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Abstract 

The art of combining experiment and theory together allows for the painting of a complete 

chemical picture. In this work, the two concepts were married to investigate the unimolecular gas-

phase decomposition of representative terpene molecules under protonated and extreme thermal 

conditions. Protonation studies were carried out experimentally using tandem mass spectrometry 

with collision-induced dissociation. Protonated isoprene was dominated by the neutral loss of 

C2H4, while its derivative prenol had competition between the neutral losses of C3H6, CH2O, 

CH3OH, and H2O. The dissociation of the monoterpenes showed abundant neutral losses of C3H6 

and C4H8, with minor appearance of C2H4 and C3H8 in some examples. The monoterpenoid 

derivatives showed similar dissociation products but introduced the neutral losses of oxygenated 

compounds. Density functional theory calculations were used to unravel the minimum energy 

reaction pathways that describe the mechanisms by which each given protonated terpene was 

converted to the observed product ions in the experiment. In nearly all cases, the initial site of 

protonation was a key driver for the observed dissociation chemistry of the protonated terpenes.  

The decomposition of terpenes under extreme thermal conditions was investigated using 

flash pyrolysis at the Swiss Light Source synchrotron using the iPEPICO beamline. This 

experiment enabled the identification of novel isomeric products that have not been previously 

described in the literature when experiments were performed with isoprene. Density functional 

theory calculations revealed a new mechanism that could feasibly produce the newly observed 

cyclopentene intermediate on the pathway towards cyclopentadiene, a previously described 

pyrolysis product. These calculations were also used to help confirm product identities with 

Franck-Condon simulations and were used to reveal the mechanisms by which these products were 

formed. Similar experimental and theoretical methodology was applied for representative 
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monoterpenes. Here, there was a clear differentiation in the product distribution that was observed 

for α-pinene, dominated by sequential losses of methyl radicals to yield substituted benzenes, a 

process not observed in β-pinene or limonene, which were shown to have some degree of overlap 

between their decomposition chemistries. Unique to the former was the appearance of abundant 

propargyl radicals, while the latter was shown to be dominated by intermolecular cleavage to yield 

two molecules of isoprene. In the end, when experiment and theory are combined to provide the 

same picture, we can have more confidence that the individual images were captured correctly.  
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Chapter 1 – Introduction  

1.1 – The Atmosphere 

The collection of gases that surrounds the Earth represents the atmosphere that is 

responsible for harbouring the conditions that enable life as we know it in its current form. 

The atmosphere is generally accepted to be partitioned into different layers, each with 

unique physical characteristics, as summarized in Figure 1.1.1 There is an additional layer 

that is sometimes considered part of the atmosphere known as the exosphere, that lies 

beyond the thermosphere, and is characterized by a fleetingly small density of gaseous 

molecules which marks the transition from the Earth’s atmosphere to the interstellar 

environment.2  

 

Figure 1.1: Diagram containing the different zones present in the Earth’s atmosphere. 

Reproduced from ref. 1 with permission. 
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The thermosphere extends from approximately 80 km to upwards of 500 km above 

the surface of the Earth and represents the outermost layer that is universally considered 

part of the Earth’s atmosphere. The unique properties of this layer include the extremely 

high molecular temperatures (potential excess of 2000 ºC), brought upon by the excessive 

absorption of UV and XUV photons, primarily by molecular nitrogen and oxygen, leading 

to their photodissociation and subsequent excitation of the atomic substituents.3  

Below the thermosphere lies the mesopause, approximately 80 km above the 

Earth’s surface and represents a boundary region that signifies the change in environment 

between the thermosphere and mesosphere layers, primarily driven by a drastic change in 

temperature. The mesosphere layer sits approximately 50-80 km above the surface of the 

Earth (Figure 1.1), and like the thermosphere chemistry in this layer is primarily driven by 

the absorption of higher-energy solar radiation, however in the mesosphere molecular 

temperatures are much lower, leading to the coldest portion of the Earth’s atmosphere with 

mean temperatures in the range of -100 ºC.4  

Similar to the thermosphere, the stratosphere is a region of the atmosphere that is 

characterized by a relative increase in environmental temperature, with the peak 

temperature at the highest point at the stratopause. Here, there is an increased presence of 

molecular gasses, denoted by the relatively higher pressure compared with the higher layers 

(Figure 1.1). The temperature increase is associated with the absorption of lower energy 

UV radiation by the high concentration of ozone gas contained within the stratosphere, a 

key process for protecting life contained in the troposphere.5 Historically there have been 

environmental concerns about the human dependent depletion of ozone in the stratosphere 
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and the consequences this may have for life, however global policy changes have 

ameliorated this issue.6  

The lowest layer of the atmosphere that extends directly from the Earth’s surface 

until approximately 10 km of altitude is known as the troposphere and contains the vast 

majority of the gaseous density of the atmosphere, as evidenced by the high pressure values 

compared with the other layers (Figure 1.1). Significant quantities of water vapour are 

present in the troposphere and represent the bulk of molecular content in this layer.7 Other 

compounds present in the troposphere include smaller quantities of environmental 

oxidants, including inorganic compounds like NOx, SO2, OH., HNO3, and H2S, 

contributing towards the overall reactivity and relative acidity present in this layer.7 In 

addition to these inorganic gases, there are considerable volatile organic compounds 

(VOC) present in the troposphere due to their ability to readily reach the gas phase, with 

methane being the most abundant and generally considered separately.7,8 The presence of 

VOC is an important feature of the troposphere, leading to a variety of oxidation 

chemistries, as well as the formation of aerosols that are present near the Earth’s surface.8 

Understanding the flux of VOC in the troposphere is an active field of research. One 

important class of VOCs is the terpene family of molecules. 

