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ABSTRACT 
 

Potential energy surfaces describing bimolecular collisions sensitively depend on the 
chemical functionality and the relative orientation of colliding partners, thus defining the 

accessibly reactive and nonreactive pathways. Herein, we investigate the peculiar 
product outcomes arising from Jahn-Teller distortion of the nitric oxide and methane 

complex (NO-CH4). 
 
We have reported an in-depth spectroscopic and dynamics study of NO-CH4 by utilizing 

conformation-specific and action spectroscopy, as well as velocity map imaging, to 
understand the fundamental dissociative mechanisms at play. Ultimately, we have 

gained information about how the Jahn Teller effect possibly impacts the potential 
product energy transfer pathways. The distinctly varied product outcomes provide 
important experimental signatures of a Jahn Teller distorted equilibrium geometry and 

the ranging effects it can have. Finally, we discuss how subsequent studies will be 
caried out.
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Chapter 1: Introduction 

The study of interactions between molecules and atoms is an important 

research area in physical chemistry, atmospheric chemistry, and energy science. 

Particularly, at the forefront of these fields, is using light radiation to control and 

steer the chemical reactivity pathways of molecules. Employing laser-induced 

spectroscopy has provided important results in recent years. These range from 

probing transition-state dynamics1 to understanding the properties and effects of 

water solvation2. These results are utilized to unravel how molecules and atoms, 

in different contexts, behave on a fundamental level upon laser-induced 

excitation. By leveraging this important experimental data with theoretical 

calculations, the underlying mechanisms affecting the chemical and physical 

behavior of molecules can be revealed. Herein, a variety of laser induced 

spectroscopy and dynamics techniques are employed to reveal the subtle 

interactions and peculiar dynamics of weakly-bound nitric oxide complexes and 

molecular systems.  

1.1 Atmospheric and Combustion Relevance 

 Earth’s climate is warming due to anthropogenic emissions of greenhouse 

gases, particularly carbon dioxide (CO2), from fossil fuel combustion.3 However, 

anthropogenic emissions of non-CO2 greenhouse gases, such as methane, nitric 

oxide and ozone-depleting substances, contribute significantly to global 

warming.3 Greenhouse gases (GHGs) alter Earth’s climate by absorbing energy 

in the lower atmosphere and re-emitting it. The influence of emitted GHGs on 

future climate is estimated from the ability to absorb infrared radiation and its 
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persistence in the atmosphere.3 Since most anthropogenic emissions of these 

non-CO2 GHGs are linked to society’s fundamental needs for food and energy, 

these molecules will continue to be important to study due to their role in 

warming the climate.3–5 

 The troposphere is the region of the Earth’s atmosphere in which we live 

and, in general, in which chemical compounds are emitted from anthropogenic 

processes.4 The emissions of oxides of nitrogen (NO), volatile organic 

compounds (VOCs), and hydrocarbons (alkanes) lead to a series of complex 

chemical and physical transformations.4 These transformations affect the 

formation of ozone in urban and regional areas, as well as, in the global 

troposphere, acid decomposition, and the formation of secondary particulate 

matter through gas/particle partitioning of both emitted chemical compounds and 

the atmospheric reaction products.4,6 Ozone, O3, in the stratosphere absorbs 

ultraviolet radiation below 290 nm.6 Hence, only solar radiation of wavelength 

290 nm and above is mostly transmitted through the stratospheric ozone layer 

and impacts the troposphere and the Earth’s surface. Any depletion of 

stratospheric ozone allows shorter wavelength radiation to be transmitted 

through the stratosphere into the troposphere, leading to increased 

photodissociation rates in the troposphere, and still not fully understood effects 

on tropospheric chemistry.4 Therefore, the photochemistry of these 

anthropogenic species is important to investigate. Currently, there are large gaps 

in scientists’ knowledge of NO’s interactions with other atmospheric gases. 
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NO is an open-shell molecule which implies that it has an odd number of 

electrons, rendering NO a reactive radical. NO is emitted from soils and natural 

fires and is formed in situ in the troposphere from lightning.5 In addition, NO is 

emitted from combustion processes such as vehicle emissions and fossil-fueled 

power plants.4 In fact, fossil fuel combustion accounts for approximately 50% of 

the total emission of nitrogen oxides.4 Once NO is emitted naturally or 

anthropogenically, it behaves as a short-lived intermediate in a variety of 

chemical reactions in both the troposphere and the stratosphere.5,7 The 

atmospheric lifetime of NO ranges from <1 day to several days.5 Particularly in 

regions with high NO emissions from fossil-fuel combustion, complex 

photochemical processes involving NO and hydrocarbons (such as methane) 

result in photochemical smog with enhanced O3 concentrations.8 Similar to NO, 

hydrocarbon concentrations have increased rapidly resulting from anthropogenic 

sources.9 

 Alkanes or hydrocarbons react with OH radicals, NO3 radicals, and Cl 

atoms.7,10 The OH radical reaction is calculated to generally dominate as the 

main tropospheric loss process.9 Of the alkanes or hydrocarbons, methane is the 

most prominent in the atmosphere.10 Methane (CH4) is emitted into the 

atmosphere from both biogenic and anthropogenic sources.4 Agriculture and 

fossil fuel exploitation together account for two-thirds of all human-derived CH4 

emissions, whereas a smaller fraction arises from waste treatment and biomass 

burning.3 At 1.8 ppm (as mole fraction in dry air), CH4 is the most abundant non-

CO2 GHG in the atmosphere.3 Its present atmospheric mole fraction is 3 times 
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higher than observed in ice cores dated to 1300-1750 and is higher than that 

observed throughout the existing ice-core record.10 Methane has the second-

largest global radiative forcing impact of anthropogenic greenhouse gases, but 

our understanding of its atmospheric chemistry is incomplete.10 

 As described, the increasing atmospheric concentrations of nitric oxide 

and methane are leading to complex chemical reactions and radiative impact that 

we do not fully understand. Additionally, NO and alkanes are prevalent in 

combustion environments where NO can be made from the catalytic reduction of 

N2 and O2. As such, there has previously been considerable interest in studying 

the chemical reactions of NO with other atmospheric species, including rare gas 

atoms, diatomics, and alkanes.11–18  When these anthropogenically emitted 

species collide in the atmosphere, there is a transient moment at impact that the 

two collision partners may form a weakly-bound molecular complex or van der 

Waals complex.  

 Van der Waals molecules are weakly bound complexes of small atoms or 

molecules held together, not by chemical bonds, but by intermolecular 

attractions.19 These molecules, although weakly held together compared to 

chemical bonds, can exhibit unique properties than when they exist as individual 

partners.11 The presence of these weakly bound complexes is expected 

whenever two molecules in the gas phase with low kinetic energy become 

trapped by their intermolecular attraction with each other.20 How these weak 

interactions affect the dynamics of gas-phase complexes is not fully understood. 

Some Van der Waals complexes have even been known to experience the Jahn-
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Teller effect, which carries with it its own peculiar dynamics (see Chapter 4). 

Therefore, the bimolecular collision dynamics of NO with alkanes in the 

atmosphere and combustion is of broad interest to the physical chemistry 

community.  

1.2 Laser Spectroscopy 

The advent of tunable lasers in the 1980s opened new opportunities to study 

molecules on a fundamental basis.21 They allowed for enhanced detection 

efficiencies and resonances to measure cross-sections, dynamics, total kinetic 

energy release and many other experimental quantities.22 Laser-based detection 

methods, such as laser-induced fluorescence (LIF) and later also resonance-

enhanced multiphoton ionization (REMPI), allowed for the measurement of 

quantum-state-resolved cross-sections.21 The development of ion imaging and 

velocity map-imaging (VMI) techniques greatly enhanced the ability to record 

data that allows us to visualize the underlying chemistry at play in molecular 

species. The combination of laser-based ionization and ion imaging provides the 

revolutionary capability to create images of molecules that directly reflect the 

state-resolved energy partitioning from laser-initiated activation.23 In recent 

decades, these improved detection techniques allowed for the study of a wide 

variety of systems. Ultimately the level of detail that can be reached in these 

experiments depends on the quality of the preparation and on the accuracy of 

product detection. 

1.3 Scope of Thesis 
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 The overall goal of this thesis is to understand the infrared-activated 

spectroscopy and dynamics of combustion- and atmospheric-related complexes. 

This thesis research has focused on the investigation of weakly bound van der 

Waals nitric oxide complexes present in the gas-phase. We achieve this goal 

using an array of laser spectroscopy and imaging techniques. This thesis 

provides a detailed description of these methods as well as their specific 

implementation through an in-depth analysis of the acquired results. Specifically, 

the vibrational spectroscopy of NO-CH4 in the CH4 asymmetric stretching region 

using resonant ion-depletion infrared spectroscopy and infrared action 

spectroscopy is presented, analyzed, and compared. Furthermore, we combine 

infrared activation of NO-CH4 with velocity map imaging of NO (X2Π, v′′=0, J′′, Fn, 

Λ) products to develop a molecular-level understanding of the nonreactive 

collisions of NO with CH4. Finally, an outlook of our investigation into larger NO-

alkane Van der Waals complexes is presented in the final chapter.  
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Chapter 2: Experimental Methods 

2.1 Experimental Apparatus Description 

To obtain fundamental information regarding the molecular level behavior 

of gas-phase species, a custom-built experimental apparatus was developed and 

utilized. A schematic describing the experimental apparatus is shown in Figure 

2.1. The high-vacuum 

apparatus consists of 

two chambers 

connected by a time-

of-flight (TOF) tube. 

The individual 

chambers are each 

evacuated by their 

respective mechanical 

vacuum pumps 

(Leybold, Trivac 

D16B/D25B) as well 

as turbo vacuum 

pumps (Osaka, 

TG390/TG900) to maintain operating vacuum pressures (10-5-10-6 torr). 

Furthermore, each diffusion pump is outfitted with a oil mist eliminator to 

condense pump oil and prevent diffusion into the chamber.  

 

 
Figure 2.1. Schematic of the apparatus used to conduct the 

experiments. In each technique, the sample enters the apparatus on 

the left and travels to the right, where it impacts the MCP/camera 

detector. 
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The large chamber contains the sample inlet and therefore will be referred 

to as the source chamber. Whereas the second, smaller, chamber contains the 

detector and will be referred to as the detection chamber. The molecules are 

initially pulsed into the source chamber through the pulsed valve. The source 

chamber contains the sample inlet, two optical windows to allow laser radiation to 

enter, as well as an evacuation port which allows for the safe release of the 

vacuum when maintenance is necessary. In addition, the source chamber 

contains a set of ion optics which create an electric field in the chamber to 

accelerate photo-generated ions towards the detection chamber. Before any 

species can be investigated inside the experimental apparatus, we must achieve 

a certain amount of control over them. 

2.2 Supersonic Jet Expansion 

Supersonic jet expansion is leveraged to enhance the quality of the 

sample preparation; more specifically, to adiabatically cool the molecular species 

in question. To understand supersonic jet expansion, an overview of a pulse 

valve is described. 

As illustrated in Figure 2.2, a specific mixture of gas is injected into the 

high-vacuum system utilizing a 500 µm pulse valve nozzle (Parker-Hannifin, 

Series 9, General Valve) operating at 10 Hz. The pulse valve is paramount to the 

experimental set up as it precisely releases the target gas into the chamber. The 

pulse valve consists of a faceplate containing the previously described orifice 

through which the gas flows. A Teflon (PTFE) poppet with a spring inside of a 

solenoid is pressed against the pulse valve orifice. The poppet is controlled and 
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pulses at a determined frequency by a digital delay generator (Quantum 

Composers, 9510+). Each cycle allows a pulse of gas into the chamber. Once 

the gas is pulsed through the orifice, it undergoes supersonic jet expansion.1 

As the gas molecules flow through the pulse valve, a molecular beam is 

created where the target molecule or molecular complex experiences a series of 

collisions with the inert carrier gas (Ar), adiabatically cooling the mixture down to 

low internal energies. The low temperature created by the collisions increases 

the speed of sound (a) through the molecular beam according to the equation 

a=√(𝛾𝑘𝑏⁄𝑚).2 In the equation, γ is the specific heat ratio, kb is the Boltzmann 

constant, and m is the mass of the molecule. When the gas passes through the 

pulse valve, it has a high translational temperature due to the collisions, however 

the mass flow rate is very low.1 As the mass flow rate increases and the 

collisional temperature decreases, the speed of sound also decreases. Once the 

flow rate matches and exceeds the speed of sound, the gas is said to be 

supersonic, which happens within a few millimeters as soon as the gas leaves 

the pulse valve into the chamber.2 
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After undergoing supersonic jet expansion, the coldest molecules are 

collected in the center of the molecular beam. Moving radially outward, the 

molecular beam contains more translationally excited molecules. At 30 mm from 

the pulsed valve nozzle, a skimmer (Boston Dynamics, 2mm orifice) is employed 

to select molecules with the lowest internal energy from the center of the 

molecular beam. The skimmer is effectively a reverse funnel with a hole facing 

the pulse valve and the open end facing into the vacuum chamber. The skimmer 

allows only the coldest molecules to proceed into the chamber, and the rest are 

removed. This allows for the preparation of species with their lowest vibrational 

and fewest rotational quantum states.1,2 

2.3 Laser Equipment and Methods 

The generated cold samples from supersonic jet expansion are then 

interrogated with multiple two laser schemes. A Nd:YAG-pumped dye laser 

(Radiant Dyes, NarrowScan; 10 Hz) is utilized in tandem with a set of BBO 

crystals to produce tunable ultraviolet (UV) radiation to detect molecular 

 
Figure 2.2. Schematic of the supersonic jet expansion and the generation of the molecular beam 

as it leaves the pulse valve into the source chamber, with the associated energy diagram of the 

adiabatic cooling. 
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complexes or fragments following IR dissociation of the complex. The UV 

wavelengths are calibrated with a wavemeter (Coherent, WaveMaster). 

