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Abstract

In the last century, astronomers, physicists, and chemists have shown that the environ-
ments of space are complex. Although we have learned a great amount about the interstellar
medium, circumstellar medium, and atmospheres of other planets and moons, many mys-
teries still remain unsolved. The cooperation of astronomers, modelers, and chemists has
lead to the detection of over 180 molecules in the interstellar and circumstellar medium,
and the evolution of the new scientific field of astrochemistry. Gas-phase ion chemistry can
determine the stability of ions in these complex environments, provide chemical networks,
and guide searches for new interstellar molecules.

Using the flowing afterglow-selected ion flow tube (FA-SIFT), we have characterized
the reactions of positive and negative ions that are important in a variety of astrochemical
environments. The detection of CF* in photodissociation regions highlights the importance
of fluorinated species in the interstellar medium. The viability of CF* as a possible diffuse
interstellar band (DIB) carrier is discussed as related to reactions with neutral molecules in
various interstellar conditions; the reactions of CF* with twenty-two molecules of interstellar
relevance were investigated.

The chemical reactions of HCNH™' with H,, CH,, CyH,, and CyH, were reexamined
to provide insight into the overprediction of HCNH™ in Titan’s ionosphere by current astro-
chemical models. In addition, this work suggests other chemical reactions that should be
included in the current models to fully describe the destruction rates of HCNH™ in Titan’s
ionosphere.

The reactions of polycyclic aromatic hydrocarbon (PAH) ions with H atoms and other



iv
small molecules were carried out to determine the stability of these species. In diffuse regions,
where the photon flux is high, PAH cations are the dominant ionization state. This work
continues our previous research to include PAHs of differing geometries as well as nitrogen-
containing PAHs. Extension to larger PAH cations was made possible by the integration of
the laser induced acoustic desorption (LIAD) source with the FA-SIFT.

In addition, in dense environments, where the photon flux is low, anionic PAHs may
exist. The detection of negative ions in the past 10 years has highlighted the importance of
their inclusion in astrochemical models. We have investigated the chemistry of deprotonated
PAHs with molecules of interstellar relevance to determine their chemical stability in dense
regions of the interstellar and circumstellar medium.

In addition to PAH anions, H™ is an important species in dense interstellar environ-
ments. While the reaction of hydride anion has been recognized as a critical mechanism in
the initial cooling immediately after the Big Bang, H- + H — Hy + e™, chemistry with
neutral molecules was largely unknown. The chemistry of H™ with various classes of organic

molecules was investigated and conclusions are drawn based on reaction mechanisms.



Dedication

To my family.

“The nitrogen in our DNA, the calcium in our teeth, the iron in our blood, the carbon in
our apple pies were made in the interiors of collapsing stars. We are made of star stuff.”

—Carl Sagan
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Chapter 1

Gas-Phase Ion Chemistry in Interstellar, Circumstellar, and

Planetary Environments

1.1 Introduction

The space between the planets and stars is not empty. In fact, it contains a vast array
of atoms, molecules, and dust. This was evident to scientists such as Sir F. W. Herschel as
early as the 1700’s, who noted areas that were devoid of stars or where the luminosity of
some stars appeared drastically diminished compared to those around it [1]. An example of
this is Edward Barnard’s plate number 5 of the nebulous region in the constellation Taurus
(Figure 1.1) [1], which is a visible wavelength image (~400-700 nm). The dark areas that
are devoid of stars indicate the presence of cosmic dust, which blocks light from stars. This
space between the stars and planets is termed the interstellar medium (ISM).

In the mid 1800’s, scientists Robert Bunsen and Gustav Kirchhoff noted that every
element has its own spectral signature and these spectra could be used to identify elements
in the laboratory and in the ISM [1, 2]. This discovery was instrumental in developing the
field of astrophysics. Extension of the spectroscopic discovery of Bunsen and Kirchhoff from
elements to molecules eventually led to the detection and identification of CH, CN, and CH™
in 1937, 1940, and 1941, respectively [3-7]. Exploration of the ISM and the circumstellar
medium (CSM, the area around stars) has lead to the detection of over 180 molecules to
date, ranging in size, charge, and composition (Table 1.1) [§].

Most of these molecules have been detected using their rotational signatures in emis-



Figure 1.1: A reproduction of Barnard’s plate No. 5 of a nebulous region in the Taurus
molecular cloud. This image shows the visible wavelength region. The dark areas that are
void of stars indicate the presence of cosmic dust, which blocks light from stars. Photo
retrieved from http://www.library.gatech.edu/bpdi/bpdi.php (accessed July 11, 2014).



Table 1.1: Identified interstellar molecules

Neutral Cation | Anion
CH CsN CO, HC,N CH* OCN~
CN H,CCO CH, CH,CCHCN HCO* CeH™
OH Cq CP C—CgHQO N2H+ CH™
NH; HNO H,CCC CH3CONH, HCS* CsH™
H,O CH3CH,CN H,CCCC CH;3CgH HOCO™ | C3N—
H,CO HC;N HC,N CH,CNH HOC* CsN~
CO HCyN NH CH3C5N HCNH* | CN~
H, C,H CH,4 HCP H30"
CH3;0H NO C,0 CH,CHCHj3 SO*
HC3N CH3SH HCCNC PO CO*
HCN HNCS SiN CCP HC3;NH*
HCOOH CyoHy HNCCC NH,CH,CN Hs*
Si0 CH3CsN NH, PH; H,COH™
CS SiHy H,CN HCNO CF*
CHgCN CHgC4H NaCN CgHg,OCHO H20+
0CS Cs0 N,O CsH,CN OH™
NH,CHO c-SiCs MgCN HSCN H,CI*
HNC CsH CsH AlOH SH*
H,S HCI Cy Ceo HCIT
HNCO C—CgHQ CHgOOH C7() K—CgI‘I+
CH3CHO CgH HyCg KCN Ceo™
CH3CCH MgNC HC;N FeCN NH3;D*
CH,NH CsH HF HOOH HoNCO™
HQCS CQS C—C2H4O 02 Al”I‘I+
SO CsS LiH HO,
CH3;0CH3  (CHj)2CO SiCs SH
CH,NH, NaCl CH, HCOOCH,
CoH AlCI CH,OHCHO HNCNH
CH,CHCN KCl SiCN CH30
CH3;CH,OH AlF C,Hy CH3;CHNH
HCOOCH3 C—CgH C6H2 TiO
SO, PN -CHg TiO,
HDO CH3CN CH,CHOH CH3;COOCH;
SiS Cs AINC HMgNC
NH,CN HC,CHO HOCH,CH,OH  CH3CH,SN
HCsN Cs No
HCO SiC CH,CHCHO
CoHy SiCy SiNC

Notes. Molecules are listed by charge and in chronological order of detection.
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sion, while others have been detected by observing their vibrational or electronic emission
spectra [8]. There are, of course, limitations to these spectroscopic detection techniques.
Only molecules whose laboratory spectra are known can be identified in the ISM or CSM,
and not all regions of the electromagnetic spectrum give signatures that are unique to only
one molecule. Another complication is that it is difficult to find a line-of-sight with only
one molecule-containing region. Moreover, these regions can be different chemically and
physically, causing lines or bands to overlay each other. These limitations are evident in the
astrophysical phenomena known as the diffuse interstellar absorption bands (DIBs) [9], and
the unidentified infrared emission bands (UIRs) [10].

Alternatively, for objects relatively close to earth, such as the planets in our solar
system, physical probes can be launched and additional analysis techniques can be employed.
The NASA Cassini-Huygens Mission, launched to study Saturn and its moons, included a
mass spectrometer, which is able to detect positively charged molecules and ionize and detect
neutral species. Unlike spectroscopy, which detects rotational, vibrational and electronic
transitions, mass spectrometry detects the mass-to-charge ratio of the species analyzed. The
combination of spectroscopy and mass spectrometry has lead to the identification of 17
molecules in the atmosphere of Titan, but many of the detected masses remain unassigned
8, 11-14].

Physical processes such as heating and cooling, photon and electron interactions, stellar
winds and shocks help shape all of these environments, but chemistry plays an important
role as well. In particular, ion-neutral chemistry in these low density environments becomes
important. Many ion-neutral reactions do not exhibit barriers to reaction that often exist
for neutral-neutral reactions, and the added ion-dipole or ion-induced dipole interactions
lead to enhanced attraction between the two species. The growing field of astrochemistry
has highlighted the importance of collaboration among astronomers, astrophysical modelers,
and chemists. Through this cooperation, scientists can better describe these environments,

make predictions on their origin and evolution, and discover new molecules not yet detected.



1.2 Interstellar and Circumstellar Medium

As is evident by the detection of atoms and molecules in space, the ISM is a diverse
place. The composition of the ISM is 99:1 gas to dust by mass. The regions where the gas
congregates in higher densities are termed clouds. In our own galaxy the ISM constitutes
10-15% of the mass but most of the volume [15]. In this expanse, interstellar clouds occupy
~1-2% of the interstellar volume, but contain approximately half the mass of the ISM [15].
The average density of interstellar clouds is ~10% particles cm™, whereas the density of

earth’s atmosphere is ~10' particles cm™3.

In this thesis, I adopt the naming convention
of Snow and McCall [16] for different interstellar cloud environments: (1) diffuse atomic, (2)
diffuse molecular, (3) translucent, and (4) dense molecular. The different environments are
characterized by temperature, density, and typical atomic and molecular abundances (Figure
1.2) [16]. In a simplistic view, one can consider the different interstellar cloud environments
as the layers of an onion. The outermost layer is the diffuse atomic environment, followed
by the diffuse molecular, then the translucent, and finally the dense molecular. In reality,
interstellar clouds are inhomogeneous and irregular in shape, i.e. the Horsehead nebula

(Figure 1.3). In addition to interstellar clouds, the CSM is also a complex environment with

rich chemistry.

1.2.1 Diffuse Atomic Clouds

Diffuse atomic clouds are fully exposed to the surrounding interstellar radiation field.
Because of this, the main constituent is neutral atomic hydrogen, with a small fraction of
H,. All atoms and molecules with ionization energies (IE) less than that of hydrogen are in
their cationic state, with minor abundances of the neutral species present as well. The high
radiation flux also provides an abundance of electrons. The density in this region is 10-100
particles cm ™2 and the temperature is 30-100 K. The dominant source of heating in diffuse

atomic clouds is UV photons; in an ionization event, part of the energy is utilized to remove
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Figure 1.2: Interstellar cloud environment conditions. (Upper) A graph mapping the ratio
of the number density of different atoms and molecules compared to the number density of
H atom versus the column density of H. The four different interstellar cloud types are shown
in their approximate regions. (Lower) The physical characteristics and defining features of
each cloud type are listed. The figure is adapted from Snow and McCall [16].



Figure 1.3: A false color image of the Horsehead nebula seen in the infrared. The darker
red areas indicate more dense regions. This figure highlights the irregularity in densities of
interstellar environments. Image retrieved from www.nasa.gov.
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an electron from the gas and the other fraction is partitioned into translational energy [17].

Polycyclic aromatic hydrocarbons (PAHs) are organic molecules composed of fused
five- and six-membered aromatic rings. The aromatic nature of these ringed species make
them exceptionally stable, and since carbon is the fourth most abundant element after H,
He, and O, they are thought to be prevalent throughout the ISM. Although diffuse atomic
clouds are devoid of complex chemistry, most of the DIBs have been detected in this region
(Section 1.3). To survive the harsh conditions of the diffuse atomic clouds, the DIB carriers
must be very stable; for this reason, PAHs have been proposed as possible carriers. The
large flux of interstellar radiation most likely results in ionized PAHs. The chemistry of

PAH cations is discussed in Chapter 3.

1.2.2 Diffuse Molecular Clouds

Diffuse molecular clouds are largely shielded from radiation above 13.6 eV, and the
hydrogen number density is slightly greater than in diffuse atomic clouds. This causes
the fraction of hydrogen in the form of Hy to become significant (ff, > 0.1) [16]. The
temperatures are still high (30-100 K) and the density increases slightly (~100-500 particles
cm~3). Because UV radiation is still prevalent in diffuse molecular clouds, C* is the dominant
form of carbon. Small molecules begin to form, including the first three detected diatomics:
CH, CN, and CH™. Most notably, CF* has recently been detected in the Horsehead nebula
and the Orion nebula. CFT is the most abundant form of fluorine after HF. This molecule

has been proposed as a possible DIB carrier and its chemistry is discussed in Chapter 4.

1.2.3 Translucent Clouds

Translucent clouds are the least understood of the four regimes. This region marks
a drastic change in the state of carbon, as seen in Figure 1.2. The complex nature of
translucent clouds leads to variations in the fractional abundance of carbon. Fractional C*

abundances are less than 0.5 ( f,; < 0.5) and the abundance of CO may be as high as 0.9



(f&o < 0.9) [16]. This region differs from the diffuse molecular in that C* is no longer the
dominant form of carbon; however, the abundance of CO is not yet unity. As the density
increases (500-5000 particles cm™3) the temperature in these inner clouds decreases (15—
50 K). The transition from diffuse molecular to translucent to dense molecular clouds does
not have distinct boundaries. This allows mixing between clouds and abundant atoms and
molecules in each region to interact. An example of this phenomenon is the hydride anion
(H™). Although H™ has eluded detection in the ISM [18], its existence is generally accepted
among the astrochemical community. It is likely that H™ is generated at the interface of
translucent and dense molecular clouds. Here, the electron density is still appreciable, but
the high density of the molecular cloud shields atoms and molecules from incoming radiation
and destruction. Additionally, H™ may be initially formed on the surfaces of grains in
translucent clouds and then released into the gas phase [19]. The chemistry of H™ with

molecules of interstellar relevance is discussed in Chapter 5.

1.2.4 Dense Molecular Clouds

Dense molecular clouds constitute the most chemically rich environment of the four
cloud regions. The densities are > 10* particles cm™2 and because the majority of UV
radiation does not penetrate into this region, the temperatures are 10-50 K. Here, the main
source of heating is interaction with cosmic rays. Due to the low temperatures in these
regions, ion-neutral reactions are important for the evolution of complex chemical species.
In 2006, the first interstellar anion was discovered, CgH™, in the dark cloud Taurus molecular
cloud-1 (TMC-1) [20]. Astronomers had long thought that anions would not survive the harsh
conditions of the ISM; however, the subsequent detection of CgH™ in TMC-1 solidified their
existence. A class of important anions that have yet to be detected but hold great promise is
deprotonated PAHs ([PAH-H] ™) [21-23]. It has been suggested that neutral PAHs associate
with free electrons in dense clouds to produce a distribution of neutral and anionic PAHs [24].

However, the electron affinity (EA) of the parent molecules is low (EA 0.5-1 eV) compared
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to the EA of their dehydrogenated counterparts (EA 1-2 eV). The chemical reactions of
deprotonated PAHs with H atom and molecules of interstellar relevance are discussed in
Chapter 6.

Most of the identified interstellar species have been discovered in dense molecular
clouds [8]. The high densities allow closer proximity and shield the molecules from incident
radiation, allowing complex molecules to form. It is within dense molecular clouds that
the next step in the life cycle of interstellar material begins. When the density of gas is
high enough, a new star is formed. Star formation and stellar processes are complex and

extensive, and the details are not discussed here (cf. Wooden et al. [15], and Snow [25]).

1.2.5 Circumstellar Medium

Intermediate mass stars, similar to the size of our sun, begin to lose matter at a
high rate late in their lifetime [24]. This loss can result in a thick layer around the central
star, a circumstellar envelope (CSE), that gives rise to complex chemistry, much like dense
molecular clouds. Molecules can be formed in the atmosphere of these stars and be expelled
into the CSE or be formed in the CSE itself. The star IRC 410216 is one example that
has been highly studied by astronomers due to: (1) its close proximity to earth [27], (2)
the detection of over 80 molecules, including unusual species such as HMgNC [27, 28], and
(3) the identification of 6 anionic species (C4H™, C¢H™, CsgH~, CN—, C3N~, and C;N7)
[8]. These discoveries forecast the likely detection of more anions in space, including H™
(Chapter 5) and [PAH-H|~ (Chapter 6).

The star IRC +10216 is believed to be nearing the end of its mass-loss phase and
beginning the transition into the preplanetary nebula (PPN) phase. One physical distinction
of this transition is the heating of the central star. This heating causes high velocity winds
to transform the nearly spherical CSE to an axially symmetric environment as the star
continues to expel a large amount of its mass back into the ISM [27, 29, 30]. In addition,

as the star heats up, more UV photons are emitted, resulting in evolution of the molecules



11

located in the CSE. Even though the PPN phase is short-lived, a few hydrocarbons have
been detected in the PPN CRL 618, including the first interstellar detection of benzene [30].
This detection of the primary building block for PAHs demonstrates that aromatic species

can form and thrive in the CSM and most likely in the ISM.

1.3 Diffuse Interstellar Absorption Bands

The diffuse interstellar bands (DIBs) are characteristic absorption features, observed
from the far infrared into the ultraviolet wavelengths of the electromagnetic spectrum, that
are much broader and less defined than interstellar atomic transitions. They have been
described as the longest standing spectroscopic mystery in astronomy. The first discovery of
DIBs by Mary L. Heger in 1922 [31] has sparked over 9 decades of research in discovering new
DIBs and finding potential carriers. To date, over 500 DIBs have been identified; however,
the origin of these absorption features remains elusive [9]. The tentative assignment of /-
C3Hy by Maier et al. [32] as a possible DIB carrier is the best candidate to date (Figure
1.4); however, even this species has been challenged [33].

DIBs are seen throughout our own galaxy. The abundance of the strongest DIBs is
closely related to the atomic hydrogen abundance and less related to dense molecular clouds

or even diffuse clouds [16, 34]. Tt is largely accepted that the DIB carriers are:

(1) interstellar in origin rather than in, or associated with, the stars themselves [35]. This
was shown as early as 1936, when Merrill [35] observed that central wavelengths of
the DIBs were stationary in the spectrum of a binary star throughout the motions

of the stars.

(2) broad in nature due to the short lifetimes of the electronic excited state [36, 37]. This
short lifetime is likely due to rapid internal conversion in molecules [36]. Using a
Lorentzian profile, Snow et al. has suggested a lifetime of ~10713 s for the DIB seen

at 4428 A. In addition, a lifetime of 107* s has been proposed for the broad features
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Figure 1.4: The diffuse interstellar absorption bands (DIBs). (a) A compilation of detected
DIBs spanning the near-UV to the far IR. (b) The solid curves show DIBs for the wavelength
ranges (left to right) 4812 to 4956 A, 5431 to 5472 A, and 6144 to 6176 A, measured from
the background star HD 183143 (center). The dashed lines are the simulations of Maier et
al. [32] based on their laboratory data for /-C3Hs. Photo adopted from Oka and McCall
33].
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of (-C3Hy seen in Figure 1.4 [33]. Although DIBs are broad in nature, structural
features, proposed to be partially resolved rotations in the electronic signature of

gas-phase molecules, have been observed in some DIBs (cf. Kerr et al. [38]).

(3) likely gas-phase molecules, rather than atoms or grains [9, 16]. The transitions do
not match any known atomic spectra, and the wavelength profiles are consistent
from sightline to sightline [16]. In addition, some DIB profiles show fine structure,

which also suggests gas-phase molecules.

(4) likely composed of the most cosmically abundant elements (H, C, O, N), because

they are detected throughout the ISM [16].

Based on these characteristics, PAHs have emerged as possible DIB carriers. Large
PAHs of 30 carbon atoms or more have been shown to be stable in the harsh environments
where atomic hydrogen dominates [39], and carbon and hydrogen are abundant cosmic ele-
ments; PAHs are thought to be abundant throughout the ISM, although individual species
have not been definitively identified. In particular, because the UV flux is high in regions
where atomic hydrogen is abundant, PAHs in these environments are likely ionized. PAH
cations and protonated PAHs show electronic transitions in the visible wavelengths while
transitions of neutral PAHs dominate the UV [40, 41]. Due to the abundance of nitrogen
in cosmic environments, polycyclic aromatic nitrogen heterocycles (PANHs) should also be
considered as possible DIB carriers. Similar to their homocyclic counterparts, PANH cations
also exhibit electronic transitions in the visible region [42].

The DIBs show varied intensities in different environments. Therefore, it is reasonable
that more than one class of molecules is responsible for the 500 identified features. Recently,
the ion CF* has been proposed as a carrier of the 1384 A DIB [43]. This ion is isoelectronic
with CO and closely maps the regions where C* is abundant [44]. Preliminary ab initio
calculations show close correlation for the transition from the 'Y ground state to the 'A

excited state; however, no experimental electronic spectrum has been measured [45].
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The chemistry of PA(N)H cations and CF* are explored in Chapters 3 and 4, respec-

tively, and their chemical stability in the environments dominated by DIBs is examined.

1.4 Unidentified Infrared Emission Bands

Another spectroscopic mystery in astrochemistry that has a widely accepted solution,
but no definitive proof, is the origin of the unidentified infrared emission bands (UIRs)
[46-48]. Unlike the DIBs, these spectroscopic features are the result of IR photons being
released by vibrationally excited interstellar molecules. The strongest detected wavelengths,
3.3, 6.2, 7.7, 8.6, 11.2, 12.7, and 16.4 pum, are characteristic of aromatic species like PAHs
[49]. Infrared transitions are characteristic of specific types of vibrations; however, they are
not always distinct enough to identify individual molecules. With the aid of experimental
and theoretical work, classes of PAHs have been roughly assigned to dominant features of
UIRs. While previous attempts to identify specific molecules have been unsuccessful [10, 50],
classes of PAHs have been identified as necessary for modeling interstellar spectra. Included
in this list are large neutral PAHs, PAH cations, PAH anions, nitrogen-containing PAHs, and
PAHs with aliphatic groups. In some interstellar environments, varying sizes of PAHs are
needed to accurately fit the observed spectra. It is not surprising that such a wide array of
PAHs may exist since the UIRs are ubiquitous throughout the ISM. The work in Chapters
3 and 6 explores the chemistry of PA(N)H cations and deprotonated PAHs, respectively,
with an attempt to narrow the range of possible PAHs, as well as search for new classes not

previously considered.