1.2 – Terpenes 

Terpenes are a broad category of hydrocarbons that are produced in a wide variety 

of plant species. A common structural theme that has been postulated for terpenes is the 

isoprene rule, whereby different groups of terpenes are categorized depending upon the 

number of isoprene units contained within the overall molecule.9 Isoprene is considered to 

be the simplest terpene and lies in a category of its own. When two isoprene units are joined 
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together, the resulting terpene falls under the monoterpene category; three joined isoprene 

units lead to sesquiterpenes, four to diterpenes, and so on.9 Biologically, these terpenes are 

largely produced through the methylerythitol phosphate or mevalonate pathways that 

ultimately lead to the formation of dimethylallyl phosphate, a key precursor to the 

formation of isoprene and larger terpenes.10 Due to the presence of multiple positions of 

unsaturation within these molecular species, there is a significant degree of molecular 

complexity, including the possibility for functionalization, leading to a subcategory of 

compounds known as terpenoids (Figure 1.2). 

 

Figure 1.2: Representative terpene and terpenoid structures, highlighting their structural 

diversity. 
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 Resulting from the relatively high vapour pressure of terpenes with lower molecular 

weight (isoprene, monoterpenes and sesquiterpenes primarily), these compounds are 

volatile enough to be emitted from plant material into the troposphere and represent a 

significant portion of the global annual VOC emissions.11–13 In addition to the natural 

emission of terpenes from plants, these are valuable compounds for a variety of human 

industries including fuel, fragrance and flavour, and pharmaceuticals,14–17 ultimately 

leading to additional quantities of these compounds being emitted into the atmosphere. 

These emissions are important because the unsaturation of terpenes means that they are 

relatively reactive, and they participate in atmospheric chemistry processes, primarily 

oxidation reactions. 

 The main source of isoprene oxidation in the troposphere results from the reaction 

with hydroxyl radicals, produced by the photodegradation of ozone.18,19 The primary 

products from this reaction include hydroxylated isoprene structures, which themselves are 

highly reactive and continue to react with atmospheric oxygen to produce isoprene peroxy 

radicals.19 Other tropospheric reactions include isoprene, or its peroxy radical derivative, 

reacting with NOx species to introduce nitrosylated groups, or with atmospheric Cl.19 

Similarly, monoterpenes are primarily reactive towards environmental OH. and yield 

monoterpene derivatives that contain hydroxyl and carboxylic acid functional groups,20 

and minor pathways are also observed with other environmental oxidants like O3 and 

NOx.
21,22 These oxidized terpenes are important atmospheric contaminants as they 

contribute towards secondary organic aerosol formation, which can lead to the 

condensation of fine particulate matter and can have impacts on air quality and even the 

health and safety of humans.23,24 Suffice to say, understanding the chemical consequences 
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of terpene emissions and their ultimate fate in our environment is a significant research 

concern. 

1.3 – Protonation and Ion Chemistry 

The bulk of literature that focuses on gas-phase terpene chemistry in the atmosphere 

is concerned with oxidation reactions, as described in the previous section. A lesser 

appreciated mechanism for the consumption of atmospheric terpenes is protonation and 

subsequent polymerization. This process of gas-phase protonation was first described in 

the literature by Liggio et al., where they were interested in, and successfully demonstrated 

polymerization reactions of isoprene and pinene on the surface of acidic aerosols.25 This 

initial discovery spurned the work of Enami and colleagues to observe the effects of acidic 

water droplets and how they may interact with gas-phase terpenes. Their work showed that 

under certain pH conditions of water droplets, typically below 5, gas-phase terpenes would 

interact with the acidic droplets and become protonated on the surface.26–30 These 

protonated terpenes were then shown to continue to react through oligomerization and 

polymerization reactions, contributing towards secondary organic aerosol formation.26–30 

An aspect of this protonated terpenes chemistry that has been overlooked is the energetic 

breakdown of protonated terpenes, and what sort of products may be expected to be 

obtained from these processes, presenting an avenue for further research in this space. 

1.4 – Thermal Decomposition 

Aside from the oxidation reactions that occur naturally in the atmosphere, described 

in previous sections, there are also mechanisms by which terpenes can be decomposed 

under high temperature conditions. With trends in shifting climates, there has been a 
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predicted increase in wildfire abundance and intensity, ultimately leading to the emission 

and thermal decomposition of volatile terpenes.31–33 Furthermore, due to their potential use 

as combustion-based fuel sources for anthropogenic applications,14,34,35 there are additional 

mechanisms involved in the thermal degradation of terpenes that must be considered. 

