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ABSTRACT 

The reactions between small hydrocarbons within oxidative environments are at the 

forefront of present day research.  A review of Helium Nanodroplet Isolation (HENDI) 

spectroscopy is given to highlight the advantages of this well-developed technique compared to 

similar gas phase experiments.  The details for a high temperature pyrolysis source, capable of 

producing a beam of O (3P) atoms, will be shown that can be implemented with the HENDI 

technique.  A sequential pick-up technique to study the reactions of O (3P) + C2H2/C2H4/·CH3 is 

described, which can effectively “dope” the reactants within the droplet.  We will look to gain 

insight into the chemical energetics of these prototype reactions with atomic oxygen. These 

proposed reactions can be carried out in the low temperature, dissipative environment of helium 

nanodroplets.  This technique affords us the capability to study these reactions with effectively 

zero background due to the weakly perturbing He solvent.  High resolution ro-vibrational 

spectroscopy of these reactions is still lacking in both the gas phase and matrix isolation.  Our 

goal is to unravel the spectroscopy of the three proposed reactions in the CH stretching region of 

the IR spectrum (2800-3300 cm-1).  Quantum chemical computation methods will be used for 

structural assignments and comparison with our experimental spectra. 
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CHAPTER 1 

HELIUM NANODROPLET ISOLATION 

1.1 Background 

 The liquidification of helium was achieved by Onnes in 1908, and set up the 

century for more detailed work on this fascinating solvent.1  A series of experiments 

performed from 1937-1938 led to the discovery of the superfluid properties of liquid 

helium.2 It was observed that the viscosity of 4He decreased to almost zero when it was 

cooled below the λ-point around 2.17 K. Theoretical work by Landau3 from the 1940’s, 

provided a two-fluid model describing how helium consists of a superfluid and normal 

fluid fraction. This model was confirmed by the famous Andronikashvilli experiment in 

1946 which featured a large bath of helium containing a series of rotating discs within 

the bath. As the temperature of the helium was decreased, the liquid helium experienced 

less friction, until zero viscosity was observed.4 In the first spectroscopic experiment 

with helium, Goyal et al.5 used a line tunable, CO2 laser to excite the ν3 band in SF6. 

They compared the differences between infrared spectra of SF6 in helium to spectra from 

other rare gas matrices and noticed that the spectrum obtained in helium had much better 

resolution. As laser technology advanced, the first rotationally resolved spectrum of SF6 

in helium nanodroplets was obtained using a diode laser in 1994.6 This experiment also 

confirmed theoretical models of the solvation characteristics of the droplet. The SF6 

molecule was found to be solvated within the droplet and the B rotational constant was a 

factor of 3 smaller than the corresponding gas phase value. The explanation of this 
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reduced value was said to be caused by adiabatic following of 8 helium atoms; the He 

atoms rotate with the molecule and cause an increase in the effective moment of inertia.7 

The vibrational frequency was not shifted much compared to the gas-phase value, 

whereas large matrix shifts are typically observed in rare gas matrices. The overall 

symmetry of SF6 was the same as the gas-phase and by using a slightly modified set of 

rotational constants, the rotational spectrum could be simulated and interpreted. This 

paved the way for the field of helium nanodroplet isolation spectroscopy, HENDI, as it 

would later become known, to blossom into a vital tool for spectroscopic analysis. Brink 

and Stringari predicted the temperature of the droplet to be 0.32 K in 1990. Their 

calculations were based on the properties of bulk 3He and 4He and employed the liquid-

drop model.8  An experimental determination of the rotational temperature was obtained 

for the OCS molecule embedded in helium droplets in the work of Frochtenicht et al. 

The 0.37 K temperature is consistent with the theoretical value predicted by Stringari. 

The superfluid properties of the droplet play an important role in allowing embedded 

molecules to rotate with sufficiently long coherence times to display well-resolved 

rotational structure due to the presence of a “phonon gap” that extends up to 

approximately 5 cm-1, which places the low-lying rotational states of a molecule 

(namely, those populated at 0.37 K) in a region where the density of bulk phonons are 

low. The weak coupling between the molecular rotation and the bulk phonons of 4He 

gives rise to the long rotational lifetimes that enable us to perform high-resolution matrix 

isolation spectroscopy. 3He has no phonon gap and stronger coupling between the 

molecular rotation and bulk phonons that leads to shorter rotational lifetimes. Liquid 

helium is optically transparent below 161,000 cm-1, allowing for spectroscopic 
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measurements with zero background. Spectroscopic measurements have been made with 

infrared (IR) radiation, following the capture of atoms or molecules within the droplet. 

