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ABSTRACT 

The reactions between reactive radicals and other neutral compounds have long been known 

to be important in atmospheric chemistry and astrochemistry. This work uses pulsed-laser 

photolysis cavity ringdown spectroscopy and laser-induced fluorescence to measure the rate 

constants and branching ratios of chemical reactions over a wide range of temperatures and 

pressures relevant to both polluted atmospheres, and the interstellar medium. This includes 

studying the OH + NO2 reaction in the 253 – 333 K range, the reaction of CN with benzene 

(C6H6) and toluene (C7H8) down to 16 K, and the OH + CO reaction down to 30 K.  
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Chapter 1 – Introduction 

 
1.1 – Scientific Background 

Knowledge of gas phase compounds and their chemical reactions are pivotal to our 

understanding of chemistry. The conditions these molecules are in can vary dramatically, 

from temperatures as low as 10 K in the depths of the interstellar medium, to more than 

1000 K in the combustion of hydrocarbons in engines. The chemistry in these systems is 

dominated by highly reactive, unstable compounds, leading to fast and complex chemistry 

occurring. In order to accurately understand these systems, we must be able to observe 

these unstable species and measure the kinetics of their formation and destruction. While 

molecular spectra and reaction rate constants of these reactive compounds can be computed 

with theoretical calculations, they must be benchmarked with experimental measurements 

to determine their accuracy. To that end, one major focus in experimental gas phase 

chemistry is to better understand these unstable molecules and their reactions in systems 

such as atmospheric chemistry and astrochemistry.  

1.1a – Atmospheric Chemistry 

 Understanding Earth’s atmosphere and the chemistry behind it has been a major 

topic in gas phase chemistry since the mid-20th century, when the impact of fossil fuel 

usage and air pollution resulting from the Industrial Revolution became apparent. The 

dominant molecule in Earth’s atmosphere is N2 (77% of the atmosphere) followed by O2 

(21%) and argon (1%). The remaining components are largely stable molecules, such as 

CO2 and H2O. 
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Figure 1.1: The average temperature (left) and pressure (right) profiles of the Earth’s lower 
atmosphere, consisting of the troposphere and stratosphere. 
 
 
 Earth’s atmosphere is divided into different regions, the lowest of which are the 

troposphere (roughly 0 – 18 km), and the stratosphere (roughly 18 – 50 km). The 

tropopause is the boundary layer between the two and is roughly 11 – 18 km in height. The 

exact location of the tropopause and the boundary above the stratosphere changes with the 

longitude and latitude. The average temperatures and pressures within the troposphere, 

tropopause and stratosphere is shown in Figure 1.1. Much of the reactive chemistry in the 

troposphere and stratosphere originates from the photolysis of O3 by short wavelengths of 

sunlight,1 which results in the formation of O(1D) 

O3 + hν (λ < 340 nm) → O(1D) + O2           (R1.1) 

This O(1D) can subsequently be quenched through collision with a nonreactive partner, 

such as N2, or react with H2O: 

O(1D) + M → O(3P) + M              (R1.2) 

O(1D) + H2O → 2OH                 (R1.3) 
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In addition to the OH radical, NO3 and O3 are also important oxidizers throughout the 

atmosphere, particularly during night, when no OH is formed through R1.1-R1.3 due to 

the lack of sunlight.2 

 The subsequent chemistry of the OH radical is closely linked to HO2 chemistry, so 

for this reason, OH and HO2 are collectively known as HOx. There is rapid cycling between 

the two, through reactions 

OH + CO (+ O2) → HO2 + CO2              (R1.4) 

OH + O3 → HO2 + O2              (R1.5) 

and 

HO2 + NO → OH + NO2              (R1.6) 

HO2 + O3 → OH + 2O2              (R1.7) 

In urban environments, where high pollution leads to the presence of large amounts of NO 

and NO2 (collectively known as NOx), the termolecular reaction of OH is important 

OH + NO + M → HONO + M             (R1.8) 

OH + NO2 + M → HONO2 + M             (R1.9) 

These reactions serve as a sink of OH. While HONO can photolyze to reform OH and NO 

readily, HONO2 is largely stable, and so R1.9 is an important reservoir of HOx.3 

Another important sink for the OH radical is the reaction with hydrocarbons, which 

are constantly emitted into the atmosphere through both anthropogenic and biogenic 

sources. Depending on the structure of the hydrocarbon, OH can either abstract a hydrogen, 

such as in the reaction with CH4, or add to an unsaturated bond, such as in the reaction with 

isoprene (C5H8, 2-methyl-1,3-butadiene). Both of these mechanisms lead to formation of 

an alkyl peroxy radical, RO2 
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OH + RH (+ O2) → RO2                   (R1.10) 

The chemistry of these RO2 compounds is complex and an active area of study in 

atmospheric chemistry. In urban areas with high NOx concentrations, the most common 

reaction is 

RO2 + NO → RO + NO2                   (R1.11) 

RO + O2 → HO2 + R`CHO                   (R1.12) 

where R`CHO is an aldehyde species. Note the reformation of HOx through R1.12, which 

leads to additional formation of OH. In low NOx environments, the most common fates of 

RO2 are reactions with HO2 or other RO2 molecules. 

RO2 + HO2 → ROOH + O2                   (R1.13) 

RO2 + RO2 → ROOR + O2                   (R1.14) 

RO2 + RO2 → RO + RO + O2                  (R1.15) 

RO2 + RO2 → ROH + R`CHO + O2                  (R1.16) 

The two RO2 reactants in R1.14 – R1.16 may or may not have the same alkyl group. Like 

in the high NOx case, many of these reactions lead to the reformation of HOx, through 

R1.12 or the photolysis of ROOH to form RO and OH. Recent work on RO2 radicals in 

low NOx environments has also shown that isomerization, through intramolecular 

hydrogen atom transfers, can play an important role in the formation of highly oxygenated 

molecules (HOMs).4 

RO2 → QOOH                    (R1.17) 

QOOH + O2 → OOQOOH                   (R1.18) 

The subsequent chemistry of the OOQOOH radical leads to the formation of stable HOMs, 

which are important precursors in secondary organic aerosols (SOAs) due to their low 
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vapor pressure. Recent work has also suggested that the ROOR accretion products from 

R1.14 are also important HOMs.5  

 The reaction network of the troposphere and stratosphere is complex, and the 

reaction rates and product branching ratios must be accurately determined. These 

parameters are used in widely used atmospheric models and influence policy decisions. 

While many of these reactions have been well characterized, models are still unable to 

match field measurements, particularly measurements of the concentration of the OH 

radical in low NOx environments.1, 6 leading to the need for further refinement and 

evaluation of the experimental values. 

1.1b – Astrochemistry  

 The interstellar medium (ISM), the diffuse material present in space that is not part 

of stars or other large celestial bodies, holds about 10 – 15% of the total mass of our 

galaxy.7 This mass consists of both gasses (atoms, molecules, ions and electrons) and solids 

(dust or ice particles). Despite the diffusivity of the ISM, discrete clouds can form. 

Molecular clouds are cold, with temperatures of 10 – 20 K and gas densities of 102 – 106 

cm-3, while atomic clouds can be either cold (50 – 100 K, 20 – 50 cm-3) or hot (6 × 103 – 

104 K, 0.2 – 0.5 cm-3).7 Larger molecular clouds are on the order of tens of parsecs (1 parsec 

= 3.09 × 1016 meters) with densities of 102 – 103 cm-3, while smaller molecular clouds are 

denser, with sizes of tenths of parsecs and densities of 104 – 106 cm-3.7 

The earliest molecules detected in the ISM date to observations made in the late 

1930s of small molecules such as CH, CN and CH+ with optical spectroscopy.7 The advent 

of radio astronomy, allowing molecules to be detected through their rotational transitions, 

has allowed for many new discoveries in the ISM. To date, over 200 molecules have been 
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discovered in the ISM, from small diatomics to compounds as large as C60 and C70 (though 

the majority of detected species contain ten atoms or less).8 H2 is by far the most common 

molecule in the ISM, while CO is the second most abundant, with the CO/H2 fraction 

ranging from 10-7 – 10-5.9 As H2 has no permanent dipole moment, CO is commonly used 

as a tracer for identifying cold molecular clouds in the ISM. With the advent of new and 

more sensitive telescopes such as Atacama Large Millimeter/submillimeter Array (ALMA) 

and the upcoming James Webb Space Telescope, our knowledge of molecules in the ISM 

and their distribution is rapidly expanding. 

 The extreme conditions present in the ISM leads to the presence of large amounts 

of unstable species in the ISM. Radiation from cosmic rays leads to complex ion chemistry, 

much of which is driven through the ionization of hydrogen, which subsequently leads to 

the formation of H3
+, which subsequently reacts with other atoms and molecules to produce 

a wide array of cations.10 Anions are formed through radiative attachment of electrons to 

neutral atoms and molecules, and subsequent chemical reactions of these anions.11 The low 

temperature means that unstable compounds are not able to isomerize to more stable 

isomers, leading to the high abundance of molecules such as HNC.12 

 Many of the molecules detected in the ISM are neutral radicals, from the early 

discovered molecules such as CH and CN, to molecules as large as C8H.8 While ion 

chemistry has historically dominated chemical networks for astrochemistry, many 

reactions between these neutral radicals and neutral closed-shell compounds have been 

shown to be fast at low temperatures.13 The rate constants of many of these neutral-neutral 

display non-Arrhenius behavior at the low temperatures relevant to the ISM. An extreme 

example of these non-Arrhenius rate constants is the turn-around displayed by a number of 
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reactions, where the rate constant reaches a minimum, before becoming faster at lower 

temperatures. This has been seen in the rate constants of the CN radical with hydrocarbons 

such as ethane (C2H6)14 and rate constants of OH with oxygenated hydrocarbons such as 

methanol (CH3OH)15-16 and ethanol (CH3CH2OH)17-20, the latter of which can be seen in 

Figure 1.2. Therefore, measurements of the rate constants of reactions relevant to the ISM 

must be studied down to the relevant temperatures and can not necessarily be extrapolated 

from higher temperature experiments. 

 
Figure 1.2: The rate constants of the OH + CH3CH2OH reaction over the 10 – 900 K range 
showing the minimum at ~200 K. Data taken from Ocaña et al.,17 Caravan et al.,18 Dillon 
et al.,19 and Carr et al.20 
 
 
1.2 – Summary of Thesis Work 

 This work presented here covers experiments done at Caltech and the University of 

Rennes 1 to study the temperature-dependent spectroscopy and kinetics of radical reactions 

with neutral species relevant to atmospheric and astrochemistry. Chapter 2 covers the 

experimental techniques used throughout this thesis. Chapter 3 discusses mid-infrared 

cavity ringdown spectroscopy experiments of the temperature- and pressure- dependent 
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branching ratio of the OH + NO2 reaction at conditions relevant to atmospheric chemistry. 

This reaction is critical in determining ozone formation in urban environments, which is a 

major component of smog. Chapter 4 discusses the rate constants of the reactions of the 

CN radical with benzene and toluene down to 15 K, as inspired by the 2018 detection of 

benzonitrile in the ISM.21 Chapter 5 focuses on the rate constants of the reaction of OH and 

CO, two of the most abundant interstellar molecules, down to 30 K, and the unusual 

temperature dependence of the reaction. 
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Chapter 2 – Experimental Methods 

 
2.1 – Detection Methods 

 A chemical reaction can be studied through monitoring the reactants, intermediates, 

products, or some combination thereof, depending on the nature of the reaction and the 

method involved. Consequently, many different techniques have been developed, 

particularly for studying reactive molecules with short lifetimes and low abundances. There 

are generally tradeoffs in different techniques, involving a combination of the method’s 

time resolution, sensitivity, spectral resolution, and the ability to identify different 

molecules.  

 The work presented in this thesis uses two main techniques, cavity ringdown 

spectroscopy (CRDS) and laser-induced fluorescence (LIF), to study the reactants and 

products of chemical reactions. 

2.1a – Cavity Ringdown Spectroscopy 

 For light passing through a chemical sample, the amount of light absorbed is 

governed by the Beer-Lambert law, which states  

ln �𝐼𝐼0
𝐼𝐼𝑡𝑡
� =  𝜎𝜎(𝜆𝜆)𝐿𝐿𝐿𝐿         (Equation 2.1) 

where 𝐼𝐼0 is the initial intensity of the light, 𝐼𝐼𝑡𝑡 is the intensity of the transmitted light after 

passing through the sample, 𝜎𝜎 is the cross section(s) of the sample at wavelength 𝜆𝜆 (with 

units of cm2), L is the pathlength of the sample (units of cm), and N is the number density 

of the sample (units of cm-3). 

 For the detection of species that have low concentrations, such as reactive radicals 

or products of their reactions, Equation 2.1 indicates that the trace molecule must either 

have a large cross section or be contained in a long chamber. The former is an inherent 
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property of the molecule, which therefore can not be altered experimentally. One method 

to the increase the sample length is through cavity ringdown spectroscopy, which can 

produce pathlengths on the order of kilometers or more. This technique, originally 

developed in the 1980s, was originally based on methods to precisely and accurately 

measure the reflectivity of highly reflective mirrors (R > 0.9995)1 and was first used to 

measure doubly forbidden electronic transitions of O2 to demonstrate its sensitivity.2 

 CRDS has been reviewed extensively in the past.3-4 These measurements rely on 

two highly reflective mirrors, often plano-concave, attached to the ends of a cell with 

distance L, as seen in Figure 2.1, to form an optical cavity. Light is transmitted into the 

cavity, bouncing back and forth between the two mirrors. As light hits each mirror, a small 

portion (1 – R) of the light leaks out and hits a detector. The resulting exponential decay is 

known as a ringdown. The intensity of the light at time t, 𝑖𝑖(𝑡𝑡), in an empty cavity with no 

absorption of the light, is governed by 

𝑖𝑖(𝑡𝑡) =  𝑖𝑖0𝑒𝑒
−(1−𝑅𝑅)𝑡𝑡𝑡𝑡𝐿𝐿           (Equation 2.2) 

where 𝑖𝑖0 is the initial intensity of the ringdown, L is the distance between the two mirrors, 

and c is the speed of light. The ringdown time, 𝜏𝜏, is characterized by the time the ringdown 

takes to reach 𝑖𝑖0𝑒𝑒−1, which can be determined by Equation 2.1 to be 

𝜏𝜏 = 𝐿𝐿
𝑐𝑐(1−𝑅𝑅)

          (Equation 2.3) 

When a molecular absorber is present, the intensity at time t instead becomes 

𝑖𝑖(𝑡𝑡) =  𝑖𝑖0𝑒𝑒
−𝑡𝑡𝑡𝑡𝐿𝐿 [(1−𝑅𝑅)+∑𝛼𝛼𝑖𝑖𝐿𝐿]                   (Equation 2.4) 

where 𝛼𝛼𝑖𝑖 is the absorption coefficient of species i and is defined as 

𝛼𝛼𝑖𝑖 =  𝜎𝜎𝑖𝑖𝐿𝐿𝑖𝑖          (Equation 2.5) 
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With the presence of molecular absorbers, the ringdown time therefore decreases, as the 

signal decays quicker than without an absorber. The ringdown time then becomes 

𝜏𝜏 = 𝐿𝐿
𝑐𝑐[(1−𝑅𝑅)+∑𝛼𝛼𝑖𝑖𝐿𝐿]

         (Equation 2.6) 

 
Figure 2.1: Diagram of a cavity ringdown cell (top), showing the light inside the cavity 
decreasing as it bounces back and forth, and simulated ringdown decays (bottom) of an 
empty cell (black), with precursor gases (red), and with photolysis and precursor gases 
(purple). 
 