There have been numerous reports in the literature that are concerned with the 

thermal degradation of terpenes. Egloff et al. published a review of the thermal degradation 

products of numerous terpenes including isoprene, monoterpenes, and larger terpenes, at a 

range of temperatures from 100-800 ºC, and showed a broad range of decomposition, 

polymerization and bimolecular reaction products, dependent upon the temperature.31 

More recent studies on isoprene pyrolysis have shown similar decomposition products, 

including attempts to develop a broader kinetic model that can describe the multitude of 

possible pathways.36–38 Additionally, studies have focused on the thermal degradation of 

monoterpenes and showed a variety of products depending upon the starting structure, 

including the formation of isoprene, small molecule radicals, and aromatic compounds.39–

41 Despite these works in the literature, there has been little focus on very high temperature, 

short reaction timescales, providing an opportunity for further research. 

1.5 – Objective 

The overarching goal of this thesis-based research project was to investigate the 

unimolecular decomposition of a variety of representative terpene compounds, primarily 

constituting the monoterpene subcategory, when subject to extreme environmental 

conditions, including protonation and thermal degradation. The compounds contained 

within the monoterpene regime are structurally diverse compounds with many different 

isomeric structures due to their multiple degrees of unsaturation. Moreover, these are VOC 
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that may readily be emitted into the atmosphere, necessitating the understanding of their 

gas-phase chemistry, particularly under niche and extreme conditions. Both protonated and 

neutral gas-phase terpene chemistries are relevant in atmospheric activity. Protonated 

species will be interrogated using collision-induced dissociation tandem mass 

spectrometry, including isoprene, myrcene, limonene, their hydroxylated derivatives, and 

pinene. The thermal degradation of neutral terpenes will be carried out using a pyrolysis 

reactor with imaging photoion photoelectron coincidence spectroscopy to accurately 

identify the products obtained. Computational chemistry using density functional theory 

will be applied to calculate minimum energy reaction pathways that describe the 

mechanistic transformations along the reaction coordinate from reactant to final observed 

products. These mechanisms ultimately describe the unimolecular chemistry that occurs in 

the reactions of these gas-phase terpenes under specific atmospheric conditions. 
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Chapter 2 – Techniques 

2.1 – Mass Spectrometry 

The experimental technique of mass spectrometry is a simple, yet sophisticated 

form of chemical analysis. The concept of analyzing the mass-to-charge ratio of charged 

particles dates to J.J. Thomson’s cathode ray tube experiments, wherein he identified the 

elementary particle that we now know as the electron.1 These elementary experiments 

paved the way for the development of what we know modernly as mass spectrometry (MS), 

a powerful and versatile tool in the chemists’ arsenal that has found wide-ranging chemical 

applications, from bioanalytics to kinetics. The technique revolves around the formation of 

ionized molecules from a sample of interest and then manipulating those intact ions in such 

a way that they can be detected, using electric or magnetic fields to direct their motion. 

Fundamentally, a complete mass spectrometer instrument consists of an ionization source, 

a mass analyzer, and a detector (Figure 2.1). This text will focus on specific examples of 

these features that will find themselves directly applied in this work.

 

Figure 2.1: A simple flowchart representing the key features of a mass spectrometry 

experiment. 

 

2.1.1 – Electrospray Ionization 

The electrospray ionization (ESI) technique was developed in the later half of the 

20th century and is widely used today. ESI is useful for compounds that contain polar, 

ionizable functional groups. Furthermore, ESI is considered a ‘soft’ ionization technique, 
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meaning that little to no in source fragmentation of the molecular ion is expected to occur. 

To simply describe ESI, a solution containing a sample of interest is passed through a small 

capillary, across which a high voltage is applied. This process enables the direct formation 

of gaseous sample ions that can be identified through the mass spectrometer. A visual 

representation of ESI is presented in Figure 2.2.2   

 

Figure 2.2: Diagram illustrating the processes involved in the electrospray ionization 

technique. (Reproduced from ref. 2, licensed under CC BY 3.0 

https://creativecommons.org/licenses/by/3.0/) 

 

Two theoretical principles are being combined in ESI: the Taylor Cone, and the 

Rayleigh limit. A Taylor Cone is formed as an electrically conductive liquid (i.e., water) 

travels through a strong electric field. For instance, imagine that a jet of water is travelling 

through a capillary which has a high voltage applied across the exit. As the jet of water 

exits the capillary and enters the electric field, the strength of the field can overcome the 

surface tension of the water, leading the jet to spray out many little liquid droplets that form 

the shape of a cone with a given angle, the Taylor Cone.3 The sample of interest is now 

contained within these liquid droplets and charged (ionized). As the droplets continue 

travelling in space, the liquid solvent can evaporate, bringing the ionized sample molecules 
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closer and closer together. When the droplets become smaller, they become subjected to 

the Rayleigh limit, a principle which states that the Coulomb repulsive forces between the 

charged particles can overcome the surface tension of the liquid droplet, leading to the 

explosive formation of two smaller droplets that can accept the charge contained within 

them.4 The smaller droplets continue to be subjected to solvent evaporation, once again 

reaching the Rayleigh limit, and repeating the process described. 