Helium nanodroplets have proven effective at these low temperatures in delivering a 

technique with limited matrix broadening that also allow for the study of reactions and 

the formation of new complexes by using a sequential pick-up technique. At present all 

molecular spectra in liquid helium have been obtained in helium droplets produced in 

free jet expansions, mostly of gaseous He but also in a few cases in expansions of the 

liquid.9 Chapter 2 of this thesis will go into more detail regarding the experimental 

methodology of helium nanodroplet isolation. 

1.2 Recent Work 

 The field of helium nanodroplet spectroscopy has seen an emergence of new 

experiments in the past decade. The IR spectroscopy of methyl10, ethyl11, vinyl12, 

hydroxyl13, and propargyl14 radicals; HO3
15 and HO3(O2)n

16; several alkyl + O2 

reactions16-19, and  Al—(CO)n
20

 and Al + HCN21. In Chapter 3, we propose the design of 

a new source capable of producing oxygen atoms. This source will enable the study of 

reactions, such as O + C2H2/C2H4/·CH3, and potentially other O + R radicals, which may 

lead to the formation of highly reactive complexes in situ. Combustion reaction 

byproducts have seen an increase in spectroscopic significance in recent years due to the 

overwhelming environmental issues regarding the use of fossil fuels. Some reactions are 

being reinvestigated using higher resolution techniques that are now available, while 

others lack any clear spectroscopic assignment. This is the case for alkyl + oxygen atom 

complexes. The focus of Chapter 4 will be on a few prototype reactions that may be 

targets. 
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CHAPTER 2 

EXPERIMENTAL METHOD 

2.1 Droplet Formation 

 Helium nanodroplets are made by free jet expansion of ultra-high purity helium 

gas from a high pressure, cold, continuous wave (cw) nozzle. The process of free jet 

expansion of high pressure helium was done first by Becker in 1961.1 Helium at 20–90 

bar backing pressure is expanded through an approximately 5 micron diameter nozzle, 

cooled to low temperature (8–28 K). A skimmer is used following this expansion to form 

a well-collimated beam, which subsequently traverses one or more pick-up cells (PUCs). 

The size of the nozzle aperture is largely determined by the pumping speed of the source 

pump. Droplets can be made in various sizes by changing the temperature or backing 

pressure, typical operation conditions involve the use of 99.9995% pure helium (30 bar) 

backing pressure with the nozzle temperature set at 17 K, which results in the formation 

of droplets with an average size of ∼5000 helium atoms.2, 3 The size of the droplets 

follow a log-normal statistical distribution (In the equation shown below) that was 

formulated by work done by Knuth, Schilling, and Toennies.3 

𝑃𝑃𝑁𝑁(𝑁𝑁) = �𝑁𝑁𝑁𝑁√2𝜋𝜋�
−1

exp �−
(𝑙𝑙𝑙𝑙 𝑁𝑁 − 𝜇𝜇)2

2𝑁𝑁2 � 

 

Their work led to empirically established scaling laws that can be used to calculate mean 

droplet size as a function of temperature. For example, a nozzle temperature of 15 K 

would generate droplets having approximately 10,000 helium atoms on average. 

 

6  



 

 Spectroscopic studies benefit with smaller droplets because fewer droplets tend to 

form when the mean size of the droplets is large. The lower number of droplets present 

leads to weaker spectroscopic signals because less dopant molecules are being detected 

and averaged. As you decrease the temperature of the nozzle, larger droplets are formed. 

The ability to vary the droplet size as a function of temperature remains critical given that 

the helium atoms are capable to dissipate 5 cm-1 of energy per atom. This is especially 

important for reactions where energy is released in the formation and breaking of bonds. 

In the case of the allyl + O2 addition reaction (ΔH ≈ -18 kcal/mol or -6000 cm-1), the 

evaporation of ~1250 helium atoms was necessary.4 The droplets must be large enough to 

keep the molecules solvated within the droplet prior to irradiation with an IR laser (~3000 

cm-1), which ultimately leads to the further evaporation of ~600 helium atoms.  

2.2 Doping the Droplets 
 
 We use a well-developed pick-up technique to effectively add our dopants into the 

droplets.5 Dopants (atoms or molecules) are introduced into the spectrometer in a variety 

of ways. The majority of experiments performed utilize a high temperature (up to ~1800 

K) pyrolysis source.6, 7 This effusive pyrolysis source is pictured below in Fig. 1, and 

features water cooled copper electrodes with a quartz tube at the tip. A tantalum filament 

is wrapped loosely around the quartz tube and a current is applied to resistively heat the 

tube and achieve pyrolysis of precursor molecules to yield the desired dopant. This 

source is load-lockable with the capability of rough pumping away contamination prior 

to entering the vacuum chamber.5 The sample is held in a suitable container and is 

shown pictorially on the far left in Fig. 2.1. 
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VacuumAir
To Pump

 

Fig. 2.1. Pyrolysis source for use with HENDI spectrometer. 