In the case where these is only one molecular absorber, Equations 2.3 and 2.6 can 

be combined to determine α 

𝛼𝛼 =  1
𝑐𝑐
� 1
𝜏𝜏1
− 1

𝜏𝜏2
�         (Equation 2.7) 

where 𝜏𝜏1 is the ringdown time with the molecular absorber, and 𝜏𝜏2 is the ringdown time of 

the empty cavity. In the case where precursor gases are photolyzed, as in the experiments 
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in this work, Equation 2.7 can be altered to take into account the absorbance due to the 

photolytic species and their resulting chemistry, as seen in Figure 2.1 

𝛼𝛼 =  1
𝑐𝑐
� 1
𝜏𝜏𝑃𝑃ℎ𝑜𝑜𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑜𝑜 𝑜𝑜𝑜𝑜

− 1
𝜏𝜏𝑃𝑃ℎ𝑜𝑜𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜

�       (Equation 2.8) 

Since its inception, CRDS has gained widespread usage due to its sensitivity, using 

both pulsed and continuous sources. Many of its applications have been for studying 

molecules with low concentrations, such as reactive radicals, molecular clusters, or 

isotopologues, where the high sensitivity is required.4 Weak transitions, such as overtones 

or forbidden transitions have also been extensively studied with CRDS.2 With the 

development of time-dependent methods of spectral analysis, it has been used to measure 

reaction rate constants,5 and for fast reactions, the Simultaneous Kinetics and Ringdown 

(SKaR) method has been developed.6 Its range of application extends as far as usage in 

atmospheric field campaigns,7-8 and for medical diagnostics of human breath.9  

 
Figure 2.2: The pulsed laser photolysis, mid-infrared cavity ringdown spectrometer used 
in these experiments. 
 
 

A schematic of the CRDS instrument used in this work can be seen in Figure 2.2. 

The pulsed laser used here provides a wider tunability than available in continuous lasers, 
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at the cost of broader linewidths (estimated to be ~1 cm-1 in the mid-infrared design used 

here.) This instrument operates in the mid-infrared (3200 – 3750 cm-1) to look at the OH-

stretches of molecules. The second harmonic (532 nm) of a 10 Hz Nd:YAG laser 

(Continuum Surelite III) is passed through a 30/70 beam splitter. 30% of the 532 nm light 

is sent through a tunable dye laser (Quanta Ray PDL-3) containing DCM (4-

(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran, Exciton) dye in a 

methanol solution, producing light in the 600 – 660 nm range. This output is recombined 

with the remaining 70% of the 532 nm light. This then goes through two KTP (potassium 

titanyl phosphate) crystals, where a mid-IR photon is produced through difference 

frequency generation10 and therefore has a frequency equal to that of the difference of the 

two pump beams. Filters block the remaining green and red beams and the mid-IR beam is 

sent into the CRDS cell containing ringdown mirrors with R = 0.9998 (2.8 μm, Los Gatos 

Research); the mirror reflectivity of these mirrors over the mid-infrared range can be seen 

in Figure 2.3. Perpendicularly to the CRDS axis, a KrF excimer laser (Lambda Physik LPX 

210i), also operating at 10 Hz, fires at 248 nm to initiate the chemistry through pulsed laser 

photolysis. The resulting signal, collected for 80-100 microseconds at 25 MHz, is detected 

by a liquid nitrogen cooled InSb detector (Infrared Associates Inc., IS-0.50) and digitized 

with an analog-to-digital converter (Gage). Custom written LabView is used to collect and 

average 16 ringdowns, which are subsequently fit using a Levenberg-Marquadt algorithm. 
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Figure 2.3: The reflectivity of the mid-infrared CRDS mirrors centered at 2.8 μm used in 
experiments. 
 
 
2.1b – Laser-Induced Fluorescence  

 Laser-induced fluorescence, first developed in 1968,11 is a method in which first, a 

specific transition is excited. The excited state that emits a photon through spontaneous 

emission (fluorescence) within a time frame of nanoseconds to microseconds, depending 

on the transition and conditions of the excited molecule. The emitted photon can either be 

at the same wavelength as the initial excitation laser, in a process known as ‘on-resonance 

fluorescence’, or at a different wavelength to end up in a different state than the initial state, 

known as ‘off-resonance fluorescence’. Many experiments use a narrowband filter to 

prevent fluorescence at multiple wavelengths from being detected by the photomultiplier 

tube detector. An example of an off-resonance detection scheme, used to detect OH (v = 

0), can be seen in Figure 2.4. 
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Figure 2.4: The LIF excitation and detection scheme for detecting OH (v = 0) with the 
A2Σ+ - X2Π electronic transition. 
 
 
 LIF is a highly sensitive technique and has been used to detect concentrations as 

low as 106 cm-3.12 It is commonly used in pulsed laser photolysis gas phase kinetics 

measurements, by varying the time delay between the photolysis laser and the LIF 

excitation laser, which is used to detect a reactive radical, such as OH or CN, under pseudo-

first order conditions. 

 Two LIF excitation schemes are used in this work to detect the CN and OH (v = 0, 

1) radicals. To detect the CN radical, the 355 nm third harmonic of a Nd:YAG laser 

(Continuum Powerlite Precision II) firing at 10 Hz is put into a dye laser (Laser Analytical 

Systems, , LDL 20505) containing Exalite 389 dye (Exciton) in 1,4-dioxane (Sigma 

Aldirch, 99.8%), to produce light at ~389 nm to excite the CN B2Σ+ - X2Σ+ (0,0) transition. 

Fluorescence is then detected from the (0,1) transition at ~420 nm. An excimer laser 

(Coherent LPXPro 210), also operating at 10 Hz, is used to initiate the radical chemistry. 
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Fluorescence was detected from the CN (0,1) transition at ∼420 nm by a photomultiplier 

tube (Thorn EMI 6723) preceded by a 420 nm bandpass filter (Ealing Optics). 

To detect the OH radical, the 532 nm second harmonic of a 10 Hz Nd:YAG 

(Continuum Powerlite Precision II) laser is used to excite a dye laser containing either 

Rhodamine 6G (Exciton), for OH ν = 0, or a mix of Rhodamine 6G and Rhodamine B 

(Exicton), for ν = 1, the output of which is sent through BBO doubling crystals to produce 

~1 mJ of UV light to excite the OH radicals. The (1,0) and (2,1) bands of the A2Σ+ ← X2Π 

electronic transition are used to excite the OH (ν = 0) and OH (ν = 1) radicals, respectively, 

at ~282 and ~289 nm. The resulting fluorescence is detected by a photomultiplier tube 

proceeded by either a 310 (for OH ν = 0) or 320 nm (for OH ν = 1) bandpass filter. An 

excimer laser (Lambda Physics COMPexPro 201) operating at either 193 or 248 nm at 10 

Hz is used to create the radicals of interest.  

2.2 – Flow Cells 

 In order to study the temperature-dependence of reactions, different methods may 

be used depending on the desired temperature range. Here, we use a temperature-controlled 

flow cell for studying atmospheric chemistry experiments over the range of 253 – 333 K 

and 50 – 700 torr. Experiments studying astrochemical reactions use the CRESU 

(Cinétique de Réaction en Ecoulement Supersonique Uniforme; a French acronym for 

‘reaction kinetics in a uniform supersonic flow’), which allows for a cold flow in thermal 

equilibrium to temperatures as cold as a few K. 

2.2a – Temperature-Controlled Flow Cell 

 To measure the temperature-dependent branching ratios of the OH + NO2 reaction, 

a custom-designed temperature-controlled flow cell, as seen in Figure 2.5 was developed 
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by Luis Gomez and used in this work. This flow cell uses thermoelectric coolers (TECs, 

TE Technologies TE-63-1.4-1.15), controlled by a temperature controller (ILX Lightwave 

LDT-5948) to cool or heat the cell between 253 and 333 K, as measured by a resistance 

temperature detector (RTD) attached to the cell. A circulator filled with water, methanol, 

or a mixture of the two, helps stabilize the temperature throughout the cell and reduce any 

temperature gradients. Before entering the cell, gas flows through a stainless-steel pre-

cooling block that is also in thermal contact with the bottom of the cell. 

 
Figure 2.5: Top view of the temperature-controlled flow cell used in CRDS experiments 
in this work. TECs are placed on each corner of the cell. To stabilize the temperature, 
circulated water, methanol or mixtures thereof are in thermal contact with the cell. 
 

2.2b – CRESU  

 In order to study bimolecular or termolecular reaction kinetics, the gases must be 

in thermal equilibrium. However, achieving this is difficult at the very cold temperatures 

relevant to astrochemistry (~10 K). Liquid N2 has a temperature of 77 K,13 and therefore 

cannot cool gas flows below that. Furthermore, even at 77 K and above, the wall-cooling 

method means that at these cold temperatures, many species with lower vapor pressures 

will stick to the wall upon collision. This further limits the number of reactions that can be 

studied through liquid N2 cooling. One of the most common techniques for cooling 

molecules to < 10 K is the supersonic free jet expansion, where molecules are expanded 

Thermoelectric
Coolers

Flow  Cell

Water cooling/
heating line
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through a narrow nozzle into a low-pressure chamber. While extensively used in 

spectroscopy to measure cold spectra of unstable species, the low number of collisions 

means the system does not reach thermal equilibrium and in fact has large temperature and 

pressure gradients.14 In recent years, helium buffer gas cooling has been developed to 

effectively cool molecules to < 10 K,15 but has not yet been applied to in situ studies of 

bimolecular reactions. Ultracold (500 nK) chemical reactions have been directly observed 

after laser cooling the reactants,16 but the number of compounds that can be cooled to these 

temperatures is extremely limited. 

 The CRESU technique was developed in the 1980s17 for studying astrochemical 

reactions and energy transfer processes and has been the subject of previous reviews18-20. 

While initially used in conjunction with a mass spectrometer to measure the rate constants 

of ion-neutral reactions, it has since been combined with a wide range of sensitive detection 

methods. CRESU flows have been used to reach temperatures as low as 6 K.21 

 Briefly, the core of the CRESU technique is the Laval nozzle (also known as a de 

Laval nozzle), which are specially designed convergence-divergence nozzles. Laval 

nozzles were originally developed in the late 19th century and have been used extensively 

in mechanical engineering, including in the propulsion of rockets. As can be seen in Figure 

2.6A, in CRESU experiments, gas is pumped from a high pressure reservoir, typically but 

not always held at room temperature, through a Laval nozzle, before being isentropically 

expanded into a low pressure chamber at supersonic speeds. As the gas is compressed and 

expanded through the nozzle, it is cooled, allowing the cold temperatures necessary for 

astrochemical experiments to be reached. Surrounding the cold, uniform flow (known as 

the core), boundary layers with varying temperatures and pressures are also formed. A key 
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advantage of the CRESU method is that it does not require collisions with a wall to cool 

the molecules and is functionally wall-less.19 This allows for molecules with low vapor 

pressures to be studied at these cold temperatures. 

 The temperature of a CRESU flow, 𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, can be calculated with 

𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  𝑇𝑇0 �1 + 𝛾𝛾−1
2
𝑀𝑀2�

−1
        (Equation 2.9) 

where 𝑇𝑇0 is the temperature of the reservoir, 𝛾𝛾 is the ratio of the specific heat capacities 

Cp/Cv of the buffer gas (typically N2, He or Ar), and 𝑀𝑀 is the Mach number of the 

expansion. This value is experimentally measured to characterize the nozzle before use in 

chemical kinetics measurements, as described below. 

 
Figure 2.6: (A): A diagram of a Laval nozzle, showing gas being compressed in the 
convergent portion of the nozzle, before reaching the minimum diameter at the throat and 
being expanded through the divergent portion of the nozzle to produce a cold uniform flow. 
(B): A Laval nozzle being 3D printed. (C): Example of a Laval nozzle.  
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 The temperature and density of the cold uniform flow is a function of the nozzle’s 

geometry, and they must be carefully designed to create suitable nozzles. The advent of 

high precision 3D printers has allowed for faster manufacturing of Laval nozzles, as can 

be seen in Figure 2.6B and 2.6C. Due to imperfections in the manufacturing, however, all 

nozzles must be tested prior to use in experiments to characterize the flow and determine 

the necessary conditions for achieving a stable flow. 

 The method for testing the nozzle uses a Pitot probe to conduct impact pressure 

measurements. This probe is a hollow tube inserted into the flow; impact of the supersonic 

flow with the Pitot probe creates a shockwave. The impact pressure from this shockwave 

is measured by a pressure sensor attached to the Pitot tube. The pressure measured by the 

Pitot can then be related to the reservoir pressure with 

𝑃𝑃𝑖𝑖 = 𝑃𝑃𝑟𝑟 �
(𝛾𝛾+1)𝑀𝑀2

(𝛾𝛾−1)𝑀𝑀2+2
�

𝛾𝛾
𝛾𝛾−1 � 𝛾𝛾+1

2𝛾𝛾𝑀𝑀2−𝛾𝛾+1
�

1
𝛾𝛾−1               (Equation 2.10) 

Which allows for the Mach number 𝑀𝑀 to be determined. From that, the temperature can 

then be determined using Equation 2.9. By varying the position of the Pitot tube throughout 

the supersonic flow, the width and length of the uniform core can be determined. An 

example of Pitot measurements can be seen in Figure 2.7.  

The typical densities of these uniform supersonic flows are 1016 – 1017 cm-3.19 

Concentrations of the reactants and precursors must be kept under < 1% of the total flow 

rate to not disturb the uniformity of the flow. At concentrations higher than this, the 

uniformity of the flow is destroyed, making it unable to be used in spectroscopy and 

kinetics experiments. This imposes an upper limit on the rate constants that can be 

measured with CRESU to roughly ≥ 10-12 cm3 s-1.19 However, if the reactant is also the 

buffer gas, then faster rates can be measured. This was done in Tizniti et al.,22 who 
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measured the rate constant of the F + H2 reaction down to 11 K, where its rate is 2.48 × 10-

13 cm3 s-1, by using a buffer gas of pure H2 at the lowest temperatures. 

 
Figure 2.7: One-dimensional (top), along the y = 0 cm position, and two-dimensional 
(bottom) Pitot probe impact measurements of a 30 K N2 Laval nozzle. Note that outside of 
the core, the flow is not isentropic with the reservoir and thus the temperature is not 
accurately calculated with Equations 2.9 and 2.10. 
  