The ultimate release of the sample ions into the gas-phase proceeds through three 

primarily accepted models: the ion evaporation model (IEM), the charge residue model 

(CRM), and the chain ejection model (CEM), summarized visually in Figure 2.3. 

 

Figure 2.3: Proposed models of ion ejection from solvent droplets. IEM: ion evaporation 

model, CRM: charge residue model, CEM: chain ejection model. (Adapted with 

permission from ref. 5, Copyright 2013) 

 

Each of these models are relevant in certain situations, depending upon the nature of the 

ion being ejected into the gas-phase. In the IEM, the Rayleigh droplets contain numerous 
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small, charged particles. As the charged droplets become smaller, there comes a point 

where they are small enough that the electric field emitted from the charged droplet is large 

enough to induce the ejection of partially solvated sample ion clusters.5 As these clusters 

travel in space and towards the mass spectrometer, the solvent dissociates and leaves 

behind gas-phase sample ions that can be manipulated by the instrument.5  In the CRM, a 

single large molecule (i.e. a globular protein) is contained within the charged Rayleigh 

droplets. As the droplet travels in space towards the mass spectrometer, the solvent 

evaporates away and the charge contained in the droplet is transferred to the molecule and 

subsequently analyzed by the instrument.5 Finally, the CEM combines aspects of the other 

two models. It is like CRM in that a single large molecule is involved, except in this case 

the large molecule is not globular but rather a large open chain polymer, such as an 

unfolded protein. The ejection of the polymer out of the Rayleigh-droplet and into the gas-

phase follows a process like the IEM.5 The polymer migrates towards the edge of the 

droplet and the charge transfers from the droplet to the polymer as it travels past the 

solvent-air interface, eventually leading to free gas-phase charged polymer. 

2.1.2 – Atmospheric Pressure Chemical Ionization 

Atmospheric pressure chemical ionization (APCI) is an alternative ionization 

method to ESI. The method is well suited towards thermally stable compounds, while 

readily ionizing less polar compounds than ESI can. Much like ESI, APCI is a ‘soft’ 

ionization technique, leading to minimal fragmentation of the molecular ion in the source, 

although some fragmentation may be observed. However, unlike ESI, APCI is primarily 

applicable towards small molecules and is typically not well amenable towards large 

proteins or polymers. 
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An APCI source fundamentally features the following components: a capillary 

containing solvent-sample mixture of interest, a heating element, a corona discharge 

needle, and a low-vacuum pinhole entrance into the mass spectrometer (Figure 2.4).6 

 

Figure 2.4: Visualization of the key features of an APCI source. (Reproduced with 

permission from ref. 6, Copyright 2001) 

 

The role of the capillary is to ensure that the solvent-containing sample of interest 

is directed towards the heating element through the assistance of gas flows. Once the 

sample passes through the capillary it enters the heating element, which is maintained at a 

relatively high temperature (150 ºC or greater) to ensure volatilization of the solvent, 

leaving behind a neutral solvent-sample vapor mixture. Following volatilization, the vapor 

mixture is directed towards the corona discharge needle, where a high voltage is applied. 

This high voltage initiates the chemical ionization process within the corona discharge 

region, leading to free gaseous sample ions. Finally, the sample ions are directed towards 
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the vacuum pinhole entrance with the assistance of the gas flow, which helps to facilitate 

complete evaporation of remaining solvent for ion clusters that are still associated to the 

solvent, ensuring the introduction of unencumbered sample ions into the mass 

spectrometer. Once passed through the vacuum inlet, the ions can be manipulated through 

electric and magnetic fields to proceed through the instrument. 

The ionization mechanism in APCI is dependent upon atmospheric conditions for 

two factors: first, to ensure that sufficient collisions occur in the corona discharge region 

to facilitate the ionization process and second, to ensure that the correct molecular species 

are present for the ionization to occur, specifically nitrogen gas and water vapor. The 

mechanism proceeds because of the following seven chemical reactions:6 

(1) 𝑁2 + 𝑒 →  𝑁2
+ + 2 𝑒 

(2) 𝑁2
+ + 2 𝑁2 →  𝑁4

+ + 𝑁2 

(3) 𝑁4
+ + 𝐻2𝑂 →  𝐻2𝑂+ + 2 𝑁2 

(4) 𝐻2𝑂+ +  𝐻2𝑂 →  𝐻3𝑂+ + 𝑂𝐻. 