In the case of the production of allyl radical, 3-butenyl nitrite (H2C=CHCH2CH2ONO) 

was used as the precursor, and upon high temperature pyrolysis fragmented into allyl, 

formaldehyde, and nitric oxide (NO). The PUC pressure and pickup process follow a 

Poisson distribution and have been described elsewhere.8, 9 For droplets in the size range 

of 1000-5000 atoms, and a pick-up cell length of 10 cm, a pressure of 10-6 Torr will 

permit the pick-up of only one molecule or atom per droplet using this statistical 

approach.5 Molecular oxygen was added via a static, differentially pumped PUC where a 

constant pressure of 2.0 x 10-6 Torr was maintained by using a fine metering valve to 

assure that a single O2 molecule was picked up in the droplet. 

2.3 Experimental diagram 
 
 The HENDI spectrometer is shown below in Fig. 2.2. Chamber 1 (left) features 

the droplet source and skimmer, Chamber 2 (center) features three in-line PUC’s, and 

Chamber 3 (right) feature the quadrupole mass spectrometer with 90° bender and the 

Channeltron® electron multiplier tube at the top. The droplet beam is illustrated in blue 

to show the path it travels through the instrument. 
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Fig. 2.2. Experimental diagram of HENDI spectrometer. 

 Differential pumping is required to keep the chambers at high vacuum  (10-6 - 10-7 

Torr) for the PUC chamber using diffusion pumps backed by small mechanical pumps. 

The mass spec chamber is kept at lower vacuum to eliminate the possibility of 

contaminant species coming in contact with the optics and detector. It is kept under 

vacuum (10-8 – 10-9 Torr) by a turbo-molecular pump with a small hydrocarbon 

mechanical backing pump.  

2.4 Detection 

 The quadrupole mass spectrometer (QMS) is used to characterize our droplet 

beam by the presence of Hen
+ peaks separated every 4 amu, shown as the blue trace in 

Fig. 3 below. The impurities or pick-up species can be identified by their respective 

masses as well. The QMS is capable of performing mass selective measurements where 

the mass channel can be chosen to eliminate contamination from unwanted ionization 

products. Electron impact ionization features electrons ~70 eV that impact the helium 

nanodroplets to form a He+ ion, leading to further fragmentation of the droplet. When 

the beam contains only He nanodroplets, the positive charge ends up as a Hen
+ cluster 

with a mass spectrum identical to the blue spectrum in Fig. 2.3 below. The addition of 

dopants within the droplet causes the positive charge to quickly find the dopant and 
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ionize it. Because all molecules have an IP lower than helium, they are rapidly ionized 

upon electron impact ionization. Two different mass detection schemes exist. The first 

involves operation of the QMS in “rf-only” mode; where all masses greater than 6 amu 

are allowed to pass to the detector. The second mode allows us to fix the DC-voltage to a 

single mass-to-charge ratio to discriminate between possible contamination of the 

droplet. 

  The mass spectra of the sequential pick-up of allyl radical + O2 are shown in Fig. 

2.3. This plot shows the evolution of mass signal with an increase in pyrolysis source 

current (i.e., an increase in temperature). The most notable fragments of the ionized 

precursor molecule are m/z=27 (C2H3)+, 29 (C2H5)+, 30 (CH2O)+/(NO)+, 39 (C3H3)+, and 

41 u (C3H5)+.4 Figure 2.3d shows the mass spectrum as O2 is added downstream while 

the pyrolysis source current remains constant at 3.0 amps (~800 K). By comparing (c) to 

(d), an obvious change is the appearance of mass 32 amu, corresponding to molecular 

oxygen, but no other changes are relevant. 
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Fig. 2.3. Droplet beam mass spectrum as current increases from 0 to 3 amps, (a) 
to (c), and with O2 added in (d). 

 
2.5 Infrared (IR) Spectroscopy 

 
 Because the ionization potential (IP) of He is ~24.6 eV, infrared light can pass 

through the droplet beam freely. When a dopant is added to the droplet beam, the 

rovibrational motion of the dopant can be excited using an IR laser. The mass spec ion 

signal is reduced when the beam is depleted. This depletion in signal intensity is due to 

the evaporation of He atoms and subsequent reduction in the cross sectional area of the 
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beam. This occurs through the relaxation of vibrationally excited molecules within the 

droplet that are in resonance with the IR light. The mass spectrum of the allyl radical 

showed a change in signal at various peaks, but 39 amu was chosen because better 

spectroscopy signal was obtained using it as compared to other mass channels. The IR 

spectrum of allyl (a-c) and allyl peroxy (d) is shown below in Fig. 2.4. The * and # 

indicate allyl + NO/CH2O and allyl peroxy bands, respectively. 