The gas flows used in CRESU experiments can be continuous or pulsed; pulsed 

CRESU instruments can be pulsed between the gas inlet and the reservoir, or between the 

reservoir and the chamber. Continuous CRESU flows require extremely powerful pumps 

in order to pump the gas at the necessary supersonic speeds in the chamber. Pulsed CRESU 
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has historically pulsed between the gas inlet and the reservoir, which is unable to reach as 

low temperatures as continuous flows due to a smaller pressure differential between the 

reservoir and chamber. In recent years, a new method of pulsed CRESU, which uses a 

rapidly rotating aerodynamic chopper between the reservoir and the chamber, has been 

developed and allows pulsed CRESU to reach lower temperatures, but is technically 

demanding.23 

 In the experiments presented in this thesis, CRESU flows are used in conjunction 

with PLP-LIF in order to measure bimolecular rate constants down to 15 K in experiments 

done in collaboration with the University of Rennes 1. Figure 2.8 shows a schematic of the 

instrument used in this work. The LIF excitation beam passes into the CRESU flow through 

the nozzle. The LIF emission is then detected by a photomultiplier tube (PMT) placed 

above the supersonic flow, with an appropriate filter to exclude other wavelengths. To 

initiate the radical chemistry, an excimer laser fires through the CRESU flow; the timing 

between the excimer and the Nd:YAG lasers is controlled by a delay generator. 

 
Figure 2.8: The CRESU PLP-LIF instrument used to measure bimolecular reaction rate 
constants in this work.  
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Chapter 3 – Temperature- and Pressure-Dependent Branching Ratios of the OH + 
NO2 Reaction Using Cavity Ringdown Spectroscopy 

 

3.1 – Abstract 

The reaction between OH and NO2 has long been known to play an important role 

in ozone production over urban areas, due to its ability to sequester NOx as nitric acid 

(HONO2). However, a minor channel leading to peroxynitrous acid (HOONO) formation 

can also occur. Due to the instability of this molecule, it is believed to quickly redissociate 

back to OH and NO2, thereby decreasing this reaction’s efficiency as a sink for nitrogen 

oxides (NOx). The branching ratio between these channels, denoted α = [HOONO]/ 

[HONO2], varies as a function of temperature and pressure, but experimental 

measurements of these values are limited. Here, we present measurements of the 

temperature- and pressure-dependence of the branching ratio of this reaction over a range 

of temperatures (255 – 333 K) and pressures (50 – 700 torr). Reactions were initiated by 

pulsed laser photolysis in a flow reactor, and HOONO and HONO2 formed in real time 

were detected by mid-infrared cavity ringdown spectroscopy. By combining our results 

with the latest recommendations of the total OH + NO2 rate constant from the JPL data 

evaluation, we provide individual rate constants for the formation of HOONO and of 

HONO2. 
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3.2 – Introduction 

Throughout the troposphere and stratosphere, the coupling of the HOx (HOx = OH 

and HO2) and NOx (NOx = NO and NO2) families plays an important role in a region’s air 

quality. OH radicals are the primary source that oxidize stable, long-lived molecules in the 

atmosphere, while NO2 radicals lead to the formation of photochemical smog in urban 

environments.1 The most important coupling between the HOx and NOx families is the 

termolecular radical-terminating reaction between OH and NO2. 

OH + NO2 + M → HONO2 + M                  (R3.1a) 

OH + NO2 + M → HOONO + M                  (R3.1b) 

The nitric acid, HONO2, formed from R3.1a is long-lived in the atmosphere, thus serving 

as a sink for both HOx and NOx. This reaction plays an important role in atmospheric 

modelling by sequestering radical concentrations; a sensitivity analysis studying the impact 

of over 900 model inputs on the modelled ozone concentration in urban environments 

found that the total rate constant k3.1 (k3.1 = k3.1a + k3.1b)  was the most important rate 

constant, and second-most important parameter overall.2 Under urban conditions (low 

VOCs, high NOx), R3.1a is responsible for a paradoxical decrease in ozone production 

with increasing NOx, by removing OH and inhibiting OH-initiated oxidation of VOCs. 

The alternate pathway, shown in R3.1b, leads to the formation of peroxynitrous 

acid, HOONO, was first proposed in 1983 by Robertshaw and Smith.3 HOONO was not 

observed until 2002, when the HOONO arising from R3.1b was detected through 

vibrational overtone photodissociation spectroscopy.4 Since then, it has been the subject of 

several experimental studies4-8 in order to better understand the molecule. HOONO quickly 

decomposes to regenerate OH and NO2 at room temperature and consequently reduces 
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efficiency of R3.1 as a sink.9 The potential energy surface of the reaction can be seen in 

Figure 3.1. These results indicate that there are two conformers of HOONO that can be 

formed, known as cis-cis and trans-perp, with the cis-cis being the lower energy of the 

two, as seen in Figure 3.1. Under atmospheric conditions, the trans-perp HOONO 

isomerizes to cis-cis, which is stabilized by an internal hydrogen bond between the 

hydrogen and terminal oxygen.7  

While there have been a number of experimental studies measuring k3.1 at a wide 

range of temperatures and pressures by monitoring the decay of OH in an excess of NO2, 

as summarized and evaluated by JPL9 and IUPAC,10 experimental measurements of the 

branching ratio of the products, α = k3.1b/k3.1a (= [HOONO]/[HONO2]), are scarce. 

Furthermore, α changes as a function of both temperature and pressure, making it necessary 

to measure over a wide range of conditions. The only two direct measurements of the 

branching ratio are from Mollner et al.,11 who measured it between 50 and 750 torr at room 

temperature, and Bean et al.,6 who studied it at 20 torr from 270 to 360 K; both studies 

used pulsed laser photolysis in conjunction with mid-IR spectroscopy to measure the ν1 

bands of HOONO and HONO2. Hippler et al.12-13 extracted rate constants for the two 

channels from their high pressure measurements and fall-off curve analysis of the OH 

decay. Troe14 re-analyzed the data of Mollner et al. and Hippler et al. in order to separately 

determine the rate constants k3.1a and k3.1b.  
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Figure 3.1: Simplified potential energy surface of the OH + NO2 reaction in kJ/mol; 
molecular geometries are from the Active Thermochemical Tables15 and the transition state 
energy is the experimental value of Fry et al.7 

 

Current recommendations for the branching ratio (and thus, k3.1a and k3.1b) from the 

JPL data evaluation are based on the RRKM (Rice–Ramsperger–Kassel–Marcus) master 

equation calculations performed by Golden et al.,16 while IUPAC’s evaluation is based on 

the results of Mollner et al. and Troe. The uncertainties present in the determined 

parameters are large: JPL recommends an uncertainty factor 1.3 for k3.1a and 1.5 for k3.1b at 

298 K, with increasing uncertainty at other temperatures. IUPAC recommends uncertainty 

factors of 1.12 and 2.0 for the low and high-pressure limits of k3.1a, respectively, and 1.26 

and 2.0 for the low and high-pressure limits of k3.1b at 300 K. As the temperature moves 

away from 298 K, these uncertainties will further increase. These large uncertainties 

propagate into the atmospheric models that are reliant on these evaluations. A recent 

modeling analysis studied the impact of these uncertainties on four key metrics from the 

GEOS-Chem chemical transport model: annual tropospheric ozone burden, surface ozone 

concentration, tropospheric OH concentration and tropospheric methane lifetime.17 Their 

results found that R3.1a was the single largest source of uncertainty among inorganic rate 

constants and photolysis rates across all metrics, and recommend focusing efforts on 
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improving this rate constant among others to improve our knowledge of atmospheric 

composition.  

Due to both the high uncertainty of these rate constants in current recommendations 

and the importance of this reaction for atmospheric modelling, we have extended the work 

of Mollner et al. and Bean et al. In this study, we have measured the pressure-dependent 

branching ratio α over a wide range of temperatures, from 255 to 333 K, and pressures 50 

to 700 torr. By combining these measurements with previous measurements of k3.1, we 

have also determined k3.1a and k3.1b. 

3.3 – Experimental Methods 

These experiments used a pulsed laser photolysis-cavity ringdown spectroscopy 

(PLP-CRDS) apparatus, which has been described previously in the literature11, 18-19 and in 

Chapter 2. Briefly, reactions are initiated in a temperature-controlled flow cell, described 

in Chapter 2, by pulsed UV light at 248 nm to generate OH in the presence of NO2. The ν1 

OH-stretch bands of the primary HONO2 and HOONO products were detected at a fixed 

delay time after the completion of the reaction, by pulsed mid-infrared cavity ringdown 

spectroscopy. Concentrations were determined by integrating the absorption bands, using 

computed absorption band intensities. 

The 532 nm light pulses from a frequency-doubled Nd:YAG laser, operated at 10 

Hz, passed through a 70/30 beamsplitter, where 30% of the 532 nm light pumped a tuneable 

dye laser containing DCM dye. The output of the dye laser was recombined with the 

remaining (70% transmitted) 532 nm light and sent into nonlinear KDP crystals, which 

produced mid-IR light as the idler by difference frequency generation. The mid-IR light 

was filtered to remove pump and signal radiation and then coupled into an optical cavity 
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formed by two highly reflective mirrors (R > 0.9998, CRD Optics) enclosing the reaction 

volume in the flow cell. The output was detected by a liquid nitrogen cooled InSb detector. 

This instrument operates in the 3200 – 3750 cm-1 range, limited by the mirror reflectivity, 

which allowed us to detect the ν1 OH stretches of HOONO and HONO2, as has been 

previously observed with this instrument in our group.6, 11 UV pulses at 248 nm were 

generated by an excimer laser (Lambda Physik 210i) and focused into the reaction cell 

perpendicularly to the IR cavity axis to generate OH radicals. Experiments were performed 

at 10 Hz. The total gas flow rate was sufficient to ensure complete exchange of gas in the 

flow reactor between pulses.  

Sixteen ringdowns decay traces were recorded and averaged at each frequency; 

each were taken with and without the excimer firing at each point in our spectrum (referred 

to subsequently as the ‘excimer-on’ and ‘excimer-off’ spectra, respectively). A mirror 

curve, taken under vacuum at each temperature studied, was recorded daily, and fit to 

determine the reflectivity of the mirrors as a function of frequency.    

3.3.1 – Radical Chemistry 

OH was generated via the photolysis of O3 at 248 nm, followed by subsequent 

reaction with H2: 

O3 + hν → O(1D) + O2                     (R3.2) 

O(1D) + H2 → OH + H                     (R3.3) 

NO2 was added in excess, such that the OH + NO2 reaction is under pseudo-first order 

conditions; typical gas concentrations were [O3] = 1 - 15 × 1015 cm-3, [NO2] = 1 - 10 × 1015 

cm-3, and [H2] = 5 - 25 × 1017 cm-3, with the balance N2. H2 concentrations were increased 

at higher pressures to minimize quenching of the O(1D) by N2. Ozone was generated from 
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flowing O2 through a corona discharge ozonizer. To minimize secondary chemistry, the 

ozone was purified to remove O2, by condensing the ozone on silica gel in a metal trap 

cooled by a dry ice/acetone bath. The O2 was removed by vacuum. During the experiment, 

the ozone was introduced into the flow cell by flowing N2 through the trapped ozone. 

Before mixing with other gases, the O3 concentration was measured by flowing the O3/N2 

mixture through a 1 m long flow cell. UV light at 307.6 nm (σ307.6 = 1.4 × 10-19 cm2)9 from 

a Zn lamp was passed through the cell and was detected with a monochromator and 

photomultiplier tube. The ozone concentration was recorded at the beginning and end of 

each scan to observe any fluctuations in O3 concentration; typical O3 concentrations were 

stable to within 15%. Measurements with larger fluctuations in [O3] were excluded from 

fits. 

The hydrogen atoms formed as a by-product of R3.3 can undergo two fates: 

reaction with NO2 or with O3. 

H + NO2 → OH + NO                     (R3.4) 

H + O3 → OH + O2                      (R3.5) 

These additional OH radicals from both channels undergo further reaction with NO2. The 

presence of NO and O2 from this chemistry may lead to side chemistry that interferes with 

our spectroscopic measurements, as the reactions with NO lead to the production of HONO 

from   

OH + NO + M → HONO + M                   (R3.6) 

While O2 could lead to HO2 formation 

H + O2 + M → HO2 + M                     (R3.7)  
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Spectral features arising from small concentrations of HONO were observed and therefore 

were included in our spectral fitting program. HO2 and its likely end product, HO2NO2, 

were not observed and were therefore omitted.  

OH produced from R3.3 is known to be vibrationally excited, resulting in up to OH 

(v = 4).20 Mollner et al., who also used R3.3 to produce OH, performed several experiments 

to verify whether this affected the measured branching ratio, by using an alternate source 

of OH, O(1D) + CH4 , which produces a much smaller quantity of excited OH radicals.21 

They did not find any change in their measured values from these experiments, suggesting 

that the presence of hot OH does not affect the branching ratios. While vibrational 

relaxation rates for OH (v = 1 – 4) with the gases present in our system have not been 

measured, Smith and Williams previously measured the rate constant for OH (v = 1) 

relaxation by NO2 at room temperature to be 4.8 × 10-11 cm3 s-1.22 Assuming that higher 

vibrational states of OH relax at the same rate, a kinetic model indicates that all OH is 

vibrationally cooled within 10 – 100 μs under our NO2 concentrations. This is likely an 

overestimate of the lifetime of vibrationally-excited OH within our system, as higher 

vibrational levels are likely to have larger rate constants for vibrational relaxation. 

Together, these results suggest that influence of vibrationally-excited OH on our branching 

ratio measurements is negligible.  

Spectra were measured 500 μs after photolysis. As can be seen in Figure 3.2, time-

dependent measurements of HOONO and HONO2 indicated that this reaction is complete 

in roughly 150 μs; the signal remains stable for up to 3 ms in our system before being 

vacuumed out, even at our highest temperatures of 333 K. The time-dependent 
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measurements agree well with a simple model of the product appearance based on k3.1, the 

experimental conditions and NO2 concentration used in experiments (4.4 × 1015 cm-3). 

 
Figure 3.2: Time traces of HOONO at 3307 cm-1 (purple) and HONO2 at 3520 cm-1 (green) 
at 333 K and 300 torr showing the formation of products; the excimer fires at 0 μs to initiate 
radical chemistry. The modelled appearance of products, based on the experimental 
conditions and NO2 concentrations used is shown in black. 
 
 
3.3.2 – Spectroscopy and Spectral Fitting 

A typical experimental spectrum, measured from 3250 – 3630 cm-1 with a step size 

of 2 cm-1, is shown in Figure 3.3. This step size was used because it provided sufficient 

resolution to clearly identify the key spectral features, while allowing us to minimize 

uncertainties from fluctuations in ozone concentration during a scan. Typical scan times 

were 25 minutes to record a full spectrum. The ν1 band of HONO2, centered at 3550 cm-1, 

was the dominant feature, while its 2ν2 band can be seen in the inset at 3400 cm-1. The cis-

cis conformer of HOONO was observed at 3306 cm-1. Weak features of both cis-HONO 

and trans-HONO arising from secondary chemistry could be also be observed in some 

spectra, most notably the Q-branch of the ν1 OH stretch of trans-HONO at 3590 cm-1. 
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Figure 3.3: Experimental spectrum taken at 283 K and 500 torr, 500 μs after photolysis, 
showing the ν1 bands of HOONO and HONO2 and the 2ν2 band of HONO2. This spectrum 
is obtained by subtracting the excimer-off spectrum from the corresponding excimer-on 
spectrum. 