Furthermore, tunable IR radiation is generated with an optical parametric 

oscillator/amplifier (OPO/OPA LaserVision; 5 Hz), which is pumped by another 

Nd:YAG laser (Continuum Surelite II-10). The spatially overlapped IR and UV 

beams are aligned perpendicular to the cold molecular beam and both laser 

pulses are vertically polarized in the plane of the detector. There are a variety of 

techniques that can be executed utilizing this two laser pump-on pump-off set up 

which will be presented in section 2.3. Laser induced ionization of molecular 

complexes and their fragments is a powerful combination in tandem with mass 

spectroscopy.  

2.3.1 Ion Optics and Detection Process 

For the manipulation and control of the molecular complexes, time-of-flight 

mass spectroscopy is employed to extract subsequent information. Particularly, 

laser-induced spectroscopy techniques rely on the use of ion optics to directly 

map the velocity and angle distributions at which the ions travel to the detector.2,3 

These ion optics are paramount to the time-of-flight experiments by establishing 

a constant electric field. This uniform electric field allows the mapping of the 

velocities and angular distributions onto the detector.3 Regardless of where in the 

laser interrogation region the ion is made, if it shares the same mass as the other 

ions in the region, they will be mapped onto the same position on the detector.3  

 The ion optic set-up in our experimental apparatus (Figure 2.1) contains 

three charged metal plates with varying sized circular holes and each with 
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specific voltages. The first metal plate is the repeller plate which is closest to the 

pulsed valve nozzle. The repeller plate also has the smallest hole and the largest 

voltage out of the three, 5000 V. The arrival timing of ions is inversely 

proportional to the voltage of the repeller plate. After the repeller plate, there are 

two extractor plates whose voltages aid in forming an electric field which has the 

optimal spatial resolution. The extractor plates, E1 and E2, have lower voltages 

than the repeller plate with each subsequent extractor plate decreasing in 

voltage. Their respective voltages are 4170 and 2200. The applied electric field is 

completed by the final metal plate which essentially acts as a grounding 

electrode. As a final note, the probe and pump lasers interrogate the molecular 

beam between the repeller plate and the first extractor plate. Therefore, after 

ionization or photodissociation, the ions are immediately accelerated toward the 

detector.  

 The applied electric field accelerates the ions downfield to a 40 mm 

diameter microchannel plate (MCP) detector. The electrical signal from these 

ions are interpreted by an oscilloscope (Teledyne LeCroy, Waverunner 8054) 

and by utilizing the electrical signal, the arrival times, and the applied electric 

field, the mass-to-charge ration (m/z) of the ions can be ascertained. Therefore, 

the electrical signal from these ions is utilized and manipulated in a variety of 

ways to extract information spectroscopically. Subsequent ion images are 

collected via the phosphorescent screen which is coupled to the MCP detector. 

The two-dimensional images of resulting product ion clouds are captured with a 
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charge coupled device (CCD). The varying data is collected using LabView 6 and 

is processed in Igor Pro 7 and pBASEX programs. 

2.4 Spectroscopic Techniques 

2.4.1 Resonant Two-Photon Ionization Spectroscopy 

Resonant two-photon ionization (R2PI) is a one-laser experiment that is 

executed in tandem with the TOF mass spectrometer. Shown in Figure 2.3, the 

technique is utilized to obtain 

electronically excited spectra of 

molecules and complexes using 

ultraviolet (UV) laser radiation. The 

spectra are generated by scanning the 

tunable UV radiation output of the probe 

laser, a Nd:YAG-pumped dye laser 

(Radiant Dyes, NarrowScan). When the 

UV wavelength (λUV) is resonant on a 

transition corresponding from the 

ground electronic state to an excited vibronic state of a certain subset of the 

molecular species in the supersonic jet expansion, a UV photon is absorbed. 

Thereafter, a second photon of the same wavelength will ionize the molecules 

from the excited state to the ionization continuum.  Therefore, when the tunable 

UV wavelength is resonant on a ground to excited state transition, there is an 

increase in the parent molecular ion signal detected by the TOF mass 

spectrometer. As such, as the parent molecular ion signal is monitored as a 

 

  
Figure 2.3. Schematic representation of 

resonant two-photon ionization. 
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function of the tunable UV wavelength, a vibrationally-resolved UV spectrum is 

obtained utilizing the LabView software. Figure 2.4 shows an example of an R2PI 

generated in our lab of the NO-CO complex. The product from R2PI is a 

vibrationally resolved UV spectrum of the molecular species in question. The 

R2PI spectrum can often comprise the sum of contributions arising from multiple 

conformational isomers. To disentangle such spectra, resonant ion-depletion 

infrared spectroscopy can be employed. 

2.4.2 Resonant Ion-Dip Infrared Spectroscopy 

 
Figure 2.4. An example R2PI spectrum of the NO-CO complex with 

labelled vibronic transition peaks. 
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Resonant ion-depletion infrared spectroscopy (RIDIRS) is a two-laser 

experiment depicted schematically in Figure 2.5 that is executed in tandem with 

the TOF mass spectrometer. This technique is utilized to obtain conformation -

specific infrared spectra of molecular species. An R2PI spectrum, or electronic 

state transitions, is a pre-requisite to successfully perform this method since the 

excited state lifetime must be relatively long-lived. The probe laser is placed 

resonant on a ground to excited electronic state transition of the molecule, so a 

constant mass ion signal is monitored. Additionally, the IR laser or pump laser 

(OPO/OPA LaserVision) precedes the probe laser at a certain time, Δt (which 

varied on the order of 10-150 ns), and 

interrogates the molecular beam. The 

tunable IR radiation of the pump laser is 

scanned over a certain wavelength region. If 

an IR photon is absorbed by the molecular 

species, the molecular species is no longer 

able to be resonantly excited by the UV 

probe laser since the molecular species is 

now at a higher vibrational energy state. 

Thus, the probed parent molecular ion signal will be depleted and is monitored as 

a function of the IR wavelength using the LabView software. 

Utilizing LabView, two spectra are generated when monitoring the parent 

ion signal. The first spectrum results from monitoring the mass ion signal when it 

is resonantly excited by the UV probe laser. The second spectrum is generated 

 
Figure 2.5. Schematic of resonant ion-

depletion spectroscopy 
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from monitoring the mass ion signal that results from infrared activation prior to 

resonant UV excitation. Both spectra are generated as the tunable IR energy 

scans a certain spectral region (typically 2800 – 3200 cm-1). If the two spectra are 

subtracted, a difference spectrum is obtained, which represents the 

conformation-specific IR spectrum belonging to a certain conformational isomer. 

Thus, by changing the probe wavelength, different conformation-specific IR 

spectra can be recorded for each conformational isomer.  

2.4.3 Infrared Action Spectroscopy 

Infrared action 

spectroscopy is an additional 

two laser experiment executed 

in tandem with a TOF mass 

spectrometer. Figure 2.6 shows 

that IR action spectroscopy is 

similar, in principle, to RIDIRS 

with a few important 

differences. In similar fashion, 

the IR pump laser precedes the UV probe laser at a time, Δt. The tunable IR 

radiation is scanned over a certain wavelength region . If an IR photon is 

absorbed by the molecular species and is excited into a higher energy vibrational 

state, the bond dissociation energy is exceed resulting in photodissociation of the 

molecular species. Therefore, the IR pump source will dissociate a molecular 

 
Figure 2.6. Schematic representation of infrared action 

spectroscopy. 
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complex to products that can be interrogated. The UV probe laser is used to 

monitor the products at a time Δt after the IR pump laser.  

The UV probe laser is resonant on an electronic transition corresponding 

to a product ion species resulting from the dissociation of the parent molecular 

complex. This is an important distinction from RIDIRS where the UV probe laser 

is resonant on the ground to first excited electronic state transition of the parent 

molecular complex species. If the tunable IR wavelength is resonant on a 

transition which prompts dissociation of the molecular species, then a gain in 

product ion signal is observed. Thus, in this technique, the product ion signal is 

monitored as a function of the IR wavelength  using LabView.  

Utilizing LabView, two spectra are generated when monitoring the product 

ion signal. The first spectrum results from monitoring the background product ion 

signal when it is resonantly excited by the UV probe laser. The second spectrum 

is generated from monitoring the product ion signal that results from infrared 

activation (and dissociation) of the parent molecular complex prior to resonant 

UV excitation of the product ion. Both spectra are generated and monitored as a 

function of the tunable infrared wavelength. If the two spectra are subtracted, a 

difference spectrum is obtained. This difference spectrum represents the gain in 

product ions as a function of IR wavelength. By changing the UV probe 

wavelength to monitor different rovibronic states of the products, a wealth of 

information can be extracted on the products generated from infrared activation 

of the parent molecular complex. Therefore, this technique reveals information 
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about the formation of products and the relative energy partitioning into 

accessible quantized degrees of freedom. 

2.4.4 Velocity-Map Imaging 

Velocity map imaging (VMI) is 

a powerful technique which can 

measure the chemical reaction 

dynamics of molecular complexes. In 

particular, the photodissociation 

dynamics of complexes, the energy 

released to relative translation, and 

the internal energies of the co-fragments can be measured.  

Shown in Figure 2.7, the VMI scheme is similar to the one described 

previously; however, this is a two-laser experiment. The first laser, the IR pump 

laser operating at 5 Hz, is fixed at a certain wavelength with sufficient energy to 

induce the photodissociation of the molecular complex in question. A counter-

propagating probe laser, spatially overlapped and temporally following the 

photolysis laser by 50ns, monitors the formation of photofragments from 

decomposition of the complex. The pump laser is vertically polarized and aligns 

the complexes via interaction with their transition dipole moment, and then the 

complex decomposes to co-products. Following resonant ionization of products 

to cations, a three-dimensional Newton sphere is generated and accelerated by 

ion optics down the time-of-flight corridor and collide with the phosphorescent 

detector that illuminates when hit by ions (Figure 2.8). The CCD camera then 

 
Figure 2.7. Schematic representation of velocity 

map imaging. 
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takes an image of this luminescence. By averaging the ion images, the angular 

and velocity distributions of the dissociation event can be determined. 

2.4.4.1 Newton Spheres, Total Kinetic Energy Release Distributions, and 

Beta Parameters 

To understand the quantification of the data afforded by VMI, a description 

of a Newton sphere is needed. A Newton sphere is made up of the post-

dissociation NO+ cations recoiling from the center of mass in various directions 

with a speed of 𝑣, expanding as it passes through the chamber, until ultimately 

impacting the detector at the end, with a ring radius of 𝑅 = 𝑁𝑣𝑡, where 𝑡 is the 

arrival time of the particles and 𝑁 is the magnification factor of the.3,4 𝑁 was 

experimentally determined to be 1.31 for this chamber setup through calibration 

using O2 photodissociation.5,6 Using 𝑅 = 𝑁𝑣𝑡, it is possible to determine the 

mass-weighted relative recoil velocity imparted to the co products (otherwise, 

 
Figure 2.8. Path of the sample molecules in VMI, R2PI, RIDIRS, and IR action spectroscopy. 

Multicolored arrow represents cooling of the molecular beam as it approaches the laser radiation, 

and blue circles represent Newton spheres as they are accelerated toward MCP screen and CCD 

camera detector. 
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referred to as the total kinetic energy release) following photodissociation of the 

molecular complexes.7  

In addition to obtaining the TKER distribution, the isotropy of the ion image 

is simultaneously measured. The ion image isotropy is dictated by the rate of the 

dissociation process. 

If the dissociation 

occurs faster than 

the rotational period 

of the molecular 

species following 

excitation, then the 

ions will be localized to the poles of the image (β= -1 or +2), whereas if the 

dissociation is slow, then there will be a more even radial distribution of the ions 

(β=0).4 The anisotropy parameter β extracted from the ion images yields 

information on the dissociation time scale and relative orientation of the transition 

dipole moment, μ, with respect to the recoil velocity vector, v.4 In the limit that the 

anisotropy parameter β = +2, then the ground and excited electronic states share 

the same symmetry, whereas if β = -1, the electronic states have orthogonal 

symmetry.4 

  

 
Figure 2.9. Diagram indicating the possible angular distributions and 

their corresponding anisotropy parameter, 𝛽. 
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Chapter 3: Infrared Spectroscopy of NO-CH4 

3.1 Introduction 

Nitric oxide (NO) can be made from the catalytic reduction of N2 and O2 to 

NO/NO2. This renders NO as a prevalent byproduct of many anthropogenic 

sources such as motor vehicles, industrial and commercial fuel combustion, and 

utilities. As such, there have been many studies performed on complexes of NO 

with rare gas atoms, diatomics, and alkanes (CH4).1–8  Methane (CH4) is a potent 

greenhouse hydrocarbon and is the main component of natural gas. Most of the 

methane in the atmosphere derives from a range of human activities, such as 

extensive livestock farming, fossil fuel extraction, and combustion. Therefore, 

how NO and CH4 interact in the atmosphere and combustion has been of 

interest. In this chapter, we aim to better understand the potential outcomes from 

bimolecular collisions involving NO and CH4. Particularly, an understanding of the 

potential structure and lifetimes of this short-lived complex is needed.  