(5) 𝐻3𝑂+ + 𝐻2𝑂 + 𝑁2 →  𝐻+(𝐻2𝑂)2 + 𝑁2 

(6) 𝐻+(𝐻2𝑂)𝑛−1 + 𝐻2𝑂 + 𝑁2 →  𝐻+(𝐻2𝑂)𝑛 + 𝑁2 

(7) 𝐻+(𝐻2𝑂)𝑛 + 𝑀 → 𝑀𝐻+ +  (𝐻2𝑂)𝑛 

The ionization process begins due to the corona discharge voltage, which causes 

nitrogen gas to become ionized (1). The ionized nitrogen gas is then capable of undergoing 

collisions with the plentiful, neutral nitrogen gas, the result of which leads to an activated 

N4
+ species (2). The activated N4

+ species can interact with water vapor, leading to the 

production of activated, ionized water molecules (3). The ionized water molecules can 

react with neutral water, leading to a hydronium ion (4). Following the production of the 
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hydronium ion, neutral water molecules are attracted to the charged particle, which leads 

to the formation of clusters (5,6). These charged water clusters can react with the neutral 

sample molecule of interest (M), and through a proton-transfer reaction, the charge is 

shifted from the water cluster to M, finally producing the gas-phase molecular ion that was 

desired (7). 

2.1.3 – Quadrupole Mass Analyzer 

Following the ionization source, it is now the responsibility of the mass analyzer to 

filter and separate all the ions that were produced in the source, to enable accurate detection 

of what was contained within the sample. The most frequently used mass analyzer is the 

quadrupole, due to its cost-effective performance capabilities. The primary drawbacks of 

the quadrupole mass analyzer are its inability to separate very large mass-to-charge ratio 

ions (m/z, labeled as m/e in Figure 2.5)7, and its somewhat poor resolution compared to 

more sophisticated mass analyzers. 

 

Figure 2.5: Cartoon schematic presenting the physical layout of the quadrupole mass 

analyzer (Reproduced with permission from ref. 7, Copyright 2003). 
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The quadrupole mass analyzer is physically made up of four identical cylindrical 

metal rods that are oriented parallel to one another, with a 90º angle separating each rod 

from one another along the central axis. Opposing rods, i.e., those directly across from each 

other in space are electrically connected to one another. The operation of the quadrupole 

proceeds by applying a radio frequency (RF) voltage followed by an offset direct current 

(DC) voltage to one pair of the connected rods. At the same time, an equal RF/DC potential, 

but the opposite polarity, is applied to the other pair of connected rods. Over the timeframe 

of the analysis, the polarity of the opposing rod pairs is rapidly alternated back and forth. 

This alternating RF/DC potential produces an oscillating electric field that dictates ion 

motion through the quadrupole. At a given RF and DC potential, ions with a certain m/z 

can travel through the quadrupole’s oscillating electric field. Ions with a different m/z do 

not have a stable trajectory and strike one of the quadrupole rods during their path, causing 

them to be lost from the analysis.  

Motion through the quadrupole is complicated but has been previously simulated.8 

Steel & Henchman presented simulated models that plot the stable trajectory of ions 

through the quadrupole as a plot of DC voltage against the RF amplitude, and these plots 

are called stability diagrams. 
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Figure 2.6: Stability diagram describing stable motion through the quadrupole mass 

analyzer. (Reproduced with permission from ref. 8, Copyright 1998) 

 

Ions that fall under the curve of the stability diagram are stably transmitted through the 

quadrupole (Figure 2.6 C, D), while those outside of the curve are lost (Figure 2.6 A, B, 

E). The stability diagram can be generalized to all ions by incorporating the ion mass into 

the plot, and this treatment describes how a range of ion masses can be scanned using the 

quadrupole.8 

2.1.4 – Triple Quadrupole Mass Spectrometer  

In the previous section, a general overview of a quadrupole as a standalone mass 

analyzer was presented. In many applications, three quadrupoles are aligned in tandem and 

such an orientation gives rise to tandem mass spectrometry (MS/MS) experiments. In this 

arrangement, the first quadrupole (Q1) is used to mass select the ion of interest, as 

previously described. The second quadrupole (q2) acts as a collision cell in conjunction 

with the introduction of an inert gas and an excitation potential, facilitating molecular ion 
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fragmentation through collision induced dissociation (CID). Furthermore, q2 is operated 

in RF only mode (no DC potential), allowing for all fragment ions that are produced to 

pass through. The final quadrupole (Q3) acts as a mass analyzer to filter the ions produced 

in q2. This Q1q2Q3 arrangement allows for several experiments to be performed: product 

ion scans, precursor ion scans, neutral loss scans and selected reaction monitoring.9,10  

 

Figure 2.7: Cartoon schematic of the triple quadrupole mass analyzer set up. (Reproduced 

with permission from ref. 10, Copyright 2003) 
 

A general representation of the triple quadrupole experimental layout is presented 

in Figure 2.7, using a product ion scan as an example. In a product ion scan, Q1 is set to 

operate such that only the selected ion of defined m/z is passed through it and guided 

towards q2 for CID, and all product ions that were produced through CID are scanned in 

Q3. This experiment is useful for structure determination of an unknown since the resulting 

product ions are fragments and pieces of the molecular ion. The fragments can be pieced 

together to determine the structure of the molecular ion.  In a precursor ion scan, Q1 is set 

to scan across all m/z, which are then fragmented via CID in q2 and Q3 is set to a 

predetermined m/z. This arrangement is useful for determining which initial molecular ions 

contained a particular functional group that can be selected for in Q3. During a neutral loss 
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scan Q1 and Q3 are both set to scan across all m/z, except the scan in Q3 is affected by a 

predetermined mass difference, representing the loss of a neutral species from the 

molecular ion. For instance, if the molecular ion lost a water molecule, a mass offset of 18 

m/z would be applied between Q1 & Q3. Finally, in selected reaction monitoring both Q1 

and Q3 are each set to a predetermined m/z: a certain molecular ion of interest is selected 

for in Q1 and specific product ion that is obtained from this molecular ion selected for in 

Q3. This experiment can potentially be used for analyte quantification and offers increased 

sensitivity, when required. 