1.5 Atmosphere of Titan

In addition to a rich chemical environment in the ISM and CSM, astronomers have
discovered other planets and moons with atmospheres where complex chemistry is taking
place. One such example is Saturn’s moon, Titan. The NASA Cassini-Huygens Mission was

launched in 1997, the Cassin-Huygens probe entered Saturn’s orbit in 2004, and made its
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first flyby through the atmosphere of Titan in 2005. The Cassini probe made its 100th flyby
of Titan on March 6, 2014, and has gathered invaluable information about the atmosphere
of this earth-like moon [51]. However, unlike the Earth, Titan’s atmosphere is dominated
by molecular nitrogen and methane. The bombardment of this thick atmosphere by UV
photons and other energetic particles results in complex chemistry and physics (Figure 1.5)
[12, 52]. The ionosphere of Titan has received considerable attention in recent years [11, 12,
14, 52-55]. This region is of particular interest because Titan’s ionosphere is at a critical
density where both photochemistry and ion-neutral chemistry can influence the evolution of
the environment. In addition, the Cassini probe has collected sufficient data for scientists
to begin modeling this complex environment [12-14, 52, 53, 55, 56]. Although models of
the physical and chemical processes occurring in Titan’s ionosphere have been scrutinized
by multiple groups, the overestimation of the HCNH™ abundance by current models, com-
pared to observed densities, still remains a problem. Chapter 7 reexamines the chemistry
of HCNH* with H,, CH4, CyH,, and CyH, in an attempt to resolve this discrepancy. In

addition, new chemical reactions are suggested that were not included in previous models.

1.6 Conclusion

In the past 80 years, astronomers, physicists, and chemists have shown that the envi-
ronments of space are complex. Although we have learned a great amount about the ISM,
CSM, and atmospheres of other planets and moons, many mysteries still remain unsolved.
The work in this thesis focuses on the gas-phase chemistry of ions with neutrals.

The flowing afterglow-selected ion flow tube (FA-SIFT; Section 2.2) instrument is ideal
for studying ion-neutral gas-phase reactions. A plethora of ionization techniques combined
with ion selection allows easy study of ions of interstellar relevance. Here, the study of large,
non-volatile PAHs was facilitated by the incorporation of the laser induced acoustic desorp-
tion (LIAD; Section 2.3) technique into the FA-SIFT. Ion-neutral reactions are studied with

stable, neutral molecules and hydrogen atoms. Pseudo first-order conditions allow for mea-
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Figure 1.5: The atmosphere of Titan is a complex environment. At the outer reaches atoms
and molecules are bombarded by sunlight and high energy particles. In the ionosphere,
dissociation and ionization dominate. As the density of the atmosphere increases, more
complex molecules emerge, including negative ions. Figure adapted from Waite et al. [52].
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surement of reaction rate constants and product distributions. Different collision theories
are used to determine reaction efficiencies, which are used to elucidate trends in reactivity.
The experimental work is supported by computational chemistry to give insight into reac-
tion thermodynamics as well as reaction mechanisms. The experimental and computational
methods are described in Chapter 2.

The reactions of PA(N)H cations with H atoms and other small molecules was car-
ried out to determine the stability of these species. This work continues previous research
carried out by our laboratory to include PAHs with differing geometries as well as nitrogen-
containing PAHs. The extension to larger PAH cations was made possible by the integration
of the LIAD source with the FA-SIFT. Details of the chemistry are presented in Chapter 3.

Chapter 4 moves more deeply into the interstellar cloud “onion” to determine the
stability of CF* in the extreme environments of photodissociation regions. The viability
of CF* as a carrier of the DIB at 1384 A is discussed as related to reactions with neutral
molecules present in the same environments.

In dense interstellar clouds, the chemistry of anions becomes important. While the
reaction of hydride anion has been recognized as a critical mechanism in the initial cooling
immediately after the Big Bang, H™ + H — Hjy + e, its chemistry with neutral molecules
was largely unknown. Chapter 5 investigates the chemistry of H™ with various classes of
organic molecules and draws conclusions based on reaction mechanisms.

The detection of negative ions in the past 10 years has highlighted the importance of
their inclusion in astrochemical models. PAHs have been accepted to exist in the ISM for
many years, but their negative ion chemistry remained unexplored. Chapter 6 investigates
the chemistry of deprotonated PAHs with molecules of interstellar relevance to determine
their chemical stability in dense regions of the ISM and CSM.

Lastly in Chapter 7, the chemical reactions of HCNH™* with H,, CH,, CoH,, and CyHy
are reexamined to provide insight into the overprediction of HCNH™ in Titan’s ionosphere

by current astrochemical models. In addition, this work suggests other chemical reactions
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that should be included in the current models to fully characterize the destruction rates of

HCNH™ in Titan’s ionosphere.
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Chapter 2

Methods

2.1 Introduction

Ion-neutral chemistry in the gas-phase is an important process in environments where
densities are sparse, like the interstellar medium (ISM), circumstellar medium (CSM), and
atmospheres of planets and moons. The flowing afterglow-selected ion flow tube (FA-SIFT)
is advantageous for studying gas-phase ion processes. An assortment of ion generation tech-
niques combined with ion selection enables the study of a variety of ions ranging from small
species, like H™ and CF™, to large molecules, like C1;Hy and CjsHf,. The laser induced
acoustic desorption (LIAD) technique was incorporated into the FA-SIFT to facilitate the
study of large, non-volatile species, like PAH ions (Section 2.3). The ions are entrained in a
flow of helium allowing gas-phase reactions with stable molecules and hydrogen atoms at a
known temperature. The experiments are conducted under pseudo first-order conditions, and
reaction rate constants and product ion distributions are determined. Different ion-neutral
collision theories are used to determine reaction efficiencies, which are used to elucidate
trends in reactivity. The experimental work is supported by computational analyses to give

insight into reaction thermodynamics, reactivity trends, and reaction mechanisms.

2.2 Flowing Afterglow-Selected Ion Flow Tube Technique

The FA-SIF'T instrument is utilized to study ion-neutral reactions. The flowing after-

glow (FA) technique was initially developed by Ferguson, Fehsenfeld, and Schmeltekopf to
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study reactions relevant to Earth’s atmosphere [1]. This technique has several useful features
for studying ion-neutral reactions; however, it has limitations. Complex molecules are diffi-
cult to study due to the large number of ions that can be produced by electron ionization.
The incorporation of the selected ion flow tube (SIFT), by Adams and Smith [2], allowed for
the study of individual ionic species. A variety of ions can be generated simultaneously and
selected for individual measurement. The arrangement of the FA-SIFT instrument utilized
in this work consists of four distinct regions: (1) ion production flow tube, (2) ion selection
region, (3) reaction flow tube, and (4) detection region (Figure 2.1). Detailed descriptions
of the instrument and its many components have been published and this thesis will provide

only an overview of the apparatus [3-6].

2.2.1 Ion Production Flow Tube

The ion production flow tube is made of stainless steel and has an inner diameter of
7.3 cm. Helium gas is introduced at the farthest upstream position, ~75 cm from the ion-
skimming nose cone. Two movable, ringed gas inlets allow for the introduction of neutral
gases or liquid vapors at variable distances inside the flow tube. In addition, several inlets
exist along the flow tube for the introduction of solid species. The LIAD technique has been
incorporated into the ion production flow tube for the introduction of large, non-volatile
species (Section 2.3). To produce the array of ions studied in this work, various ionization
techniques have been employed including electron, chemical, and Penning ionization (Section
2.4). After the formation event, the ions are carried downstream by the flowing He gas. A
skimming nose cone with a 2 mm diameter is held at a potential that is attractive to the
charged species of interest. The central portion of the ion beam enters the ion selection

region and the neutral gas is removed by a high capacity roots blower.
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Figure 2.1: FA-SIFT apparatus. lons are generated in the ion production region using
various ionization techniques. Large non-volatile organics are introduced into the flow tube
using the LIAD technique. Generated ions are then mass-selected by a quadrupole mass
filter, and injected into the reaction flow tube, where stable neutrals are introduced through
a manifold of inlets. Ion intensities are measured as a function of reaction distance using
a quadrupole mass filter coupled to an electron multiplier. Alternatively, H atoms are in-
troduced at a fixed inlet. The subsequent decrease in reactant-ion signal is monitored as a
function of H atom concentrations.
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2.2.2 Ion Selection Region

The ion selection region is a low pressure chamber (~1 x 1075 Torr) that is used to
select and focus ions of one mass-to-charge ratio (m/z). lons are extracted from the ion
production flow tube into the ion selection region by electric fields generated by a cone
shaped electrode immediately after the skimming nose cone. This region is pumped by a
10-inch diffusion pump. Two ring electrodes transport the ions away from the inlet and
allow efficient pumping of the neutral gas that has passed through the small orifice. Next,
an Einzel lens is used to focus the ion beam into the entrance of a quadrupole analyzer,
which is differentially pumped by a 6-inch diffusion pump (not shown in Figure 2.1), and
ions of a single m/z are selected. These ions then enter a second Einzel lens, where they
are refocused into the entrance of a Venturi inlet. The low pressure region created by the
design of the Venturi inlet facilitates efficient transport of the ions from the low pressure ion
selection region into the high pressure reaction flow tube.

Figure 2.2 shows the mass spectrum of (a) unSIFTed C* (m/z 12), produced by electron
ionization of CO, (b) unSIFTed CF* (m/z 31), generated by the reaction of C* with Fy,

and (c) SIFTed CF*, which demonstrates the advantage of the SIFT technique.

2.2.3 Reaction Flow Tube

Similar to the ion production flow tube, ionic species that enter the reaction flow tube
are entrained in a flow of helium gas (7-15 std atm L min™!, Py, = 0.3-0.5 Torr) and the
ions are collisionally cooled before the addition of neutral reactants. The neutral molecule
concentration is chosen by increasing the flow of the neutral until the reactant ion intensity
decreases to ~10% of the initial intensity for the longest reaction distance (77 cm). Stable,
neutral molecules are introduced through a manifold of inlets and allowed to react. The
central portion of the ion beam enters the ion detection region through a second skimming

nose cone, and the neutral gas is removed by a high capacity roots blower. Alternatively,
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Figure 2.2: Mass spectrum of a) UnSIFTed C*, b) UnSIFTed CF*, and ¢) SIFTed CF™.
(a) C* (m/z 12) is generated by electron ionization of CO. A number of other cations are
produced as well. (b) Fy is subsequently added to the ion production flow tube and CF*
(m/z 31) is generated by the reaction C* + Fy — CF™ + F. (¢) The CF™ ion is isolated
and injected into the reaction flow tube.
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hydrogen atoms may be introduced at a fixed distance and allowed to react with the ion of

interest (Section 2.5).

2.2.4 Ion Detection Region

Upon entering the ion detection region, an Einzel lens is used to focus the ion beam
into the entrance of a differentially pumped quadrupole mass analyzer. Electrostatic lenses,
positioned at the exit of the quadrupole, guide the ions into a channeltron electron multiplier
and the ions are detected. Figure 2.3 shows the reaction of CF* + CD3OD with introduction
of the neutral at intlets 1, 4, and 7. As the reaction distance (reaction time) increase, the CF+
ion intensity decreases and the product ion intensities increase. Determination of reaction
rate constants as a function of reaction distance or hydrogen atom concentration is detailed

in Sections 2.6.1 and 2.6.2, respectively.

2.3 Laser Induced Acoustic Desorption

Large carbonaceous species such as PA(N)Hs are difficult to study in the gas phase
due to their extremely low vapor pressure and high melting point. We utilize the LIAD
technique to attain sufficient densities of large, nonvolatile, neutral species in the gas phase.
The neutral molecules are subsequently ionized upon desorption (Figure 2.4). This method
has been well characterized previously for many different mass spectrometric applications [7—
10]. Although coronene cation has been studied in our FA-SIFT instrument previously, this
required extreme temperatures and large quantities of solid coronene. The LIAD technique
requires no heating and much less solid sample to attain similar ion intensities. Consequently,
we have adapted this setup to our FA-SIF'T to generate sufficient concentrations of tetracene
cation in the gas-phase (Figure 2.5).

First, a known amount of analyte is dissolved in a volatile solvent and deposited on
a thin titanium foil (12.7 pum, Alfa Aesar). Multiple application techniques were explored

including dipping the foil, adding the solution to the foil drop wise and allowing it to dry
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Figure 2.3: Mass spectrum for the reaction of CF* + CD30D with introduction of the
neutral molecules at inlets 1, 4, and 7. The intensity of CF* decreases and the intensity of
the product ions increase as the reaction distance increases.
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with and without heat, spin-coating, and airbrushing. Using a fixed-flow airbrush (Badger
200nh), we were able to apply a uniform coating of the analyte to a 3.1 cm diameter foil.
While benzene is an efficient solvent for large PAH molecules, aerosolic benzene is extremely
toxic. The airbrush technique has the advantages of efficient solvent evaporation, which
eliminates the aggregation effects seen in the other three techniques, and control of the
analyte concentration. This allows the use of less toxic solvents, like ethanol. For sufficiently
volatile solvents, no drying time is needed. After the analyte is applied to the foil, it is
mounted on a probe where it is held in place between two stainless steel rings. The probe is
inserted into the ion production flow tube so that the foil is held in the center and desorption
is perpendicular to the He flow (Figure 2.1, 2.4, 2.5). An unfocused, pulsed laser beam
(Continuum Minilite 1T, Nd:YAG, 532 nm, 3 mm beam diameter, 15 Hz, 25 mJ pulse™) is
directed through an optically thin window into the ion production region toward the metal
foil. The laser light impinges on the uncoated side of the foil, desorbing the intact, neutral
analyte into the gas phase [11]. The laser beam is scanned to produce a continuous source of
neutral analyte. Different scanning schemes were analyzed including random spot selection,
spirals, vertical and horizontal methods. Starting at the upstream end of the foil, scanning
vertically and subsequently moving downstream to obtain a new desorption area provides
the most uniform ion intensities. The scanning procedure is achieved by a motorized mirror
mount (Thorlabs KS1-Z8). A scan rate of 0.04 mm s~! was found to give sufficient ion
intensity while allowing maximum time per foil. This scan rate results in a desorption area
of ~8 x 1073 mm? per shot and an experiment duration of 45 minutes per foil. Electronically
excited argon atoms or He' (Section 2.4) are generated upstream from the sample probe
and the neutral analyte is subsequently ionized upon desorption. Ion intensities are directly

correlated with laser power, which is consistent with previous work [8, 12].
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Figure 2.4: Laser induced acoustic desorption (LIAD) assembly. Ionized species produced
upstream of the assembly (blue) interact with desorbed molecules (orange) to generate the
ion of interest (yellow). The figure is adapted from an image produced by Ben Cole.
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Figure 2.5: An image of the LIAD setup integrated into the FA-SIF'T. The two movable
lens mounts on the right are used to direct the laser light to the center of the movable mirror.
The movable mirror on the left is controlled by preprogrammed movements. An optically
thin window allows the laser light to enter the ion production region.
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Figure 2.6: Schematic figures of the ion production region with different ionization and
neutral introduction sources: (a) Electron ionization with a movable inlet neutral source,
and (b) Penning ionization with the LIAD assembly.



35

2.4 Ion Formation

In this work, electron ionization, chemical ionization, and Penning ionization were used
to generate the ions studied in Chapters 3-7 (Figure 2.6).

Electron ionization can be used to generate the ion of interest directly or indirectly via
chemical ionization. In this work, a voltage bias is placed across an yttrium oxide coated
iridium filament (4 V, 6 A). The filament is held at a potential 70 V more negative than
the potential of the extraction grid. The low work function of the filament causes a current
of electrons (1 pA-3 mA) to accelerate toward the grid, ionizing the gas medium, and
resulting in a plasma (cations, anions, and electrons). For efficient ion transmission into the
ion selection region, a flow tube pressure of ~0.2-0.3 Torr He is maintained and ionization
events usually occur less than 15 cm from the skimming nose cone. However, in the case of
PAH cations, the ionization event takes place ~35 c¢m from the skimming nose cone. This
distance is extended due to the limitations of introducing adequate concentrations of solid
samples into the ion production flow tube.

Alternatively, Penning ionization can be used to generate cationic species. In this work,
argon gas flows through a hollow cathode dc discharge tube (Fa, = 2 std atm L min~!; Figure
2.6). A potential bias is placed on two hollow tantalum cylinders, located inside the discharge
tube, with the anode downstream from the cathode. Electrons discharged from the anode
interact with the gas to produce excited argon atoms [13]. The 3P, state of electronically
excited Ar (Ar*) is the most probable metastable electron configuration. The 3Py and the
P, states having similar energies and will be populated as well. The highest density of Ar*
is generated when the potential difference is near the minimum threshold for initiating the
discharge (~200 V). It is likely that the excited state argon forms a short lived complex with
the neutral molecule of interest. A valence electron from the neutral molecule fills the hole

created in the metastable argon and the excited electron is subsequently released,

M + Ar* — [M-Ar]* — M* + Ar + €. (2.1)
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The energy difference between the ground state Ar(*Sy) and the first excited state Ar(3Ps) is
11.5 eV making this technique advantageous for organic molecules. Most organic molecules
have ionization energies between 7 and 10 eV. The small excess of energy ensures minimal

fragmentation during the ionization event [14].

2.5 Hydrogen Atom Generation

Atomic hydrogen is generated by flowing Hy over a hot tungsten filament. A flow of
high purity Hy gas (99.999 %) is passed through a liquid nitrogen cooled, molecular sieve trap,
flowed over a heated tungsten pre-dissociation filament, purified again by a liquid nitrogen
cooled, molecular sieve trap, and flowed over a heated tungsten dissociation filament (Figure
2.1). The dissociation filaments are housed in water cooled quartz tubes [15]. The H/H,
gas is transferred to the reaction flow tube through a Teflon tube. Atomic hydrogen is
introduced into the reaction flow tube at a fixed reaction distance 75 cm from the detection
nosecone. The reactant ion signal is monitored as a function of filament voltage, U, using
a quadrupole mass filter coupled to an electron multiplier. The filament voltage is directly
correlated to the concentration of atomic hydrogen. For the conditions used in this work
(flow of Hy = 8 std cm® s7! and U = 35-70 V), only 1% of the H, is dissociated into H
atom upon entry into the reaction flow tube. Although microwave discharge of Hs is much
more efficient (30% dissociation) [16], microwave sources require a slightly impure Hy source
to operate properly, and the heated filament generates a reproducible and variable H atom
source without varying the Hy flow [17]. The dissociation of Hy on a hot filament is proposed

as a catalytic two step process [18]:

W* + Hy «+— H + WH, (2.2)

WH +— W* + H. (2.3)

Direct measurement of the H atom concentration using an isothermal calorimeter, similar

to that of Trainor et al. [15], has proved difficult due to the low H atom production in our
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instrument. Here, calibration reactions are used to determine the concentration of H atoms
as a function of filament voltage. For the reactions of PA(N)H cations with H atom, the

calibration reaction with benzene cation was used:

CeHf + H — CgH, (2.4)

— CHy + Ha, (2.5)

with a known reaction rate constant of £ = 2.2 x 1071% cm? s7! [19]. In the case of H atom

reactions with anions, the calibration reaction with Cl~ was used:
H+ CI" — HCl+¢7; (2.6)

where k£ = 9.6 x 107! cm? 57! [17].
2.6 Reaction Rate Constant Determination

Rate constants for reaction of ions with neutral molecules and hydrogen atom are
determined using two different methods. Rate constants for ion-molecule reactions are de-
termined by varying the reaction distance, while keeping the neutral concentration constant.
Rate constants for ion-H atom reactions are determined by varying the H atom concentra-
tion at a fixed reaction distance. The expressions for determining each rate constant using

experimental values are detailed in the subsections below.

2.6.1 Ion-Molecule Reactions

A generic bimolecular reaction between ion A* and neutral molecule N can be described

as:

Fex
A* £ N —— B* 4 M. (2.7)

The second order differential rate equation for monitoring the change in A* is

d[A%]

i —kexp [AF ] [N]. (2.8)
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Because the concentration of the neutral molecule, N, is more than 2 orders of magnitude
larger than that of the ion, the concentration of N remains unchanged. Under these pseudo
first-order conditions the concentration of N can be approximated as a constant value. Thus,

the integrated pseudo first-order rate equation is

A%
I = —how (N (2.9)

where [A%]; is the concentration of A* at any time t, [A%], is the concentration of A* at
time zero, keyp is the experimental bimolecular rate constant, [N] is the concentration of the
neutral molecule N, and t is the reaction time. The reaction time is not directly measured.
However, the ion velocity is determined by the helium flow and the reaction distance is a

known quantity. Thus, solving the velocity equation for t,

— (2.10)

Vit
Due to friction at the walls of the reaction flow tube, the helium carrier gas has a lower
velocity at the walls and a higher velocity toward the center of the flow tube. Moreover,
there is a radial gradient in ion density since ions are neutralized by collisions with the walls.
Since the ions are concentrated on axis, where the helium velocity is greatest, their average
velocity is greater than the average helium velocity. Thus, a previously measured velocity
correction factor, o = 1.6, must be included in Equation 2.10 to accurately describe the

velocity of the ions. Thus,

VAt = Q0+ Vi, (2.11)

7z
t =

2.12
o - VHe’ ( )

and the integrated rate equation becomes

In E‘:it - _]Zi"f’vi\i] z (2.13)
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The change in ion intensity, [A*],, as a function of reaction distance, z, can be monitored

for the seven neutral reactant inlets. Thus Equation 2.13 can be rearranged to

A%,
dln %AI}O _ _keXp [N]

dz Q& - VHe

(2.14)

Since the initial ion intensity, [A*]y, is a constant value for the experiment, Equation 2.14

reduces to

dIn[A*] —kexp [N]
= ) 2.1
dz Q * VHe (2.15)

Solving Equation 2.15 for ke, results in an expression for the bimolecular rate constant,

din[A*] a - v,

kexp = — 2.16
P dz [N] ( )
Equation 2.16 takes on the form of y = -mx; where y = keyp, m = dlnc[;\i], and x = O‘[l‘(ﬁl

The natural logarithm of the ion intensities can be plotted as a function of reaction distance.