The study of open-shell complexes is of far-reaching interest, as they are 

expected to exhibit interactions that are intermediate between van der Waals 

complexes and chemical bonding.1 Open-shell reactive diatomic species, such 

as NO, permit access to a large intermolecular potential energy surface (IPS) 

and provide important spectroscopic information which can test the accuracy of 

predicted potential energy surfaces.1 Of recent interest has been the study of NO 

with polyatomic partners. These systems often exhibit van der Waals interactions 
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and sometimes Jahn Teller 

(JT) distortions, such as 

NO-CH4 as illustrated in 

Figure 3.1.2–4 These 

intermolecular interactions 

render the equilibrium 

geometry of NO-CH4 

difficult to determine. 

Previously, multiple 

experimental and 

computational studies have 

aimed at gaining an 

understanding of this 

complex. 

Akiike et al. were the first to report the A - X spectrum of NO:CH4, using (1+1) 

resonance enhanced multiphoton ionization (REMPI), which exhibits repeating 

structures at low energy that become difficult to disentangle at higher energies.5 

Wright et al. reported calculations at various levels of theory where the close-

lying minima suggest large amplitude motion of the complex.4,6 Experimentally, 

the REMPI spectrum was concluded to be consistent with an effective C3v 

geometry in both the ground (X) and first excited (A) electronic states.4,6 

However, Crespo-Otero et al. determined through computational studies that NO-

CH4 is an effective JT distorted complex moving from Cs (Figure 3.1) 

 
Figure 3.1. Schematic of the Jahn-Teller potential energy 

surfaces for the NO-CH4 ground electronic states, 
adapted from Ref. 2. The internal rotation of either 
monomer results in a C3v or Cs configuration. The lower 

and higher energy surfaces belong to the A′′ and A′ 

states, respectively, with Cs symmetry. 
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conformations through the C3v complex.2 Additionally, Wen and Meyer reported 

the NO overtone IR spectra of NO-CH4 and concluded that the molecular 

complex spends most of its time in an orientation where NO is perpendicular to 

the face of CH4 (Cs symmetry).3 

Throughout these previous studies of NO-CH4, it has become evident that this 

weakly bound molecular complex has complicated interactions which make the 

experimental data difficult to disentangle.2–4,6,7 Therefore, additional studies are 

needed to reveal how the different NO-CH4 geometries contribute to the 

dissociation mechanisms. Therefore, in this chapter, we leverage resonant ion-

depletion infrared spectroscopy and IR action spectroscopy in the fundamental 

CH4 stretching region to characterize NO-CH4 and its diverse set of 

intermolecular interactions. 

3.2 Methods 

Resonant ion-depletion infrared (RIDIR) spectroscopy and IR action 

spectroscopy experiments were performed in a differentially pumped molecular-

beam apparatus described previously.8–10 A supersonic jet expansion was 

created by pulsing a gas mixture (1% nitric oxide (NO), 15% methane (CH4), 

argon (Ar) balance) held at 5 bar through a 500 µm pulse valve nozzle (Series 9, 

General Valve) into the high-vacuum chamber. Thus, NO-CH4 molecular 

complexes were generated from adiabatic collisional cooling, and a skimmer (ID: 

2mm, Beam Dynamics) placed approximately 30mm from the pulse valve nozzle 

was employed to select NO-CH4 molecular complexes with the lowest internal 

energy from the molecular beam. A Nd:YAG-pumped dye laser (Radiant Dyes, 
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NarrowScan) was utilized in tandem with a set of BBO crystals to produce 

tunable ultraviolet (UV) radiation to detect NO-CH4 molecular complexes or NO 

fragments following IR dissociation of the complex. Furthermore, tunable IR 

radiation was generated with an optical parametric oscillator/amplifier (OPO/OPA 

LaserVision), which was pumped by another Nd:YAG laser (Continuum Surelite 

II-10). The spatially overlapped IR and UV beams were aligned perpendicular to 

the molecular beam and both laser pulses were vertically polarized in the plane 

of the detector. 

Isomer-specific RIDIR spectroscopy was carried out, wherein the UV laser 

was resonant on a specific A ← X vibronic transition of a NO-CH4 nuclear spin 

isomer. During experiments, the resonant UV wavelengths for NO-CH4 were 

obtained with a wavelength meter (Coherent WaveMaster) and verified with 

previous results obtained by Wright and coworkers utilizing (1+1) resonance-

enhanced multiphoton ionization (REMPI).4,6 The IR laser (5 Hz) preceded the 

UV laser (10 Hz) in time by 50 ns and was scanned across the CH stretch region 

from 2900 – 3200 cm-1. When the scanned IR laser wavelength shares a 

common zero-point energy level as the probed NO-CH4 nuclear spin isomer, the 

[NO-CH4]+ mass ion signal was depleted and a difference spectrum was obtained 

with respect to the tunable IR wavelength using active baseline subtraction. 

IR action spectra were collected by scanning the IR pump laser while the 

UV probe laser was fixed on specific rovibrational transitions of NO (X2Π, v′′=0, 

J′′, Fn, Λ) fragments generated from vibrational predissociation of the NO-CH4 

molecular complex. The spin-orbit (F1 and F2) and Λ-doublet (Π(A′′) and Π(A′)) 
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levels were probed using the Q1(J′′), R1(J′′), Q2(J′′), and R2(J′′) lines. As the IR 

laser became resonant with a NO-CH4 transition in the CH stretch region, signal 

gain in the NO+ mass ion channel was monitored from NO-CH4 predissociation 

and averaged as a function of the IR wavelength.  

3.3 Theoretical Calculations 

To aid in characterizing NO-CH4, a series of computational analyses were 

performed. Preliminary conformational searches were obtained to determine the 

most likely conformations of NO-CH4. Electronic structure calculations for 

different NO-CH4 conformational isomers were carried out using QChem 5.111 

software and Gaussian 0912. Using QChem software, conformational searches 

were carried out using unrestricted density functional theory at the ωb97XD/6-

31G+(d,p) level of theory. Using this method, QChem will generate a list of 

possible isomers of the complex from an initial guess structure for a given level of 

theory. Therefore, four conformational searches were performed with four 

different, initial hypothesized structures.2 These conformational searches 

obtained eight possible structures of NO-CH4.  

 All eight structures geometries were subsequently optimized at varying 

levels of theory using Gaussian 09 and their harmonic vibrational frequencies 

were calculated. The same unrestricted-DFT at the ωb97XD/6-31G+(d,p) level of 

theory was utilized and six plausible structures were found. Subsequently, 

anharmonic vibrational frequencies of all six conformations were separately 

obtained using DFT at the ωB97X-D/6-311+G(3df,2p) level of theory. The 

conformations vary between C3v and Cs similarly to the previous computational 
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studies. The C3v conformations are such that NO is linear with respect to a C-H 

stretch of methane (Figure 3.2).  

Two of the C3v conformations are dependent on whether the nitrogen or 

oxygen of NO is oriented toward the face of methane (OC3v and NC3v). Two of 

the C3v conformations are dependent on whether the nitrogen or oxygen of NO is 

oriented toward the hydrogen of a C-H bond of methane (HOC3v and HNC3v).  

The two Cs conformations are dependent on whether the nitrogen or oxygen of 

NO is leaning toward the face of methane (OCs and NCs). These calculations 

  HNC3v  HOC3v 

  
NC3v OC3v 

 
 

NCs OCs 

  
Figure 3.2. Optimized geometries and nomenclature of CH3 face and CH bonded complexes with 

C3v and Cs symmetries. 
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were utilized to determine which conformational isomers are plausible in our 

experiments. 

The weakly bound nature to NO-CH4 made calculations difficult due to the 

relatively flat potential energy surface and relatively low barriers separating 

conformational isomers (< 50 cm-1). Additionally, the simulated infrared spectra 

contained features that varied less than 4 cm-1 depending on the conformation. 

As described previously, in-depth computational studies were previously carried 

out by Crespo-Otero et al.2 Although these conformational searches are good 

predictions for experiments, the experimental data will be mainly compared to the 

computational work from Crespo-Otero et al.  

3.4 Results 

For the CH4 component in the NO-CH4 complex, symmetry and nuclear spin 

statistics involving the four equivalent hydrogen atoms have important effects on 

the spectra of methane-containing complexes. The rovibrational levels of CH4 

can have A, F, or E symmetry, reflecting the nuclear spin states.13 Due to the 

cold environment of the supersonic jet expansion, the NO-CH4 complexes are 

plausibly formed mainly from NO and CH4 monomers in their respective lowest-

energy quantum levels. In particular, the primary contributions will originate from 

NO (X2Π1/2, J′′=0.5) and CH4 in its three lowest rotational energy levels 

corresponding to the A(J′′=0), F(J′′=1), and E(J′′=2) nuclear spin states having a 

relative population ratio of 5:9:214,15, respectively. Consequently, the A-, F-, and 

E-NO-CH4 populations will plausibly reflect this ratio. 
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The resonant ion-depletion 

infrared (RIDIR) spectrum of NO-

CH4 (m/z=46) in the CH 

fundamental region over the 2950 – 

3150 cm-1 range is shown as the 

black trace in Figure 3.3. The UV 

laser was fixed on the transition 

assigned to the F-NO-CH4 isomer 

by Wright and co-workers at 

44,290.8 cm-1. As seen in the figure, 

the transition band center at Q(1) in 

the RIDIR spectrum of NO-CH4 is 

located at ~3030 cm-1 and is assigned to the asymmetric CH stretch. The basis 

of this assignment follows from the fact that no other features were observed at 

lower energy and that the spectral frequency of this band is consistent with a CH 

stretch transition. A weaker transition band is observed at approximately 30 cm-1 

to higher energy of the asymmetric CH stretch. This feature is attributed to a 

combination band involving simultaneous excitation of the asymmetric CH stretch 

and intermolecular bending mode (hindered internal rotation of the NO and/or 

CH4 monomers). No other features are observed at higher energy. 

Directly below the experimental RIDIR spectrum in Figure 3.3 is a simulation 

of the fundamental asymmetric CH stretch of the NO-CH4 complex. The results 

are shown as the combined (red trace) and the individual components (green 

 
Figure 3.3. (a) Resonant ion-depletion infrared (RIDIR) 
spectrum of NO-CH4 in the vicinity of the CH4 stretch 
fundamental. (b, c) Combined and individual simulated IR 

spectra of the NO-CH4 asymmetric CH stretch and 
bending rovibrational transitions assigned to the A, E, and 

F nuclear spin isomers. 
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and gold traces) for the asymmetric stretch and intermolecular bending mode. 

The rovibrational transition assignments belonging to the corresponding NO-CH4 

nuclear spin isomer are labeled in the figure. The simulated rovibrational 

spectrum was derived using CH4 as the chromophore and was carried out using 

PGOPHER.16 The adjustable parameters included the ground and excited 

rotational constants (B′′ and B′, respectively) of the asymmetric CH stretch of 

methane, the band origin (ν0), the homogeneous Lorentzian broadening 

component of the spectral linewidth (ΔνLor/cm-1), and the rotational temperature 

(Trot/K). The rotational temperature of F-NO-CH4 complexes extracted from the IR 

spectrum simulation was found to be approximately 15 K, which is consistent 

with the ~10 cm-1 zero-point energy of the F-NO-CH4 isomer relative to the A-

NO-CH4 isomer.6 The agreement between the experimental and simulated IR 

spectra validates using methane as the chromophore and using the asymmetric 

stretch/intermolecular bending mode to model the NO-CH4 vibrational transition. 

Additional RIDIR spectra of the F-, A-, and E-NO-CH4 isomers are presented as 

well in Figure 3.3.  



34 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The different RIDIR spectra in Figure 3.3 are generated by fixing the UV laser 

on transitions corresponding to the F-NO-CH4, E-NO-CH4, and A-NO-CH4 

isomers. These assignments are based off the fixed UV wavelengths compared 

to the resonant enhanced two-photon ionization (R2PI) spectrum obtained by 

Wright et al.15,17 The relative populations of the A(J′′=0)-, F(J′′=1)-, and E(J′′=2)-

NO-CH4 nuclear spin isomer are expected to be 5:9:2. Therefore, the A-NO-CH4 

and E-NO-CH4 are difficult to disentangle due to the relative low intensity of 

these populations owing to the decreased S/N as compared to the F-NO-CH4 

isomer. 

 
Figure 3.3. (a) Individual simulated IR spectra of the NO-CH4 asymmetric CH 
stretch and bending rovibrational transitions assigned to the A, E, and F nuclear 
spin isomers. (b-e) Resonant ion-depletion infrared (RIDIR) spectra of NO-CH4 

in the vicinity of the CH4 stretch fundamental. 
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Homogeneous linewidths extracted from experimental IR spectra are 

important parameters since they indicate the vibrational predissociation lifetime 

of the NO-CH4 complex. A range of IR pulse energies was used to verify that the 

observed broadening of the spectral lines arises from rapid predissociation of 

NO-CH4 and was not due to high IR power saturation broadening. Reducing the 

IR power from 6 mJ/pulse to 3 mJ/pulse was found to have no measurable effect 

on the spectral linewidth. From the simulated results, an upper limit for the 

lifetime broadening contribution to the spectral linewidth for the asymmetric CH 

stretch band was determined to be ~12 cm-1, corresponding to a vibrationally 

excited state lifetime of approximately 440 fs for NO-CH4. 

