The ability to act as a proton relay facilitator has the greatest impact on the reaction rate
enhancement overall, and more acidic species show greater propensity for rate enhancement. The

latter two effects are visible in Figures 6.15 and 6.16.
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Figure 6.13: Arrhenius plots showing the reaction rate constants for all examined
systems colored by catalyst identity. Plots are annotated with tunneling corrections
employed.
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Figure 6.14: Arrhenius plots showing the reaction rate constants for all examined
systems colored by mechanism. Plots are annotated with tunneling corrections em-
ployed.
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Figure 6.15: Arrhenius plots showing the reaction rate constants for all examined
systems colored by whether the mechanism of catalysis is active (red) or passive
(blue). Plots are annotated with tunneling corrections employed.
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Figure 6.16: Arrhenius plots showing the reaction rate constants for all systems with
the relay mechanism colored by catalyst identity.
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Selected rate constants for the most extreme rate reductions and enhancements are shown in
Tables 6.3, 6.4, and 6.5. At low temperatures, the impact of barrier shape on the reaction rate
coefficient is observable in the form of small rate constants at low temperatures, as in Tables 6.3
and 6.4. However, at high temperatures where energy levels above the reaction barrier height
are accessible, rate enhancement is observed. This is especially noticeable in the case of HyS in
Table 6.4. HCOOH does not display this low temperature rate impediment and high temperature
enhancement, which may be attributed to the significant reduction in barrier height and the overall

lesser degree of barrier broadening in HCOOH as compared with H,S.

Table 6.3: Thermal rate constants (s~!) with Eckart tunneling corrections for systems
with significant rate reduction effects due to the N-H—Cat mechanism

T (K) | Uncatalyzed | CH;NH, H,CO NH, CH;OH | HCOOH
60 5.89E-107 2.89E-172 | 8.34E-172 | 5.75E-172 | 8.93E-155 | 1.68E-163
100 8.48E-66 4.95E-103 | 7.29E-103 | 3.52E-103 | 8.43E-91 | 7.79E-97
200 1.64E-34 4.65E-46 2.13E-46 2.68E-46 8.07E-40 3.44E-43
300 1.63E-23 8.53E-27 2.36E-27 4.78E-27 1.12E-22 3.88E-25
400 1.51E-16 4.16E-17 8.88E-18 2.27TE-17 4.61E-14 4.65E-16
500 3.15E-11 2.88E-11 5.27E-12 1.54E-11 7.09E-09 1.38E-10
600 2.00E-07 2.33E-07 | 3.84E-08 | 1.23E-07 | 2.08E-05 | 6.36E-07
700 1.21E-04 1.47E-04 2.26E-05 7.68E-05 6.34E-03 2.68E-04
800 1.59E-02 1.86E-02 2.72E-03 9.69E-03 4.63E-01 2.51E-02
900 7.28E-01 8.12E-01 1.14E-01 4.20E-01 | 1.32E+01 | 8.71E-01
1000 1.59E+01 1.68E+01 | 2.27TE4+00 | 8.65E4+00 | 1.93E+02 | 1.48E+401

Table 6.4: Selected thermal rate constants (s™!) with Eckart tunneling corrections
for systems with significant rate enhancement effects due to the relay mechanism

(NCatalyst :1)

T (K) | Uncatalyzed NH, H,O CH,;0H H,S HCOOH
60 5.89E-107 3.01E-90 | 3.33E-66 | 1.29E-55 | 1.89E-91 | 6.82E-52
100 8.48E-66 5.22E-56 1.80E-41 2.13E-35 2.82E-51 8.92E-28
200 1.64E-34 3.94E-29 2.48E-22 1.53E-19 2.49E-20 2.25E-08
300 1.63E-23 6.60E-17 | 3.20E-13 | 4.60E-12 | 5.18E-10 7.57E-02
400 1.51E-16 2.77E-10 | 1.50E-07 | 7.40E-07 | 7.49E-05 | 1.43E+402
500 3.15E-11 2.95E-06 | 5.04E-04 | 1.67E-03 | 9.40E-02 | 1.34E+04
600 2.00E-07 1.49E-03 1.22E-01 3.26E-01 | 1.10E+01 | 2.79E+05
700 1.21E-04 1.31E-01 | 6.43E400 | 1.49E+01 | 3.31E+02 | 2.46E+06
800 1.59E-02 3.82E+00 | 1.29E+02 | 2.7E4+02 | 4.29E+03 | 1.26E+07
900 7.28E-01 5.35E+01 | 1.35E4+03 | 2.63E+03 | 3.16E+04 | 4.50E+07

1000 1.59E+01 4.48E+02 | 8.95E4+03 | 1.66E+04 | 1.55E4+05 | 1.26E+408
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Table 6.5: Selected Thermal rate constants (s~!) with Eckart tunneling corrections
for systems with significant rate reduction effects due to the double relay mechanism

(NCatalyst=2)

T (K) | Uncatalyzed H,O CH;0H
60 5.89E-107 3.91E-56 | 8.40E-54
100 8.48E-66 1.87E-35 | 3.43E-34
200 1.64E-34 1.86E-17 1.50E-16
300 1.63E-23 8.74E-09 | 4.39E-08
400 1.51E-16 2.92E-04 1.10E-03
500 3.15E-11 1.59E-01 5.13E-01
600 2.00E-07 1.08E4-01 | 3.17TE+01
700 1.21E-04 2.24E402 | 6.17TE402
800 1.59E-02 2.21E+03 | 5.82E403
900 7.28E-01 1.33E4-04 | 3.39E+04

1000 1.59E+01 5.66E+04 | 1.41E405

6.6 Conclusion

In this work, several astrochemically relevant catalysts were examined in various passive and ac-
tive catalytic roles on the 1,3-hydrogen transfer and water loss decomposition of aminomethanol.
Catalysts included aminomethanol dimers, relevant precursors for laboratory synthesis (CH;NH,,
H,CO, NH;), the most common components of interstellar ice matrices (NH5, H,O, CH;OH), and
rarer species likely to have greater catalytic effects (H,S, HCOOH). All catalysts induced some
level of reduction in barrier height with active catalysts facilitating the proton relay mechanism
showing the greatest impact on barrier height. Additional barrier lowering effects occurred when
another catalyst was included, whether that was a passive or active catalyst, with the active cata-
lyst having a greater impact. Relatively basic species showed very little reduction in barrier height.
Species with higher gas phase acidity, notably HyS and HCOOH, acting as proton relay facilitators
generally showed significant reductions in reaction barrier height, with reductions as large as 37
keal /mol.

Reaction barrier shape was also examined using IRC calculations. Most passive catalytic mech-
anisms showed little change in barrier shape, with the exception of the catalyst acting as a hydro-
gen bond acceptor at the N site of aminomethanol. In these cases, which occurred with CH;NH,,
H,CO, NH4, CH;0H, and at the carbonyl of HCOOH, significant barrier broadening was observed,
which may have protective effects against decomposition of aminomethanol. Additionally, barrier

broadening was observed in some cases when the system underwent catalysis via the proton relay
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mechanism, with the greatest effects being from H,S, HCOOH, and when the combined effects of
active and passive catalysis were included.

These barrier height and shape effects led to both reaction rate impediment and enhancement.
Molecules acting as a hydrogen bond acceptor at the N site significantly reduced reaction rate
constants when Eckart tunneling corrections were included. Conversely, catalysts acting as relay
facilitator led to reaction rate enhancement and variable reaction barrier broadening. This two fold
effect can cause complicated reaction rate behavior, leading to impediment in some temperature
regimes and enhancement in others.

From the results presented here, it is clear that while reaction barrier height can be suppressed
dramatically, progression of the Strecker synthesis of glycine remains an uphill endeavor. Addi-
tional energy in the form of radiation, thermal warming, or excess energy from other chemical
processes would be needed to facilitate decomposition into methanimine and water in the ISM.
Thus, decomposition of aminomethanol via 1,3-hydrogen transfer and subsequent water loss is un-
likely to be a significant source of methanimine in the ISM. While these results do not indicate that
the barrier of this reaction can be lowered enough to become significant in the ISM, the general
trends of these catalysts are likely applicable to other hydrogen transfer reactions. Moreover, we
have shown that other species such as NH;, CH;0H, H,S, and HCOOH are able to act in similar
catalytic roles as water and their potential effects on reaction barriers should not be overlooked,
especially in water poor regions of the ISM. In contrast to the progression of the Strecker synthesis,
the high barrier to decomposition bodes well for laboratory and observational investigation. Coin-
cident species in laboratory experiments are unlikely to facilitate decomposition into methanimine
(CH,NH) and water on timescales that impede detection and characterization. Thus, laboratory

characterization of aminomethanol and its observation in the ISM remain viable endeavors.
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Chapter 7

Summary and Future Prospects

7.1 Summary

This dissertation presents several laboratory and theoretical efforts to facilitate production and
characterization of aminomethanol in laboratory experiments to support radioastronomical searches.
The first section of this dissertation has described a variety of efforts to improve the chemistry,
sensitivity, and user-friendliness of a rotational spectrometer. N,O was explored as an alternate
chemical source of O(*D) for use in gas phase synthesis of terrestrially unstable molecules. It was
found to be possible though future experiments may fare best if an alternate material, namely
fused silica, can be sourced for construction of a photolysis tube. The scanning routine used to
collect data on this spectrometer was improved to be more user friendly. Additionally, a multipass
optical system was installed, which increased sensitivity of the spectrometer five-fold. Finally,
systematic benchmarking was performed on a similar spectrometer with a high voltage discharge
source testing a variety of backing pressures and operating voltages to determine the best operating
conditions for radical generation.

In the second section of this dissertation, a detailed kinetic analysis of the decomposition
of aminomethanol and its protonated analog was conducted. The feasibility of protonation of
aminomethanol by a variety of proton carriers in the ISM was shown using density functional
theory. The decomposition pathways were then explored using variational transition state theory
with multidimensional tunneling corrections and normal mode analysis. From these methods, we

have shown that while decomposition of the protonated analog is more energetically accessible,
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the protonated system displays reduced tunneling effects compared to the neutral system. Normal
mode analysis of these systems shows that heavy atom movement is likely the cause of the reduced
tunneling effects. Additionally, highly accurate rotational constants are predicted for N-protonated
aminomethanol to aid identification in the lab as well as the ISM.

In the final section, a variety of catalytic microclusters relevant to interstellar and laboratory
based synthesis of aminomethanol were investigated. Species were explored as both passive and
active catalysts in the decomposition of aminomethanol. In this study, we have shown profound
catalytic and protective effects in these microclusters on the aminomethanol molecule. Although
none of these orientations lower the reaction barrier to a level that may promote further steps
of the Strecker synthesis of glycine in the interstellar medium, the role of abundant and rare ice
species in proton transfer reactions remains significant to the field of astrochemistry. This work
shows that these more minor species should not be discounted. Moreover, we show that many
common species used in the laboratory synthesis of aminomethanol can have protective effects

against decomposition and hydrogen tunneling due to barrier widening effects.

7.2 Future Prospects

The work outlined in Section 4.1 demonstrates a potential alternate path for operation of the
spectrometer if side reactions need to be quenched. Section 4.2 demonstrates the construction of
a more user friendly and sensitive spectrometer setup that can, and has been, used by even the
newest members of our lab. Section 4.3 lays the ground work for future synthesis of radical species
using a high voltage ring electrode source. A similar investigation of methylamine is currently
underway with the intent of extrapolating from analogous species (H,CO to CH,NH and CH;0"
to CH3NH) for generation of novel radicals relevant to Titan’s atmosphere.

In Chapters 5 and 6, aminomethanol decomposition pathways were explored to determine
whether previous efforts to synthesize this molecule in the gas phase were unsuccessful due to
catalysis by precursors or other species present in the synthesis environment. While some catalytic
effects were observed, these results indicate that catalysis or even protonation is unlikely to be the
cause of the non-detection in previous experiments. It’s likely that previous investigations were
unsuccessful due to the highly exothermic nature of the synthesis pathways explored in the gas

phase or other more favorable reaction pathways. However, this bodes well for laboratory synthesis
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of aminomethanol and suggests that proven methods of synthesis such as on ice analogues followed
by desorption into the gas phase may be a fruitful direction for characterization with rotational
spectroscopy. This synthesis and characterization of aminomethanol appears to be a chemical
problem uniquely well-suited to the SubLIME technique[101, 211]. Experiments are currently

being planned for synthesis and characterization of aminomethanol using SubLIME.
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Below are relevant reactions included in the FOAM models used in Chapter 4. Much of the below

networks were originally constructed by Hayley Bunn[18].

Additional reactions are known or

believed to occur in the experiments models represent but may not have been included due to lack

of literature rate constants.

A.1.1 Methanol Networks

Table A.1: Photolysis parameters incorporated for select species at 193 nm to de-

termine photolysis rate constants.

FOAM’s ”J Bottom Up” procedure.

Reaction Cross Section | Quantum Yield | Reference

N,0 2™ 0(1D) + N, 8.95E-20 1.00 87, 91, 212]
CH,NH, "™ CH,NH+H |  180E-18 0.09 [213]

CH;0OH M CH;0+H 3.4611E-19 0.86 [90, 212, 214]

Photolysis rate constants were computed using

Table A.2: The reaction network used to model . Lines marked in lime (as in line
1) are reactions exclusive to systems with O; as a precursor. Lines marked in cyan
(as in line 2) are reactions exclusive to systems with N,O as a precursor. All other
reactions are the same in both models.
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Rate Constant | Branching Ratio
Reaction Reference
(cm mol~! s7!) | (if applicable)
248nm

0; —— O('D) + 0O, 6.073E-05 0.90 [89]
O('D) + Ar — O(®P) + Ar 3.00E-13 - [84]
O('D) + O, — O(3P) + 0,(1A) 3.95E-11 0.80 [84]
O('D) + Oy, — O(®P) + 0,(1%) 3.95E-11 0.20 [84]
O('D) + 03 — O, + O, 2.42E-10 0.50 [84]
O('D) + O, — O(*P) + O(*P) 2.42E-10 0.50 [84]

o('D) + CH, — CH,OH* 1.75E-10 - [84]

Estimate based on

other relaxation

CH30H>k — CH;0H 3.00E-13 - processes in NASA

JPL Photochemical

Database[84]
CH,OH* — H,CO + H, 1.07E-10 - (98, 110
CH,OH* —» CH,0" +H 8.37E-09 - (98, 110]
CH;0H* — CH,OH + H 5.97E-11 - [98, 110]
CH,OH* — HCOH + H, 6.93E-10 - [98, 110]
CH,OH* — CH, + OH 1.235-13 - [98, 110]
CH,OH* — CH, + H,0 2.56E-09 - [98, 110]
CH,0" +H — CH,0H + H 1.78E-10 - (98, 110]
CH,OH + H — CH,0" +H 1.74F-12 - [98, 110]

CH,0 +H — H,CO +2H 3.87E-09 - 98, 110]
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CH,0H + H — H,CO + 2H 6.32E-08 - 98, 110]
HCOH — H,CO 1.39E-10 - [217]
H,CO — HCOH 1.52E-10 - [217]

H,CO — CO + H, 2.05E-10 - [217]

A.1.2 Aminomethanol Networks

Table A.4: Reaction Network. Lines marked in lime (as in line 1) are reactions
exclusive to systems with O as a precursor. Lines marked in cyan (as in line 2) are
reactions exclusive to systems with N,O as a precursor. All other reactions are the
same in both models.

Rate Constant | Branching Ratio
Reaction Reference

(cm mol! s7!) | (if applicable)

0, 22", O(1D) + 0,('D) 6.073E-05 0.90 [89]
O('D) + Ar — O(®P) + Ar 3.00E-13 - [84]
O('D) + 0, — O(3P) + 0,(1 4) 3.95E-11 0.80 [84]
O(!D) + 0, — O(®P) + 0,(1 %) 3.95E-11 0.20 [84]
O('D) + 03 — O, + O, 2.42E-10 0.50 [84]
O('D) + 05 — O(*P) + O(3P) 2.42F-10 0.50 [84]
O; + CH3NH, — Unknown 7.40E-21 - [218]
0,('A) + CH;NH
2(4) s 5.96E-19 0.10 [86]
— H,CO + NH,OH
0,('A) + CH;NH
2(4) s 5.96E-19 0.10 [86]
— CH,NH + H,0,
0,('A) + CH;NH
2(4) L 5.96E-19 0.10 [86]
— CH,NH + H,00
0,('A) + CH;NH
2(4) e 5.96E-19 0.175 [86]

— NH,CHO + H,0
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Estimate based on

other O(*D) insertions

O('D) + CH;NH,
1.75E-10 0.50 in NASA JPL

— NH,CH,OH
Photochemical

Database[84]

Estimate based on

other O(*D) insertions
O('D) + CH,;NH,

1.75E-10 0.50 in NASA JPL
—— CH3;NHOH
Photochemical

Database([84]

NH,CH,OH
1.6E-16 - [131]
— H,CO + NH;
NH,CH,OH
2.4E-25 - [131]
— CH,NH + H,0
O(°P) + CH;NH
CP) o 5.65E-13 - 219]
— CH3N 4+ H,0
NH,CHO — CO + NH,4 3.62E-10 - [220]

Product photolysis for H,CO and CH,NH rate constants were also incorporated into these mod-

els using the data available in FOAM[88], which is based on the Master Chemical Mechanism[89].

A.2 Appendix for Chapter 4.3

This appendix contains the data processing script used to process the data from Chapter 4.3. The

python script is provided as used below.
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import glob

import os

import numpy as np

import pandas as pd

import matplotlib.pyplot as plt

import astropy.units as u

from astropy.modeling import models, fitting, custom_model

from astropy.convolution import convolve, Box1DKernel

from numpy import trapz

from pathlib import Path

from scipy import integrate

from scipy.optimize import curve_fit

from scipy.ndimage import uniform_filterld

from specutils import Spectrum, SpectralRegion

from specutils.analysis import centroid, fwhm

from specutils.fitting import fit_lines, find_lines_threshold, find_lines_derivative,
< estimate_line_parameters, fit_generic_continuum

from specutils.manipulation import noise_region_uncertainty, extract_region

#}lSettings

smooth_factor = 15

auto_ID= False

center_freq = [150498.334] #center frequency in MHz
guess = []

#%4% Define my functions!
def gauss_off(x, vO, a, x0, sigma):

return vO + (a * np.exp(-(x - x0)**2 / (2 * sigma**2))) #Gaussian curve with a vertical

< offset

def gauss_fwhm(x, vO, a, x0, sigma):
return 2*(np.sqrt(2*np.log(2))*sigma)

def gauss_amp(x, vO, a, x0, sigma):

return a

#4% Location information
pathname = Path.cwd()
folder = os.path.basename(pathname)

#%4% Make a list of all the .dat files in the folder
file_list = sorted(glob.glob("*.dat"))

#Jkimake a new file to store the data in
new_file = open("/s_data.csv" %folder, "w")
df=pd.DataFrame(columns=['filename', 'center frequency', 'peak area', 'peak area error','fwhm',

< 'peak amplitude'l)

for (h) in file_list:

#reads in data iteratively from the files in the folder and saves to an array for freq and inten
data = np.genfromtxt(h, delimiter=",", skip_header=1, names=["x", "y"])
#frequency = 192428.3 #h[-19:-10] uncomment to pull from header
freq = datal'x']
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inten = datal'y']
inten_smooth = uniform_filterld(inten, smooth_factor) #smooth data so peaks are easier to
= fit

#)i%, Estimate noise in spectrum and find peak centers in spectrum
spectrumi=Spectrum(flux=inten_smooth*u.V, spectral_axis=freq*u.MHz) #sets the spectrum as
< 4ntensity (V) vs frequency (MHz)

noise_region = SpectralRegion(freq[i]l*u.MHz, freq[100]*u.MHz) #defines a region to gather
< mnotise info from (first 100 points)

spectrum = noise_region_uncertainty(spectruml, noise_region) #generates new spectrum with

< mnoise uncertainty information

if auto_ID == True:
lines = find_lines_threshold(spectrum, noise_factor=5) #detects lines that have
o an intensity of at least 3z the noise level !! play with this !!
lines2 = lines[lines['line_type'] == 'emission'] #makes a qTable of only emission
« type lines (can change if want "absorption")
centers = lines2['line_center'] #pulls only the line centers of emission lines
centers_val = centers.value
print (centers_val)
#print (lines2) #uncomment to see lines fit

else:
centers_val=center_freq

fig, ax = plt.subplots(figsize=(20,10))
fig.subplots_adjust(bottom=0.2)
fig.set_tight_layout (True)
for j in centers_val:
plt.axvline(j, 0, 1,linestyle='--') #plot identified peak centers from auto find
plt.plot(freq, inten, color='cornflowerblue', linewidth=4, label='raw data')
plt.plot(freq, inten_smooth, color='darkblue', linewidth=4, label='smooth data')
plt.xlabel('Frequency (MHz)', fontsize = 22)
plt.ylabel('Intensity (V)', fontsize = 22)
plt.xticks(fontsize=14)
plt.yticks(fontsize=14)
plt.ticklabel_format (useOffset=False)
plt.legend()
plt.savefig("/s_data.png"%h[:-4])
plt.close()

#4% For each line center, cuts a window out of the spectrum and fits the line to a 3

< component gausstian, returns graph, info

for j in centers_val:
lineregion = SpectralRegion((j-1.7)*u.MHz, (j+1.7)*u.MHz) #Create a sub spectrum
< centered on the line, with a 3 MHz Window !! play around <f needed!!

subspec = extract_region(spectrum, lineregion) #store subspectrum

#4%Do a quick estimate of line shape to provide a guess for the amplitude, line center,
< stddev, etc
ricker = models.RickerWavelet1D()
ricker.amplitude.estimator = lambda s: max(s.flux)
ricker.x_0.estimator = lambda *args: centroid(args[0], region=None)
ricker.sigma.estimator = lambda *args: fwhm(args[0])
info = estimate_line_parameters(subspec, ricker)

fwhm_val = fwhm(subspec) .value
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Amp_guess = info.amplitude.value
x_0_guess = info.x_0.value
s_guess = info.sigma.value

guess=[0.0,Amp_guess, j,s_guess] #update the guess with estimate wvalues

#let program keep going even when error but tell user which fits failed
try:
popt, pcov = curve_fit(gauss_off, subspec.spectral_axis, subspec.flux,
< pO=guess,method="'dogbox"')
fit_fwhm = gauss_fwhm(subspec.spectral_axis.value, *popt) #get fwhm from
< the fit
fit_amp = gauss_amp(subspec.spectral_axis.value, *popt)
area = np.trapz(gauss_off (subspec.spectral_axis.value, *popt)) #find area
< under curve
e_area = np.sqrt(sum(np.diag(pcov)))+*area
#print ("The area is J.2e with an error of J.2e"/(area, e_area))
df .loc[len(df)]=[h[:-4],j, area, e_area,fit_fwhm, fit_amp]

fig, ax = plt.subplots(figsize=(20,10))
fig.subplots_adjust(bottom=0.2)

fig.set_tight_layout(True)

plt.plot(subspec.spectral_axis, subspec.flux,

< color='darkblue',linewidth=4)
plt.plot(subspec.spectral_axis.value,

— gauss_off (subspec.spectral_axis.value, *popt), 'r-', label='fit')
ax = plt.gca()

e_area = np.sqrt(sum(np.diag(pcov)))*area

ax.get_xaxis() .get_major_formatter().set_useOffset(False)
plt.xticks(fontsize=14)
plt.yticks(fontsize=14)
plt.xlabel('Frequency ({})'.format(subspec.spectral_axis.unit), fontsize
o = 22)
plt.ylabel('Intensity({})'.format(subspec.flux.unit), fontsize = 22)
plt.grid(True)
plt.savefig("%s_Y%s_gaussfit.png"%(h[:-41,3))
plt.close()

except RuntimeError:
print("Error - curve_fit failed for line center %f in file %s"%(j, h))
df .loc[len(df)]=[h[:-4],j, 'error', 'error','error', 'error']

#plt.show()
df .to_csv("%s_data.csv" %folder, index=False)

A.3 Appendix for Chapter 5

The information in this appendix is the supplementary information for work in consideration,

"Kinetic Analysis of the Decomposition of Aminomethanol and Its Protonated Analog: A Route
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to Strecker Synthesis in the ISM?” by Colton Moore and Susanna Widicus Weaver.

A.3.1 Cartesian Coordinates Used for Polyrate Calculations

Table A.6: Cartesian coordinates of stationary points along the minimum energy path-
way used in the Polyrate input files for the aminomethanol water loss decomposition
reaction. Geometries were optimized at the M06-2X/aug-cc-PVTZ level of theory
using ”very tight” convergence criteria. Transition states had only one imaginary
frequency and were confirmed using intrinsic reaction coordinate (IRC) calculations.

Species Atom X Y 7

C 0.00000000 | 0.53665900 | 0.00000000

N 1.21458500 | -0.21072700 | 0.00000000

(@) -1.13176300 | -0.33340200 | 0.00000000

Reactant H 1.26514700 | -0.80534800 | 0.81732900
H 1.26514700 | -0.80534800 | -0.81732900

H -0.02022000 | 1.17172000 | 0.88849400

H -0.02022000 | 1.17172000 | -0.88849400

H -1.93784000 | 0.18960800 | 0.00000000

C 0.34674300 | 0.67867300 | 0.00791800

N 1.07101400 | -0.44409800 | -0.15724800

Transition State (@) -1.18310600 | -0.22436100 | 0.12858900
H 1.45935600 | -0.74710000 | 0.72996300

H -0.21258200 | -0.87713500 | -0.18651400

H 0.35936900 | 1.25523900 | 0.92975900

H 0.11280200 | 1.25775300 | -0.88099100

H -1.83165100 | -0.05722000 | -0.56770000

C 0.05628000 | 0.58161300 | 0.00000000

N 0.05628000 | -0.67892000 | 0.00000000

Product 1 H -0.84470400 | 1.19897900 | 0.00000000
H 1.00887600 | 1.10807900 | 0.00000000

H -0.89581200 | -1.04429500 | 0.00000000

(@) 0.00000000 | 0.00000000 | 0.11638400

Product 2 H 0.00000000 | 0.76260600 | -0.46553600
H 0.00000000 | -0.76260600 | -0.46553600
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Table A.7: Cartesian coordinates of stationary points along the minimum energy
pathway used in the Polyrate input files for the N-Protonated aminomethanol water
loss decomposition reaction. Geometries were optimized at the M06-L/aug-cc-PVTZ
level of theory using ”very tight” convergence criteria. Transition states had only one
imaginary frequency and were confirmed using intrinsic reaction coordinate (IRC)

calculations.

Species Atom X Y 7Z

C 0.00000000 | 0.60563300 | 0.00000000

N 1.03207900 | -0.49336500 | 0.00000000

O -1.17892700 | -0.09801800 | 0.00000000

H 1.98455600 | -0.13564700 | 0.00000000

Reactant H 0.90222800 | -1.08493700 | 0.82054100
H 0.17763900 | 1.20764500 | 0.89541200

H 0.17763900 | 1.20764500 | -0.89541200

H -1.93742800 | 0.49413100 | 0.00000000

H 0.90222800 | -1.08493700 | -0.82054100

C -0.00273000 | 0.68566200 | -0.00465100

N -1.06035800 | -0.30742500 | 0.02211300

O 1.08769600 | -0.32298300 | -0.10091000

H -1.63867300 | -0.34141700 | -0.80742700

Transition State H 0.15196000 | -1.02674000 | 0.03140900
H 0.02642700 | 1.29919400 | -0.89697600

H 0.08528800 | 1.26890500 | 0.90506400

H 1.75666700 | -0.28131100 | 0.60050500

H -1.64435600 | -0.29676600 | 0.84782000

C 0.00000000 | 0.00000000 | 0.00000000

N 0.00000000 | 0.00000000 | 1.27256400

Product 1 H 0.86689700 | 0.00000000 | 1.80926700
H 0.94089000 | 0.00000000 | -0.53591000

H -0.94089000 | 0.00000000 | -0.53591000

H -0.86689700 | 0.00000000 | 1.80926700

O 0.00000000 | 0.00000000 | 0.11800900

Product 2 H 0.00000000 | 0.75603900 | -0.47203500
H 0.00000000 | -0.75603900 | -0.47203500
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A.3.2 Verification of Structural Consistency Between Methods Used

Table A.8: Absolute energies (Hartrees) and energy differences between key sta-
tionary points calculated at the CCSD(T)/aug-cc-pVTZ//MO06-2X /aug-cc-pVTZ and
CCSD(T)/aug-cc-pVTZ//MO06-L/aug-cc-pVTZ level of theory, respectively.

E(Hartree) | E(Hartree)
Species CCSD(T)// | CCSD(T)// | A E(Hartree) | A E(kcal/mol)
MO06-2X MO6-L
Aminomethanol -170.85 -170.85 0.00 0.02
Aminomethanol -170.75 -170.75 0.00 0.09
TS
Water -76.34 -76.34 0.00 0.01
Methanimine -94.48 -94.48 0.00 0.02
N-Protonated “171.19 -171.19 0.00 0.09
Aminomethanol
Protonated
Aminomethanol -171.14 -171.14 0.00 0.08
TS
O-Protonated 171,19 -171.19 0.00 0.42
Aminomethanol
Water -76.34 -76.34 0.00 0.01
Protonated
Methanimine -94.82 -94.82 0.00 0.01

The single point energy of each relevant stationary point was calculated after first optimizing with
each of the chosen DFT functionals and an aug-cc-pV'TZ basis set. Deviations in the energy calcu-
lated at the CCSD(T)/aug-cc-pVTZ level were well within 1.0 kecal/mol. Thus, it was concluded
that the structural parameters of the species examined showed little variation between the two

methods used for kinetics calculations.

A.3.3 Additional Vibrational Modes

All vibrational modes over the course of the presented reactions are shown in Figure A.1 for neutral
aminomethanol and Figure A.2 for N-Protonated aminomethanol. In the neutral system, most
vibrational modes were spectator modes. In the protonated system, there were small contributions
from a number of normal modes, especially near the saddle point, which is consistent with the
coupling constant contributions observed in 5.6. Each system displayed one vibrational mode with

a significant change over the course of the reaction. The additional spectator modes shown here
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that were not included in the curvature plots in the main text displayed little if any contribution

to the reaction path curvature.
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Figure A.1: All normal vibrational modes over the MEP for aminomethanol decom-
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A.3.4 Additional Files

The .var and .int files used to construct catalog files are included below.

N-Protonated Aminomethanol 30 K .var File

N_ProtAM
15 72
s 1 1
10000
20000
30000
200
1100
2000
40100
41000

0 0.0000E+000

> s s s s>

.435179974120910E+004

9.878819000654900E+003

.440470208206800E+003
.802290000000000E-003
.194410000000000E-002
.969740000000000E-001
.838440000000000E-003
.216870000000000E-005

1.

ThuThu NThu Dec 09 10:06:28 2021
0000E+005 1.0000E+000 1.0000000000
.00000000E-037 /A_gs
.00000000E-037 /B_gs
.00000000E-037 /C_gs
.00000000E-037 /-DJ_gs
.00000000E-037 /-DJK_gs
.00000000E-037 /-DK_gs
.00000000E-037 /d1_gs
.00000000E-037 /d2_gs

N-Protonated Aminomethanol 30 K .int File

N_ProtAM

1 00005
001 -3.61020131
002 0.93793197 /mu_b
003 0.0000000 /mu_c

519.9997 0 250
/mu_a

-9. -9. 1000.0  30.
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N-Protonated Aminomethanol 300 K .var File
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N_ProtAM ThuThu NThu Dec 09 10:06:28 2021
15 72 0 0.0000E+000 1.0000E+005 1.0000E+000 1.0000000000
s 1 1 s s s , . , . s
10000 3.435179974120910E+004 1.00000000E-037 /A_gs
20000 9.878819000654900E+003 1.00000000E-037 /B_gs
30000 8.440470208206800E+003 1.00000000E-037 /C_gs
200 -8.802290000000000E-003 1.00000000E-037 /-DJ_gs
1100 2.194410000000000E-002 1.00000000E-037 /-DJK_gs
2000 -1.969740000000000E-001 1.00000000E-037 /-DK_gs
40100 -1.838440000000000E-003 1.00000000E-037 /d1_gs
41000 1.216870000000000E-005 1.00000000E-037 /d2_gs
N-Protonated Aminomethanol 300 K .int File
N_ProtAM
1 00005  16406.9882 0 250 -9. -9. 1000.0  300.

001 -3.61020131

/mu_a

002 0.93793197 /mu_b
003 0.0000000 /mu_c

A.4 Appendix for Chapter 6

The information in this appendix is the supplemental information for the work to be submitted:

”Catalytic Effects of Astrochemically Relevant Species on the Decomposition of Aminomethanol”

by Colton Moore, Ruby Neisser, and Susanna Widicus Weaver.

A.4.1 Reaction Energies for Complexes
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Table A.9: Cartesian coordinates for the uncatalyzed aminomethanol decomposition.