 

 
Fig. 2.4. IR spectroscopy signal of allyl radical and allyl peroxy radical from 2900 – 
3120 cm-1. The graph shows the evolution with increase in pyrolysis current (a) through 
(c), as well as the addition of O2 in (d). 
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2.6 Description of laser and optical equipment 

 An Aculight Argos IR cw-OPO (3, in Fig. 2.5 below) is used with a 1064 nm seed 

laser (1) as the pump, which provides wavelength tuning from 2580-4000 cm-1.10 The 

seed laser feeds into a diode-pumped fiber amplifier (2) prior to entering the OPO 

resonator cavity. The exit of the OPO cavity features three beams: signal, pump, and 

idler. The signal and pump beams are dumped upon exit (4, 5). The idler beam is then 

split for three different purposes using CaF2 beam splitters (6). These purposes include 

detection via a Power meter (7), Wavemeter (8), and the entrance into a Fabry Perot 

scanning etalon (9). A Glan Taylor polarizer (10) can be used, if necessary, to separate 

between s and p-polarized light. As the OPO idler wavelength is tuned, an optical 

chopper (11), which is typically operated at ~100 Hz, allows the ability for lock-in 

detection of the laser induced depletion of the ion signal. The gold steering mirrors are 

designated by Au. The HENDI spectrometer (12) is shown again to illustrate entrance of 

the laser beam into the spectrometer. The beam that contributes to optical excitation for 

experiments is the idler beam and enters the spectrometer counter-propagating to the 

helium droplet beam. 
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Fig. 2.5. Experimental diagram of the cw-OPO laser system coupled to the 
HENDI spectrometer. 
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CHAPTER 3 

OXYGEN ATOM SOURCE 

3.1 Background  

 Atomic oxygen (AO) sources have been of interest in various fields, but the space 

and atmospheric chemistry communities have encouraged their development over the 

last two decades. Beginning in the late 1980’s, AO sources were developed using 

various dissociation approaches. This method of making a supersonic beam of AO 

involves heating a mixture containing O2 gas to high enough temperature such that 

dissociation occurs. These supersonic beam sources are capable of producing AO beams 

with average kinetic energies in the range of 0.2-5 eV. Typical discharge sources for AO 

production are RF, 1-3 microwave, 4 and laser sustained discharges.5 The AO flux of the 

sources mentioned above vary from 1011-1015 atoms cm-2 s-1. Other types of AO 

production methods mentioned above include: laser detonation, 6 ion neutralization, 7 

and photodissociation.8 The major drawback to these AO sources is that they typically 

contain byproducts in the form of unwanted contamination. Possible contamination 

products include molecular oxygen, ions, excited species, and UV-light, in addition to 

the carrier gas. The UV-light is a potential contaminant where light in the UV range is 

capable of breaking bonds of oxygen containing species: O2, NO2, or O3. 

 Two different sources that are capable of producing the ground triplet state of 

atomic oxygen are available, the first of which lead to a joint patent in 1994 by a team of 

scientists from the University of Florida and NASA.9-14 They designed a clean, 
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hyperthermal oxygen atom generator that is capable of producing AO with an average 

kinetic energy of 5 eV and a flux as high as 1013 atoms/cm2-s.11, 13 This was the first 

design to offer a source O (3P), but due to the complex nature of the oxygen atom 

production method, this source is not ideal for use with our experimental technique.  

  Another type of AO source utilizes the thermal dissociation of molecular oxygen 

flowing through a heated iridium capillary tube. This mechanism is similar to that of 

high temperature pyrolysis.  A cracking tube heated by a surrounding filament provides 

an efficient thermal cracking of O2 molecules to produce atomic oxygen (AO). This 

method provides a clean beam. Iridium is used due to low oxidative properties, low 

vapor pressure (~1.0 x 10-6 Torr @ 2000 K), and high melting point (~2680 K). A 

tungsten filament is coiled around the Ir tube and extends approximately half the length 

of the tube. A detailed picture of this design, see Fig. 10, shows the materials used in the 

construction of this device. Thermal isolation and water cooling are required due to the 

high temperature of dissociation. This type of source is commercially available from 

MBE-Komponenten, but due to the high cost, we have decided to modify one of our 

present sources currently being used for pyrolysis.15-17 The fact that this source 

represents an atomic oxygen beam with only ground electronic state species is in 

contrast to alternative production methods available from commercial sources. 