This plot has a linear fit where the slope is equal to the change in ion intensity as a function

din[A¥]
dz

of reaction distance, (Figure 2.7). The ion intensity decreases as the reaction distance
increases, and therefore reaction time increases. This inverse relationship results in a negative
slope, which results in a positive value for key,. The quantities «, vpge, and [N] are all
measureable values. The mean velocity of the helium can be determined by knowing the
flow of the helium (Fg,), the cross-sectional area of the flow tube (7r%1), and the pressure
of helium in the flow tube (Pye). The flow of the helium, Fy, is measured by a helium
flow meter that has been calibrated to ensure accurate measurement. The Fy, is reported

in units of std atm L min~—!. A temperature correction factor from standard temperature to

experimental temperature, T, must be added to all equations where Fy, is included,

std atm L T (K)
F : . 2.1
e ( min ) (273.16 K> (2.17)

Equation 2.17 gives the corrected flow of helium at the experimental temperature. The

radius of the flow tube is a known value, rpr = 3.65 c¢m, and the helium pressure in the
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flow tube is measured with a differential pressure Baratron. Equation 2.18 describes this

relationship with appropriate unit conversions,

<cm) Fy (2 l) 1000 cm?
Vie (— ) = :
ey mrep (cm)? - Py, (Torr) 1L

1 min 760 Torr T (K)
60 s 1 atm 27316 K/

The concentration of neutral molecules, [N], is related to the pressure of the neutral

(2.18)

molecules, Py, through the ideal gas law. Py can be determined by measuring the flow of
the neutral, Fy, the pressure in the flow tube, Py., and the flow of helium, Fy,,

_ Fn-Pre

P
N FHe

(2.19)

The measurement of the helium pressure and the flow of helium have been described above.
The flow of neutral molecules is determined by measuring the change in pressure as a function
of time in a glass rack with a calibrated volume (Vgr). The pressure in an external glass rack
is measured by a second differential pressure Baratron, which is integrated into a LabVIEW

f Cmflt—((TS;)rr). The flow of neutral molecules is measured at

program that determines the value o
room temperature, so a correction factor is not needed. These measurable values are related

to the flow of the neutral by Equation 2.20,

Torr cm? dPx (Torr)
Fn = .
S dt (s)

Ver (cm®). (2.20)

Similar to the helium flow temperature correction, a temperature dependent unit conversion
must be included when converting concentration from a pressure to a particle density. Using

the ideal gas law,
p. X Torr Fm3 _R.T Torr .cm3
n \ particle particle

— 0.08206 (atm}L{) T (K) - (76() Torr)

mol 1 atm
1000 cm? 1 mol
' < 1L ) ' (6.0221 x 1023 particle)
T (K)

~ 9.6565 x 1018 (R Ky

Torr cm

(2.21)
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The neutral concentration, [N], is equated to the values described above by Equation 2.22,

N (particle) | P (T ) P (Tom) ( 1 atm )( L )

cm? Fy (2d2ml) 760 Torr 1000 cm?

60 s 9.6565 x 1018 (Barticle ) 273.16 K
1 min T (K) T(K) )

Including the new descriptions of the helium velocity and concentration of the neutral in

(2.22)

terms of measurable quantities, Equation 2.16 gives

o () = (L)
exp = — .

particle s cm

v Py (o) PR, (Tom)” iy (em)’
2 3\ 2 N
(760 Torr\* (1000 cm (1 min (2.23)
1 atm 1L 60 s
T (K) \* T (K)
273.16 K 0.6565 x 1018 (Latticle 8y ] 7

To simplify Equation 2.23, the constants in the conversion factors can be combined into one

expression,

c___ o 760 Torr\> (1000 cm®\* (1 min?
B Wr%T(cm)2 1 atm 1L 60 s

2
' ) ! . (2.24)
273.16 K 9.6565 x 1018 (partlcle 13<)

Torr cm
em” min? Torr® )

L% 52 atm? K? particle

= 8512 x 10718 (

With appropriate units included, Equation 2.23 becomes,

i cm? B din[A%] /1 Fiie (—StdriitrrflL)2T3(K>3
P \ particle s / dz em ) Fy (Terem?) p2 - (Torr)®
cm” min? Torr?
L% s2 atm? K® particle /

(2.25)

Finally, the expression for the determination of a generic bimolecular rate constant under

pseudo first-order conditions in the FA-SIFT instrument can be simply described as,

_din[A*] FR, T

k e’ _ 8.512 x 10718 (2.26)
P\ particle s /| dz Fy P%, ' '
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For each reported ion-molecule rate constant, at least nine rate constants are measured over
three different days. Neutral molecule concentrations and helium flows are varied to ensure

there is no dependance of the rate constant on [N] or Fye.

2.6.2 Ion-H Atom Reactions

Alternatively, ion-H atom reaction rate constants are determined by varying the con-
centration of H atoms, [H|, at a fixed reaction distance. This can be described by rearranging
Equation 2.16,

B din[A%] vy,
d[H] z

(2.27)

kexp -

Since [H| cannot be directly measured, calibration reactions are used (Section 2.5). The rate
constant equation for the calibration ion C* is equivalent to Equation 2.27. For a given
value of < the following relationship holds,

kAi kci

dn[AT]  din[CE] (2.28)
d[H] d[H]
Equation 2.28 can be rearranged to solve for k,+,
din[A¥]
d[f
kpe = ko - ﬁ (2.29)
d[H]

As described previously, the concentration of H atoms is directly related to the voltage

applied to the tungsten filament, U,

dIn[A%]
kpt = kor - — (2.30)

Similar to the ion-neutral molecule reactions, a plot of the natural logarithm of the ion inten-
sities as a function of filament voltage has a linear fit where the slope is equal to %. The

filament voltage for H atom generation is varied to produce different concentrations. Multi-

ple voltage cycles are carried out and the slopes of dnXF]

Jo— are averaged (Figure 2.8). Thus,

. . din[AE dIn[C* :
kc+ is a known value that has been previously measured, I;[U L and I;[U | are determined

experimentally, and k,+ is calculated using Equation 2.30.
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2.7 Product Distribution Determination

Some ion-neutral reactions may result in multiple ionic products. For these reactions,
product distributions are measured to determine the rate constant for each process. Many
factors may influence the measurement of this distribution including: (1) non-uniform diffu-
sion of all ions (2) non-uniform detection of all ions, and (3) secondary reactions. Large ions
diffuse more slowly, resulting in lower loss rates at the walls and higher densities in the reac-
tion flow tube. However, large ions generally have lower detection efficiencies. This inverse
relationship usually allows for the detection of small and large ions without the introduction
of a correction factor. This approach is tested for all reactions with multiple ionic prod-
ucts by comparing the total detected ion count at each of the seven inlets. To account for
secondary reaction, the ratio of an individual product ion versus the total product ion inten-
sity is plotted versus (1) fraction of parent ion remaining or (2) reaction distance. Primary
product distributions are determined by extrapolating to (1) zero reaction of parent ion or
(2) zero reaction distance (Figure 2.9). Using this method, secondary products intersect the
y-axis at zero intensity. The values obtained by both analysis techniques are combined and
an average product distribution is reported. Only product fractions greater than or equal to

0.10 are reported and there is an associated error of +£30% of the reported value.

2.8 Radiative Association Rate Constant Determination

Some ion-neutral reactions result in an association product. The ion and neutral form
a new bond and the energy from this process is transferred into the molecules resulting in

an excited complex with a limited lifetime,

ky
— AB*". (2.31)

k1

AT + B

Complexes with a large number of degrees of freedom, like protonated PAHs, live long enough
that the excess energy can be removed by collisions or emission of radiation before the com-

plex dissociates. In the interstellar medium, where densities are low, radiative stabilization
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Figure 2.9: Product distributions for the ion molecule reaction CF* + CD3OD. The ratio
of the individual product ion to the total product ion intensity is plotted versus (a) fraction
of parent ion remaining and (b) reaction distance. Primary product distributions are deter-
mined by extrapolating to (a) zero reaction of parent ion or (b) zero reaction distance. The
ions at m/z 18 and 46 are primary products. The ions at m/z 34, 38, and 54 are secondary
products.
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is the dominant cooling mechanism,
Ky
AB*" —— ABT + hw. (2.32)

For PAHs, this results in emission of wavelengths in the infrared region (See Section 1.4).
However, in the reaction flow tube, where the densities are high, complexes are stabilized by

inelastic collisions with the buffer gas, M,
kin
AB*  +M —— ABT + M. (2.33)

Equations 2.31-2.33 can be combined to relate the energy dissipating process in the flow

tube to the processes occurring in the ISM,

ki (ky + kin[M])
k_y 4 ke + ki [M]

kot = (2.34)

This effective bimolecular rate constant describes a situation where all four processes are
taking place. For the conditions of the flow tube, k_; > k, and k_; > k;y,[M]. Equation 2.34

simplifies to

ky (ke + ki [M]) ki K, i Ky kin[M]

kog = = kpa + k3p|M]; 2.
f . = e + k3u[M] (2.35)
where,
ky k.
ko = 2.36
. (2.36)
is the radiative association rate constant, and
k kin
kg = — (2.37)
k1

is the three-body association rate constant. The radiative rate constant, k., for infrared
emission is ~ 102-10% s~! and the inelastic collision rate constant, ki, for He at 300 K is 1-2
10719 ecm?® s71. The effective bimolecular rate constant can be determined using the process
described in Section 2.6.1. In the flow tube, the He densities are sufficiently high such that

ksp > k. Thus, k3, can be determined by measuring k. and the He density.

keff

kg, = T (2.38)
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Equations 2.36 and 2.37 can be equated by a common factor, kk—jl This relationship allows

for the determination of k,,,

g = (2.39)

For large molecules like the PAHs included in this study, keg is constant over the range of He
densities achievable in the reaction flow tube. Under saturated conditions only a lower limit
of the radiative rate constant can be determined. This simple kinetic analysis allows for a
first order approximation of the radiative rate constant from measured effective bimolecular

rate constants in the FA-SIFT instrument [20].

2.9 Collision Rate Constant and Reaction Efficiency Determination

Reaction efficiencies, kexp/keol, are determined to allow comparison of different ion-
neutral reactions. For nonpolar neutral molecules Langevin collision theory is used. The ion
is treated as a point charge and the ion-induced dipole attraction of the neutral is considered

[21]:

«

k angevin — 27Tq (_) X 2.40
Lang 1 ( )

where ¢ is the charge of the ion, « is the polarizability of the neutral molecule, and p
is the reduced mass of the ion-molecule pair. In the case of polar neutral molecules, the
parameterized trajectory theory of Su & Chesnavich [22] is used. This theory treats the
ion as a point charge and the neutral molecule as a rigid rotor. The attractive potential of
the permanent dipole and the ion-induced dipole are considered in this theory. Trajectory
calculations were used to demonstrate that the ratio of the capture rate constant versus the
Langevin rate constant depended on one parameter for most physically realistic systems.

First, the capture parameter z is determined,

. HD
T = —(2akBT)1/2’ (2.41)
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where pp is the permanent dipole moment of the neutral molecule, kg is the Boltzmann
constant, and T is the temperature. From the determination of z, a double fit line is used

to calculate the capture rate constant,

keap = 0.47672 + 0.6200; x> 2 (2.42)
(x + 0.5090)2
= T L 0.9754; <2 2.4
ey 09754 x < (2.43)

Finally, the collision rate constant is determined by multiplying k.., with the Langevin

collision rate constant (Equation 2.40),

kcol = kcap ) kLangevin- (244)

This theory has been shown to determine collision rate constants with better than 97%
accuracy [22].

For reactions of large anions with neutral species, where the charged species is highly
polarizable, the point polarizable ion model is used (cf. Eichelberger et al. [23]). This model
is useful for reactions of [PAH-H]~ with H atom and neutral species that do not possess a
permanent dipole moment. Reactions efficiencies, not rate constants, are compared to give

insight into trends in reactivity.

2.10 Computational Methods

Ab initio and density functional theory calculations are used to support the experimen-
tal studies. The energies and structures for reactants, products, and intermediates involved
in the reactions are calculated using Gaussian 03 [24] and Gaussian 09 [25]. B3LYP [26-
28], MP2 [29], and CCSD(T) [30] calculations were carried out using Pople [31] and Dunning
(32, 33] style basis sets, where appropriate. To provide additional insight into the reactions,

potential energy surfaces are explored for several of the chemical systems.
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Chapter 3

Gas-Phase Reactions of Polycyclic Aromatic Hydrocarbon Cations

and their Nitrogen-Containing Analogs with H Atoms

3.1 Introduction

Polycyclic aromatic hydrocarbon (PAH) cations have long been proposed as possi-
ble carriers of the diffuse interstellar absorption bands [1-3] and the unidentified infrared
emission bands (UIRs; [4-6]). The UIR bands are ubiquitous throughout the interstellar
medium (ISM) [7], vary with different environmental conditions [8, 9], and show features
characteristic of aromatic species [10]. Although the mid-IR spectra will most likely not
lead to the identification of individual PAHs, the generation of the NASA Ames PAH IR
spectral database [10] has aided in identifying classes of PAHs. Included in this list are PAH
cations and polycyclic aromatic nitrogen heterocycles (PANHs) [12, 13]. Given that PAH
cations contribute to the IR emission spectra, it is expected that PANH cations exist in these
regions as well [14]. The origin of PAHs in the universe is still not completely understood;
however, it has been likened to the PAH formation in the incomplete combustion of flames
[15]. Several computational studies have revealed gas-phase mechanisms for incorporating
nitrogen into an aromatic ring system [16-18]. PA(N)H cations likely exist in the highest
abundance in the diffuse regions of the ISM due to the high photon flux [19]. Here, atomic
hydrogen dominates the chemical landscape and the hydrogenation and charge state of the
molecules is determined by the size of the PA(N)H, radiation flux, and PA(N)H chemistry

[20]. Alternatively, neutral PAHs and Hy are dominant in denser regions of the ISM. The
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study by Le Page et al. [21] of the charge and hydrogenation state of PAHs in the dif-
fuse medium concluded that PAHs with fewer than 30 carbon atoms are either destroyed
or severely dehydrogenated; in contrast, large PAHs (greater than 30 carbon atoms) display
normal hydrogenation in competition with the protonated form. Here, we have extended the
studies previously carried out in our laboratory to include reactions of H atoms with addi-
tional PAH cations as well as with PANH cations. The structures of the species investigated

are shown in Figure 3.1.

3.2 Methods

Reactions of PA(N)H cations with H atom and neutral molecules are investigated
using a flowing afterglow-selected ion flow tube (FA-SIFT). Rate constants are measured
under pseudo first-order conditions. Density functional theory calculations are carried out

to support the experimental results.

3.2.1 Experimental Methods

The experiments are carried out at 298 K using an FA-SIFT instrument (Figure 2.1).
Here, PA(N)H neutral molecules that are sufficiently volatile are introduced into the gas
phase by evaporation of the liquid or solid species at room temperature or with gentle
heating when needed. The introduction of tetracene into the gas phase is achieved using the
laser induced acoustic desorption (LIAD) technique, described in Section 2.3. The parent
cations of naphthalene, quinoline, and isoquinoline were generated by Penning ionization
utilizing excited state Ar [22, 23]. While Penning ionization is a gentle technique, it is
difficult to generate high densities of electronically excited Ar. Parent cation formation is
made even more difficult due to the low vapor pressure of the neutral species and the long
distance the ions must travel before they enter the ion selection region. PA(N)H cations
were also generated using He™ produced using electron ionization [24]. The results for

napthalene, quinoline, and isoquinoline were compared for both ionization methods and no
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Figure 3.1:  Names, structures, and numbering of the distinct positions of the PA(N)Hs
included in this study.
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differences were found in the rate constants or product distributions. The reactant ions
are then sampled, mass-selected using a quadrupole mass filter, injected into the reaction
flow tube, and collisionally cooled by a helium carrier gas (0.30-0.45 Torr) prior to addition
of neutral reactants. Atomic hydrogen is introduced into the reaction flow tube at a fixed
reaction distance (Section 2.5). Hydrogen atoms are generated by thermal dissociation of Hy
gas on a hot tungsten filament. The reactant ion signal is monitored as a function of filament
voltage using a quadrupole mass filter coupled to an electron multiplier. The filament voltage
is directly proportional to the concentration of atomic hydrogen, which is determined using

the calibration reaction:

CeHf + H — CgHY (3.1)

— CgH + Ho, (3.2)

with a known reaction rate constant of £ = 2.2 x 1071% cm? s7! [25]. Alternatively, measured
concentrations of stable neutral reactant molecules are added to the reaction flow tube
through a manifold of inlets. The reactant ion signal and kinetics are monitored as a function
of reaction distance. Rate constants or upper limits in reactivity are derived using pseudo
first order kinetics [26].

Tetracene cations were generated by introducing neutral tetracene into the reaction
flow tube utilizing the LIAD technique with subsequent ionization from He™. In this work,
0.05 mg of solid tetracene was desolved in benzene. A fixed-flow airbrush (Badger 200nh) was
used to apply the solution to a thin titanium foil (12.7um, Alfa Aesar), 3.1 cm in diameter.
After the tetracene solution was applied to the foil, it was mounted on a probe where it was
held in place between two stainless steel rings. The probe is inserted into the ion production
flow tube so that the foil was held in the center and desorption was perpendicular to the
He flow (Figure 2.1). An unfocused, pulsed laser beam (Continuum Minilite II, Nd:YAG,
532 nm, 3 mm beam diameter, 15 Hz, 25 mJ pulse™!) is directed through an optically thin

window into the ion production region toward the metal foil. The laser light impinges on the
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uncoated side of the foil, desorbing the intact, neutral tetracene into the gas phase [27]. The
laser beam is scanned to produce a continuous source of neutral analyte using a motorized
mirror mount (Thorlabs KS1-Z8). A scan rate of 0.04 mm s~! was found to give sufficient
ion intensity while allowing maximum experimental time per foil. This scan rate results in a
desorption area of ~8 x 1072 mm? per shot and an experiment duration of 45 minutes per
foil. Ton intensities are directly correlated with laser power, which is consistent with previous
work [27, 28].

The neutral reagents included in this study are as follows: hydrogen (Hy; 99.999%
with the gas further purified by passage through a molecular sieve trap immersed in liquid
nitrogen), carbon monoxide (CO; 99.5%), ammonia, (NHjz; 99.9995%), water (H,O; HPLC
grade), carbon dioxide (COy; > 99%), naphthalene (C;oHg; 97%), quinoline (CoH,N; 98%),
isoquinoline (CoH;N; 97%), anthracene (Ci14Hyo; 97%), acridine (Ci3HgN; 97%), phenan-
threne (C14Hi; 97%), benzo[h]quinoline (Ci3HgN; 97%), phenanthridine (Ci3HoN; 97%),
and tetracene (CigHio; 98%).

3.2.2 Computational Methods

We have carried out density functional theory calculations to support experimental
studies. We computed structures, geometries, and energies for reactants, intermediates, and
products involved in the reactions using Gaussian 09 [29] at the B3LYP/6-311G(d,p) level
of theory [30, 31]. This method and basis set have been shown to accurately determine
energies of PAHs [32]. Similar to the work of Holm et al. [32], we have found only small
differences (< 0.5 kcal mol™") in the computed reaction energies when comparing the basis
sets 6-311G(d,p) and 6-311++4G(2d,p). Therefore, reaction enthalpies are determined at 298

K using theoretically calculated geometries and energies with the 6-311G(d,p) basis set.



Table 3.1: PA(N)H cation/H atom association reactions

Association at N Association at C

Ionic Eexp™ Efficiency® AH o, AH theor® AH theor ™

Reactant (1071 cm?® s71) (kcal mol™!) (kcal mol™!) (kcal mol™)
Naphthalene™ 1.9¢ 0.10 66.1 — 64.5
Quinoline™ 1.9 0.10 113.2 109.7 72.0
Isoquinoline™ 1.8 0.095 110.6 108.4 67.0
Anthracene™ 1.3 0.068 67.7 — 63.2
Acridine™ 1.4 0.074 98.8 97.2 61.9
Phenanthrene™ 1.7 0.090 65.7 — 61.6
Benzo[h]quinoline™ 1.7 0.090 — 96.7 65.1
Phenanthridine™ 1.7 0.090 — 104.6 68.6
Pyrene™ 1.48 0.074 65.4 — 62.8
Tetracene™ 1.3 0.068 63.6 — 59.9
Coronene™ 1.4" 0.074 60.4 — 57.8

Notes. No measurable rate constants were obtained for reactions with Hy, CO, NH3, H,O, and CO, and we report a conservative
upper limit for the rate constants of £ <1 x 107'2 cm? s7!.
@ Rate coefficients are measured at 0.30-0.45 Torr helium. The experimental precision, reported as lo of the mean, is £10%
and the total error is estimated to be +50%.

b The reaction efficiency is reported as kexp/kcor. The collisional rate constant, ko, is determined by Langevin theory [33] and
gives a value of 1.9 x 107 ¢cm?® s7! for all reactions of PA(N)H™ with H atom.