 

Each spectrum was fit using a nonlinear least squares fit in Matlab to a sum of 

reference spectra. The reference spectra were either from the PNNL spectral database23 or, 

for HOONO, measured in our lab.6 The PNNL spectral database shows that HONO2, N2O4 

and HONO spectra do not change with temperature. Any change in the spectrum of 

HOONO will be accounted for by 𝑓𝑓𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝑇𝑇), as discussed below in Section 3.3.3. The total 

absorbances of HOONO and HONO2 (𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  and 𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻2  respectively) was obtained by 

integrating the spectral features from our fits, as discussed below. The branching ratio α(T, 

p) was obtained: 

 𝛼𝛼 = ∫𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
∫𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻2

𝜎𝜎𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻2
𝜎𝜎𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

𝑓𝑓𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝑇𝑇)                   (Equation 4.1) 

The ratio of the cross sections (𝜎𝜎𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻2 /𝜎𝜎𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻) has previously been calculated by 

Mollner et al.11 using CCSD(T)/ANO to be 2.71, while 𝑓𝑓𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝑇𝑇) is a temperature-
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dependent correction factor for the impact of the stretch-torsion coupling of HOONO on 

our measurements of 𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 , as discussed in the following section. 

3.3.3 – HOONO Spectroscopy 

As discussed in Section 3.1, there are two stable conformers of HOONO, trans-

perp HOONO and cis-cis HOONO; only the latter of which we observe in our spectrum 

due to the rapid isomerization of trans-perp HOONO.7 The presence of the internal 

hydrogen bond between the terminal oxygen and the hydrogen in cis-cis HOONO redshifts 

its ν1 OH stretch; previous mid-IR measurements found that this band is centered at 3306 

cm-1.6 Based on these measurements, we have determined 𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  by fitting our 

experimental measurements of the cis-cis HOONO stretch region (3264 – 3352 cm-1) to a 

room-temperature reference spectrum from Mollner et al.11 

However, stretch-torsion coupling between the OH stretch and two low-lying 

torsional states must be corrected for in our analysis. These torsional modes, belonging to 

the ν9 HOON (n = 1 mode centered at 312 cm-1) and ν8  OONO (n = 1 mode centered at 

484 cm-1) modes,24 have significant populations at room temperature. These torsionally-

excited states change the position of the HOONO ν1 stretch; extensive calculations have 

been done by McCoy et al.24 on this effect for up to n = 8 of ν9 and n = 2 of ν8, as well as 

combinations of these modes. These calculations indicate that the ν1 band can shift out of 

our integration range in some of these torsionally excited states. In order to account for 

how this affects the determination of 𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻, we incorporated a correction factor, 

𝑓𝑓𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝑇𝑇), based on the Boltzmann distribution of torsionally excited states and whether 

the center frequency of the ν1 state is inside the 𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  integration region. Further details 

of these calculations and 𝑓𝑓𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝑇𝑇) can be found in Mollner et al.11 and McCoy et al.24 
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𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  was fit by subtracting the excimer-off spectrum from the excimer-on 

spectrum, which removes any background absorbance from non-photolytically generated 

molecules. Spectra were fit between 3250 and 3440 cm-1 to avoid ν1 stretch of HONO2, 

which is the most intense peak in our spectra. The intensities of the ν1 stretch of HOONO 

and 2ν2 stretch of HONO2 were fit, along with background absorbance of HONO and a 

sloped baseline. The intensity of the ν1 stretch of HOONO was subsequently integrated to 

determine 𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 . 

3.3.4 – HONO2 Spectroscopy  

The ν1 band of HONO2 has been the subject of numerous studies. Chackerian et al. 

studied the integrated cross sections from 278 to 323 K and observed no change in the cross 

sections of this band.25 Measurements taken at 255 and 333 K with our CRDS system also 

found no change in the spectral shape. Therefore, we assumed the shape of the ν1 band of 

HONO2 to be temperature-independent over the temperature range studied here. Spectra 

were fit to a reference from PNNL,23 which was integrated between 3476 and 3630 cm-1 to 

determine 𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻2 . 

Our previous measurements of the ν1 stretch of HONO2 have found that a correction 

factor is necessary in order to accurately quantify [HONO2].11 This correction factor arises 

from an effect in cavity ringdown spectroscopy originally described by Yalin and Zare,26 

which occurs when the linewidth of the laser is larger than spectroscopic features being 

probed. This leads to multiexponential ringdowns that, when fit to a single exponential 

decay, provide a value that underestimates the true absorbance. This effect is dependent on 

the pressure of the system, and the intensity of the absorption features. As the most intense 

feature in our experimental spectrum, our quantification of [HONO2] from its ν1 stretch is 
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impacted and must be corrected for to obtain accurate branching ratios. We applied this 

correction to the most intense parts of our spectrum, 3524 - 3576 cm-1. The correction 

factor, previously used in Mollner et al. and checked with extensive measurements of 

HONO2 at varying pressures and concentrations,11 convolves a high resolution spectrum 

of the HONO2 ν1 stretch with pressure broadening parameters and a 1 cm-1 bandwidth laser 

pulse to simulate the experimental ringdown decay and convert to 𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻2 .  

The ν1 stretch of HONO2 was observed in our excimer-off spectra, indicating that 

some level of HONO2 was present in our system before photolysis occurs, most likely due 

to heterogeneous chemistry occurring within the gas lines. While not as intense as the 

excimer-on HONO2, in order to accurately determine 𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻2 , we separately analyzed the 

excimer-on and excimer-off spectra. The absorbance due to the reflectivity of the mirrors 

is removed from these spectra. The excimer-off spectra are fit with the ν1 and 2ν2 peaks of 

HONO2 as well as an overtone of N2O4. For the excimer-on spectra, the spectra of HOONO 

and HONO are also included in the fit. Both spectra also include a sloped baseline, or when 

necessary due to differences between our mirror curve and experimental spectrum, a 

quadratic baseline. The correction factor for multiexponential ringdowns is applied to the 

ν1 band of HONO2, as discussed in Section 3.3.4. The intensity of both the excimer-on and 

excimer-off spectra are subsequently integrated and the difference is taken as our value of 

𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻2 . 

Our fitting routine found that the intensity of the Q-branch of the ν1 band of HONO2, 

located at 3552 cm-1 is not consistent throughout our data or with the intensity predicted 

by our fitting routine, likely due the sharpness of the feature and small calibration offsets 
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in our frequency axis. This point is therefore excluded from our fit. We do not find any 

evidence of these frequency offsets affecting the rest of our experimental spectra. 

3.4 – Results and Discussion 

3.4.1 – Branching Ratio Measurements 

Measurements were taken at nine temperatures between 255 and 333 K in roughly 

10 K steps, with pressures varying from 50 to 700 torr at each temperature. For each 

temperature and pressure point, spectra were recorded multiple times (typically five). Each 

spectrum was fit with our reference spectra, as discussed above, to determine the final 

HONO2 and HOONO concentrations, and the resulting branching ratio was determined 

from a weighted average.  

As the reaction between OH and NO2 is a termolecular reaction, we investigated 

whether the identity of the third body affected our results. H2 was a present in excess in our 

experiments to form OH, and therefore we varied the ratio of H2 in the total flow at 293 K 

and 100 torr to determine the effect of the bath gases on our branching ratio measurements. 

As can be seen in Figure 3.4, we do not observe a change in the branching ratio as a function 

of the bath gas ratio. 

 
Figure 3.4. Experiments measuring the branching ratio as a function of H2 fraction at 100 
torr and 293 K, indicating that our measurements do not change as a function of H2 
concentration. 
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The weighted averages for the branching ratios can be seen in Table 3.1 A 

comparison between our measured branching ratios and those predicted by the JPL and 

IUPAC evaluations at 283 and 323 K can be seen in Figure 3.5. We find that at higher 

temperatures, the branching ratios from the data evaluations are close to our measurements, 

while at colder temperatures more relevant to the troposphere, the predictions overestimate 

α. This implies that either HOONO production is overestimated or HONO2 production is 

underestimated in the current evaluations at these temperatures. 

 

 

 
Figure 3.5: The branching ratios k3.1b/k3.1a from the JPL and IUPAC data evaluations at 
283 and 323 K, as compared to the experimental values measured in this work. 
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Table 3.1: The weighted averages of all branching ratios measured in this work.  
 

Temp (K) Pressure (torr) Branching 
Ratio Uncertainty Number of 

Measurements 
333 50 0.0749 0.0067 10 
333 100 0.0625 0.0054 7 
333 200 0.0819 0.0067 7 
333 300 0.0831 0.0071 5 
333 500 0.0958 0.0068 4 
333 700 0.1214 0.0102 5 
323 50 0.0632 0.0050 5 
323 100 0.0617 0.0040 5 
323 200 0.0797 0.0041 6 
323 300 0.0839 0.0046 6 
323 500 0.1132 0.0092 4 
323 700 0.1227 0.0158 5 
313 50 0.0459 0.0025 7 
313 100 0.0549 0.0031 7 
313 200 0.0687 0.0034 6 
313 300 0.0847 0.0039 6 
313 500 0.0858 0.0047 5 
313 700 0.1164 0.0051 5 
303 50 0.0564 0.0037 4 
303 100 0.0657 0.0033 5 
303 200 0.0834 0.0038 5 
303 300 0.0882 0.0051 3 
303 500 0.1060 0.0062 4 
303 700 0.1593 0.0101 4 
293 50 0.0437 0.0025 6 
293 100 0.0651 0.0022 14 
293 200 0.0811 0.0036 6 
293 300 0.0901 0.0039 6 
293 500 0.1269 0.0057 5 
293 700 0.1448 0.0075 5 
283 50 0.0658 0.0034 5 
283 100 0.0642 0.0025 6 
283 200 0.0870 0.0037 6 
283 300 0.1082 0.0042 6 
283 500 0.1336 0.0052 6 
283 700 0.1507 0.0111 4 
273 50 0.0607 0.0025 8 
273 100 0.0751 0.0030 7 
273 200 0.1066 0.0041 7 
273 300 0.1163 0.0043 7 
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273 500 0.1363 0.0048 8 
265 50 0.0677 0.0037 4 
265 100 0.0846 0.0038 4 
265 200 0.1069 0.0053 4 
265 300 0.1211 0.0053 4 
265 500 0.1616 0.0088 4 
254 50 0.0735 0.0042 5 
254 100 0.0744 0.0041 4 
254 200 0.0929 0.0047 5 
254 300 0.1212 0.0050 5 
254 400 0.1461 0.0069 5 

 

3.4.2 – Rate Constants for HOONO and HONO2 Formation 

Our measurements of α can be combined with measurements of the total rate 

constant k to determine individual rate constants for the formation of HONO2 (k3.1a) and 

HOONO (k3.1b). Here, we use the k3.1 measurements from the 2015 JPL data evaluation in 

order to determine these values. For termolecular reactions, we must fit data considering 

both the low-pressure and high-pressure limit, and thus the rate constants can be 

determined from  

𝑘𝑘(𝑇𝑇) = 𝑘𝑘0(𝑇𝑇)𝑀𝑀

1+𝑘𝑘0(𝑇𝑇)𝑀𝑀
𝑘𝑘∞

× 𝐹𝐹𝑐𝑐
�1+log10�

𝑘𝑘0(𝑇𝑇)𝑀𝑀
𝑘𝑘∞(𝑇𝑇) �

2
�
−1

                  (Equation 3.2) 

 𝑘𝑘0(𝑇𝑇) = 𝑘𝑘0300 �
𝑇𝑇
300
�
−𝑛𝑛

                    (Equation 3.3) 

 𝑘𝑘∞(𝑇𝑇) = 𝑘𝑘∞300 �
𝑇𝑇
300
�
−𝑚𝑚

                     (Equation 3.4) 

where 𝑘𝑘0300 is the low-pressure limit rate constant at 300 K in cm6 s-1, 𝑘𝑘∞300 is the high-

pressure limit rate constant at 300 K in cm3 s-1, T is the temperature in K, M is the total 

density in cm-3, and n and m are the temperature dependence of the low- and high-pressure 

rate constants, respectively, and are dimensionless. Fc describes the falloff region between 

the low- and high-pressure limits; here we use the JPL data evaluation recommendation of 
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Fc = 0.6, though it is worth noting that the IUPAC data evaluation recommends Fc = 0.41 

for this reaction based on the calculations by Troe.10 

The values obtained for k3.1a and k3.1b can be seen in Tables 3.2 and 3.3, 

respectively, as compared to the current recommendations from JPL and IUPAC. As can 

be seen in Figure 3.6, k3.1b is in the low-pressure limit for all experimental conditions 

studied here and therefore, the data is fit to 

  𝑘𝑘(𝑇𝑇) = 𝑘𝑘0300 �
𝑇𝑇
300
�
−𝑛𝑛
𝑀𝑀                   (Equation 3.5)  

 

 
 
Figure 3.6: Rates of k3.1a (a) and k3.1b (b) at 283 and 323 K.   
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As Figure 3.7a and Table 3.2 demonstrate, the results from our determination of 

k3.1a is very close to the values from JPL. As we use the JPL value of k3.1 and Fc = 0.6, this 

similarity is unsurprising. The IUPAC values for k3.1a, on the other hand, are much larger 

than our value at low pressures, while there is still an offset at higher pressures. The 

difference between our k3.1a measurements and those from IUPAC are due to different 

values of k3.1 between the JPL and IUPAC data evaluations. Resolution of this discrepancy 

in the total rate constant may bring all three of the measurements in line. 

 
Table 3.2: Values of k3.1a determined in this work as compared to recommendations from 
the JPL and IUPAC data evaluations. 
 

k3.1a k0 (10-30 cm6 s-1) n k∞ (10-11 cm3 s-1) m Fc 

This work 1.80 ± 0.04 3.02 ± 
0.023 2.90 ± 0.06 -0.04 ± 

0.25 0.6a 

JPL 1.8 3.0 2.8 0 0.6a 

IUPAC 3.2 4.5 3.0 0 0.41 
a Value fixed to 0.6 

 

Table 3.3: Values of k3.1b determined in this work as compared to recommendations from 
the JPL and IUPAC data evaluations. 
 

k3.1b k0 (10-32 cm6 s-1) n k∞ (10-11 cm3 s-1) m Fc 

This work 6.43 ± 0.15 2.92 ± 
0.25 - - 0.6a 

JPL 9.1 3.9 4.2 0.5 0.6a 

IUPAC 10 4.5 3.5 0 0.41 
a Value fixed to 0.6 
 
 

Figure 3.7b shows that both the JPL and IUPAC values are much larger than our 

value of k3.1b, as their 𝑘𝑘0300 values are both almost 50% larger than our 𝑘𝑘0300. The IUPAC 
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values do approach our measurements at high pressures, however. Both the JPL and 

IUPAC data evaluations suggest that k3.1b is in the fall-off region under our experimental 

conditions, which is not consistent with our results. Further experiments extending our 

pressure and temperature range are clearly necessary in order to determine the high-

pressure limit rate constants for k3.1b.  