In addition to recording the IR spectrum of NO-CH4 using RIDIR 

spectroscopy, IR action 

spectroscopy was also 

carried out in the same 

spectral range. Here, IR 

activation of the NO-CH4 

complex resulted in NO 

photoproducts that were 

detected as a function of 

the IR wavelength. The IR 

action spectrum of NO-CH4 

in the asymmetric CH 

stretch region, detecting NO 

 
Figure 3.4. (a) Infrared action spectrum of NO-CH4 
obtained with the UV probe laser fixed on the NO (A-X-
(0,0) R1(10.5)) transition while scanning the IR pump 

laser frequency across the CH stretch region. (b,c) 
Combined and individual simulated IR spectra of the NO-
CH4 asymmetric CH stretch and bending rovibrational 

transitions. 
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(X2Π, v′′=0, R1(J′′=10.5)) products is shown in Figure 3.4. The IR action spectrum 

resembles the spectral energy range as the RIDIR spectrum, albeit with an 

increased spectral linewidth. This is plausibly due to the fact that in the RIDIR 

spectroscopy method, the IR spectrum is obtained by depleting a small subset of 

the NO-CH4 rotational population since the UV probe laser is resonant solely on 

the F-NO-CH4 nuclear spin isomer. However, when performing IR action 

spectroscopy, the IR pump laser activates all NO-CH4 nuclear spin isomers, 

leading to the observed NO product signal. The peak of the IR action spectrum is 

also located at 3030 cm-1 and the spectrum extends to approximately 3100 cm-1, 

which is attributed to the asymmetric CH stretch/intermolecular bending 

combination band. Directly below the IR action spectrum in Figure 3.4 are the 

combined and individual IR simulations using a similar procedure as described 

above. However, the rotational temperature and the Lorentzian broadening 

components used were 3 K and 24 cm-1, respectively. The rotational temperature 

for the simulations was varied with the 12 cm-1 Lorentzian broadening value used 

for the RIDIR spectrum, but the simulated IR spectra results were inconsistent 

with the experimental IR spectrum. Accordingly, the vibrational predissociation 

lifetime of the asymmetric CH stretch is approximately 220 fs, which is in 

agreement with that determined using RIDIR spectroscopy. 

3.5 Discussion 

Owing to the cold conditions inherent in the adiabatic cooling environment of 

the supersonic jet expansion, the relative populations of the A(J′′=0)-, F(J′′=1)-, 

and E(J′′=2)-NO-CH4 nuclear spin isomer are expected to be 5:9:2, respectively. 
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The asymmetric CH stretch of the CH4 chromophore is a triply degenerate 

vibrational mode with F symmetry, which is broken by the weak intermolecular 

coordination of NO with the CH4 monomer. This likely leads to a complex 

rotational energy level pattern and corresponding IR spectrum for NO-CH4. The 

rovibrational assignments for the NO-CH4 IR spectrum are provided in Figure 3.3 

and are compared with spherical top simulations for CH4 using PGOPHER.16 

Transitions between rotational levels of the CH4 monomer with different 

symmetry is forbidden, resulting in the A↔A, F↔F, and E↔E selection rule for 

nuclear spin isomer transitions. The allowed IR transitions for the A-NO-CH4 

isomer terminate only on J"=1 rotational levels in the vibrationally excited 

asymmetric CH stretch state. Thus, only the single R(0) rovibrational band arises 

from the A isomer in the IR spectrum of NO-CH4. Furthermore, transitions due to 

the F-NO-CH4 isomer can only access J"=0, 1, and 2 rovibrational asymmetric 

CH stretch levels, corresponding to the P(1), Q(1), and R(1) transition bands. 

Though the nuclear spin population ratio is larger for the F isomer compared to 

A, the relative peak intensities of the F isomer are expected to be smaller since 

there are more allowed F↔F transitions available. Lastly, the E-NO-CH4 isomer 

transitions access the J"=1, 2, and 3 only, giving rise to the P(2), Q(2), and R(2) 

bands. Since the RIDIR spectrum in Figure 3.3 was collected using the UV 

transition for the F-NO-CH4 isomer, the IR spectrum likely reflects a rovibrational 

intensity pattern with greater relative population for the F isomer. This is due to 

the fact that the F-NO-CH4 isomer zero-point energy is ~10 cm-1 above the A 

isomer,6 which is equivalent to the ~15 K rovibrational temperature used in the IR 
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spectroscopy simulations. However, the IR action spectrum in Figure 3.4 shows 

the R(0) rovibrational band has the largest relative intensity, in agreement with 

the 5:9:2 (A:F:E) nuclear spin population ratio and with the expectation that 

transitions arising from the A isomer are the most intense. 

Previously, Meyer and co-workers reported the near IR spectrum of NO-CH4 

in the first vibrational NO overtone region.3 The spectral linewidths of the 

transitions indicated a vibrational predissociation lifetime (τvp) of about 100 ps. 

From Figures 3.3 and 3.4, the Lorentzian line broadening used to obtain 

excellent agreement between the experimental and simulated IR spectra of NO-

CH4 indicated a vibrational predissociation lifetime (τvp) of approximately 200-400 

fs. Therefore, we conclude that activation of the asymmetric CH stretch is more 

directly coupled to the intermolecular modes of the complex (including the 

reaction coordinate) via intramolecular vibrational redistribution compared to the 

NO stretch. Similarly, the asymmetric CH stretch transition (τvp < 5 ps) for the 

OH-CH4 complex was significantly more broadened compared to the 

fundamental (τvp ~ 38 ps) and overtone (τvp ~ 25 ps) OH stretches.14,18 

Furthermore, the ~11 cm-1 blue spectral shift of the NO-CH4 asymmetric stretch 

spectrum with respect to the CH4 monomer (3019 cm-1) indicates there is a more 

repulsive interaction and correlated change in the intermolecular potential 

brought about by excitation of the asymmetric CH stretching motion. 

Equivalently, the ~11 cm-1 blue frequency shift represents a corresponding 

decrease in the τvp19,20 predicted to be approximately 300 fs, in agreement with 

the lifetime determined from the IR spectral linewidths. 
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Furthermore, Meyer et al3 observed a shoulder transition band due to NO 

hindered rotation built off of the NO overtone origin transition of NO-CH4. The 

authors concluded that the spacing and relative intensities of these two bands 

were consistent with a NO-CH4 geometry where NO is oriented perpendicular to 

the intermolecular axis for a considerable amount of time. This is consistent with 

a Cs configuration attributed to Jahn-Teller distortion from C3v symmetry 

structures and is in agreement with the calculated geometry in Figure 3.1. Using 

calculations at the RCCSD(T)/aug-cc-pVTZ level, Crespo-Otero and co-workers2 

determined that NO-CH4 is a dynamic Jahn-Teller distorted complex from the 

potential energy surfaces arising from eight complex isomer geometries, with NO 

interacting with either the CH4 face or C-H bond.  For the C3v geometries, the 

nitrogen or oxygen atom of NO is oriented toward the CH4 face or C-H bond, 

whereas rotation of NO leads to Cs configurations with NO perpendicular to the 

face or C-H bond of CH4. The stabilization due to Jahn-Teller distortion is 

greatest for the NO-CH4 face geometries with C3v symmetry, generating two Cs 

states with A′ and A′′ symmetry having calculated dissociation energies (D0) of 

100 and 140 cm-1, respectively.2 Crespo-Otero determined that the NO-CH4 

system is expected to easily transition between the A′ and A′′ surfaces. 

Furthermore, from analysis of the two-dimensional potential energy surface of the 

NO-CH4 face complexes, the zero-point energy is near the barriers between the 

Cs and C3v configurations. The authors, therefore, concluded that the NO-CH4 

system is affected by a dynamic Jahn-Teller effect. The Jahn-Teller and 
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vibrational predissociation dynamics imprinted on the co-products is the focus of 

the next chapter. 

3.6 Conclusion 

Herein, we have reported the vibrational spectroscopy of the bimolecular 

collision complex between nitric oxide and methane (NO-CH4). We recorded the 

resonant ion-depletion infrared spectra and infrared action spectra of NO-CH4 in 

the CH4 antisymmetric stretching region, which reveal a significantly broad 

spectrum centered at 3030 cm-1 and extends over 50 cm-1. The vibrational 

structure of the infrared spectra can be explained by CH4 internal rotation and 

assignment of transitions involving three different nuclear spin isomers of CH4. 

The infrared spectra also show extensive homogenous broadening due to prompt 

vibrational predissociation of NO-CH4. 

Although NO-CH4 has been investigated using electronic excitation, there has 

been little work on its infrared activation. NO-CH4 exhibits interactions that are 

suggest possible JT effects.2,3 Therefore, how the dynamics of this system evolve 

over the bimolecular collision coordinate is of interest. Thus, in Chapter 4 we aim 

to reveal the dynamics of the system that sensitively depend on subtle JT 

interactions. NO-CH4 offers the unique opportunity to investigate how JT effects 

impact not only the equilibrium geometry of JT systems, but also the peculiar 

dynamics they carry with them.   
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Chapter 4: Infrared Activated Dynamics of NO-CH4 

4.1 Introduction 

The structure and properties of molecular systems are determined by the 

motion of its electrons and nuclei and by their interaction.1 However, the 

quantum-mechanical treatment of the molecular structure is normally carried out 

using a few simplifying approximations, the most common being the adiabatic 

approximation.2 The adiabatic approximation implies that the large difference 

between the masses of the electron and nucleus causes a significant difference 

in their velocities of motion.1 Thus, for every instantaneous nuclear configuration, 

there exists a stationary distribution of the electronic cloud (electronic state).2 It is 

clear that this approximation takes a more classical approach to the quantum-

mechanical role of the electrons in the nuclear dynamics. However, this 

assumption enables the solving of the Schrödinger equation in two stages and 

with much more ease. There are many cases of systems which deviate from the 

adiabatic approximation. One of the most fascinating deviations from the 

adiabatic approximation in modern physics and chemistry is the Jahn-Teller (JT) 

effect. 

In 1934, two famous physicists, L. Landau and E. Teller, developed the idea 

of the spontaneous distortion of the nuclear configuration in an orbitally 

degenerate electronic term formed by two or more orbital states with the same 

energy.1,2 This resulted in the JT theorem which is now widely used in research 

on the structure and properties of polyatomic systems. In fact, JT theory is an 

approach to the general understanding of the properties of molecules and 
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crystals, which is in principle applicable to any system with more than two 

atoms.1 The JT effect applies to a range of important applications including 

spectroscopy, stereochemistry, and structural phase transitions. The JT effect 

also is the basis of many important discoveries including the high -temperature 

superconductor, whose discoverers explain that “the guiding idea in developing 

this concept was influenced by the Jahn-Teller polaron model.”1 The JT effect 

has also been instrumental in explaining the properties of a novel class of 

compounds, the fullerenes, and it is employed in emerging areas of chemical 

reactivity mechanisms.1–6 

In the presence of the JT effect, the electrons do not adiabatically follow the 

motions of the nuclei, and the nuclear states are determined not only by the 

averaged field of the electrons, but also by the details of the electronic stru cture 

and their changes under nuclear displacements.1 The influence of these nuclear 

displacements (vibrations) via electron-vibrational (vibronic) interactions is 

considered a perturbation to the degenerate states, and only linear terms of this 

vibronic coupling of the electronic states to the nuclear displacements are taken 

into account.2  Therefore, the JT theorem is based on a perturbational group-

theoretical analysis of the behavior of adiabatic potential energy surfaces of 

polyatomic systems near the point of electronic degeneracy.2 



47 

Jahn and Teller examined all types of degenerate terms of all symmetry point 

groups. They showed that for any orbital degenerate term of any molecular 

system, there are non-totally symmetric displacements with respect to which the 

adiabatic potential energy surface of the electronic term has no minimum 

(however, molecules with linear arrangements of atoms are exceptions).1,2,5 The 

lack of a minimum of the adiabatic potential energy surface at the point of 

electronic degeneracy is often interpreted as instability of the nuclear 

configuration, which leads to its real (observable) spontaneous distortion that 

removes the electronic degeneracy.1–6 This spontaneous distortion lowers the 

overall energy of the 

system as it evolves from a 

higher symmetry 

configuration to a lower 

symmetry configuration, as 

can be seen in Figure 4.1. 

Here, Na3 distorts from a 

higher symmetry D3h 

configuration to either an 

acute or obtuse C2v 

configuration.5 Thus, lowing 

the symmetry and 

equivalently lowering the 

overall energy of the system in the process. 

 
Figure 4.1. A classic example of a JT distortion. A cut 

through the lower adiabatic PES of the electronic A state 
of Na3 for E mode atomic displacements, adapted from 

Ref. 5. 
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The JT theorem, and derivatives of it, have been instrumental in explaining 

the observed physical and chemical behavior of trigonal molecular systems (X3, 

AB3, etc.), distorted tetrahedral and square-planar systems (X4, MX4, 

cyclobutadiene, etc.), benzene and cyclopentane families, and a wide array of 

solid-state systems. 1–6 However, there is still a gap in scientists’ knowledge 

about how the JT effect manifests in weakly-bound complexes such as NO-CH4. 