Species Atom X Y 7
C 0.000000 | 0.536659 | 0.000000
N 1.214585 | -0.210727 | 0.000000
Q) -1.131763 | -0.333402 | 0.000000
H 1.265147 | -0.805348 | 0.817329
Reactant Complex
H 1.265147 | -0.805348 | -0.817329
H -0.020220 | 1.171720 | 0.888494
H -0.020220 | 1.171720 | -0.888494
H -1.937840 | 0.189608 | 0.000000
C 0.346743 | 0.678673 | 0.007918
N 1.071014 | -0.444098 | -0.157248
) -1.183106 | -0.224361 | 0.128589
H 1.459356 | -0.747100 | 0.729963
Transition State
H -0.212582 | -0.877135 | -0.186514
H 0.359369 | 1.255239 | 0.929759
H 0.112802 | 1.257753 | -0.880991
H -1.831651 | -0.057220 | -0.567700
C 1.256152 | -0.560066 | 0.019613
N 0.901758 | 0.650937 | 0.002179
0O -1.844905 | -0.127670 | -0.069527
H 1.697725 | 1.283720 | -0.050949
Product Complex
H -1.054567 | 0.433945 | -0.031873
H 2.295135 | -0.890263 | -0.016729
H 0.483722 | -1.324589 | 0.072403
H -2.511998 | 0.322383 | 0.450435
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Table A.10: Computed rate constants for the uncatalyzed aminomethanol decompo-

sition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
60 2.69¢-189 2.34e-187 5.89e-107
70 1.47e-160 9.47e-159 2.90e-92
80 5.36e-139 2.65e-137 3.18e-81
90 3.19e-122 1.25e-120 1.24e-72
100 8.42¢-109 2.69¢-107 8.48e-66
110 8.12e-98 2.16e-96 4.48e-60
120 1.16e-88 2.62e-87 2.07e-55
130 6.50e-81 1.26e-79 2.00e-51
140 2.85e-74 4.80e-73 5.85e-48
150 1.63e-68 2.41e-67 4.88e-45
160 1.79e-63 2.34e-62 2.03e-42
170 4.99¢e-59 5.86e-58 4.42¢-40
180 4.48e-55 4.74e-54 4.57¢-38
190 1.55e-51 1.48¢-50 3.26¢-36
200 2.36e-48 2.07e-47 1.64e-34
210 1.80e-45 1.44e-44 5.24e-33
220 7.51e-43 5.56e-42 1.31e-31
230 1.85e-40 1.27e-39 2.47e-30
240 2.90e-38 1.85e-37 3.65e-29
250 3.03e-36 1.80e-35 4.47e-28
260 2.21e-34 1.24e-33 4.73e-27
270 1.18e-32 6.18e-32 4.39e-26
280 4.73e-31 2.34e-30 3.48e-25
290 1.47e-29 6.89e-29 2.48e-24
300 3.64e-28 1.62e-27 1.63e-23
310 7.35e-27 3.10e-26 9.95e-23
320 1.23e-25 4.95e-25 5.64e-22

Continued on next page
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Table A.10: Computed rate constants for the uncatalyzed aminomethanol decompo-
sition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
330 1.73e-24 6.66e-24 3.10e-21
340 2.09e-23 7.71e-23 1.59e-20
350 2.20e-22 7.75e-22 7.94e-20
360 2.02e-21 6.86e-21 3.83e-19
370 1.65e-20 5.39¢-20 1.79¢-18
380 1.21e-19 3.81e-19 8.14e-18
390 8.00e-19 2.43e-18 3.57e-17
400 4.82e-18 1.42e-17 1.51e-16
410 2.66e-17 7.56e-17 6.16e-16
420 1.35e-16 3.73e-16 2.41e-15
430 6.40e-16 1.71e-15 9.09¢-15
440 2.82e-15 7.32e-15 3.29e-14
450 1.16e-14 2.94e-14 1.14e-13
460 4.50e-14 1.11e-13 3.79e-13
470 1.65e-13 3.97e-13 1.21e-12
480 5.73e-13 1.34e-12 3.73e-12
490 1.89e-12 4.33e-12 1.10e-11
500 5.96e-12 1.33e-11 3.15e-11
510 1.79e-11 3.93e-11 8.68e-11
520 5.18e-11 1.11e-10 2.31e-10
530 1.44e-10 3.02e-10 5.95e-10
540 3.84e-10 7.92e-10 1.48e-09
550 9.90e-10 2.00e-09 3.60e-09
560 2.47e-09 4.91e-09 8.46e-09
570 5.97e-09 1.17e-08 1.94e-08
580 1.40e-08 2.69e-08 4.32e-08
590 3.19e-08 6.03e-08 9.40e-08

Continued on next page
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Table A.10: Computed rate constants for the uncatalyzed aminomethanol decompo-

sition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
600 7.07e-08 1.32e-07 2.00e-07
610 1.53e-07 2.80e-07 4.14e-07
620 3.22e-07 5.82e-07 8.40e-07
630 6.64e-07 1.18e-06 1.67e-06
640 1.34e-06 2.35e-06 3.25e-06
650 2.63e-06 4.57e-06 6.21e-06
660 5.09e-06 8.71e-06 1.16e-05
670 9.64e-06 1.63e-05 2.14e-05
680 1.79e-05 2.99¢-05 3.88e-05
690 3.28e-05 5.41e-05 6.92e-05
700 5.88e-05 9.60e-05 1.21e-04
710 1.04e-04 1.68¢-04 2.09e-04
720 1.81e-04 2.89¢-04 3.57e-04
730 3.10e-04 4.90e-04 5.99¢-04
740 5.23e-04 8.19e-04 9.91e-04
750 8.72e-04 1.35e-03 1.62e-03
760 1.43e-03 2.20e-03 2.62e-03
770 2.33e-03 3.54e-03 4.18e-03
780 3.73e-03 5.63e-03 6.59¢-03
790 5.91e-03 8.84e-03 1.03e-02
800 9.26e-03 1.37e-02 1.59e-02
810 1.43e-02 2.11e-02 2.42e-02
820 2.20e-02 3.21e-02 3.66e-02
830 3.34e-02 4.84e-02 5.49e-02
840 5.02e-02 7.22e-02 8.15e-02
850 7.47e-02 1.07e-01 1.20e-01
860 1.10e-01 1.56e-01 1.75e-01

Continued on next page
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Table A.10: Computed rate constants for the uncatalyzed aminomethanol decompo-

sition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
870 1.61e-01 2.27e-01 2.53e-01
880 2.34e-01 3.27e-01 3.62e-01
890 3.36e-01 4.67e-01 5.16e-01
900 4.79e-01 6.62e-01 7.28e-01
910 6.78e-01 9.32e-01 1.02e+00
920 9.53e-01 1.30e+00 1.42e+00
930 1.33e+00 1.81e+00 1.96e+00
940 1.84e+00 2.49e+-00 2.70e+00
950 2.53e+00 3.40e+-00 3.68e+00
960 3.46e+-00 4.63e+-00 4.99e+4-00
970 4.70e+4-00 6.25e+4-00 6.73e+00
980 6.35e+4-00 8.40e+-00 9.01e+00
990 8.52e+-00 1.12e401 1.20e+01
1000 1.14e+01 1.49e+4-01 1.59e+01
A.4.3 Dimer Catalyzed Reactions
Cartesian Coordinates
Table A.11: Cartesian coordinates for the dimer 1 mechanism 1 catalyzed
aminomethanol decomposition.
Species Atom X Y 7
C 1.906056 | 0.125263 | -0.463503
N 1.957074 | -1.027177 | 0.401061
O 1.336559 | 1.286690 | 0.107015
Reactant Complex
H 1.013715 | -1.319366 | 0.625138
H 2.427729 | -0.790067 | 1.265565
H 2.922039 | 0.398395 | -0.744284
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Table A.11: Cartesian coordinates for the dimer 1 mechanism 1 catalyzed

aminomethanol decomposition.

Species Atom X Y Z

H 1.358121 | -0.162952 | -1.363488

0.379103 | 1.153695 | 0.179197

C -2.133699 | -0.289684 | 0.171960

N -1.654640 | 1.064284 | 0.072213

0 -1.102862 | -1.127294 | -0.319018

Reactant Complex

H -1.791344 | 1.453711 | -0.850944

H -2.080725 | 1.673585 | 0.755142

H -3.049446 | -0.470748 | -0.401289

H -2.332555 | -0.501722 | 1.224839

H -1.467396 | -1.982922 | -0.557518

C 1.859276 | -0.191855 | -0.541407

N 1.874546 | -0.826723 | 0.672984

O 1.240220 | 1.258872 | 0.007439

H 1.050298 | -1.416937 | 0.740811

H 1.428916 | 0.524142 | 0.883965

H 2.815200 | 0.170056 | -0.908916

H 1.178083 | -0.506353 | -1.331450

H 0.268283 | 1.260936 | -0.161901

Transition State

C -1.748205 | -0.274611 | 0.450530

N -1.593028 | 1.069004 | -0.071145

0 -1.235001 | -1.127325 | -0.547168

H -2.155217 | 1.185731 | -0.906200

H -1.891811 | 1.756215 | 0.610082

H -2.790219 | -0.536724 | 0.666511

H -1.162539 | -0.346031 | 1.372468

H -1.419804 | -2.040574 | -0.315148

Product Complex C -3.051846 | -0.539047 | 0.312970

Continued on next page



Table A.11:
aminomethanol decomposition.

Species Atom X Y Z
N -2.036895 | 0.069775 | -0.117028
@) 0.067311 | 2.107959 | -0.358074
H -1.187335 | -0.494995 | -0.038894
H -0.826889 | 1.766735 | -0.486820
H -4.022311 | -0.046216 | 0.287061
H -3.026194 | -1.552033 | 0.721379
H 0.424177 | 1.543433 | 0.339464
Product Complex C 1.883987 | -0.527084 | -0.371672
N 1.907892 | 0.170844 | 0.889903
0O 0.745434 | -1.375008 | -0.337363
H 2.162474 | -0.447554 | 1.649236
H 2.566265 | 0.938726 | 0.862231
H 2.774914 | -1.140420 | -0.552684
H 1.785713 | 0.220304 | -1.160912
H 0.757402 | -1.939125 | -1.114479

Table A.12:
aminomethanol decomposition.

Species Atom X Y 7
C 2.024098 | 0.049213 | 0.316880
N 1.412270 | 1.340701 | 0.136520
0] 1.637895 | -0.963157 | -0.593467
H 1.554513 | 1.678081 | -0.806779
Reactant Complex
H 0.416863 1.347152 | 0.322772
H 3.098696 | 0.165425 | 0.190441
H 1.837794 | -0.274040 | 1.345133
H 0.803799 | -1.348737 | -0.293887

Continued on next page
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Table A.12: Cartesian coordinates for the dimer 1 mechanism 2 catalyzed

aminomethanol decomposition.

Species Atom X Y Z
C -1.607634 | -0.260667 | -0.490548
N -1.068658 | -1.084280 | 0.568868
@) -2.156351 | 0.969419 | -0.057564
H -1.787074 | -1.605187 | 1.054152
Reactant Complex
H -0.588683 | -0.508722 | 1.252904
H -2.339708 | -0.852583 | -1.042107
H -0.802008 | 0.016243 | -1.167911
H -2.950609 | 0.806045 | 0.457818
C -2.037421 | -0.000655 | -0.337390
N -1.560176 | 1.290408 | 0.100624
) -1.492596 | -1.116739 | 0.330612
H -1.681831 | 1.392179 | 1.100357
H -0.579808 | 1.425154 | -0.112445
H -3.112179 | -0.037903 | -0.166917
H -1.855300 | -0.073716 | -1.412446
H -0.617005 | -1.302277 | -0.052660
Transition State
C 1.644823 | -0.395125 | 0.631661
N 1.227362 | -1.053958 | -0.484236
Q) 1.850115 | 1.117750 | -0.173106
H 1.970343 | -1.619304 | -0.880312
H 1.450498 | 0.266973 | -0.886830
H 2.606207 | -0.602558 | 1.098078
H 0.869241 | -0.073303 | 1.320533
H 2.774955 | 1.336199 | -0.347748
C -1.963822 | -0.640813 | -0.144618
Product Complex N -1.432307 | -0.646957 | 1.190236
O -1.041174 | -0.297625 | -1.172713

Continued on next page



Table A.12:
aminomethanol decomposition.

Species Atom X Y Z
H -0.664578 | -1.300529 | 1.275529
Product Complex H -1.091642 | 0.273572 | 1.442021
H -2.320551 | -1.638848 | -0.390404
H -2.809642 | 0.048422 | -0.168550
H -0.819459 | 0.636017 | -1.048310
C 2.839105 | -0.762259 | 0.062311
N 1.779782 | -0.098617 | -0.091193
0] -0.044632 | 2.031874 | 0.144555
H 1.059786 | -0.600842 | -0.617496
H 0.769347 | 1.494102 | 0.191625
H 2.981712 | -1.770688 | -0.329110
H 3.670020 | -0.324798 | 0.611999
H 0.227432 | 2.947057 | 0.058500

Table A.13:
aminomethanol decomposition.

Species Atom X Y 7
C -1.994841 | -0.094391 | 0.545985
N -1.858299 | -1.306421 | -0.229134
O -1.896754 | 1.105443 | -0.185637
H -2.566317 | -1.330877 | -0.953221
H -0.960253 | -1.323113 | -0.697706
Reactant Complex
H -2.978277 | -0.096390 | 1.012103
H -1.240550 | -0.117211 | 1.338670
H -0.955267 | 1.236877 | -0.374435
C 1.562367 | -0.332392 | -0.121477
N 1.066742 | 1.013676 | -0.152926

Continued on next page
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Table A.13: Cartesian coordinates for the dimer 2 mechanism 1 catalyzed
aminomethanol decomposition.

Species Atom X Y Z

o

2.944424 | -0.336500 | 0.200247
1.578103 | 1.554005 | -0.841195
1.218229 | 1.456544 | 0.746567
Reactant Complex
1.401754 | -0.783367 | -1.104558
0.995855 | -0.896216 | 0.624670

3.261103 | -1.241884 | 0.259595

-1.968278 | -0.138188 | 0.639052
-1.805059 | -1.227343 | -0.185823
-1.578854 | 1.010586 | -0.453906
-2.709946 | -1.570300 | -0.489371
-1.518940 | -0.006985 | -0.956347
-2.955791 | 0.157538 | 0.989088
-1.204016 | 0.019783 | 1.403639
-0.637034 | 1.266642 | -0.258863
Transition State
1.394514 | -0.279863 | -0.198490
1.125552 | 1.098282 | 0.143600
2747178 | -0.579768 | 0.099055
1.743141 | 1.707228 | -0.382034
1.332941 | 1.248907 | 1.125070
1.191786 | -0.413063 | -1.263733
0.710510 | -0.925252 | 0.355262
2.899889 | -1.519307 | -0.031713

-2.212645 | 1.025533 | 0.000005
-2.402724 | -0.223848 | 0.000013
Product Complex 1.383507 | 2.155237 | -0.000012

-3.397533 | -0.445081 | -0.000050

O 2 ©O Z2 ol 0 @K O 2 @O = - ®@H o0 z2 alF oD =2 o=

2.017784 | 2.873496 | 0.000031
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Table A.13:
aminomethanol decomposition.

Species Atom X Y Z
H -3.023449 | 1.755970 | -0.000059
H -1.196301 | 1.417669 | 0.000067
H 1.903036 | 1.332834 | -0.000009
C 0.596417 | -0.659910 | 0.000006
N 2.037841 | -0.670394 | 0.000009
Product Complex O 0.061431 | -1.964235 | -0.000014
H 2.378356 | -1.166685 | -0.815020
H 2.378350 | -1.166749 | 0.815000
H 0.264752 | -0.111300 | -0.885155
H 0.264750 | -0.111330 | 0.885183
H -0.897705 | -1.840874 | -0.000002

Table A.14:
aminomethanol decomposition.

Species Atom X Y 7
C 1.958946 | -0.145489 | -0.611129
N 2.321714 | -1.025072 | 0.474569
0 1.602826 | 1.166668 | -0.237414
H 3.076883 | -0.616997 | 1.012158
H 1.539192 | -1.150354 | 1.105252
H 2.812836 | -0.050516 | -1.278988
Reactant Complex
H 1.144292 | -0.621637 | -1.165307
H 0.758776 | 1.111624 | 0.237186
C -1.604116 | -0.221930 | -0.283574
N -1.119135 | 0.616863 | 0.789498
0] -3.008667 | -0.347218 | -0.360190
H -1.300045 | 0.206387 | 1.697387

Continued on next page
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Table A.14: Cartesian coordinates for the dimer 2 mechanism 2 catalyzed
aminomethanol decomposition.

Species Atom X Y Z

s

-1.581427 | 1.518663 | 0.762201
-1.129505 | -1.201540 | -0.190869
Reactant Complex
-1.299188 | 0.222950 | -1.228709

-3.322115 | -0.912195 | 0.350274

1.930581 | -0.401365 | 0.475033
2.687451 | 0.738993 | 0.018012
1.161451 | -1.051168 | -0.510557
3.280188 | 0.468572 | -0.757558
2.056399 | 1.455281 | -0.321414
2.620607 | -1.146880 | 0.866521
1.292017 | -0.058339 | 1.296581
0.476838 | -0.416396 | -0.787829
Transition State
-1.541421 | 0.229691 | 0.660743
-1.001628 | 0.784780 | -0.465937
-2.881069 | -0.450754 | -0.121124
-1.217297 | 1.774260 | -0.524171
-2.165584 | 0.081653 | -0.878047
-1.954925 | 0.843337 | 1.459618
-1.085824 | -0.695359 | 1.002214
-3.681202 | 0.072881 | 0.018347

1.455513 | 0.426407 | -0.375099
2.490046 | -0.566846 | -0.314526
0.654296 | 0.534713 | 0.796874
Product Complex 3.083058 | -0.415265 | 0.491566
2.094072 | -1.495316 | -0.240810

1.908052 | 1.405778 | -0.516583

om0 =2 E O Z QlH B FHF Z @®H O 2 I @O H @B H O Z2 almo=E o=

0.820894 | 0.208011 | -1.237112
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Table A.14:
aminomethanol decomposition.

Species Atom X Y Z

0.144217 | -0.294808 | 0.863693

C -2.016703 | -1.172025 | -0.323580

N -1.048966 | -1.685077 | 0.308437

Q) -1.460097 | 2.058747 | -0.154258

Product Complex H -1.151348 | -2.692413 | 0.416077
H -0.692971 | 1.686949 | 0.316526

H -2.855704 | -1.755303 | -0.705602

H -2.028872 | -0.096691 | -0.494215

H -1.595408 | 2.938549 | 0.200225

Rate Constants

154

Cartesian coordinates for the dimer 2 mechanism 2 catalyzed

Table A.15: Computed rate constants for the Dimer 1 Mechanism 1 catalyzed
aminomethanol decomposition from 60 K to 1,000 K.
Temperature (K) | kTST (s-1) | kTST/W (s-1) | kTST/Eck (s-1)

60 9.97e-190 6.33e-188 1.88e-120
70 4.71e-161 2.21e-159 6.19e-104
80 1.51e-139 5.47e-138 1.72e-91
90 8.12e-123 2.34e-121 7.66e-82
100 1.97e-109 4.63e-108 4.29e-74
110 1.76e-98 3.46e-97 9.18e-68
120 2.37e-89 3.94e-88 1.70e-62
130 1.26e-81 1.80e-80 5.07e-58
140 5.26e-75 6.56e-74 3.27e-54
150 2.88e-69 3.17e-68 7.13e-51
160 3.04e-64 2.97e-63 7.13e-48
170 8.21e-60 7.22e-59 2.47e-45

Continued on next page
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Table A.15: Computed rate constants for the Dimer 1 Mechanism 1 catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
180 7.15e-56 5.68e-55 5.47e-43
190 2.40e-52 1.74e-51 5.87e-41
200 3.58e-49 2.37e-48 4.52e-39
210 2.66e-46 1.62e-45 2.44e-37
220 1.09e-43 6.13e-43 8.41e-36
230 2.63e-41 1.38e-40 2.45e-34
240 4.03e-39 1.98e-38 5.02e-33
250 4.13e-37 1.90e-36 9.26e-32
260 2.97e-35 1.29e-34 1.37e-30
270 1.56e-33 6.36e-33 1.77e-29
280 6.15e-32 2.38e-31 2.02e-28
290 1.88e-30 6.93e-30 2.14e-27
300 4.60e-29 1.61e-28 2.05e-26
310 9.15¢-28 3.06e-27 1.82¢-25
320 1.51e-26 4.83e-26 1.55e-24
330 2.10e-25 6.44e-25 1.23e-23
340 2.51e-24 7.39e-24 9.23e-23
350 2.60e-23 7.37e-23 6.50e-22
360 2.36e-22 6.47e-22 4.29e-21
370 1.91e-21 5.05e-21 2.65e-20
380 1.38e-20 3.54e-20 1.52e-19
390 9.05e-20 2.24e-19 8.19e-19
400 5.39%¢-19 1.30e-18 4.12e-18
410 2.94e-18 6.89e-18 1.94e-17
420 1.48e-17 3.38e-17 8.59e-17
430 6.94e-17 1.54e-16 3.58e-16
440 3.03e-16 6.54e-16 1.41e-15
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Table A.15: Computed rate constants for the Dimer 1 Mechanism 1 catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
450 1.24e-15 2.61e-15 5.25e-15
460 4.75e-15 9.81e-15 1.86e-14
470 1.73e-14 3.48e-14 6.26e-14
480 5.94e-14 1.17e-13 2.01e-13
490 1.94e-13 3.77e-13 6.19e-13
500 6.07e-13 1.15e-12 1.83e-12
510 1.81e-12 3.38e-12 5.17e-12
520 5.19e-12 9.51e-12 1.41e-11
530 1.43e-11 2.57e-11 3.7le-11
540 3.79-11 6.72e-11 9.45e-11
550 9.70e-11 1.69¢-10 2.33e-10
560 2.40e-10 4.13e-10 5.56e-10
570 5.77e-10 9.76e-10 1.29¢-09
580 1.34¢-09 2.24e-09 2.91e-09
590 3.04e-09 5.00e-09 6.39¢-09
600 6.69¢-09 1.09e-08 1.37e-08
610 1.44e-08 2.30e-08 2.86e-08
620 3.01e-08 4.77e-08 5.85e-08
630 6.16e-08 9.65e-08 1.17e-07
640 1.23e-07 1.91e-07 2.29e-07
650 2.41e-07 3.70e-07 4.39e-07
660 4.64e-07 7.03e-07 8.26e-07
670 8.73e-07 1.31e-06 1.53e-06
680 1.61e-06 2.40e-06 2.77e-06
690 2.93e-06 4.32e-06 4.96e-06
700 5.24e-06 7.64e-06 8.71e-06
710 9.20e-06 1.33e-05 1.51e-05
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Table A.15: Computed rate constants for the Dimer 1 Mechanism 1 catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
720 1.59e-05 2.28e-05 2.57e-05
730 2.71e-05 3.86e-05 4.32e-05
740 4.56e-05 6.44e-05 7.16e-05
750 7.56e-05 1.06e-04 1.17e-04
760 1.24e-04 1.72e-04 1.89e-04
770 2.00e-04 2.76e-04 3.02e-04
780 3.19e-04 4.37e-04 4.77e-04
790 5.03e-04 6.84e-04 7.45e-04
800 7.84e-04 1.06e-03 1.15e-03
810 1.21e-03 1.62e-03 1.76e-03
820 1.85e-03 2.46e-03 2.65e-03
830 2.79¢-03 3.70e-03 3.98¢-03
840 4.18¢-03 5.51e-03 5.90e-03
850 6.19¢-03 8.12¢-03 8.67¢-03
860 9.09e-03 1.19e-02 1.26e-02
870 1.32e-02 1.72e-02 1.83e-02
880 1.91e-02 2.47e-02 2.62e-02
890 2.74e-02 3.52e-02 3.72e-02
900 3.89e-02 4.97e-02 5.25e-02
910 5.49e-02 6.98e-02 7.36e-02
920 7.69e-02 9.73e-02 1.02e-01
930 1.07e-01 1.35e-01 1.41e-01
940 1.47e-01 1.85e-01 1.94e-01
950 2.02e-01 2.53e-01 2.64e-01
960 2.75e-01 3.43e-01 3.58e-01
970 3.73e-01 4.62e-01 4.82e-01
980 5.02e-01 6.19e-01 6.45e-01
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Table A.15: Computed rate constants for the Dimer 1 Mechanism 1 catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
990 6.71e-01 8.25e-01 8.58e-01
1000 8.92e-01 1.09e+-00 1.14e+00

Table A.16: Computed rate constants for the Dimer 1 Mechanism 2 catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kTST/Eck (s-1)
60 4.01e-181 3.02e-179 2.52e-104
70 1.46e-153 8.12e-152 5.68e-90
80 6.99e-133 2.99e-131 3.16e-79
90 8.62e-117 2.94e-115 6.16e-71
100 6.51e-104 1.81e-102 3.56e-64
110 2.26e-93 5.23e-92 1.09e-58
120 1.38e-84 2.71e-83 4.31e-54
130 3.77e-77 6.35e-76 3.01e-50
140 8.95e-71 1.31e-69 7.85e-47
150 3.01e-65 3.89e-64 5.76e-44
160 2.07e-60 2.37e-59 1.89e-41
170 3.84e-56 3.94e-55 3.87e-39
180 2.40e-52 2.22e-51 3.65e-37
190 5.97e-49 5.02e-48 2.24e-35
200 6.81e-46 5.24e-45 9.48e-34
210 3.98e-43 2.81e-42 3.15e-32
220 1.30e-40 8.51e-40 6.83e-31
230 2.58e-38 1.57e-37 1.26e-29
240 3.30e-36 1.86e-35 1.90e-28
250 2.86e-34 1.51e-33 2.15e-27
260 1.76e-32 8.73e-32 2.27e-26
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Table A.16: Computed rate constants for the Dimer 1 Mechanism 2 catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
270 7.99e-31 3.73e-30 2.04e-25
280 2.76e-29 1.22e-28 1.64e-24
290 7.49e-28 3.14e-27 1.20e-23
300 1.63e-26 6.49e-26 8.00e-23
310 2.91e-25 1.10e-24 5.05e-22
320 4.35e-24 1.57e-23 3.04e-21
330 5.51e-23 1.91e-22 1.74e-20
340 6.02e-22 2.00e-21 9.62e-20
350 5.74e-21 1.83e-20 5.14e-19
360 4.83e-20 1.48e-19 2.65e-18
370 3.63e-19 1.07e-18 1.32e-17
380 2.45e-18 6.99¢-18 6.26e-17
390 1.50e-17 4.14e-17 2.85e-16
400 8.40e-17 2.25e-16 1.24e-15
410 4.32e-16 1.12e-15 5.11e-15
420 2.06e-15 5.19e-15 2.02e-14
430 9.13e-15 2.24e-14 7.58e-14
440 3.78e-14 9.02e-14 2.72e-13
450 1.47e-13 3.42e-13 9.30e-13
460 5.40e-13 1.22e-12 3.04e-12
470 1.88e-12 4.15e-12 9.54e-12
480 6.19e-12 1.34e-11 2.87e-11
490 1.95e-11 4.11e-11 8.29e-11
500 5.84e-11 1.21e-10 2.31e-10
510 1.68e-10 3.41e-10 6.19e-10
520 4.64e-10 9.24e-10 1.61e-09
530 1.24e-09 2.41e-09 4.03e-09
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Table A.16: Computed rate constants for the Dimer 1 Mechanism 2 catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
540 3.17e-09 6.08e-09 9.79e-09
550 7.86e-09 1.48e-08 2.31e-08
560 1.89e-08 3.50e-08 5.29e-08
570 4.40e-08 8.03e-08 1.18e-07
580 9.96e-08 1.79e-07 2.57e-07
590 2.19e-07 3.88e-07 5.44e-07
600 4.70e-07 8.20e-07 1.13e-06
610 9.84e-07 1.69e-06 2.28e-06
620 2.01e-06 3.41e-06 4.52e-06
630 4.02e-06 6.73e-06 8.77e-06
640 7.86e-06 1.30e-05 1.67e-05
650 1.51e-05 2.46e-05 3.12¢-05
660 2.83e-05 4.57e-05 5.71e-05
670 5.22¢-05 8.34e-05 1.03¢-04
680 9.47e-05 1.50e-04 1.83e-04
690 1.69e-04 2.64e-04 3.18e-04
700 2.96e-04 4.57e-04 5.47e-04
710 5.10e-04 7.81e-04 9.26e-04
720 8.67e-04 1.31e-03 1.55e-03
730 1.45e-03 2.18e-03 2.54e-03
740 2.40e-03 3.57e-03 4.14e-03
750 3.91e-03 5.77e-03 6.64e-03
760 6.30e-03 9.22e-03 1.05e-02
770 1.00e-02 1.45e-02 1.65e-02
780 1.57e-02 2.27e-02 2.56e-02
790 2.45e-02 3.50e-02 3.93e-02
800 3.76e-02 5.34e-02 5.96e-02
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Table A.16: Computed rate constants for the Dimer 1 Mechanism 2 catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
810 5.72e-02 8.06e-02 8.96e-02
820 8.62e-02 1.20e-01 1.33e-01
830 1.29e-01 1.78e-01 1.97e-01
840 1.90e-01 2.62e-01 2.88e-01
850 2.78e-01 3.81e-01 4.17e-01
860 4.03e-01 5.49e-01 5.99¢-01
870 5.80e-01 7.86e-01 8.53e-01
880 8.28e-01 1.12e+00 1.21e+00
890 1.17e+00 1.57e400 1.69e+00
900 1.65e+00 2.19e+00 2.36e+00
910 2.30e+00 3.04e+00 3.27e+00
920 3.19e+-00 4.19e+4-00 4.49e+00
930 4.38e+00 5.74e+00 6.13e+00
940 5.99¢+00 7.80e+4-00 8.31e+00
950 8.13e+00 1.05e4-01 1.12e+01
960 1.10e+01 1.41e4-01 1.50e+01
970 1.47e4-01 1.89e+01 2.00e+-01
980 1.96e+01 2.51e+4-01 2.65e+4-01
990 2.60e+-01 3.31e+4-01 3.49e+01
1000 3.42e+01 4.34e+01 4.57e+01

Table A.17: Computed rate constants for the Dimer 2 Mechanism 1 catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kTST/Eck (s-1)

60 2.21e-180 1.14e-178 2.94e-118
70 5.40e-153 2.06e-151 4.62e-102
80 1.89e-132 5.55e-131 8.09e-90
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Table A.17: Computed rate constants for the Dimer 2 Mechanism 1 catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
90 1.80e-116 4.23e-115 2.43e-80
100 1.10e-103 2.11e-102 8.98e-73
110 3.19e-93 5.12e-92 1.48e-66
120 1.67e-84 2.28e-83 2.71e-61
130 4.01e-77 4.71e-76 6.81e-57
140 8.48e-71 8.71e-70 4.06e-53
150 2.58e-65 2.34e-64 8.44e-50
160 1.62e-60 1.31e-59 6.43e-47
170 2.77e-56 2.02e-55 2.15e-44
180 1.61e-52 1.06e-51 4.45e-42
190 3.75e-49 2.26e-48 5.02e-40
200 4.03e-46 2.23e-45 3.81e-38
210 2.23e-43 1.14e-42 1.83e-36
220 6.94e-41 3.30e-40 6.90e-35
230 1.31e-38 5.83e-38 1.97e-33
240 1.61e-36 6.68e-36 4.39e-32
250 1.34e-34 5.23e-34 8.15e-31
260 7.94e-33 2.93e-32 1.36e-29
270 3.48e-31 1.22e-30 1.96e-28
280 1.17e-29 3.87e-29 2.60e-27
290 3.07e-28 9.69e-28 3.17e-26
300 6.48e-27 1.96e-26 3.59e-25
310 1.13e-25 3.26e-25 3.75e-24
320 1.64e-24 4.55e-24 3.61e-23
330 2.03e-23 5.41e-23 3.19e-22
340 2.16e-22 5.57e-22 2.58e-21
350 2.02e-21 5.01e-21 1.91e-20
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Table A.17: Computed rate constants for the Dimer 2 Mechanism 1 catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
360 1.66e-20 3.99e-20 1.29e-19
370 1.22e-19 2.85e-19 8.04e-19
380 8.09e-19 1.83e-18 4.61e-18
390 4.87e-18 1.07e-17 2.44e-17
400 2.67e-17 5.72e-17 1.20e-16
410 1.35e-16 2.82e-16 5.51e-16
420 6.34e-16 1.29e-15 2.37e-15
430 2.77e-15 5.49e-15 9.54e-15
440 1.13e-14 2.19e-14 3.63e-14
450 4.33e-14 8.21e-14 1.30e-13
460 1.57e-13 2.91e-13 4.45e-13
470 5.36e-13 9.78¢-13 1.44e-12
480 1.74e-12 3.12e-12 4.47e-12
490 5.41e-12 9.51e-12 1.33e-11
500 1.61e-11 2.77e-11 3.77e-11
510 4.56e-11 7.75e-11 1.03e-10
520 1.25e-10 2.08e-10 2.72e-10
530 3.28e-10 5.40e-10 6.91e-10
540 8.31e-10 1.35e-09 1.70e-09
550 2.04e-09 3.27e-09 4.05e-09
560 4.85e-09 7.66e-09 9.36e-09
570 1.12e-08 1.74e-08 2.10e-08
580 2.50e-08 3.86e-08 4.60e-08
590 5.46e-08 8.31e-08 9.81e-08
600 1.16e-07 1.75e-07 2.04e-07
610 2.41e-07 3.58e-07 4.15e-07
620 4.87e-07 7.18e-07 8.24e-07
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Table A.17: Computed rate constants for the Dimer 2 Mechanism 1 catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
630 9.65e-07 1.41e-06 1.60e-06
640 1.87e-06 2.70e-06 3.06e-06
650 3.56e-06 5.09e-06 5.72e-06
660 6.63e-06 9.40e-06 1.05e-05
670 1.21e-05 1.71e-05 1.89¢-05
680 2.18e-05 3.04e-05 3.36e-05
690 3.86e-05 5.33e-05 5.86e-05
700 6.71e-05 9.20e-05 1.01e-04
710 1.15e-04 1.56e-04 1.70e-04
720 1.94e-04 2.62e-04 2.84e-04
730 3.23e-04 4.33e-04 4.67¢-04
740 5.30e-04 7.05e-04 7.5%-04
750 8.58e-04 1.14¢-03 1.22e-03
760 1.37¢-03 1.80e-03 1.93¢-03
770 2.17e-03 2.83e-03 3.02e-03
780 3.39e-03 4.40e-03 4.68e-03
790 5.23e-03 6.76e-03 7.16e-03
800 7.99e-03 1.03e-02 1.09e-02
810 1.21e-02 1.54e-02 1.63e-02
820 1.81e-02 2.30e-02 2.42e-02
830 2.68e-02 3.39e-02 3.56e-02
840 3.94e-02 4.96e-02 5.20e-02
850 5.74e-02 7.19e-02 7.52e-02
860 8.29e-02 1.03e-01 1.08e-01
870 1.19e-01 1.47e-01 1.54e-01
880 1.69e-01 2.08e-01 2.17e-01
890 2.37e-01 2.92e-01 3.04e-01
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Table A.17:

aminomethanol decomposition from 60 K to 1,000 K.