Commercial sources such as plasma arc tubes are convenient in their design, but higher 

in cost than having a piece of equipment built. These sources usually have an O atom 

purity of 40-90 % with the alternate impurities being either O2 or the carrier gas 

sustained in the plasma, namely He or Ar. A pure beam of O (3P) does not harbor any 

unwanted ionized or excited state species. 
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3.2 Helium Solvation 

  The solvation of atoms in helium has been studied previously.18, 19 A fundamental 

calculation was performed to ensure that an oxygen atom would indeed solvate into the 

helium droplet. The calculation involved finding an ancilotto parameter, λ, which is a 

characteristic of the physics of helium-solvation. This method has been used for clusters 

and other solvating species and was discovered by Ancilotto and co-workers in 1995.18 

The Ancilotto parameter, 

𝜆𝜆 = 𝜌𝜌𝜌𝜌𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚
𝜎𝜎21 6⁄  , 

is dimensionless and is simply a ratio of the dopant-helium attraction to the energy cost 

of forming a helium surface upon solvation of an oxygen atom. The constants in the 

equation above are: σ = 0.179 cm-1, Å-2 = surface tension of liquid He, and ρ = 0.0218 Å-

3 = density of liquid helium. The two variables that the ancilotto parameter depends on 

are equilibrium well depth, ε, and equilibrium bond distance, rmin associated with the O 

(3P)-He pair potential. Douberly and Miller estimate that an Ancilotto parameter greater 

than 1.9 is needed for solvation within the helium droplet.19 Upon performing the 

calculation at the CCSD(T)/aug-cc-pVQZ level of theory (rmin = 3.0228 Å, ε = 22.99 cm-

1), we found that an O (3P) atom would become solvated within the droplet because of 

the large Ancilotto parameter, which is approximately 7.5. 

3.3 Oxygen Atom Source 
 
 The modification of a source similar to the one pictured in Figure 3.1 has been 

proposed and features the same water cooled copper electrodes (orange). The major 

differences are in the materials used to make the source. The highly reactive nature of O 

(3P) atoms necessitates the use of materials that won’t degrade due to their exposure to 

18  



 

atomic oxygen.  

H O2

O2

Electrical

H O2

 

Fig. 3.1. Proposed O atom source design. (Orange = Cu, Black = Ta, Grey = Al2O3). 

 This design features slight modifications from an oxygen beam source that is 

commercially available from MBE Komponenten.15-17 The iridium (Ir) cracking tube is 

heated radiatively by a heated tungsten filament to assure optimum dissociation of 

molecular oxygen. The capillary tube is operated between 1990 - 2200 K by application 

of a variable AC voltage applied to the tungsten filament. The dimensions of the Ir tube 

are optimally 50 mm in length with an inner diameter of 1 mm and an outer diameter of 

2 mm. Iridium is difficult to machine and only a few companies in the United States 

offer iridium tube to the public.  Refracto Technologies Corp., located in New York, 

sells iridium in several different forms. They have the capability to manufacture iridium 

in tubular form.  The quote we received for the length of iridium tube specified above 

was approximately three thousand dollars.  A tantalum heat shield surrounds the 

emission cavity and provides the best compromise between workability and durability. 

We expect the O atom production response to be directly related to the input current at 

the electrode. As we increase the input current, we should see an increase in O atom 

signal. This design should be capable of an O atom flux in the range of 1014- 1016 cm-2- 

s-1, depending on the conditions. 
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CHAPTER 4 

O (3P) + C2H2/C2H4/·CH3  

4.1 Background 

 Atomic oxygen (AO) is the third most abundant element in the universe, behind 

hydrogen and helium, respectively.1 A detailed study of atomic oxygen chemistry is 

essential for a thorough understanding of atmospheric processes. The fundamental 

reactions that lead to atomic oxygen in our upper atmosphere (thermosphere) involve 

photochemical dissociation of molecular oxygen,  

O2 + hν (λ < 125 nm) → O (1D) + O (1D) 

O2 + hν (125 nm < λ < 260 nm) → O (1D) + O (3P) 

O2 + hν (λ > 260 nm) → O (3P) + O (3P) .2 

 

The concentration of AO has been simulated with the aid of atmospheric modeling of our 

thermosphere to yield a concentration of 4.5 x 1011 cm-3 at an altitude of 100 km where 

the concentrations of molecular and atomic oxygen are approximately equivalent.3 The 

concentration of O (3P) is more abundant than O2 in our upper thermosphere (altitude > 