¢ Values determined using Hess’s law with experimental values for ionization energies, bond energies, proton affinities, and heats
of formation taken from [34, 35]. The values correspond to association at C for PAH cations and to association at N for PANH
cations.

4 B3LYP/6-311G(d,p) theory level including zero-point energy correction and thermal energy correction at 298 K.

Reported values are calculated for association at the carbon atom yielding the greatest exothermicity (See Appendix A).

Le Page et al. [36]

Le Page et al. [24]

Betts et al. [37]

o ;@ th O

8¢
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3.3 Results and Discussion

The reactions of PA(N)H cations with H atom are summarized in Table 3.1; values
include effective two-body reaction rate constants, collision rate constants, reaction efficien-
cies, and enthalpies of reaction. The experimental precision, reported as 1o of the mean,
is £10% for all reactions and the total error is estimated to be +50%. We report reaction
efficiencies as Kexp/kcol, Where ke, is the collision rate constant determined by Langevin
theory [33]. Experimental enthalpies of reaction, AH ., are determined using Hess’s law
with ionization energies, bond energies, proton affinities, and heats of formation taken from
the NIST Chemistry WebBook [34] and from the 89th edition of the CRC Handbook of
Chemistry and Physics [35]. In addition, we determine enthalpies of reaction at 298 K us-
ing density functional theory calculations. No measurable rate constants were obtained for
reactions with Hy, CO, NHj, HyO, and CO,. Therefore, we report a conservative upper

3 571, All reactions with H atom proceed

limit for the rate constants of ¥ < 1 x 1072 cm
through association via a third body; however, in the ISM, radiative stabilization will likely
preserve these association species. The reaction conditions of the experimental apparatus
are not representative of interstellar temperatures and pressures [3]; however, this systematic
study combined with previous findings [24, 36, 37] gives valuable insight into the reactivity
of PAH and PANH cations. Our measured effective two-body rate constants can be used to
compute a lower limit to the radiative association rate constant [38]. Although all reactions
proceed via the same mechanism, two trends can be seen: (1) there are subtle differences in

reactivity for PA(N)H cations of different size and geometry, and (2) there is no measurable

difference in reactivity between PAH and PANH cations with H atom.

3.3.1 Size and Geometry Dependence

The reactions of PA(N)H cations with H atom all proceed through association to

form a hydrogenated cationic species. The association complex is stabilized in the FA-SIF'T



60

15— -
ol |
S T -
> 10 @ ) |
2 ®

i —o— o o i
9
2 - _
= ° ° °
0 - ® ° 7
o i i
.2
o 5+ _
<
O n .
(a7
0 I I I I I I i I I I
) o o o = o @ L o o o
& & ¢ & F & &S S
¥ © & Y e
» & & & v @ & 7P
%‘UQ & v \Q@Q S N
T E
>
%Q)
PA(N)H Cations

Figure 3.2: A plot of the reaction efficiency for the reaction of PA(N)H cations with H atom.
The solid horizontal lines have been added to indicate that the encompassed data points
are equivalent within experimental precision. Reaction efficiencies are reported as kexp/kcols
where ko is the collision rate constant determined by Langevin theory [33]. Rate constants
for naphthalene, pyrene and coronene are taken from Le Page et al. [36], Le Page et al. [24],
and Betts et al. [37], respectively.
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3.3a

3.3b

Figure 3.3: Two different Kekulé (left) and Clar (right) representations of phenanthrene.
Clar’s rule has been applied to the Kekulé structures to produce the Clar structures. In this
representation, three double bonds in one ring are replaced by a circle. According to Clar’s
rule, the formula that best represents the molecule contains the greatest number of rings
(3.3a) [42].



62

experiments by the He buffer gas. In the ISM, the density is too low for this to occur,
and radiative association is the most likely mechanism for stabilizing the complex. Herbst
& Le Page [39] have shown that a PAH as small as naphthalene has enough degrees of
freedom to stabilize the association complex through radiative emission. In addition, the
computed effective two-body rate constant remained constant over large temperature (50—
300 K) and density (10*-10'® cm™3) ranges. This phenomenon should be enhanced for the
larger PA(N)Hs that are proposed to exist in the ISM due to the increased number of degrees
of freedom. In addition, association reactions for [PAH-H|™ + H, have been observed in low

pressure ion cyclotron resonance experiments for the reactions of

CeH + Hy — CeH7 [40], and (3.3)

Cl()I"I;r + HQ — Cl(]H;r [36, 41] (34)

When comparing the PA(N)H cations included in this study, the reactivity of these
species decreases with increasing size and quickly reaches an asymptotic value. This can
be seen in Figure 3.2 when comparing the linear structures. The reaction efficiency reaches
a constant value of ~7%. The solid horizontal lines have been added to indicate that the
encompassed data points are equivalent within experimental precision.

It is also evident that the angular structure of phenanthrene, benzo|h]quinoline, and
phenanthridine enhances their reactivity with H atom compared to the linear structures
of anthracene and acridine. This may be explained by applying Clar’s rule to the Kekulé
structures; in this representation, three double bonds in one ring (a sextet) are replaced by a
circle [42]. According to Clar’s rule, the formula that best represents the molecule contains
the greatest number of sextets (rings). In the case of phenanthrene, two different formulas
can be drawn (Figure 3.3). Figure 3.3a is the best representative picture, with a ring at
each end of the molecule and a fixed double bond in the center. This fixed double bond at
the 5, 6 position reacts more like an olefin than an aromatic species in the neutral molecule,

which may relate to the slight increase in reactivity in the parent cation [42]. However, this
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enhanced reactivity is relatively small (9% versus 7%).

3.3.2 PAH versus PANH Cations

The reactivities of PAH and PANH cations with H atom are equivalent within exper-
imental precision, when comparing PA(N)H cations of the same size and geometry (Figure
3.2). The exothermicities of the reaction for association at the nitrogen atom and at the
carbon atom yielding the greatest exothermicity are listed in Table 3.1. For a complete
list of calculated exothermicities see Appendix A. It has been suggested that the H atom
associates at the most exothermic site for the reaction of PAH cations with H atom [43].
Although association at the nitrogen is almost twice as exothermic, the reactivity toward
H atom is identical for PAH and PANH cations. We have explored the reaction coordinate
for the interaction of quinoline cation with H atom and were unable to find any barriers
for association of H atom at any site. However, there are barriers above the energy of the
reactants for the transfer of the H atom between different sites. In addition, the triplet
state association product of all PA(N)HT cations with H atom is above the energy of the
reactants. The theoretical calculations of Dryza et al. [44] indicate that the lowest energy
structure of the quinoline and isoquinoline cation has an electron removed from the pi system
and not the lone pair on the nitrogen atom. This electron configuration will likely result in
similar mechanisms for the reaction of PAH cations and PANH cations with H atom, when
comparing PA(N)H cations of the same size.

Given the lack of difference in reactivity, we suggest that the reactions of large PAH
and PANH cations with H atom may be approximated by a single effective two-body rate

3

constant, £ = 1 x 1071% cm? s=!, which gives a lower limit to the radiative association rate

constant of & > 7 x 107! cm? s~ [38].
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3.4 Conclusion

We have continued the study of PAH cations previously carried out by our labora-
tory and extended the study to include nitrogen heterocycles. The LIAD technique was
successfully adapted to an FA-SIFT to access large, non-volatile organic species. The LIAD
technique can be used to study much larger PA(N)H ions and other non-volatile organic
species; however, the pulsed nature of this technique coupled to the FA-SIFT makes studies
of large species nontrivial. In addition, the results from this study indicate that a com-
plete study of all possible PAH configurations may not be necessary. Several conclusions are
derived from this study:

1. PA(N)H cations are unreactive with Hy, CO, NH3, H,O, and CO, within our
measurement capabilities. We place a conservative upper limit of £ <1 x 1072 cm? s~! on
these processes.

2. PA(N)H cations show a slight difference in reactivity toward H atom for molecules
of the same formula, but different geometries.

3. Reactions of H atom with PAH and PANH cations with the same structure and
geometry exhibit no measurable difference in reaction efficiency.

4. The reaction efficiency of PA(N)H cations with H atom decreases slightly as the
size of the cation increases but reaches a constant value of ~7%.

5. The chemistry of PAH cations with H atoms is important in diffuse regions of the
ISM, where ionized PAHs and H atoms are abundant [19]; however, neutral PAHs are more
abundant in dark clouds where Hy is dominant. This is consistent with observations [45].

The modeled rate coefficient for the reaction of PAH cations with H atom used by
Le Page et al. [20] works well for small PAHs (<16 carbon atoms); however, it is evident
from our results that larger PAHs deviate from this equation. For example, using the model
suggested by Le Page et al. [20], the rate constants for anthracene, tetracene, and coronene

should be smaller. In addition, there should be no difference in reactivity between anthracene
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and phenanthrene. Because it is likely that PA(N)H cations with 30-50 carbon atoms will
have normal hydrogen coverage in the diffuse ISM, we suggest that a single rate constant is

sufficient to describe the reactions of PA(N)H cations with H atom.
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Chapter 4

Chemistry of CF' and its Relevance to the Interstellar Medium

4.1 Introduction

Photodissociation regions (PDRs) in the interstellar medium (ISM) provide a complex
environment where rich chemistry can occur. The gaseous medium is mostly neutral, H,
and CO are the dominant forms of hydrogen and carbon, photon energies are low (6 eV <
hv < 13.6 eV) and gas densities can vary widely (0.25-107 cm™2) (cf. Hollenbach & Tielens
[1]). While the chemistry of the more abundant elements H, C, N, and O has been explored
in detail, the chemical reactivity of less abundant elements, like F, has received far less
attention [2]. However, the lack of study of fluorine-containing species does not indicate that
its chemistry is insignificant. Fluorine is unique, in that its ionization energy is greater than
that of atomic hydrogen (17.42282 eV compared to 13.59844 eV; [3]) and that it reacts with
molecular hydrogen in an exothermic process to form HF and H [2]. Although this reaction
has a ~1 kcal mol~! barrier, the reaction rate is enhanced by tunneling at low temperatures
2]. In regions where H, is significant, HF becomes the dominant reservoir for fluorine [4].
The HF bond is the strongest H-X bond and the molecule is very stable. In diffuse clouds
with high photon flux, such as PDRs, the predicted HF abundance can even exceed the
abundance of CO [2].

The HF molecule is destroyed by photoionization and by reactions with He™, Hy , and
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C™. In the transition regions in PDRs where carbon can be ionized, the reaction
Ct*+HF — CFt +H (4.1)

can produce significant amounts of CF*. In fact, CF*, which is isoelectronic with CO, is
predicted to be the second most abundant fluorine-containing molecule, with typical column
densities ~1% that of HF [2]. The recent detection of the CF" ion in the Orion Bar [5, 6]
and the Horsehead nebula [7, 8] has validated the initial predictions of Neufeld et al. [2].
In addition, CF* has been proposed as the carrier of the 1384 A diffuse interstellar band
[9]. No electronic spectra of CF' have been measured experimentally; however, preliminary
theoretical calculations of the electronic transition of CFT from the ground X'XT state to
the excited A'TI state are promising [10].

The CF* ion is primarily destroyed by fast ion-electron recombination [4]. An exper-
imentally measured CF* dissociative recombination rate was included in the most current
model incorporating fluorine-containing molecules by Neufeld & Wolfire [4]. This experi-
mentally measured, temperature dependent rate coefficient (k = 5.2 x 1078(T/300K)~%8
cm?® s71; [11]) is smaller than the rate coefficient assumed in the previous model (k = 2 X
1077(T/300K) =% cm?® s7%; [5]), and results in an overestimation of the CFT abundance by
a factor 2 10 compared to the observed abundances in the Orion Bar [4]. Neufeld & Wolfire
[4] attributed this discrepancy to an overestimation of the assumed C* + HF reaction rate
coefficient; however, no chemical reactions of CF* with neutral molecules were included, and
indeed there have been few experimental studies of the chemistry of CF*. Here, we present
the reactivity of CF* with prototypical groups of compounds. We have included 22 species
previously detected in the ISM (H, Hy, Ny, O, CO, NO, HCI, H,O, NHj3, CO,, CHy, OCS,
N,O, SO., CH,0O, CyH,, CH30H, (CH3),0, CH3CHO, (CH3),CO, HCO,CHjg, and c-CgHg;
[12]) as well as NF3, CF4, and (CH3CH;)20. Deuterated methanol was used in place of
methanol in this study due to the appearance of m/z 31 as a product ion, which is isobaric

with CFT. Although deuterated methanol has not been detected in the interstellar medium,
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the rate constant and interpretation of the results will be similar for methanol within our

experimental accuracy.

4.2 Methods

Reactions of CF* with 24 neutral molecules and H atom are investigated using a flowing
afterglow-selected ion flow tube (FA-SIFT). Rate constants or upper limits in reactivity
are measured under pseudo first-order conditions. Computatinal chemistry calculations are
carried out to support the experimental results and give insight into reaction mechanisms

and product distributions.

4.2.1 Experimental Methods

The experiments are carried out at 298 K using an FA-SIFT instrument (Figure 2.1).
In this work, C* ions are generated by ionization of CO gas (100 eV ionization energy) in a
helium buffer gas (0.30 Torr). Fluorine gas is introduced downstream of the ionization event
and allowed to react with C* to produce CF*. Tons are sampled through a differentially
pumped orifice and the reagent ion is selected using a quadrupole mass filter. CFT ions
are then injected into the reaction flow tube, and entrained in a flow of helium (0.35-0.50
Torr). Molecular nitrogen (0.01 Torr) is added 24 ¢cm downstream of the injection inlet to
ensure efficient cooling of vibrationally excited CF*' prior to addition of neutral reactants
[13]. Measured concentrations of neutral reactant molecules are added to the reaction flow
tube through a manifold of inlets. The reactant ion signal is monitored as a function of
reaction distance using a quadrupole mass filter coupled to an electron multiplier. Rate
constants or upper limits in reactivity are derived using pseudo first-order kinetics [14].

Alternatively, atomic hydrogen is introduced into the reaction flow tube at a fixed
reaction distance and the kinetics are monitored as a function of neutral concentration.
Hydrogen atoms are generated by thermal dissociation of molecular hydrogen gas on a hot

tungsten filament. The reactant ion signal is monitored as a function of filament voltage,
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which is directly correlated to the concentration of atomic hydrogen [15, 16].

Product branching fractions were determined for reactions with multiple ionic prod-
ucts. The fraction of the individual product ion versus the total product ion intensity is
plotted versus (1) reaction distance or (2) fraction of parent ion remaining. Primary prod-
uct distributions are determined by extrapolating the data to (1) zero reaction distance or
(2) zero reaction of the parent ion. Three values from each method are combined and an
average product distribution is reported. Primary products with a branching fraction less

than 0.10 are not reported.

4.2.2 Computational Methods

We have carried out ab initio and density functional theory calculations to support
experimental studies. All computations were analyzed using the Gaussian 09 [17] suite of
programs. We have computed structures and geometries for reactants, intermediates, and
products involved in the reactions studied at the B3LYP /aug-cc-pVTZ level of theory [18-21].
Previous calculations have been performed on systems involving fluorine [22-24] and sulfur
[25], however, these methods prove to be expensive for systems larger than six atoms. We
have modeled our calculations on the work of Matus et al. [22] with two modifications: (1)
The B3LYP functional describes the geometry of the molecules investigated more accurately
than MP2, when comparing frequencies and bond lengths to experimental data and (2)
extrapolation to the complete basis set for the aug-cc-pVnZ formalism is not necessary for
the accuracy of this work. The B3LYP functional combined with the correlation consistent
aug-cc-pV'TZ basis set best describes the geometry of the molecules investigated in this
study, except for SO,. Using these geometries, single-point energies were calculated at the
CCSD(T)/aug-cc-pVTZ level of theory [26].

Computational chemistry calculations can become complicated when sulfur is bound
to a highly electronegative element like oxygen [25]. The work of Denis [25] explored the

use of Pople-type basis sets, cc-pV(D+X)Z and aug-cc-pV(D+X)Z correlation-consistent
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Dunning-type basis sets, and the augmented polarized-consistent (aug-pc-X) basis set with
the B3LYP method. The Pople-type basis set 6-311++G(3df, 2p) is inexpensive compared
to the other basis sets explored, and the calculated values for SO and SO, by Denis [25] are
in good agreement with other calculations and with experiment. For the reaction of CF*
+ SO, the structures and geometries for reactants, intermediates, and products involved in
the reaction are determined at the B3LYP/6-311++G(3df, 2p) level of theory. Using these
geometries, single-point energies were calculated at the CCSD(T)/6-3114++G(3df, 2p) level

of theory.

4.3 Results and Discussion

The reactions of CFT with 25 neutral species are summarized in Table 4.1. Product(s),
product branching fractions, rate constants, reaction efficiencies, and enthalpies of reaction
are given. Product distribution errors are +30% of the reported values. The experimental
precision, reported as 1o of the mean, is better than +10% for all reactions and there is a total
error of £20% for the reported rate constants. We report reaction efficiencies as Kexp/kcol,
where ke, is the collision rate constant determined by Langevin theory [27] for neutral
reactants without a permanent dipole moment and by parametrized trajectory theory [28] for
molecules that possess a permanent dipole moment [3]. Experimental enthalpies of reaction,
AH,y,, are determined using Hess’s law with ionization energies, bond energies, proton
affinities, and heats of formation (A¢H) taken from NIST Standard Reference Database
Number 69 [29] and from the 89th edition of the CRC Handbook of Chemistry and Physics
[3]. In addition, we determine enthalpies of reaction at 298 K using computational chemistry
calculations. As previously reported, CF* vibrations are not sufficiently cooled by collisions
with He [13]. To ensure that no vibrationally excited CF* was present in the reaction region,
N, gas was added just downstream of the injection inlet. CEFT(v = 1) will charge transfer
with NO, whereas CF*(v = 0) will not. The reaction of CF* + NO was monitored and

N, gas was added until minimal (<3%) charge transfer was observed (flow of Ny ~ 4 std
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Table 4.1: Reactions of CF™ with neutral molecules

M Product(s) Product? kexp? Efficiency® AHexp? AHihoor®
Fractions (10?2 cm? s—1) (kcal mol=1)  (kcal mol~1)
Triatomics
0Cs SCFt + CO 1.0 0.63 0.42 -52.3
N2O NoF+ 4+ CO 1.0 0.44 0.44 -24.8
SO2 FCO* + SO 0.65 1.1 0.57 -17.3 -28.7f
SOt + FCO 0.15 -1.1 -6.5°
FSOt + CO 0.20 -65.5"
Oxygen-Containing Organics
CD30D CDZ + CDFO 0.55 2.0 0.89 -53.48 -49.4
C2D301 4+ DF 0.45 -72.5
(CH3)20 CHI + CH3F + CO 0.70 1.6 0.82 -44.2 -46.3
CoH301 + CH3F 0.30 -74.2
(CH3CH2)20  CoHi + CoH5F + CO 1.0 1.8 0.88 -84.4 -80.8
CH3CHO CoHF + CHFO 0.60 2.7 0.84 -53.8 -49.3
FCOt + CoHy 0.40 -40.7 -41.9
(CH3)2CO C3HY + CHFO 1.0 3.0 0.90 -86.40
HCO2CHjg CHI + CHFO + CO 0.75 2.1 0.94 -45.6 -44.5
CHO* 4 CH3F + CO 0.25 -72.3 -73.3
NX3
NF3 CFf + NF, 0.35 0.81 0.80 -9.7 -11.2
NFj + CFy 0.50 -5.2 -6.9
CF§ + NF 0.15 -77.6 -85.0
NH; HCNH' + HF 1.0 1.2 0.50 -94.2 -95.3
Hydrocarbons
CoHy CH,CCHt + HF 0.80 1.0 0.80 -63.3 -61.0
CHoFt + C2Hy 0.20 -28.6 -24.5
c-CeHg! CsH4FT + CoHo 0.35 1.6 1.06 -25.3
C,HgFt+ 0.65

Notes. No measurable rate constants were obtained for reactions with H, Ha, Na, O2, CO, NO, HCI, HoO, CO2, CHy, CF4,
CH20 and we report a conservative upper limit for the rate constants of k < 1 x 10712 ¢cm? s~1. Several AH values are not
determined due to insufficient experimental data or computational limitations.

2 Error bars are £30% of the reported values.

b Rate coefficients are measured at 0.30-0.50 Torr. The experimental precision, reported as 1o of the mean, is 10% and there
is a total error of +20% for the reported rate constants. For OCS, the total error is +50%.

¢ The reaction efficiency is reported as kexp/kcol. The collisional rate constant, ko, determined by Langevin theory [27]
for reactions involving neutral species having no dipole moment and parametrized trajectory theory [28] for those reactions
involving neutral species possessing a permanent dipole moment.

4 Values determined using Hess’s law with experimental values for ionization energies, bond energies, proton affinities, and
heats of formation [3, 29].

¢ Energies are reported at 298 K. Energies are calculated at the CCSD(T)/aug-cc-pVTZ//B3LYP /aug-cc-pVTZ level of theory
unless otherwise noted.

f Energies are calculated at the CCSD(T)/6-311++C(3df, 2p)//B3LYP/6-3114++G(3df, 2p) level of theory.

& The experimental ArH9,o(CDFO) is estimated from A;HSys(CHFO).

b Energy calculated at the B3LYP/aug-cc-pVTZ level of theory.

I Product fractions determined at 0.30 Torr He.
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atm L min~'). Rate constants were measured with and without the addition of Ny for OCS,
SO,, NF3, CFy4, CyHy, CD3;0D, (CHj),0, CH;CHO, (CHj3)2CO, HCO,CHjg, ¢-CgHg. This
sampling includes fast, intermediate, and slow reactions, and all reactions with multiple
ionic products. There were no measurable differences in the rate constants, except for CFy.
All reported product distributions were measured with the addition of Ny to the reaction
flow tube, except for ¢-CgHg, which is reported for pure He as described below. Product
branching fractions for the two different analysis methods described above agree within +5%.
The data from both methods are averaged and reported in Table 4.1. Trends in reactivity for
reactions of CF with triatomics, oxygen-containing organics, CX,/NX3, and hydrocarbon

molecules are discussed below. In addition, many molecules show no reactivity toward CF*.