As described previously, there has been previous computational and 

experimental evidence suggesting that NO-CH4 is a JT distorted complex (Figure 

4.2).7 These subtle JT interactions are responsible for complicating the 

vibrational spectroscopy of the complex. Additionally, how the JT distortion 

affects the energy partitioning to products and the dissociation dynamics is not 

understood. Therefore, 

understanding the dynamics 

following IR activation of NO-

CH4 would aid in revealing 

the energy exchange 

mechanisms from 

bimolecular collisions 

involving NO and CH4. This is 

due to the fact that the NO-

CH4 complex is an 

intermediate along the 

potential energy surface of a 

 
Figure 4.2. Schematic of the Jahn-Teller potential energy 
surfaces for the NO-CH4 ground electronic states, 
adapted from Ref. 7. The internal rotation of either 

monomer results in a C3v or Cs configuration. The lower 
and higher energy surfaces belong to the A′′ and A′ 

states, respectively, with Cs symmetry. 
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NO + CH4 bimolecular collision. A similar methodology was utilized in the 

rigorous studies of a related molecular complex, OH-CH4.8–10 

 Lester et al. published a series of papers investigating the activation and 

decay dynamics of OH-CH4 in the OH overtone and fundamental stretching 

region, as well as the CH4 fundamental stretching region.8–10 Focusing on the 

latter, the OH-CH4 complex was studied in the CH4 symmetric and antisymmetric 

stretching regions (ν1 and ν3).9 The OH-CH4 experimental spectra exhibited 

extensive homogeneous broadening which corresponded to lifetimes of 38 and 

24 ps for OH-CH4 prepared with either one quanta or two quanta of OH stretch, 

respectively.9 Following infrared excitation, OH-CH4 was found to have a short 

vibrational predissociation lifetime due to near resonant vibration -to-vibration (V-

V) energy transfer from the OH monomer to stretching and bending levels of the 

CH4 partner.8,9 The OH (ν=0,1) product state distributions following vibrational 

predissociation of the OH-CH4 exhibit a strong propensity for forming OH 

fragments with very little rotational excitation.8,9 The slight differences in the exact 

rotational level OH populates in either ν=0 or ν=1 depends on the available 

energy and the vibrational mode of methane which causes the dominant V-V 

energy pathway.8–10 OH-CH4 serves as a model system to build on and 

understand the NO-CH4 collision complex in more detail. 

Although NO-CH4 has been investigated using electronic excitation, there has 

been little work on its infrared activation. NO-CH4 exhibits interactions that are 

not present in OH-CH4 such as possible JT effects.7,11 Therefore, how the 

dynamics of this system compare to OH-CH4 is an intriguing proposition. Thus, 
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we aim to reveal the dynamics of the system that sensitively depend on subtle JT 

interactions. NO-CH4 offers the unique opportunity to investigate how JT effects 

impact not only the equilibrium geometry of JT systems, but also the peculiar 

dynamics they carry with them. Therefore, we have leveraged an array of 

spectroscopic techniques to gain insights into the possible JT dynamics at play in 

this molecular complex. Ultimately, we have gained insights into the mode-

specific energy transfer pathways following fragmentation of the NO-CH4 

molecular complex, which reveals the nonreactive energy exchange mechanisms 

of NO and CH4 collisions in the atmosphere and high-energy environments. 

4.2 Experimental Methods 

Velocity map imaging (VMI) experiments were performed in a differentially 

pumped molecular-beam apparatus described previously.12–14 A supersonic jet 

expansion was created by pulsing a gas mixture (1% nitric oxide (NO), 15% 

methane (CH4), argon (Ar) balance) held at 5 bar through a 500 µm pulse valve 

nozzle (Series 9, General Valve) into the high-vacuum chamber. Thus, NO-CH4 

molecular complexes were generated from adiabatic collisional cooling, and a 

skimmer (ID: 2mm, Beam Dynamics) placed approximately 30mm from the pulse 

valve nozzle was employed to select NO-CH4 molecular complexes with the 

lowest internal energy from the molecular beam. A Nd:YAG-pumped dye laser 

(Radiant Dyes, NarrowScan) was utilized in tandem with a set of BBO crystals to 

produce tunable ultraviolet (UV) radiation to detect NO fragments following IR 

dissociation of the complex. Furthermore, tunable IR radiation was generated 

with an optical parametric oscillator/amplifier (OPO/OPA LaserVision), which was 
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pumped by another Nd:YAG laser (Continuum Surelite II-10). The spatially 

overlapped IR and UV beams were aligned perpendicular to the molecular beam 

and both laser pulses were vertically polarized in the plane of the detector. 

  To reveal the vibrational predissociation outcomes following IR activation 

of NO-CH4 molecular complexes, VMI experiments were carried out under the 

same experimental conditions as the infrared spectroscopy studies (Chapter 3). 

Here, the translational and angular distributions of NO (X2Π, v′′=0, J′′, Fn, Λ) 

products from IR fragmentation of the NO-CH4 molecular complexes were 

detected. The IR pump laser was resonant with a NO-CH4 transition while the UV 

laser was fixed on specific rovibrational transitions of NO (X2Π, v′′=0, J′′, Fn, Λ) 

fragments generated from vibrational predissociation of the NO-CH4 molecular 

complex. The spin-orbit (F1 and F2) and Λ-doublet (Π(A′′) and Π(A′)) levels were 

probed using the Q1(J′′), R1(J′′), Q2(J′′), and R2(J′′) lines.  

The NO+ ions generated with the probe laser were accelerated on axis 

with the supersonic jet expansion using a stack of ion optic plates and velocity-

focused onto a position-sensitive multichannel plate/phosphor screen detector, 

which was gated for the NO+ mass (m/z=30). A charge-coupled device (CCD) 

camera captured spatial ion images of the three-dimensional NO product ion 

cloud. The resonant IR wavelengths spanned different features in the IR action 

spectrum, and the ion images were collected in an active baseline subtraction 

fashion. Using the pBASEX15 program, 3D reconstruction extracts the anisotropy 

parameter, β. Furthermore, the ion images were analyzed with pBASEX to 

determine the velocity distributions of the NO (ν″ = 0, J″) products. This was 
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accomplished by implementing an inverse Abel transformation along the vertical 

axis and subsequently integrating the radial distributions over the polar angle. 

Using conservation of momentum, the total kinetic energy released (TKER) to 

NO + CH4 is obtained.   

 Additionally, we directly probed the populations of NO rotational levels 

(X2Π, v′′=0, J′′, Fn, Λ) to generate product state distributions (PSDs). As 

previously described, the R2PI scheme ionizes the specific NO (X2Π, v′′=0, J′′, Fn, 

Λ) product, thus enabling state-specific measurements. To obtain PSDs, the 

tunable IR radiation resonantly excites NO-CH4 with the wavelength 

corresponding to the most prominent feature in the IR action spectrum at 3045 

cm-1. The UV probe laser wavelength is altered to different rotational transitions 

of NO X2Π and A2Σ+ using LIFBASE16 program. As a note, the IR pump laser 

precedes the UV probe laser similar to the VMI experiments. For these studies, 

we probed Q1, R1, Q2, and R2 of NO products, with varying rotational levels J” 

detected. The intensities of the probed rotational levels are found by integrating 

the area of the NO+ mass ion signal in the TOF spectrum. Each intensity is 

averaged over three different measurements. The averaged area is then 

corrected for several experimental conditions through the following equation: 

𝐼(𝐽) = ln [
𝐴

(2𝐽 + 1)(𝑃 ∗ 𝑙)
] 

Here, 𝐼(𝐽) is the corrected intensity value for a specific NO rotational state, which 

takes into account the power of the laser (P), the Honl-London line strength of the 

transition (𝑙), and the degeneracy of the rotational level, 2𝐽 + 1. To quantify the NO 
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product population following IR-induced fragmentation of NO-CH4, 𝐼(𝐽) is plotted 

with the respect to the energy of the NO rotational level, thus generating a product 

state distribution. 

4.3 Results 

The ion images of select NO (X2Π, v′′=0, R1(J′′)) products from IR activation of 

NO-CH4 at 3045 cm-1 are shown as insets in Figure 4.3. As observed in the 

figure, the anisotropy of the ion image features depends sensitively on the 

rotational quantum number, R1(J′′). Also presented in Figure 4.3, the total kinetic 

energy release (TKER) distributions for NO + CH4 co-products are obtained 

using conservation of momentum. The translationally slow component peak in 

the TKER distributions reaches a maximum at approximately 225 cm-1, whereas 

the translationally fast component with its largest intensity at ~1400 cm-1 

increasingly becomes more prominent for R1(J′′>6.5). Furthermore, the 

translationally slow component also increases in intensity for R1(J′′>6.5).  Shown 

in Figure 4.4 are the ion images and TKER distributions for NO (X2Π, v′′=0, 

 
Figure 4.3. Total kinetic energy release (TKER) of NO (X2Π, v′′=0, R1(J′′)) and CH4 products from IR 

activation of NO-CH4 complexes. The insets show the experimental ion images, revealing features with 
anisotropic and isotropic distributions for (a) R1(J′′=6.5), (b) R1(J′′=8.5), and (c) R1(J′′=10.5). The IR 

pump laser is parallel to the detector plane. 
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Q1(J′′)) fragments from IR activation of NO-CH4 at 3045 cm-1, displaying similar 

resemblance to the R-branch results.  

The ion images of select R2(J′′) and Q2(J′′) levels for NO ((X2Π, v′′=0) 

products from IR activation of NO-CH4 at 3045 cm-1 are shown in Figures 4.5 and 

4.6. As also observed in the figures, the anisotropy of the ion image features 

depends sensitively on the rotational quantum number, R2(J′′). The TKER 

 
Figure 4.4. Total kinetic energy release (TKER) of NO (X2Π, v′′=0, Q1(J′′)) and CH4 products from IR 
activation of NO-CH4 complexes. The insets show the experimental ion images, revealing features with 

anisotropic and isotropic distributions for (a) Q1(J′′=10.5), (b) Q1(J′′=14.5), and (c) Q1(J′′=15.5). The IR 

pump laser is parallel to the detector plane. 

 
Figure 4.5. Total kinetic energy release (TKER) of NO (X2Π, v′′=0, R2(J′′)) and CH4 products from IR 
activation of NO-CH4 complexes. The insets show the experimental ion images, revealing features with 
anisotropic and isotropic distributions for (a) R2(J′′=3.5), (b) R2(J′′=10.5), and (c) R2(J′′=12.5). The IR 

pump laser is parallel to the detector plane. 
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distributions for NO + CH4 co-products were obtained as described previously 

and bear similar resemblance to the R1(J′′) and Q1(J′′) results for NO ((X2Π, v′′=0) 

products. A similar trend continues such that the anisotropic ion images are 

accompanied by predominantly the low TKER feature, whereas isotropic ion 

images are accompanied by the additional broad peak at higher TKER. 

When employing linearly polarized radiation, the angular distribution can 

be extracted quantitatively from ion images by converting the laboratory frame to 

the molecular frame distribution with I(θ) ∼ 1 + β ⋅ P2(cos θ). In this expression, θ 

is the angle between the fragment velocity vector and light polarization direction, 

and P2 is a second-order Legendre polynomial. From 3D image reconstruction 

using pBASEX15, the anisotropy parameter β for the translationally slow 

component is approximately +0.83 for all J′′ and β ~ 0 for the translationally fast 

feature of the ion image. Thus, we tentatively conclude that the ion images are a 

combination of a translationally slow, anisotropic feature with a translationally 

fast, isotropic component appearing as J′′ changes. All NO product ion images 

 
Figure 4.6. Total kinetic energy release (TKER) of NO (X2Π, v′′=0, Q2(J′′)) and CH4 products from IR 
activation of NO-CH4 complexes. The insets show the experimental ion images, revealing features with 
anisotropic and isotropic distributions for (a) Q2(J′′=3.5), (b) Q2(J′′=18.5), and (c) Q2(J′′=20.5). The IR 

pump laser is parallel to the detector plane. 
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contain a dominant anisotropic feature, which is consistent with NO-CH4 

vibrational predissociation occurring on a faster time scale compared to its 

rotational period (τ < 2.5 ps). 

4.3.1 Product State Distributions 

 The product state distributions of NO (X2Π, v′′=0, R1(J′′), R2(J′′), Q1(J′′), 

Q2(J′′)) are displayed in Figures 4.7 – 4.10. The NO probe signal intensity was 

integrated three separate times from following IR activation of the NO-CH4 

complex. The intensity is corrected as described in the methods and is plotted 

against the internal energy of NO (X2Π, v′′=0, J′′). 

 

 

 

 
Figure 4.7. Product state distributions of NO (X2Π, v′′=0, R1(J′′)) 
products from IR activation of NO-CH4 complexes. IR activation 

energy of 3045 cm-1. 

 



57 

 

 

 

 
Figure 4.8. Product state distributions of NO (X2Π, v′′=0, R2(J′′)) 

products from IR activation of NO-CH4 complexes. IR activation 
energy of 3045 cm-1.  

 

 
Figure 4.9. Product state distributions of NO (X2Π, v′′=0, Q1(J′′)) 

products from IR activation of NO-CH4 complexes. IR activation 
energy of 3045 cm-1. 
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 The product state distributions were attempted to be fitted to a Boltzmann 

distribution to extract rotational temperature values. However, the corresponding 

Boltzmann distributions had R2 values ranging from 0.3-0.7, which rendered 

these rotational temperatures inaccurate. Additionally, these product state 

distributions indicate a nonstatistical distribution across R(J′′) and Q(J′′) branches 

of NO products. Therefore, in the vicinity of the IR activated of the asymmetric 

CH stretch in the NO-CH4 complex, there is a much more significant degree of 

nonstatistical behavior in the corresponding products, perhaps owing to the fast 

predissociation of NO-CH4 as observed in select ion images.   

4.4 Discussion  

4.4.1 Vibrational Predissociation Dynamics. 

In addition to generating an IR spectrum of NO-CH4, the IR pump-UV probe 

method provides an approach to obtain insights into the Jahn-Teller dynamics 

 
Figure 4.10. Product state distributions of NO (X2Π, v′′=0, Q2(J′′)) 

products from IR activation of NO-CH4 complexes. IR activation 
energy of 3045 cm-1.   