 
Figure 3.7: The ratio of the rate constants determined in this work for a) k3.1a and b) k3.1b 
to the values from the JPL and IUPAC data evaluations at 254 K and 298 K. 

 

Despite the formation of HOONO representing a significant pathway for k3.1 under 

atmospheric conditions, fate of HOONO is largely unknown. There are few experimental 
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or theoretical studies on its gas-phase photolysis or on reactions that lead to its destruction, 

with the exception of the calculations done by Fry et al.7 They calculated the oscillator 

strengths of the 2ν1 band of cis-cis HOONO in conjunction with the actinic flux at 1.4 μm 

and suggest its lifetime is less than 45 daylight hours. They also perform thermal 

decomposition calculations, which suggest that the lifetime of HOONO ranges from 

seconds at the surface to 38 days at the tropopause, making it the dominant loss mechanism 

in the lower troposphere. Current widely used models, such as GEOS-Chem27 12.6.1 

(http://www.geos-chem.org/, accessed November 2019), do not include k3.1b at all, 

presumably assuming its lifetime is negligible before dissociating to OH + NO2. Additional 

measurements of these loss mechanisms would further our knowledge of the fate of 

HOONO in the atmosphere. 

3.5 – Conclusion  

We have directly measured the branching ratio of the OH + NO2 reaction as a 

function of both temperature and pressure over the ranges of 255 – 333 K and 50 – 700 torr 

using mid-infrared CRDS in the OH stretch region (3250 – 3630 cm-1) and a newly 

developed temperature-controlled flow cell. By combining our data with previous 

measurements of the total rate constant, we have determined rate constants for both the 

HOONO and HONO2 channels of this reaction. Comparison to the current JPL and IUPAC 

recommendations of these rate constants reveals disagreement between our k3.1b values, as 

they overestimate the production of HOONO, while our k3.1a measurements largely agree 

with the recommended values. 

The reaction between OH and NO2, despite its importance in urban environments 

and being the subject of numerous studies, remains a large source of uncertainty in current 

http://www.geos-chem.org/
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atmospheric models. The inclusion of the data measured here into these recommendations 

may allow for refinement of these rates, particularly for k3.1b. Further studies that extend 

the temperature and pressure range of these branching ratio measurements, and study the 

fate of HOONO in the atmosphere, are also necessary to better understand this reaction and 

its implications. 
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Chapter 4 – Rate Constants of the CN + Benzene and CN + Toluene Reactions from 
15 – 294 K, and Interstellar Implications  
 
This chapter is reprinted and adapted with permission from J. Phys. Chem. A 2020, 124, 
39, 7950–7958. Copyright 2020, American Chemical Society. Additional data is from 
Astrophys. J. Lett. 2020, 891:L41 
 
 
4.1 – Abstract  

CN is known for its fast reactions with hydrocarbons at low temperatures, but 

relatively few studies have focused on the reactions between CN and aromatic molecules. 

The recent detection of benzonitrile in the interstellar medium, believed to be produced by 

the reaction of CN and benzene, has ignited interest in studying these reactions. Here, we 

report rate constants of the CN + benzene (C6H6) and CN + toluene (C7H8) reactions 

between 15 and 294 K using a CRESU apparatus coupled with the pulsed laser photolysis 

– laser induced fluorescence (PLP-LIF) technique. We also present the stationary points 

on the CN + toluene potential energy surface of this reaction to study the available reaction 

pathways. We find that both rate constants do not change over this temperature range, with 

an average value of (4.4 ± 0.2) × 10-10 cm3 s-1 for the CN + benzene reaction, in good 

agreement with previous measurements, and (4.1 ± 0.2) × 10-10 cm3 s-1 for the CN + toluene 

reaction, which is notably faster than the only previous measurement at 105 K. While the 

reason for this disagreement is unknown, we discuss the possibility that it is related to 

enhanced multiphoton effects in the previous work.  
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4.2 – Introduction  

The CN radical has long been known to be abundant in the interstellar medium 

(ISM), where it was first detected in 1940s,1-2 and in the atmosphere of Titan, where it leads 

the formation of nitrile compounds, including C2H3CN and HC3N.3-5 At the low 

temperatures found in these environments, reactions between CN and other compounds are 

known to have fast rate constants, on the order of 10-10 cm3 s-1, and thus must be included 

in gas-phase models. Reactions between CN and hydrocarbons are among the fastest of 

these rates, and proceed through either an abstraction or an addition mechanism.6 A number 

of cyano-containing molecules linked to these reactions have been found in ISM, including 

molecules as large as HC9N7 and (CH3)2CHCN.8 On Titan, the photolysis of these nitrile 

compounds formed from CN reactions may contribute to the formation of particulate 

matter.9 

On Titan, both benzene and toluene have been detected in the upper atmosphere by 

the Cassini Ion and Neutral Mass Spectrometer,10-11 and while currently undetected in the 

lower atmosphere, models suggest both have high abundances there as a product of the fast 

association reactions between C6H5 and H or CH3.12 In addition to benzene and toluene, a 

large number of specific polycyclic aromatic hydrocarbons (PAHs) have also been 

identified.13 These PAHs are believed to form from smaller aromatic compounds and to be 

an important component of the thick haze in Titan’s atmosphere.14 

On the other hand, very few specific aromatic molecules have been directly 

detected in the ISM, in part due to their low dipole moments making them unable to be 

observed by radio astronomy. Benzene has been observed through observations of weak 

infrared transitions,15 and PAHs are widely believed to be abundant in the ISM owing to 
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observations of the strong infrared bands characteristic of these molecules, but the broad, 

overlapping nature of these bands has precluded the identification of specific PAHs.16 

Despite this lack of definitive identifications, PAHs are believed to hold a large fraction of 

carbon in the ISM,17-18 and so their formation has been the subject of extensive study.19-21 

The formation of the first aromatic ring is believed to be the rate limiting step in PAH 

formation,22 and so understanding the chemistry of these monocyclic aromatic compounds 

is necessary. 

The recent detection of benzonitrile in the ISM23 has suggested a new route for 

understanding aromatic formation. Benzonitrile is believed to be the product from the CN 

+ benzene reaction. Observations of benzonitrile therefore can be used as a proxy for the 

abundance of benzene. Other aromatic nitriles may also serve as proxies for undetected 

aromatic compounds in the ISM, as the addition of the cyano moiety gives these 

compounds large dipole moments and makes them visible to radio astronomy. The 

identification of additional specific aromatic compounds would significantly constrain 

models of PAH formation in the ISM. 

However, little is known about the rates and products of the reactions of CN with 

aromatic molecules. The only previous measurements come from Trevitt et al.24, who 

studied the CN + benzene reaction at 105, 165 and 29 K, and the CN + toluene reaction at 

106 K, using pulsed laser photolysis – laser induced fluorescence (PLP-LIF) measurements 

in conjunction with a pulsed Laval nozzle. For the benzene reaction, they found a rate of 

(3.9 – 4.9) × 10-10 cm3 s-1, with no change as function of temperature, and for the toluene 

reaction, they determined a rate constant of (1.3 ± 0.3) × 10-10 cm3 s-1. The fact that the rate 

constant of the CN + toluene reaction is a factor of 3 lower than the rate constants measured 
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for the CN + benzene reaction suggest that the structure of aromatic molecules can play a 

large role in the reaction rates. Furthermore, they observed non-exponential decays of CN 

at room temperature in the presence of toluene and were therefore unable to measure a rate 

constant, in contrast with their measurements of benzene under the same conditions. They 

suggested that this could be due to dissociation of the products back to the CN + toluene 

reactants, and that further studies would be necessary to better understand these results. 

The lack of experimental rate constants for the CN + benzene reaction at 

temperatures relevant to the interstellar medium would improve our understanding of this 

reaction and determine whether it may be the pathway that forms benzonitrile in the ISM. 

Furthermore, the difference between the rate constants of the CN + benzene and CN + 

toluene reactions suggests that the structure of an aromatic compound can play a large role 

in the reaction dynamics. This makes it questionable whether nitrile compounds may be 

formed from the reactions of CN with larger, more complex aromatic compounds, and it is 

essential to verify the reliability of using cyano-substituted compounds as a proxy for larger 

aromatic species. To these ends, we have conducted measurements of the CN + benzene 

and CN + toluene rate constants between 15 and 294 K to gain further insight into these 

reactions, especially at the low temperatures relevant to the ISM and Titan. Furthermore, 

we have computed stationary points on the potential energy surface (PES) of the CN + 

toluene reaction, which have not been previously determined, to better understand the 

possible products and mechanism of this reaction. 

4.3 – Experimental Methods 

Rate constants were determined using the PLP-LIF technique. Temperatures down 

to 15 K were achieved using the CRESU technique which has been described in detail 
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previously6, 25-26 and in Chapter 2. Briefly, benzene (Sigma Aldrich, anhydrous 99.8%) or 

toluene (Sigma Aldrich, 99.9%) were introduced into the gas flow with a Controlled 

Evaporation and Mixing system (Bronkhorst CEM), as described in Gupta et al.27 The 

benzene/toluene and ICN (Acros Organics, 98%), used as the CN precursor, were mixed 

in a buffer gas of He (99.995%, Air Liquide), Ar (99.998%, Air Liquide) or N2 (99.995%, 

Air Liquide), depending on the desired CRESU conditions. Concentrations of 

benzene/toluene and ICN were kept < 1% of the total density in order not to affect the 

uniformity of the gas flow. The mixture was flowed isentropically from a high-pressure 

reservoir through specifically designed convergent-divergent Laval nozzles, into a low-

pressure chamber to generate a uniform supersonic flow at the appropriate temperature 

with a density of 1016 – 1017 cm-3. Each nozzle was characterized with Pitot probe impact 

pressure measurements prior to experiments to determine the temperature, density and 

uniformity of the gas flow. For measurements at 294 K, where a supersonic expansion is 

not required, the pumping speed was decreased such that the pressure in the reservoir and 

the chamber were equal, while maintaining complete gas turnover for each laser shot.  

As detailed in Chapter 2, CN radicals were generated by the 248 nm photolysis of 

ICN using a KrF excimer laser operating at 10 Hz, with a laser fluence of 25 mJ cm-2. The 

third harmonic of a Nd:YAG laser, also operating at 10 Hz, was used to pump a dye laser 

containing Exalite 389 in 1,4-dioxane to produce ∼389 nm light to excite the CN B2Σ+ - 

X2Σ+ (0,0) transition. Fluorescence was detected from the CN (0,1) transition at ∼420 nm 

by a photomultiplier tube preceded by a 420 nm bandpass filter. The delay time between 

the excimer and the Nd:YAG pump laser was varied from -5 to 200 microseconds to record 

the time dependence of the CN signal. The LIF signal was recorded by a gated integrator 



59 
 

 

at 400 evenly spaced points and averaged 5 times. The resulting kinetic trace was fit to an 

exponential decay starting ≥ 10 μs after photolysis to allow for rotational thermalization of 

CN.  

Kinetic measurements were taken under pseudo-first order conditions with 

[aromatic] >> [CN]. Typical benzene and toluene concentrations were on the order of 1012 

– 1013 cm-3, while we estimate the CN concentration to be roughly 1010 cm-3 based on the 

ICN concentration (∼1012 cm-3) and 248 nm absorption cross section of 4.7 × 10-19 cm2.28 

More than 90% of the CN radicals from the photolysis of ICN at 248 nm are in the ground 

vibrational state29 and we do not observe any influence of the relaxation of excited 

vibrational states on our kinetic measurements. 

4.4 – Computational Methods 

Investigation of possible channels for the reaction between CN and toluene, with 

identification of all the stationary points (minima, complexes, and transition states), was 

done by Divita Gupta using Gaussian 09 software30; all included channels can be seen in 

Figure 4.1. All the species, including the reaction complexes and transition states were 

optimized at (U)M06-2X/aug-cc-pVTZ level31-33 and zero-point corrected energies were 

calculated for each. In addition, intrinsic reaction coordinate (IRC) calculations were 

performed at (U)M06-2X/6-311G to determine the minimum energy path that the transition 

states followed to confirm the connection between the appropriate reactants and products. 

Gibbs energies (∆rGº 298 K) at 298 K for all included channels were also calculated at 

(U)M06-2X/aug-cc-pVTZ method. Both addition-elimination channels, leading to nitrile 

formation, and abstraction channels, leading to HCN formation, are considered. While 

reactions involving the CN radical may produce both cyano and isocyano compounds, only 
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the former pathways are considered in these calculations. Previous work on the CN + 

benzene reaction34 showed a significant barrier (28 kJ mol-1) to isocyano products, which 

suggests that this pathway will not be relevant in the ISM. 

 
Figure 4.1: The reaction pathways of the CN + toluene reaction and possible products of 
the abstraction (R4.1-R4.4) and CN-addition (R4.5-R4.8) channels that are considered in 
the theoretical calculations. 
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4.5 – Results  

 
Figure 4.2: LIF spectrum of the B2Σ+ - X2Σ+ (0,0) transition of the CN radical at 72 K in 
He. 
 
 

An experimental spectrum of the CN B2Σ+ - X2Σ+ (0,0) spectrum at 72 K can be 

seen in Figure 4.2. As the temperature decreases, fewer rotational states of CN have 

significant populations and therefore fewer transitions are observed. Typical LIF decays of 

CN from the CN + toluene reaction at 83 K and 294 K and the second-order plots can be 

seen in Figures 4.3 and 4.4, respectively. The non-zero intercepts seen on the second-order 

plots arise from the loss of CN via side chemistry and diffusion out of the region probed 

by LIF. From experiments at room temperature, using He and N2 as the buffer gases, and 

varying the total density of the gas flow, we found that the rate constants for both reactions 

have no pressure dependence, implying that the reactions are either bimolecular  reactions, 

or termolecular reactions in the high pressure limit in our experimental conditions. Unlike 

the room temperature measurements of the CN + toluene reaction by Trevitt et al., we see 

no evidence for non-exponential decays at any toluene concentration or total gas density 
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used in these experiments, and the measured rate constants are in good agreement with our 

values at all other temperatures. 

 

 
Figure 4.3: Typical experimental kinetics of the CN + toluene reaction measured using 
PLP-LIF, showing the decay of the CN signal (top) and resulting second-order plot at 83 
K (bottom).  
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Figure 4.4: Typical experimental kinetics of the CN + toluene reaction measured using 
PLP-LIF, showing the decay of the CN signal (top) and resulting second-order plot at 294 
K (bottom).  