4.3.1 Triatomics

The reactions of OCS, N,O, and SO, with CF* vary in reactivity and product distri-
bution, however, each reaction produces the stable CO molecule. The products SCF* and
NoF*, which accompany the production of CO, are the only ionic products observed for
reaction with OCS and NyO, respectively. Reaction with SO, produces a number of ionic
species: FCO™ (0.65), SO* (0.15), and FSO™ (0.20). The potential energy surface for CE*
+ SO, Figure 4.1, provides insight into the product distributions. Although production of
FSO™ and CO is the most energetically favored pathway, the transition state (TS) barrier
that exists along the potential energy surface for fluorine transfer from C to S (TS2) is ~0.5
kcal mol™! below the energy of the reactants. This high barrier inhibits CO production
and the FCO™ + SO reaction channel dominates the product distribution. The reaction
enthalpy for the production of SOt + FCO is comparable to the energy of TS2, and the
product fractions of SO and FSO™ are similar. As previously mentioned, computational
chemistry calculations involving molecules such as SO and SO, can be difficult. The calcu-
lated AHipeor values reported in Table 4.1 appear to be shifted by a constant value when

compared to the experimentally determined reaction exothermicities. This may result from
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Figure 4.1: Reaction coordinate plot for the reaction CF* 4+ SO,. Intermediates (I), tran-
sition states (TS), and products (P) are labeled for reference. Energies were obtained
from theoretical calculations performed at the CCSD(T)/6-3114++G(3df, 2p)//B3LYP/6-
311++G(3df, 2p) level of theory (kcal mol™1).
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an overestimation of the SO total atomization energy (TAE) and an underestimation of the
SO; TAE in our theoretical calculations. Nonetheless, the general trends remain and data
give insight into the reactivity and product distributions.

The absolute concentration of the OCS sample used in this study was initially unknown,
and was determined using the calibration reaction CO* + OCS (k = 1.2 x 1072 cm?® s7!;
[30]). Therefore, the measured rate constant reported for the reaction of CF* + OCS has
an associated error of £50%. No reactivity was observed for the reactions of CE* with CO,
and H,O and we report a conservative upper limit for the rate constants of £ < 1 x 107!2

cm? s,

4.3.2 Oxygen-Containing Organics

Similar to the triatomics, reactions of CF* with CD30D, (CHs),O, (CH3CH,),0,
CH3CHO, (CHj3),CO, and HCO,CHj result in dominant neutral products, CO and CHFO.
Deuterated methanol was used in this study to allow measurement of the reaction rate
constant without hindrance from secondary ionic products that appear at m/z 31. Kinetic
isotope effects are estimated to be small for this reaction, and the results for CD3OD are
expected to be similar to those of CH3OH. According to our calculations, attack at the
oxygen sites by CFT is a barrierless process for the oxygen-containing organics included in
this study. Formation of an initial reactive complex at any of the carbons is likely inhibited
by steric effects and unfavorable charge distribution. In addition, initial HF bond formation
is not energetically favorable, as is evident by the endothermicity of the reverse reaction for
Equation 4.1. All reactions of CF* with oxygen-containing organics are fast. This likely
results from formation of a very stable pre-reaction complex (RO-CF*) and the low barriers

along the reaction surface. Two different sets of mechanistic pathways exist for the oxygen-
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containing organics investigated in this study. First, the reaction:

CF* + ROR’ — RT + [R'OCF] (4.2)

— ROC™ + [R'F] (4.3)

is representative of reactions with CD3;0D, (CHj3)20, and (CH3CH3)20O (where R = CHs,
or CH3CHy and R’ = H, CHs, or CH3CH;). Equation 4.2 is the less energetic pathway, yet
it is the dominant reaction channel for CD3OD and (CHj)20, and the exclusive pathway
for (CH3CH;)20. As shown in Figure 4.2, after the initial attack of CF* on the oxygen of
CD30D, the TS barrier for hydrogen transfer to the CF* carbon (TS3, -23.0 kcal mol™?) is
similar in energy to hydrogen transfer to the fluorine (TS4, -22.8 kcal mol™!). This similarity
in energy results in almost equivalent distributions of Equations 4.2 and 4.3. The reaction
mechanisms for CF* with (CH3)20 and (CH3CH;),O were not explored computationally.
The lack of correlation between reaction enthalpy and product distribution for the reactions
of (CHj3)20 is likely the result of the more exothermic reaction having a higher TS barrier.

Secondly, the reaction:

is representative of reactions with CH3CHO and (CH3)2CO. Equation 4.4 involves hydrogen
transfer from a methyl group to the CF* carbon and Equation 4.5 is an oxygen-atom ab-
straction with rearrangement of the neutral product. In the case of CH3CHO, Equation 4.4 is
slightly more exothermic than Equation 4.5, which is reflected by the product fractions, 0.60
compared to 0.40. The ionic product of Equation 4.5, FCO™, is not observed for reaction
with acetone. This is likely because the TS barrier (T'S6) along the reaction coordinate to
produce the products in Equation 4.5 is higher in energy than the TS (TS5) associated with
Equation 4.4. The simplified potential energy surface for the reaction of CF* + (CHjz),CO

for Equations 4.4 and 4.5 is shown in Figure 4.3. Due to computational limitations, the
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Figure 4.2: Reaction coordinate plot for the reaction CF* + CD30D. Intermediates (I), tran-
sition states (T'S), and products (P) are labeled for reference. Energies were obtained from
theoretical calculations performed at the CCSD(T)/aug-cc-pVTZ//B3LYP /aug-cc-pVTZ
level of theory (kcal mol™).
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geometries and energies in Figure 4.3 were calculated at the B3LYP /aug-cc-pVTZ level of
theory. For the energies that were calculated using both levels of theory, BSLYP always pre-
dicts a lower energy by ~10 kcal mol™! and the general trends remain. The neutral product
for Equation 4.4 is fluorinated formaldehyde since the mechanism for loss of HF and CO is
inhibited by a TS above the energy of the reactants (not shown in Figure 4.3). In addition,
the neutral products for Equation 4.5 for reaction of CF* with CH3CHO and (CH3),CO are
likely CoHy4 and CHyCHCH3, respectively. The neutral species produced from oxygen-atom
abstraction without rearrangement results in products above the energy of the reactants,
32.5 kecal mol~! for FCOT + CH3CH and 22.6 kcal mol~! for FCO* 4+ CH3CCHs.

The reaction of CF* with HCO,CHjs is the most efficient of the oxygen-containing
organics. The reaction mechanisms were not explored computationally and neutral products
are suggested. Similar to the reactions of (CHj3)2O and (CH3CH,)20, the lack of correla-
tion between reaction enthalpies and product distributions are likely the result of the more

exothermic reaction having a higher TS barrier.

4.3.3  CX,/NX,

The reactions of CF* with CHy, CFy, NH3, and NF3 vary widely in their reactivity and
product distribution. CH4 and CF, are unreactive with CF*. Hydrogen transfer from CHy
to CFT is not energetically allowed, and HF formation is unfavorable. Although previous
work has assigned a rate constant for reaction with CF,4, the data were obscured by curvature
in the pseudo first-order kinetic plots [13]. As described above, we have introduced Ny to
collisionally relax CF* (v > 0) and ensure that these ions are in the ground vibrational state.
When CF* was not cooled by Ny, m/z 69 (CF; ) was observed in the product spectra. Morris

et al. [13] reported AHey, = -6 keal mol™ for the reaction
CF* + CFy — CF5 + CFs. (4.6)

In contrast, using more recent values, we have determined that AHey, = 5 kcal mol™!.
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Figure 4.3: Reaction coordinate plot for the reaction CF* + (CHj3),CO. Intermediates (I),
transition states (TS), and products (P) are labeled for reference. Energies were obtained
from density functional theory calculations performed at the B3LYP /aug-cc-pVTZ level of
theory (kcal mol™?).
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The A¢H of CFT, CF3, and CF, used in our study were taken from Harvey et al. [31] and
have associated errors of approximately 41 kcal mol™!, while the A¢H (CF,) was taken from
Linstrom & Mallard [29] and has an associated error of + 1.2 kcal mol™! . In addition, the
A¢H(CF3) used by Morris et al. [13] is 17 kcal mol™' lower in energy than the value used
here. Thus, we report no observed reaction for CF* with CF, and place a conservative upper
limit on the rate constants for reaction of CF+ with CH, and CF, of £ <1 x 10712 cm? s7!.
The reactions of CF* with NHs and NF3 differ in their reaction efficiency and prod-
uct distributions. The reaction of NHs with CF* involves formation of a CN triple bond,
hydrogen transfer from N to C, and loss of HF. This multi-step mechanism likely makes this
reaction less efficient than the NF3 reaction. There are three isomers of [2H, C, N|*: H,CN™,
CNHj, and HOCNH*. The first structure is highly unstable, and is not likely produced in this
reaction [32]. We have calculated the proton affinity (PA) of CNH + HT — CNHJ to be
130 keal mol™!. The experimentally determined PA of HCN is 170 kcal mol™!. HyO (PA =
165 kcal mol™') and CoHy (PA = 160 kcal mol™!) were used to probe the structure of [2H, C,
N]*. A sufficient amount of NH3 was added to completely deplete the CF* ion intensity and
H50 or CoHy was introduced downstream from this reaction event. If a significant amount of
CNHJ were present, rapid proton transfer reactions would be expected with HyO and CoHy;
however, these reactions were not observed, confirming the ionic structure as HCNH™.
Three ionic products were observed for the reaction of CF™ + NF3: CFj, NFJ, and
CF5. The reaction enthalpies for the formation of CFy + NFy and NFJ + CF, are similar,
but the product branching fraction for NFJ is 0.50. From a Lewis structure formalism, the
positive charge is located on the N atom. Although the IE of CFy (11.44 eV) is slightly lower
than that of NFy (11.63 eV), it is more favorable for the positive charge to remain on the N in
the association pre-reactive complex. Similar to the reaction mechanism for (CHs),CO, the
most energetically favored ionic product, CFj, is the least favored in product distribution.
The lack of correlation between reaction enthalpies and product distributions are likely the

result of the more exothermic reaction having a higher TS barrier.
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4.3.4 Hydrocarbons

The reactivity of the hydrocarbons CHy, CoHy, and c-CgHg with CFT has been ex-
plored. As mentioned above, CHy is unreactive with CF*. The reaction with CoHy has been
studied previously [33]. Our reported overall rate constant of 1.0 x 107 cm?® s™! agrees with
the value reported by Simpson & Tuckett [33] (1.1 x 1072 ¢cm?® s™'), within experimental
errors. In addition, we observe the same ionic products and report equivalent branching
fractions (Table 4.1) [33].

Reactions of ions with neutral polycyclic aromatic hydrocarbons (PAHs) are difficult
to study in the FA-SIFT. However, we have examined the reaction of CF* with the building
block of PAHs, c-CgHg. Two ionic products are observed for this reaction, CsH,F* and
C;HgF*. Addition of Ny to the reaction flow tube to collisionally cool the CF* ions resulted
in a fraction of >0.9 association product. For this reason, the product fractions and rate
constant listed in Table 4.1 for the reaction of CF' with ¢-CgHg are determined at 0.30
Torr He without the addition of Ny. The minor reaction channel under these experimental
conditions is destruction of c-CgHg with the loss of CoH,. The association product, C;HgF™,
is stabilized by the He buffer gas in the FA-SIFT. At the low pressures of the ISM, this
association of CF" with PAHs may occur through radiative association [34].

As described above, vibrationally excited CFT is not efficiently cooled by He. We do
observe a small fraction (< 0.1) of charge transfer with benzene using pure He as the buffer
gas and attribute this to reaction with CF*(v > 0). Since all PAHs have lower IEs than
CF, the charge transfer channel will compete with the CoHs-loss and radiative association
channel. We were not able to calculate a theoretical reaction enthalpy for the formation
c-C;HgFT due to computational limitations; however, this product must be lower in energy
than the other two reaction channels because bond formation without bond breaking is

highly exothermic.
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4.3.5 Neutral Molecules Showing No Reaction

As mentioned above, CO,, H,O, CH; and CF, are unreactive with CF*. In addition,
no measurable rate constants were obtained for the reactions of CF* with H, Hy, Ny, O,,

CO, NO, HCI, and CH,0O and we report a conservative upper limit for the rate constants of

E<1x107"2 cm?3 s

4.4 Conclusion

We have investigated the reactivity of CFT with prototypical groups of compounds,

many of which have been detected in the ISM. The results from this study indicate that:

(1) CFT is highly reactive with complex molecules, but relatively inert toward diatomic
molecules. This will result in an increased destruction rate in dense molecular envi-

ronments and allow survival of CF* in diffuse regions.
(2) The stable molecule CO is a dominant product in the reactions of CF™.

(3) The variations in reactivity for the reactions involving SO, CD3;0D, (CH3),CO,
and NF3 have been discussed by examining the potential energy surfaces. Dynamic
effects due to transition state barriers along the potential energy surface likely control

the reactivity of these processes.

(4) The reaction of CF* with CF, has been reexamined. The curved feature in the
kinetic plots observed by previous researchers was likely the result of vibrationally

excited CFT.

We suggest, from a chemical standpoint, that CF* will have the greatest probability of
detection in the regions where it is initially formed; these regions include the transition
zones where the photon flux is sufficient to ionize C*, but low enough that HF can form in

high densities. This result is consistent with the suggestions that CF* is the carrier of the
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1384 A DIB since DIB intensities are known to be strongest in regions of high photon flux,
where H atom is dominant, and diminish in dense regions where molecular hydrogen is in

high abundance [35].
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Chapter 5

Gas-Phase Reactions of Hydride Anion, H™

5.1 Introduction

The anion of the hydrogen atom, though seemingly simple, has drawn much attention
because of its involvement in many reactions important to our understanding of cosmology
and astrophysics. Hydride, H™, has been implicated in the formation of Hs, the first coolant
available to the universe for seeding star and galaxy formation after the Big Bang [1]. Al-
though detection of H™ in astrophysical environments remains elusive [2], a firm acceptance
of its presence exists. The hydride ion has been correlated to the opacity of the Sun and other
similar stars [3-6]. In addition, H™ has been predicted to exist in regions of the interstellar
medium (ISM) such as the transition zones of photodissociation regions, dense clouds, and
planetary nebulae [7]. In these dense environments the population of neutral hydrogen and
free electrons suggests the existence of H™. In 2000, Field [8] proposed a model suggesting
hydride may also be involved in Hy formation via an associative detachment (AD) process
similar to the one that was important in the early universe. However, in this case, H™ pro-
duction occurs on the surface of dust grains with weakly bound surface electrons rather than
by direct electron capture by hydrogen atoms.

A variety of regions with the likely presence of H™ overlap molecular regions at their
boundaries. An assorted range of chemical processes can be expected because of the re-
activity of the hydride anion. Thus, an understanding of this reactivity should reveal the

degree to which H™ drives astrophysical processes. Neutral reactants employed in this study
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were chosen to map the chemistry of H™ with representatives from prototypical groups of
compounds. Eleven of the compounds studied [CoHs, HoO, CH3CN, CH30H, (CHs),CO,
CH3CHO, N,0O, COg, Os, CO, and ¢-CgHg| have been detected in the interstellar medium
(ISM)[9]. Rate constants for the reaction of H- with the neutral molecules CoHy, H5O,
CH3CN, N,O, COs, Oq, CO, CH3Cl, and ¢-CgHg were previously determined to test ion-
molecule collision models [10-17]. Here, we increase the number and source of existing

measurements and contribute seven previously unmeasured reaction rate constants of H™

with the molecules CH3OH, (CHg)QCO, CHgCHO, COQ, (CH3)3CC1, (CH3CH2>QO, and DQ.
5.2 Methods

5.2.1 Experimental Methods

Experiments were carried out using a flowing afterglow apparatus [18, 19]. The hydride
ion, m/z 1, poses two major challenges in that low mass ions are difficult to transport
efficiently and are challenging to detect using a quadrupole mass filter. Attempts were made
to generate H™ ions in the source flow tube; however, mass selection and injection into
the reaction flow tube were not successful. Efficient scattering of hydride ions by helium
in the injection process at the Venturi inlet is likely the cause of this difficulty [18]. In
addition, tuning the detection quadrupole mass filter to transmit extremely low-mass ions
is challenging due to the occurrence of the “on blast”; this is the transmission of all ions
when the voltages on the quadrupole mass filter are set near zero. Proper tuning of the
instrument was achieved with assistance from the staff at Extrel Corporation [18]. In this
case, H™ is formed by electron ionization (70 eV ionization energy; 1-2 pA) on a trace

amount of ammonia gas (NHs; 99.9995%) via the dissociative attachment process [18]
NH3 + e — H + NH2 (51)

Tons are formed in low density (< 107 ions cm™3) to establish the existence of free diffusion.

Sufficient concentration of NH; was used to ensure that hydride formation (ionization) was
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complete before the reaction region. After the ionization event ions are thermalized by
collisions with the helium carrier gas. Molecular reagents of known concentration are added
to the reaction flow tube through a manifold of inlets. The decrease of the reactant-ion
signal is monitored as a function of reaction distance by a quadrupole mass filter coupled to
an electron multiplier. Reactions are carried out under pseudo first-order conditions and a
standard kinetic analysis is used to determine rate constants [19].

The neutral reagents are acetylene (CoHa; > 99.6%), water (H2O; deionized), acetone
[(CH3)2CO; > 99.5%)], acetonitrile (CH3CN; 99.8%), methanol (CH3;OH; > 99.9), acetalde-
hyde (CH3CHO; > 99.5%), nitrous oxide (N2O; 99.0%), carbon dioxide (COy; > 99%), oxy-
gen (Og; > 99.994%), carbon monoxide (CO; 99.5%), methyl chloride (CH3Cl; 99.5%), tert-
butyl chloride [(CHj3)3CCl; > 99.5%], deuterium (Dq; > 99.8%), diethyl ether [(CH3CHy)20;
99.9%], and benzene (c-CgHg; > 99.9%).

5.2.2 Computational Methods

We have carried out ab initio calculations to support our experimental studies. Ener-
gies and structures for reactants, products, and intermediates involved in the reactions were
determined using Gaussian 09 [20]. The CCSD(T)/aug-cc-pVDZ level of theory is used for
open-shell species such as molecular oxygen to minimize spin contamination on the energetics
21, 22]. Alternatively, all other calculations are carried out at the MP2(full)/aug-cc-pVDZ
level of theory [23]. Reaction enthalpies are determined at 298 K using theoretically calcu-
lated energies. The potential energy surface for the reactions of H™ with N,O, CO,, and

CH3ClI have been explored, Section 5.3.

5.3 Results and Discussion

The results for all reactions are summarized in Table 5.1; this table includes rate con-
stants, reaction efficiencies, prior literature values, and experimental and theoretical exother-

micities determined at 298 K. We observe a wide range of rate constants and their resulting



Table 5.1: Hydride/neutral molecule reactions

Neutral Product(s) Eexp® Efficiency® Literature Values AH exp© AH heord
Reactant (1072 em?® s71)  (kexp/kcol) (1079 cm?® s71) (kcal mol=!)  (kcal mol~1)
Proton Abstraction Reactions
CoH, CoH™ + Ho 3.1 £0.3 0.70 4.42¢ (£25%) -21.6 -24.1
H,Of OH™ + Hy 4.8 +1.1 0.61 3.78 (£25%), 3.8" (£30%), -10.3 -12.5
CH3CN CH2CN™ + Hp 11 +1 0.57 131 (+£25%) -26.3 -25.1
CH30H CH30™ + Hy 6.1 £0.8 0.66 N/A -18.6 -19.5
(CH3)2CO CH3COCH,~ + Hs 7.0 £0.8 0.47 N/A -31.8 -31.5
CH3CHO CH,CHO™ + Hy 6.4 +1.1 0.51 N/A -34.9 -34.0
Atom Abstraction/Addition Reactions
N,O OH™ + Ny 1.0 +£0.1 0.23 1.13 (40.3) -87.7 -87.4
COq HCO»™ 0.09 +0.02 0.022 N/A -50.9 -52.0
Associative Detachment Reactions
0] HO2 + e~ 1.4 +£0.1 0.46 1.2 (£20%) -34.2 29.4k
CO CHO + e~ 0.020 £0.008 0.007 (.05 2.1 -0.9
Sn2/E2 Reactions

CH;3Cl Cl™ 4+ CHy 2.5 +0.1 0.23 3.0! (£20%) -85.0 -91.4
(CHg)gCCl Cl~ + Hy + (CHg)QCCHQ 4.0 £0.5 0.32 N/A -76.2 -78.0

Notes. No measurable rate constants were obtained for the reactions of H~ with Do, (CH3CH3)20, c-CgHsg.

& The error bars associated with the reported values represents 1o of the mean of the experimental measurements. There is a total
absolute error of +20%.

b kel is the collisional rate constant determined by Langevin theory [24] for reactions involving neutral species without a dipole moment
and by parametrized trajectory theory [25] for those reactions involving neutral species with dipole moments.

¢ Values determined using Hess’s law with experimental values for ionization energies, bond energies, electron affinities, and heats of
formation [26, 27].

4 Energies calculated at the MP2(full) /aug-cc-pVDZ theory level at 298 K.

¢ Mackay et al. [10]

f Stockdale et al. [13] reported an unreasonably high value of 5.4 (£1.6) x 1077 ecm?® s~!
Betowski et al. [11]

Melton & Neece [12]

Mackay et al. [14]

Dunkin et al. [15]

Energy calculated at the CCSD(T)/aug-cc-pVDZ theory level at 298 K.