 



59 

evolving on the ground NO-CH4 vibrational state potential surface. Furthermore, 

the pair-correlated outcomes following vibrational predissociation of NO-CH4 are 

revealed using IR activation of the asymmetric CH stretch with velocity map 

imaging (VMI) detection of NO (X2Π, v′′=0, J′′, Fn, Λ) products. The ion images 

and total kinetic energy release (TKER) distributions are shown in Figures 4.3-

4.6. As observed in the figures, the degree of anisotropy in the ion images 

sensitively depends on the probed NO (X2Π, v′′=0, J′′, Fn, Λ) level, particularly as 

J′′ changes. Following image reconstruction, the anisotropy parameter β for the 

slow and fast translational components in the TKER distributions were found to 

be ~+0.83 and ~0, respectively. 
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Illustrated in Figure 4.11, the 

TKER distribution for NO 

(R1(J′′=10.5)) products was fitted 

using Gaussian functions (green 

and gold traces). When the slow 

and fast translational Gaussian 

components from the fit are 

summed together, the combined 

simulation (red trace) is in good 

agreement with the experimental 

TKER distribution (black trace). 

Therefore, we conclude that the 

TKER distributions are bimodal and 

are a combination of a slow 

translational feature at ~225 cm-1 

with a narrow envelope that appears 

dominantly for all NO (J′′) and a fast 

translational component at ~1400 

cm-1 with significantly greater 

broadening that varies in relative intensity as NO (J′′) changes. The anisotropic 

ion image component, corresponding to the slow translational energy feature, is 

derived from a fast dissociation mechanism. Whereas the isotropic ion image 

component, correlating to the fast translational energy feature, arises from a slow 

Figure 4.11: (a) Total kinetic energy release 
(TKER) of NO (X2Π, v′′=0, R1(J′′=10.5) and 
CH4 products from infrared activation of NO-

CH4 (black line). The accessible vibrational 
levels of CH4 are provided relative to the 
available energy marked with an arrow. (b,c) 

Combined and individual Gaussian function 
fits, shown as red, green and gold lines, 
respectively, to the experimental data, 

revealing a bimodal translational distribution. 
(d) TKER distribution (blue line) from a phase 
space theory simulation is shown for 

comparison using CH4 as the co-product. 
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fragmentation pathway. Since the slow translational energy feature is the 

dominant component in all TKER distributions, the fast dissociation mechanism 

appears to be the main pathway. This is consistent with the short vibrational 

predissociation lifetime of NO-CH4 that contributes to the IR spectral broadening. 

The experimental results in Figure 4.11 indicate that a sub-population of NO + 

CH4 co-products are generated from a long-lived NO-CH4 fragmentation 

pathway. Therefore, this slow dissociation mechanism, which occurs on a 

timescale greater than the NO-CH4 rotational period (2.5 ps), points to NO-CH4 

fragmenting after statistically sampling the available degrees of freedom. 

Therefore, statistical Phase Space Theory (PST) simulations were carried out to 

predict the energy partitioning to relative translational energy between the NO 

(X2Π, v′′ = 0, J′′) + CH4 co-fragments for comparison with the experimental TKER 

distributions. The PST simulation results are shown in the bottom blue trace of 

Figure 4.11. 

PST provides a statistical treatment of energy partitioning with no dynamical 

constraints by requiring that all product quantum states have equal probability to 

be populated.17 Furthermore, the total angular momentum is conserved when 

employing PST, where the total angular momentum J is the vector sum of the 

fragment angular momenta and the orbital angular momentum of the recoiling 

fragments L, J = JNO + JCH4 + L. The simulated distributions are independent of 

the product interaction potential, thus making it applicable to infinitely attractive 

interaction potentials. The extent of the phase space available to each product 

channel is the radial flux along the reaction coordinate, which is the product of 
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the density of states for that channel and the relative radial velocity of the 

dissociation fragments. The PST distribution is straightforward to implement, yet 

it has several limitations such as not accounting for centrifugal barriers 

associated with the orbital angular momentum of products, which can be 

included as a constraint.6 Nevertheless, this method is employed to reveal the 

statistical energy distribution to translational energy and internal energy of the 

NO and CH4 co-products. Overall, the agreement in Figure 4.11 between the 

experimental results and the predictions from PST theory are excellent. 

Therefore, the results indicate that the available degrees of freedom of NO-CH4 

have been sufficiently sampled for the slow dissociation pathway following 

vibrational predissociation of the complex. 

4.4.2 Assignment of CH4 vibrational modes  

Previous studies7,18 have determined the intermolecular bond dissociation 

energy (D0) of the NO-CH4 complex to be D0 ~ 100 cm-1. Using the following 

equation, 

𝐸𝑎𝑣𝑙 = 𝐸ℎ𝜈 − 𝐷0 = 𝑇𝐾𝐸𝑅 + 𝐸𝑖𝑛𝑡 (𝑁𝑂) + 𝐸𝑖𝑛𝑡 (𝐶𝐻4) 

along with the IR photon energy Ehν = 3045 cm-1 and D0 from the literature, the 

available energy Eavl is distributed to relative translation (TKER) and the internal 

energy of the co-products, Eint(NO) and Eint(CH4). With Eint(NO) fixed when 

detecting NO (R1(J′′=10.5)), the Eavl is indicated with a black arrow superimposed 

on the experimental results in Figure 4.11. The TKER distribution intensity 

extends beyond Eavl, indicating that although the NO-CH4 complexes are jet-

cooled, they still possess a non-negligible degree of rotational energy. By 
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conservation of energy, when Eavl is placed into maximizing relative translation 

indicated by the black arrow in the figure, then Eint(CH4) is negligible. As 

translation decreases, the Eint(CH4) increases with the accessible vibrational 

modes19 of CH4 shown as solid lines at the top of Figure 4.11. The ν2 vibrational 

mode is predominantly a -CH2 scissoring motion, whereas ν4 is characterized as 

a -CH3 umbrella mode of CH4. Indeed, the slow translational component overlaps 

well with two quanta placed in ν4 and the fast translational feature coincides with 

either the ν4 or ν2 vibrational mode of CH4. 

As observed in Figure 4.2, the Jahn-Teller distorted geometry of NO-CH4 

adopts a facial -CH3—NO configuration with NO perpendicular to the 

intermolecular axis. Prompt dissociation from this Cs configuration of NO-CH4 

leads to distortion largely along the umbrella motion of CH4. Therefore, we assign 

the slow translational feature at ~225 cm-1 in Figure 4.11 to activation of two 

quanta in the CH4 (ν4) mode. Additionally, there is little angular momentum 

imparted to the NO + CH4 co-fragments resulting from this fast dissociation 

mechanism, consistent with the feature’s narrow rotational envelope. In contrast, 

the fast translational component at ~1400 cm-1 in the TKER distribution has a 

much wider full-width at half maximum, and the angular distribution is isotropic 

signifying a slow dissociation mechanism. Here, CH4 or NO may rotate around 

each other after IR activation of the NO-CH4 complex, distributing energy into the 

ν4 and ν2 modes of CH4 prior to complete fragmentation. Upon dissociating, 

significantly greater torque will be imparted to the products, therefore, increasing 

the breadth of this feature in the TKER distribution. 
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4.4.3 Jahn-Teller Mechanistic Pathways. 

Figure 4.12 illustrates a qualitative overview of the dynamics before and after 

IR activation of the NO-CH4 complex to NO (X2Π, v′′=0, J′′, Fn, Λ) + CH4 products. 

As discussed in the previous section, the vibrational predissociation dynamics 

following IR excitation led to population of specific NO and CH4 rovibrational 

states. However, to fully understand the product outcomes, one needs to account 

for the Jahn-Teller dynamics occurring prior to IR activation of the NO-CH4 

complex.  

4.4.3.1 Dynamics Prior to IR Activation 

As shown in Figure 4.12, NO-CH4 adopts a lower-energy Cs configuration 

from the higher symmetry C3v geometry, in which the N- or O-atom of NO directly 

points to the -CH3 face of methane. The Jahn-Teller potential energy surfaces 

were adapted from Crespo-Otero.7 The doubly degenerate (E) symmetry of the 

C3v geometry is broken into either the A′′ or A′ state with Cs symmetry when NO 

or CH4 rotates. In this case, the C3v geometry forms a conical intersection 

between the two A′′ and A′ electronic states. When the π* molecular orbital of NO 

coincides with the plane of symmetry bisecting the -CH3 face of methane, this 

leads to the higher energy A′ state of NO-CH4, whereas the lower energy A′′ state 

is characterized by the NO π* molecular orbital lying perpendicular to the plane 

of symmetry. Crespo-Otero7 calculated the energy gap between the A′′ and A′ 

states to be ~30 cm-1. Additionally, they predicted the barriers from the A′′ state 

to the C3v configuration to be 78 cm-1 and 53 cm-1 for the A′ state. 
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Crespo-Otero and co-workers7 determined that the NO-CH4 complex is a 

dynamic Jahn-Teller system and may easily transition between the A′ and A′′ 

Figure 4.12: Energy level diagram illustrating the nonreactive bimolecular collision dynamics of NO-CH4 
complexes. (a) Jahn-Teller potential energy surfaces and dynamics of NO-CH4 prior to IR activation. (b) 
NO-CH4 complexes are prepared with one quantum in the asymmetric CH stretch (v CH) mode, leading to 

vibrational predissociation to NO (X2Π, v′′=0, J′′, Fn, Λ) + CH4 co-products. The blue arrows signify that 
with sufficient zero-point and/or rotational energy, the NO-CH4 complexes may interconvert between the 
A′ and A′′ electronic states within the Cs geometry or through the C3v geometry. The red arrow on the left-

hand side indicates the available energy to the products following IR excitation, ν 0-D0, with the zero of 
energy defined as the NO (X2Π, v′′=0, Q1(0.5)) + CH4 asymptote. The black arrows show IR excitation of 
NO-CH4 sub-populations, leading to vibrational predissociation and formation of symmetry -restricted NO 

(X2Π, v′′=0, J′′, Fn, Λ) + CH4 co-products. The energetically allowed vibrational states of CH4 fragments are 
shown correlating with NO (v′′=0). On the right-hand side, the allowed spin-orbit (2Π1/2, 2Π3/2) and rotational 
levels (J′′) of NO (v′′=0) products are shown following vibrational predissociation of NO-CH4 (vCH). The red 

NO (X2Π, v′′=0, J′′, Fn, Λ) product levels indicate the ion images primarily displaying anisotropic angular 

distributions. 
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surfaces since their respective zero-point energies are near the barriers between 

the Cs and C3v configurations. Furthermore, the ion images and TKER 

distributions indicate a non-negligible amount of rotational energy within the NO-

CH4 complex. The blue arrows in Figure 4.12 indicate the plausibility that the 

zero-point or rotational energy of NO-CH4 may interconvert population between 

the A′ and A′′ electronic states through the C3v geometry or within the Cs 

geometry, respectively. Population transfer from A′ to A′′ (and vice versa) through 

the C3v configuration requires that either NO or CH4 undergo rotation through this 

more highly symmetric geometry. The calculated harmonic frequencies for large 

amplitude motions of NO-CH4 facilitating this nuclear rotation are 35 and 45 cm-1; 

both motions have a′ symmetry. Furthermore, rotation along the NO bond in the 

Cs configuration of NO-CH4 will facilitate A′ ↔ A′′ electronic state interconversion. 

The methyl rotor mode (a′′) of CH4 calculated to be 16 cm-1 mediates the 

intramolecular bond rotation of NO and therefore its π* molecular orbital 

orientation with respect to the face of CH4. Although the harmonic approximation 

is generally poor for such anharmonic nuclear motions, the calculated 

frequencies do provide an upper limit to the spacing between the rotor energy 

levels.  Therefore, the ensemble of NO-CH4 complexes will likely have distinct 

populations having either undergone A′ ↔ A′′ interconversion or not prior to IR 

excitation. 

4.4.3.2 IR Activation Dynamics 

In the absence of an external force, there are three degenerate asymmetric 

CH stretches of CH4. Upon forming the NO-CH4 complex, the slight perturbation 
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due to the NO intermolecular interaction with CH4 breaks this triple degeneracy to 

form three distinct asymmetric CH stretches calculated to be separated by less 

than 3 cm-1. Thus, two asymmetric CH stretches of NO-CH4 become A′′ 

symmetry in the Cs point group, while the third is totally symmetric A′. The 

asymmetric CH stretch with A′ symmetry is characterized by a stretching of the 

facial -CH3 bonds and a concomitant compression of the HC- bond. Using the 

ground state intermolecular bond dissociation energy (D0 ~ 100 cm-1) determined 

previously7,18 and the asymmetric CH stretch frequency (νCH) of NO-CH4 from the 

IR experiments presented here (3045 cm-1), the available energy can be 

determined, Eavl = 2945 cm-1. Shown as the red arrow in Figure 4.12, Eavl (or ν0-

D0) is partitioned to the translational and internal energies of the NO + CH4 

products. According to the well-known energy and momentum gap laws14,15, Eavl 

will be distributed to minimize relative translation between recoiling products 

while maximizing energy placed into the spin-orbit, rotational, and vibrational 

degrees of freedom in NO (X2Π, v′′=0, J′′, Fn, Λ) + CH4 fragments. Below Eavl, 

there are several vibrational states of CH4 that may be accessed depending on 

the probed state of NO. The CH4 vibrational modes are the two bending 

fundamentals (ν4 and ν2) at 1311 and 1533 cm-1, a bending overtone level 2ν4 at 

2587 cm-1, the ν2+ν4 combination band at 2830 cm-1, and the totally symmetric 

CH stretch ν1 at 2917 cm-1.19 Energy transfer to the two bending fundamentals is 

not expected to contribute significantly to the prompt predissociation mechanism 

since these levels lie far from resonance (large energy gap). In contrast, energy 

transfer to the 2ν4, ν2+ν4, and ν1 levels will minimize translational energy release 
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and will provide the major pathway for predissociation of NO-CH4 (νCH) via an 

intramolecular vibration-to-vibration energy transfer process within the CH4 

monomer. Due to the fact that NO-CH4 adopts a Cs configuration with NO 

oriented perpendicular to the -CH3 face, the likely CH4 vibrational level to be 

populated is the 2ν4 state since it has the same umbrella motion as the A′ 

asymmetric CH stretch mode of NO-CH4 inducing prompt dissociation. In addition 

to energy conservation, the total symmetry must be conserved during the 

vibrational predissociation of NO-CH4 to products. 