Table A.18:

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
900 3.32e-01 4.07e-01 4.22e-01
910 4.61e-01 5.62e-01 5.83e-01
920 6.36e-01 7.72e-01 8.00e-01
930 8.70e-01 1.05e+00 1.09e+00
940 1.18e+-00 1.43e+00 1.47e+00
950 1.60e+00 1.92e+4-00 1.98e+00
960 2.15e+00 2.57e+00 2.65e+00
970 2.87e+00 3.42e+00 3.52e+00
980 3.81e+00 4.53e+00 4.66e+00
990 5.02e+00 5.96e+00 6.12e+00
1000 6.59e+-00 7.79e+00 8.00e+00

aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | KTST/Eck (s-1)
60 1.06e-186 7.29e-185 7.85e-113
70 2.00e-158 1.02e-156 2.03e-97
80 3.27e-137 1.28e-135 8.51e-86
90 1.04e-120 3.23e-119 8.93e-77
100 1.66e-107 4.21e-106 1.45e-69
110 1.06e-96 2.23e-95 1.13e-63
120 1.07e-87 1.92¢-86 1.05e-58
130 4.46e-80 6.88e-79 1.70e-54
140 1.52e-73 2.04e-72 6.44e-51
150 6.97e-68 8.25e-67 7.51e-48
160 6.28e-63 6.61e-62 4.30e-45
170 1.48e-58 1.40e-57 1.20e-42
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Table A.18: Computed rate constants for the Dimer 2 Mechanism 1 catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
180 1.14e-54 9.72e-54 1.71e-40
190 3.42e-51 2.66e-50 1.43e-38
200 4.62e-48 3.28e-47 8.05e-37
210 3.14e-45 2.05e-44 3.32e-35
220 1.18e-42 7.14e-42 9.62e-34
230 2.65e-40 1.49e-39 2.20e-32
240 3.80e-38 1.99e-37 3.71e-31
250 3.66e-36 1.80e-35 5.51e-30
260 2.48e-34 1.14e-33 6.64e-29
270 1.23e-32 5.36e-32 6.98e-28
280 4.64¢-31 1.91e-30 6.87e-27
290 1.36e-29 5.30e-29 5.78e-26
300 3.18e-28 1.18e-27 4.65e-25
310 6.07e-27 2.15¢-26 3.48e-24
320 9.64e-26 3.26e-25 2.46e-23
330 1.30e-24 4.20e-24 1.66e-22
340 1.50e-23 4.66e-23 1.08e-21
350 1.50e-22 4.50e-22 6.69e-21
360 1.33e-21 3.83e-21 3.95e-20
370 1.05e-20 2.91e-20 2.22e-19
380 7.38e-20 1.99e-19 1.18e-18
390 4.71e-19 1.23e-18 5.90e-18
400 2.75e-18 6.93e-18 2.79e-17
410 1.47e-17 3.60e-17 1.25e-16
420 7.25e-17 1.73e-16 5.28e-16
430 3.32e-16 7.71e-16 2.11e-15
440 1.42e-15 3.22e-15 8.0le-15
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Table A.18: Computed rate constants for the Dimer 2 Mechanism 1 catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
450 5.7le-15 1.26e-14 2.89%e-14
460 2.16e-14 4.65e-14 9.91e-14
470 7.72e-14 1.62e-13 3.25e-13
480 2.62e-13 5.39%e-13 1.02e-12
490 8.44e-13 1.70e-12 3.05e-12
500 2.60e-12 5.14e-12 8.81le-12
510 7.66e-12 1.48e-11 2.45e-11
520 2.17e-11 4.12e-11 6.54e-11
530 5.89%e-11 1.10e-10 1.69e-10
540 1.54e-10 2.84e-10 4.23e-10
550 3.91e-10 7.07e-10 1.03e-09
560 9.58e-10 1.70e-09 2.41e-09
570 2.28e-09 3.98¢-09 5.51e-09
580 5.25¢-09 9.05¢-09 1.23¢-08
590 1.18e-08 2.00e-08 2.66e-08
600 2.57e-08 4.31e-08 5.63e-08
610 5.46e-08 9.04e-08 1.16e-07
620 1.13e-07 1.85e-07 2.35e-07
630 2.30e-07 3.72e-07 4.65e-07
640 4.57e-07 7.30e-07 9.01e-07
650 8.89e-07 1.40e-06 1.71e-06
660 1.70e-06 2.64e-06 3.19e-06
670 3.17e-06 4.89e-06 5.85e-06
680 5.82e-06 8.89¢-06 1.05e-05
690 1.05e-05 1.59e-05 1.86e-05
700 1.86e-05 2.79e-05 3.25e-05
710 3.26e-05 4.83e-05 5.58e-05
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Table A.18: Computed rate constants for the Dimer 2 Mechanism 1 catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
720 5.60e-05 8.24e-05 9.45e-05
730 9.49e-05 1.38e-04 1.58e-04
740 1.59e-04 2.29e-04 2.60e-04
750 2.62e-04 3.75e-04 4.22e-04
760 4.26e-04 6.05e-04 6.77e-04
770 6.84e-04 9.65e-04 1.07e-03
780 1.09e-03 1.52e-03 1.69e-03
790 1.70e-03 2.37e-03 2.61e-03
800 2.64e-03 3.65e-03 4.01e-03
810 4.06e-03 5.57e-03 6.09e-03
820 6.17e-03 8.41e-03 9.17e-03
830 9.29¢-03 1.26e-02 1.37e-02
840 1.38e-02 1.86e-02 2.02e-02
850 2.04e-02 2.73e-02 2.95¢-02
860 2.99e-02 3.98e-02 4.28e-02
870 4.34e-02 5.74e-02 6.15e-02
880 6.24e-02 8.21e-02 8.78e-02
890 8.90e-02 1.16e-01 1.24e-01
900 1.26e-01 1.64e-01 1.75e-01
910 1.77e-01 2.29e-01 2.44e-01
920 2.47e-01 3.18e-01 3.37e-01
930 3.42e-01 4.39e-01 4.64e-01
940 4.71e-01 6.01e-01 6.34e-01
950 6.44e-01 8.18e-01 8.61e-01
960 8.74e-01 1.11e+00 1.16e+00
970 1.18e+00 1.49¢+4-00 1.56e+00
980 1.58e+00 1.98e+-00 2.08e+-00
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Table A.18: Computed rate constants for the Dimer 2 Mechanism 1 catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
990 2.11e+00 2.64e+00 2.76e+00
1000 2.80e+00 3.48e+00 3.64e+00

A.4.4 CH;NH, Catalyzed Reactions

Cartesian Coordinates

Table A.19: Cartesian coordinates
aminomethanol decomposition.

for the CH;NH, NH—Cat

Species Atom X Y 7

C -1.575977 | -0.170454 | 0.454636

N -1.344476 | 1.196534 | 0.147179

Q) -1.029708 | -1.034500 | -0.557842

H -0.349920 | 1.372527 | 0.032990

H -1.813991 | 1.457997 | -0.709839

H -1.106053 | -0.401784 | 1.413604

H -2.650294 | -0.347772 | 0.536306

Reactant Complex H -1.262694 | -1.945225 | -0.358030
N 1.638154 | 0.474558 | -0.575406

H 2.404145 | 0.735368 | -1.181684

H 0.990148 | -0.090103 | -1.112652

C 2.120358 | -0.289731 | 0.571622

H 2.672873 | -1.198706 | 0.313919

H 2.764547 | 0.338662 | 1.185088

H 1.266876 | -0.581496 | 1.183084

C -1.549474 | -0.853303 | -0.585987

Transition State N -1.268604 | -0.785813 | 0.656055
0] -1.026604 | 1.447940 | -0.164326
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aminomethanol decomposition.

Table A.19: Cartesian coordinates for the CHzNH, NH-—Cat
Species Atom X Y Z
H -0.343640 | -1.099380 | 0.965976
H -1.579555 | 0.113323 | 1.061160
H -0.983983 | -1.517782 | -1.227734
H -2.374137 | -0.277329 | -0.971263
H -1.057838 | 2.377914 | -0.397249
N 1.375424 | 0.055400 | 0.656509
Transition State
H 1.943470 | 0.423921 | 1.408525
H 0.666196 | 0.766101 | 0.413224
C 2.206916 | -0.209176 | -0.515750
H 2.772318 | 0.659488 | -0.865533
H 2.911345 | -1.015330 | -0.310727
H 1.566269 | -0.526687 | -1.339294
C -1.959573 | 0.549377 | -0.250102
N -1.994850 | -0.611691 | 0.248875
) 1.085497 | 1.951913 | -0.068656
H -2.922099 | -1.026042 | 0.167167
H 1.667984 | 2.536656 | 0.417679
H -2.825029 | 1.032944 | -0.708025
H -1.028477 | 1.114481 | -0.230091
Product Complex H 1.177723 | 1.062556 | 0.341265
C 1.322235 | -1.301549 | -0.634504
N 1.028226 | -0.738937 | 0.685289
H 0.048015 | -0.900998 | 0.904625
H 1.585738 | -1.188024 | 1.399713
H 0.707038 | -0.791675 | -1.374385
H 2.364124 | -1.112886 | -0.888643
H 1.131400 | -2.374882 | -0.711575

170

catalyzed



aminomethanol decomposition.

Table A.20: Cartesian coordinates for the CH3;NH, OH—Cat
Species Atom X Y Z
C 1.508657 | -0.155875 | 0.484979
N 1.614489 | 1.138384 | -0.150299
O 1.037807 | -1.198269 | -0.335460
H 2.214161 | 1.070835 | -0.963834
H 0.706445 | 1.445502 | -0.477393
H 2.500998 | -0.446950 | 0.825487
H 0.865275 | -0.043936 | 1.363570
Reactant Complex H 0.068096 | -1.122156 | -0.366438
C -1.990533 | 0.799184 | 0.037248
N -1.796069 | -0.651484 | -0.011816
H -2.035816 | -1.073891 | 0.876322
H -2.402271 | -1.069908 | -0.705922
H -1.325097 | 1.223936 | 0.788277
H -1.719877 | 1.227019 | -0.927162
H -3.012057 | 1.107542 | 0.272215
C 1.502222 | -0.185453 | 0.599778
N 1.662358 | 0.996366 | -0.088342
O 0.757886 | -1.019504 | -0.577972
H 2.619323 | 1.078790 | -0.414054
H 0.980269 | 0.023302 | -0.964969
H 2.360544 | -0.802416 | 0.861444
Transition State
H 0.746669 | -0.191578 | 1.389653
H -0.217145 | -1.045617 | -0.341854
C -1.789672 | 0.871832 | -0.105545
N -1.809019 | -0.568810 | 0.200684
H -1.915102 | -0.717812 | 1.196809
H -2.597325 | -1.021305 | -0.244925

Continued on next page

171

catalyzed



aminomethanol decomposition.

Table A.20: Cartesian coordinates for the CH3;NH, OH—Cat
Species Atom X Y Z
H -0.881926 | 1.316130 | 0.301781
Transition State H -1.745810 | 0.998219 | -1.185646
H -2.661256 | 1.407156 | 0.273746
C -1.959573 | 0.549377 | -0.250102
N -1.994850 | -0.611691 | 0.248875
0] 1.085497 | 1.951913 | -0.068656
H -2.922099 | -1.026042 | 0.167167
H 1.667984 | 2.536656 | 0.417679
H -2.825029 | 1.032944 | -0.708025
H -1.028477 | 1.114481 | -0.230091
Product Complex H 1.177723 | 1.062556 | 0.341265
C 1.322235 | -1.301549 | -0.634504
N 1.028226 | -0.738937 | 0.685289
H 0.048015 | -0.900998 | 0.904625
H 1.585738 | -1.188024 | 1.399713
H 0.707038 | -0.791675 | -1.374385
H 2.364124 | -1.112886 | -0.888643
H 1.131400 | -2.374882 | -0.711575

172

catalyzed

Table A.21: Cartesian coordinates for the CH3NH, dual hydrogen bond catalyzed

aminomethanol decomposition.

Species Atom X Y 7
C 1.753625 | -0.221891 | 0.187025
N 1.276518 | 1.127436 | -0.123242
Reactant Complex O 0.879671 | -1.177857 | -0.323787
H 1.870655 | 1.824015 | 0.310829
H 1.316207 | 1.276460 | -1.125150

Continued on next page



173

Table A.21: Cartesian coordinates for the CH3;NH, dual hydrogen bond catalyzed

aminomethanol decomposition.

Species Atom X Y Z
H 2.732684 | -0.442194 | -0.246166
H 1.838729 | -0.287299 | 1.277631
H 0.011780 | -1.035212 | 0.103871
C -2.254037 | 0.137909 | -0.501681
H -1.552249 | 0.236017 | -1.328923
Reactant Complex
H -2.869238 | -0.740034 | -0.691372
H -2.901271 | 1.018812 | -0.492803
N -1.490796 | -0.057501 | 0.731433
H -0.879466 | 0.738566 | 0.882458
H -2.102784 | -0.151928 | 1.530522
C 1.722554 | -0.072795 | 0.442846
N 1.396588 | 1.082943 | -0.242960
0] 0.851521 | -1.098338 | -0.452564
H 2.196090 | 1.422704 | -0.764572
H 0.815374 | -0.093006 | -0.955786
H 2.733834 | -0.473655 | 0.396998
H 1.282859 | -0.211567 | 1.432769
Transition State H -0.032406 | -1.065650 | 0.014473
C -2.345834 | 0.162192 | -0.395988
H -1.819025 | 0.320008 | -1.336086
H -2.950286 | -0.737532 | -0.494565
H -3.010107 | 1.013148 | -0.233382
N -1.356276 | -0.023858 | 0.670236
H -0.760112 | 0.801482 | 0.722054
H -1.810892 | -0.139200 | 1.566530
C -1.959452 | 0.549577 | -0.250150
Product Complex
N -1.994940 | -0.611422 | 0.248968
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Table A.21: Cartesian coordinates for the CH3;NH, dual hydrogen bond catalyzed
aminomethanol decomposition.

Species Atom X Y Z
@) 1.085901 | 1.951737 | -0.068681
H -2.922246 | -1.025644 | 0.167256
H 1.668012 | 2.536514 | 0.418063
H -2.824804 | 1.033223 | -0.708186
H -1.028266 | 1.114533 | -0.230150
H 1.177917 | 1.062379 | 0.341288
Product Complex C 1.321917 | -1.301646 | -0.634559
H 0.706677 | -0.791671 | -1.374335
H 2.363792 | -1.113075 | -0.888822
H 1.130960 | -2.374956 | -0.711666
N 1.028133 | -0.739076 | 0.685300
H 0.047931 | -0.901034 | 0.904747
H 1.585681 | -1.188265 | 1.399633

Rate Constants

Table A.22:

Computed rate constants for the CHyzNH,

aminomethanol decomposition from 60 K to 1,000 K.

NH—Cat catalyzed

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kTST/Eck (s-1)
60 2.92e-181 1.49e-180 2.89e-172
70 1.01e-153 4.05e-153 4.42e-148
80 4.57e-133 1.51e-132 9.45e-130
90 9.35e-117 1.51e-116 3.59e-115
100 3.85e-104 9.54e-104 4.95e-103
110 1.28e-93 2.84e-93 7.67e-93
120 7.50e-85 1.52e-84 2.96e-84
130 1.98e-77 3.71e-77 5.96e-77
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Table A.22: Computed rate constants for the CH3;NH, NH-—Cat catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
140 4.56e-71 8.01e-71 1.14e-70
150 1.49¢-65 2.48e-65 3.23e-65
160 1.00e-60 1.58e-60 1.95e-60
170 1.83e-56 2.76e-56 3.25e-56
180 1.12e-52 1.63e-52 1.86e-52
190 2.75e-49 3.89e-49 4.32e-49
200 3.11e-46 4.26e-46 4.65e-46
210 1.80e-43 2.40e-43 2.58e-43
220 5.8be-41 7.64e-41 8.12e-41
230 1.15e-38 1.47e-38 1.55e-38
240 1.46e-36 1.84¢-36 1.92¢-36
250 1.26e-34 1.56e-34 1.62e-34
260 7.76e-33 9.47e-33 9.78¢-33
270 3.52e-31 4.24e-31 4.36e-31
280 1.22e-29 1.45e-29 1.48e-29
290 3.30e-28 3.88e-28 3.97e-28
300 7.19e-27 8.37e-27 8.53e-27
310 1.28e-25 1.48e-25 1.51e-25
320 1.92e-24 2.20e-24 2.23e-24
330 2.44e-23 2.77e-23 2.81e-23
340 2.67e-22 3.01e-22 3.05e-22
350 2.55e-21 2.86e-21 2.89e-21
360 2.15e-20 2.40e-20 2.42e-20
370 1.62e-19 1.80e-19 1.81e-19
380 1.10e-18 1.21e-18 1.22e-18
390 6.74e-18 7.39%-18 7.45e-18
400 3.78e-17 4.13e-17 4.16e-17
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Table A.22: Computed rate constants for the CH3;NH, NH-—Cat catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
410 1.95e-16 2.13e-16 2.14e-16
420 9.33e-16 1.01e-15 1.02e-15
430 4.15e-15 4.48e-15 4.51e-15
440 1.72e-14 1.86e-14 1.87e-14
450 6.73e-14 7.22e-14 7.26e-14
460 2.48e-13 2.65e-13 2.66e-13
470 8.63e-13 9.21e-13 9.25e-13
480 2.85e-12 3.04e-12 3.05e-12
490 9.00e-12 9.55e-12 9.59e-12
500 2.71e-11 2.87e-11 2.88e-11
510 7.81le-11 8.26e-11 8.29e-11
520 2.17e-10 2.28e-10 2.29e-10
530 5.77e-10 6.08e-10 6.10e-10
540 1.49¢-09 1.56¢-09 1.56¢-09
550 3.69e-09 3.87e-09 3.88e-09
560 8.89¢-09 9.31e-09 9.33e-09
570 2.07e-08 2.17e-08 2.17e-08
580 4.71e-08 4.91e-08 4.92e-08
590 1.04e-07 1.08e-07 1.08e-07
600 2.23e-07 2.32e-07 2.33e-07
610 4.68e-07 4.86e-07 4.87e-07
620 9.58e-07 9.94e-07 9.97e-07
630 1.92e-06 1.99e-06 1.99e-06
640 3.75e-06 3.89¢-06 3.90e-06
650 7.20e-06 7.46e-06 7.47e-06
660 1.36e-05 1.40e-05 1.40e-05
670 2.50e-05 2.59¢-05 2.59¢-05
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Table A.22: Computed rate constants for the CH3;NH, NH-—Cat catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
680 4.54e-05 4.69e-05 4.70e-05
690 8.10e-05 8.35e-05 8.36e-05
700 1.42e-04 1.46e-04 1.47e-04
710 2.45e-04 2.53e-04 2.53e-04
720 4.17e-04 4.29e-04 4.30e-04
730 7.00e-04 7.19e-04 7.21e-04
740 1.16e-03 1.19e-03 1.19e-03
750 1.89¢-03 1.94e-03 1.94e-03
760 3.04e-03 3.12e-03 3.12e-03
770 4.84e-03 4.96e-03 4.97¢-03
780 7.61e-03 7.80e-03 7.80e-03
790 1.18e-02 1.21e-02 1.21e-02
800 1.82e-02 1.86e-02 1.86¢-02
810 2.77¢-02 2.83¢-02 2.84e-02
820 4.17e-02 4.26e-02 4.27e-02
830 6.22e-02 6.36e-02 6.37e-02
840 9.19e-02 9.39e-02 9.41e-02
850 1.35e-01 1.37e-01 1.38e-01
860 1.95e-01 1.99e-01 2.00e-01
870 2.81e-01 2.87e-01 2.87e-01
880 4.01e-01 4.09e-01 4.10e-01
890 5.68e-01 5.79e-01 5.78e-01
900 7.98e-01 8.13e-01 8.12e-01
910 1.11e+00 1.13e+00 1.14e+00
920 1.54e+-00 1.57e+00 1.57e+00
930 2.12e+-00 2.16e+00 2.15e+00
940 2.90e+-00 2.94e+-00 2.95e+-00

Continued on next page




Table A.22:

Computed rate constants for the CHzNH,

aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
950 3.93e+-00 3.99e+-00 3.99e+-00
960 5.30e+00 5.38e+00 5.38e+00
970 7.10e+00 7.21e+00 7.24e+00
980 9.46e+4-00 9.61e+00 9.58e+00
990 1.25e+-01 1.27e+401 1.28e+01
1000 1.65e+01 1.68e+01 1.68e+01

Table A.23:

Computed rate constants for the CH3;NH,

aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kKTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
60 4.62e-181 2.33e-179 1.50e-119
70 1.33e-153 4.95e-152 3.61e-103
80 5.21e-133 1.50e-131 7.75e-91
90 5.44e-117 1.25e-115 2.81e-81
100 3.55e-104 6.66e-103 1.36e-73
110 1.09e-93 1.70e-92 2.31e-67
120 5.95e-85 7.93e-84 4.11e-62
130 1.48e-77 1.70e-76 1.16e-57
140 3.22e-T1 3.24e-70 8.63e-54
150 1.00e-65 8.92e-65 1.72e-50
160 6.43e-61 5.11e-60 1.27e-47
170 1.12e-56 8.02e-56 5.07e-45
180 6.62e-53 4.29e-52 1.01e-42
190 1.57e-49 9.28e-49 1.28e-40
200 1.71e-46 9.28e-46 9.75e-39
210 9.55e-44 4.80e-43 4.94e-37
220 3.0le-41 1.40e-40 1.80e-35
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Table A.23: Computed rate constants for the CH3;NH, OH-—Cat catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
230 5.74e-39 2.50e-38 5.44e-34
240 7.09e-37 2.89¢-36 1.31e-32
250 5.95e-35 2.29e-34 2.55e-31
260 3.55e-33 1.29e-32 4.35e-30
270 1.57e-31 5.39%e-31 6.62e-29
280 5.29e-30 1.73e-29 9.17e-28
290 1.40e-28 4.35e-28 1.16e-26
300 2.97e-27 8.84e-27 1.37e-25
310 5.19e-26 1.48e-25 1.48e-24
320 7.58e-25 2.07e-24 1.46e-23
330 9.42e-24 2.48e-23 1.32e-22
340 1.01e-22 2.56e-22 1.09e-21
350 9.45e-22 2.31e-21 8.21e-21
360 7.81e-21 1.85¢-20 5.64e-20
370 5.76e-20 1.32e-19 3.95e-19
380 3.83e-19 8.53e-19 2.05e-18
390 2.31e-18 5.00e-18 1.10e-17
400 1.27e-17 2.68e-17 5.45e-17
410 6.45e-17 1.33e-16 2.52e-16
420 3.03e-16 6.08e-16 1.09e-15
430 1.33e-15 2.60e-15 4.40e-15
440 5.42e-15 1.04e-14 1.68e-14
450 2.08e-14 3.91e-14 6.07e-14
460 7.54e-14 1.39e-13 2.08e-13
470 2.59¢-13 4.67e-13 6.78e-13
480 8.44e-13 1.49e-12 2.11e-12
490 2.62e-12 4.56e-12 6.27e-12
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Table A.23: Computed rate constants for the CH3;NH, OH-—Cat catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
500 7.79e-12 1.33e-11 1.79e-11
510 2.22e-11 3.73e-11 4.90e-11
520 6.07e-11 1.01e-10 1.30e-10
530 1.60e-10 2.61e-10 3.30e-10
540 4.06e-10 6.53e-10 8.14e-10
550 9.97e-10 1.58e-09 1.94e-09
560 2.37e-09 3.72e-09 4.51e-09
570 5.48e-09 8.47e-09 1.01e-08
580 1.23e-08 1.88e-08 2.22e-08
590 2.68e-08 4.05e-08 4.75e-08
600 5.71e-08 8.52¢-08 9.89¢-08
610 1.18e-07 1.75¢-07 2.01e-07
620 2.40e-07 3.51e-07 4.01e-07
630 4.76e-07 6.89¢-07 7.81e-07
640 9.24e-07 1.33e-06 1.49e-06
650 1.76e-06 2.50e-06 2.79e-06
660 3.28e-06 4.62e-06 5.13e-06
670 6.01e-06 8.39e-06 9.27e-06
680 1.08e-05 1.50e-05 1.65e-05
690 1.91e-05 2.63e-05 2.87e-05
700 3.33e-05 4.54e-05 4.94e-05
710 5.71e-05 7.72e-05 8.37e-05
720 9.64e-05 1.29e-04 1.40e-04
730 1.61e-04 2.14e-04 2.30e-04
740 2.64e-04 3.49e-04 3.75e-04
750 4.27e-04 5.62e-04 6.01e-04
760 6.84e-04 8.94e-04 9.53e-04
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Table A.23: Computed rate constants for the CH3;NH, OH-—Cat catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
770 1.08e-03 1.41e-03 1.49e-03
780 1.69e-03 2.18e-03 2.32e-03
790 2.61e-03 3.36e-03 3.55e-03
800 3.99¢-03 5.10e-03 5.38e-03
810 6.04e-03 7.68e-03 8.09e-03
820 9.06e-03 1.14e-02 1.20e-02
830 1.34e-02 1.69e-02 1.77e-02
840 1.98e-02 2.47e-02 2.59e-02
850 2.88e-02 3.58e-02 3.74e-02
860 4.16e-02 5.15e-02 5.37e-02
870 5.95e-02 7.35e-02 7.65e-02
880 8.46e-02 1.04e-01 1.08e-01
890 1.19e-01 1.46e-01 1.52e-01
900 1.67e-01 2.03¢e-01 2.11e-01
910 2.32e-01 2.81e-01 2.91e-01
920 3.20e-01 3.87e-01 4.00e-01
930 4.38e-01 5.28e-01 5.45e-01
940 5.96e-01 7.15e-01 7.38e-01
950 8.05e-01 9.64e-01 9.93e-01
960 1.08e+-00 1.29e+-00 1.33e+00
970 1.44e4-00 1.72e4-00 1.77e4+00
980 1.92e+00 2.27e4-00 2.34e+00
990 2.53e4-00 2.99e+00 3.07e+00
1000 3.33e+00 3.92e+00 4.02e+00
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Table A.24: Computed rate constants for the CH;NH, dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
60 1.01e-183 4.52e-182 1.55e-126
70 8.24e-156 2.72e-154 5.00e-109
80 7.13e-135 1.82¢-133 7.09¢-96
90 1.38e-118 2.81e-117 1.20e-85
100 1.49e-105 2.48e-104 1.63e-77
110 6.86e-95 9.58e-94 9.44e-71
120 5.30e-86 6.31e-85 3.88e-65
130 1.76e-78 1.81e-77 2.20e-60
140 4.94e-72 4.45e-71 2.54e-56
150 1.92e-66 1.53e-65 9.03e-53
160 1.49e-61 1.06e-60 1.14e-49
170 3.09e-57 1.99¢-56 6.20e-47
180 2.12e-53 1.24e-52 1.76e-44
190 5.76e-50 3.08¢-49 3.05¢-42
200 7.10e-47 3.50e-46 3.05¢e-40
210 4.44e-44 2.03e-43 2.14e-38
220 1.55e-41 6.58e-41 1.07e-36
230 3.26e-39 1.29e-38 4.02e-35
240 4.38e-37 1.63e-36 1.25e-33
250 3.99e-35 1.40e-34 3.17e-32
260 2.56e-33 8.52e-33 7.04e-31
270 1.21e-31 3.82e-31 1.40e-29
280 4.36e-30 1.31e-29 2.49e-28
290 1.22e-28 3.51e-28 4.01e-27
300 2.75e-27 7.55e-27 5.79e-26
310 5.07e-26 1.33e-25 7.47e-25
320 7.78e-25 1.97e-24 8.59e-24

Continued on next page




183

Table A.24: Computed rate constants for the CH;NH, dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
330 1.01e-23 2.47e-23 8.83e-23
340 1.13e-22 2.67e-22 8.11e-22
350 1.11e-21 2.53e-21 6.69e-21
360 9.52e-21 2.11e-20 4.98e-20
370 7.29¢-20 1.57e-19 3.37e-19
380 5.02e-19 1.05e-18 2.08e-18
390 3.13e-18 6.37e-18 1.18e-17
400 1.78e-17 3.53e-17 6.16e-17
410 9.33e-17 1.81e-16 2.99e-16
420 4.52e-16 8.54e-16 1.35e-15
430 2.03e-15 3.76e-15 5.70e-15
440 8.53e-15 1.55e-14 2.26e-14
450 3.36e-14 5.97e-14 8.47e-14
460 1.25e-13 2.18¢-13 3.00e-13
470 4.39e-13 7.51e-13 1.01e-12
480 1.47e-12 2.46e-12 3.24e-12
490 4.65e-12 7.70e-12 9.91e-12
500 1.41e-11 2.30e-11 2.91e-11
510 4.10e-11 6.58e-11 8.18e-11
520 1.14e-10 1.81e-10 2.21e-10
530 3.07e-10 4.79e-10 5.78e-10
540 7.95e-10 1.22e-09 1.46e-09
550 1.99e-09 3.02e-09 3.56e-09
560 4.81e-09 7.22e-09 8.42e-09
570 1.13e-08 1.67e-08 1.93e-08
580 2.57e-08 3.77e-08 4.32e-08
590 5.70e-08 8.27e-08 9.39¢-08

Continued on next page




184

Table A.24: Computed rate constants for the CH;NH, dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
600 1.23e-07 1.77e-07 1.99e-07
610 2.59e-07 3.69e-07 4.12e-07
620 5.33e-07 7.51e-07 8.35e-07
630 1.07e-06 1.49e-06 1.65e-06
640 2.11e-06 2.91e-06 3.20e-06
650 4.06e-06 5.57e-06 6.09e-06
660 7.67e-06 1.04e-05 1.13e-05
670 1.42e-05 1.92e-05 2.08e-05
680 2.59¢-05 3.46e-05 3.74e-05
690 4.63e-05 6.15e-05 6.62e-05
700 8.15e-05 1.08¢-04 1.15e-04
710 1.41e-04 1.85¢-04 1.98¢-04
720 2.41e-04 3.14e-04 3.34e-04
730 4.05¢-04 5.24e-04 5.56¢-04
740 6.72e-04 8.64e-04 9.14e-04
750 1.10e-03 1.41e-03 1.48e-03
760 1.78e-03 2.26e-03 2.38e-03
770 2.83e-03 3.58e-03 3.76e-03
780 4.47e-03 5.62e-03 5.89e-03
790 6.97e-03 8.72e-03 9.12e-03
800 1.07e-02 1.34e-02 1.40e-02
810 1.64e-02 2.03e-02 2.12e-02
820 2.47e-02 3.05e-02 3.18e-02
830 3.70e-02 4.54e-02 4.72e-02
840 5.48e-02 6.70e-02 6.95e-02
850 8.05e-02 9.79¢-02 1.01e-01
860 1.17e-01 1.42e-01 1.47e-01
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Table A.24: Computed rate constants for the CH;NH, dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
870 1.69e-01 2.04e-01 2.11e-01
880 2.42e-01 2.91e-01 3.00e-01
890 3.43e-01 4.11e-01 4.23e-01
900 4.83e-01 5.76e-01 5.93e-01
910 6.75e-01 8.03e-01 8.26e-01
920 9.37e-01 1.11e400 1.14e+00
930 1.29e+00 1.53e+400 1.57e+00
940 1.77e+00 2.08e+00 2.13e+00
950 2.40e+00 2.82e+00 2.89¢+00
960 3.25e+00 3.80e+00 3.89¢+00
970 4.36e+-00 5.09e+00 5.21e+00
980 5.83e+00 6.78e+00 6.93e+00
990 7.73e+00 8.97e+00 9.17e+00
1000 1.02e+01 1.18e+01 1.21e+01

A.4.5 H,CO Catalyzed Reactions

Cartesian Coordinates

Table A.25: Cartesian coordinates for the H,CO NH—Cat catalyzed aminomethanol
decomposition.