120 km) due to the presence of high-energy ultraviolet radiation (λ < 260 nm) in this 

region. The other prominent source of AO in the atmosphere is the photochemical 

dissociation of ozone (O3) occurring in the stratosphere, 10-50 km, where the 

concentration of   O (3P) is approximately 108 - 109 cm-3.4 

O3 + hν (λ < 1180 nm) →O (3P) + O2
 

O3 + hν (λ < 320 nm) →O (1D) + O2 
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The collision of excited O (1D) with molecules leads to the stabilization of neutral ground 

state O (3P). As a reactant in the rate-determining step, O (3P) reacts with ozone which 

yields two oxygen molecules.5 There are a number of other multi-step reactions that 

occur between AO and atmospheric constituents, for example, O + NO2 → NO + O2. The 

products of this reaction may go on to produce ozone and AO through subsequent 

reactions. The reactions of NOx are significant in the destruction of ozone in our 

atmosphere.5 

 Combustion reactions involving O2 produce atomic oxygen as an unwanted 

scavenger. Reactions of ground state neutral AO with unsaturated hydrocarbons are a 

fundamental chemical process in combustion environments. For example, reaction with O 

(3P) is believed to be the primary loss mechanism for acetylene (C2H2) in flames.6 

Ethylene (C2H4) is also present in combustion reactions and along with acetylene is a 

byproduct of the breakdown of larger hydrocarbons. A common example of this 

combustion process is revealed in the gasoline combustion engine, where both ethylene 

and acetylene are detected in the atmosphere as a result.7 Prior studies of reactions 

between neutral atomic oxygen and C2H2/C2H4 include both experimental work8-10 and 

theoretical calculations.11-14 In particular, the O (3P) ground electronic state of oxygen, 

has been reacted with acetylene and ethylene using Crossed Molecular Beams  (CMBs).8-

10 Spectroscopic detection of the products and intermediates associated with these 

reactions is lacking in both the gas phase and in matrix isolation. The final proposed 

experiment involves the reaction of O (3P) + methyl radical. The goal will be to isolate 

the addition intermediate, methoxy radial, in situ and attempt to solve the challenging 

spectroscopic problem that arises due to various angular-momentum couplings within this 
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molecular radical.  

 The HENDI technique15-16, outlined in Chapters 1 and 2 of this thesis, offers us 

the possibility of studying the hard to trap bound states of combustion intermediates that 

are difficult to produce with other methods. The design of an AO source will be 

implemented into our experimental technique via a pick-up cell (PUC).  Acetylene and 

ethylene have already been studied in the helium nanodroplet environment.17-18 We will 

probe the relative shifts in the spectra due to presence of AO as compared to that of the 

hydrocarbon only spectra within the droplets. The proposed reactions to be studied 

include O (3P) + C2H2/C2H4/·CH3. Helium nanodroplet spectroscopy literature is still 

lacking the inclusion of the effects of open-shell species like oxygen atoms attached to 

molecules of interest in combustion and atmospheric science. We propose to pick-up 

these oxygen atoms sequentially with the hydrocarbon molecule of interest and probe the 

associated reactions that occur between the cold reactants with IR spectroscopy. 

4.2 O (3P) + C2H2 
 

 We will first probe the Acetylene-O (3P) complex. This complex has relevance for 

both atmospheric and combustion chemistry, because it has been identified as a key 

intermediate in automobile combustion. The goal is to identify the CH stretching region, 

possible rotational profiles of acetylene, and possible shifting of peaks due to the addition 

of oxygen at this correspondingly low temperature. This complex has been studied 

theoretically by several groups.11-14 The most recent theory on this complex by Nguyen 

and co-workers reports a Potential Energy Surface (PES) calculated using CBS-

QCI/APNO and (CCSD(T)/6-311++G-(3df,2p)) levels of theory.14 Due to the entrance 

barrier predicted around 3.5-4 kcal/mol we do not expect to see many of the 
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intermediates along the reaction pathway. We should not have any trouble identifying 

and characterizing the weakly bound van der Waals (vdW) complex (C2H2O) in our 

droplet, assuming that they will interact within the droplet. We are interested in the 

formation of the di-radical intermediate (HCCHO) due to ground state O atoms being 

electrophilic and having the ability to add to carbon-carbon double or triple bonds, 

however we probably will not see this complex due to the entrance barrier. The excess 

energy required upon bond formation should be absorbed by the helium bath allowing the 

vdW complex to be sustained in the droplet. The helium bath is capable of dissipating 5 

cm-1 of energy per helium atom evaporated. The average size of our helium droplets is 

approximately 4000 He atoms based on the known statistical distribution of droplet sizes. 