2.1.5 – Time-of-Flight Mass Analyzer 

While Thomson’s experiments certainly construed a time-of-flight (TOF) 

measurement, this term did not gain prominence in the literature until the concept was 

refined through the late 1940s and early 1950s.11 This development led to the 

commercialization of the technique. The principle of operation is relatively straightforward 

and is shown diagrammatically in Figure 2.8.12 

 

Figure 2.8: Simplified diagram illustrating the operation of the time-of-flight mass 

analyzer. (Reproduced from ref. 12, licensed under CC BY 4.0 

https://creativecommons.org/licenses/by/4.0/)) 
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Once an ion is produced in the ion source, it proceeds into an electric field which 

imparts an electrical potential energy (Ep) equal to its charge (z) times the electrical 

potential (U) applied on the TOF. 

 𝐸𝑝  =  𝑧𝑒𝑈 

Furthermore, this electrical potential accelerates the ion through the TOF into the 

flight tube, converting the electrical potential energy into kinetic energy, where Ek is the 

kinetic energy, m is the mass of the ion and v is the velocity of the ion.  

𝐸𝑝 = 𝐸𝑘 

𝑧𝑒𝑈 =  ½ 𝑚𝑣2 

If there is no electrical field or potential applied in the flight tube, the ion will 

proceed through it with a constant velocity (v) following the acceleration. Since the 

distance of the flight tube is known (d), and the time it takes the ion to travel through the 

flight tube can be measured (t), these values can be substituted for v, recalling that v = d/t. 

𝑞𝑈 =  ½ 𝑚 (
𝑑

𝑡
)

2

 

Solving for the flight time leads to: 

𝑡 =
𝑑

√2𝑈
 √

𝑚

𝑧
 

Since d and U are known parameters, it is therefore demonstrated that the flight 

time of an ion is dependent upon the square root of its mass to charge ratio. This analyzer 

is relatively popular, although somewhat eclipsed by the quadrupole in robustness, but they 

are often employed together. Its primary advantages over the quadrupole are an increase in 

mass resolving power and the ability to analyze exceptionally large m/z ions.  
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2.2 – Threshold Photoelectron Photoion Coincidence Spectroscopy (TPEPICO)  

Threshold photoelectron spectroscopy (TPES) is a method that was designed to 

provide improved results when compared to traditional photoelectron spectroscopy (PES). 

When performing a PES experiment, the aim is to determine the abundance of molecules 

that become ionized following exposure to high-energy radiation (i.e., UV, X-ray). These 

experiments provide sensitive information regarding electronic structure and precise 

energy measurements. However, traditional PES methods rely on radiation sources that are 

outputting at a fixed wavelength of light. This drawback leads to poor Franck-Condon 

overlap of the neutral molecule structure and its corresponding ionic ground state structure, 

leading to a loss of ionization at certain energies. The result of this poor overlap is a gap in 

the resulting spectrum, which leads to the loss of electronic structural information within 

that range. To overcome this issue, threshold PES techniques were developed and the 

features of the TPEPICO approach used in this work will be described in the subsequent 

sections. 
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2.2.1 – Pyrolysis 

 

Figure 2.9: Image showing the components of the pyrolysis apparatus that is part of the 

TPEPICO beamline. Gaseous compounds are sampled through the water-cooled copper 

jacket and led towards SiC heating chamber. 

 

Pyrolysis experiments were performed by passing argon, at a pressure of 1 bar and 

a flow rate of 1 standard cubic centimetres per minute (sccm), over a vial containing the 

targeted samples at room temperature. This mixture was then diluted with 20 sccm of argon 

to produce a beam with approximately 2.5% sample, which expanded through a 200 μm 

pinhole into the 3 cm long, 1 mm internal diameter, resistively heated SiC pyrolysis 

microreactor (Figure 2.9). Reactor surface temperatures have been derived based on a 

previously observed power dependence measured in an identical pyrolysis setup by a type 

C thermocouple, defined by the equation below:  

𝑇/°C =  𝑃/W ×  14.27 +  303 
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Where T is the reactor temperature and P is the heating power. The reactor 

temperature is considered to represent the gas temperature inside the reactor to within 100 

oC.13 The pressure and residence time in the reactor has been estimated to be 10–40 mbar 

and up to 100 μs, respectively.13,14 The reactor is placed in the source vacuum chamber, 

where the pressure was ~ 5 × 10−5 mbar during measurements. The molecular beam exiting 

the pyrolysis reactor is passed through a 2 mm diameter skimmer into the detection 

chamber, kept at a pressure of 10−6 mbar during measurements. The reactor can be heated 

to temperatures between 200 and 2000 °C to explore the distribution of pyrolysis products 

as a function of temperature by recording their ms-TPES.   