Species Atom X Y 7

C 1.659970 | -0.126575 | 0.321494
0.965524 | -1.202469 | -0.289761
1.149288 | 1.144807 | -0.115807
Reactant Complex

-0.014916 | -1.216575 | -0.031060
1.046803 | -1.172931 | -1.296900

mom = O =z

1.547518 | -0.206728 | 1.404466

Continued on next page
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Table A.25: Cartesian coordinates for the H,CO NH—Cat catalyzed aminomethanol
decomposition.

Species Atom X Y Z

s

2.720077 | -0.189476 | 0.067220
1.689846 | 1.846979 | 0.256404
-2.063772 | 0.539860 | -0.184148
Reactant Complex
-2.992544 | 1.133623 | -0.214297
-1.157558 | 0.983530 | -0.622619

-2.046173 | -0.549912 | 0.320937

1.328633 | -0.896186 | 0.585382
0.789176 | -0.948052 | -0.571134
1.253410 | 1.363343 | -0.099436
-0.193099 | -1.214940 | -0.647242
1.148423 | -0.209201 | -1.194430
0.818598 | -1.350761 | 1.426620
Transition State
2.299941 | -0.445858 | 0.692879
1.582765 | 2.261657 | -0.026793
-1.735445 | 0.646363 | 0.172482
-2.583096 | 1.279242 | 0.485133
-0.725638 | 1.101254 | 0.095949

-1.932316 | -0.524104 | -0.073234

-2.353964 | -0.932479 | -0.006224
-1.269382 | -0.292691 | 0.007653
-0.002640 | 2.261299 | -0.014795
-0.452708 | -0.909071 | 0.016717
Product Complex -0.617030 | 1.503859 | -0.001679
-2.411760 | -2.022195 | -0.007668
-3.297279 | -0.389709 | -0.017810

-0.536367 | 3.048255 | 0.101363

Q @ #H @2 @H = O 2 o # a2 @2 3H$ @2 2 o0 Z2 |l B =2 a '

2.136197 | -0.256901 | -0.004620
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Table A.25: Cartesian coordinates for the H,CO NH—Cat catalyzed aminomethanol

decomposition.

Species Atom X Y Z
H 3.236485 | -0.189398 | -0.023785
Product Complex H 1.572072 | 0.687455 | 0.003246
@) 1.589999 | -1.329308 | 0.007434

Table A.26: Cartesian coordinates for the H,CO OH—Cat catalyzed aminomethanol

decomposition.

Species Atom X Y 7Z
C 1.548530 | -0.185410 | 0.368498
N 1.190639 | 1.147904 | -0.110784
@) 0.904228 | -1.165854 | -0.384554
H 1.562570 | 1.859819 | 0.506661
H 1.594848 | 1.298514 | -1.027997
H 2.616465 | -0.400601 | 0.283737
Reactant Complex
H 1.268880 | -0.234915 | 1.425661
H -0.048453 | -1.087650 | -0.227435
C -2.091598 | 0.567316 | -0.080177
H -1.291277 | 1.234131 | -0.431044
H -3.109314 | 0.976287 | 0.023638
0] -1.862950 | -0.580690 | 0.196096
C -1.326737 | -0.058984 | 0.647362
N -1.313560 | -1.050750 | -0.303559
@) -0.858361 | 1.169675 | -0.350294
H -2.258787 | -1.262197 | -0.603311
Transition State
H -0.927977 | 0.195546 | -0.948443
H -2.262399 | 0.299345 | 1.071257
H -0.515595 | -0.058438 | 1.376218
H 0.094747 | 1.313619 | -0.188303
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Table A.26: Cartesian coordinates for the H,CO OH—Cat catalyzed aminomethanol

decomposition.

Species Atom X Y Z

C 1.888805 | -0.663584 | -0.030544
H 0.982449 | -1.259125 | -0.227464

Transition State
H 2.852445 | -1.188622 | 0.059876
Q) 1.840565 | 0.536642 | 0.085816
C -1.662336 | -0.261901 | 0.428065
N -1.574405 | -1.301716 | -0.282678
O -0.224347 | 2.122023 | -0.124552
H -2.335633 | -1.348609 | -0.958676
H 0.193210 | 2.962497 | -0.319925
H -2.442648 | 0.491924 | 0.332288

Product Complex
H -0.907767 | -0.073612 | 1.189762
H 0.490232 1.469351 | -0.125252
C 1.686173 | -1.140864 | 0.006515
H 0.704721 | -1.624260 | -0.107293
H 2.576517 | -1.784249 | 0.095456
0] 1.799244 | 0.057422 | 0.032665

Rate Constants

Table A.27: Computed rate constants for the H,CO NH-—Cat -catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | KTST/Eck (s-1)
60 2.22e-180 1.10e-179 8.34e-172
70 4.72e-153 1.85e-152 8.88e-148
80 1.46e-132 4.71e-132 1.52e-129
90 1.25e-116 3.45e-116 5.59%-115
100 6.92e-104 1.68e-103 7.29e-103

Continued on next page
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H,CO NH-—Cat catalyzed

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
110 1.83e-93 3.99¢-93 9.86e-93
120 8.89%e-85 1.77e-84 3.25e-84
130 1.98e-77 3.65e-77 5.64e-77
140 3.93e-71 6.79e-71 9.37e-71
150 1.13e-65 1.84e-65 2.36e-65
160 6.74e-61 1.05e-60 1.27e-60
170 1.10e-56 1.65e-56 1.92e-56
180 6.16e-53 8.87e-53 1.00e-52
190 1.39e-49 1.94e-49 2.14e-49
200 1.45e-46 1.96e-46 2.13e-46
210 7.79e-44 1.03e-43 1.10e-43
220 2.37e-41 3.07e-41 3.25e-41
230 4.40e-39 5.59¢-39 5.86¢-39
240 5.29¢-37 6.60e-37 6.87¢-37
250 4.34e-35 5.33e-35 5.92e-35
260 2.54e-33 3.08e-33 3.17e-33
270 1.10e-31 1.32e-31 1.35e-31
280 3.65e-30 4.32e-30 4.42e-30
290 9.53e-29 1.11e-28 1.14e-28
300 2.00e-27 2.32e-27 2.36e-27
310 3.46e-26 3.97e-26 4.04e-26
320 5.01e-25 5.71e-25 5.79e-25
330 6.18e-24 6.98e-24 7.07e-24
340 6.57e-23 7.38e-23 7.47e-23
350 6.12e-22 6.83e-22 6.90e-22
360 5.03e-21 5.59%e-21 5.64e-21
370 3.70e-20 4.08e-20 4.12e-20
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Table A.2T7: Computed rate constants for the H,CO NH-—Cat -catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
380 2.45e-19 2.69e-19 2.71e-19
390 1.47e-18 1.61e-18 1.62e-18
400 8.11e-18 8.83e-18 8.88e-18
410 4.11e-17 4.45e-17 4.48e-17
420 1.93e-16 2.08e-16 2.09e-16
430 8.42e-16 9.07e-16 9.11e-16
440 3.44e-15 3.69e-15 3.7le-15
450 1.32e-14 1.41e-14 1.42e-14
460 4.79e-14 5.11e-14 5.14e-14
470 1.65e-13 1.75e-13 1.76e-13
480 5.37e-13 5.70e-13 5.72e-13
490 1.67e-12 1.77e-12 1.77e-12
500 4.96e-12 5.25e-12 5.27e-12
510 1.42e-11 1.49e-11 1.50e-11
520 3.87e-11 4.08e-11 4.09e-11
530 1.02e-10 1.07e-10 1.08e-10
540 2.60e-10 2.73e-10 2.73e-10
550 6.40e-10 6.70e-10 6.71e-10
560 1.52e-09 1.59e-09 1.60e-09
570 3.53e-09 3.68e-09 3.69¢-09
580 7.92e-09 8.26e-09 8.28e-09
590 1.73e-08 1.80e-08 1.81e-08
600 3.69e-08 3.84e-08 3.84e-08
610 7.67e-08 7.97e-08 7.98e-08
620 1.56e-07 1.62e-07 1.62e-07
630 3.10e-07 3.21e-07 3.21e-07
640 6.02e-07 6.23e-07 6.24e-07
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H,CO NH-—Cat catalyzed

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
650 1.15e-06 1.19e-06 1.19e-06
660 2.14e-06 2.21e-06 2.22e-06
670 3.93e-06 4.06e-06 4.06e-06
680 7.08e-06 7.30e-06 7.32¢-06
690 1.26e-05 1.29e-05 1.29e-05
700 2.19e-05 2.25e-05 2.26e-05
710 3.76e-05 3.86e-05 3.87e-05
720 6.35e-05 6.53e-05 6.54e-05
730 1.06e-04 1.09e-04 1.09e-04
740 1.74e-04 1.79e-04 1.79e-04
750 2.83e-04 2.90e-04 2.90e-04
760 4.53e-04 4.64e-04 4.64e-04
770 7.17e-04 7.35e-04 7.35e-04
780 1.12¢-03 1.15¢-03 1.15¢-03
790 1.74e-03 1.78e-03 1.78e-03
800 2.66e-03 2.72e-03 2.72e-03
810 4.03e-03 4.11e-03 4.12e-03
820 6.04e-03 6.17e-03 6.17e-03
830 8.97e-03 9.16e-03 9.17e-03
840 1.32e-02 1.35e-02 1.35e-02
850 1.92e-02 1.96e-02 1.97e-02
860 2.78e-02 2.84e-02 2.83e-02
870 3.99e-02 4.06e-02 4.07e-02
880 5.67e-02 5.77e-02 5.79e-02
890 8.00e-02 8.14e-02 8.13e-02
900 1.12e-01 1.14e-01 1.14e-01
910 1.56e-01 1.58e-01 1.59e-01
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Temperature (K) | kTST (s-1) | kTST/W (s-1) | KTST/Eck (s-1)
60 9.22e-181 5.19e-179 1.49e-115
70 2.42e-153 1.01e-151 9.33e-100
80 8.88e-133 2.85e-131 7.61e-88
90 8.76e-117 2.24e-115 1.35e-78
100 5.47e-104 1.14e-102 3.10e-71
110 1.61e-93 2.81e-92 3.90e-65
120 8.53e-85 1.27e-83 4.69e-60
130 2.06e-77 2.63e-76 7.67e-56
140 4.38e-71 4.89e-70 4.00e-52
150 1.34e-65 1.32e-64 6.47e-49
160 8.41e-61 7.38e-60 4.26e-46
170 1.45e-56 1.14e-55 1.24e-43
180 8.41e-53 6.00e-52 1.90e-41
190 1.96e-49 1.28e-48 2.03e-39

Continued on next page

Table A.2T7: Computed rate constants for the H,CO NH-—Cat -catalyzed
aminomethanol decomposition from 60 K to 1,000 K.
Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)

920 2.15e-01 2.18e-01 2.18e-01
930 2.94e-01 2.99¢-01 2.99e-01
940 4.01e-01 4.07e-01 4.09e-01
950 5.42¢-01 5.50e-01 5.49e-01
960 7.28e-01 7.40e-01 7.40e-01
970 9.73e-01 9.88e-01 9.91e-01
980 1.29e4-00 1.31e+00 1.31e+00
990 1.71e+00 1.73e+00 1.74e+00
1000 2.24e+00 2.27e+00 2.27e+00

Table A.28: Computed rate constants for the H,CO OH—Cat catalyzed decomposi-
tion from 60 K to 1,000 K.
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Table A.28: Computed rate constants for the H,CO OH—Cat catalyzed decomposi-

tion from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
200 2.12e-46 1.26e-45 1.25e-37
210 1.17e-43 6.47e-43 5.74e-36
220 3.66e-41 1.87e-40 1.88e-34
230 6.95e-39 3.31e-38 4.72¢-33
240 8.52e-37 3.79¢-36 9.81e-32
250 7.11e-35 2.98e-34 1.64e-30
260 4.23e-33 1.67e-32 2.40e-29
270 1.86e-31 6.93e-31 3.13e-28
280 6.24e-30 2.21e-29 3.68e-27
290 1.65e-28 5.54e-28 3.97e-26
300 3.49e-27 1.12e-26 4.00e-25
310 6.08e-26 1.87e-25 3.77e-24
320 8.87e-25 2.61le-24 3.33e-23
330 1.10e-23 3.11e-23 2.73e-22
340 1.18e-22 3.21e-22 2.08e-21
350 1.10e-21 2.89e-21 1.47e-20
360 9.11e-21 2.31e-20 9.56e-20
370 6.72e-20 1.65e-19 5.77e-19
380 4.46e-19 1.06e-18 3.22e-18
390 2.69e-18 6.21e-18 1.67e-17
400 1.48e-17 3.33e-17 8.10e-17
410 7.53e-17 1.65e-16 3.67e-16
420 3.54e-16 7.54e-16 1.56e-15
430 1.55e-15 3.22e-15 6.21e-15
440 6.34e-15 1.29e-14 2.34e-14
450 2.44e-14 4.84e-14 8.36e-14
460 8.85e-14 1.72e-13 2.84e-13
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Table A.28: Computed rate constants for the H,CO OH—Cat catalyzed decomposi-
tion from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
470 3.04e-13 5.78e-13 9.17e-13
480 9.92e-13 1.85e-12 2.83e-12
490 3.09e-12 5.65e-12 8.36e-12
500 9.18e-12 1.65e-11 2.37e-11
510 2.62e-11 4.62e-11 6.47e-11
520 7.17e-11 1.24e-10 1.70e-10
530 1.89e-10 3.23e-10 4.32e-10
540 4.81e-10 8.10e-10 1.06e-09
550 1.18e-09 1.96e-09 2.53e-09
560 2.82e-09 4.61e-09 5.85e-09
570 6.52e-09 1.05¢-08 1.31e-08
580 1.47¢-08 2.33e-08 2.87¢-08
590 3.20e-08 5.04e-08 6.12¢-08
600 6.83¢-08 1.06¢-07 1.27¢-07
610 1.42e-07 2.18e-07 2.59e-07
620 2.88e-07 4.37e-07 5.15e-07
630 5.72e-07 8.59e-07 1.00e-06
640 1.11e-06 1.65e-06 1.91e-06
650 2.12e-06 3.12e-06 3.58e-06
660 3.96e-06 5.77e-06 6.57e-06
670 7.27e-06 1.05e-05 1.19e-05
680 1.31e-05 1.87e-05 2.10e-05
690 2.32e-05 3.29e-05 3.68e-05
700 4.05e-05 5.69e-05 6.32e-05
710 6.95e-05 9.69e-05 1.07e-04
720 1.17e-04 1.63e-04 1.79e-04
730 1.96e-04 2.69e-04 2.94e-04
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Table A.28: Computed rate constants for the H,CO OH—Cat catalyzed decomposi-
tion from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
740 3.22e-04 4.39e-04 4.79e-04
750 5.23e-04 7.08e-04 7.69¢e-04
760 8.38e-04 1.13e-03 1.22e-03
770 1.33e-03 1.77e-03 1.91e-03
780 2.08e-03 2.76e-03 2.96e-03
790 3.22e-03 4.24e-03 4.54e-03
800 4.92e-03 6.45e-03 6.89e-03
810 7.46e-03 9.72e-03 1.04e-02
820 1.12e-02 1.45e-02 1.54e-02
830 1.66e-02 2.14e-02 2.27e-02
840 2.45e-02 3.14e-02 3.32¢-02
850 3.57e-02 4.55e-02 4.80e-02
860 5.16e-02 6.55e-02 6.89¢-02
870 7.40e-02 9.35¢-02 9.82¢-02
880 1.05e-01 1.32e-01 1.39e-01
890 1.49e-01 1.86e-01 1.95e-01
900 2.08e-01 2.59e-01 2.71e-01
910 2.89e-01 3.59e-01 3.75e-01
920 4.00e-01 4.94e-01 5.14e-01
930 5.48e-01 6.74e-01 7.01e-01
940 7.46e-01 9.15e-01 9.50e-01
950 1.01e+00 1.23e+-00 1.28e+00
960 1.36e+00 1.65e+-00 1.71e+00
970 1.82e+-00 2.20e+00 2.28e+00
980 2.41e+00 2.92e+-00 3.01e+00
990 3.19e+4-00 3.84e+00 3.96e+00
1000 4.19e+00 5.03e+-00 5.19e+00
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Table A.29: Cartesian coordinates for the NH; NH—Cat catalyzed aminomethanol

decomposition.

Species Atom X Y 7
C 1.141512 | 0.001749 | 0.429268
N 0.755574 | -1.238815 | -0.142040
@) 0.657308 | 1.113694 | -0.348597
H -0.255842 | -1.321831 | -0.150346
H 1.106308 | -1.331253 | -1.085927
H 0.727854 | 0.063655 | 1.438140
Reactant Complex
H 2.230459 | 0.057044 | 0.485294
H 1.060815 | 1.924469 | -0.027078
N -2.178614 | -0.062401 | 0.071987
H -2.673028 | 0.255858 | 0.895714
H -2.853246 | -0.103227 | -0.681456
H -1.489575 | 0.643749 | -0.170803
C 1.359191 | -0.614047 | 0.484497
N 0.728868 | -0.804041 | -0.608050
0] 0.323905 | 1.475665 | -0.027326
H -0.155857 | -1.313799 | -0.575544
H 0.723022 | 0.054136 | -1.187416
H 1.135922 | -1.231267 | 1.346107
Transition State
H 2.134726 | 0.132272 | 0.520696
H 0.247486 | 2.427319 | 0.065823
N -1.938159 | -0.350421 | 0.111898
H -2.389498 | -0.442276 | 1.013760
H -2.671968 | -0.133463 | -0.551650
H -1.305189 | 0.467279 | 0.152916
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Table A.29: Cartesian coordinates for the NH; NH—Cat catalyzed aminomethanol
decomposition.

Species Atom X Y Z
Product Complex C 2.351621 | -0.185298 | 0.001335
N 1.129551 | 0.114355 | -0.005064
Q) -1.310284 | 1.560056 | 0.027301
H 0.512418 | -0.705768 | -0.006915
H -0.362693 | 1.336238 | 0.008630
H 2.721409 | -1.212859 | 0.004326
Product Complex H 3.100664 | 0.604956 | 0.004375
H -1.375708 | 2.496487 | -0.162731
N -1.501359 | -1.477237 | -0.004315
H -1.904003 | -1.893244 | 0.825979
H -1.912511 | -1.948038 | -0.800389
H -1.804365 | -0.506257 | -0.034037

Table A.30: Cartesian coordinates for the NH; dual hydrogen bond catalyzed
aminomethanol decomposition.

Species Atom X Y 7

Q

1.141512 | 0.001749 | 0.429268
0.755574 | -1.238815 | -0.142040
0.657308 | 1.113694 | -0.348597
-0.255842 | -1.321831 | -0.150346
1.106308 | -1.331253 | -1.085927
0.727854 | 0.063655 | 1.438140
Reactant Complex
2.230459 | 0.057044 | 0.485294
1.060815 | 1.924469 | -0.027078
-2.178614 | -0.062401 | 0.071987

-2.673028 | 0.255858 | 0.895714

o0 @m 2 Z @& =@ = =H O Z

-2.853246 | -0.103227 | -0.681456
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Table A.30: Cartesian coordinates for the NHg; dual hydrogen bond catalyzed

aminomethanol decomposition.

Species Atom X Y Z
H -1.489575 | 0.643749 | -0.170803
C -1.034486 | -0.011456 | 0.613161
N -0.977341 | -1.009387 | -0.336704
0 -0.401108 | 1.179472 | -0.307486
H -1.905971 | -1.223521 | -0.681366
H -0.536303 | 0.257778 | -0.952906
H -1.992121 | 0.392719 | 0.936182
Transition State
H -0.315994 | -0.056668 | 1.432615
H 0.564188 1.115271 | -0.110760
N 1.991107 | -0.181178 | 0.058110
H 2.483264 | -0.388659 | 0.918138
H 2.679438 | -0.181532 | -0.684560
H 1.342919 | -0.948475 | -0.126269
C 2.351621 | -0.185298 | 0.001335
N 1.129551 | 0.114355 | -0.005064
0 -1.310284 | 1.560056 | 0.027301
H 0.512418 | -0.705768 | -0.006915
H -0.362693 | 1.336238 | 0.008630
H 2.721409 | -1.212859 | 0.004326
Product Complex
H 3.100664 | 0.604956 | 0.004375
H -1.375708 | 2.496487 | -0.162731
N -1.501359 | -1.477237 | -0.004315
H -1.904003 | -1.893244 | 0.825979
H -1.912511 | -1.948038 | -0.800389
H -1.804365 | -0.506257 | -0.034037
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Table A.31: Cartesian coordinates for the NHj cluster catalyzed aminomethanol de-
composition.

Species Atom X Y Z

Q

0.000001 | 1.248427 | 0.064252
-0.000011 | 0.500028 | 1.261074
0.000018 | 0.391046 | -1.111394
-0.835982 | -0.067004 | 1.339940
-0.891294 | 1.877738 | 0.027366
0.891294 | 1.877742 | 0.027391
-0.000032 | 0.943359 | -1.898753
1.879258 | -0.683856 | -0.634232
Reactant Complex
2.606044 | -0.897029 | 0.042621
0.835984 | -0.066963 | 1.339982
3.468022 | -0.479083 | -0.283707
2.742645 | -1.899874 | 0.040738
-2.606034 | -0.897044 | 0.042613
-3.467876 | -0.478783 | -0.283669
-2.742972 | -1.899842 | 0.040662

-1.879190 | -0.684054 | -0.634234

-0.051329 | 1.136377 | 0.791209
-0.276551 | 1.309217 | -0.468759
-0.122587 | -0.955471 | 1.004243
0.583436 | 1.244997 | -1.008355
0.947225 | 1.205114 | 1.205667
Transition State -0.880123 | 1.205550 | 1.484270
-0.209329 | -1.324168 | 1.886291
-1.284768 | -0.953359 | 0.106424
-1.942962 | -0.562402 | -0.705117

-1.280238 | 0.507925 | -0.791274

o O 2 E ZoZE &0 =2 © Z2 ajlg -H =@ Z2 2 @80 @@ 2 #2 Z @B @@ = O Z2

-2.910303 | -0.466677 | -0.424193
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Table A.31: Cartesian coordinates for the NHj cluster catalyzed aminomethanol de-

composition.

Species Atom X Y Z
H -1.896670 | -1.140425 | -1.534321
N 2.346723 | -0.365280 | -0.585355
Transition State H 3.197144 | -0.344496 | -0.036003
H 2.519517 | -1.003270 | -1.352392
H 1.612301 | -0.776429 | -0.002692
C 2.726705 | -0.500429 | 0.000031
N 1.470751 | -0.588368 | -0.000051
0] -2.301627 | 0.622518 | 0.000042
H 1.049067 | 0.350153 | -0.000041
H 3.259700 | 0.454252 | 0.000092
H 3.336763 | -1.403200 | 0.000046
H -3.259386 | 0.624252 | -0.000119
H -2.026383 | -0.322537 | 0.000020
Product Complex
N -1.274565 | -2.004872 | -0.000006
H -0.282112 | -1.763548 | -0.000025
H -1.451990 | -2.578457 | -0.814906
H -1.451972 | -2.578414 | 0.814930
N 0.226964 | 2.257905 | -0.000015
H 0.318856 | 2.852405 | -0.813915
H 0.318847 | 2.852361 | 0.813920
H -0.720656 | 1.882504 | -0.000030

Table A.32: Cartesian coordinates for the NHj; relay catalyzed aminomethanol de-

composition.

Species Atom X Y 7Z
C -1.141476 | 0.001724 | 0.429280
Reactant Complex N -0.755529 | -1.238821 | -0.142064

Continued on next page
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Table A.32: Cartesian coordinates for the NHj relay catalyzed aminomethanol de-

composition.

Species Atom X Y Z
@) -0.657352 | 1.113693 | -0.348590
H -1.106316 | -1.331256 | -1.085934
H -2.230423 | 0.056978 | 0.485368
H -0.727768 | 0.063626 | 1.438133
H -1.060878 | 1.924448 | -0.027044
Reactant Complex H 1.489639 | 0.643793 | -0.171061
N 2.178581 | -0.062379 | 0.071942
H 0.255892 | -1.321792 | -0.150441
H 2.672528 | 0.255734 | 0.896007
H 2.853630 | -0.103022 | -0.681137
C -1.236547 | -0.100611 | 0.282420
N -0.665810 | -1.222662 | -0.110677
0] -0.184838 | 1.338120 | -0.261686
H -0.966273 | -1.476814 | -1.045430
H -2.145833 | 0.260542 | -0.188157
H -1.148399 | 0.143181 | 1.337881
Transition State
H -0.379683 | 2.123422 | 0.257106
H 1.017848 | 0.681429 | -0.033455
N 1.693884 | -0.239336 | 0.080119
H 0.786396 | -0.953261 | 0.039617
H 2.213557 | -0.282762 | 0.947239
H 2.323855 | -0.363043 | -0.701924
C 1.568837 | -0.817185 | -0.000428
N 1.837426 | 0.418293 | -0.000215
) -1.702768 | -1.265299 | 0.001828
Product Complex H 2.842792 | 0.583282 | 0.001097
H 2.333740 | -1.596516 | 0.000668

Continued on next page
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Table A.32: Cartesian coordinates for the NHj relay catalyzed aminomethanol de-

composition.

Species Atom X Y Z
H 0.529407 | -1.140227 | -0.001777
H -2.639850 | -1.463274 | -0.011096
H -1.626214 | -0.287995 | 0.000333
N -1.060838 | 1.501872 | -0.000106
Product Complex H -0.045945 | 1.393514 | -0.000286
H -1.310430 | 2.046710 | 0.815607
H -1.310490 | 2.048851 | -0.814360

Rate Constants

Table A.33: Computed rate constants for the NH; NH—Cat catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | KTST/Eck (s-1)
60 8.62e-182 4.67e-181 5.75e-172
70 3.57e-154 1.51e-153 8.12e-148
80 1.84e-133 6.40e-133 1.28e-129
90 2.35e-117 6.97e-117 3.66e-115
100 1.81e-104 4.68e-104 3.52e-103
110 6.29e-94 1.46e-93 4.74e-93
120 3.83e-85 8.05e-85 1.75e-84
130 1.04e-77 2.01e-77 3.48e-77
140 2.44e-71 4.41e-71 6.60e-71
150 8.10e-66 1.38e-65 1.87e-65
160 5.50e-61 8.91e-61 1.13e-60
170 1.01e-56 1.56e-56 1.88e-56
180 6.22e-53 9.28e-53 1.08e-52
190 1.53e-49 2.21e-49 2.50e-49
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Table A.33: Computed rate constants for the NH; NH—Cat catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
200 1.73e-46 2.42e-46 2.68e-46
210 1.00e-43 1.37e-43 1.49e-43
220 3.27e-41 4.34e-41 4.66e-41
230 6.44e-39 8.37e-39 8.88e-39
240 8.17e-37 1.04e-36 1.10e-36
250 7.05e-35 8.85e-35 9.24e-35
260 4.33e-33 5.34e-33 5.55e-33
270 1.96e-31 2.38e-31 2.46e-31
280 6.76e-30 8.12e-30 8.36e-30
290 1.83e-28 2.17e-28 2.23e-28
300 3.97e-27 4.68e-27 4.78e-27
310 7.09¢-26 8.26e-26 8.43e-26
320 1.06e-24 1.22e-24 1.24e-24
330 1.34¢-23 1.54¢-23 1.56e-23
340 1.46e-22 1.67e-22 1.69e-22
350 1.40e-21 1.58e-21 1.60e-21
360 1.18e-20 1.32e-20 1.34e-20
370 8.83e-20 9.86e-20 9.96e-20
380 5.97e-19 6.63e-19 6.69e-19
390 3.66e-18 4.04e-18 4.08e-18
400 2.05e-17 2.25e-17 2.27e-17
410 1.06e-16 1.16e-16 1.17e-16
420 5.04e-16 5.50e-16 5.53e-16
430 2.24e-15 2.43e-15 2.45e-15
440 9.28e-15 1.00e-14 1.01e-14
450 3.62e-14 3.90e-14 3.92e-14
460 1.33e-13 1.43e-13 1.44e-13
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Table A.33: Computed rate constants for the NH; NH—Cat catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
470 4.62e-13 4.96e-13 4.98e-13
480 1.53e-12 1.63e-12 1.64e-12
490 4.81e-12 5.12e-12 5.15e-12
500 1.45e-11 1.54e-11 1.54e-11
510 4.16e-11 4.42e-11 4.43e-11
520 1.15e-10 1.22e-10 1.22e-10
530 3.07e-10 3.24e-10 3.25e-10
540 7.88e-10 8.31e-10 8.34e-10
550 1.96e-09 2.06e-09 2.07e-09
560 4.71e-09 4.94e-09 4.96¢-09
570 1.10e-08 1.15¢-08 1.15¢-08
580 2.49¢-08 2.60e-08 2.61e-08
590 5.48e-08 5.73e-08 5.74e-08
600 1.18¢-07 1.23¢-07 1.23¢-07
610 2.46e-07 2.57e-07 2.57e-07
620 5.04e-07 5.25e-07 5.26e-07
630 1.01e-06 1.05e-06 1.05e-06
640 1.97e-06 2.05e-06 2.05e-06
650 3.78e-06 3.92e-06 3.93e-06
660 7.11e-06 7.37e-06 7.38e-06
670 1.31e-05 1.36e-05 1.36e-05
680 2.38e-05 2.46e-05 2.46e-05
690 4.24e-05 4.38e-05 4.38e-05
700 7.43e-05 7.67e-05 7.68e-05
710 1.28e-04 1.32e-04 1.32e-04
720 2.18e-04 2.25e-04 2.25e-04
730 3.65e-04 3.76e-04 3.76e-04
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Table A.33: Computed rate constants for the NH; NH—Cat catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
740 6.03e-04 6.21e-04 6.21e-04
750 9.83e-04 1.01e-03 1.01e-03
760 1.58e-03 1.63e-03 1.63e-03
770 2.52¢-03 2.59¢-03 2.59¢-03
780 3.96e-03 4.06e-03 4.06e-03
790 6.15e-03 6.30e-03 6.31e-03
800 9.45e-03 9.68e-03 9.69e-03
810 1.44e-02 1.47e-02 1.47e-02
820 2.16e-02 2.21e-02 2.21e-02
830 3.22e-02 3.30e-02 3.30e-02
840 4.76e-02 4.87¢-02 4.88e-02
850 6.97e-02 7.12e-02 7.14e-02
860 1.01e-01 1.03e-01 1.03e-01
870 1.45e-01 1.48e-01 1.49e-01
880 2.07e-01 2.12e-01 2.12e-01
890 2.94e-01 2.99e-01 2.99e-01
900 4.12e-01 4.20e-01 4.20e-01
910 5.75e-01 5.86e-01 5.87e-01
920 7.95e-01 8.10e-01 8.11e-01
930 1.09e+-00 1.11e+4-00 1.11e+00
940 1.49e+00 1.52e+4-00 1.52e4-00
950 2.02e4-00 2.06e4-00 2.06e+-00
960 2.73e4-00 2.78e+-00 2.77e+00
970 3.66e+4-00 3.72e+00 3.73e+00
980 4.87e+00 4.95e+00 4.94e4-00
990 6.45e4-00 6.55e+-00 6.56e+00
1000 8.49e+00 8.62e+00 8.65e+00