' Tanaka et al. [16]

=2

W,_.H.
€6
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efficiencies. There is a total absolute error of +20% associated with the reported rate con-
stants due to the experimental method. Furthermore, reaction rate constants are reported
with error bars representing 1o of the mean, an indication of the precision of our mea-
surements. For comparison, we report reaction efficiencies as kexp/kcol, where ko is the
collisional rate constant determined by Langevin theory [24] for reactions involving neutral
species without a dipole moment [Dy, Oy, CO4, CyHs, and ¢-CgHg] and by parametrized tra-
jectory theory [25] for those reactions involving neutral species with dipole moments [CO,
H,O, N,O, CH3Cl, CH30H, CH3CN, CH3CHO, (CHj3)2CO, (CH3)3CCl, and (CH3CHs)-0;
26]. Enthalpies of reaction, AHeyp,, have been determined using Hess’s law with values for
ionization energies, bond energies, electron affinities, and heats of formation taken from the
CRC Handbook of Chemistry and Physics [26] and the NIST Chemistry WebBook [27]. For
discussion, reactions have been categorized into five groups based on reaction mechanism:
proton abstraction reactions, atom abstraction or addition reactions, associative detachment
reactions, nucleophilic substitution (Sx2)/elimination (E2) reactions, and a final group where

reactions are not observed.

5.3.1 Proton Abstraction Reactions

The neutral reagents CoHo, HoO, CH3CN, CH30H, (CH3),CO, and CH3CHO react

with H™ to form H, via
RH + H — R~ + H,. (5.2)

Such proton abstraction reactions have relatively large rate constants ranging from 3.1 x
1072 to 11 x 1072 cm?® s71. Similarly, reaction efficiencies are generally higher than other
reactions in this study.

Mackay et al. [10] measured the rate constant for the proton transfer reaction of
hydride with acetylene with a flowing afterglow instrument in a similar manner as described

in Section 5.2 and reported k = 4.42 (£25%) x 107 cm? s™1. In comparison, our measured



95

3 1

rate constant of k = 3.1 x 107? cm? s™! agrees within the combined error bars.
The reaction of hydride with water is the only reaction in this study for which more
than one rate constant measurement has been reported. Betowski et al. [11] determined a

rate constant of £ = 3.7 (£25%) x 1072 ecm?® s™! for the reaction
H™ + H,O — OH™ + H, (5.3)

at 298 K using the flowing afterglow technique. Melton & Neece [12] carried out an energy-
variable study for this reaction ranging from 0 to 10 eV and reported a value of £ = 3.8
(£30%) x 1079 cm® s71 at 0 eV. An earlier measurement from Stockdale et al. [13, 28] for the
same reaction was reported as k = 5.4 (£1.6) x 1077 cm® s~!. Rate constants by Stockdale et
al. [13, 28] were measured using a pulsed source time-of-flight mass spectrometer, and their
reported rate constant measurement at 0 eV ion energy, in the laboratory frame, exceeds
the collision rate constant by a factor of 60 and is therefore not physically reasonable. Our

3 s71. The experimental

determination of this reaction rate constant is & = 4.8 x 107 cm
conditions of our study are most similar to those of Betowski et al. [11] where ions were
produced using a similar method (i.e., electron ionization on a precursor) and subsequently
thermalized via collisions with carrier gas molecules.

Mackay et al. [14] reported a rate constant of k = 1.3 (£25%) x 107® ¢cm?® s7! for
the reaction of hydride with CH3CN. The measurement was made using a flowing afterglow
instrument under conditions similar to those described in Section 5.2. Our reported value,
kE = 1.1 x 1078 cm? s}, is within the combined error bars of our study and the former

measurement. As with the data of Mackay et al. [14], we saw no evidence of nucleophilic

displacement,
H™ + CH3CN - CN™ + CHy. (5.4)

Although the reaction enthalpy is -53.0 kcal mol™! for this mechanism, a transition state
barrier 15.1 kcal mol~! above the total energy of the reactants inhibits this reaction from

occurring in our experiment.



96

The reactions of H™ with methanol, acetone, and acetaldehyde have not been previ-
ously studied. We report a rate constant for the proton transfer reaction of methanol with
hydride as £ = 6.1 x 107 ¢cm?® s™'. The substitution mechanism for the methanol /hydride
reaction producing OH~ and CHy is more exothermic (AHipeor = -37.0 kcal mol™!) than
the proton transfer mechanism (A Hieor = -18.6 keal mol™!). However, calculations predict
a high transition state energy barrier of 13.2 kcal mol™! along the reaction coordinate that
effectively prevents this reaction. Our measured rate constants for the reaction of hydride
with acetone, £k = 7.0 x 107 cm? s7!, and with acetaldehyde, & = 6.4 x 107 cm? s 1,

indicate rapid reactions.

5.3.2 Atom Abstraction/Addition Reactions

Reaction rate constants and efficiencies for the reactions of H~ with NoO and COs
are markedly different than those of proton transfer reactions (Table 5.1). The reaction
coordinate plot of H™ with N5O is shown in Figure 5.1, with all energies relative to the
total energy of the reactants. Attack of H™ on the terminal nitrogen atom can lead to: (1)
oxygen atom abstraction with a small transition state barrier 20.6 kcal mol™! below the
energy of the reactants and (2) an AD mechanism that is inhibited by a transition state
barrier 17.1 kecal mol~! above the energy of the reactants. Similarly, direct attack on the
oxygen atom leads to oxygen-atom abstraction. H™ attack at the terminal nitrogen is likely
the most dominant mechanism for oxygen-atom abstraction because attack at the oxygen is
hindered by a barrier only 0.2 kcal mol~! below the energy of the reactants. Dunkin et al.
[15] measured the reactivity of hydride with nitrous oxide and reported a rate constant of &

= 1.1 x 107 em3 s71, which is in agreement with our measurement of ¥ = 1.0 x 107 c¢m?

S
For the reaction of H™ with CO,, four reaction channels were investigated. Figure

5.2a shows the hydrogen atom attacking one of the terminal oxygen atoms of CO,. The AD

and oxygen-atom abstraction channels that would result from this attack are hampered by
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Energy (kcal mol)

Reaction Coordinate

Figure 5.1: H™ + N5O reaction coordinate plot. Energetically allowed pathways are traced
in black lines and disallowed (endothermic) pathways are traced in red lines. Energies
obtained from calculations performed at the MP2(full) /aug-cc-pVDZ level of theory.
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Figure 5.2: H~ + COj; reaction coordinate plots. (a) Reaction with attack at an oxygen
atom. (b) Reaction with attack at carbon. Energetically allowed pathways are traced in
black lines and disallowed (endothermic) pathways are traced in red lines. Energies obtained
from calculations performed at the MP2(full) /aug-cc-pVDZ level of theory.
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a transition state 8.9 kcal mol~! above the energy of the reactants. Alternately, Figure 5.2b
shows the hydrogen atom attacking the carbon atom of the COy. The AD channel producing
the neutral association product with the hydrogen bound to the carbon is an endothermic
process and does not occur. The atom-transfer reaction forming CO and HO™ from the
reactant intermediate has a transition state barrier 9.7 kcal mol™! higher in energy than the
reactants and also does not occur. Reaction of H~ with CO, is slow. Our measured effective
two-body rate constant for association is k£ = 0.09 x 1072 ¢cm?® s™'. The HCO; ion is small

and will likely not survive long enough to undergo radiative stabilization in the ISM.

5.3.3 Associative Detachment Reactions

Hydride reacts with molecular oxygen (O3) and carbon monoxide (CO) via AD reac-
tions. Similar to the proton transfer reactions discussed previously, these reactions proceed
without barriers along the approach of reactants. A large difference is evident, however,
when we compare efficiencies and rate constants for these reactions. The differences are
attributed to relative enthalpies. The AD channel for the O, reaction is exothermic (AHey,
= -34.2 keal mol™!), whereas the CO reaction is essentially thermoneutral (A Hey, = 2.1 keal
mol™1). This difference in enthalpy is also reflected in the measured rate constants, where
the reaction with O is approximately two orders of magnitude more efficient compared to
reaction with CO.

In clarifying the electron affinity of O, Dunkin et al. [15] measured a rate constant
of k = 1.2 (£20%) x 107 ecm?® s™! for the H™ + O, reaction. They considered all possible
formation products: O; + H, OH™ + O, and O~ + OH. Hydroxide formation is plausible
since this reaction is exothermic by 8.6 kcal mol~'. O~ formation, however, is thermoneutral
(0.4 kcal mol™!) and cannot compete with the AD channel. Charge transfer is endothermic
by 7.0 kcal mol~! and should therefore not occur. A careful experimental search by Dunkin
et al. [15] for these alternative products turned out negative. Similarly, our studies show

clear evidence of the AD channel. However, the presence of background OH™ in our spectra
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prevents quantitative branching ratio determination for relatively minor ionic products. Our

3

measured rate constant of k¥ = 1.4 x 107 cm?® s™! for the AD reaction is in good agreement

with the previously published value.

5.3.4 Sn2/E2 Reactions

Hydride reactivity with methyl chloride proceeds via a substitution mechanism, and
reaction with tert-butyl chloride proceeds via an elimination mechanism. The lower reaction
efficiencies relative to the proton transfer reactions discussed earlier are due to transition
states along the reaction coordinates that are near the energy of the reactants. The reaction
coordinate plot for H= + CH3Cl is shown in Figure 5.3. Here, we consider proton abstrac-
tion and substitution channels for the methyl chloride reaction. While both channels have
transition state barriers, the substitution channel has a lower barrier and is more exothermic
overall (A Hipeor = -91.5 keal mol™! for the substitution compared to -4.8 kcal mol™! for the
proton abstraction). Additionally, we saw no evidence of the weakly bound CHj anion.

Similarly, we considered a substitution mechanism for the tert-butyl chloride reaction.
We cannot distinguish between competing mechanisms for this reaction since Cl~ is produced
by both processes. However, theoretical calculations predict the substitution reaction to have
a higher transition state barrier than the elimination reaction (AHpeor = 10.7 kcal mol™?
versus -8.4 kcal mol™!). Therefore, only elimination occurs in this reaction.

Prior measurement of the rate constant for the methyl chloride reaction was reported
as k = 3.0 (£20%) x 1072 cm® s7! by Tanaka et al. [16]. Our determination for the methyl
chloride Sy2 reaction is k = 2.5 x 107 ecm? s™! and k£ = 4.0 x 1072 cm? s~ for the tert-butyl

chloride E2 reaction.

5.3.5 Neutral Molecules Showing No Reaction

Some reactions in this study exhibited little or no reactivity. We saw no significant

decrease of reactant ion or formation of product ions in the reaction of hydride with Ds,
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-91.4

-94.5

Figure 5.3:

Reaction Coordinate

H~ 4+ CHj3Cl reaction coordinate plot. An energetically allowed pathway is

traced in black lines. The pathway traced in red, although energetically allowed, does not
occur. Energies obtained from calculations performed at the MP2(full) /aug-cc-pVDZ level

of theory.
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(CH3CH,)20, and ¢-CgHg. We observe only slight falloff in hydride signal intensity with the
addition of Dy up to a neutral molecule density of ~2 x 102 cm~3. Based on our observation,

3

we set an upper limit for the reaction rate constant as £k < 1 x 107 cm? s™!. However, our

observations do show D™ production as H™ is depleted.

Typically, strong bases have been found to react prominently with ethers by elimination
mechanisms [29]. However, calculations suggest that the elimination channel for the reaction
of H™ with diethyl ether does not occur due to a barrier along the reaction coordinate that
is 5.4 kcal mol~! higher in energy than the reactants.

In reacting hydride with benzene, we noted a decrease in signal and made several
attempts to measure a rate constant. In 14 attempts over the course of three days using two
different high-purity benzene samples, we were left with a rate constant with an unreasonably
low precision [2 (£2) x 107! ecm?® s7!]. Experimental and calculated enthalpies suggest that
the reaction is thermoneutral, a possible cause of the problem. The presence of a relatively
stable adduct could account for a slight decrease in the reactant ion signal. Bohme &
Young [17] studied the reaction of hydride with benzene in a series of bracketing experiments
to determine electron affinities from thermal proton transfer reactions. Their study was
performed using a flowing afterglow instrument, and generated H™ via electron ionization

on NHj in helium as well. Their rate determination resulted only in limiting value, k 2 5 x

1071 em?® 71,
5.4 Conclusion

Table 5.1 is a compilation of our results which provide an increase in the accuracy
of existing rate constants and a contribution of several new rate constants. This study
represents a chemical mapping of hydride reactivity with neutral species, many of which
have been detected in the ISM. Experimental observations and contributions from ab initio
calculations have accounted for a variety of reaction mechanisms and a range of reaction

efficiencies.
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Chapter 6

Gas-Phase Reactions of Polycyclic Aromatic Hydrocarbon Anions with

Molecules of Interstellar Relevance

6.1 Introduction

The detection of benzene in the circumstellar medium (CSM) of the preplanetary
nebula CRL 618 provided the first evidence that aromatic species exist in space [1]. Although
benzene is not a polycyclic aromatic hydrocarbon (PAH), it represents the building block
for these compounds. Therefore, its chemistry is prototypical of aromatic molecules and
we have included benzene in this study. Although no specific PAHs have been identified in
the interstellar medium (ISM), the inclusion of PAHs in astrophysical models has dramatic
consequences. Previous models that have included PAH neutrals and anions show significant
effects in the chemistry of interstellar clouds. In dense clouds, free electrons are replaced by
negative PAHs, which become the dominant carriers of negative charge [2, 3]. The fraction
of ionized atomic species is also reduced in the presence of PAHs in diffuse and dense clouds
because of the increased recombination rate between atomic positive ions and PAH anions
as compared to atomic positive ion-electron recombination [3, 4].

Small PAHs and their derivatives are also proposed to exist in the CSM. In particu-
lar, deprotonated PAH anions may be found in dense regions where these molecules can be
shielded from photodissociation and photoionization [5]. Many formation mechanisms for
benzene have been proposed. The formation of the phenyl radical is included in both the

radical-based reaction scheme [6] and the ion-based reaction scheme [7] for benzene chem-
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istry in protoplanetary nebulae [8]. In addition, a formation route for the naphthyl radical
has been proposed [6, 9]. Subsequently, dehydrogenated PAH radicals can combine with
low-energy free electrons to form dehydrogenated PAH anions [5]. Through these reaction
mechanisms, the phenyl radical and phenide anion may coexist with benzene and its neutral
and anionic derivatives [5, 8, 10, 11].

However, models that include PAHs neglect to include the dehydrogenated neutral and
anionic PAHs. The dehydrogenated PAH anions may be more stable in the ISM and CSM
because of the larger electron affinity (EA) of the PAH radicals (> 1 eV) as compared to
the parent PAHs (0.5-1 eV; [12, 13]). Because of the large difference in EA, we suggest that
astrophysical models should include not only anions of the PAH parent molecules but also
the dehydrogenated PAH anion counterparts. The structures of the neutral and most stable

anionic dehydrogenated PAH molecules are shown in Figure 6.1.

6.2 Methods

Reaction rate constants of anion-neutral reactions are measured using a flowing
afterglow-selected ion flow tube (FA-SIFT) instrument. Reactions of small dehydrogenated
PAH anions with H atoms and neutral molecules of interstellar relevance are investigated.

The experimental reactions are further supported by ab initio calculations.

6.2.1 Experimental Methods

The experiments are carried out using an FA-SIFT apparatus. In this work, amide
(NH; ) is generated using electron ionization (70 eV ionization energy) of ammonia gas
(NHs; 99.9995%) in a helium buffer gas. The dehydrogenated PAH anions are produced in
the source flow tube by the proton abstraction reaction of the neutral aromatic molecule

with amide,

NH; + R-H — R~ + NHs. (6.1)
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Figure 6.1: Name, chemical formula, and structure of the neutral aromatic molecules and
their corresponding dehydrogenated-aromatic anion. The anions shown are the lowest energy
isomers (MP2(full)/aug-cc-pVDZ level of theory).
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The ions generated are sampled into the low-pressure ion selection region and mass selected
using a quadrupole mass filter. Ions of a single mass-to-charge ratio are then injected into
the reaction flow tube, entrained in a flow of helium carrier gas, and collisionally cooled
before the introduction of neutral reactants. Molecular reactants of known concentration
are added to the reaction flow tube through a manifold of inlets. Reactant ions are sampled
through a small orifice into the detection chamber and the decrease in the reactant ion signal
is monitored as a function of reaction distance using a quadrupole mass filter coupled to an
electron multiplier.

Alternatively, atomic hydrogen is introduced into the reaction flow tube at a fixed reac-
tion distance and the kinetics are monitored as a function of neutral concentration. Hydrogen
atoms are generated by thermal dissociation of hydrogen gas on a hot tungsten filament. The
reactant ion signal is monitored as a function of filament voltage, which is directly correlated
to the concentration of atomic hydrogen [14]. Hydrogen atom concentration is determined

with the well-known rate constant for the calibration reaction
CI" + H— HCl + e, (6.2)

with a value of k = 9.6 x 107'% cm? s7! [15]. The reactant ion signal is monitored as a
function of reaction distance or filament voltage. Rate constants are derived using pseudo
first order kinetics [16].

Product branching fractions were determined for reaction of CgH; with NoO. The
ratio of the individual product ion versus the total product ion intensity is plotted versus
(1) reaction distance or (2) fraction of parent ion remaining. Primary product distributions
are determined by extrapolating the data to (1) zero reaction distance or (2) zero reaction
of parent ion. These values are combined and an average product distribution is reported.

The neutral reagents included in this study are as follows: hydrogen (Hz; 99.999% with
the gas further purified by passage through a molecular sieve trap immersed in liquid nitro-

gen), deuterium (Dy; 99.8% with the gas further purified by passage through a molecular sieve
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trap immersed in liquid nitrogen), carbon monoxide (CO; 99.5%), oxygen (O2; 99.994%),
carbon dioxide (COs; 99%), nitrous oxide (N2O; 99.0%), acetylene (CyHa; 99.6%), methanol
(CH30H; 99.9%), acetonitrile (CH3CN; 99.8%), acetone [(CHs)2CO; 99.5%)], acetaldehyde
(CH3CHO; 99.5%), methyl chloride (CH3Cl; 99.5%), and diethyl ether [(CH;CHz)20; 99.9%].

6.2.2 Computational Methods

We have carried out ab initio calculations to support experimental studies. We com-
puted energies and structures for reactants, products, and intermediates involved in the
reactions using Gaussian 03 [17] and Gaussian 09 [18]. The CCSD(T)/aug-cc-pVDZ level
of theory is used for open-shell species such as molecular oxygen to minimize spin contami-
nation on the energetics [19, 20]. Alternatively, all other calculations are carried out at the
MP2(full) /aug-cc-pVDZ level of theory [21]. Reaction enthalpies are determined at 298 K
using theoretically calculated energies. All rate constants are measured at 298 K. However,
the temperatures in dense molecular clouds are much lower [22], and the temperatures of
circumstellar environments cover a large range [23]; we present here the first experimental
data for these reactions. A variable temperature study would be valuable; however, for re-
actions with no barrier there is often minimal dependence on temperature. The potential

energy surface for the reaction of CgH; with Oy has been explored, Subsection 6.3.2.

6.3 Results and Discussion

The reactions of phenide with neutral molecules are divided into four different cat-
egories based on reaction mechanisms: proton abstraction, atom abstraction/association,
nucleophilic substitution (Sy2), and no reaction. Reactions of dehydrogenated PAH anions
with H atoms showed a decrease in reaction efficiency with increasing size of the PAH while

reactions with Hy and Dy did not occur at a measurable rate.



Table 6.1: C¢Hs~ + neutral molecule reactions

Neutral Reactant Products Fexp® Efficiency AHep®  AHheor(208 K)°
(1071 cm?® s71) kexp/keor  (kcal mol™)
Proton Abstraction Reactions
CQHQ C6H6 + CQHi 10.8 1.1° -22.7 -23.3
CH5CN CsHg + CH,CN- 28.0 0.78 28.8 24.6
(CH3)2CO Ce¢Hg + CH3COCH,™ 19.1 0.74 -32.9 -31.0
CH3;CHO CeHg + CH,CHO™ 17.0 0.68 -35.6 -33.5
Atom Abstraction/Association Reactions
COq CeH5CO5~ 6.2 0.83 -56.9 -58.2
O, CeH;0™ + O 0.08 0.01 -32.1 -37.9
N,O 56% C¢H50~ + Ny 0.36 0.04 -110 -111
44% CgHsN,O~ N/A -45.8
Nucleophilic Substitution (Sx2)
CH;Cl Ce¢H5CH;3 + ClI™ 6.8 0.36 -76.4 -82.2

Notes. N/A indicates insufficient experimental data to calculate value. No measurable rate constants were obtained for
reactions with CO, (CH3CH,),0 and we report a conservative upper limit for the rate constants of & < 1 x 107! em?3 s71.
2 The experimental precision, reported as 1o of the mean, is £10% and there is a total error of +20% for the reported rate
constants.

keol is determined according to Langevin theory [24] for reactions involving neutral species having no dipole moment and
parameterized trajectory theory [25] for those reactions involving neutral species with dipole moments.
¢ Values determined using additivity methods with experimental values for ionization energies, bond energies, electron affinities,
and heats of formation [12, 26].
4" MP2(full) /aug-cc-pVDZ and CCSD(T)/aug-cc-pVDZ theory level including zero-point and thermal energy corrections at 298
K.
¢ The reaction efficiency using Langevin collision rate theory to calculate the collision rate is 1.1 [24]. The reaction efficiency
using the point polarizable ion-collision model is 0.98 [28].