2.2.2 – Photoionization 

Following pyrolysis of the target molecules, the first component of a TPEPICO 

experiment is the photoionization process. Unlike PES, which uses a fixed-wavelength 

light source, TPEPICO experiments are performed at synchrotron light sources. These 

sources of light are highly precise, laser-like in intensity, and most importantly tuneable 

across a variety of wavelengths. The tunability of the radiation source is the key component 

of what defines a TPEPICO experiment. The energy of the photons produced by the 

synchrotron is described by the expression E = hν. During the photoionization process, part 

of the photon’s energy is consumed to produce the radical cation and free electron pair, 

representing the ionization energy of the molecule. The remaining photon energy is 

distributed into the internal energy content of the radical cation, and to kinetic energy of 

the electron released from the photoionization event.  
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2.2.3 – Energy Selection 

The tunability of the synchrotron enables the production of radical cations with a 

well-defined internal energy distribution. The complimentary electron produced as part of 

the ionization process is released with an associated kinetic energy component. These 

electrons are ejected from the ionization event with a range of kinetic energies, depending 

upon the photon energy and the internal energy of the ion. A small portion of these 

electrons will be ejected with zero (or functionally zero) kinetic energy, and these electrons 

are termed threshold electrons. The threshold electrons are selected for by the electron 

detector through the placement of a small slit; those electrons with sufficient kinetic energy 

to veer off the slit axis will be lost to the detector. The radical cation produced through the 

photoionization process can be analyzed using TOF, as previously described in section 

2.1.5. These two detections are designed to occur simultaneously, defining the coincidence 

component of the experiment. The result is the detection of radical cations with precisely 

defined m/z and internal energy.   

2.2.4 – Imaging Detector 

 

Figure 2.10: Schematic representing the key components of the PEPICO apparatus 

(reproduced with permission from ref. 14, Copyright 2017) 
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In the previous section, the detection of threshold electrons was described for a 

general TPEPICO experiment. Recently, PEPICO experiments have been modified, such 

that the threshold electrons can be detected using an imaging system, like the Roentdek 

DLD 40 presented in Figure 2.10. 

 

Figure 2.11: An electron image obtained from an iPEPICO experiment, with vibrant 

center spot representing zero-kinetic energy electrons striking the detector. 

 

The detector is set up such that the threshold electrons are concentrated along the 

central axis in a vibrant centre-spot, and energetic electron spots are scattered across the 

entire image, as shown in the example presented in Figure 2.11. However, there is a small 

probability that an energetic electron travels down the same axis as a threshold electron. 

This occurrence is accounted for by subtracting the signal obtained from electrons just 

outside the center circle from those obtained in the ring itself (faintly visible in Figure 

2.11). It is assumed that the energetic electrons just outside of the ring contain the same 

experimental data as the energetic electrons in the ring, thus cancelling them out of the 

intensity.  

2.3 – Density Functional Theory 

Density functional theory (DFT) is a computational chemistry method used across 

a variety of disciplines that attempts to solve the electronic structure of many-body 
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systems. The primary advantage over other methods is its relatively low computational 

cost, facilitating the completion of calculations within a reasonable timeframe, when 

compared to other available methods such as ab initio (from first principles). This section 

will aim to briefly describe the theoretical underpinnings of DFT. 

2.3.1 – Quantum Mechanical Background 

As with all quantum mechanical approaches, the development of DFT begins at the 

Schrödinger equation and attempts to solve it to obtain the energy levels contained within 

a particle. While the Schrödinger equation can be solved for a simple system where there 

is a single particle (the hydrogen atom),15 as the systems become larger, the equation 

becomes impossible to solve and approximations must be made. The first approximation 

that has gained universal acceptance, and predates DFT, is the Born-Oppenheimer 

approximation.16 Shortly following the publication of the Schrödinger equation, Born & 

Oppenheimer presented a set of simplifying assumptions, which postulated that since 

nuclear and electronic mass & motion are substantially different, the nuclear and electronic 

wavefunctions in the Schrödinger equation can be treated separately.16 This treatment 

simplifies the Schrödinger equation into a nuclear component and an electronic component 

that can be computed more readily. However, even with these assumptions, the calculations 

are daunting and further assumptions must be made. 

2.3.2 – Hohenberg-Kohn Theorems 

The primary assumptions that paved the way for DFT were presented as two 

theorems by Hohenberg and Kohn in 1964.17 They are applicable to any system which 

contains electrons that are in motion under the control of an external potential. The first 
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theorem states that the ground state properties of a given many-electron system can be 

defined as a unique functional of the electron density.17 This assumption massively 

simplifies the many-electron computation into a more manageable three-dimensional 

problem, consisting of the spatial coordinates in which the electron density is contained. 