206

Table A.34: Computed rate constants for the NH; dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
60 4.39e-184 2.16e-182 6.12e-123
70 4.00e-156 1.46e-154 5.35e-106
80 3.75e-135 1.06e-133 2.66e-93
90 7.70e-119 1.73e-117 2.35¢-83
100 8.67e-106 1.59e-104 1.86e-75
110 4.14e-95 6.36e-94 5.79e-69
120 3.28¢-86 4.30e-85 1.70e-63
130 1.11e-78 1.26e-77 5.90e-59
140 3.18e-72 3.14e-7T1 5.76e-55
150 1.25e-66 1.09e-65 1.41e-51
160 9.83e-62 7.66e-61 1.50e-48
170 2.05e-57 1.44e-56 6.41e-46
180 1.42e-53 9.04e-53 1.66¢-43
190 3.88e-50 2.26e-49 2.31e-41
200 4.80e-47 2.57e-46 1.90e-39
210 3.02e-44 1.49e-43 1.12e-37
220 1.06e-41 4.85e-41 4.83e-36
230 2.22e-39 9.54e-39 1.62e-34
240 3.00e-37 1.21e-36 4.28e-33
250 2.74e-35 1.04e-34 9.20e-32
260 1.76e-33 6.30e-33 1.73e-30
270 8.36e-32 2.83e-31 2.89e-29
280 3.01e-30 9.68e-30 4.36e-28
290 8.46e-29 2.59e-28 6.04e-27
300 1.90e-27 5.59e-27 7.68e-26
310 3.51e-26 9.87e-26 8.94e-25
320 5.40e-25 1.46e-24 9.47e-24
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Table A.34: Computed rate constants for the NH; dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
330 7.03e-24 1.83e-23 9.10e-23
340 7.89e-23 1.98e-22 7.94e-22
350 7.70e-22 1.86e-21 6.28e-21
360 6.63e-21 1.55e-20 4.53e-20
370 5.09e-20 1.15e-19 2.98e-19
380 3.50e-19 7.73e-19 1.80e-18
390 2.19e-18 4.69e-18 1.00e-17
400 1.25e-17 2.60e-17 5.14e-17
410 6.53e-17 1.33e-16 2.46e-16
420 3.16e-16 6.28e-16 1.10e-15
430 1.42e-15 2.76e-15 4.59¢-15
440 5.99e-15 1.14e-14 1.81e-14
450 2.36e-14 4.39e-14 6.72e-14
460 8.78e-14 1.60e-13 2.36¢-13
470 3.09e-13 5.92e-13 7.91e-13
480 1.03e-12 1.81e-12 2.52e-12
490 3.28e-12 5.65e-12 7.68e-12
500 9.96e-12 1.69e-11 2.24e-11
510 2.89e-11 4.83e-11 6.28e-11
520 8.08e-11 1.33e-10 1.70e-10
530 2.17e-10 3.51e-10 4.41e-10
540 5.62e-10 8.97e-10 1.11e-09
550 1.41e-09 2.21e-09 2.70e-09
560 3.41e-09 5.30e-09 6.37e-09
570 8.00e-09 1.23e-08 1.46e-08
580 1.82e-08 2.77e-08 3.26e-08
590 4.05e-08 6.07e-08 7.07e-08
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Table A.34: Computed rate constants for the NH; dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
600 8.75e-08 1.30e-07 1.50e-07
610 1.84e-07 2.70e-07 3.10e-07
620 3.79e-07 5.51e-07 6.26e-07
630 7.63e-07 1.10e-06 1.24e-06
640 1.50e-06 2.14e-06 2.40e-06
650 2.89¢-06 4.08e-06 4.55e-06
660 5.47e-06 7.65e-06 8.47e-06
670 1.01e-05 1.41e-05 1.55e-05
680 1.85e-05 2.54e-05 2.79e-05
690 3.31e-05 4.52e-05 4.93e-05
700 5.83e-05 7.89¢-05 8.57e-05
710 1.01e-04 1.36e-04 1.47e-04
720 1.72e-04 2.30e-04 2.48e-04
730 2.90e-04 3.85¢-04 4.13e-04
740 4.82¢-04 6.35¢-04 6.79¢-04
750 7.89e-04 1.03e-03 1.10e-03
760 1.27e-03 1.66e-03 1.76e-03
770 2.04e-03 2.63e-03 2.79e-03
780 3.21e-03 4.13e-03 4.37e-03
790 5.01e-03 6.41e-03 6.76e-03
800 7.73e-03 9.83e-03 1.04e-02
810 1.18e-02 1.49e-02 1.57e-02
820 1.78e-02 2.24e-02 2.35e-02
830 2.67e-02 3.34e-02 3.50e-02
840 3.95e-02 4.93e-02 5.15e-02
850 5.81e-02 7.20e-02 7.51e-02
860 8.45e-02 1.04e-01 1.09e-01
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Table A.34: Computed rate constants for the NH; dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
870 1.22e-01 1.50e-01 1.56e-01
880 1.75e-01 2.14e-01 2.22e-01
890 2.48e-01 3.02e-01 3.13e-01
900 3.49e-01 4.24e-01 4.39e-01
910 4.89e-01 5.91e-01 6.11e-01
920 6.78e-01 8.18e-01 8.45e-01
930 9.35e-01 1.12e400 1.16e+00
940 1.28¢+-00 1.53e400 1.58e+00
950 1.74e+00 2.08e+00 2.14e+00
960 2.36e+00 2.80e+00 2.88e+00
970 3.17e4-00 3.75e+00 3.86e+00
980 4.23e+00 5.00e+00 5.13e+00
990 5.62e+00 6.61e+00 6.79e+-00
1000 7.42e+00 8.71e+00 8.93e+00

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kTST/Eck (s-1)
60 1.32e-120 4.47e-119 6.00e-75
70 7.25e-102 1.82e-100 5.02e-65
80 7.93e-88 1.54e-86 1.81e-57
90 6.39e-77 9.96e-76 1.15e-51
100 3.31e-68 4.24e-67 4.67e-47
110 4.38e-61 4.71e-60 3.32e-43
120 3.70e-55 3.41e-54 4.64e-40
130 3.78e-50 3.02e-49 2.25e-37
140 7.35e-46 5.17e-45 5.18e-35
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Table A.35: Computed rate constants for the NHy cluster catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
150 3.80e-42 2.37e-41 5.61e-33
160 6.69¢-39 3.76e-38 3.54e-31
170 4.86e-36 2.47e-35 1.30e-29
180 1.69e-33 7.85e-33 4.00e-28
190 3.16e-31 1.35e-30 8.69e-27
200 3.49e-29 1.38e-28 1.54e-25
210 2.46e-27 9.05e-27 2.40e-24
220 1.17e-25 4.04e-25 3.43e-23
230 3.99e-24 1.29e-23 4.41e-22
240 1.01e-22 3.09e-22 5.25e-21
250 1.98e-21 5.71le-21 5.70e-20
260 3.07e-20 8.44e-20 5.61e-19
270 3.89¢-19 1.02¢-18 4.95¢-18
280 4.11e-18 1.03e-17 3.91e-17
290 3.68e-17 8.86e-17 2.77e-16
300 2.85e-16 6.60e-16 1.77e-15
310 1.94e-15 4.32e-15 1.02e-14
320 1.17e-14 2.5le-14 5.32e-14
330 6.30e-14 1.31e-13 2.55e-13
340 3.08e-13 6.23e-13 1.12e-12
350 1.38e-12 2.70e-12 4.56e-12
360 5.65e-12 1.08e-11 1.73e-11
370 2.15e-11 4.01e-11 6.11e-11
380 7.64e-11 1.39e-10 2.03e-10
390 2.54e-10 4.51e-10 6.37e-10
400 7.96e-10 1.38e-09 1.89e-09
410 2.36e-09 4.02e-09 5.34e-09
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Table A.35: Computed rate constants for the NHy cluster catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
420 6.63e-09 1.11e-08 1.44e-08
430 1.78e-08 2.92e-08 3.70e-08
440 4.56e-08 7.35e-08 9.16e-08
450 1.12e-07 1.78e-07 2.18e-07
460 2.66e-07 4.14e-07 4.99e-07
470 6.06e-07 9.30e-07 1.11e-06
480 1.34e-06 2.02e-06 2.37e-06
490 2.85e-06 4.26e-06 4.94e-06
500 5.91e-06 8.70e-06 9.98e-06
510 1.19e-05 1.73e-05 1.97¢-05
520 2.33e-05 3.35e-05 3.78e-05
530 4.46e-05 6.33e-05 7.08e-05
540 8.32e-05 1.17¢-04 1.30e-04
550 1.52e-04 2.11e-04 2.33e-04
560 2.71e-04 3.73e-04 4.09¢-04
570 4.75e-04 6.47e-04 7.06e-04
580 8.15e-04 1.10e-03 1.20e-03
590 1.37e-03 1.84e-03 1.99e-03
600 2.28e-03 3.03e-03 3.25e-03
610 3.72e-03 4.90e-03 5.24e-03
620 5.97e-03 7.80e-03 8.32e-03
630 9.44e-03 1.22e-02 1.30e-02
640 1.47e-02 1.90e-02 2.01e-02
650 2.26e-02 2.90e-02 3.06e-02
660 3.44e-02 4.37e-02 4.61e-02
670 5.16e-02 6.52e-02 6.85e-02
680 7.65e-02 9.61e-02 1.01e-01

Continued on next page




212

Table A.35: Computed rate constants for the NHy cluster catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
690 1.12e-01 1.40e-01 1.46e-01
700 1.63e-01 2.02e-01 2.11e-01
710 2.34e-01 2.88e-01 3.00e-01
720 3.32e-01 4.08e-01 4.24e-01
730 4.67e-01 5.71e-01 5.93e-01
740 6.52e-01 7.93e-01 8.22e-01
750 9.02e-01 1.09e+-00 1.13e+00
760 1.24e+4-00 1.49e+00 1.54e+00
770 1.68e+00 2.02e+00 2.08e+00
780 2.27e+00 2.71e+00 2.80e+00
790 3.04e+4-00 3.62e+00 3.73e+00
800 4.05e+-00 4.80e+-00 4.93e+00
810 5.35e+00 6.31e+00 6.48e+00
820 7.02e+00 8.25e4-00 8.47e+00
830 9.15e+00 1.07e4-01 1.10e4-01
840 1.19e+01 1.38e+01 1.42e4-01
850 1.53e+01 1.78e4-01 1.82e+01
860 1.96e+01 2.27e401 2.32e+-01
870 2.49e+01 2.88e+4-01 2.94e+01
880 3.16e+4-01 3.64e+4-01 3.72e+01
890 3.98e+4-01 4.57e+01 4.67e+01
900 4.99e+01 5.72e401 5.83e+-01
910 6.22e4-01 7.11e+01 7.25e+01
920 7.73e+01 8.81e+01 8.97e+01
930 9.56e4-01 1.09e+02 1.11e+02
940 1.18e+02 1.33e+02 1.36e+02
950 1.44e+02 1.63e+02 1.66e+02

Continued on next page
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Table A.35: Computed rate constants for the NHy cluster catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
960 1.76e+02 1.98e+-02 2.02e+02
970 2.14e4-02 2.41e4-02 2.45e+4-02
980 2.59e+02 2.91e+02 2.95e+02
990 3.12e+02 3.50e+02 3.55e+02
1000 3.75e+02 4.20e+02 4.26e+02

Table A.36: Computed rate constants for the NHy relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kKTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
60 3.20e-129 8.18e-128 3.01e-90
70 3.65e-109 6.95e-108 5.43e-78
80 3.93e-94 5.83e-93 7.92e-69
90 1.89e-82 2.26e-81 1.01e-61
100 4.12e-73 4.06e-72 5.22e-56
110 1.77e-65 1.47e-64 2.81e-51
120 3.98e-59 2.85e-58 2.50e-47
130 9.35e-54 5.83e-53 4.73e-44
140 3.71e-49 2.05e-48 3.91e-41
150 3.56e-45 1.75e-44 1.26e-38
160 1.07e-41 4.79e-41 2.21e-36
170 1.26e-38 5.11e-38 2.28e-34
180 6.67e-36 2.49e-35 1.65e-32
190 1.82e-33 6.28e-33 8.92e-31
200 2.82e-31 9.06e-31 3.94e-29
210 2.69e-29 8.10e-29 1.47e-27
220 1.70e-27 4.80e-27 4.60e-26
230 7.43e-26 1.99e-25 1.20e-24

Continued on next page
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Table A.36: Computed rate constants for the NHj relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
240 2.37e-24 6.01e-24 2.59e-23
250 5.72e-23 1.38e-22 4.62e-22
260 1.08e-21 2.49e-21 6.85e-21
270 1.64e-20 3.62e-20 8.54e-20
280 2.04e-19 4.34e-19 9.07e-19
290 2.14e-18 4.38e-18 8.28e-18
300 1.91e-17 3.79e-17 6.60e-17
310 1.48e-16 2.85e-16 4.63e-16
320 1.01le-15 1.89e-15 2.90e-15
330 6.14e-15 1.11e-14 1.63e-14
340 3.35e-14 5.92e-14 8.31e-14
350 1.66e-13 2.86e-13 3.87e-13
360 7.52e-13 1.26e-12 1.66e-12
370 3.14e-12 5.16e-12 6.61e-12
380 1.21e-11 1.96e-11 2.45e-11
390 4.38e-11 6.93e-11 8.49e-11
400 1.48e-10 2.30e-10 2.77e-10
410 4.73e-10 7.22e-10 8.95e-10
420 1.43e-09 2.15e-09 2.50e-09
430 4.10e-09 6.06e-09 6.97e-09
440 1.12e-08 1.63e-08 1.86e-08
450 2.93e-08 4.20e-08 4.74e-08
460 7.33e-08 1.04e-07 1.16e-07
470 1.77e-07 2.48e-07 2.74e-07
480 4.11e-07 5.69e-07 6.25e-07
490 9.23e-07 1.26e-06 1.38e-06
500 2.01e-06 2.72e-06 2.95e-06

Continued on next page
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Table A.36: Computed rate constants for the NHj relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
510 4.23e-06 5.67e-06 6.12e-06
520 8.67e-06 1.15e-05 1.24e-05
530 1.73e-05 2.28e-05 2.43e-05
540 3.37e-05 4.39e-05 4.67e-05
550 6.39e-05 8.26e-05 8.76e-05
560 1.19e-04 1.52e-04 1.61e-04
570 2.15e-04 2.74e-04 2.89e-04
580 3.83e-04 4.84e-04 5.08e-04
590 6.69e-04 8.39e-04 8.78e-04
600 1.15e-03 1.43e-03 1.49e-03
610 1.93e-03 2.39¢-03 2.49¢-03
620 3.19¢-03 3.93e-03 4.09¢-03
630 5.21e-03 6.37¢e-03 6.61e-03
640 8.36e-03 1.02¢-02 1.05¢-02
650 1.32e-02 1.60e-02 1.65e-02
660 2.06e-02 2.48e-02 2.56e-02
670 3.18e-02 3.81e-02 3.92e-02
680 4.83e-02 5.76e-02 5.93e-02
690 7.26e-02 8.61e-02 8.85e-02
700 1.08e-01 1.27e-01 1.31e-01
710 1.59e-01 1.86e-01 1.91e-01
720 2.31e-01 2.70e-01 2.76e-01
730 3.32e-01 3.87e-01 3.96e-01
740 4.73e-01 5.49e-01 5.62e-01
750 6.68e-01 7.73e-01 7.89¢e-01
760 9.35e-01 1.08e+00 1.10e+00
770 1.30e+00 1.49e+00 1.52e+00
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Table A.36: Computed rate constants for the NHj relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
780 1.78e+00 2.04e+-00 2.08e+-00
790 2.44e+-00 2.78e+00 2.83e+00
800 3.30e+4-00 3.76e+00 3.82e+00
810 4.44e+00 5.04e+00 5.12e+00
820 5.92e+00 6.70e+00 6.81e+00
830 7.86e+00 8.87e+00 9.01e+00
840 1.04e+01 1.16e+01 1.18e+01
850 1.35e+01 1.52e401 1.54e+01
860 1.76e+01 1.97e401 2.00e+01
870 2.28e+01 2.55e+01 2.58e+01
880 2.93e+01 3.27e4-01 3.31le+01
890 3.75e+01 4.17e+01 4.22e401
900 4.77e401 5.29e4-01 5.35e+01
910 6.03e+01 6.68e+4-01 6.76e+-01
920 7.60e+01 8.39¢e+4-01 8.49e+01
930 9.52e+4-01 1.05e+-02 1.06e+02
940 1.19e4-02 1.31e+02 1.32e+02
950 1.47e4-02 1.62e+-02 1.64e+4-02
960 1.82e+4-02 2.00e4-02 2.02e4-02
970 2.24e4-02 2.45e+4-02 2.48e+02
980 2.75e4-02 3.00e4-02 3.03e4-02
990 3.35e+4-02 3.65e4-02 3.69e4-02
1000 4.08e+02 4.44e4-02 4.48e+4-02

A.4.7 H,O Catalyzed Reactions

Cartesian Coordinates
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Table A.37: Cartesian coordinates for the H,0O0 dual hydrogen bond catalyzed

aminomethanol decomposition.

Species Atom X Y Z

C 1.075289 | -0.109034 | 0.393329

N 0.591656 | 1.132395 | -0.221792

@) 0.581176 | -1.215068 | -0.296347

H 0.871936 | 1.937188 | 0.326185

H 0.991580 | 1.232766 | -1.147709

Reactant Complex H 2.162804 | -0.198809 | 0.368477
H 0.745772 | -0.098274 | 1.436302

H -0.384080 | -1.201110 | -0.220533

0] -1.952080 | -0.005925 | 0.158100

H -1.279880 | 0.655136 | -0.096658

H -2.734225 | 0.168489 | -0.367514

C -0.975933 | -0.135315 | 0.606849

N -0.623560 | -1.080241 | -0.333916

0] -0.609362 | 1.181034 | -0.308892

H -1.441427 | -1.519583 | -0.737493

H -0.452706 | 0.238994 | -0.935529

Transition State H -2.020512 | 0.019231 | 0.866563
H -0.303050 | -0.003361 | 1.451913

H 0.295430 | 1.437369 | -0.057644

@) 1.873475 | -0.015263 | 0.075126

H 1.272038 | -0.749030 | -0.164512

H 2.757833 | -0.376209 | 0.143152

C 1.514535 | -0.887672 | 0.037581

N 1.670420 | 0.364535 | -0.038813

Product Complex 0 -1.760045 | -1.127971 | 0.063906
H 2.651233 | 0.630324 | -0.098987

H -2.490181 | -1.321231 | -0.525742

Continued on next page
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Table A.37: Cartesian coordinates for the H,0O0 dual hydrogen bond catalyzed
aminomethanol decomposition.

Species Atom X Y Z

H 2.347927 | -1.591680 | 0.039346
0.505370 | -1.290925 | 0.099889
-1.613074 | -0.167733 | 0.000403
Product Complex
-0.891204 | 1.520702 | -0.074761

0.060334 | 1.284115 | -0.065973

o = O = =

-1.031771 | 2.089568 | 0.684119

Table A.38: Cartesian coordinates for the H,O cluster catalyzed aminomethanol de-
composition.

Species Atom X Y 7

Q

-1.209104 | -0.769421 | -0.199243
-2.056920 | 0.340526 | -0.484511
-0.376954 | -0.535252 | 0.950293
-2.664695 | 0.552712 | 0.295179
-1.519490 | 1.166275 | -0.716778
-1.827632 | -1.646592 | -0.007048
-0.569031 | -0.961198 | -1.061062
Reactant Complex
0.437719 | -1.045187 | 0.837465
0.954803 | 1.652517 | 0.001151
0.411165 | 1.058683 | 0.554723
1.200155 | 2.400495 | 0.548456
2.076588 | -0.895338 | -0.308845
2.003118 | 0.069784 | -0.375381

2.946261 | -1.137543 | -0.629316

-1.135189 | -0.773241 | -0.543415

Transition State -1.679714 | 0.407164 | -0.558156

C z a|l @ O @B HE O H@H @O @®m E = O Z

-0.147691 | -0.823444 | 1.222541

Continued on next page
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Table A.38: Cartesian coordinates for the H,O cluster catalyzed aminomethanol de-
composition.

Species Atom X Y Z

s

-2.587820 | 0.508739 | -0.130312
-0.918098 | 1.174537 | -0.380599
-1.741052 | -1.651153 | -0.366859
-0.177236 | -0.888806 | -1.032884
0.683546 | -1.289197 | 1.059782
Transition State 0.404939 | 1.444663 | 0.298711
0.119967 | 0.166435 | 1.073427
0.636508 | 2.274478 | 0.713898
2.006040 | -0.454029 | -0.581748
1.587459 | 0.407084 | -0.319947

2.859551 | -0.250332 | -0.964953

-1.613024 | -0.748530 | -0.644391
-1.969450 | 0.316848 | -0.066184
0.866030 | -1.300348 | 1.297850
-2.950896 | 0.307006 | 0.201160
-0.550993 | 1.300453 | 0.369034
-2.291360 | -1.579675 | -0.836819
-0.580937 | -0.855806 | -0.967356
Product Complex
1.381635 | -1.239845 | 0.484653
0.378825 | 1.576112 | 0.559385
0.713543 | -0.377037 | 1.525495
0.361413 | 2.512205 | 0.764358
1.693188 | -0.103899 | -1.213526

1.387645 | 0.658416 | -0.691768

OH m O H @H O @ F 2 @H2H &2 O 2 aldg H O 2 2 O @O = = =

2.489901 | 0.172619 | -1.668793
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Table A.39: Cartesian coordinates for the H,O relay catalyzed aminomethanol de-

composition.

Species Atom X Y Z

C -1.070139 | 0.092481 | 0.423024

N -0.869994 | -1.186235 | -0.155343

@) -0.414633 | 1.125485 | -0.348711

H -1.227927 | -1.226742 | -1.099934

H 0.112766 | -1.432692 | -0.159371

Reactant Complex H -2.137362 | 0.314643 | 0.463937
H -0.657643 | 0.090922 | 1.432963

H -0.620739 | 1.984485 | 0.030987

O 2.016143 | -0.182552 | 0.143298

H 1.378284 | 0.466191 | -0.190080

H 2.851329 | 0.008490 | -0.285941

C -1.213742 | -0.016276 | 0.337959

N -0.724083 | -1.122515 | -0.156132

0] 0.012551 | 1.356499 | -0.276915

H -1.040157 | -1.340338 | -1.091642

H 0.458326 | -1.087187 | 0.012302

Transition State H -2.115415 | 0.426897 | -0.064972
H -0.981468 | 0.206327 | 1.371427

H 0.086795 | 2.128896 | 0.290955

@) 1.596318 | -0.423119 | 0.012697

H 0.898819 | 0.666829 | -0.111055

H 2.173183 | -0.513199 | 0.771897

C 1.514490 | -0.887704 | 0.037582

N 1.670459 | 0.364492 | -0.038819

Product Complex 0 -1.760098 | -1.127923 | 0.063894
H 2.651292 | 0.630214 | -0.098968

H 0.060408 | 1.284142 | -0.065969

Continued on next page
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Table A.39: Cartesian coordinates for the H,O relay catalyzed aminomethanol de-

composition.

Species Atom X Y Z
H 2.347834 | -1.591767 | 0.039372
H 0.505298 | -1.290893 | 0.099866
H -2.490327 | -1.321134 | -0.525654
Product Complex
O -0.891135 | 1.520713 | -0.074758
H -1.613082 | -0.167694 | 0.000390
H -1.031708 | 2.089591 | 0.684112

Table A.40: Cartesian coordinates for the H, O double relay catalyzed aminomethanol

decomposition.

Species Atom X Y 7
C 1.673239 | -0.250266 | -0.331965
N 1.096363 | -1.171373 | 0.566356
0O 1.153237 | 1.091916 | -0.139864
H 1.246919 | -0.922074 | 1.532942
H 0.113657 | -1.344353 | 0.382377
H 2.753869 | -0.209508 | -0.186148
H 1.454399 | -0.566017 | -1.352612
Reactant Complex
H 1.600841 | 1.697225 | -0.738253
O -1.837414 | -1.296571 | -0.230266
H -0.611732 | 1.367240 | 0.096558
H -2.418427 | -1.574038 | -0.939603
0] -1.582868 | 1.430332 | 0.162087
H -1.947086 | -0.333995 | -0.138147
H -1.770050 | 1.781312 | 1.034529
C -1.205285 | -0.826865 | 0.506641
Transition State N -0.432141 | -1.492394 | -0.279641
0 -1.472904 | 1.032863 | -0.308939

Continued on next page
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Table A.40: Cartesian coordinates for the H, O double relay catalyzed aminomethanol

decomposition.

Species Atom X Y Z
H -0.844581 | -1.975724 | -1.063026
H 0.669630 | -1.276902 | -0.213883
H -2.273624 | -0.982836 | 0.498758
H -0.749947 | -0.368704 | 1.373910
H -2.010934 | 1.644432 | 0.201864
Transition State O 1.915910 | -0.640885 | -0.079048
H -0.442595 | 1.332377 | -0.167930
H 2.495345 | -0.871354 | 0.647749
Q) 0.882970 | 1.515709 | 0.137690
H 1.501731 | 0.454777 | 0.038852
H 1.303866 | 2.190394 | -0.396272
C 0.041618 | -1.658550 | 0.400905
N 1.054743 | -1.576445 | -0.348937
Q) -2.345530 | -0.262399 | -0.099064
H 1.091257 | -2.326690 | -1.035154
H 1.862106 | 0.018065 | -0.154235
H -0.713252 | -2.438163 | 0.329118
H -0.112010 | -0.899589 | 1.163570
Product Complex
H -3.201567 | 0.037875 | 0.209969
Q) 2.012342 | 0.973831 | 0.032108
H -1.771140 | 0.524162 | -0.085443
H 2.654997 | 1.024858 | 0.741160
@) -0.567213 | 1.899522 | 0.007326
H 0.373480 | 1.638499 | 0.067755
H -0.613574 | 2.519774 | -0.722581

Rate Constants
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Table A.41: Computed rate constants for the H,O dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
60 4.22e-184 2.27e-182 5.72e-120
70 4.22e-156 1.68e-154 2.33e-103
80 4.30e-135 1.32e-133 5.85e-91
90 9.52e-119 2.33e-117 2.71e-81
100 1.15e-105 2.29e-104 1.61e-73
110 5.82e-95 9.71le-94 3.63e-67
120 4.88e-86 6.93e-85 7.33e-62
130 1.74e-78 2.13e-77 2.17e-57
140 5.21e-72 5.57e-T1 1.66e-53
150 2.14e-66 2.02e-65 3.86e-50
160 1.75e-61 1.47¢-60 3.50e-47
170 3.79e-57 2.87e-56 1.44e-44
180 2.71e-53 1.86e-52 2.89e-42
190 7.64e-50 4.78¢-49 3.81e-40
200 9.74e-47 5.60e-46 2.91e-38
210 6.30e-44 3.34e-43 1.52e-36
220 2.26e-41 1.11e-40 6.18e-35
230 4.88e-39 2.24e-38 1.86e-33
240 6.73e-37 2.89e-36 4.29e-32
250 6.27e-35 2.53e-34 8.31e-31
260 4.12e-33 1.57e-32 1.41e-29
270 1.99e-31 7.18e-31 2.08e-28
280 7.30e-30 2.50e-29 2.76e-27
290 2.09e-28 6.80e-28 3.41e-26
300 4.78e-27 1.49e-26 3.88e-25
310 8.96e-26 2.67e-25 4.10e-24
320 1.40e-24 3.99e-24 4.03e-23

Continued on next page
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Table A.41: Computed rate constants for the H,O dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
330 1.85e-23 5.07e-23 3.65e-22
340 2.10e-22 5.55e-22 3.04e-21
350 2.08e-21 5.30e-21 2.32e-20
360 1.81e-20 4.47e-20 1.63e-19
370 1.41e-19 3.36e-19 1.05e-18
380 9.81e-19 2.27e-18 6.26e-18
390 6.19e-18 1.39e-17 3.45e-17
400 3.57e-17 7.81le-17 1.76e-16
410 1.89e-16 4.02e-16 8.38e-16
420 9.24e-16 1.92e-15 3.73e-15
430 4.20e-15 8.5le-15 1.56e-14
440 1.78e-14 3.53e-14 6.12e-14
450 7.10e-14 1.38e-13 2.27e-13
460 2.66e-13 5.05¢-13 8.02¢-13
470 9.45e-13 1.76e-12 2.69e-12
480 3.18e-12 5.80e-12 8.58e-12
490 1.02e-11 1.83e-11 2.62e-11
500 3.12e-11 5.49e-11 7.67e-11
510 9.14e-11 1.58e-10 2.16e-10
520 2.57e-10 4.38e-10 5.84e-10
530 6.96e-10 1.17e-09 1.52e-09
540 1.81e-09 3.00e-09 3.84e-09
550 4.57e-09 7.44e-09 9.39e-09
560 1.11e-08 1.79e-08 2.22e-08
570 2.63e-08 4.17¢-08 5.12e-08
580 6.05e-08 9.46e-08 1.15e-07
590 1.35e-07 2.09e-07 2.50e-07
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Table A.41: Computed rate constants for the H,O dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
600 2.93e-07 4.48e-07 5.31e-07
610 6.22e-07 9.39e-07 1.10e-06
620 1.29e-06 1.92e-06 2.23e-06
630 2.60e-06 3.85e-06 4.43e-06
640 5.15e-06 7.54e-06 8.61e-06
650 9.98e-06 1.45e-05 1.64e-05
660 1.90e-05 2.72e-05 3.07e-05
670 3.54e-05 5.03e-05 5.63e-05
680 6.47e-05 9.13e-05 1.02e-04
690 1.16e-04 1.63e-04 1.80e-04
700 2.06e-04 2.86e-04 3.15e-04
710 3.59¢-04 4.94e-04 5.42e-04
720 6.16e-04 8.41e-04 9.18e-04
730 1.04¢-03 1.41¢-03 1.53¢-03
740 1.73e-03 2.34e-03 2.53e-03
750 2.85e-03 3.82e-03 4.11e-03
760 4.63e-03 6.15e-03 6.61e-03
770 7.42e-03 9.80e-03 1.05e-02
780 1.18e-02 1.54e-02 1.65e-02
790 1.84e-02 2.40e-02 2.56e-02
800 2.85e-02 3.70e-02 3.93e-02
810 4.37e-02 5.64e-02 5.97e-02
820 6.63e-02 8.50e-02 8.98e-02
830 9.95e-02 1.27e-01 1.34e-01
840 1.48e-01 1.88e-01 1.98e-01
850 2.18e-01 2.75e-01 2.89¢-01
860 3.19e-01 4.00e-01 4.20e-01
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Table A.41: Computed rate constants for the H,O dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
870 4.61e-01 5.77e-01 6.04e-01
880 6.62e-01 8.25e-01 8.62e-01
890 9.44e-01 1.17e+00 1.22e+00
900 1.33e+00 1.65e+00 1.71e+00
910 1.87e+00 2.30e+00 2.39e+00
920 2.61e+00 3.19e+00 3.31e+00
930 3.60e+-00 4.40e+4-00 4.56e+00
940 4.95e+00 6.02e+00 6.23e+00
950 6.76e+00 8.18e+00 8.46e+00
960 9.16e+00 1.10e+01 1.14e+4-01
970 1.23e+01 1.48e+01 1.53e+01
980 1.65e+01 1.98e+01 2.04e+01
990 2.20e+01 2.63e+01 2.71e+01
1000 2.92¢+01 3.47e4-01 3.57e+01