4.4.3.3 Mechanistic Pathways 

The ion images and TKER distributions show a bimodal distribution, in which 

the slow translational feature corresponds to a prompt dissociation pathway and 

the fast translational component correlates to a slow dissociation pathway. First 

focusing on the prompt dissociation pathway, Figure 4.12 shows four possible 

mechanisms (black arrows) by which NO-CH4 complexes may evolve to 

fragments. Each mechanism is distinguished by whether a particular NO-CH4 

sub-population originated on the A′′ or A′ electronic state surface and whether the 

sub-population experienced A′′ ↔ A′ interconversion prior to IR activation. Here, 

we recorded the ion images for the different spin -orbit (F1 and F2) and Λ-doublet 

(Π(A′′) and Π(A′)) levels using the Q1(J′′), R1(J′′), Q2(J′′), and R2(J′′) lines of NO 

products. In particular, the Q-branch transitions have a high selectivity for the 

Π(A′′) state, whereas the Π(A′) state may be probed with the R-branch (or P-

branch) transitions.20 
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Considering mechanism 1 with NO-CH4 complexes originating on the lower 

A′′ surface and not having undergone A′′ ↔ A′ interconversion, excitation of the 

fundamental asymmetric CH stretch involving νCH=1 ← νCH=0, each with a′ 

symmetry results in a parallel vibrational transition. This is consistent with the 

parallel anisotropic angular distribution (β ~ +0.83) belonging to the anisotropic 

feature in the ion images and the corresponding slow translational component in 

the TKER distributions. The Cs point group is isomorphic with the Td point group 

of higher symmetry, and we make this transformation here to use a common 

point group between the reactants and products to confirm that symmetry is 

conserved. Therefore, A′ and A′′ belonging to Cs transform to A1 and A2, 

respectively, within the Td point group. Considering the symmetry of the transition 

for mechanism 1 along with the three possible nuclear spin isomers with A, E, 

and F (or T) symmetry in the Td point group of CH4, the reactants total symmetry 

is 

Γ𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 ⊗ [Γ𝑣′ ⊗ Γ𝑣′′ ] ⊗ Γ𝑛𝑢𝑐𝑙𝑒𝑎𝑟  𝑠𝑝𝑖𝑛  = 𝐴2 ⊗ [𝑎1 ⊗ 𝑎1] ⊗ [𝐴1, 𝐸, 𝑜𝑟 𝑇] = 𝐴2 ⊕ 𝐸

⊕ 𝑇1 ⊕ 𝑇2. 

The NO-CH4 complexes then undergo prompt vibrational predissociation to NO 

(X2Π, v′′=0, J′′, Fn, Λ) + CH4 (2ν4) products. Detecting NO products using the 

Q1(J′′) or Q2(J′′) spin-orbit transitions have the necessary A2 symmetry to 

conserve the total symmetry between reactants and products. The total 

symmetry of the products is, 

Γ𝑁𝑂 ⊗ Γ𝐶𝐻4
(2ν4) = 𝐴2 ⊗ [𝑡2 ⊗ 𝑡2 ] =  𝐴2 ⊕ 𝐸 ⊕ 𝑇1 ⊕ 𝑇2. 
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We tentatively assign mechanism 1 to the formation of NO Q1(J′′) products 

that report on the vibrational predissociation of NO-CH4 originating on the lower 

A2 surface. Using a similar symmetry argument, we tentatively assign mechanism 

2 to the direct dissociation of NO-CH4 on the higher-energy A1 surface and 

formation of NO R2(J′′) products. Similar to mechanism 1, the NO-CH4 complex in 

mechanism 2 also undergoes rapid dissociation near resonant to the CH4 (2v4) 

state due to effective energy transfer. Furthermore, there is a slight difference in 

the populated rotational levels (labeled as red lines on the right-hand side of 

Figure 4.12) of the NO(Q1(J")) and NO(R2(J")) spin-orbit states derived from 

prompt NO-CH4 vibrational predissociation. In particular, NO(Q1(J")) occupies 

somewhat lower rotational levels compared to NO(R2(J"), which is consistent with 

the energy difference between the A1 and A2 surfaces of NO-CH4. As we will 

show, the formation of NO fragments in the R1(J") and Q2(J") spin-orbit states 

likely arise from alternative pathways. 

A similar symmetry argument employed for mechanisms 1 and 2 can be 

extended to mechanisms 3 and 4 to account for NO(Q2(J")) and NO(R1(J")) 

product formation. Again, the total symmetry of reactants must be conserved in 

the resulting products following NO-CH4 vibrational predissociation. Illustrated in 

the spin-orbit distributions in Figure 4.12, there is a much greater polarization in 

the populated rotational states of NO(Q2(J")) and NO(R1(J")) highlighted as red 

lines, where the ion images indicated prompt dissociation from the anisotropic 

angular distributions. Indeed, lower rotational states of NO(R1(J")) products are 

preferred, whereas there is a propensity to occupy larger rotational states for 
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NO(Q2(J")). To account for the loss or gain in angular momentum, A1 ↔ A2 

population transfer of the NO-CH4 reactant complexes is considered. 

We tentatively assign the formation of NO(Q2(J")) products arising from 

mechanism 3, whereby NO-CH4 population initially on the higher-energy A1 state 

transfers to the lower A2 surface. As discussed previously, this may arise either 

from the zero-point and/or rotational energy of the NO-CH4 complexes enabling 

A1 → A2 interconversion, plausibly through specific large-amplitude motions 

sampling different Jahn-Teller geometries. Following mechanism 3, the NO-CH4 

complexes now on the A2 surface become vibrationally activated and thus 

predissociate to NO(Q2(J")) + CH4 products. Here, the overall symmetry 

constraints are met as discussed for mechanism 1. Additionally, the increase in 

angular momentum from A1 → A2 interconversion is imprinted on the NO(Q2(J")) 

products with large rotational states occupied following prompt NO-CH4 

dissociation. In similar fashion, mechanism 4 is differentiated by a subset of NO-

CH4 complexes undergoing A2 → A1 population transfer, and in doing so, lose 

angular momentum shown as a propensity for NO(R1(J”)) products to occupy low 

rotational states. Total symmetry conservation from reactants to products is also 

maintained. The slow translational component in both NO(Q2(J”)) and NO(R1(J”)) 

TKER distributions may be assigned to CH4 (2ν4), in agreement with NO(Q1(J”)) 

and NO(R2(J”)). However, the slow translational feature in the TKER distributions 

of NO(Q2(J”)) and NO(R1(J”)) may also be assigned to either the ν2+ν4 or ν2 

modes of CH4 due to their energetic proximity to the populated spin -orbit levels. 
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The prompt vibrational predissociation of NO-CH4 is the primary pathway 

leading to NO + CH4 products, conceivably arising from the four mechanisms 

discussed above. However, the TKER distributions indicate that as the probed 

rotational state of NO (X2Π, v′′=0, J′′, Fn, Λ) changes, a fast translational feature 

peaking at ~1400 cm-1 with a broad fwhm increasingly gains intensity. As Figure 

4.11 shows, the fast translational component overlaps well with a single quantum 

placed in either the ν4 or ν2 vibrational mode of CH4 fragments. Furthermore, the 

anisotropy parameter β is approximately zero across this translational feature, 

revealing an isotropic angular distribution and thus a slow dissociation 

mechanism at play. Following IR activation of NO-CH4 to νCH=1, a population 

subset may sample geometries other than that required for prompt dissociation, 

leading to a longer vibrational dissociation lifetime than the rotational period of 

NO-CH4 (τ < 2.5 ps). As either NO or CH4 monomers rotate following vibrational 

excitation, the energy initially deposited into the asymmetric CH stretch of NO-

CH4 may be statistically distributed into other available rovibrational states of NO 

and CH4 co-fragments. In addition to the ν4 mode of CH4 accepting energy due to 

deformation of the facial -CH3 atoms, other nuclear displacements such as the -

CH2 scissoring mode (ν2) may be induced from NO interacting with additional 

sites of the CH4 monomer. Moreover, the additional torque within the long-lived 

NO-CH4 complexes will be imprinted on the NO + CH4 products, consistent with 

the rotationally broadened translational feature at 1400 cm-1 in the TKER 

distributions. 
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This physical picture of the slow dissociation mechanism for NO-CH4 

complexes sampling a greater number of monomer orientations is in agreement 

with previous inelastic scattering experiments of NO with CH4 from Wang and 

coworkers.21 The authors revealed differing degrees of CH4 product rotational 

excitation depending on the collision conditions.  For glancing NO + CH4 

collisions with a large impact parameter, the collision reactants may have a large 

degree of orientations upon bimolecular collision. Wang et al showed that these 

collisions resulted in a large torque or rotational excitation of CH4 products due to 

the carbon atom bearing the center-of-mass. Their results are qualitatively 

consistent with the results presented here. 

We now turn to a possible explanation for the pecu liar dynamics of NO-CH4, 

which is the plausibility that nonadiabatic transitions may be occurring on the 

Jahn-Teller surfaces prior to IR activation resulting in a geometric phase 

impacting the dynamical outcomes. As discussed previously, Crespo-Otero7 

determined the zero-point energy of NO-CH4 to be near the barriers between the 

Cs and C3v configurations, therefore classifying this complex as a dynamic Jahn-

Teller system. Furthermore, there is a nonnegligible degree of NO-CH4 rotational 

excitation indicated from the experimental results. Crespo-Otero7 calculated the 

energy gap between the A′′ and A′ states to be ~30 cm-1. Additionally, they 

predicted the barriers from the A′′ state to the C3v configuration to be 78 cm-1 and 

53 cm-1 for the A′ state, and the authors showed that the C3v geometry forms a 

conical intersection between the two A′′ and A′ electronic states. Therefore, the 

zero-point or rotational energy of NO-CH4 may interconvert population between 
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the A′ and A′′ electronic states through the C3v geometry or within the Cs 

geometry. The changing orientation of the NO π* molecular orbital with respect to 

the face of CH4 also changes the NO-CH4 electronic state symmetry. Large-

amplitude motions mediating this A′ ↔ A′′ nonadiabatic transition include 

hindered rotor modes that are conceivably populated prior to IR activation. 

As shown with the experimental results, IR-induced dissociation of NO-CH4 

leading to NO (X2Π, v′′=0, J′′, Fn, Λ) + CH4 products reveals dramatic changes to 

the ion image anisotropy and corresponding TKER distributions with striking J′′-

level dependence. As qualitatively shown in the energy-level diagram in Figure 

4.11, we hypothesize that as the dynamic Jahn-Teller NO-CH4 system encircles 

the conical intersection formed between two states with C3v or Cs geometries, the 

dynamical mechanisms are imprinted on the symmetry-restricted products. Since 

we observe such polarized results encoded in the spin -orbit states of NO 

products, future work will include performing dynamics simulations on high-level 

surfaces to report on a possible geometric phase changing the electronic 

wavefunction sign of NO-CH4 as the system samples the C3v and Cs geometries. 

Geometric phases have primarily been reported from theory predictions22–24 to 

drastically impact the nonadiabatic dynamics. Previous theoretical work by 

Subotnik23 has shown that for a radical reaction with two outgoing channels, 

nuclear motion and the presence of a geometric phase can induce spin 

selectivity in the products as large as 100%. Nonadiabatic effects imprinted as 

polarizing populations in the spin-orbit distributions of NO (X2Π, v′′=0, J′′, Fn, Λ) 

will test these hypotheses. Testing this hypothesis will require precise dynamics 
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simulations with (diabatic) and without (adiabatic) a geometric phase as NO-CH4 

encircles the conical intersection to NO product symmetry states. 

4.5 Conclusions 

We have reported an in-depth study, on the molecular level, of the 

nonreactive collision dynamics of NO with CH4 by utilizing infrared activation of 

NO-CH4 in combination with velocity map imaging of NO (X2Π, v′′=0, J′′, Fn, Λ). 

The ion-images’ angular distribution (or anisotropy) depend sensitively on the 

probed rotational quantum number of NO (J′′) products. We conclude that there 

are two subsets of NO fragments which are defined by their dissociative 

timescale. A subset in which the ion images and TKER distributions show an 

anisotropic component at low relative translation  indicating prompt dissociation 

due to effective vibration-vibration energy transfer; and, a smaller subset which is 

defined by an isotropic feature at high relative translation signifying a slow 

dissociative timescale due to increased sampling of each co-product’s respective 

energy space.  

 In addition to predissociation dynamics of NO-CH4 following vibrational 

excitation, the Jahn-Teller dynamics prior to infrared activation must be 

considered to fully describe the product spin-orbit distributions. Thus, we 

hypothesize that the product spin-orbit distributions depend sensitively on the 

originating ground-state NO:CH4 electronic state, A' or A".  