 

Results of the experiments between 15 and 294 K are shown in Table 4.1 and Figure 

4.5 for the CN + benzene reaction, and Table 4.2 and Figure 4.6 for the CN + toluene 

reaction. At least eight points with varying benzene/toluene concentrations were taken for 

each measurement under pseudo-first order conditions, with the aromatic molecule in 

excess. At high aromatic concentrations, the formation of benzene or toluene dimers causes 

nonlinear behavior in the second-order plots at the lowest temperatures. This therefore 
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imposes an upper limit on the benzene and toluene concentrations used in experiments in 

order to minimize any effect of the reaction between CN and aromatic dimers on our 

measurements. 

Table 4.1: Rate coefficients determined for the CN + benzene reaction between 15 and 294 
K, along with experimental parameters for each measurement. Uncertainties in the rate 
constant are the 95% confidence interval from the appropriate Student’s t test combined in 
quadrature with a 10% systematic error. Bolded values represent the weighted average and 
uncertainty for temperatures with multiple measurements. 
 

Temperature 
(K) 

Buffer 
Gas 

Total Density 
(1016 cm-3) 

[Benzene] (1012 
cm-3) 

Number 
of Points 

Rate Constant 
(10-10 cm3 s-1) 

15 He 5.02 2.19 – 19.7 13 5.5 ± 0.9 
15 He 5.02 2.19 – 17.5 14 5.4 ± 0.9 
     5.4 ± 0.6 

17 He 4.85 2.03 – 14.2 13 4.5 ± 0.7 
24 He 4.85 2.08 – 22.8 11 5.1 ± 0.7 
36 He 5.31 1.48 – 14.8 11 5.4 ± 0.7 
36 He 5.27 1.47 – 20.6 14 5.5 ± 0.9 
36 He 5.27 1.47 – 14.7 11 5.2 ± 0.8 
     5.3 ± 0.6 

72 He 6.01 1.54 – 24.6 14 5.5 ± 0.6 
72 He 6.01 3.00 – 16.5 12 5.1 ± 0.7 
     5.4 ± 0.6 

83 N2 4.61 2.06 – 16.5 8 3.9 ± 0.7 
83 N2 4.61 2.04 – 24.6 12 3.9 ± 0.6 
     3.9 ± 0.4 

110 Ar 2.71 1.66 – 19.9 11 4.2 ± 0.6 
200 N2 5.27 2.52 – 20.2 13 3.7 ± 0.8 
294 N2 7.04 1.52 – 76.1 9 3.5 ± 0.4 
293 N2 9.78 1.53 – 76.6 9 3.5 ± 0.4 
293 N2 18.5 2.21 – 69.6 8 3.3 ± 0.5 
293 He 5.27 6.25 – 37.5 9 4.0 ± 0.6 
293 He 6.92 2.03 – 81.3 10 3.4 ± 0.5 
293 He 9.39 2.16 – 63.4 6 4.1 ± 0.6 
295 He 9.10 1.50 – 74.8 9 4.0 ± 0.5 

     3.6 ± 0.4 
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Table 4.2: Rate coefficients determined for the CN + toluene reaction between 15 and 294 
K, along with experimental parameters for each measurement. Uncertainties in the rate 
constant are the 95% confidence interval from the appropriate Student’s t test combined in 
quadrature with a 10% systematic error. Bolded values represent the weighted average and 
uncertainty for temperatures with multiple measurements. 
 

Temperature 
(K) 

Buffer 
Gas 

Total Density 
(1016 cm-3) 

[Toluene] (1012 
cm-3) 

Number 
of Points 

Rate Constant 
(10-10 cm3 s-1) 

15 He 5.04 1.87 – 10.4 10 4.4 ± 0.8 
24 He 4.83 1.76 – 19.5 11 4.7 ± 0.6 
36 He 5.27 1.25 – 17.7 14 5.9 ± 0.8 
36 He 5.32 1.28 – 12.7 9 4.9 ± 1.0 
     5.7 ± 0.7 

70 He 6.00 2.54 – 15.2 11 4.4 ± 0.7 
70 He 6.09 1.34 – 18.7 13 4.2 ± 0.7 
     4.3 ± 0.6 

83 N2 4.63 3.48 – 48.8 14 3.9 ± 0.5 
83 N2 4.63 1.72 – 31.3 14 3.8 ± 0.4 
     3.9 ± 0.4 

110 Ar 2.71 1.28 – 14.1 11 3.3 ± 0.5 
197 N2 5.32 2.13 – 21.4 11 3.7 ± 0.6 
294 N2 10.5 15.4 – 92.9 11 3.7 ± 0.6 
294 N2 3.75 9.50 – 47.6 9 4.3 ± 0.6 
294 N2 8.20 17.7 – 78.9 9 4.3 ± 0.5 
294 He 9.41 18.0 – 54.0 11 4.5 ± 0.5 

     4.3 ± 0.5 
 

To test whether the photolysis of benzene or toluene at 248 nm affected our 

measurements, we also conducted experiments varying the power of the excimer laser, by 

determining whether the decay of the CN radical changed as a function of excimer power. 

The benzene experiments were conducted at 24 K and [benzene] = 2 × 1012 cm-3, and the 

toluene experiments were conducted at 110 K, with [toluene] = 9 × 1012 cm-3. We found 

no significant change in the measured k1st as a function of our laser power for either. With 

the excimer laser fluence of 25 mJ cm-2 and the absorption cross sections at 248 nm (1.4 × 

10-19 cm2 for benzene35 and 2.9 × 10-19 cm2 for toluene36) we expect roughly 1% of the 

aromatic compounds to photolyze if the photolysis quantum yield is 1, which should not 
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measurably affect the observed rate constants. However, it has been suggested that 

photolysis does not occur after single photon absorption at 248 nm, only two-photon 

absorption, which can photolyze the aromatics to form H atoms among other potential 

processes.37 The total absorption cross section for the second photon experimentally 

determined to be 2.8 × 10-17 cm2 for benzene and 1.7 × 10-17 cm2 for toluene.37 For the 

highest aromatic concentrations used (~1 × 1014 cm-3), we estimate at most 4.8 × 1011 cm-

3 of benzene or toluene undergoes two-photon absorption, though it is likely much less than 

that, as discussed in greater detail in the following section in the case of toluene, and is 

unlikely to affect the rate constants measured.  

 
Figure 4.5: The experimental measurements for the CN + benzene rate constant from this 
work (circles) and Trevitt et al. (triangles); the weighted average value of the measurements 
presented in this work, 4.4 × 10-10 cm3 s-1, is also plotted. 
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Figure 4.6: The experimental measurements for the CN + toluene rate constant from this 
work (circles) and Trevitt et al. (triangle); the weighted average value of the measurements 
presented in this work, 4.1 × 10-10 cm3 s-1, is also plotted. 
 
 
Table 4.3: Zero-point corrected reaction energies and Gibbs energies of the CN + toluene 
reaction products calculated in this work. Note that some reaction pathways result in the 
same products. 
 

Reaction channel products Reaction energy ∆rUº 
(kcal mol-1) 

Gibbs energy ∆rGº 
(298 K) (kcal mol-1) 

R4.1 (o-C6H4CH3 + HCN) -18.1 -18.1 
R4.2 (m-C6H4CH3 + HCN) -18.3 -18.6 
R4.3 (p-C6H4CH3 + HCN) -17.8 -18.2 
R4.4 (C6H5CH2 + HCN) -39.1 -38.1 

R4.5a ( = R5c, o-C6H4CH3CN + H) -28.0 -23.6 
R4.5b ( = R8, C6H5CN + CH3) -35.4 -35.5 

R4.5c ( = R5a, o-C6H4CH3CN + H) -28.0 -23.6 
R4.6 (m-C6H4CH3CN + H) -26.8 -22.5 
R4.7 (p-C6H4CH3CN + H) -27.2 -23.8 

R4.8 ( = R5b, C6H5CN + CH3) -35.4 -35.5 
   

As shown in the Figure 4.7, both stationary points (reactants, products, 

intermediates, transition states) for both the abstraction (R4.1-R4.4) and addition-

elimination (R4.5-R4.8) channels were characterized for the reaction between CN and 

toluene. An additional substitution channel, leading to the formation of benzyl cyanide, 
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was found to be exothermic at (U)M06-2X/aug-cc-pVTZ, but has a large barrier (~20 kcal 

mol-1), and hence will not be relevant under interstellar conditions and is excluded. The 

relative reaction energy ∆rUº and Gibbs energy at 298 K ∆rGº for all calculated product 

channels can be seen in Table 4.2. Intermediates formed from the addition of CN to the 

aromatic ring were found to form barrierlessly, subsequently followed by submerged 

barriers leading to the formation of stable nitrile products. This mechanism closely 

resembles the mechanism of benzonitrile formation from the reaction of benzene and 

CN,34,38 although it does differ from the reaction between toluene and OH, which features 

both pre-reactive complexes and barriers before formation of the addition product.39 The 

energies determined for the addition-elimination channels are generally similar to those 

calculated for the CN + benzene reaction done at G3//B3LYP and BCCSD(T)//B3LYP.34  

Abstraction pathways, shown in blue in Figure 4.5, were found to have slightly 

submerged transition states, and therefore are possible products at low temperatures. 

However, higher level calculations are needed to confirm these barrier values, as similar 

abstraction pathways from aromatic compounds have been shown to possess positive 

barriers38-39. At the level of theory used, these barrier values are likely within the error of 

the calculations. An important point to note is that no transition state or complex could be 

characterized for the abstraction channels, though we do not rule out the existence of these 

stationary points.  
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Figure 4.7: The stationary points for PES for the CN + toluene reaction, performed at 
(U)M06-2X/aug-cc-pVTZ including zero-point energy corrections. Both the abstraction 
(abs-) pathways (blue) and addition-elimination (add- and elim-) pathways (red) are shown, 
the latter of which can undergo an internal hydrogen shift (-bridge). Note that neither a 
barrier leading to the formation of C6H5CH2 + HCN nor any pre-reactive complexes for 
the abstraction pathways are included, though we do not preclude their existence.  
 
 
4.6 – Discussion  

As Figures 4.5 and 4.6 demonstrate, we find that the rate constant of both the CN 

+ benzene reaction and the CN + toluene reactions are independent of temperature over the 

15 – 294 K range. We find that the CN + benzene reaction rate constant has a weighted 

average value of (4.4 ± 0.2) × 10-10 cm3 s-1 , while the CN + toluene reaction rate constant 

has a weighted average value of (4.1 ± 0.2) × 10-10 cm3 s-1. Our results for the CN + benzene 

reaction are in good agreement the results of Trevitt et al., but there is a notable discrepancy 

when comparing our CN + toluene results, as they measured a rate constant of (1.3 ± 0.3) 

× 10-10 cm3 s-1 for that reaction at 106 K in their LIF experiments. They used a similar LIF 

method to detect CN, under similar experimental conditions of total density, and CN and 
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toluene concentrations.  Furthermore, the agreement our respective CN + benzene rate 

constants suggests that this discrepancy is related somehow to the toluene system.  

Trevitt et al. reported observing non-exponential decays of CN at room 

temperature, which they suggested might be due to back-dissociation of adduct complexes. 

However, no such behavior was observed in this work, suggesting that the discrepancy 

might have arisen from differences in the photolysis step. Trevitt et al. photolyzed their 

sample at a wavelength of 266 nm, with a laser fluence of 40 mJ cm-2 (5.0 × 1016 photons 

cm-2, in a probable 3-5 ns long pulse),  in contrast to the 248 nm laser beam with a fluence 

of 25 mJ cm-2 (3.1 × 1016 photons cm-2, 22 ns long pulse) used in this work. The ICN 

photolysis cross sections are similar at these two wavelengths.28, 40 At room temperature, 

the toluene absorption cross section to the S1 state at 266 nm is 1.3 × 10-19 cm2.41 The S1 

state fluoresces with a lifetime of 86 ns when excited at 266 nm at low pressures.42 At 248 

nm, the cross section is larger (2.9 × 10-19 cm2)41 but the fluorescence lifetime is much 

shorter due to rapid internal conversion to S0, displaying approximately equal intensity 3 

ns and 26 ns components at low pressures.43 As discussed above, multiphoton absorption 

at 248 nm of toluene is known to lead to photolysis,37 and may additionally lead to 

photoionization, as the excited toluene is higher in energy than the ionization onset of 

toluene (8.3 eV).44 Both of these processes are also likely to occur in the 266 nm 

experiments.  

The above considerations suggest that single photon excitation of toluene is 

occurring at both photolysis wavelengths, but only multiphoton effects are likely to give 

rise to interferences. Possible pathways for CN generation on the timescale of the 

experiment exist by either two-photon photodissociation or two-photon ionization, 
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particularly at 266 nm by quadrupled Nd:YAG lasers.  Such effects are likely to be 

significantly lower when toluene is excited at 248 nm light produced by an excimer, due 

to the longer pulse duration and rapid internal conversion of the S1 state.  This is in good 

agreement with the experimental measurements reported here,  showing no relationship 

between excimer power and k1st, and no evidence for non-exponential decays. In the 

experiments of Trevitt et al. at 266 nm, however, the long lifetime of the S1 state, short 

photolysis pulse duration and higher laser fluence may have caused larger amounts of 

multi-photon absorption to occur, such that photodissociation or photoionization products 

could have affected their measurements. 

Further work from Trevitt et al. measured the products of the CN + benzene and 

CN + toluene reactions at room temperature, using slow flow reactors in conjunction with 

product detection by multiplexed photoionization mass spectrometry (MPIMS) to identify 

species by mass and photoionization spectrum. They found that the reaction between CN 

and benzene exclusively forms benzonitrile, while the CN and toluene exclusively forms 

tolunitrile (methylbenzonitrile), with no evidence for the hydrogen abstraction channels or 

methyl-loss channels. Due to the similarities in the calculated photoionization spectra of 

the ortho, meta, and para isomers of the tolunitrile, they were unable to distinguish the 

precise isomers of tolunitrile formed from CN + toluene. Lenis and Miller also measured 

the products of the CN + toluene reaction using the 254 nm photolysis of ICN and 

analyzing the resulting products with GC-MS45 and observed both tolunitrile and a small 

yield (9%) of benzonitrile. While it is unclear if this benzonitrile is formed as a result of 

CN + toluene or side chemistry, particularly in light of its non-detection in the MPIMS 
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experiments by Trevitt et al., our calculations do show potential pathways to benzonitrile 

formation from ortho or ipso addition of CN to the aromatic ring. 

The rate constants measured here for the CN + benzene and the CN + toluene 

systems are in good agreement with each other. In conjunction with the similarities in 

products measured by MPIMS, this suggests that the major mechanism is the same for 

reactions between the CN radical and either benzene or toluene, and results in formation 

of cyano-substituted aromatic compounds. Investigation of other substituted compounds, 

such as xylenes or deuterium-substituted benzene, may yield further insight into whether 

this mechanism is general for these reactions. This will aid in future astronomical searches 

to improve our understanding of the formation of small aromatic rings in the ISM. 