Table A.42: Computed rate constants for the H,O cluster catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kTST/Eck (s-1)
60 3.85e-106 2.38e-105 2.74e-95
70 2.00e-89 9.59e-89 3.95e-82
80 6.73e-77 2.63e-76 2.82e-72
90 3.67e-67 1.21e-66 2.33e-64
100 2.23e-59 6.39e-59 1.09e-57
110 5.16e-53 1.31e-52 6.81e-52
120 1.03e-47 2.36e-47 6.83e-47
130 3.11e-43 6.53e-43 1.37e-42
140 2.14e-39 4.17e-39 7.17e-39
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Table A.42: Computed rate constants for the H,O cluster catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
150 4.51e-36 8.24e-36 1.24e-35
160 3.63e-33 6.27e-33 8.61e-33
170 1.33e-30 2.18e-30 2.80e-30
180 2.50e-28 3.94e-28 4.82e-28
190 2.72e-26 4.12e-26 4.85e-26
200 1.84e-24 2.70e-24 3.09e-24
210 8.32e-23 1.18e-22 1.32e-22
220 2.66e-21 3.68e-21 4.04e-21
230 6.26e-20 8.47e-20 9.18e-20
240 1.13e-18 1.50e-18 1.61e-18
250 1.62e-17 2.11e-17 2.24e-17
260 1.90e-16 2.42e-16 2.55e-16
270 1.84e-15 2.31e-15 2.42e-15
280 1.52e-14 1.88e-14 1.96e-14
290 1.08e-13 1.32e-13 1.37e-13
300 6.78e-13 8.18e-13 8.43e-13
310 3.76e-12 4.49e-12 4.61le-12
320 1.87e-11 2.22e-11 2.27e-11
330 8.47e-11 9.92e-11 1.01e-10
340 3.50e-10 4.07e-10 4.15e-10
350 1.34e-09 1.54e-09 1.57e-09
360 4.72e-09 5.40e-09 5.49e-09
370 1.56e-08 1.77e-08 1.80e-08
380 4.84e-08 5.46e-08 5.54e-08
390 1.42e-07 1.59e-07 1.61e-07
400 3.92e-07 4.38¢-07 4.43e-07
410 1.03e-06 1.15e-06 1.16e-06
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Table A.42: Computed rate constants for the H,O cluster catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
420 2.61e-06 2.88e-06 2.91e-06
430 6.28e-06 6.92e-06 6.98e-06
440 1.46e-05 1.60e-05 1.61e-05
450 3.25e-05 3.55e-05 3.58e-05
460 7.00e-05 7.62e-05 7.67e-05
470 1.46e-04 1.58e-04 1.59e-04
480 2.95e-04 3.19e-04 3.21e-04
490 5.80e-04 6.25e-04 6.29e-04
500 1.11e-03 1.19e-03 1.20e-03
510 2.07e-03 2.22e-03 2.23e-03
520 3.77e-03 4.03e-03 4.05e-03
530 6.70e-03 7.15e-03 7.18e-03
540 1.17e-02 1.24e-02 1.25e-02
550 1.99e-02 2.12e-02 2.13e-02
560 3.34e-02 3.54e-02 3.55e-02
570 5.49e-02 5.81e-02 5.83e-02
580 8.88e-02 9.37e-02 9.41e-02
590 1.41e-01 1.49e-01 1.49e-01
600 2.21e-01 2.33e-01 2.34e-01
610 3.41e-01 3.58e-01 3.60e-01
620 5.20e-01 5.45e-01 5.47e-01
630 7.80e-01 8.17e-01 8.20e-01
640 1.16e+00 1.21e+4-00 1.21e+00
650 1.70e+00 1.77e400 1.78e+00
660 2.46e+00 2.56e+-00 2.57e+00
670 3.52e+00 3.66e+00 3.67e+00
680 4.99e4-00 5.19e+00 5.20e+00
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Table A.42: Computed rate constants for the H,O cluster catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
690 7.00e+00 7.27e+00 7.29e+00
700 9.72e+4-00 1.01e+01 1.01e+01
710 1.34e+401 1.39e+01 1.39e+01
720 1.83e+01 1.89e+01 1.90e+01
730 2.47e+01 2.56e+-01 2.57e+01
740 3.32e+01 3.43e+01 3.44e+01
750 4.42e+01 4.57e+01 4.58e+01
760 5.85e+01 6.03e+01 6.05e+01
770 7.67e+01 7.91e+01 7.94e+01
780 1.00e+02 1.03e+02 1.03e+02
790 1.29e+02 1.33e+402 1.34e+02
800 1.67e+02 1.71e402 1.72e+02
810 2.13e+02 2.19e+02 2.20e+-02
820 2.71e+02 2.78e+02 2.79e+-02
830 3.42e+4-02 3.51e+4-02 3.52e+02
840 4.30e+02 4.41e+02 4.42e+02
850 5.37e4-02 5.51e+4-02 5.53e+4-02
860 6.68e+-02 6.85e+4-02 6.87e+02
870 8.27e+02 8.48e+4-02 8.48e+02
880 1.02e+4-03 1.04e4-03 1.05e+03
890 1.25e+03 1.28e+-03 1.28e+03
900 1.52e+03 1.56e+-03 1.56e+03
910 1.85e+03 1.89e+03 1.89e+03
920 2.24e+03 2.29e+03 2.29e+03
930 2.70e+03 2.76e+03 2.77e+03
940 3.24e+03 3.31e+03 3.32e+03
950 3.88e+03 3.96e+03 3.96e+03
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Table A.42: Computed rate constants for the H,O cluster catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
960 4.62e+03 4.71e+03 4.73e+03
970 5.49e+03 5.59e+03 5.61e+03
980 6.49e+-03 6.62e+03 6.61e+03
990 7.65e+03 7.80e+03 7.82e+03
1000 9.00e+03 9.16e+03 9.19¢+03

Table A.43: Computed rate constants for the H,O relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kKTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
60 4.06e-114 1.55e-112 3.33e-66
70 3.37e-96 9.53e-95 2.39e-57
80 9.12e-83 2.00e-81 9.51e-51
90 2.52e-72 4.41e-71 1.22e-45
100 5.60e-64 8.04e-63 1.80e-41
110 3.74e-57 4.50e-56 3.63e-38
120 1.80e-51 1.85e-50 2.46e-35
130 1.15e-46 1.02e-45 6.58e-33
140 1.49e-42 1.17e-41 7.90e-31
150 5.46e-39 3.79e-38 4.83e-29
160 7.13e-36 4.43e-35 2.05e-27
170 3.98e-33 2.24e-32 5.78e-26
180 1.09e-30 5.61e-30 1.14e-24
190 1.66e-28 7.80e-28 1.86e-23
200 1.52e-26 6.60e-26 2.48e-22
210 9.02e-25 3.64e-24 2.94e-21
220 3.69e-23 1.39e-22 3.13e-20
230 1.09e-21 3.84e-21 3.08e-19
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Table A.43: Computed rate constants for the H,O relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
240 2.42e-20 8.04e-20 2.82e-18
250 4.20e-19 1.32e-18 2.41e-17
260 5.83e-18 1.74e-17 1.91e-16
270 6.66e-17 1.89e-16 1.40e-15
280 6.38¢-16 1.73e-15 9.35e-15
290 5.23e-15 1.35e-14 5.72e-14
300 3.72e-14 9.25e-14 3.20e-13
310 2.33e-13 5.58e-13 1.64e-12
320 1.30e-12 3.00e-12 7.70e-12
330 6.56e-12 1.46e-11 3.34e-11
340 3.00e-11 6.46e-11 1.35e-10
350 1.26e-10 2.63e-10 5.05e-10
360 4.86e-10 9.87¢-10 1.77¢-09
370 1.75e-09 3.45¢-09 5.84¢-09
380 5.87e-09 1.13e-08 1.82e-08
390 1.85e-08 3.48e-08 5.35e-08
400 5.53e-08 1.01e-07 1.50e-07
410 1.56e-07 2.80e-07 4.00e-07
420 4.20e-07 7.39e-07 1.02e-06
430 1.08e-06 1.86e-06 2.50e-06
440 2.66e-06 4.49e-06 5.90e-06
450 6.28e-06 1.04e-05 1.34e-05
460 1.43e-05 2.33e-05 2.94e-05
470 3.14e-05 5.05e-05 6.25e-05
480 6.69e-05 1.06e-04 1.29e-04
490 1.38e-04 2.15e-04 2.58e-04
500 2.77e-04 4.25e-04 5.04e-04
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Table A.43: Computed rate constants for the H,O relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
510 5.40e-04 8.18e-04 9.59e-04
520 1.03e-03 1.54e-03 1.78e-03
530 1.91e-03 2.81e-03 3.23e-03
540 3.46e-03 5.05e-03 5.75e-03
550 6.15e-03 8.86e-03 1.00e-02
560 1.07e-02 1.53e-02 1.71e-02
570 1.83e-02 2.58e-02 2.87e-02
580 3.06e-02 4.27e-02 4.73e-02
590 5.04e-02 6.97e-02 7.67e-02
600 8.16e-02 1.12e-01 1.22e-01
610 1.30e-01 1.77e-01 1.93e-01
620 2.04e-01 2.76e-01 2.99¢-01
630 3.17e-01 4.23e-01 4.57e-01
640 4.84¢-01 6.42¢-01 6.90e-01
650 7.30e-01 9.61e-01 1.03e+00
660 1.09e-+00 1.42e4-00 1.52e+00
670 1.60e-+00 2.08e4-00 2.21e4-00
680 2.33e4-00 3.01e4-00 3.19e4-00
690 3.36e+4-00 4.30e+00 4.55e+00
700 4.79e+00 6.10e4-00 6.43e+00
710 6.76e+00 8.56e4-00 9.01e4-00
720 9.46e+00 1.19e+01 1.25e+01
730 1.31e+01 1.64e+01 1.72e+01
740 1.80e+01 2.24e+01 2.34e+01
750 2.45e+01 3.04e+4-01 3.17e+01
760 3.32e+01 4.09e+01 4.26e+01
770 4.45e4-01 5.45e+-01 5.67e+01
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Table A.43: Computed rate constants for the H,O relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
780 5.93e+01 7.23e+01 7.50e+01
790 7.83e+01 9.51e+01 9.86e+01
800 1.03e+02 1.24e+02 1.29¢+02
810 1.34e+02 1.61e+02 1.67e+02
820 1.74e+02 2.08e+02 2.15e+02
830 2.24e+02 2.67e+02 2.76e+02
840 2.87e+02 3.41e+02 3.52e+02
850 3.65e+02 4.33e+02 4.45e402
860 4.62e+02 5.46e+02 5.61e+02
870 5.82e+02 6.85e+02 7.04e+02
880 7.30e+-02 8.56e+02 8.78e+02
890 9.10e+02 1.06e+-03 1.09e+-03
900 1.13e+03 1.32e403 1.35e+4-03
910 1.39¢+03 1.62e+-03 1.66e+-03
920 1.72e4-03 1.99e+-03 2.03e+-03
930 2.10e+-03 2.42e+03 2.48e+03
940 2.56e4-03 2.95e4-03 3.01e+4-03
950 3.11e+4-03 3.57e4+03 3.65e+4-03
960 3.76e+03 4.31e+03 4.39e+03
970 4.53e+03 5.17e403 5.28e4-03
980 5.44e4-03 6.20e+-03 6.32e4-03
990 6.51e+4-03 7.39e+4-03 7.53e+03
1000 7.75e+4-03 8.79e+4-03 8.95e+03




Table A.44: Computed rate constants for the H,O double relay

aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
60 1.33e-86 2.76e-85 3.91e-56
70 1.12e-72 1.72e-71 8.82e-49
80 3.03e-62 3.65e-61 2.95e-43
90 3.86e-54 3.76e-53 6.23e-39
100 1.16e-47 9.34e-47 1.87e-35
110 2.27e-42 1.55e-41 1.36e-32
120 5.74e-38 3.39e-37 3.69e-30
130 3.02e-34 1.56e-33 4.69e-28
140 4.61e-31 2.12e-30 3.40e-26
150 2.62e-28 1.09e-27 1.67e-24
160 6.70e-26 2.52e-25 6.08¢-23
170 8.85e-24 3.05e-23 1.84e-21
180 6.75e-22 2.15e-21 4.72e-20
190 3.24e-20 9.59¢-20 1.03¢-18
200 1.05e-18 2.91e-18 1.86e-17
210 2.44e-17 6.36e-17 2.79e-16
220 4.24e-16 1.04e-15 3.48e-15
230 5.73e-15 1.34e-14 3.62e-14
240 6.22e-14 1.39e-13 3.19e-13
250 5.56e-13 1.18e-12 2.40e-12
260 4.19e-12 8.57e-12 1.57e-11
270 2.71e-11 5.34e-11 8.99e-11
280 1.53e-10 2.92e-10 4.59e-10
290 7.69e-10 1.42e-09 2.10e-09
300 3.46e-09 6.17e-09 8.74e-09
310 1.41e-08 2.44e-08 3.33e-08
320 5.25e-08 8.88e-08 1.17e-07
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Table A.44: Computed rate constants for the H,O double relay catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
330 1.81e-07 2.98e-07 3.80e-07
340 5.77e-07 9.30e-07 1.16e-06
350 1.72e-06 2.72e-06 3.31e-06
360 4.84e-06 7.48e-06 8.94e-06
370 1.29e-05 1.95e-05 2.29¢-05
380 3.24e-05 4.83e-05 5.59e-05
390 7.79e-05 1.14e-04 1.30e-04
400 1.79e-04 2.58e-04 2.92e-04
410 3.95e-04 5.61e-04 6.28e-04
420 8.39¢-04 1.18e-03 1.30e-03
430 1.72e-03 2.38¢-03 2.62¢-03
440 3.41e-03 4.66e-03 5.09¢-03
450 6.57e-03 8.87¢-03 9.61e-03
460 1.23e-02 1.64¢-02 1.77¢-02
470 2.24e-02 2.95e-02 3.17e-02
480 3.97e-02 5.19e-02 5.54e-02
490 6.89e-02 8.92e-02 9.47e-02
500 1.17e-01 1.50e-01 1.59e-01
510 1.94e-01 2.47e-01 2.60e-01
520 3.16e-01 3.99e-01 4.19e-01
530 5.06e-01 6.33e-01 6.63e-01
540 7.95e-01 9.88e-01 1.03e+00
550 1.23e+-00 1.52e+-00 1.58e+00
560 1.87e+-00 2.29e+00 2.39e+00
570 2.81e+00 3.42e+-00 3.55e+-00
580 4.15e4-00 5.03e+00 5.21e+00
590 6.06e+-00 7.29e+00 7.54e+00
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Table A.44: Computed rate constants for the H,O double relay catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
600 8.74e+00 1.05e+01 1.08e+01
610 1.25e+01 1.48e+01 1.53e+01
620 1.75e+01 2.08e+01 2.14e+01
630 2.44e+01 2.88e+01 2.96e+01
640 3.37e+01 3.95e+01 4.06e+01
650 4.60e+-01 5.37e+01 5.51e+01
660 6.23e+01 7.24e+01 7.41e+01
670 8.35e+01 9.67e+01 9.89e+01
680 1.11e+02 1.28e+02 1.31e+02
690 1.46e+02 1.68e+02 1.72e+02
700 1.92e+02 2.19e+02 2.24e+02
710 2.49e+02 2.84e+02 2.89e+-02
720 3.21e+02 3.65e+02 3.72e+02
730 4.11e402 4.66e+02 4.74e402
740 5.23e+4-02 5.91e+02 6.01e+02
750 6.61e+4-02 7.45e+-02 7.57e4-02
760 8.31e+4-02 9.33e4-02 9.48e+02
770 1.04e4-03 1.16e+-03 1.18e+03
780 1.29e+4-03 1.44e4-03 1.46e+4-03
790 1.59e+4-03 1.78e4-03 1.80e+03
800 1.96e+03 2.18e+4-03 2.21e4-03
810 2.40e+4-03 2.66e4-03 2.69e+4-03
820 2.92e+03 3.23e+03 3.27e4-03
830 3.54e+4-03 3.90e+03 3.95e+03
840 4.27e+03 4.70e+03 4.76e+03
850 5.13e+03 5.63e+03 5.70e+03
860 6.14e+03 6.73e+03 6.81e+03
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Table A.44: Computed rate constants for the H,O double relay

aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1)

KTST/W (s-1)

kTST/Eck (s-1)

870
880
890
900
910
920
930
940
950
960
970
980
990
1000

7.32e+03
8.68e+03
1.03e+-04
1.21e+-04
1.42e+4-04
1.66e+-04
1.94e+4-04
2.25e+-04
2.61e+04
3.02e+04
3.48e+04
4.00e+04
4.59e+04
5.24e+04

8.00e+03
9.48e+03
1.12e+-04
1.32e+4-04
1.54e+4-04
1.80e+-04
2.10e+04
2.44e+04
2.82e+04
3.25e+04
3.74e+04
4.30e+04
4.92e+04
5.61e+04

8.09e+03
9.58e+03
1.13e+04
1.33e+04
1.56e+04
1.82e+04
2.12e+04
2.46e+04
2.85e+04
3.28e+04
3.78e+04
4.33e+4-04
4.96e+-04
5.66e+04

A.4.8 CH;OH Catalyzed Reactions
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Table A.45: Cartesian coordinates for the CH; OH NH—Cat catalyzed aminomethanol

decomposition.

Species Atom X Y 7
C 1.726606 | 0.127296 | 0.406908
N 1.545800 | -1.159876 | -0.158506
0O 0.998362 | 1.133727 | -0.334159
Reactant Complex
H 0.573767 | -1.443564 | -0.116899
H 1.859894 | -1.190565 | -1.118952
H 1.363369 | 0.114438 | 1.435517
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Table A.45: Cartesian coordinates for the CH; OH NH—Cat catalyzed aminomethanol

decomposition.

Species Atom X Y Z
H 2.785859 | 0.388148 | 0.396360
H 1.203364 | 2.002395 | 0.023181
H -0.761224 | 0.371036 | -0.154104
C -2.697510 | 0.051568 | -0.019015
Reactant Complex
H -2.941254 | 0.246165 | -1.066592
H -3.319210 | -0.769966 | 0.330406
H -2.941053 | 0.939992 | 0.569621
0] -1.350698 | -0.335244 | 0.144614
C 1.789915 | -0.502951 | 0.607285
N 1.465366 | -0.689566 | -0.608359
0] 0.546041 | 1.500512 | -0.053260
H 0.722997 | -1.351564 | -0.818808
H 1.495233 | 0.159154 | -1.185245
H 1.474752 | -1.218086 | 1.355330
H 2.383188 | 0.359918 | 0.862250
Transition State
H 0.213125 | 2.393211 | 0.046155
H -0.498790 | 0.437104 | 0.009157
C -2.409709 | -0.168677 | 0.068146
H -2.733642 | 0.444183 | -0.780239
H -2.972842 | -1.102765 | 0.042544
H -2.679591 | 0.361394 | 0.988114
@) -1.038944 | -0.453739 | 0.014093
C 1.802487 | -1.202075 | -0.051354
N 2.310638 | -0.061424 | 0.145938
Product Complex 0] 0.215359 | 1.805345 | 0.046287
H 3.313080 | -0.107621 | 0.316866
H 1.052245 | 1.297389 | 0.105697
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Table A.45: Cartesian coordinates for the CH; OH NH—Cat catalyzed aminomethanol
decomposition.

Species Atom X Y Z

s

2.386578 | -2.123406 | -0.038309
0.732628 | -1.278476 | -0.238412
0.344338 | 2.453773 | -0.648037
-0.932267 | 0.409163 | -0.261200
Product Complex -2.628102 | -0.422475 | 0.246189
-3.295390 | 0.307874 | -0.219768
-3.075953 | -1.408954 | 0.139763

-2.550807 | -0.191936 | 1.312193

oC mH zE =2 a 75 = ¢

-1.364762 | -0.452912 | -0.378708

Table A.46: Cartesian coordinates for the CH;OH OH—Cat catalyzed aminomethanol
decomposition.

Species Atom X Y Z

Q

-1.363516 | -0.137797 | 0.539618
-1.148349 | -1.187174 | -0.424858
-1.409850 | 1.172062 | 0.007791
-1.913959 | -1.211620 | -1.087029
-0.304245 | -0.996766 | -0.953496
-2.322164 | -0.301495 | 1.027445
-0.577241 | -0.201482 | 1.296256
Reactant Complex
-0.518046 | 1.366046 | -0.300574
2.096974 | -0.388122 | 0.406641
1.464050 | 0.521705 | -0.486072
2.342143 | 0.090892 | 1.355964
3.002183 | -0.809889 | -0.032147

2.103891 | 1.175643 | -0.774575

o0 D FE 2 O Q @B F =H2 Z = O =2

1.391535 | -1.195737 | 0.590858
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Table A.46: Cartesian coordinates for the CH;OH OH—Cat catalyzed aminomethanol

decomposition.

Species Atom X Y Z
C 1.427311 | 0.014464 | 0.660972
N 1.576574 | 1.012068 | -0.266675
@) 0.898990 | -1.149846 | -0.402619
H 2.553371 | 1.105866 | -0.523282
H 1.076593 | -0.155121 | -0.954721
H 2.289342 | -0.448106 | 1.137538
H 0.566692 | 0.083561 | 1.326728
Transition State
H -0.064770 | -1.251890 | -0.270342
C -1.852471 | 0.816048 | -0.071558
@) -1.737440 | -0.595146 | 0.119659
H -2.265987 | 1.295401 | 0.816567
H -2.478587 | 1.044003 | -0.934750
H -2.605560 | -0.981118 | 0.246648
H -0.848552 | 1.199796 | -0.250466
C 1.742022 | -0.910862 | -0.439319
N 2.021435 | -0.064977 | 0.455186
@) -0.061261 | 1.980901 | -0.127646
H 2.922873 | -0.253928 | 0.890443
H 0.694443 | 1.491357 | 0.226348
H 2.390654 | -1.746028 | -0.709046
Product Complex H 0.799666 | -0.815490 | -0.976979
H -0.590371 | 1.309142 | -0.570279
C -1.694244 | -0.598043 | 0.757824
0 -1.576251 | -0.496927 | -0.658287
H -2.174680 | -1.533624 | 1.048482
H -2.243752 | 0.247666 | 1.172490
H -2.452166 | -0.489145 | -1.049225
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Table A.46: Cartesian coordinates for the CH;OH OH—Cat catalyzed aminomethanol
decomposition.

Species Atom X Y Z

Product Complex H -0.683279 | -0.573466 | 1.157906

Table A.47: Cartesian coordinates for the CH3;OH dual hydrogen bond catalyzed
aminomethanol decomposition.

Species Atom X Y 7

Q

1.726606 | 0.127296 | 0.406908
1.545800 | -1.159876 | -0.158506
0.998362 | 1.133727 | -0.334159
0.573767 | -1.443564 | -0.116899
1.859894 | -1.190565 | -1.118952
1.363369 | 0.114438 | 1.435517
2.785859 | 0.388148 | 0.396360
Reactant Complex
1.203364 | 2.002395 | 0.023181
-0.761224 | 0.371036 | -0.154104
-2.697510 | 0.051568 | -0.019015
-2.941254 | 0.246165 | -1.066592
-3.319210 | -0.769966 | 0.330406
-2.941053 | 0.939992 | 0.569621

-1.350698 | -0.335244 | 0.144614

-1.558199 | -0.211024 | 0.624447
-1.149762 | -1.108723 | -0.341235
-1.351780 | 1.141639 | -0.279876
-1.933982 | -1.628586 | -0.714759
Transition State
-1.141335 | 0.231389 | -0.932784
-2.603305 | -0.162264 | 0.921305

-0.873974 | -0.025556 | 1.450424

O O =2 2 @2 O Z2 Q|0 @32 @ +H o @2 #B2 ™9 =% = © Z

-0.456275 | 1.461168 | -0.065532
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Table A.47: Cartesian coordinates for the CH3OH dual hydrogen bond catalyzed
aminomethanol decomposition.

Species Atom X Y Z
Q) 1.239311 | 0.221444 | -0.019892
H 0.705829 | -0.565769 | -0.244188
C 2.609549 | -0.108007 | 0.061006
Transition State
H 2.990756 | -0.478703 | -0.893109
H 3.153984 | 0.797397 | 0.320809
H 2.798287 | -0.858494 | 0.831903
C 1.802487 | -1.202075 | -0.051354
N 2.310638 | -0.061424 | 0.145938
0] 0.215359 | 1.805345 | 0.046287
H 3.313080 | -0.107621 | 0.316866
H 1.052245 | 1.297389 | 0.105697
H 2.386578 | -2.123406 | -0.038309
H 0.732628 | -1.278476 | -0.238412
Product Complex
H 0.344338 | 2.453773 | -0.648037
H -0.932267 | 0.409163 | -0.261200
C -2.628102 | -0.422475 | 0.246189
H -3.295390 | 0.307874 | -0.219768
H -3.075953 | -1.408954 | 0.139763
H -2.550807 | -0.191936 | 1.312193
Q) -1.364762 | -0.452912 | -0.378708

Table A.48: Cartesian coordinates for the CH;OH

decomposition.

Species Atom X Y 7Z
C -1.504251 | -1.485447 | -0.048539
Reactant Complex N -2.512820 | -0.705321 | -0.689845
O -0.877997 | -0.788606 | 1.040241

Continued on next page
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Table A.48: Cartesian coordinates for the CH;OH

decomposition.

Species Atom X Y Z

H -3.245145 | -0.443592 | -0.043607

H -2.124081 | 0.133204 | -1.102981

H -1.960277 | -2.396354 | 0.340189

H -0.740090 | -1.749364 | -0.780310

H 0.056949 | -1.040784 | 1.058297

O -0.044733 | 1.461463 | -0.296411

H -0.494253 | 0.862029 | 0.326610

C -0.133064 | 2.797977 | 0.158541

Reactant Complex H -1.171958 | 3.125988 | 0.233957
H 0.348728 | 2.927107 | 1.130230

H 0.375004 | 3.427992 | -0.568033

C 3.073625 | -0.845980 | -0.252702

0O 1.700805 | -0.694265 | 0.045027

H 3.260293 | -0.783659 | -1.326863

H 3.377354 | -1.831140 | 0.093627

H 1.382283 | 0.174375 | -0.244772

H 3.682467 | -0.096582 | 0.257922

C -1.563814 | -1.340713 | -0.410856

N -2.089471 | -0.262859 | -0.915559

@) -0.935235 | -0.760819 | 1.413939

H -3.062267 | -0.082074 | -0.717484

H -1.374060 | 0.566417 | -0.860724

Transition State H -2.197464 | -2.147283 | -0.068869
H -0.531895 | -1.556268 | -0.655344

H -0.085142 | -1.198113 | 1.560638

O -0.220789 | 1.134814 | -0.070788

H -0.648036 | 0.147744 | 1.005906

Continued on next page
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Table A.48: Cartesian coordinates for the CH3;OH cluster catalyzed aminomethanol
decomposition.

Species Atom X Y Z

Q

0.078523 | 2.484573 | 0.121528
-0.769803 | 3.039099 | 0.541950
0.920642 | 2.615435 | 0.811974
0.353629 | 2.973987 | -0.819958
2.870028 | -0.649467 | -0.357631
Transition State 1.527595 | -0.830936 | 0.027354
2.954775 | -0.351265 | -1.406377
3.392737 | -1.596157 | -0.229367
1.021386 | 0.014209 | -0.093287

3.370801 | 0.103451 | 0.257564

-2.645857 | 0.963857 | -0.383154
-2.728005 | -0.294406 | -0.296722
2.487878 | -0.821762 | -1.236005
-3.688457 | -0.627418 | -0.347852
-1.102064 | -1.106310 | -0.210055
-3.515228 | 1.611906 | -0.497830
-1.664364 | 1.434410 | -0.343566
2.291336 | 0.101919 | -1.418941
-0.137365 | -1.249652 | -0.098816
Product Complex 1.617918 | -1.217531 | -1.103500
0.128251 | -1.588018 | 1.252697
-0.231618 | -2.590666 | 1.488996
1.208041 | -1.559478 | 1.391459
-0.334414 | -0.873315 | 1.938437
1.570337 | 1.669999 | 0.862633
0.691058 | 1.430491 | -0.220720

m O Q #H @Zo@mH o =B o @O H & 2 O 2 aQlFEEgE o Q@ F =@ 9@

1.064243 | 1.562568 | 1.826479
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Table A.48: Cartesian coordinates for the CH3;OH cluster catalyzed aminomethanol

decomposition.

Species Atom X Y Z
H 1.929681 | 2.693428 | 0.776802
H 0.444149 | 0.490910 | -0.210005
Product Complex H 2.427861 | 0.992782 | 0.837900

Table A.49: Cartesian coordinates for the CH3OH relay catalyzed aminomethanol

decomposition.

Species Atom X Y 7Z
C -1.513867 | 0.198174 | 0.518950
N -1.551207 | -1.130875 | 0.027769
@) -0.935423 | 1.101215 | -0.449868
H -2.096654 | -1.199557 | -0.820563
H -0.615978 | -1.480733 | -0.145036
H -2.525977 | 0.534614 | 0.748017
H -0.910148 | 0.220165 | 1.428147
Reactant Complex
H -1.038810 | 2.007994 | -0.148061
0O 1.415449 | -0.469333 | -0.476782
H 0.758722 | 0.207742 | -0.689545
C 2.411027 | 0.107102 | 0.340075
H 1.986106 | 0.571271 | 1.235456
H 3.081974 | -0.689411 | 0.654597
H 2.996042 | 0.857331 | -0.198352
C -1.532584 | -0.211825 | 0.541954
N -1.049441 | -1.200933 | -0.167399
Q) -0.769901 | 1.364499 | -0.263199
H -1.603061 | -1.428724 | -0.982967
Transition State H 0.124760 | -0.926473 | -0.375707
H -2.569430 | 0.087879 | 0.454677
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Table A.49: Cartesian coordinates for the CH3OH relay catalyzed aminomethanol

decomposition.

Species Atom X Y Z
H -1.049963 | -0.002705 | 1.488905
H -0.643815 | 2.110842 | 0.329784
@) 1.083033 | -0.109541 | -0.599265
H 0.233334 | 0.812069 | -0.458059
C 2.078080 | -0.112205 | 0.393107
Transition State H 1.720670 | 0.327087 | 1.334243
H 2.408920 | -1.131397 | 0.605332
H 2.946642 | 0.462463 | 0.064934
C -2.078677 | 0.244636 | 0.275935
N -1.688116 | -0.850070 | -0.221310
0] 0.636322 | 2.058985 | 0.061411
H -2.435781 | -1.538432 | -0.279970
H 0.120845 | -0.797772 | -0.664438
H -3.105132 | 0.418038 | 0.602214
H -1.365766 | 1.060501 | 0.382676
Product Complex
H 1.149308 | 2.733032 | -0.386312
@) 1.070851 | -0.566296 | -0.666864
H 0.912901 | 1.205520 | -0.321352
C 1.649771 | -1.123764 | 0.498239
H 1.178409 | -0.735898 | 1.405444
H 1.575923 | -2.213362 | 0.498116
H 2.702159 | -0.847885 | 0.511375

Table A.50: Cartesian coordinates for the

aminomethanol decomposition.

CH;0H double relay catalyzed

Species

Atom

X

Y

Z

2.231979

-0.731846

-0.416050

Reactant Complex
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Table A.50: Cartesian coordinates for the

aminomethanol decomposition.