 Lastly, we conclude that activation of the asymmetric CH stretch of CH4 

will have substantial effects on the decay rates and energy exchange rates 

between NO and CH4 in the atmosphere and in combustion environments. 
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Compared to NO and CH4 reactant collisions with translational or rotational 

excitation, our results indicate that the nonreactive collision rate between NO and 

CH4 will be greatly accelerated when CH4 becomes vibrationally activated along 

the asymmetric CH stretch prior to collision. The energy exchange rate and the 

internal energies of the products will also be impacted as shown by the 

experimental results.  
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Chapter 5: Larger NO-alkane Van der Waals Complexes 

5.1 Introduction 

Chapters 3 and Chapter 4 present a rigorous study of the weakly bound 

complex between nitric oxide and methane (NO-CH4). Firstly, we have reported 

the vibrational spectroscopy of the NO-CH4 bimolecular collision complex. We 

recorded the resonant ion-depletion infrared spectra and infrared action spectra 

of NO-CH4 in the CH4 antisymmetric stretching region. Additionally, we have 

reported an in-depth, molecular-level study of the nonreactive collision dynamics 

of NO with CH4 by investigating the NO-CH4 complex along the bimolecular 

collision pathway. To this end, we utilized infrared activation in combination with 

velocity map imaging of NO (X2Π, v′′=0, J′′, Fn, Λ) products. We aim to leverage 

similar spectroscopic and dynamics techniques to understand the bimolecular 

collision pathways of larger hydrocarbon NO-alkanes (alkane=propane, ethane, 

n-butane). 

 The study of NO-alkanes is pertinent, as described previously, due to the 

presence of both species in combustion and atmospheric environments. In the 

troposphere, the emissions of NO and hydrocarbons (alkanes) lead to a complex 

series of chemical and physical transformations which result in drastic effects.1 

These range from the formation of ozone in urban and regional areas as well as 

in the global troposphere to acid decomposition and the formation of secondary 

particulate matter through gas/particle partitioning of both emitted chemical 

compounds and the atmospheric reaction products.1 Therefore, the nature of the 

initial reaction between the NO and the alkane molecule would aid in 
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understanding the presence or absence of such reactivity.2  Additionally, from a 

physical chemistry perspective, the interaction of NO, an open-shell molecule, 

with closed-shell alkanes is fundamentally interesting as their interactions fall 

between full chemical bonding and van der Waals interactions.2 These short-

lived complexes are formed along the bimolecular collision reaction coordinate, 

and the result of these interactions can affect the reactivity of the collision 

partners. The most pertinent systems of interest are NO complexed with the four 

lightest alkanes (methane, ethane, propane, n-butane). NO-CH4 has previously 

received much attention3–7; however, there have only been a few studies on NO-

ethane, NO-propane, and NO-(n-butane). 

5.2 Previous Studies on Higher Order NO-alkanes 

Wright et al. recorded the A ← X transitions of NO-ethane (NO-C2H6) and 

NO-(ethane)2 (NO-(C2H6)2) using (1+1) resonance-enhanced multiphoton 

ionization spectroscopy in 2000.8 From the spectrum, they were able to extract 

the dissociation energies for both the A and X states. The dissociation energy, 

D0′, of the A state was measured to be 340 cm-1 and the dissociation energy D0′′ 

of the X state was determined to be 190 cm-1.8 Additionally, they observed a 

vibronic progression of 40 cm-1, which similarly to NO-CH4, was assigned to the 

intermolecular stretch. The spectrum was found to be partially resolved, but 

difficult to make full assignments; however, using the NO/ethane mixture, th ey 

were able to record a spectrum in the NO-(C2H6)2 channel. Although this weak 

spectrum was difficult to interpret, they were able to use it to confirm that a rise in 

the NO-C2H6 signal was associated with the dissociation of the NO-(C2H6) 
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complex.8 Finally, there were indications that the A state of NO-(C2H6)2 is 

dissociative along the NO-(C2H6)…..(C2H6) coordinate.8 

In 2012, Wright et al. revisited NO-CH4 and NO-C2H6, and also reported 

the R2PI spectra for NO-(propane) and NO-(n-butane) for the first time.2 The 

spectra for NO-CH4 and NO-C2H6 were consistent with their previous work. For 

NO-C2H6, they concluded that the NO molecule is aligned parallel to a C-C bond 

of ethane.2 In the case of the NO-C2H6, they were able to record a spectrum for 

NO-(C2H6)2 and NO-(C2H6)3. It was observed that the fragmentation of higher 

order clusters were contributing to the spectra in the lower mass channels.2 

Therefore, they did not attempt to record spectra in the NO mass channel since 

 

 
Figure 5.1. (1+1) REMPI spectra of NO–alkane spectra, showing the region 
associated with the 1:1 complexes. The arrows mark the positions of the band 

onsets and offsets.1 
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there was NO+ signal intensity that was arising from significant non-resonant 

ionization.  

From comparison across the NO-alkane UV spectra shown in Figure 5.1, 

there was a monotonic increase in the experimental dissociation energy as the 

alkane chain increased, which is in line with the increasing polarizability values.2 

Additionally, the interaction energy of the NO with the respective alkane is also 

strongly dependent on the intermolecular separation; repulsion terms, and 

higher-order attractive terms may also play a key role.2,8 Experimental D0′ values 

indicated that the binding in the A state is stronger than that of the X state.2 This 

can be explained by a consistent red-shift across all 1:1 NO-alkane complexes 

with respect to the uncomplexed NO origin. Additionally, there was confirmed 

fragmentation of higher order complexes contributing to all 1:1 NO-alkane UV 

spectra at higher energy, which was past the initial drop off of the parent 

complex. Finally, the observations of higher-order complexes suggest that in the 

NO-(alkane)n complexes (n>1), the alkane molecules could be reacting with one 

another.2 

Thus, it is obvious that the increase in alkane chain length is leading to 

unresolved interactions in NO-alkane complexes. The structure of the complexes 

is largely in question and how the increase in chain length affects the individual 

reactivity of NO and alkanes is not well understood. Therefore, our goal will be to 

better understand the bimolecular collision dynamics of higher order NO-alkane 

complexes. 

5.3 Proposed Studies 
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5.3.1 NO-Ethane 

 The initial studies of NO-C2H6 suggest that the weakly bound molecular 

complex has complicated interactions, which make the experimental UV 

spectroscopy data difficult to disentangle. In contrast to the UV spectra of NO-

CH4, the NO-C2H6 UV spectra lack any concrete structure, which renders the UV 

spectrum difficult to disentangle. A possible explanation for this is that there are 

more contributions, likely from low-lying intramolecular modes of the alkanes and 

lower frequency intermolecular modes.2,8 Additionally, the low-lying minima, 

similar to NO-CH4, suggest large amplitude motion of the NO-C2H6 complex.2,3 

The comparison of data between NO-CH4 and NO-C2H6 therefore would aid in 

understanding how alkane size effects the interactions and subsequent dynamics 

of these collision complexes. NO-C2H6 is hypothesized to not experience the 

Jahn-Teller effect because it lacks a geometry whereby the electronic state of the 

complex can be described as a degenerate state.2,3,8 This is in direct contrast to 

NO-CH4, where the potential energy surfaces correspond to the splitting of the 2Π 

electronic degeneracy of the NO molecule. 

Therefore, additional studies are needed to help understand the different 

contributions to the geometry that the NO-C2H6 complex adapts throughout the 

dissociation coordinate. Therefore, we propose to characterize these subtle inter- 

and intramolecular interactions by utilizing IR spectroscopy in the fundamental 

CH4 stretching region. Similarly, to NO-CH4, the R2PI of NO-C2H6 will inform 

consequent resonant excitation of the complex. Thus, we aim to leverage 

resonant ion-depletion infrared spectroscopy of the fundamental CH4 stretching 
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region and the overtone CH4 stretching region. Comparison of these infrared 

spectra with computational calculations and simulations will thereby aid in 

understanding the geometry the NO-C2H6 complex adopts along the collision 

coordinate. Finally, the homogeneous linewidths of these infrared spectra would 

aid in characterizing the lifetime of this short-lived complex.  

By utilizing this background on the interactions of the complex, 

subsequent spectroscopy and dynamics studies would be carried out. In previous 

studies of NO-C2H6, it has been noted that there are contributions from both the 

1:1 complex and from NO-(C2H6)n (n>1) and these contributions are noted in the 

R2PI spectrum. Thus, it would be plausible to obtain conformationally specific 

infrared spectra of NO-C2H6 and NO-(C2H6)2 using resonant ion-dip infrared 

spectroscopic. Furthermore, if the complexes had differing infrared absorption 

energies, these differences could be utilized for subsequent dynamics studies. 

By monitoring NO+, we would aim to scan the tunable infrared radiation and 

obtain infrared action spectra of products resulting from NO-C2H6 and NO-

(C2H6)2. This would only be plausible if we confirm the existence of higher order 

ethane clusters generated from our supersonic jet expansion. If NO-C2H6 is the 

sole cluster generated, then we would aim to monitor NO+, and scan the IR 

wavelength to obtain infrared action spectra of NO-C2H6. Finally, as described in 

Chapter 2, by changing the resonant UV probe wavelength and scanning the IR 

wavelength, infrared action spectra specific to varying NO (X2Π, v′′=0, J′′, Fn, Λ) 

would be generated. This would aid in determining if there are differing 

mechanisms by which NO-C2H6 dissociates.  
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In addition to generating the infrared action spectrum of NO-C2H6, the IR 

pump-UV probe method provides an approach to obtain specific insights into the 

dynamics evolving on the ground NO-C2H6 vibrational state potential energy 

surface. By utilizing the infrared action spectrum, the infrared wavelengths that 

prompt dissociation of the complex would be identified, and subsequent velocity-

map imaging studies would be performed to understand the energy-exchange 

mechanisms. The specific outcomes following dissociation of NO-C2H6 would be 

revealed using IR activation of the asymmetric CH stretch with velocity map 

imaging detection of NO (X2Π, v′′=0, J′′, Fn, Λ) products. The corresponding ion 

images would reveal important information on the dissociative time scale of the 

complex. By integrating these ion images as previously described, total kinetic 

energy release (TKER) distributions can be obtained. The TKER distributions 

would reveal important insights into how and where energy flows following 

dissociation of the complex. These results can be compared and contrasted to 

that of NO-CH4, which would aid in further characterizing and explaining how the 

Jahn-Teller effect manifests in such complexes. Finally, if the presence of NO-

(C2H6)2 is confirmed and its action spectrum is identified, it would be subject to 

similar dynamics studies. 

NO-C2H6 offers the opportunity of exploring many important physical and 

chemical phenomena. The complex offers a unique opportunity to explore not 

only how chain length affects the structure of atmospheric species but also the 

dynamics and subsequent reactivity. Additionally, the comparison to NO-CH4 

would aid in further understanding how Jahn-Teller distortion affects polyatomic 
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gas-phase species. Finally, these results would aid in determining how the 

increase in hydrocarbons and nitric oxide is affecting important atmospheric 

processes. These results therefore of broad interest to the atmospheric and 

combustion chemistry communities, in addition to the physical chemistry 

community to test theoretical predictions of the bimolecular collision outcomes.  

5.3.2 Higher Order NO-Alkanes 

 As the alkane chain length increases, it becomes more likely that NO-

(alkane)n (n>1) will be generated as well. Through analysis of the R2PI spectra 

previously recorded, it has been hypothesized that in the NO-(alkane)n 

complexes (n>1), the alkane molecules are interacting with each other. 

Therefore, the proposed experiments on longer chain -length NO-alkanes are 

subject to the presence of these higher-order complexes. Wright et al2. were not 

able to detect higher order clusters in the mass spectra owing to dissociation 

after electronic excitation/ionization.  

 Therefore, the proposed experiments would build upon those for NO-C2H6. 

We first propose to investigate NO-propane and NO-n-butane by resonant ion-

depletion spectroscopy. Depending on the prevalence of higher order complexes, 

an array if dynamics studies would follow. These dynamics studies would be 

based on the infrared action spectra since this would relay information on the 

formation of products. Thereafter, subsequent velocity map imaging studies 

would commence to understand the energy flow following dissociation of 1:1 NO-

alkane complexes as well as possible NO-(alkane)n (n>1). These results would 
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aid in characterizing the affect chain length has on the chemical properties and 

dynamics of gas-phase collisions of hydrocarbons.  

5.3.3 Additional Techniques 

 Finally, the experiments leveraged and proposed here rely on infrared 

spectroscopy and activation of NO-alkanes in the CH asymmetric stretching 

region. However, the optical parametric oscillator/amplifier (OPO/OPA 

LaserVision) is able to produce tunable IR radiation in the CH-stretch overtone 

(v=2 ← v=0) region. Therefore, it is plausible to obtain a resonant ion -depletion 

spectrum of NO-CH4 and subsequent NO-alkane complexes in the overtone 

region. This capability would greatly help in characterizing the diverse set of 

interactions across all species and would be interesting to compare to the results 

acquired for the fundamental (v=1 ← v=0) CH asymmetric stretching region. 

Furthermore, equivalent infrared-activated dynamics studies would then follow by 

utilizing CH overtone infrared radiation. These studies would include infrared 

action spectra and subsequent velocity map imaging.  

 Additionally, the (1+1) resonant enhanced multiphoton ionization scheme 

affords us the ability to detect NO (X2Π, v′′=0, J′′, Fn, Λ) products. Therefore, it 

would be plausible to employ this scheme to detect NO (X2Π, v′′=1,2,3.., J′′, Fn, 

Λ) products. This would be important for techniques that rely on infrared 

activation of the NO-alkane complexes and subsequent detection of NO+ 

products. Therefore, this ability could be leveraged for infrared action spectra and 

velocity map imaging. By detecting NO in higher vibrational levels, such as v′′=1, 

we would be able to reveal any mechanistic similarities are differences between 
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higher or lower energy NO products. These studies would be interesting to add to 

NO-CH4 and would aid in characterizing the full dynamics outlook of this 

complex. This same scheme could, in practice, be applied to the longer chain 

NO-alkane complexes as well. Overall, this capability would aid in providing a 

rigorous understanding of how the energy flows into the co-products along the 

bimolecular collision pathway of these complexes. Therefore, this would aid in 

determining how these bimolecular collisions affect atmospheric and combustion 

chemistry. 
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