A rotational profile of the complex would be exciting as well. 

4.3 O (3P) + C2H4 
 

 The reaction between O (3P) and C2H4 gives us a chance to look at the smallest 

alkene molecule. Ethylene is also a key intermediate in the oxidation of methane and of 

larger hydrocarbons. Theoretical calculations performed most recently by Bowman10 and 

Nguyen19 seem to agree in their assignment of the PES. This complex has also been 

studied by Schatz where they specifically looked at intersystem crossing effects where 

the potential energy surfaces were calculated using the unrestricted B3LYP/6-31G(d,p) 

electronic structure method. They used a simplified version of the quasi-classical 

trajectory surface hopping method in which transitions between triplet-singlet states were 

only allowed at points where the two surfaces crossed.20 This reaction has an entrance 

barrier of approximately 3 kcal/mol and is similar to acetylene in that respect. Oxygen 

atoms in their triplet ground electronic state undergo an electrophilic addition onto the 
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C=C bond that forms adducts that are vibrationally excited bi-radicals corresponding to 

the spin-conservation rule.18 We once again expect to probe the weakly bound van der 

Waals complex. We expect to see small shifts as compared to the spectra of ethylene in 

helium nanodroplets, and we expect completely different rotationally resolved splittings 

due to the nature of the molecular complex upon the addition of an oxygen atom. The 

spectrum of ethylene in the He matrix included all four vibrational bands three a-type 

bands (ν11, ν2+ ν12, and 2 ν10+ ν12) and the lone b type band (ν9) with only small band 

origin shifts.18 

4.4 O (3P) + CH3· 
 

 The methoxy radical, CH3O·, is a proposed, stable intermediate of the reaction 

between O (3P) and ·CH3.  It is a small hydrocarbon radical that is a key player in 

atmospheric and combustion environments.21-25  It is also produced from the 

photochemical oxidation of hydrocarbons and contributes to the presence of HO2 radicals 

in the atmosphere.26-27 The reaction between O and the methyl radical, ·CH3, has an 

enthalpy of formation that is approximately -90 kcal/mol.28  This reaction does not have 

an initial barrier like the other two proposed reactions and is more exothermic compared 

to other alkyl + O2 reactions.29-32   

 Experimental work on the O (3P)  + CH3 radical reaction has been performed 

recently using a variety of experimental techniques.33-44  Prior investigations of the 

electronic ground state (𝑋𝑋�2E) include rotationally resolved studies that led to observations 

of dispersed laser fluorescence33-36, stimulated emission pumping37, 38 (SEP), microwave 

absorption39, 40 and laser magnetic resonance.41, 42 The SEP rotational spectra revealed 

two (v3, CO stretch & v6, CH3 rock) out of the six fundamentals of the methoxy radical.  
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Three of the vibrational modes that correspond to the totally symmetric, A1, 

representation are: C-H stretching (ν1), CH3 umbrella (ν2), and C-O stretching (ν3).  

While the asymmetric C-H stretching (ν4), CH3 scissoring (ν5), and CH3 rocking (ν6) are 

doubly degenerate E symmetry modes.  Recent jet-cooled spectroscopy (Trot = 26 K) of 

methoxy in the C-H stretching region was reported by Curl and co-workers.43-44 They 

report four bands in this region, corresponding to two perpendicular bands with (ΔP = 

+1) and two parallel bands (ΔP = 0).44  They attributed these bands to the ν1 and ν4, where 

the symmetrical CH stretch (ν1) is expected to be split into two levels by the spin-orbit 

(SO) effect. The asymmetrical CH stretch (ν4) is expected to split into four vibronic 

modes through the combination of SO and Jahn-Teller (JT) couplings.  Their work 

suggested that the higher frequency region (2900-3000 cm-1) assignments were 

complicated by strong vibronic couplings between two CH stretching vibrations and the 

overtone and combination levels.  A complete experimental analysis of the C-H 

stretching region (2800-3000 cm-1) has yet to be completed. 