The submerged barriers found for the various channels of the CN + toluene reaction 

using quantum chemical calculations highlight the diversity of the products that could be 

formed from this reaction at low temperatures. While the abstraction channels were found 

to have slightly submerged barriers, calculations at higher level of theory are necessary to 

correctly estimate their energies. Furthermore, the transition state(s) and/or a possible 

complex in the case of the hydrogen abstraction from the methyl group pathway remain to 

be explored further. This will also provide the accuracy necessary for master equation 

calculations, which would further elucidate the mechanism and product branching ratios of 

this reaction.  

On Titan, the CN radical is mainly generated from the photolysis of HCN, which 

is formed through reactions of N(4S) or through ion chemistry.4-5 Once formed, CN reacts 

primarily with the highly abundant CH4 to reform HCN. This cycle can be interrupted, 

however, by CN reactions with other compounds, most commonly C2H2 or HC3N. While 
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this reaction has not explicitly been included in models, recent work has suggested that the 

concentrations of benzene and toluene in the Titan atmosphere are similar, peaking at a 

mole fraction of 10-6 at an altitude of roughly 1000 km above the surface.12 Benzonitrile 

has not been detected on Titan and is predicted to be formed in low quantities, largely due 

to CN being sequestered by reaction with CH4. Even with the larger rate constants 

measured in this work, this is likely also the case for the products of the reaction between 

CN and toluene, though implementation of these results into Titan models may still be 

beneficial to determine if they have any influence in the atmosphere. 

Astronomical searches for toluene and the tolunitrile products of this reaction 

would test the robustness of using cyano-containing species as proxies for the unsubstituted 

hydrocarbons. While benzene has no permanent dipole moment, toluene has a small one 

(0.37 Debye)46 and may be observable via radio astronomy, thought it would have to be 

present in higher abundance than molecules with large dipole moments, like benzonitrile, 

to be detectable. The use of velocity stacking, which averages the signal of multiple 

transitions together to increase the signal-to-noise ratio,47-49 may assist in searching for 

toluene in the ISM. While there have been no previous detections of toluene in the ISM, it 

has been argued that the protonated toluene ion, C7H9
+,50 and methyl-substituted PAHs51-

52 are possible carriers of the 6.2 and the 3.4 μm unidentified infrared bands, respectively. 

Definitive detection of toluene and related compounds, such as these, would allow us to 

constrain aromatic pathways and, in particular, could test the bottom-up mechanism for 

PAH formation, wherein small molecules, such as toluene, react progressively to form 

large clusters.  
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The origin of the first aromatic ring in the interstellar medium in molecules such as 

benzene and toluene remains unknown. It has been argued that the reaction between C2H 

and the unsaturated hydrocarbons 1,3-butadiene and isoprene (C5H8; 2-methyl-1,3-

butadiene), which are barrierless reactions that produce benzene and toluene, respectively, 

may be a source of them at low temperatures.53-54 However, neither 1,3-butadiene nor 

isoprene have been detected in the ISM. Isoprene is also not included in astrochemical 

databases such as the Kinetic Database for Astrochemistry55 (kida.obs.u-bordeaux1.fr, 

accessed July 2020). Other mechanisms, such as ion-neutral reactions, may also contribute, 

but further investigation is necessary. The reaction of C2H and 1,3-butadiene has been used 

in astrochemical models of the ISM to explain benzene formation,23 but there is debate as 

to how much benzene is actually formed from this reaction, as it has been shown that 

fulvene is the major product.56  

In order to better understand the potential formation pathways of these products of 

the CN + toluene in the ISM, more accurate measurements of the product ratios are 

required, and specifically, the branching ratio for the tolunitrile and potential benzonitrile 

products. While challenging for many techniques due to the similarities of the isomers, 

recent work has coupled low temperature supersonic uniform flows to microwave 

spectrometers57-58 in order to determine branching ratios relevant for astrochemistry. As 

each of these compounds will have a unique rotational spectrum, this technique is well 

suited for quantitatively measuring the product branching ratio of this reaction. Low 

temperature product measurements of the CN + benzene reaction would also provide 

further evidence that this reaction is responsible for the formation of benzonitrile in ISM. 
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4.7 – Conclusions  

We have measured rate constants for the CN + benzene and CN + toluene reactions 

between 15 and 294 K, and find that these rate constants are independent of temperature 

over this range. These results closely match the previous measurements down to 105 K for 

the CN + benzene reaction, but are a factor of three higher than the only previous 

measurement of CN + toluene rate constant at 105 K. The reasons for this discrepancy 

remain unresolved, but may be related to multiphoton effects at the higher laser intensities 

and 266 nm photolysis wavelength used in that study. This similarly suggests that the 

reactions between CN and simple aromatics proceed through an analogous mechanism, 

which is supported by our theoretical calculations and previous product measurements. 

Further work, particularly on the products formed from the CN + toluene, would be 

beneficial to determine their potential detectability in the ISM. The ability to detect and 

use cyano-substituted aromatics, which have large dipole moments, as proxies for 

unsubstituted aromatic compounds in the ISM would help advance our knowledge of PAH 

formation. 
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Chapter 5 – Acceleration of the OH + CO Reaction at Low Temperatures: 
Measurements of the OH (v = 0, 1) + CO Rate Constant Down to 30 K 

 
 
5.1 – Abstract 

The reaction between OH and CO to form H and CO2 is important in a wide variety 

of systems, including atmospheric and combustion chemistry, but is complicated by a 

number of intermediates, including cis- and trans-HOCO and a prereactive hydrogen-

bonded complex. Inspired by the high abundance of these molecules in the interstellar 

medium and the recent discovery of similar reactions becoming faster at low (< 100 K) 

temperatures, we have used the CRESU technique combined with PLP-LIF to study this 

rate constant down to 30 K, providing the first measurements below 80 K. Additionally, 

we have studied the OH (v = 1) + CO reaction, which serves as a proxy for the high-

pressure termolecular rate constant of the OH (v = 0) + CO reaction, also down to 30 K. 

We find that the two rate constants converge at low temperatures, reaching a minimum at 

~55 K, before increasing at lower temperatures. This minimum and turnaround is explained 

through semiclassical transition state calculations, which suggest that they are due to 

tunneling of the prereactive hydrogen-bonded complex to products, and competition 

between this and the dissociation pathway of the hydrogen-bonded complex. 
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5.2 – Introduction 

 One of the most important reactions in both atmospheric and combustion chemistry 

is the reaction between OH and CO 

OH + CO → H + CO2          (R5.1) 

In Earth’s atmosphere, this reaction is a key component in the HOx (HOx = OH + HO2) 

cycle, as the atomic H produced reacts immediately with O2 to form HO2. 

H + O2 + M → HO2 + M          (R5.2) 

The cycling of HOx is key in understanding the oxidation processes in the atmosphere. The 

CO is produced from the oxidation of methane or the breakdown of larger hydrocarbons, 

or through anthropogenic emissions from incomplete combustion chemistry. 

In combustion chemistry, on the other hand, this reaction is the final oxidation step, 

where the CO produced from the breakdown and oxidation of starting materials (fuels, such 

as propane or butane) is converted into the stable CO2 that is ultimately emitted through 

the exhaust. Furthermore, it is this reaction that releases the majority of heat during 

combustion.1 With the focus on decreasing CO2 emissions into the atmosphere due to its 

importance in global warming and climate change, this reaction has been studied 

extensively at higher temperatures (up to 2500 K).  

 The previous measurements of this rate constant show that despite this reaction only 

involving four atoms, its dynamics are complex, leading to unusual temperature and 

pressure dependencies. At low pressures and room temperature (298 K), the rate constant 

remains constant, with a value on the order of 1 × 10-13 cm3 s-1, but as the density increases 

and approaches 1 × 1019 cm-3, the rate increases to 2 × 10-13 cm3 s-1. At even higher 

densities, which have been measured up to 1022 cm-3 using a He buffer gas, the rate constant 
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increases to 1 × 10-12 cm3 s-1.2 The high-pressure limit, however, is difficult to 

experimentally measure, and even at the highest pressures studied, the rate constant 

continues to increase. While this pressure dependence suggests a termolecular component 

to the reaction, the reaction’s behavior suggests that it is more complicated than a third-

body stabilization of the product, as in other termolecular reactions. The rate constant of 

~1-2 × 10-13 cm3 s-1 is constant over the 80 – 500 K range, before beginning to increase at 

higher temperatures.2 Both the temperature and pressure dependencies of this reaction were 

recently evaluated and compared to results from semiclassical transition state theory by 

Barker et al.3 

 This unusual behavior is explained by the potential energy surface (PES) of the 

reaction, which shows that this reaction proceeds through multiple intermediates, as seen 

in Figure 5.1. The reactants initially form a weakly bound hydrogen-bonded complex (OH-

CO), before passing over a small barrier to form the trans-HOCO intermediate, which can 

then proceed to isomerize through two different channels before forming the H + CO2 

products.  

 The unusual pressure dependence originates from competition between a 

termolecular reaction resulting in the stabilization of the HOCO radicals, and a chemically 

activated bimolecular reaction which forms H and CO2. At low pressures, the bimolecular 

channel dominates, but more HOCO is stabilized as the pressure increases. Currently, the 

JPL Data Evaluation parameterizes this reaction by using the sum of the chemically 

activated bimolecular and the termolecular rate constants.5 
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Figure 5.1: Potential energy surface of the OH + CO reaction (in kJ/mol), using the values 
calculated by the HEAT (High accuracy extrapolated ab initio thermochemistry)  protocol 
in Nguyen et al.4 
 

The HOCO intermediates were first proposed in the 1970s,6-7 but were not directly 

detected from this reaction under thermal conditions until Bjork et al. in 2016, who used 

time resolved mid-infrared frequency comb spectroscopy to detect the trans-DOCO 

formed from OD + CO.8 The cis-HOCO isomer was later directly detected using the same 

method in Bui et al.9 The OH-CO hydrogen-bonded complex was suggested to play a role 

in the reaction from experiments down to 80 K,10 which is to date the lowest temperature 

where rate constants have been measured. It has not been directly observed from this 

reaction, but its dynamics and stability have been studied extensively using infrared OH 

action spectroscopy.11-13 These experimental values give an upper limit of 410 cm-1 (4.9 

kJ/mol) for the dissociation energy11, in contrast with the 5.8 kJ/mol determined from ab 

initio calculations.4 

 While experimental measurements have shown the difficulties in reaching the high-

pressure limit rate constant for this reaction, it has been argued by Ian Smith and coworkers 
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that studying the rate constant of the reaction of vibrationally excited OH, OH (v = 1), with 

CO can be used as a proxy of the high pressure rate constant.14 While the additional energy 

in the OH stretch is separated from the reaction coordinate and thus can not be used to 

proceed over TS1, if the OH (v = 1) and CO are able to overcome the barrier and result in 

HOCO product formation, the energy in the OH stretch will be scrambled throughout the 

HOCO molecules before it dissociates back to reactants, stabilizes, or proceeds to H + CO2 

products. In this way, measuring the OH (v = 1) + CO rate constant is a measurement of 

the rate of HOCO formation, which is equivalent to measuring the rate of the high-pressure 

rate constant, where only HOCO is formed, as it is the initial formation of the energetically 

excited HOCO that is the rate limiting step. 

Thus, by monitoring OH (v = 1), the high-pressure rate constant of OH (v = 0) + CO can 

be determined. Previous work has demonstrated that OH (v > 0) + CO rate constants are 

larger than OH (v = 0), though the rate constants for OH (v = 1 – 4) + CO do not show a 

significant change.15 

 OH and CO are both abundant in the interstellar medium (ISM). CO is the second 

most common molecule throughout the ISM, with only H2 being more abundant,16 and is 

a widely used tracer for the presence of molecular clouds. In the Taurus Molecular Cloud-

1 (TMC-1), CO has a fractional abundance of 10-4 relative to H2,17 while OH’s fractional 

abundance is 10-7.18 

 The possible products of this reaction are also of astrochemical interest. HOCO has 

not been detected in the gas or solid phases in the ISM, but it has been suggested that 

HOCO is a precursor that leads to the formation of glycine, the simplest amino acid, in the 

ISM.19 CO2 is ubiquitous in the ISM, with high abundances in ices but low abundances in 
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the gas phase.20 However, its origins are still debated and cannot be fully explained by gas 

phase mechanisms alone.20-21 The surface reaction of OH and CO on ices is believed to be 

important in its formation.22 

 As discussed in Chapter 1, previous studies of low temperature (< 100 K) reactions 

has demonstrated that some reactions reach a minimum as the temperature decreases, 

before increasing in rate at colder temperatures, due to the presence of prereactive 

hydrogen-bonded complexes. Due to the complicated PES of the OH + CO reaction 

suggesting that this reaction may also exhibit a rate turnaround at low temperatures, as well 

as their abundance in the ISM, we have studied the rate constant of this reaction down to 

30 K, including measurements at different densities at 38 and 55 K. Furthermore, to 

determine any pressure dependencies of this reaction at low temperatures, we have also 

studied the reaction of OH (v = 1) + CO down to 30 K. 

5.3 – Experimental Methods 

Rate constants were measured using the pulsed laser photolysis-laser induced 

fluorescence (PLP-LIF) method in conjunction with the CRESU technique, as described 

previously23-25 and in Chapter 2. Nitrogen passes through a bubbler containing 60% H2O2 

solution (Arkema), and is mixed with a continuous flow of N2 (99.995%, Air Liquide) and 

CO (99%, Air Liquide). This mix was cooled down to 30 K in an N2 buffer gas using the 

CRESU technique. Briefly, a gas flow containing the reactant, CO, and radical precursor, 

H2O2, are isentropically expanded through a specially designed convergent-divergent 

Laval nozzle from a high-pressure reservoir into a low-pressure chamber to generate a 

uniform supersonic flow at the appropriate temperature with a density of 1016 – 1017 cm-3. 
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Each nozzle is characterized by Pitot impact measurements prior to experiments, in order 

to determine the temperature, pressure and density, of the supersonic flow. 

  In typical CRESU experiments, concentrations of precursors and reactants are 

limited to < 1% of the total flow to not disrupt the flow. However, N2 and CO are 

aerodynamically equivalent due to the similarities in their masses, viscosities, and heat 

capacity ratios, allowing us to go to much higher concentrations of CO. As seen in Figure 

5.2, CRESU flows at 30 K show no difference between 100% N2 gas flow and 50% N2/50% 

CO gas flow. No signs of N2 or CO clustering were observed in Pitot measurements down 

to 30 K, which would be observed as a loss of uniformity in the supersonic flow. Additional 

experiments used the structured LIF spectrum of the CN radical to confirm that high 

concentrations of CO did not affect the temperature of the flow at 38 K, using the CN 

generation method described in Chapter 2. The time-dependent signal of the CN radical 

did not change as a function of [CO], indicating that no reaction between CN and CO was 

occurring. The spectrum was fit with the PGOPHER program to determine the rotational 

temperature of CN.26 Again, the results found no change in the temperature of the CRESU 

flow as the [CO] was increased.  