CH3;OH double relay

Species Atom X Y Z
N 1.506637 | -1.633238 | 0.391322
@) 2.007041 | 0.645769 | -0.019358
H 1.737397 | -1.549052 | 1.370859
H 0.503140 | -1.574835 | 0.250443
H 3.301748 | -0.930795 | -0.332883
H 1.917400 | -0.852912 | -1.453137
H 2.590564 | 1.224455 | -0.518020
0] -1.387646 | -0.974215 | -0.232900
H 0.370409 | 1.186733 | 0.622938
@) -0.554627 | 1.463108 | 0.736792
H -1.258461 | -0.112017 | 0.199590
Reactant Complex
C -2.730371 | -1.385431 | -0.096557
H -2.831387 | -2.354044 | -0.581896
H -3.018985 | -1.492923 | 0.952093
H -3.418518 | -0.686141 | -0.579029
C -0.853520 | 2.384401 | -0.296245
H -1.890303 | 2.691417 | -0.175833
H -0.221117 | 3.272573 | -0.233895
H -0.735013 | 1.930168 | -1.283642
C -1.508196 | -1.310358 | 0.612629
N -0.469871 | -1.915594 | 0.148597
Q) -2.049285 | 0.088795 | -0.776998
H -0.614095 | -2.688382 | -0.483449
H 0.516710 | -1.368088 | 0.235884
Transition State H -2.488394 | -1.758920 | 0.549558
H -1.340338 | -0.526138 | 1.337830
H -2.813980 | 0.648496 | -0.617208

Continued on next page
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Table A.50: Cartesian coordinates

aminomethanol decomposition.

for the

CH3;OH double relay

Species Atom X Y Z
@) 1.489599 | -0.379980 | 0.382614
H -1.148369 | 0.700920 | -0.678848
@) 0.017653 | 1.324885 | -0.417397
H 0.831421 | 0.488555 | -0.012179
C 2.674176 | -0.509636 | -0.363204
H 3.548815 | -0.429666 | 0.286347
H 2.721136 | -1.479627 | -0.870183
Transition State H 2.741173 | 0.269957 | -1.127192
C -0.132344 | 2.368527 | 0.505227
H 0.571404 | 2.263733 | 1.337939
H 0.043396 | 3.340872 | 0.036516
H -1.145333 | 2.386648 | 0.931147
C 0.739372 | 1.872916 | 0.664883
N -0.390862 | 2.192119 | 0.199818
O 2.699774 | 0.393982 | -0.684089
H -0.402965 | 3.139803 | -0.169921
H -1.431509 | 0.723195 | 0.122501
H 1.607791 | 2.527688 | 0.673079
H 0.876469 | 0.876286 | 1.077519
H 3.277692 | 0.185594 | -1.419477
Q) -1.729601 | -0.213245 | 0.103402
Product Complex
H 1.977879 | -0.261991 | -0.715395
@) 0.641912 | -1.416100 | -0.419289
H -0.265466 | -1.057561 | -0.378004
C -3.032940 | -0.293229 | -0.435265
H -3.316329 | -1.343057 | -0.471946
H -3.753602 | 0.237446 | 0.190570
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Table A.50:

Cartesian coordinates

aminomethanol decomposition.

for the

249

CH3;OH double relay catalyzed

Species Atom X Y Z
H -3.077459 | 0.113340 | -1.448413
C 0.875777 | -2.164858 | 0.758500
H 0.483164 | -1.653908 | 1.641013
H 0.418340 | -3.154628 | 0.697189
Product Complex
H 1.952097 | -2.283106 | 0.873660

Rate Constants

Table A.51: Computed rate constants for the CH;OH NH—Cat catalyzed
aminomethanol decomposition from 60 K to 1,000 K.
Temperature (K) | kTST (s-1) | kTST/W (s-1) | kTST/Eck (s-1)

60 6.69e-160 2.58e-159 8.93e-155
70 1.93e-135 5.97e-135 8.09e-133
80 4.30e-117 1.12e-116 9.20e-116
90 8.09e-103 1.83e-102 5.45e-102
100 2.14e-91 4.33e-91 8.43e-91
110 4.76e-82 8.79e-82 1.37e-81
120 2.94e-74 5.04e-74 6.89e-74
130 1.16e-67 1.86e-67 2.33e-67
140 5.21e-62 7.95e-62 9.42e-62
150 4.15e-57 6.05e-57 6.90e-57
160 8.10e-53 1.14e-52 1.26e-52
170 4.96e-49 6.72e-49 7.29e-49
180 1.15e-45 1.52e-45 1.62e-45
190 1.19e-42 1.53e-42 1.61e-42
200 6.14e-40 7.72e-40 8.07e-40
210 1.75e-37 2.16e-37 2.24e-37
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Table A.51: Computed rate constants for the CHz;OH NH-—Cat catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
220 3.00e-35 3.63e-35 3.75e-35
230 3.28e-33 3.92e-33 4.02e-33
240 2.43e-31 2.87e-31 2.93e-31
250 1.28e-29 1.49e-29 1.52e-29
260 4.98e-28 5.73e-28 5.83e-28
270 1.48e-26 1.68e-26 1.71e-26
280 3.44e-25 3.89e-25 3.94e-25
290 6.46e-24 7.25e-24 7.33e-24
300 9.98e-23 1.11e-22 1.12e-22
310 1.29e-21 1.43e-21 1.45e-21
320 1.43e-20 1.57e-20 1.59¢-20
330 1.37e-19 1.50e-19 1.51e-19
340 1.15e-18 1.25e-18 1.26e-18
350 8.52¢-18 9.24e-18 9.29¢-18
360 5.67e-17 6.12e-17 6.15e-17
370 3.40e-16 3.66e-16 3.68e-16
380 1.86e-15 1.99e-15 2.00e-15
390 9.33e-15 9.96e-15 1.00e-14
400 4.32e-14 4.59e-14 4.61le-14
410 1.85e-13 1.97e-13 1.97e-13
420 7.44e-13 7.87e-13 7.90e-13
430 2.80e-12 2.95e-12 2.96e-12
440 9.90e-12 1.04e-11 1.05e-11
450 3.32e-11 3.49e-11 3.50e-11
460 1.05e-10 1.11e-10 1.11e-10
470 3.19¢-10 3.34e-10 3.35e-10
480 9.23e-10 9.64e-10 9.66e-10
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Table A.51: Computed rate constants for the CHz;OH NH-—Cat catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
490 2.56e-09 2.67e-09 2.67e-09
500 6.80e-09 7.08e-09 7.09e-09
510 1.74e-08 1.81e-08 1.81e-08
520 4.30e-08 4.46e-08 4.47e-08
530 1.03e-07 1.06e-07 1.07e-07
540 2.37e-07 2.46e-07 2.46e-07
550 5.32e-07 5.50e-07 5.51e-07
560 1.16e-06 1.20e-06 1.20e-06
570 2.46e-06 2.54e-06 2.54e-06
580 5.09e-06 5.24e-06 5.24e-06
590 1.03e-05 1.06e-05 1.06e-05
600 2.02e-05 2.08e-05 2.08¢-05
610 3.90e-05 4.00e-05 4.01e-05
620 7.36¢-05 7.55e-05 7.57e-05
630 1.36e-04 1.40e-04 1.40e-04
640 2.47e-04 2.53e-04 2.53e-04
650 4.40e-04 4.51e-04 4.52e-04
660 7.71e-04 7.89e-04 7.91e-04
670 1.33e-03 1.36e-03 1.36e-03
680 2.25e-03 2.30e-03 2.30e-03
690 3.76e-03 3.84e-03 3.84e-03
700 6.19e-03 6.32e-03 6.34e-03
710 1.00e-02 1.03e-02 1.02e-02
720 1.61e-02 1.64e-02 1.65e-02
730 2.54e-02 2.59e-02 2.59e-02
740 3.97e-02 4.05e-02 4.04e-02
750 6.13e-02 6.25e-02 6.24e-02
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Table

A.51:

aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
760 9.36e-02 9.53e-02 9.53e-02
770 1.41e-01 1.44e-01 1.44e-01
780 2.11e-01 2.15e-01 2.15e-01
790 3.12e-01 3.17e-01 3.18e-01
800 4.57e-01 4.64e-01 4.63e-01
810 6.63e-01 6.73e-01 6.72e-01
820 9.53e-01 9.68e-01 9.70e-01
830 1.36e+00 1.38¢+4-00 1.38e+00
840 1.92e+400 1.95e+4-00 1.94e+00
850 2.69e+00 2.73e+00 2.73e+00
860 3.75e+00 3.80e+00 3.81e+00
870 5.17e+00 5.24e+00 5.24e+00
880 7.09e+00 7.18e+00 7.16e4-00
890 9.65e¢+-00 9.77e4-00 9.82¢+00
900 1.30e+01 1.32e+01 1.32e+01
910 1.75e+4-01 1.77e4-01 1.77e4-01
920 2.34e+01 2.37e401 2.38e+-01
930 3.10e+4-01 3.14e+4-01 3.12e4-01
940 4.09e+01 4.13e+01 4.16e+01
950 5.36e+-01 5.42e4-01 5.40e+01
960 6.98e+4-01 7.06e+4-01 7.08e+-01
970 9.05e+4-01 9.15e+4-01 9.16e+4-01
980 1.17e+02 1.18e+02 1.18e+02
990 1.50e+-02 1.51e+02 1.52e+-02
1000 1.91e+02 1.93e+02 1.93e+02
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Table A.52: Computed rate constants for the

aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
60 1.52e-182 9.19e-181 2.17e-115
70 8.60e-155 3.84e-153 1.79e-99
80 5.67e-134 1.95e-132 1.65e-87
90 8.91e-118 2.44e-116 3.25e-78
100 8.13e-105 1.82e-103 8.16e-71
110 3.28e-94 6.12e-93 1.11e-64
120 2.27e-85 3.60e-84 1.43e-59
130 6.89¢-78 9.41e-77 3.05e-55
140 1.79e-71 2.13e-70 1.33e-51
150 6.50e-66 6.83e-65 2.65e-48
160 4.78e-61 4.46e-60 1.79¢-45
170 9.41e-57 7.90e-56 5.19e-43
180 6.18e-53 4.70e-52 8.89¢-41
190 1.61e-49 1.12¢-48 9.72¢-39
200 1.92e-46 1.22e-45 6.03e-37
210 1.16e-43 6.81e-43 2.75e-35
220 3.95e-41 2.14e-40 8.68e-34
230 8.07e-39 4.07e-38 2.29e-32
240 1.06e-36 4.99e-36 4.38e-31
250 9.44e-35 4.17e-34 7.59e-30
260 5.95e-33 2.48e-32 1.06e-28
270 2.76e-31 1.09e-30 1.31e-27
280 9.75e-30 3.63e-29 1.46e-26
290 2.69e-28 9.54e-28 1.48e-25
300 5.97e-27 2.01e-26 1.40e-24
310 1.08e-25 3.49e-25 1.25e-23
320 1.64e-24 5.07e-24 1.05e-22
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Table A.52: Computed rate constants for the CHz;OH OH-—Cat -catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
330 2.11e-23 6.25e-23 8.26e-22
340 2.34e-22 6.66e-22 6.10e-21
350 2.26e-21 6.19e-21 4.21e-20
360 1.92e-20 5.09e-20 2.70e-19
370 1.46e-19 3.73e-19 1.62e-18
380 9.94e-19 2.47e-18 9.02e-18
390 6.15e-18 1.48e-17 4.69e-17
400 3.47e-17 8.11e-17 2.28e-16
410 1.80e-16 4.10e-16 1.04e-15
420 8.66e-16 1.92e-15 4.42e-15
430 3.87e-15 8.34e-15 1.78e-14
440 1.61e-14 3.40e-14 6.78e-14
450 6.33e-14 1.30e-13 2.44e-13
460 2.34e-13 4.70e-13 8.36¢-13
470 8.17e-13 1.61e-12 2.73e-12
480 2.71e-12 5.22e-12 8.50e-12
490 8.56e-12 1.62e-11 2.54e-11
500 2.59%e-11 4.80e-11 7.27e-11
510 7.48e-11 1.36e-10 2.00e-10
520 2.08e-10 3.72e-10 5.31e-10
530 5.55e-10 9.77e-10 1.36e-09
540 1.43e-09 2.48e-09 3.38e-09
550 3.56e-09 6.08e-09 8.11e-09
560 8.59e-09 1.44e-08 1.89e-08
570 2.01e-08 3.33e-08 4.29e-08
580 4.56e-08 7.46e-08 9.45e-08
590 1.01e-07 1.63e-07 2.03e-07
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Table A.52: Computed rate constants for the

aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
600 2.17e-07 3.46e-07 4.26e-07
610 4.55e-07 7.17e-07 8.73e-07
620 9.34e-07 1.45e-06 1.75e-06
630 1.87e-06 2.88e-06 3.43e-06
640 3.67e-06 5.59¢-06 6.59e-06
650 7.05e-06 1.06e-05 1.24e-05
660 1.33e-05 1.98e-05 2.30e-05
670 2.46e-05 3.63e-05 4.17e-05
680 4.46e-05 6.53e-05 7.45e-05
690 7.97e-05 1.15e-04 1.31e-04
700 1.40e-04 2.01e-04 2.26e-04
710 2.42e-04 3.45e-04 3.86e-04
720 4.12e-04 5.82e-04 6.48e-04
730 6.92¢-04 9.69¢-04 1.07¢-03
740 1.15e-03 1.59e-03 1.76e-03
750 1.87e-03 2.58e-03 2.83e-03
760 3.02e-03 4.14e-03 4.52e-03
770 4.81e-03 6.54e-03 7.12e-03
780 7.57e-03 1.02e-02 1.11e-02
790 1.18e-02 1.58e-02 1.71e-02
800 1.81e-02 2.42e-02 2.61e-02
810 2.76e-02 3.67e-02 3.94e-02
820 4.17e-02 5.49e-02 5.88e-02
830 6.23e-02 8.16e-02 8.71e-02
840 9.21e-02 1.20e-01 1.28e-01
850 1.35e-01 1.75e-01 1.86e-01
860 1.96e-01 2.53e-01 2.68e-01
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Table

A.52:

Computed rate constants for the

aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
870 2.83e-01 3.63e-01 3.83e-01
880 4.04e-01 5.16e-01 5.44e-01
890 5.73e-01 7.27e-01 7.66e-01
900 8.06e-01 1.02e+00 1.07e+00
910 1.13e+00 1.42e+4-00 1.49¢+00
920 1.56e+-00 1.95e+4-00 2.05e+00
930 2.15e+00 2.68e+00 2.80e+00
940 2.94e+-00 3.65e+00 3.81e+00
950 3.99e+-00 4.94e+00 5.15e+00
960 5.39e+00 6.64e+00 6.91e+00
970 7.24e+00 8.88e+00 9.23e+00
980 9.65e+-00 1.18e+01 1.23e+01
990 1.28e+01 1.56e+01 1.62e+01
1000 1.69e4-01 2.05e4-01 2.12e+01
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CH;OH OH—Cat -catalyzed

Table A.53: Computed rate constants for the CH;OH dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kTST/Eck (s-1)
60 2.20e-184 1.15e-182 6.02e-121
70 2.25e-156 8.73e-155 2.88e-104
80 2.33e-135 6.95e-134 9.54e-92
90 5.18e-119 1.23e-117 5.06e-82
100 6.24e-106 1.22e-104 3.35e-74
110 3.16e-95 5.14e-94 8.25e-68
120 2.65e-86 3.66e-85 1.60e-62
130 9.42e-79 1.12e-77 5.74e-58
140 2.80e-72 2.92e-71 4.05e-54

Continued on next page
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Table A.53: Computed rate constants for the CH3OH dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
150 1.15e-66 1.06e-65 1.07e-50
160 9.35e-62 7.68e-61 1.01e-47
170 2.02e-57 1.49e-56 3.87e-45
180 1.44e-53 9.66e-53 8.50e-43
190 4.05e-50 2.48e-49 1.09e-40
200 5.15e-47 2.89e-46 8.60e-39
210 3.32e-44 1.72e-43 4.91e-37
220 1.19e-41 5.73e-41 2.01e-35
230 2.56e-39 1.15e-38 6.14e-34
240 3.53e-37 1.48e-36 1.48e-32
250 3.28e-35 1.30e-34 2.95e-31
260 2.15e-33 8.04e-33 5.10e-30
270 1.04e-31 3.67e-31 7.77e-29
280 3.80e-30 1.28¢-29 1.07e-27
290 1.09e-28 3.47e-28 1.37e-26
300 2.48e-27 7.58e-27 1.61e-25
310 4.65e-26 1.36e-25 1.76e-24
320 7.24e-25 2.03e-24 1.78e-23
330 9.57e-24 2.58e-23 1.65e-22
340 1.09e-22 2.82e-22 1.40e-21
350 1.07e-21 2.69e-21 1.08e-20
360 9.36e-21 2.27e-20 7.69e-20
370 7.26e-20 1.70e-19 5.01e-19
380 5.05e-19 1.15e-18 3.00e-18
390 3.19¢-18 7.06e-18 1.66e-17
400 1.84e-17 3.96e-17 8.54e-17
410 9.7le-17 2.04e-16 4.08e-16
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Table A.53: Computed rate constants for the CH3OH dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
420 4.75e-16 9.72e-16 1.82e-15
430 2.16e-15 4.31e-15 7.64e-15
440 9.15e-15 1.79e-14 3.01e-14
450 3.64e-14 6.96e-14 1.12e-13
460 1.36e-13 2.56e-13 3.96e-13
470 4.84e-13 8.88e-13 1.33e-12
480 1.63e-12 2.93e-12 4.25e-12
490 5.21e-12 9.23e-12 1.30e-11
500 1.59e-11 2.77e-11 3.81le-11
510 4.67e-11 7.99e-11 1.07e-10
520 1.31e-10 2.21e-10 2.90e-10
530 3.55e-10 5.88e-10 7.59¢-10
540 9.25e-10 1.51e-09 1.92¢-09
550 2.33e-09 3.75¢-09 4.68¢-09
560 5.68e-09 9.02e-09 1.11e-08
570 1.34e-08 2.10e-08 2.55e-08
580 3.08e-08 4.77e-08 5.72e-08
590 6.87e-08 1.05e-07 1.25e-07
600 1.49e-07 2.26e-07 2.65e-07
610 3.16e-07 4.73e-07 5.50e-07
620 6.54e-07 9.68e-07 1.12e-06
630 1.32e-06 1.94e-06 2.21e-06
640 2.61e-06 3.79e-06 4.30e-06
650 5.06e-06 7.28e-06 8.20e-06
660 9.62¢-06 1.37e-05 1.53e-05
670 1.79e-05 2.53e-05 2.82e-05
680 3.28e-05 4.59e-05 5.08e-05
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Table A.53: Computed rate constants for the CH3OH dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
690 5.90e-05 8.19e-05 9.02e-05
700 1.04e-04 1.44e-04 1.57e-04
710 1.82e-04 2.48e-04 2.71e-04
720 3.11e-04 4.22e-04 4.59e-04
730 5.26e-04 7.09e-04 7.67e-04
740 8.77e-04 1.17e-03 1.26e-03
750 1.44e-03 1.91e-03 2.06e-03
760 2.34e-03 3.09¢-03 3.31e-03
770 3.75e-03 4.92e-03 5.25e-03
780 5.94e-03 7.74e-03 8.24e-03
790 9.29¢-03 1.20e-02 1.28e-02
800 1.44e-02 1.85¢-02 1.96¢-02
810 2.20e-02 2.82¢-02 2.98¢-02
820 3.34e-02 4.26e-02 4.49e-02
830 5.01e-02 6.36e-02 6.69e-02
840 7.46e-02 9.41e-02 9.88e-02
850 1.10e-01 1.38e-01 1.45e-01
860 1.60e-01 2.00e-01 2.10e-01
870 2.32e-01 2.89e-01 3.02e-01
880 3.33e-01 4.13e-01 4.30e-01
890 4.75e-01 5.85e-01 6.09e-01
900 6.71e-01 8.24e-01 8.56e-01
910 9.41e-01 1.15e+00 1.19e+00
920 1.31e+00 1.60e+-00 1.65e+00
930 1.81e+00 2.20e+00 2.28e+00
940 2.49e+00 3.01e+00 3.11e+00
950 3.39e+4-00 4.09e+00 4.22e+00
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Table A.53: Computed rate constants for the CH3OH dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
960 4.60e+4-00 5.52e+00 5.70e+-00
970 6.20e4-00 7.41e+00 7.64e+00
980 8.30e+-00 9.89e+00 1.02e+01
990 1.10e+01 1.31e+01 1.35e+01
1000 1.46e+401 1.73e401 1.78e+01

Table A.54: Computed rate constants for the CHzOH cluster catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kTST/Eck (s-1)
60 8.43e-106 4.52e-105 7.19e-97
70 3.69e-89 1.55e-88 1.54e-83
80 1.10e-76 3.81e-76 2.38e-73
90 5.52e-67 1.62e-66 4.27e-65
100 3.15e-59 8.11e-59 4.72e-58
110 6.96e-53 1.60e-52 4.72e-52
120 1.34e-47 2.81e-47 5.81e-47
130 3.97e-43 7.65e-43 1.29e-42
140 2.69e-39 4.84e-39 7.11e-39
150 5.61e-36 9.53e-36 1.28e-35
160 4.50e-33 7.26e-33 9.12e-33
170 1.64e-30 2.53e-30 3.03e-30
180 3.10e-28 4.61e-28 5.33e-28
190 3.38e-26 4.85e-26 5.46e-26
200 2.30e-24 3.20e-24 3.54e-24
210 1.05e-22 1.42e-22 1.54e-22
220 3.37e-21 4.47e-21 4.78e-21
230 8.02e-20 1.04e-19 1.10e-19
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Table A.54: Computed rate constants for the CHzOH cluster catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
240 1.46e-18 1.86e-18 1.96e-18
250 2.12e-17 2.65e-17 2.77e-17
260 2.50e-16 3.08e-16 3.20e-16
270 2.45e-15 2.98e-15 3.08e-15
280 2.04e-14 2.45e-14 2.53e-14
290 1.47e-13 1.75e-13 1.79e-13
300 9.29e-13 1.09e-12 1.12e-12
310 5.21e-12 6.06e-12 6.19e-12
320 2.62e-11 3.02e-11 3.08e-11
330 1.20e-10 1.37e-10 1.39e-10
340 4.99¢-10 5.67e-10 5.76e-10
350 1.92e-09 2.17e-09 2.20e-09
360 6.85e-09 7.69¢-09 7.78e-09
370 2.28¢-08 2.55¢-08 2.57¢-08
380 7.14e-08 7.92e-08 8.00e-08
390 2.11e-07 2.32e-07 2.35e-07
400 5.89e-07 6.46e-07 6.52e-07
410 1.56e-06 1.71e-06 1.72e-06
420 3.97e-06 4.32e-06 4.35e-06
430 9.64e-06 1.05e-05 1.05e-05
440 2.25e-05 2.43e-05 2.45e-05
450 5.05e-05 5.44e-05 5.48e-05
460 1.10e-04 1.18e-04 1.18e-04
470 2.30e-04 2.46e-04 2.48e-04
480 4.68e-04 5.00e-04 5.03e-04
490 9.25e-04 9.86e-04 9.91e-04
500 1.78e-03 1.89e-03 1.90e-03
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Table A.54: Computed rate constants for the CHzOH cluster catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
510 3.34e-03 3.54e-03 3.55e-03
520 6.11e-03 6.46e-03 6.49e-03
530 1.09e-02 1.15e-02 1.16e-02
540 1.91e-02 2.02e-02 2.02e-02
550 3.28e-02 3.45e-02 3.46e-02
560 5.52e-02 5.80e-02 5.82e-02
570 9.12e-02 9.57e-02 9.60e-02
580 1.48e-01 1.55e-01 1.56e-01
590 2.37e-01 2.47e-01 2.48e-01
600 3.72e-01 3.89¢-01 3.90e-01
610 5.77e-01 6.02¢e-01 6.03e-01
620 8.82¢-01 9.18e-01 9.20e-01
630 1.33e+00 1.38e+4-00 1.39e-+00
640 1.98e+00 2.06e+-00 2.06e+-00
650 2.91e+4-00 3.02e4-00 3.03e+4-00
660 4.23e+00 4.38e+00 4.39e+00
670 6.08e+-00 6.29¢4-00 6.31e+4-00
680 8.65e+4-00 8.94e+4-00 8.96e4-00
690 1.22e+01 1.26e+01 1.26e+01
700 1.70e+01 1.75e4-01 1.76e4-01
710 2.34e+01 2.42e401 2.42e+01
720 3.21e+4-01 3.31e+4-01 3.31e+01
730 4.36e+-01 4.48e4-01 4.49e+-01
740 5.86e-+01 6.03e+01 6.05e+-01
750 7.83e+01 8.05e+-01 8.06e+01
760 1.04e+02 1.07e+02 1.07e+02
770 1.37e+02 1.40e+02 1.40e+02
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Table A.54: Computed rate constants for the CHzOH cluster catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
780 1.79e+02 1.83e+02 1.84e+02
790 2.32e+02 2.38e+02 2.38e+02
800 2.99e+02 3.06e+02 3.07e+02
810 3.83e+02 3.92e+02 3.92e+02
820 4.88e+02 4.99e+02 5.00e+02
830 6.18e+02 6.32e+02 6.33e+02
840 7.78e+02 7.96e+02 7.96e+02
850 9.75e+02 9.96e+02 9.97e+02
860 1.22e+403 1.24e4-03 1.24e+03
870 1.51e+03 1.54e+403 1.54e+03
880 1.86e+03 1.90e+03 1.90e+03
890 2.28e+03 2.33e+03 2.33e+03
900 2.79e+03 2.85e+03 2.85e+03
910 3.40e+03 3.47e+03 3.46e+03
920 4.12e+03 4.20e+03 4.22e+03
930 4.98e+03 5.07e+03 5.09e+-03
940 5.99¢4-03 6.09¢4-03 6.10e+4-03
950 7.17e4-03 7.30e+-03 7.30e+-03
960 8.56e+4-03 8.71e4+03 8.74e+03
970 1.02e4-04 1.04e+04 1.03e+-04
980 1.21e4-04 1.23e+04 1.23e+04
990 1.43e4-04 1.45e+04 1.45e+-04
1000 1.68e+4-04 1.70e+-04 1.70e+04
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Table A.55: Computed rate constants for the CH;OH relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
60 1.29e-109 6.27e-108 1.29e-55
70 2.12e-92 7.65e-91 1.82e-48
80 1.71e-79 4.77e-78 5.10e-43
90 1.85e-69 4.12e-68 9.95e-39
100 1.96e-61 3.56e-60 2.13e-35
110 7.13e-55 1.09e-53 1.58¢-32
120 2.08e-49 2.70e-48 2.93e-30
130 8.73e-45 9.76e-44 2.89e-28
140 7.96e-41 7.79e-40 1.60e-26
150 2.15e-37 1.86e-36 4.44e-25
160 2.15e-34 1.66e-33 9.96e-24
170 9.52¢-32 6.62¢-31 1.58e-22
180 2.14e-29 1.35e-28 1.84e-21
190 2.71e-27 1.56¢-26 1.80e-20
200 2.12e-25 1.12e-24 1.53e-19
210 1.09e-23 5.34e-23 1.11e-18
220 3.92e-22 1.78e-21 7.45e-18
230 1.03e-20 4.38e-20 4.64e-17
240 2.06e-19 8.22e-19 2.74e-16
250 3.25e-18 1.22e-17 1.54e-15
260 4.13e-17 1.47e-16 8.32e-15
270 4.36e-16 1.46e-15 4.33e-14
280 3.88e-15 1.24e-14 2.15e-13
290 2.97e-14 9.06e-14 1.02e-12
300 1.99e-13 5.79e-13 4.60e-12
310 1.18e-12 3.28e-12 1.96e-11
320 6.23e-12 1.67e-11 7.88e-11
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Table A.55: Computed rate constants for the CH;OH relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
330 2.98e-11 7.69e-11 2.99e-10
340 1.30e-10 3.24e-10 1.07e-09
350 5.22¢-10 1.26e-09 3.62e-09
360 1.94e-09 4.51e-09 1.16e-08
370 6.71e-09 1.51e-08 3.52e-08
380 2.18e-08 4.77e-08 1.02e-07
390 6.64e-08 1.42e-07 2.81e-07
400 1.92e-07 3.98e-07 7.40e-07
410 5.26e-07 1.06e-06 1.87¢-06
420 1.37e-06 2.72e-06 4.54e-06
430 3.44e-06 6.64e-06 1.06e-05
440 8.25e-06 1.56e-05 2.40e-05
450 1.90e-05 3.52e-05 5.23e-05
460 4.24¢-05 7.68e-05 1.11e-04
470 9.11e-05 1.62e-04 2.27e-04
480 1.90e-04 3.32e-04 4.53e-04
490 3.84e-04 6.60e-04 8.80e-04
500 7.56e-04 1.28e-03 1.67e-03
510 1.45e-03 2.41e-03 3.09e-03
520 2.71e-03 4.43e-03 5.59e-03
530 4.94e-03 7.97e-03 9.90e-03
540 8.83e-03 1.40e-02 1.72e-02
550 1.54e-02 2.42e-02 2.93e-02
560 2.65e-02 4.10e-02 4.90e-02
570 4.45e-02 6.81e-02 8.06e-02
580 7.36e-02 1.11e-01 1.30e-01
590 1.20e-01 1.79e-01 2.07e-01
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Table A.55: Computed rate constants for the CH;OH relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
600 1.92e-01 2.83e-01 3.26e-01
610 3.02e-01 4.41e-01 5.04e-01
620 4.69e-01 6.78e-01 7.68e-01
630 7.18e-01 1.03e+00 1.16e+00
640 1.08e+-00 1.54e+4-00 1.72e+00
650 1.62e+00 2.28e+00 2.53e+00
660 2.39e+00 3.33e+00 3.69e+00
670 3.48e+-00 4.82e+00 5.30e+00
680 5.03e+00 6.90e+00 7.55e4-00
690 7.17e+00 9.77e+00 1.06e+01
700 1.01e401 1.37e+01 1.49e+-01
710 1.42e+01 1.90e+01 2.06e+-01
720 1.97e401 2.62e+01 2.83e+4-01
730 2.71e+01 3.58e+4-01 3.85e+01
740 3.69e+01 4.85e+01 5.19e+4-01
750 4.99e+01 6.51e+4-01 6.96e+4-01
760 6.69¢e+4-01 8.69¢e+4-01 9.25e+4-01
770 8.91e+4-01 1.15e+-02 1.22e+02
780 1.18e+-02 1.51e+4-02 1.60e+02
790 1.55e+4-02 1.97e4-02 2.09e+-02
800 2.02e4-02 2.56e4-02 2.70e+02
810 2.62e4-02 3.30e4-02 3.48e+02
820 3.37e+02 4.23e4-02 4.45e4-02
830 4.31e402 5.39e+02 5.65e+02
840 5.49e+02 6.83e+02 7.15e+02
850 6.95e+-02 8.61e+02 9.00e+02
860 8.75e+02 1.08e+03 1.13e+03
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Table A.55: Computed rate constants for the CH;OH relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
870 1.10e+03 1.35e+03 1.40e+03
880 1.37e+03 1.67e+03 1.74e+03
890 1.70e+03 2.06e+03 2.14e+03
900 2.09¢+03 2.54e+03 2.63e+03
910 2.57e+03 3.11e+03 3.22e+03
920 3.15e+03 3.79e+03 3.92e¢+03
930 3.84e+03 4.60e+03 4.76e+03
940 4.66e+03 5.56e+03 5.75e+03
950 5.63e+03 6.70e+03 6.92e+03
960 6.78e+03 8.04e+03 8.29¢+03
970 8.13e+03 9.62e+03 9.91e+03
980 9.72e+03 1.15e4-04 1.18e+04
990 1.16e+04 1.36e+04 1.40e+04
1000 1.37¢404 1.61e+04 1.66e+04

Table A.56: Computed rate constants for the CH;OH double relay catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kTST/Eck (s-1)
60 3.12e-82 5.81e-81 8.40e-54
70 5.33e-69 7.43e-68 7.56e-47
80 4.39e-59 4.80e-58 1.38e-41
90 2.23e-51 1.97e-50 1.72e-37
100 3.22e-45 2.37e-44 3.43e-34
110 3.49e-40 2.18e-39 1.85e-31
120 5.44e-36 2.94e-35 3.81e-29
130 1.91e-32 9.06e-32 3.88e-27
140 2.07e-29 8.77e-29 2.55e-25
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Table A.56: Computed rate constants for the CH3;OH double relay catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
150 8.81e-27 3.36e-26 1.20e-23
160 1.75e-24 6.10e-24 4.57e-22
170 1.86e-22 5.96e-22 1.44e-20
180 1.18e-20 3.49e-20 3.83e-19
190 4.80e-19 1.33e-18 8.40e-18
200 1.35e-17 3.49e-17 1.50e-16
210 2.75e-16 6.72e-16 2.17e-15
220 4.27e-15 9.87e-15 2.58e-14
230 5.21e-14 1.15e-13 2.55e-13
240 5.16e-13 1.08e-12 2.12e-12
250 4.24e-12 8.55e-12 1.51e-11
260 2.97e-11 5.76e-11 9.40e-11
270 1.80e-10 3.36e-10 5.14e-10
280 9.56e-10 1.73¢-09 2.50e-09
290 4.53e-09 7.95e-09 1.10e-08
300 1.93e-08 3.30e-08 4.39e-08
310 7.52e-08 1.25e-07 1.61e-07
320 2.68e-07 4.35e-07 5.44e-07
330 8.87e-07 1.40e-06 1.72e-06
340 2.73e-06 4.23e-06 5.06e-06
350 7.89e-06 1.20e-05 1.41e-05
360 2.15e-05 3.20e-05 3.70e-05
370 5.53e-05 8.10e-05 9.25e-05
380 1.36e-04 1.95e-04 2.20e-04
390 3.18e-04 4.50e-04 5.03e-04
400 7.13e-04 9.96e-04 1.10e-03
410 1.54e-03 2.12e-03 2.32e-03
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Table A.56: Computed rate constants for the CH3;OH double relay catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
420 3.20e-03 4.35e-03 4.74e-03
430 6.43e-03 8.64e-03 9.34e-03
440 1.25e-02 1.66e-02 1.79e-02
450 2.37e-02 3.11e-02 3.32e-02
460 4.35e-02 5.66e-02 6.02e-02
470 7.80e-02 1.00e-01 1.06e-01
480 1.36e-01 1.74e-01 1.84e-01
490 2.33e-01 2.95e-01 3.10e-01
500 3.90e-01 4.89¢-01 5.13e-01
510 6.40e-01 7.96e-01 8.32e-01
520 1.03e+00 1.27e+00 1.33e+00
530 1.63e+00 2.00e+00 2.08e+-00
540 2.53e+00 3.08e+00 3.20e+-00
550 3.87e+-00 4.68e+00 4.85e+00
560 5.83e+4-00 7.01e4-00 7.25e4-00
570 8.67e+00 1.04e4-01 1.07e4-01
580 1.27e4-01 1.51e+01 1.56e+01
590 1.84e+4-01 2.17e401 2.23e+-01
600 2.63e+01 3.09e4-01 3.17e+01
610 3.71e+01 4.34e+01 4.46e+01
620 5.19e+-01 6.04e+01 6.19e+4-01
630 7.17e+01 8.32e+4-01 8.51e+4-01
640 9.82e4-01 1.13e+4-02 1.16e+02
650 1.33e+02 1.53e+-02 1.56e+-02
660 1.79e+02 2.05e+02 2.09e+-02
670 2.38e+02 2.72e+02 2.77e+02
680 3.15e+02 3.58e+02 3.65e+02
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Table A.56: Computed rate constants for the CH3;OH double relay catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
690 4.13e402 4.68e+02 4.76e+02
700 5.37e+02 6.07e+02 6.17e+02
710 6.94e+02 7.81e+02 7.94e+02
720 8.90e+02 9.99e+02 1.01e+03
730 1.13e+03 1.27e+03 1.29¢+-03
740 1.44e+-03 1.60e+03 1.63e+03
750 1.81e+03 2.01e+03 2.04e+03
760 2.26e+03 2.51e+03 2.54e+03
770 2.81e+03 3.11e+03 3.15e+03
780 3.47e+03 3.84e+03 3.89e+03
790 4.28e+03 4.71e4+03 4.77e+03
800 5.23e+03 5.75e+03 5.82e+03
810 6.38¢+03 6.99e+03 7.08e4-03
820 7.73e+03 8.46e+-03 8.56e+03
830 9.34e+03 1.02e+04 1.03e+-04
840 1.12e4-04 1.22e+04 1.24e+4-04
850 1.34e4-04 1.46e+04 1.48e+-04
860 1.60e4-04 1.74e+04 1.76e4-04
870 1.90e+4-04 2.06e+04 2.08e+04
880 2.25e4-04 2.43e+04 2.46e+04
890 2.65e+-04 2.86e+04 2.89e+04
900 3.11e+04 3.36e+04 3.39e+04
910 3.65e+4-04 3.93e+4-04 3.96e+04
920 4.25e4-04 4.57e404 4.61e4-04
930 4.95e+4-04 5.31le+04 5.36e+04
940 5.74e+04 6.15e+-04 6.20e+04
950 6.63e+04 7.10e+-04 7.16e+04
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Table A.56: Computed rate constants for the CH3;OH double relay catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1)

KTST/W (s-1)

kTST/Eck (s-1)

960
970
980
990
1000

7.64e+04
8.79e+04
1.01e+05
1.15e+-05
1.31e+-05

8.17e+04
9.38e+04
1.07e+05
1.23e+-05

1.40e4-05

8.24e+04
9.45e+04
1.08e+-05
1.24e+4-05
1.41e+4-05

A.4.9 H,S Catalyzed Reactions

Cartesian Coordinates

Table A.57: Cartesian coordinates for the H,S dual hydrogen bond catalyzed

aminomethanol decomposition.