 The methoxy radical represents a complicated problem for theory that involves a 

JT effect, as well as SO coupling.45-46 It has been well established that the methoxy 

radical has a doubly degenerate electronic ground state (2E) in C3v symmetry.47, 48  The 

methoxy radical experiences Jahn–Teller (JT) distortions along the e vibrational modes, 

which splits the degeneracy into a (2A’, 2A”) pair of states. These states differ in orbital 

occupancy by a (2a”)2(7a’)→(2a”)(7a’)2 excitation.49 A recent theoretical spin-vibronic 

model was developed by Marenich and Boggs to study electronic and nuclear dynamics 

in twofold degenerate electron systems.45, 46  They performed calculations with the 

simultaneous treatment of spin-orbit coupling, all linear and quadratic Jahn-Teller 
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interactions including multimode couplings, and anharmonic effects up to the sixth order 

for the CH–stretching.45  The JT stabilization energy is approximately 270 cm-1. While 

the SO splitting (-ASOζe) is equal to 134 cm-1.50  The electronic angular momentum can be 

quenched by JT distortions and effectively reduce the spin-orbit splitting. The SO 

coupling can quench the JT distortions, but has a minor effect due to EJT > -ASOζe.  These 

two effects taken together have a great impact on the spectroscopy of CH3O· and must be 

included in a molecular Hamiltonian to define suitably the nuclear and electronic 

dynamics of the methoxy radical.  

 The low temperature and dissipative environment of helium droplets will allow a 

possible reinvestigation of the rovibrational CH stretching region of the methoxy radical. 

The proposed source of AO will be utilized in combination with a precursor (DTBP) that 

has been shown previously to fragment via thermal dissociation into two CH3 radicals 

and two (CH3)2CO molecules.51 We expect to isolate the methoxy radical due to the 

reaction between O (3P) and CH3 being largely exothermic. The dissipation of the ~90 

kcal/mol reaction will lead to the evaporation of approximately 6300 He atoms. We will 

be able to vary our experimental helium nozzle conditions (i.e., temp. & pressure) to 

make larger droplets to account for the larger amount of He atom evaporation. If we can 

make large enough droplets to accommodate the reactants, we should not have any 

trouble studying the rovibrational spectroscopy of this complex radical. 
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CHAPTER 5 

CONCLUSION 
 
 

 The HENDI technique, outlined in Chapters 1 and 2, offers the possibility of 

studying hard to trap bound states of combustion intermediates that are difficult to 

produce with other methods. The design of an AO source, discussed in Chap. 3, will be 

implemented into our experimental technique via a pick-up cell (PUC).  This AO source 

design involves slight modifications to our current pyrolysis source.  Helium nanodroplet 

spectroscopy literature is still lacking the inclusion of the effects of open-shell species 

like oxygen atoms attached to molecules of interest in combustion and atmospheric 

science.  We proposed to pick-up these oxygen atoms sequentially with the hydrocarbon 

molecule of interest and probe the associated reactions that occur between the cold 

reactants with IR spectroscopy.   

The Acetylene-O (3P) and Ethylene- O (3P) complexes were proposed in Chapter 

4. The goal is to identify the CH stretching region, possible rotational profiles of 

acetylene, and possible shifting of peaks due to the addition of oxygen at this 

correspondingly low temperature.  Acetylene and ethylene have already been studied in 

the helium nanodroplet environment.1, 2  Possible shifts in the spectra due to presence of 

AO were discussed as compared to that of the hydrocarbon only spectra.  Ethylene 

(C2H4) is also present in combustion reactions and along with acetylene is a byproduct of 

the breakdown of larger hydrocarbons.  Entrance barriers, approximately 3 kcal/mol, are 

predicted by theoretical calculations for these two reactions.3-9  Due to these barriers, we 
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do not expect to see many of the intermediates along the reaction pathway. We should not 

have any trouble identifying and characterizing the weakly bound van der Waals (vdW) 

complexes (C2H2O & C2H4O) in our droplet, assuming that they will interact within the 

droplet.  

The final proposed reaction is O (3P) + methyl radical. The methoxy radical, 

CH3O·, is a proposed, stable intermediate of this reaction.  The reaction between O (3P) 

and the methyl radical, ·CH3, has an enthalpy of formation that is approximately -90 

kcal/mol.10  This reaction does not have an initial barrier like the other two proposed 

reactions.  The methoxy radical represents a complicated problem for theory that involves 

a JT effect, as well as SO coupling.11, 12 The electronic angular momentum can be 

quenched by JT distortions and effectively reduce the spin-orbit splitting.  

The low temperature and dissipative environment of helium droplets will allow a 

possible reinvestigation of the ro-vibrational CH stretching region of the methoxy radical. 

The proposed source of AO will be utilized in combination with a precursor (DTBP) that 

has been shown previously to fragment via thermal dissociation into two CH3 radicals 

and two (CH3)2CO molecules.13 We expect to isolate the methoxy radical due to the 

reaction between O (3P) and CH3 being largely exothermic. We will be able to vary our 

experimental helium nozzle conditions (i.e., temp. & pressure) to make larger droplets to 

account for the larger amount of He atom evaporation.  
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