 
Figure 5.2: The temperatures of the 30 K nozzle, as measured by Pitot impact test 
measurements, at CO concentrations ranging from 0% – 50% of the total flow. No 
discernable change can be observed as a function of CO concentration. 
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OH radicals are generated by a 10 Hz excimer laser firing at 248 and 193 nm to 

photolyze H2O2, in order to form the ground and first excited vibrational states, 

respectively. The laser fluences at 248 and 193 nm are 31.2 and 39.5 mJ/cm2, respectively. 

The second harmonic of a 10 Hz Nd:YAG laser is used to excite a dye laser containing 

either rhodamine 6G (for OH v = 0) or a mix of rhodamine 6G and B (for v = 1), the output 

of which is sent through BBO doubling crystals to produce ~1 mJ of UV light to excite the 

OH radicals. The (1,0) and (2,1) bands of the A2Σ+ ← X2Π electronic transition are used to 

excite the OH (v = 0) and OH (v = 1) radicals, respectively, at ~282 and ~289 nm. The 

resulting fluorescence is detected by a photomultiplier tube proceeded by either a 310 nm 

(for OH v = 0) or 320 nm (for OH v = 1) bandpass filter. The delay between the excimer 

and the Nd:YAG is varied from -5 – hundreds of microseconds to record the OH signal 

over a series of 400 evenly-spaced points, and is averaged 7-10 times to obtain the decay 

trace. The length of the decay is limited by the hydrodynamic time of the uniform flow of 

any particular nozzle. The decay is fit after 10 – 20 μs after photolysis in order to allow for 

rotational thermalization of the OH radical. 

Kinetic measurements were taken under pseudo-first order conditions, with [CO] 

>> [OH]; typical CO concentrations varied from 1015 – 1016 cm-3. We estimate [OH (v = 

0)] to be ~2 × 1011 cm-3, based on the typical H2O2 concentration of ~2.7 × 1013 cm-3 in 

experiments and the H2O2 cross sections at 248 nm (8.92 × 10-20 cm2,  OH quantum yield 

of 2.09 ± 0.36).27-28 No evidence for vibrational excitation of OH produced from the 248 

nm photolysis of H2O2 has been observed.28-29 

The branching fraction of OH (v = 1) from the 193 nm photolysis of H2O2 has not 

been experimentally measured; Ondrey et al. and Vaghjiani et al. estimate the upper limit 
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to be 5 – 15% of the total OH produced.29-30 Based on this upper limit and the 193 nm cross 

section of H2O2 (58.9 × 10-20 cm2, OH quantum yield 1.51 ± 0.18),27,30 we estimate the  

upper limit of [OH (v = 1)] to be ~9 × 1010 cm-3 in our experiments. 

5.4 – Theoretical Methods 

 Theoretical calculations were conducted by our collaborator John Barker, in 

collaboration with John Stanton and Lam Nguyen. They have previously calculated a high 

quality PES of this reaction and used it to calculate rate constants over the 100 – 2000 K 

range3-4 and extended this analysis to 5 K for comparison to our experimental 

measurements. 

 The ab initio PES of the reaction was determined with the HEAT protocol which 

has been shown to produce energies accurate to < 1 kJ/mol,31-34 with the resulting energies 

shown in Figure 5.1. As discussed above, experimental measurements of OH-CO complex 

give it a dissociation energy of 410 cm-1 (4.9 kJ/mol),11 in contrast with the 5.8 kJ/mol 

determined with the HEAT method. At the low temperatures used in this work, the rate 

constants from using the experimental dissociation energy and the HEAT dissociation 

energy differ by roughly 15%, with the rate constants using the experimental value being 

faster. Here we report rate constants determined using the experimental 4.9 kJ/mol for the 

OH-CO hydrogen-bonded complex. 

 After determination of the PES, semi-classical transition state theory (SC-TST) was 

used to calculate the low- and high-pressure limit rate constants of the reaction. SC-TST is 

an extension of classical TST, which calculates the number of reactants that are able to 

overcome the activation energy to form products, based on the partition functions and 

energies of the reactants and transition state. SC-TST incorporates quantum mechanical 



91 
 

effects, including tunneling effects, into the TST calculations, and is a computationally 

inexpensive method to determine rate constants theoretically.35 Details of the HEAT and 

SC-TST calculations on the OH + CO reaction have been published previously.3-4,36 

5.5 – Experimental Results  

 
Figure 5.3: The decay of the OH (v = 0) for two different CO concentrations at 55 K (top), 
and the resulting second-order plot (bottom). 
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Figure 5.4: The decay of the OH (v = 1) at 30 K (top), and the resulting second-order plot 
(bottom). 
 

A typical OH decay and the resulting second-order plot for OH (v = 0) and OH (v 

= 1) can be seen in Figures 5.3 and 5.4, respectively. The non-zero intercept on the second-

order plot results from diffusion of the OH out of the region probed by LIF and from 

secondary chemistry resulting in OH loss. The H2O2 concentration and excimer laser power 

are kept constant for each measurement in order to prevent this secondary chemistry, such 

as OH + H2O2 and reactions of OH with other photolysis products, from interfering with 
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our measurements of kOH + CO, as they will only affect the intercept on the second-order 

plot. We see no evidence of non-linearities in our second-order plots at high [CO], which 

is further evidence that CO is not clustering under our experimental conditions. 

Rate constants for the OH (v = 0) + CO and OH (v = 1) + CO reactions can be seen 

in Tables 5.1 and 5.2, respectively, and Figure 5.5. Between 8 and 17 points at varying 

[CO] are taken for each measurement, in addition to points taken at the same [CO] to 

examine the reproducibility of the data. Measurements are taken at two densities at both 

38 and 55 K to determine what effect this has on the rate constants. The v = 1 measurements 

display no dependence on pressure, while the results for v = 0 may display a slight 

dependence on pressure, but the rate coefficients fall within the experimental error. Room 

temperature measurements also demonstrate no pressure dependence for the v = 1 reaction; 

the pressure dependence of v = 0 at room temperature is well-characterized and 

summarized by the JPL and IUPAC data evaluations. 

Table 5.1: Rate coefficients determined for the OH (v = 0) + CO reaction between 30 and 
295 K, along with experimental parameters for each measurement. Uncertainties in the rate 
constant are the 95% confidence interval from the appropriate Student’s t test combined in 
quadrature with a 10% systematic error.  
 

Temperature (K) Density (1016 

cm-3) 
[CO] range (1016 

cm-3) 
Number of 

points 
kOH (v = 0) + CO (10-13 

cm3 s-1) 
30 3.73 0.95 – 2.51 15 2.11 ± 0.37 
38 3.28 0.15 – 1.97 13 0.91 ± 0.15 
38 6.92 1.70 – 4.55 16 1.13 ± 0.21 
55 7.06 0.32 – 5.83 17 0.70 ± 0.13 
55 9.65 0.64 – 5.11 17 0.81 ± 0.19 
83 4.73 0.13 – 2.22 11 1.05 ± 0.20 
200 5.27 0.17 – 2.54 10 1.46 ± 0.26 
295 9.50 1.44 – 7.60 11 1.44 ± 0.16 
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Table 5.2: Rate coefficients determined for the OH (v = 1) + CO reaction between 30 and 
294 K, along with experimental parameters for each measurement. Uncertainties in the rate 
constant are the 95% confidence interval from the appropriate Student’s t test combined in 
quadrature with a 10% systematic error. Bolded values represent the weighted average and 
uncertainty for temperatures with multiple measurements. 
 

Temperature (K) Density (1016 

cm-3) 
[CO] range (1016 

cm-3) 
Number of 

points 
kOH (v = 1) + CO (10-13 

cm3 s-1) 
30 3.73 0.19 – 2.46 10 2.17 ± 0.40 
38 3.28 0.15 – 1.80 12 1.30 ± 0.49 
38 6.92 0.46 – 4.04 9 1.30 ± 0.45 
    1.30 ± 0.11 

55 7.05 0.45 – 4.28 10 1.09 ± 0.20 
55 9.65 0.84 – 4.28 9 1.07 ± 0.33 
    1.08 ± 0.03 

83 4.72 0.22 – 1.98 9 1.93 ± 0.75 
200 5.33 0.54 – 2.14 8 3.96 ± 1.20 
294 4.50 0.67 – 2.01 11 7.62 ± 1.71 
294 8.94 1.36 – 2.66 11 6.00 ± 1.94 
294 14.50 0.26 – 2.81 13 6.37 ± 1.24 

    6.63 ± 0.79 
 

 
Figure 5.5: The temperature dependent rate constants of the OH (v = 0) + CO reaction 
(red) and the OH (v = 1) + CO reaction (black) over the 30 – 295 K range. 
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5.6 – Theoretical Results 

 The preliminary results of the SC-TST calculations by John Barker of the low-

pressure limit rate constant for the OH (v = 0) + CO reaction are shown in Figure 5.6. Work 

on the high-pressure limit rate constants and refinement of the low-pressure limit rate 

constants is ongoing. Like the experimental measurements, the calculated rate constants 

clearly display a minimum, here located at 30 K, before increasing at lower temperatures. 

The calculated rate constants underestimate the experimental measurements by a factor of 

2 to 5, however. It is worth noting that previous calculations using SC-TST by Barker et 

al. showed that the low-pressure rate constant does not change with density up to 1018 cm-

3 at 100 K,3 which suggests our results are in the low-pressure limit and the difference is 

not due to the densities of the nozzles. 

 
Figure 5.6: The rates of the OH (v = 0) + CO reaction measured in this work (red), as 
compared to the preliminary SC-TST calculations of the low-pressure limit rate constant 
(dashed black line). 
 
 

Because the theoretical calculations are in qualitative agreement with our 

experimental measurements, we can use the results from the calculations to inform us of 
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the dynamics at play at low temperatures. This work indicates that these cold temperatures, 

the OH + CO proceeds through formation of the hydrogen-bonded OH-CO complex. The 

OH-CO complex does not become collisionally stabilized, leading it to remain thermally 

hot. The complex can either dissociate back to the reactants, or proceed to form HOCO via 

tunneling through TS1, which is 9.4 kJ/mol above the complex in energy.4 The energy that 

remains in the complex allows this tunneling mechanism to proceed, where it would not be 

able to if it was collisionally stabilized. Like the hydrogen-bonded complex, the HOCO 

and HCO2 intermediates are also not collisionally stabilized, and the products of this 

reaction are H and CO2. While TS3 and TS4 are higher in energy than the reactants, it has 

previously been shown that H-atom tunneling plays an important role in the dissociation 

of the intermediates to form H and CO2.4 

The minimum in the rate constants and subsequent turnaround are explained 

through the competing fates of the hydrogen-bonded OH-CO complex, either through 

dissociation to reform the OH + CO reactants, or through tunneling to form the H + CO2 

products. The calculations indicate that the rates of these processes have different energy 

dependencies, and as the available energy changes as the temperature decreases, the 

fraction of the OH-CO complex that proceeds to react becomes less favorable until it 

reaches the minimum, after which this becomes more favorable. Further investigation into 

these different energy dependencies and the rate constant minimum is ongoing.  

5.7 – Discussion    

The rate constants for the OH (v = 0) + CO reaction at higher temperatures are in 

good agreement with the literature. At the 80 K measurements, Frost et al. measured the 

rate to be (1.0 ± 0.1) × 10-13 cm3 s-1,10 which agrees with our rate of 1.05 ± 0.20 × 10-13 cm3 
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s-1. Using the values from the JPL data evaluation,5 which give values of 1.49 × 10-13 cm3 

s-1 at the appropriate densities at both 200 and 295 K, agrees with our values of (1.46 ± 

0.26) × 10-13 cm3 s-1 at 200 K and (1.44 ± 0.16) × 10-13 cm3 s-1 at 295 K.  

The rate constant for the OH (v = 1) + CO rate constant at room temperature, 

however, is lower than literature values; Kohno et al. measured it to be (10.8 ± 0.6) × 10-

13 cm3 s-1,15 and Brunning et al. measured it to be (10 ± 0.2) × 10-13 cm3 s-1.14 The weighted 

average of our measurements, on the other hand, are (6.63 ± 0.62) × 10-13 cm3 s-1. It is 

worth noting that the recent theoretical calculations from Barker et al. are unable to 

replicate the 10 × 10-13 cm3 s-1 rate constant at the high-pressure limit at 298 K, and instead 

give a value of roughly 8 × 10-13 cm3 s-1.3 

The convergence between the low- and high-pressure limit rate constants, however, 

is predicted by the calculations of Barker et al., who observe a similar trend at 100 K. 

Experimental measurements from Fulle et al. at 100 K do not show this trend,2 but the 

disagreement between the high-pressure rate constants from Barker et al. and Fulle et al. 

has not been resolved. The work done here clearly aligns with the SC-TST results at low 

temperatures. Further low temperature experiments, both of the OH (v = 1) + CO rate 

constant and of OH (v = 0) + CO at high densities, would assist in resolving this 

discrepancy. The lack of pressure dependence on the rate constant suggests that the reaction 

is in the bimolecular regime at all pressures at cold temperatures, which is in line with the 

calculations indicating that H and CO2 are the dominant products. 

While other rate constants have been shown to reach a minimum before increasing 

in rate at lower temperatures, these reactions are all hydrogen-abstraction reactions, like 

OH + CH3OH37 and CN + C2H6,38 where the hydrogen atom tunnels through the barrier to 
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form products. This work demonstrates that this tunneling mechanism and subsequent 

increase in rate constant at low temperatures can also occur for other reactions, due to the 

lack of collisional stabilization at low temperatures. This therefore opens the possibility for 

other reactions occurring through similar mechanisms.  

The rate constants measured here suggest that the OH + CO reaction may play a 

larger role in the ISM than currently thought. Extrapolation of the our measurements to 10 

K, the most used temperature in models of molecular clouds, gives a value of ~10-12 cm3 s-

1, but current models, such as the Kinetic Database for Astrochemistry39 (KIDA, 

kida.obs.u-bordeaux1.fr, accessed November 2020) give a value of 6.4 × 10-21 cm3 s-1, 

meaning the rate constant in models is off by more than 108 and these values should be 

implemented into databases. However, to confirm whether this updated rate constant 

actually influences chemistry in the ISM, lower temperature measurements of the reaction 

to better determine the rate at 10 K, and modeling of the impact of updated rate constant 

on the ISM are necessary. 

5.8 – Conclusion  

The rate constants of the reaction of the OH (v = 0, 1) + CO reactions have been 

determined over the 30 – 295 K range. The results show a convergence of the low-pressure 

rate constants, from the OH (v = 0) + CO reaction, and the high-pressure rate constants, as 

determined by the OH (v = 1) + CO measurements through the proxy method, which agrees 

with recently published SC-TST calculations. This indicates that this reaction is likely in 

the bimolecular regime at low temperatures and is forming H + CO2 products. The results 

also show a minimum at 55 K before increasing at lower temperatures, which suggests that 

tunneling through the barrier may play a role in this reaction at low temperatures. This is 
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confirmed by preliminary SC-TST calculations performed by collaborators, which observe 

a similar turnaround and suggest that this is due to the competing fates of the prereactive 

OH-CO hydrogen-bonded complex, which can dissociate back to reactants or proceed 

through tunneling to result in H + CO2 formation. 
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