Species Atom X Y Z
C 1.641306 | -0.113806 | 0.429674
N 1.255518 | 1.123034 | -0.243489
Q) 1.180152 | -1.221997 | -0.286318
H 1.526178 | 1.931470 | 0.303814
H 1.721818 | 1.185516 | -1.141029
Reactant Complex H 2.722419 | -0.246291 | 0.508934
H 1.221369 | -0.080692 | 1.439960
H 0.214921 | -1.216216 | -0.263395
H -0.934802 | 0.786713 | -0.156869
H -2.304591 | -0.147188 | -1.177316
S -2.015312 | 0.024016 | 0.118926
C -1.483460 | -0.197143 | 0.637179
N -1.230449 | -1.067383 | -0.384838
Transition State
) -1.243245 | 1.201948 | -0.277057
H -2.094334 | -1.444316 | -0.758137

Continued on next page



272

Table A.57: Cartesian coordinates for the H,S dual hydrogen bond catalyzed
aminomethanol decomposition.

Species Atom X Y Z

s

-1.061224 | 0.245501 | -0.909979
-2.486688 | -0.065302 | 1.034972
-0.705989 | -0.069737 | 1.389419
Transition State -0.375487 | 1.572237 | -0.048046
0.935365 | -0.877422 | -0.229762
2.262230 | 0.199620 | -1.166787

1.936624 | -0.032602 | 0.110973

2.389523 | -0.514965 | -0.424499
1.559465 | -0.790740 | 0.486984
0.477077 | 1.930995 | 0.102581
1.801276 | -1.651689 | 0.974948
0.654626 | 1.080707 | 0.525867
Product Complex 3.258547 | -1.131041 | -0.658084
2.236731 | 0.390574 | -1.007870
-0.426773 | 1.851430 | -0.214630
-0.802865 | -0.705018 | 0.080170

-2.310317 | -0.076477 | 1.121738

»w FEF ¥ o@H &0 @ E =2 O Z2 Q|lvw E o@D o@H o&»H =™

-2.092577 | -0.411342 | -0.156542

Table A.58: Cartesian coordinates for the H,S relay catalyzed aminomethanol decom-
position.

Species Atom X Y 7

C -1.591219 | 0.039206 | 0.479578
-1.410597 | -1.221567 | -0.150320
Reactant Complex -1.160745 | 1.115383 | -0.369656

-1.908117 | -1.266625 | -1.029672

m = O =2

-0.429684 | -1.408395 | -0.319056
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Table A.58: Cartesian coordinates for the H,S relay catalyzed aminomethanol decom-

position.

Species Atom X Y Z
H -2.646804 | 0.175321 | 0.721301
H -1.010059 | 0.051802 | 1.404839
H -1.454338 | 1.952645 | 0.000329
Reactant Complex
H 0.992844 | 0.690516 | -0.313734
H 1.930970 | 0.100305 | 1.283426
S 2.077040 | -0.056432 | -0.038463
C -1.552262 | -0.269704 | 0.509916
N -1.118870 | -1.202063 | -0.273839
0] -0.816617 | 1.430221 | -0.302506
H -1.633446 | -1.446895 | -1.105967
H -0.076929 | -1.333574 | -0.247114
Transition State H -2.583279 | 0.044936 | 0.458575
H -0.972194 | -0.073875 | 1.398997
H -0.817232 | 2.245633 | 0.210696
H 0.151952 | 1.068866 | -0.253938
H 1.843849 | -0.093666 | 1.306638
S 1.735367 | -0.113783 | -0.030654
C -2.178954 | 0.181211 | 0.024539
N -1.813462 | -1.026784 | -0.033814
0O 0.451526 | 2.282497 | 0.040918
H -2.607675 | -1.664970 | -0.032842
H 0.261543 | -1.139035 | -0.074847
Product Complex
H -3.224750 | 0.490942 | 0.070321
H -1.426369 | 0.967815 | 0.028733
H 1.005096 | 2.970675 | -0.332671
H 0.964738 | 1.465621 | -0.030621
H 1.670121 | -0.946315 | 1.265284
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Table A.58: Cartesian coordinates for the H,S relay catalyzed aminomethanol decom-

position.

Species

Atom

X

Y

Z

Product Complex

1.594566

-0.894030

-0.070702

Rate Constants

Table A.59: Computed rate constants for the H,S dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
60 1.86e-183 1.23e-181 2.98e-112
70 1.36e-155 6.62e-154 6.93e-97
80 1.08e-134 4.08e-133 2.67e-85
90 1.98e-118 5.91e-117 2.64e-76
100 2.03e-105 4.95e-104 4.55e-69
110 9.00e-95 1.83e-93 3.77e-63
120 6.74e-86 1.16e-84 3.99e-58
130 2.18e-78 3.24e-T7 4.93e-54
140 5.99e-72 7.76e-71 2.15e-50
150 2.28e-66 2.60e-65 2.47e-47
160 1.75e-61 1.77e-60 1.43e-44
170 3.57e-57 3.25e-56 3.84e-42
180 2.43e-53 2.00e-52 5.47e-40
190 6.52e-50 4.88e-49 4.44e-38
200 7.96e-47 5.46e-46 2.52e-36
210 4.95e-44 3.12e-43 1.04e-34
220 1.72e-41 1.00e-40 3.13e-33
230 3.58e-39 1.94e-38 7.15e-32
240 4.80e-37 2.43e-36 1.29e-30
250 4.35e-35 2.06e-34 1.93e-29
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Table A.59: Computed rate constants for the H,S dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
260 2.79e-33 1.24e-32 2.43e-28
270 1.31e-31 5.53e-31 2.73e-27
280 4.71e-30 1.88e-29 2.66e-26
290 1.32e-28 4.99e-28 2.41e-25
300 2.96e-27 1.07e-26 2.04e-24
310 5.45e-26 1.87e-25 1.61e-23
320 8.35e-25 2.75e-24 1.21e-22
330 1.09e-23 3.42e-23 8.64e-22
340 1.22e-22 3.68e-22 5.84e-21
350 1.19e-21 3.46e-21 3.74e-20
360 1.02e-20 2.87e-20 2.26e-19
370 7.82e-20 2.12e-19 1.29¢-18
380 5.39%¢-19 1.41e-18 6.93¢-18
390 3.36e-18 8.54e-18 3.49¢-17
400 1.92e-17 4.72e-17 1.66e-16
410 1.00e-16 2.40e-16 7.39e-16
420 4.86e-16 1.13e-15 3.11e-15
430 2.19e-15 4.96e-15 1.24e-14
440 9.21e-15 2.03e-14 4.67e-14
450 3.64e-14 7.84e-14 1.67e-13
460 1.35e-13 2.85e-13 5.68e-13
470 4.76e-13 9.81e-13 1.85e-12
480 1.59e-12 3.21e-12 5.74e-12
490 5.06e-12 1.00e-11 1.71e-11
500 1.54e-11 2.98e-11 4.89e-11
510 4.48e-11 8.50e-11 1.34e-10
520 1.25e-10 2.33e-10 3.57e-10
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Table A.59: Computed rate constants for the H,S dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
530 3.36e-10 6.16e-10 9.15e-10
540 8.72¢-10 1.57e-09 2.27e-09
550 2.18e-09 3.87e-09 5.46e-09
560 5.29¢-09 9.25e-09 1.27e-08
570 1.24e-08 2.14e-08 2.89e-08
580 2.84e-08 4.82e-08 6.38e-08
590 6.31e-08 1.06e-07 1.37e-07
600 1.37e-07 2.25e-07 2.89e-07
610 2.88e-07 4.69e-07 5.92e-07
620 5.94e-07 9.55e-07 1.19¢-06
630 1.20e-06 1.90e-06 2.34e-06
640 2.36e-06 3.70e-06 4.50e-06
650 4.55e-06 7.07e-06 8.49¢-06
660 8.60e-06 1.32¢-05 1.57¢-05
670 1.60e-05 2.43e-05 2.87e-05
680 2.91e-05 4.39e-05 5.13e-05
690 5.22e-05 7.79e-05 9.04e-05
700 9.21e-05 1.36e-04 1.57e-04
710 1.60e-04 2.34e-04 2.68e-04
720 2.73e-04 3.97e-04 4.51e-04
730 4.61e-04 6.63e-04 7.48e-04
740 7.66e-04 1.09e-03 1.23e-03
750 1.26e-03 1.78e-03 1.98e-03
760 2.03e-03 2.85e-03 3.17e-03
770 3.25e-03 4.53e-03 5.01e-03
780 5.13e-03 7.11e-03 7.82e-03
790 8.01e-03 1.10e-02 1.21e-02
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Table A.59: Computed rate constants for the H,S dual hydrogen bond catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
800 1.24e-02 1.69e-02 1.84e-02
810 1.89e-02 2.57e-02 2.79e-02
820 2.86e-02 3.86e-02 4.18e-02
830 4.29e-02 5.74e-02 6.20e-02
840 6.36e-02 8.47e-02 9.12e-02
850 9.35e-02 1.24e-01 1.33e-01
860 1.36e-01 1.79e-01 1.92e-01
870 1.97e-01 2.58e-01 2.75e-01
880 2.82e-01 3.68e-01 3.91e-01
890 4.01e-01 5.20e-01 5.52e-01
900 5.66e-01 7.30e-01 7.73e-01
910 7.92e-01 1.02e+00 1.07e+00
920 1.10e+-00 1.41e4-00 1.48e+00
930 1.52e+00 1.93e+00 2.04e+00
940 2.08e+00 2.64e+00 2.77e+00
950 2.84e+4-00 3.58e+4-00 3.75e+00
960 3.84e+00 4.82e+00 5.05e+4-00
970 5.17e4-00 6.46e+-00 6.76e+00
980 6.91e+4-00 8.60e+-00 8.98e+4-00
990 9.19e+4-00 1.14e4-01 1.19e+01
1000 1.22e+01 1.50e+01 1.56e+01

Table A.60: Computed rate constants for the H,S relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)

60 1.82e-93 5.37e-93 1.89e-91

70 1.64e-78 3.98e-78 1.65e-77
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Table A.60: Computed rate constants for the H,S relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
80 2.63e-67 5.51e-67 1.16e-66
90 1.34e-58 2.51e-58 3.95e-58
100 1.23e-51 2.09e-51 2.82e-51
110 6.04e-46 9.53e-46 1.17e-45
120 3.31e-41 4.92e-41 5.70e-41
130 3.36e-37 4.75e-37 5.30e-37
140 9.08e-34 1.23e-33 1.34e-33
150 8.52e-31 1.12e-30 1.19e-30
160 3.39e-28 4.31e-28 4.53e-28
170 6.63e-26 8.24e-26 8.57e-26
180 7.21e-24 8.77e-24 9.06e-24
190 4.78e-22 5.70e-22 5.86e-22
200 2.08e-20 2.44e-20 2.49e-20
210 6.30e-19 7.29¢-19 7.43e-19
220 1.40e-17 1.60e-17 1.63e-17
230 2.37e-16 2.68e-16 2.72e-16
240 3.17e-15 3.95e-15 3.60e-15
250 3.44e-14 3.83e-14 3.87e-14
260 3.11e-13 3.43e-13 3.47e-13
270 2.39e-12 2.62e-12 2.64e-12
280 1.58e-11 1.73e-11 1.74e-11
290 9.23e-11 1.00e-10 1.01e-10
300 4.78e-10 5.15e-10 5.18e-10
310 2.22e-09 2.38e-09 2.40e-09
320 9.40e-09 1.00e-08 1.01e-08
330 3.64e-08 3.87e-08 3.89e-08
340 1.30e-07 1.38e-07 1.39e-07
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Table A.60: Computed rate constants for the H,S relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
350 4.33e-07 4.58e-07 4.59e-07
360 1.35e-06 1.42e-06 1.42¢-06
370 3.94e-06 4.14e-06 4.16e-06
380 1.09e-05 1.14e-05 1.15e-05
390 2.86e-05 2.99¢-05 3.00e-05
400 7.15e-05 7.47e-05 7.49¢-05
410 1.71e-04 1.78e-04 1.79e-04
420 3.93e-04 4.08e-04 4.09e-04
430 8.67e-04 9.00e-04 9.02e-04
440 1.85e-03 1.91e-03 1.92e-03
450 3.80e-03 3.93e-03 3.94e-03
460 7.59¢-03 7.84e-03 7.86e-03
470 1.47e-02 1.52e-02 1.52e-02
480 2.77¢-02 2.86¢-02 2.86¢-02
490 5.10e-02 5.24e-02 5.25e-02
500 9.14e-02 9.39e-02 9.40e-02
510 1.60e-01 1.64e-01 1.65e-01
520 2.75e-01 2.82e-01 2.82e-01
530 4.62e-01 4.73e-01 4.74e-01
540 7.61e-01 7.80e-01 7.81e-01
550 1.23e+00 1.26e+-00 1.26e+00
560 1.96e+00 2.01e4-00 2.01e+4-00
570 3.07e+00 3.14e+4-00 3.15e+00
580 4.74e4-00 4.84e4-00 4.83e+4-00
590 7.20e+00 7.35e+00 7.36e+00
600 1.08e+01 1.10e+-01 1.10e+-01
610 1.60e+01 1.63e+01 1.62e+01
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Table A.60: Computed rate constants for the H,S relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
620 2.33e+01 2.37e+01 2.37e+01
630 3.36e+-01 3.42e+-01 3.43e+01
640 4.80e+01 4.88e+01 4.87e+01
650 6.77e+401 6.88e+-01 6.89e+01
660 9.45e+-01 9.60e+-01 9.62e+01
670 1.31e+02 1.33e+02 1.33e+02
680 1.79e+02 1.82e+02 1.82e+02
690 2.43e+-02 2.46e4-02 2.46e4-02
700 3.27e+02 3.31le+02 3.32e+02
710 4.36e+02 4.42e402 4.41e+02
720 5.77e+02 5.85e+02 5.88e+02
730 7.58e+-02 7.68e+-02 7.65e4-02
740 9.89e+02 1.00e+-03 1.01e+03
750 1.28e+03 1.30e+03 1.29¢+4-03
760 1.65e4-03 1.67e+4-03 1.67e4-03
770 2.10e+-03 2.13e+4-03 2.13e+4-03
780 2.67e4+03 2.70e+03 2.70e+03
790 3.37e+03 3.41e4+03 3.42e+03
800 4.23e+03 4.27e+03 4.28e+03
810 5.28e+-03 5.33e+4-03 5.35e+-03
820 6.55e+4-03 6.62e4-03 6.58e+4-03
830 8.08e+-03 8.17e4+03 8.23e+4-03
840 9.93e+03 1.00e+-04 1.01e+04
850 1.21e+04 1.23e+04 1.22e+04
860 1.48e+04 1.49¢+04 1.50e+04
870 1.79e+04 1.81e+04 1.82e+04
880 2.16e+04 2.18e+4-04 2.17e+4-04
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Table A.60: Computed rate constants for the H,S relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Cartesian Coordinates

Table

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
890 2.59e+-04 2.62e+04 2.61e+04
900 3.10e+-04 3.13e+04 3.16e+04
910 3.70e+4-04 3.73e+04 3.70e+04
920 4.39e+04 4.42e+04 4.46e+04
930 5.19e+04 5.23e+04 5.28e+04
940 6.12e4-04 6.16e+04 6.11e+04
950 7.18e+04 7.24e+04 7.17e+04
960 8.41e4-04 8.47e+04 8.51e+04
970 9.81e4-04 9.88e+04 9.97e+04
980 1.14e+05 1.15e4-05 1.14e+05
990 1.32e+05 1.33e4-05 1.32e+05
1000 1.53e+05 1.54e4-05 1.55e+05
A.4.10 HCOOH Catalyzed Reactions
Cartesian coordinates for the HCOOH NH-—Cat
aminomethanol decomposition.
Species Atom X Y 7
C 2.194411 | 0.080560 | 0.289047
N 1.704337 | -1.089061 | -0.342420
0O 1.421236 | 1.243865 | -0.070932
H 0.763316 | -1.325297 | -0.048104
Reactant Complex H 1.736260 | -1.016335 | -1.349804
H 2.148111 | -0.057284 | 1.370715
H 3.232199 | 0.245696 | -0.006730
H 1.846456 | 2.026517 | 0.290416

A.61:

Continued on next page

catalyzed



aminomethanol decomposition.

Table A.61: Cartesian coordinates for the HCOOH NH-—Cat
Species Atom X Y Z
-1.368446 | -1.122757 | 0.318331
C -1.559624 | 0.001839 | -0.031179
H -0.753933 | 0.689345 | -0.323704
Reactant Complex
Q) -2.796791 | 0.520479 | -0.084515
H -2.759487 | 1.433698 | -0.386130
C 1.969576 | -0.497699 | 0.693133
N 1.570564 | -0.800875 | -0.478964
O 1.171072 | 1.584587 | -0.189996
H 0.740321 | -1.388210 | -0.586580
H 1.732432 | -0.051550 | -1.162861
H 1.575548 | -1.045874 | 1.540616
Transition State H 2.712758 | 0.271695 | 0.813304
H 1.207668 | 2.543236 | -0.189626
Q) -1.149060 | -1.232736 | -0.170612
C -1.304324 | -0.043004 | -0.037731
H -0.480967 | 0.707031 | -0.103918
@) -2.523109 | 0.448955 | 0.213110
H -2.464441 | 1.407566 | 0.289380
C -2.913640 | -0.870408 | -0.041819
N -1.797884 | -0.288897 | 0.013570
O -0.501013 | 2.241498 | -0.014094
H -1.015062 | -0.946787 | 0.054929
H -1.126041 | 1.490456 | 0.000764
Product Complex
H -3.028007 | -1.955381 | -0.043245
H -3.825741 | -0.278786 | -0.092093
H -1.003817 | 3.022275 | 0.221207
0] 1.034039 | -1.375058 | 0.058561
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catalyzed



Table A.61:

aminomethanol decomposition.

Cartesian coordinates for the HCOOH NH-—Cat
Species Atom X Y Z
C 1.515803 | -0.281140 | 0.025510
H 0.935250 | 0.650256 | 0.061337
Product Complex O 2.841236 | -0.102642 | -0.059406
H 3.041536 | 0.839155 | -0.080523

283

catalyzed

Table A.62: Cartesian coordinates for the HCOOH relay catalyzed aminomethanol

decomposition.

Species Atom X Y 7

C 1.757262 | -0.035888 | -0.433780

N 1.609740 | -1.056403 | 0.528908

O 1.081967 | 1.186661 | -0.021813

H 1.946463 | -0.784197 | 1.441239

H 0.652956 | -1.382008 | 0.576731

H 2.811641 | 0.204411 | -0.572862

Reactant Complex H 1.322712 | -0.373111 | -1.373972
H 1.318450 | 1.902752 | -0.619224

O -1.568019 | 0.983646 | 0.351546

H -0.581774 | 1.039484 | 0.240105

C -1.991763 | -0.206090 | -0.023469

H -3.080721 | -0.287447 | 0.070429

O -1.295311 | -1.104456 | -0.419897

C -1.622238 | -0.462185 | 0.514695

N -1.062156 | -1.305376 | -0.291087

Q) -1.329653 | 1.315468 | -0.285744

Transition State H -1.573781 | -1.639631 | -1.092108
H 0.015420 | -1.348432 | -0.243754

H -2.695432 | -0.345269 | 0.524637
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Table A.62: Cartesian coordinates for the HCOOH relay catalyzed aminomethanol
decomposition.

Species Atom X Y Z

s

-1.060794 | -0.190872 | 1.398073
-1.589353 | 2.091300 | 0.221636
1.131762 | 1.144682 | 0.002145
-0.282827 | 1.254949 | -0.220439
Transition State
1.852464 | 0.117954 | 0.052984
2.936237 | 0.298603 | 0.141864

1.485923 | -1.074852 | 0.021301

1.439147 | 1.125541 | 0.552484
0.635171 | 1.642813 | -0.271788
1.935534 | -1.420522 | -0.311253
1.090479 | 2.245923 | -0.951754
-0.909075 | 1.108904 | -0.255347
2.511274 | 1.306079 | 0.543932
Product Complex 1.052349 | 0.447877 | 1.307589
2.197127 | -2.342320 | -0.339152
-0.848371 | -1.222768 | 0.261821
0.974885 | -1.424625 | -0.181687
-1.834666 | -0.549152 | 0.065502

-2.844657 | -0.973799 | 0.104983

o mH o ®E O E @H FE = ©O z2z |0 2 a@o O =om

-1.855346 | 0.727532 | -0.204813

Rate Constants

Table A.63: Computed rate constants for the HCOOH NH-—Cat catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kTST/Eck (s-1)

60 7.18e-170 3.05e-169 1.68e-163
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Table A.63: Computed rate constants for the HCOOH NH-—Cat catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
70 4.87e-144 1.65e-143 1.71e-140
80 1.14e-124 3.22e-124 7.63e-123
90 1.32e-109 3.22e-109 1.49e-108
100 1.48e-97 3.20e-97 7.79¢-97
110 1.06e-87 2.09e-87 3.73e-87
120 1.74e-79 3.15e-79 4.72e-79
130 1.56e-72 2.63e-72 3.52e-72
140 1.41e-66 2.25e-66 2.81e-66
150 2.06e-61 3.14e-61 3.7le-61
160 6.83e-57 9.95e-57 1.13e-56
170 6.66e-53 9.35e-53 1.04e-52
180 2.34e-49 3.19¢e-49 3.46e-49
190 3.50e-46 4.63e-46 4.95e-46
200 2.52e-43 3.25e-43 3.44e-43
210 9.71e-41 1.23e-40 1.29e-40
220 2.18e-38 2.71e-38 2.82e-38
230 3.07e-36 3.75e-36 3.88e-36
240 2.87e-34 3.45e-34 3.55e-34
250 1.86e-32 2.21e-32 2.27e-32
260 8.80e-31 1.03e-30 1.05e-30
270 3.13e-29 3.63e-29 3.70e-29
280 8.63e-28 9.92e-28 1.01e-27
290 1.90e-26 2.16e-26 2.19e-26
300 3.40e-25 3.84e-25 3.88e-25
310 5.05e-24 5.67e-24 5.73e-24
320 6.36e-23 7.08e-23 7.15e-23
330 6.87e-22 7.61e-22 7.68e-22
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Table A.63: Computed rate constants for the HCOOH NH-—Cat catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
340 6.46e-21 7.11e-21 7.17e-21
350 5.35e-20 5.86e-20 5.90e-20
360 3.94e-19 4.30e-19 4.33e-19
370 2.61e-18 2.83e-18 2.85e-18
380 1.57e-17 1.69e-17 1.70e-17
390 8.57e-17 9.23e-17 9.28e-17
400 4.31e-16 4.63e-16 4.65e-16
410 2.01e-15 2.15e-15 2.16e-15
420 8.69e-15 9.26e-15 9.30e-15
430 3.51e-14 3.74e-14 3.75e-14
440 1.33e-13 1.42e-13 1.42e-13
450 4.78e-13 5.06e-13 5.07e-13
460 1.62e-12 1.71e-12 1.71e-12
470 5.22e-12 5.49e-12 5.5le-12
480 1.60e-11 1.68e-11 1.69e-11
490 4.69e-11 4.92e-11 4.93e-11
500 1.32e-10 1.38e-10 1.38e-10
510 3.55e-10 3.71e-10 3.72e-10
520 9.23e-10 9.63e-10 9.65e-10
530 2.31e-09 2.41e-09 2.42e-09
540 5.61e-09 5.83e-09 5.85e-09
550 1.32e-08 1.37e-08 1.37e-08
560 3.00e-08 3.11e-08 3.12e-08
570 6.64e-08 6.88e-08 6.89e-08
580 1.43e-07 1.48e-07 1.48e-07
590 3.00e-07 3.10e-07 3.11e-07
600 6.15e-07 6.35e-07 6.36e-07
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Table A.63: Computed rate constants for the HCOOH NH-—Cat catalyzed
aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
610 1.23e-06 1.27e-06 1.27e-06
620 2.41e-06 2.48e-06 2.48e-06
630 4.61e-06 4.75e-06 4.75e-06
640 8.66e-06 8.91e-06 8.93e-06
650 1.60e-05 1.64e-05 1.64e-05
660 2.89e-05 2.96e-05 2.97e-05
670 5.13e-05 5.26e-05 5.27e-05
680 8.97e-05 9.19¢-05 9.21e-05
690 1.54e-04 1.58e-04 1.58e-04
700 2.61e-04 2.67e-04 2.68e-04
710 4.36e-04 4.46e-04 4.46e-04
720 7.17e-04 7.33e-04 7.33e-04
730 1.16e-03 1.19¢-03 1.19¢-03
740 1.87¢-03 1.90e-03 1.91¢-03
750 2.95e-03 3.01e-03 3.01e-03
760 4.62e-03 4.71e-03 4.71e-03
770 7.13e-03 7.27e-03 7.27e-03
780 1.09e-02 1.11e-02 1.11e-02
790 1.65e-02 1.68e-02 1.68e-02
800 2.47e-02 2.51e-02 2.51e-02
810 3.66e-02 3.73e-02 3.73e-02
820 5.37e-02 5.47e-02 5.46e-02
830 7.82e-02 7.95e-02 7.97e-02
840 1.13e-01 1.15e-01 1.14e-01
850 1.61e-01 1.64e-01 1.64e-01
860 2.29e-01 2.32e-01 2.33e-01
870 3.21e-01 3.26e-01 3.27e-01
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A.63:

Computed rate constants for the HCOOH

aminomethanol decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
880 4.49e-01 4.55e-01 4.54e-01
890 6.22e-01 6.31e-01 6.31e-01
900 8.55e-01 8.68e-01 8.71e-01
910 1.17e+00 1.18e+00 1.18e+00
920 1.59e+-00 1.61e+400 1.61e+00
930 2.14e+00 2.17e+00 2.18e+00
940 2.86e+00 2.90e+00 2.89¢+00
950 3.81e+00 3.86e+00 3.87e+00
960 5.05e+00 5.11e+00 5.12e+00
970 6.64e+00 6.72e+00 6.70e+00
980 8.69e+-00 8.80e+00 8.85e+00
990 1.13e+01 1.14e+-01 1.14e+4-01
1000 1.46e+01 1.48e+-01 1.48e+01

288

NH—Cat catalyzed

Table A.64: Computed rate constants for the HCOOH relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kTST/Eck (s-1)
60 1.38e-54 4.61le-54 6.82e-52
70 3.60e-45 9.80e-45 7.99e-44
80 4.15e-38 9.63e-38 2.82e-37
90 1.29e-32 2.63e-32 5.00e-32
100 3.19e-28 5.87e-28 8.92e-28
110 1.25e-24 2.12e-24 2.83e-24
120 1.23e-21 1.95e-21 2.40e-21
130 4.20e-19 6.29e-19 7.34e-19
140 6.22e-17 8.89e-17 9.99e-17
150 4.72e-15 6.49e-15 7.11e-15
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Table A.64: Computed rate constants for the HCOOH relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
160 2.09e-13 2.78e-13 2.98e-13
170 5.90e-12 7.63e-12 8.08e-12
180 1.15e-10 1.45e-10 1.52e-10
190 1.64e-09 2.03e-09 2.11e-09
200 1.80e-08 2.18e-08 2.25e-08
210 1.56e-07 1.86e-07 1.92e-07
220 1.12e-06 1.31e-06 1.35e-06
230 6.75e-06 7.83e-06 7.99¢-06
240 3.50e-05 4.02e-05 4.09e-05
250 1.59e-04 1.81e-04 1.84e-04
260 6.46e-04 7.27e-04 7.37e-04
270 2.36e-03 2.63e-03 2.67¢-03
280 7.86e-03 8.70e-03 8.80e-03
290 2.41e-02 2.65¢-02 2.68¢-02
300 6.86e-02 7.50e-02 7.57e-02
310 1.82e-01 1.98e-01 2.00e-01
320 4.56e-01 4.94e-01 4.98e-01
330 1.08e-+00 1.16e+-00 1.17e4+00
340 2.43e+4-00 2.61e4-00 2.63e+4-00
350 5.23e4-00 5.59¢e4-00 5.62e4-00
360 1.08e+01 1.15e+01 1.15e+01
370 2.13e+01 2.27e4+01 2.28e+-01
380 4.08e4-01 4.32e4-01 4.34e4-01
390 7.54e+01 7.96e+01 8.00e+01
400 1.35e+02 1.42e4-02 1.43e+02
410 2.36e4-02 2.48e4-02 2.49e4-02
420 4.00e+02 4.20e+02 4.21e402
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Table A.64: Computed rate constants for the HCOOH relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
430 6.63e+02 6.94e+02 6.96e+02
440 1.07e+03 1.12e+403 1.13e+03
450 1.70e+03 1.77e+03 1.78e+03
460 2.65e+03 2.75e+03 2.76e+03
470 4.03e+03 4.19¢+03 4.20e+03
480 6.04e+03 6.27e+03 6.29¢+03
490 8.91e+03 9.22e+03 9.25e¢+03
500 1.29e4-04 1.34e+4-04 1.34e+04
510 1.85e404 1.91e404 1.92e+04
520 2.61e+04 2.69e+04 2.70e+04
530 3.64e+04 3.75e+-04 3.76e+04
540 5.00e+04 5.15e4-04 5.16e+04
550 6.81e404 7.00e+-04 7.02e+04
560 9.16e+-04 9.40e+-04 9.42e+04
570 1.22e+05 1.25e+-05 1.26e+05
580 1.61e+05 1.65e+-05 1.65e+05
590 2.10e4-05 2.15e4-05 2.16e+4-05
600 2.72e405 2.78e+05 2.79e+05
610 3.49e+05 3.57e4+05 3.58e+4-05
620 4.45e+05 4.55e+05 4.56e+05
630 5.62e4-05 5.74e4+05 5.74e+05
640 7.06e+-05 7.20e4-05 7.22e+05
650 8.79e+05 8.97e+05 8.99e+05
660 1.09e+-06 1.11e+06 1.11e+06
670 1.34e+-06 1.36e+06 1.37e+06
680 1.64e+06 1.67e+06 1.67e+06
690 1.99¢+06 2.03e+06 2.03e+-06
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Table A.64: Computed rate constants for the HCOOH relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)
700 2.41e+06 2.45e+06 2.46e+06
710 2.90e+06 2.94e+-06 2.96e+-06
720 3.47e+06 3.52e+06 3.52e+06
730 4.13e+-06 4.19¢+4-06 4.20e+-06
740 4.89e+06 4.97e+06 4.99e+06
750 5.77e+06 5.86e+06 5.87e+06
760 6.78¢+-06 6.88e+06 6.87e+06
770 7.94e+06 8.05e+06 8.07e+06
780 9.25e+-06 9.38e+06 9.43e+06
790 1.07e+07 1.09e4-07 1.09e+07
800 1.24e+07 1.26e+07 1.26e+07
810 1.43e407 1.45e4-07 1.45e+07
820 1.65e+07 1.67e+07 1.68e+07
830 1.88e+07 1.91e407 1.91e+07
840 2.15e+07 2.18e+4-07 2.17e+07
850 2.45e+07 2.48e+07 2.47e+07
860 2.78e+07 2.81e+07 2.82e+07
870 3.14e+07 3.18e+07 3.20e+07
880 3.54e+07 3.58e+07 3.59e+07
890 3.99e+07 4.03e+07 4.01e+07
900 4.47e+07 4.52e+07 4.50e+07
910 5.01e+07 5.06e+07 5.07e+07
920 5.59e+07 5.65e+07 5.70e+07
930 6.23e+07 6.29e+07 6.33e+07
940 6.93e+-07 6.99e+-07 6.99e+-07
950 7.69e+07 7.76e+-07 7.71e407
960 8.51e+07 8.59e+-07 8.55e+07

Continued on next page
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Table A.64: Computed rate constants for the HCOOH relay catalyzed aminomethanol
decomposition from 60 K to 1,000 K.

Temperature (K) | kTST (s-1) | kTST/W (s-1) | kKTST/Eck (s-1)

970 9.40e+07 9.48e+07 9.52e+07
980 1.04e+-08 1.05e+-08 1.06e+-08
990 1.14e+-08 1.15e+-08 1.16e+-08

1000 1.25e+-08 1.26e+08 1.26e+08
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