01T
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6.3.1 Reactions of Phenide with Neutral Molecules

The reactions of phenide with neutral molecules are summarized in Table 6.1; this
table includes reaction rate constants, collision rate constants, reaction efficiencies, and en-
thalpies of reaction. The experimental precision, reported as 1o of the mean, is £10% for all
reactions and there is a total error of £20% for the reported rate constants. For comparison,
we report reaction efficiencies as Kexp/kcol, Where ke is the collision rate constant deter-
mined by Langevin theory [24] for neutral reactants without a permanent dipole moment
(CO3, Og, and CyHy) and by parameterized trajectory theory [25] for molecules that possess
a permanent dipole moment (CO, N,O, CH30OH, CH3CN, (CHj3),CO, CH3CHO, CH3Cl,
and (CH3CH2)20) [26]. We determine experimental enthalpies of reaction, AH o, using
Hess’s law with bond dissociation energies, ionization energies, electron affinities, and other
enthalpies of reaction taken from the NIST Chemistry WebBook, NIST Standard Reference
Database Number 69 [12], or from the 89th edition of the CRC Handbook of Chemistry and
Physics [26]. For comparison, we also determine enthalpies of reaction at 298 K using ab
initio calculations. We then determine theoretical enthalpies of reaction using the calculated
energies. The FA-SIFT instrument is only able to detect ionic products; however, experi-
mental and calculated enthalpies of reaction aid in determining the neutral counterpart. The
mechanisms observed for the reactions studied include proton abstraction reactions, atom-
abstraction or association reactions, a nucleophilic substitution reaction (Sy2), and a last
category where no reactions are observed. For discussion, we use these reaction mechanisms

to divide the neutral reactant molecules into four different categories.

6.3.1.1 Proton Abstraction Reactions

Neutral reactants CoHy, CH3OH, CH3CN, (CHj3),CO, and CH3CHO are observed to

react with phenide via proton abstraction:

CGH5_ + R-H—R + CGHG. (63)
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The reactions of phenide with CH3OH and (CHj3),CO were previously studied by Bierikowski
& Danikiewicz [27]; however, reaction rate constants were not measured. The deprotonated
R~ was the only ionic product observed by Bientkowski & Danikiewicz [27], which is consistent
with our results.

These proton abstraction reactions are barrierless processes resulting in large rate
constants, which range from 1.08 x 107 to 2.80 x 1072 cm?® s~!. The reaction efficiencies
vary from 0.68 to 1.1. However, the reaction efficiencies do not directly correlate with
exothermicity, suggesting that there are minor dynamical effects in the reaction pathways
studied. The reaction efficiency for CoHy, using Langevin theory [24] to calculate the collision
rate constant, is greater than unity. However, if the collision rate constant is calculated
using a more current theory, such as the point polarizable ion (PPI) model [28], the reaction
efficiency is 0.98. A more advanced model may be needed to better understand the reaction
dynamics for these two species; however, the result remains that this reaction is highly

efficient.

6.3.1.2 Atom-Abstraction/Association Reactions

The association product observed in our experiment for the reaction of phenide with
COy is consistent with the results of Bierbaum et al. [29], Bierikowski & Danikiewicz [27],
and others (see Bienkowski & Danikiewicz [27] for further references). However, reaction
rate constants have not been previously reported. Gas-phase reactions of carbanions, such

as phenide, with CO, are known to yield association products:
R™ + CO; — RCOO™. (6.4)

These reactions occur by a barrierless pathway and proceed with high efficiency. This effect
can be seen by the large rate constant and reaction efficiency for the reaction of phenide
with COg as compared to the association pathway for the reaction of phenide with N,O.

The reaction rate constant listed in Table 6.1 for the reaction of phenide with CO, is an
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effective two-body rate constant. The three-body rate constants and lower limit of the
association rate constant can be determined using the method described in Section 2.8.
Alternatively, the reaction of phenide with O, proceeds through an atom-abstraction

mechanism,
C@Hg + 02 — C6H5O* + O, (65)

where C¢H5O is the only detected product. Studies by Wenthold et al. [30], using a flowing
afterglow-triple quadrupole apparatuse, detected ionic products of C¢H;0~, C¢H4O5, and
c-C5;Hj , whereas Bienkowski & Danikiewicz [27] reported ionic products C¢H;0~, C¢H4O5 ,
and O, . However, no experimental rate constants were reported. In our experiments,
all ionic and neutral reactants are collisionally cooled to their vibrational ground state by
the helium buffer gas; thus, Os is in the triplet state and phenide is in the singlet state.
The reaction pathways to yield the products CgH4O; + H and c-CsHy + COq require
spin conversion, which is quantum mechanically forbidden, indicating that the production
of these ions is likely inefficient. In addition, electron transfer from phenide (EA = 1.15
eV; [31]) to Oy (EA = 0.45 eV; [32]) is not energetically allowed. The theoretical reaction
coordinate plot for the reaction of phenide with Os is shown in Figure 6.2. The reaction
proceeds through a lower energy complex (-30.1 kcal mol™!) to the first transition state that
is almost thermoneutral (-3.2 kcal mol™'). The low reaction rate constant and low reaction
efficiency observed may be due to the relatively high barrier. After the first transition state,
the reaction progresses to a second low energy complex (-34.9 kcal mol™!), toward a second
transition state (-23.7 kcal mol™!), and onto the products with an overall reaction enthalpy
of -37.8 kcal mol™t. ¢-CgH50~ and O atom are the resulting products because the formation
of ring-opened structures is not energetically allowed.

Unlike CO45 and O,, the reaction of phenide with NoO proceeds through two reaction
pathways: association and atom abstraction. This reaction was observed by Bierbaum et

al. [29], Kass et al. [33], and Wenthold et al. [30], who also noted that the atom abstrac-
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Figure 6.2: CgHs~ 4 O reaction coordinate plot. The black lines indicate the energetically
allowed pathways. The red lines indicate endothermic reaction pathways. Energies were
obtained from ab initio calculations performed at the CCSD(T)/aug-cc-pVDZ level of theory
(kcal mol™1).
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tion reaction was the dominant mechanism. However, no experimental rate constants were
reported. The complete reaction coordinate path has been mapped by Liang et al. [34] at
the MP2/6-31+4G(d, p) level of theory. The association product observed experimentally
is most likely a stable intermediate along one of the two lower energy pathways toward the
atom abstraction products. This association product is formed through a three-body colli-
sion in the reaction flow tube. Although three-body reactions are unlikely in the ISM and
CSM, the large number of degrees of freedom in large PAHs (> 30 carbon atoms) may be

sufficient to allow stabilization through radiative emission.

6.3.1.3 Nucleophilic Substitution (Sn2) Reactions

The reaction of phenide with CH3Cl is the only system in this study that has a pre-
viously reported rate constant. For this reason, we chose to study the reaction of CgHy
+ CH3Cl to validate the accuracy of our measurements. The reaction studied by Bohme
& Young [35] was carried out in a flowing afterglow instrument under similar experimental

conditions to our current setup. Their measured reaction rate constant of 8.7 x 1071° cm?

3 571, within the error associated with

s~1 agrees with our measured value of 6.8 x 1071 cm
each measurement. The only ionic product observed in both studies was Cl~. Bohme &
Young [35] proposed three different reaction mechanisms; however, Equation 6.6 is the only

energetically allowed pathway, with an estimated reaction enthalpy of AH., = -76.4 kcal

mol_l,
CgH; + CH3Cl — CI™ + CgH5CHs. 6.6
5

The other two proposed mechanisms, which result in C1~ and multiple neutral products, are

substantially endothermic, rendering them inactive in our experimental setup as well as the

ISM and CSM.
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6.3.1.4 Neutral Molecules Showing No Reaction

Some reactions in this study exhibit no measurable reactivity and we report a con-
servative upper limit for the rate constants of £ < 1 x 107'2 ¢cm? s~!. The reactions of
phenide with CO and (CH3CH2)20 resulted in no measurable decrease in the reactant ion
or increase in product ion(s). The addition reaction of C¢H; + CO is exothermic by 13.7
kcal mol~!; however, three-body stabilization is not observed. Strong bases such as phenide
predominantly react with ethers by an elimination reaction [36]. Diethyl ether has not been
detected in the ISM or CSM; however, the reaction of phenide with diethyl ether was studied
to probe the E2 mechanism for aromatic systems. The reaction of (CH3CHz)20 by the E2

mechanism results in energetically favored products, but there is a barrier of 5.0 kcal mol ™!

above the energy of the reactants along the reaction coordinate that inhibits this reaction.

6.3.2 Reactions of Dehydrogenated Aromatic Anions with H, Hy, and D,

The results of the reactions of phenide (CgH; ), naphthalenide (CyoH; ), and an-
thracenide (Ci4Hg) with atomic hydrogen (H) are summarized in Table 6.2. For these
reactions with H atoms, the experimental precision, reported as 1o of the mean, is better
than +10% for all reactions and there is a total error of £50% associated with the rate
constants. The collision rate constants, k., for reactions with H atoms are calculated using
the PPI model [28]. All other values listed in Table 6.2 are calculated in the same manner
as described in Subsection 6.3.1.

The reactions of dehydrogenated aromatic anions with atomic hydrogen are exothermic

and proceed purely through an associative detachment pathway:
RF+H—RH+ e (6.7)

Although it is energetically feasible, the association reaction of anthracenide with H atoms
to produce the anthracene radical anion (C14Hj,) was not observed. This pathway does not

compete with the extremely exothermic associative detachment mechanism that can dissi-



Table 6.2: Dehydrogenated aromatic anion/H atom reactions

Ionic Reactant Products Fexp® Keot® Efficiency AHy° AHpeor®
(10719 em® s71) (10719 em® 7)) keyp/kear  (kcal mol™)  (kcal mol™t)
CoHs CeHg + ¢ 10.1 24.6 0.41 2881 843
CioH7™ CioHg + e~ 8.6 25.7 0.33 -80.4 -78.5
Cl4H9_ C14H10 + e 7.8 26.3 0.30 N/A -73.8

Notes. N/A indicates insufficient experimental data to calculate value.

2 The experimental precision, reported as 1o of the mean, is £10% for all reactions and there is a total error of +50%.

b ke is determined according to the point polarizable-ion model [28].

¢ Values determined using additivity methods with experimental values for ionization energies, bond energies, electron affinities,
and heats of formation [12, 26].

4" MP2(full)/aug-cc-pVDZ theory level including zero-point and thermal energy corrections at 298 K.

LT
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pate the internal energy more easily. The reactions with H atoms show a decrease in the rate
constant and in reaction efficiency with increasing size of the aromatic compounds (Table
6.2). This trend may be due to the decrease in deprotonation enthalpy of the neutral aro-
matic compounds with increasing size. Although the deprotonation enthalpy for anthracene
is not known experimentally, we report a theoretically calculated value of 391 kcal mol™!
for the most stable isomer, 1-anthracenide. The most stable ionic form for all deprotonated
PAHs investigated is shown in Figure 6.1. Naphthalene and anthracene have multiple depro-
tonation sites; however, the energy difference between these different sites is small (< 5 kcal
mol~!). Experimental work carried out by Reed & Kass [37] has shown that the hydrogens
on naphthalene are indistinguishable by H-D exchange, where every deuterium on C;oD7 is
exchanged for hydrogen. Ervin et al. [38] have shown that this method of preparation of the
naphthyl anion produces predominantly 1-naphthalenide, the most stable isomer. However,
because of the small energy difference in deprotonation sites and the method of generation
of the napthalenide and anthracenide anions, we are unable to determine a ratio of each
individual isomer. Therefore, the rate constants reported in Table 6.2 include all isomeric
forms.

In contrast to the H atom studies, the reactions of dehydrogenated PAH anions with H,
and Dy exhibit no measurable rate constant. This result is consistent with the relative gas-
phase acidities (AGyeiq) of Ha, CgHg, and CioHg which are 394.2 +0.1 [39], 392.4 +0.4 [40],
and 385.6 4-1.4 kcal mol ™! [37], respectively. Although the gas-phase acidity of anthracene is
not known experimentally, we report a AG,iq = 381 kcal mol~! for the most stable isomer
(Table 6.2). Therefore, deprotonation reactions of Hy by the PAH anions are endothermic,
and will not occur in our instrument or the ISM and CSM. The same argument can be

applied to Dy, where the free energy for heterolytic cleavage is 394.9 £0.1 kcal mol™! [41].
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6.4 Conclusion

Reaction rate constants for small dehydrogenated PAH anions with H atoms and neu-
tral molecules have been measured experimentally. The phenide anion is very basic and will
deprotonate many classes of organic molecules. Although the basicity decreases slightly from
phenide to naphthalenide to anthracenide, these ions are still more basic than many organic
molecules [12]. Under equilibrium conditions and long times, it is possible that molecules
with a small AG,q, like HCN, would be deprotonated. However, the assumed abundance
of PAHs in the ISM is greater than that of the smaller molecular species [3, 42, 43], and we
propose that these anionic PAH species may exist in dense regions of the ISM and CSM and
should be included in chemical models of these environments. The reactions of O, and N,O
resulted in oxygen addition to the phenide anion. However, due to the low reaction efficiency
and low abundance of oxygen-containing molecules, this is likely not the major mechanism
for addition of oxygen to PAHs. The results listed in Tables 6.1 and 6.2 provide measured
rate constants that can be adopted in astrochemical models. Experiments and contributions
from ab initio calculations have accounted for a variety of reaction mechanisms and a range

of reaction efficiencies.
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Chapter 7

Chemistry of HCNH': Mechanisms, Structures, and

Relevance to Titan’s Atmosphere

7.1 Introduction

Saturn’s moon Titan is of great interest due to its thick atmosphere. The data collected
by the Ion and Neutral Mass Spectrometer (INMS) aboard the Cassini spacecraft have
provided insight into the rich composition of Titan’s ionosphere. Multiple models have
been developed, with the aid of the INMS data, to characterize the chemistry and physics;
however, the ion-neutral chemistry of Titan is still not completely understood. In particular,
several models of Titan’s ionosphere have shown an overestimation of the HCNH™ ion [1-3].

In 2012, Westlake et al. [3] suggested that an incomplete chemical network is the main
cause for this discrepancy and proposed the addition of four reaction pathways that have

not been previously included:

HCNH* + Hy —» CHoNH,*, (7.1)
HCNH' + CH; —» CoH;NH* + H,, (7.2)
HCNH* + CyHy — CsHNHT + H,, (7.3)
HCNH* 4 CoHy —» C5HNH* + H. (7.4)

The indicated products for Equations 7.1, 7.3, 7.4 were specified by Westlake et al. [3]; by
analogy we have suggested products for Equation 7.2. Westlake et al. [3] proposed rate

constants for these reactions by fitting concentrations of ions to measured values at different
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altitudes in Titan’s atmosphere using two different sets of conditions: (1) by fitting the
HCNHT concentration for each reaction individually, and (2) by including Equations 7.1,
7.3, and 7.4 as a group and fitting the product ion concentrations (Table 7.1). Although
these reactions have been previously studied both experimentally and computationally [4—
19], no one has specifically searched for the products suggested in Equations 7.1-7.4 (Table
7.2). We thank Dr. Veronique Vuitton of the Laboratoire de Planétologie de Grenoble for
bringing this issue to our attention and for requesting our studies to resolve this problem.

All previous experimental work has been carried out using a selected ion flow tube
(SIFT) [15-17] or a flowing afterglow-selected ion flow/drift tube (FA-SIFDT) [18]. For
Equation 7.1, Herbst [4] used a purely statistical approach to calculate a radiative association
rate constant. On the other hand, Smith & Adams [5] included an experimentally measured,
upper limit association rate constant (300 K) in a similar statistical model. These two
methods give largely different values, < 2.7 x 107! cm?® s7! [4] and < 1 x 107'¢ cm?® 57!
[5] at 50 K, where the value reported by Smith & Adams [5] has been adjusted for the lower
temperature. Although there is a large difference in these two values, this discrepancy has
never been resolved. No reaction has been observed for Equation 7.2, and therefore no rate
constants have been determined [10, 11].

The reaction of HCNH* with CyH, has been studied both experimentally and compu-
tationally. Herbst et al. [8] compared experimental and theoretical three-body association
rate constants for the production of the C3H4N™ ion at 300 K and found a large inconsis-
tency, 5 x 107 cm® s7! and 2 x 107 cm® s7!, respectively. The assumed structure of
C3HyN™ was the lowest energy isomer, protonated propenenitrile (acrylonitrile)(CyH3CN);
however, Herbst et al. [8] noted that due to the large discrepancy, it was not likely that this
isomer was being formed. A second measurement of the three-body association rate constant
by Anicich et al. [11], &k = 6 x 107% c¢m® s7!, corroborates the experimental measurement of
Herbst et al. [8]; however, no structural information was obtained. Milligan et al. [12] used

experimental and computational work to determine that there are likely two isomers present
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Table 7.1: Rate constants for reactions of HCNH* modeled by Westlake et al. (2012)

Neutral Product(s) Individual Rate Group Rate
Reactant Constants (cm® s71)*  Constants (cm? s71)P
Hy CH,NH,* 6 x 107 2 x 1071
CH, Not specified 1 x 1071 —
CyH, C3HNH+ + H, 2 x 10711 5 x 1071
CoHy CgI’Igl\H‘IJr + H, 2 x 1071 6 x 10713

* Rate constants were determined by considering each reaction individually and fitting the
concentration of HCNH™ to measured values at different altitudes in Titan’s ionosphere [3].
b Rate constants were determined by including the reactions of HONHT with Hy, CyHo,
and CyHy and fitting the concentrations of the resulting products with measured values at
different altitudes in Titan’s ionosphere [3].

Table 7.2: Rate constants for reactions of HCNH™ determined by previous workers

Neutral Reactant Product Rate Constant® Reference
H, — <21 x 107" cm? 7! Herbst [4]
<1x 107" cm?® 57! Smith & Adams [5]
CH, — No Reaction Anicich et al. [10]
No Reaction Anicich et al. [11]
CqoH, CsHyNT 5 (£25%) x 1072 em® s7!  Herbst et al. [§]
No Reaction Anicich et al. [10]
6 (£30%) x 107* cm® s=!  Anicich et al. [11]
C,H, C3HgNT 7 (£25%) x 107%" cm® s=!  Herbst et al. [§]
No Reaction Anicich et al. [10]
5 (£30%) x 10727 cm® s™'  Anicich et al. [11]

2 Radiative rate constants have units of cm?® s™!, whereas three-body rate constants have
units of cm® s71.
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in the flow tube experiments, one that is electrostatically bound and one that is proposed
to be a cyclic isomer. Lastly, Bera et al. [14] have calculated three barrierless association
products corroborating the work of Milligan et al. [12]. The thermochemistry involved in
this reaction, especially the possible formation of propenenitrile, is not only important to
the chemistry of Titan, but also to industrial applications [19].

Likewise, the reaction of HCNH™ and CyH, has also been extensively studied [8-12].
The three-body association rate constant has been previously measured in two studies, k =
7 x 1072 cm® s7! [8] and £ = 5 x 10727 ¢cm® s7! [11]. Similar to the reaction with CyHa,
the theoretical three-body association rate constant determined by Herbst et al. [8] is larger

6 s71. Again, the lowest energy isomer,

by several orders of magnitude, k = 3 x 1072 cm
protonated propanenitrile, is likely not the association product [8]. The experimental work of
Wilson et al. [9] suggests that the protonated isocyanoethane isomer is the product, and the
extensive calculations carried out by Liu et al. [13] of the C3HgN™ adduct ion confirms that
this is the only energetically allowed product. However, the experimental work of Milligan
et al. [12] discredits the protonated propanenitrile and protonated isocyanoethane ion as
the isomer generated in the SIF'T experiments and suggests a cyclic isomer as the product.
In addition, Bera et al. [14] have found four barrierless association products, two T-shaped
and two cyclic isomers. Although previous experimental and computational data exist, this
discrepancy has never been resolved. The four reactions in Equations 7.1-7.4 are discussed in
detail in Section 7.3 and new insight is drawn from the combination of experiment and theory.

In particular we explore the products suggested by Westlake et al. [3] and characterize the

structure of C3HgN™.

7.2 Methods

Reactions of HCNH™ with neutral molecules are investigated using a flowing afterglow-
selected ion flow tube (FA-SIFT) instrument. The association product for the reaction of

HCNH™ with CyH,, C3HgN™, is investigated using proton transfer reactions to determine
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the structure. The experimental results are further supported by density functional theory

(DFT) and ab initio calculations of chemical structures and their energies.

7.2.1 Experimental

The experiments are carried out at 298 K using an FA-SIFT instrument (Figure 7.1).
Here, protonated hydrogen cyanide (HCNH™, m/z 28) is generated using electron ionization
(70 eV ionization energy) of dimethylamine [(CHj3)oNH] in a helium buffer gas. The reactant
ions are then mass-selected using a quadrupole mass filter, injected into the reaction flow
tube, and collisionally cooled by a helium carrier gas (0.35-0.45 Torr) prior to addition of
neutral reactants. Measured concentrations of neutral molecules are added to the reaction
flow tube through a manifold of inlets. The reactant-ion signal is monitored as a function
of reaction distance using a quadrupole mass filter coupled to an electron multiplier. Rate
constants or upper limits in reactivity are derived using pseudo first-order kinetics [20]. We
note that it was not possible to completely exclude m/z 30 in the injection process, but this
ion was unreactive with all neutral reagents and does not affect the studies of HCNHT.

To determine the structure of C3HgN™, the proton affinity of the association complex
was determined by probing the proton-transfer reaction with molecules whose PA is known.
C3HgN™ ions are generated by adding CoHy to the reaction flow tube 24 cm downstream of
the injection inlet for HCNH™; subsequently, neutral reagents, listed in Table 7.3, are added
50 cm further downstream (Figure 7.1). These conditions allow complete reaction of the
HCNHT™ ion and ensure that the C3HgN™ product complex is collisionally stabilized.

The neutral reagents included in this study are listed along with the chemical for-
mulas and percent purities: hydrogen (Hz; 99.999%), methane (CHg; 99.0% ), acetylene
(CoHa; > 99.6%), ethylene (CyHy; 99.5%), benzene (CgHg; > 99%), methanol (CH4O; >
99.9%), phenol (CgHgO; > 99%), formamide (CH3NO; > 99.5%), 2-methylfuran (C5HgO;
99%), N,N-dimethylformamide (C3H;NO; > 99%), methylhydrazine (CHgNo; 98%), 1,1-
dimethylhydrazine (CoHgNg; 98%).
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Figure 7.1: Flowing afterglow-selected ion flow tube setup for determination of the structure
of C3HgNT. The C3HgN™ adduct ion was generated by adding CoH, to the reaction flow
tube 24 cm downstream of the injection inlet for HCNH™; subsequently, neutral reagents are
added 50 cm further downstream.



129

Table 7.3: Characterization of C3HgN™ (formed from the reaction of HCNH™ + CyHy) by

proton transfer reactions

Neutral Reactant

Experimental PA®

Calculated PAP

Proton Transfer

(R) (kcal mol™!) (kcal mol™!) Observed®
Benzene 179 180 No
Methanol 180 177 No
Propanenitriled 190 188 —
Phenol 195 194 No
Formamide 197 195 No
Isocyanoethane? 204 200 —
2-Methylfuran 207 205 Yes
N-Methyleneethenamine? — 210 —
N,N-Dimethylformamide 212 207 Yes
Methylhydrazine 215 214 Yes
(Z)-2-Propen-1-imine! — 217 —
(E)-2-Propen-1-imine? 218 219 —
Cyclopropanimine? — 220 —
1,1-Dimethylhydrazine 222 220 Yes

2 Proton affinity (PA) values taken from Hunter & Lias [33]. There is an uncertainty of £2

kcal mol~! associated with the reported values.

> Energies calculated at the BSLYP/6-311++G(d, p)//B3LYP/6-31+G(d) level of theory

at 208 K [29].

¢ Reaction of R with C3HgN™.

4 Isomers of C3H;5N.
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7.2.2 Computational

DFT and ab initio calculations were carried out to support our experimental studies.
Structures and geometries for reactants, products, and intermediates involved in the reac-
tions (Figures 7.2-7.4) were computed using Gaussian 03 [21] at the B3LYP /aug-cc-pVTZ
level of theory [22-24]. Using these geometries, single point energies were calculated at the
MP2(full) /aug-cc-pVTZ level of theory [25]. This level of theory has been shown to be ac-
curate and efficient for calculating the energies of small H, C, and N containing species [26].
Because the theoretically calculated energies are temperature dependent, we determine re-
action enthalpies at 141 K, the temperature of Titan’s atmosphere 1010 km from the surface
[3]. However, at these low pressures (10~7 Torr [1, 27]) the ideal gas limit can be applied,
and the enthalpies are pressure independent. The relative potential energy surfaces shown in
Figures 7.3 and 7.4 are consistent with previous calculations [9, 13, 14, 18]. Proton affinities

were calculated at the BBLYP/6-3114++4G(d, p)//B3LYP/6-31+G(d) level of theory [28].

7.3 Results and Discussion

The reactions of HCNH* with Hy, CHy, CyH,, and CyH, are investigated to search for
the products listed in Equations 7.1-7.4. The experimental conditions were optimized, and
the appropriate m/z regions of the mass spectrum were carefully monitored. None of these
products were observed experimentally; however, an association product was detected for
the reaction of HCNH* with CyH, and CyH,. All reactions were explored computationally
and the structure of the HCNH' + CyH; adduct was characterized experimentally and

computationally.

7.3.1 Confirmation of the HCNH' Structure

Three possible isomers exist for this ion, HCNH', H,CN™, and CNH,". Based on the

chemistry included in the models of Titan’s ionosphere, linear HCNH™ is likely the dominant
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Figure 7.2: HCNH* + Hy; and HCNH* + CHy reaction coordinate plots. Energies and
geometries are obtained from ab initio calculations performed at the MP2(full)/aug-cc-
pVTZ//B3LYP /aug-cc-pVTZ level of theory (kcal mol™'). All pathways are disallowed,
endothermic, and traced in red lines. No ionic product is observed for these reactions.
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Figure 7.3: HONH' + C,H, reaction coordinate plot. Energies and geometries are obtained
from ab initio calculations performed at the MP2(full) /aug-cc-pVTZ//B3LYP /aug-cc-pVTZ
level of theory (kcal mol™!). Allowed pathways are traced in black lines and disallowed,
endothermic pathways are traced in red lines. The product of this reaction is C3H4N™T. See
Section 7.3.2 for additional details.
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Figure 7.4: HCNH" + C,yH, reaction coordinate plot. Energies and geometries are obtained
from ab initio calculations performed at the MP2(full)/aug-cc-pVTZ//B3LYP /aug-cc-pVTZ

level of theory (kcal mol™!).

Allowed pathways are traced in black lines and disallowed,

endothermic pathways are traced in red lines. The product of this reaction is CH;CH,NCH™.
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isomeric form [1, 3, 29, 30]. We are able to confirm that the ion at m/z 28 in our experiments
is the linear HCNH™ ion rather than the HyCN* or CNH," isomer. First, the HyCN™ cation
is highly unstable and is likely not formed by this method of generation of HCNH™ [31].

Second, we have calculated the proton affinity (PA) of
CNH + H" — CNH,y* (7.5)

to be 131 kcal mol™!, which is lower than the PA of CyHy (153 kcal mol™') and CyH,
(162 kcal mol™!) [32]. Thus, if a significant amount of CNH,™ were present, rapid proton
transfer reactions would be expected with CoHy and CoHy; however, these reactions were not
observed. In addition, we were able to confirm that no significant amount of Ny™ (m/z 28)
was present by probing for the reaction of Ny© + HCOOH — CHO™ + Neutral Products
(k= 4.6 x 107 cm?® s7! [33]). The only ionic product observed for the reaction of m/z 28

with HCOOH was m/z 47, indicating the proton transfer reaction of
HCNH' + HCOOH — HC(OH)," + HCN, (7.6)

with a rate constant of k= 1.4 x 107 cm?® s7* [34].

7.3.2 HCNH+ + HQ, CH4, and CQHQ

No ionic products were observed for the reactions of HCNH" with Hy and CHy, and
only small amounts of adduct were detected for the reactions with CyH,. These results
are in agreement with previous studies and our measured upper limit rate constants do not
improve upon published values. In addition to the experimental search for ionic products,
in particular the products suggested by Westlake et al. [3], we have also computationally
probed the reaction coordinate for Equations 7.1-7.3. For the reaction of HCNH™ with H,
there are large energy barriers of 51.5 and 66.4 kcal mol™!, depending on the orientation of
the neutral molecule relative to the ion (Figure 7.2a). These barriers will inhibit formation

of the suggested products since the reactants have only a thermal distribution of internal and
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kinetic energies. Likewise, reaction with CH4 shows barriers along the reaction coordinate
of 36.6 and 102.7 kcal mol™! (Figure 7.2b).

The reaction coordinate for HCNH™ with CyHy (Figure 7.3) contains multiple path-
ways, and four probable low-energy complexes are considered: protonated propenenitrile
(CH,CHCNH™), protonated isocyanoethene (CH,CHNCHT™), protonated azete (c-C3H4NT),
and protonated cyclopropeneimine [(c-C3Hy)NH;]. Here, we have computed that there are
reaction barriers along the potential energy surface that inhibit the production of protonated
propenenitrile, protonated azete, and protonated cyclopropeneimine. The most probable iso-
mer, protonated isocyanoethene, also contains a small barrier (2.4 kcal mol™! at 141 K) along
the reaction pathway. The low barrier in combination with the thermal distribution of en-
ergy associated with the reactants could explain the low rate constant measured by previous
researchers. Although we were unable to determine a barrierless formation pathway for the
cyclic product, we have investigated this structure based on the computational work of Bera
et al. [14]; however, there exists a barrier above the energy of the reactants for the loss
of Hy from the cyclic structure (Figure 7.3a). In addition, loss of Hy from protonated iso-
cyanoethene is highly endothermic and rearrangement to give the protonated propenenitrile
adduct is endothermic as well, thus inhibiting the reaction from forming the products in
Equation 7.3 (Figure 7.3). The two separate structures of C3H4;NT observed experimentally
by Milligan et al. [12] can also be explained by examining the potential energy surface. The
electrostatically bound structure is likely one or both of the T-shaped complexes shown in
Figure 7.3, while the covalently bound species likely corresponds to the CH,CHNCHT™ or the
c-C3HyNT adduct.

7.3.3 HCNH' + C,H,

A similar analysis has been carried out for the reaction of HCNH" with C,H,, where
only the association product C3HgN™ was observed. This reaction has also been probed by

other groups [8, 9, 12, 14], where linear and cyclic adduct isomers have been suggested as
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possible products. Although an extensive search did not reveal the products suggested in
Equation 7.4, we did observe an association reaction. This association molecule has numerous
isomers; however, there is only one product that is energetically feasible under our experimen-
tal conditions and those of Titan’s ionosphere, protonated isocyanoethane (CH3CHyNCH™).
We have confirmed the identity of the association product experimentally by probing the
proton transfer reaction (Equation 7.7) of C3HgN™ with other organic molecules (R) with

similar PAs, see Table 7.3.
(:‘31‘161\1Jr +R— CgH5N + RH™. (77)

The PAs of five C3H5N isomers were calculated for comparison with experimental data. The
experimental PA of CH3CH,NC is 204 4+ 2 kcal mol™! [32]. The C3HgN™T ion (formed by
the reaction of HCNH" + CyHy) does proton transfer with molecules of higher PA, but does
not proton transfer with molecules of lower PA. These results confirm the identification of
C3HgN™ as protonated ethyl isocyanide (Table 7.3). We report a three-body rate constant

of k > 8.7 (£20%) x 10727 cm® s~ for the reaction of
HCNH* + CHy — CgH6N+, (78)

which is in agreement with previously measured values within the combined error bars [8,
12] (Table 7.2).

The complete reaction coordinate has been mapped previously by Liu et al. [13] and our
computational work corroborates their results (Figure 7.4). The only energetically allowed
pathway produces the protonated isocyanoethane isomer (CH;CHoNCH™). Liu et al. [13]
have calculated 42 isomers of C3HgN™; however, their results also confirm that formation of
the protonated isocyanoethane isomer is the only pathway that does not contain a barrier
above the reactant energy. In addition, there is a 51.3 kcal mol~! barrier along the reaction
path from protonated propanenitrile to form the products in Equation 7.4 (C3H3NH™' + Hy)
inhibiting this product from forming under our experimental conditions and those of Titan’s

ionosphere (Figure 7.4b).
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7.4 Conclusion

We have investigated the chemistry of HCNH* with H,, CH,, CyH,, and CyH, to
probe for the products suggested by Westlake et al. [3]. The combination of experimental and
computational results has given insight into these four reactions related to Titan’s ionosphere.
In all cases, the products listed in Equations 7.1-7.4 were not observed experimentally. The
large energy barriers determined computationally will inhibit these reaction pathways and
they will not contribute significantly to the depletion of HCNH™. In addition, the proposed
ionic products CH,NH,*, CsHNH™, and C3H3NH™ will not be formed from these reactions
unless significant energy barriers are overcome. The structures of the association products
for the reactions of HCNH* with CyH, and CyH, have been revealed by experiment and
by DFT and ab initio calculations. These structures and calculated radiative association
rate constants should be included in models of Titan’s ionosphere and other interstellar
environments.

Upon further review of the models used by Vuitton et al. [1] and Westlake et al. [3],
we suggest the inclusion of the proton transfer reactions of HCNH™ with propyne (C3Hy),
propene (C3Hg), and 1,3,5-heptatriyne (CH3CgH [1]) because their PAs are greater than
that of HCNH™ [34]. The rate constants for these reactions have not been measured experi-
mentally, but their exothermicities are similar to other proton transfer reactions included in
the models of Vuitton et al. [1] and Westlake et al. [3] (i.e., C4Hy, HC3N, H,O, CH;0H).
Thus, the rate constant of k¥ = 3 x 107 cm?® s~! should be adopted for these reactions to
be consistent with unmeasured proton transfer reactions included in the model of Vuitton et
al. [1]. Although these rate constants are large, the inclusion of these reactions will not be
sufficient to account for the overabundance of HCNH™ due to the low concentration of these
neutral species. In addition, the inclusion of C3H, and CsHg will exacerbate the overpro-
duction of C3HZ and C3HZ, highlighting the fact that the chemistry of Titan’s ionosphere

is not completely understood.
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Chapter 8

Conclusion

The field of astrochemistry has gained increasing attention in the last decade. Several
universities now offer degrees in astrochemistry and the American Chemical Society has
added astrochemistry as an official subgroup of the Physical Chemistry Division. It is clear
from the progression of this interdisciplinary field that a single area of study can not solve all
of the mysteries of space. The combination of observations, models, and laboratory chemistry
has lead to the identification of some unique molecules, including anions. The Atacama
Large Millimeter /submillimeter Array (ALMA) recently commenced scientific observations
and will be instrumental in mapping our chemical universe. The ALMA telescope will
be able to detect species in low concentrations that were not previously observable. In
addition, this highly sensitive telescope is capable of collecting detailed information about
interstellar environments and it will take the collaboration of astronomers, modelers, and
chemists to interpret the data and direct future studies. The research presented in this thesis
has focused on gas-phase ion-molecule chemistry in interstellar, circumstellar, and planetary
environments to better understand their chemical makeup and give insight into chemical
networks and reaction dynamics.

Polycyclic aromatic hydrocarbons are ubiquitous throughout the interstellar medium
and their chemical makeup varies greatly depending on local conditions. In diffuse regions
where the flux of interstellar radiation is high, large (> 30 carbon atoms) neutral and cationic

PA(N)Hs are likely present. In areas of moderate density, such as translucent clouds, neutral
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PA(N)Hs are the dominant charge state. The size distribution in this region could vary
from small to large PA(N)Hs since the interstellar UV radiation is low and these molecules
are relatively unreactive. In the most dense regions, anionic PA(N)Hs may compete in
abundance with neutral species. The phenoxide anion is one possible oxygen-containing
PAH to search for in dense regions since it has a similar basicity to CN~, which has been
detected, and the parent radical has a large electron affinity (2.25 eV). In addition, ionic
PA(N)Hs are advantageous for identification using their rotational spectra because they
possess a permanent dipole moment.

The reaction of H™ with H is efficient, while reaction with Hy is not observed. The
hydride ion also reacts efficiently with many classes of organic molecules identified in the
ISM. Thus, H™ will likely survive in greatest concentration in regions such as translucent
clouds, where the flux of interstellar radiation is low, Hs is the dominant form of hydrogen,
and large organic molecules are not in high abundance.

From a chemical standpoint, CF™ is a good molecular tracer for C*. Although this ion
is highly reactive with many organic compounds, it is unreactive with the small molecules
that will be present in areas where C is in high density. In photodissociation regions where
CF* and oxygen-containing organics are present, it may be advantageous to search for the
spectral signatures of fluorinated formaldehyde. The presence of secondary ion-molecule
reactions in the flow tube indicates that the ionic products formed by the reactions of CF*
are also highly reactive. A chemical network including these reactions should be established
to determine the end state of these cations.

The Cassini-Huygens probe offers astrochemists another analysis tool, not available for
analyzing interstellar clouds. However, even with this added advantage, knowledge of Titan’s
atmospheric chemistry remains incomplete. The reactions of HCNH™ with Hy, CH,, CyHo,,
and CyH, are not major destruction pathways for HCNH™ and need not be included in models
of Titan’s ionosphere. A more detailed look at current models has revealed the omission

of three proton-transfer reactions; however, these additional reactions only exacerbate the
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overprediction of other species. It is clear from this study that the atmosphere of Titan is
not completely understood and personal communications with fellow scientists indicate that
models such as these are under continual revision.

The chemistry investigated in this study has provided insight into the reactivity of
PA(N)H*, [PAH-H|~, H-, CF*, HCNH*. The results aid in the chemical description of
interstellar, circumstellar, and planetary environments and guide future astronomical obser-
vations. In addition, this work should be continued to include new classes of compounds and
analysis techniques. First, further studies should be carried out to characterize the reactiv-
ity of nitrogen-containing PAHs, with one or more nitrogen atoms. These species are likely
present and have astrobiological implications. Second, the recent detection of PAH signa-
tures in oxygen-rich environments suggests that the chemistry of oxygen-containing PAHs
should be investigated. Lastly, the electronic spectra of CF* should be measured experimen-
tally. This simple molecule may lead to the first definitive assignment of a DIB. Nonetheless,

it is clear that we must “think outside the box” to solve this spectroscopic mystery.



Appendix A

Comparison of Reaction Exothermicities for H atom with PA(N)H Cations

Al Introduction

The reaction thermodynamics for H atom association with PA(N)H cations was inves-
tigated at each available position of the cation. Listed in Table A.1 are the PA(N)H cations,
association products, experimentally determined energies where available, and theoretically
calculated energies at 0 K and 298 K. PAH molecules are numbered according to TUPAC
rules so that the maximum number of rings lie in a horizontal row and as many rings as
possible are above and to the right of the horizontal row [1]. Numbering starts with the most
counter-clockwise carbon and commences in a clockwise manner counting only the exterior
carbons. PANH molecules are oriented such that the nitrogen is placed in the lowest num-
bered position according to the rules above. Numbering starts at the nitrogen and proceeds
clockwise. Figure 3.1 shows the PA(N)H cations investigated in this study and the distinct

positions for association are numbered.



Table A.1: Comparison of Reaction Exothermicities: PA(N)H Cations + H atom
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M* Product -AH ey -AH theor(0 K)° ~AHtheor(208 1)
(kcal mol™!)  (kcal mol~!) (kcal mol 1)

1-hydronaphthalene™ 63.2 64.5
Naphthalene™ 2-hydronaphthalene™ 66.1 60.3 61.6
1-hydroquinoline™ 113.2 108.0 109.7
2-hydroquinoline™ 56.8 58.2
3-hydroquinoline™ 65.5 66.9
. 4-hydroquinoline™ 56.5 57.8
Quinoline® 5-hydroquinoline™ 68.3 69.7
6-hydroquinoline™ 65.9 67.3
7-hydroquinoline™ 64.5 65.9
8-hydroquinoline™ 70.6 72.0
1-hydroisoquinoline™ 110.6 106.7 108.4
2-hydroisoquinoline™ 60.9 62.3
3-hydroisoquinoline™ 65.7 67.0
Tsoquinoline* 4-hydroisoquinoline™ 65.6 67.0
5-hydroisoquinoline™ 56.4 57.8
6-hydroisoquinoline™ 62.3 63.7
7-hydroisoquinoline™ 61.1 62.5
8-hydroisoquinoline™ 58.2 59.6
1-hydroanthracene™ 53.2 54.4
Anthracene™ 2-hydroanthracene 67.7 50.0 51.2
5-hydroanthracene T 62.0 63.2
1-hydroacridine™ 98.8 96.0 97.5
2-hydroacridine™ 60.7 61.9
3-hydroacridine™ 52.4 53.6
Acridine™ 4-hydroacridine™ 56.0 57.2
5-hydroacridine™ 56.7 58.0
6-hydroacridine™ 56.5 57.7
1-hydrophenanthrene™ 59.2 60.5
2-hydrophenanthrene™ 59.8 61.0
Phenanthrene™ 3-hydrophenanthrene™ 65.7 58.2 59.4
4-hydrophenanthrene™ 60.3 61.6
5-hydrophenanthrene™ 60.2 61.5
1-hydrobenzo|h]quinoline™ 95.1 96.7
2-hydrobenzo[h]quinoline™* 53.1 544
3-hydrobenzo[h]quinoline™* 58.0 59.2
4-hydrobenzo[h]quinoline™ 50.2 51.4
- 5-hydrobenzo[h]quinoline™ 62.0 63.3
Benzofh]quinoline™ 6—hydrobenzo{h% quinoline™ 60.0 61.3
7-hydrobenzo[h]quinoline™* 63.8 65.1
8-hydrobenzo[h]quinoline™* 59.5 60.8
9-hydrobenzo[h]quinoline™ 62.8 64.1
10-hydrobenzo[h|quinoline™ 61.9 63.2
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M+ Product 'Aliexp-(1 'Acheor(O K)b 'Acheor(ZQS K)b7C
(kcal mol™!)  (kcal mol~!) (kcal mol~1)

1-hydrophenanthridine™ 102.9 104.6
2-hydrophenanthridine™ 55.4 56.8
3-hydrophenanthridine™ 59.0 60.4
4-hydrophenanthridine™ 62.2 63.6
- 5-hydrophenanthridine™ 57.1 58.5
Phenanthridine* 6-hydrophenanthridine™ 63.1 64.5
7-hydrophenanthridine™ 65.4 66.8
8-hydrophenanthridine™ 65.0 66.4
9-hydrophenanthridine™ 64.1 65.6
10-hydrophenanthridine™ 67.2 68.6
1-hydropyrene™ 61.6 62.8
Pyrene™ 2-hydropyrene™ 65.4 47.1 48.3
4-hydropyrene™ 51.0 52.2
1-hydrotetracene™ 46.6 47.8
Tetracene™ 2-hydrotetracene™ 63.6 43.7 44.9
5-hydrotetracene™ 58.7 59.9
Coronene™ 1-hydrocoronene™ 60.4 56.3 57.8

& Values determined using Hess’s law with experimental values for ionization energies, bond energies, proton
affinities, and heats of formation [2].

b B3LYP/6-311G(d,p) theory level including zero-point energy correction.

¢ Including thermal energy correction at 298 K.
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