The second theorem posits that the ground state energy can be obtained through variational 

approaches, and that the correct electron density is that which minimizes the total energy 

of the system. Thus, it is the electrons and their density in space that can ultimately define 

all properties available in the ground state. Unfortunately, these theorems do not offer a 

practical solution for actively calculating this ground state electron density, since there are 

numerous unknown values contained within the energy functional. Further improvements 

were necessitated to achieve practical outcomes. 

2.3.3 – Kohn-Sham Approach 

To improve upon the Hohenberg-Kohn theorems and make them amenable towards 

practical applications, Kohn and Sham developed an approach which allows for an exact 

treatment of the kinetic energy term. This treatment begins by assuming that there is an 

imaginary, non-interacting system of electrons created that is described by the exact same 

electron density as the real, interacting system of electrons.18 Through this assumption, the 

kinetic energy term of the non-interacting system can be calculated by summing the total 

kinetic energy of each individual electron contained within the system.18 This treatment 

solves the kinetic energy component of the electron density functional, and leaves one 

remaining unknown component: the exchange-correlation term. 
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2.3.4 – Exchange-Correlation 

The exchange-correlation term of the density functional contains correction factors 

for the pieces of unknown information. For instance, the kinetic energy treatment is not 

exact but an approximation using the sum of individual electrons. Additionally, the 

Coulombic term assumes an average charge distribution across the electron density and 

does not account for the possibility of sudden electron-electron repulsion within the 

electron density. This possibility is accounted for in the exchange-correlation term. 

Together, these modifications constitute unknown parameters that must be approximated 

to fully solve the density functional: the exchange term, and the correlation term. There are 

numerous approximations that have been developed and generally increase in accuracy and 

computational demand. 

2.3.5 – Representative Exchange-Correlation Functionals 

As the only unknown component in DFT, the development of the technique has 

centered around improving the accuracy of these exchange-correlation functionals. In the 

local density approximation (LDA), the electron density is treated as a uniform electron 

gas where the electrons are smoothly distributed within the gas. With this model employed, 

the exchange term can be expressed with Slater’s simplification of the Hartree-Fock 

approach.19 The correlation term was treated with quantum Monte Carlo simulations and 

parametrized with a two-point Padé approximant interpolation formula by Vosko, Wilk 

and Nusair, yielding to improved accuracy.20 Combining these two terms leads to the 

functional known in the literature as S-VWN, for Slater exchange + Vosko, Wilk and 

Nusair correlation. While the S-VWN functional improved accuracy compared to previous 
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approaches, it still tended to overestimate certain parameters and improved functionals 

continued to develop. 

 It was eventually realized that the uniform electron gas model was not the most 

accurate representation of the electron density surrounding the nucleus. Due to charge 

interactions, there should theoretically be a greater abundance of electrons closer to the 

nucleus, which decreases as the distance from the nucleus increases. By accounting for this 

fact, it was realized that the exchange-correlation functional should be dependent on both 

the electron density and the gradient of the electron density, to represent the expected 

abundance disparity within the density. This led to the development of functionals now 

termed generalized gradient approximations (GGA). One of the most popular approaches 

for handling the exchange term was developed by Becke in 1988 and has been termed 

B88.21 In this approach, an additional term was developed to incorporate the derivative of 

the electron density, to represent the gradient nature of the model. This value is then 

subtracted from the value computed through LDA exchange. With regards to the 

correlation term, one of the most popular methods was developed by Lee, Yang and Parr 

and this treatment is now known as LYP in their honour.22 In this approach, the correlation 

term is expressed in terms of both the electron density and the gradient of local kinetic 

energy density. To improve accuracy meta-GGA approaches were later developed, in 

which one can use the Laplacian of the kinetic energy density, at the cost of increased 

computing time.23 While both GGA and meta-GGA’s were useful functionals that 

improved upon LDA, the introduction of hybrid functionals are what really propelled DFT 

into a practical tool beyond theoretical chemistry.  
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Hybrid functionals were first presented by Becke in 1993, which combines many 

of the previous approaches into a single functional.24 The most popular hybrid functional 

was developed shortly after by Stephens et al, which expands on Becke’s three-parameter 

hybrid.25 In this approach, the exchange-correlation functional features components from 

LDA, Hartree-Fock, B88 and GGA, where the GGA component used LYP correlation. The 

results of using the functional of this form offered unprecedently improved accuracy, and 

the method has become named B3LYP (Becke’s three-parameter hybrid, LYP correlation). 

One can also opt to use meta-GGAs in the place of the GGA term, and a popular set of 

functionals that use this approach are the Minnesota functionals.26 As we proceed from the 

LDA model towards the hybrid functionals, the accuracy of the calculation increases, 

however, computational complexity increases, and thus the time for calculations to 

complete.  

2.3.6 – Basis Sets 

Basis sets are a set of functions that mathematically describe the orbital structure 

present in a quantum mechanical system. There are many options available and each suits 

the respective system being modeled. One of the most popular and efficient basis sets 

applied in DFT are those developed by Pople.27 In the simplest form, the minimal basis set, 

each atomic orbital is made up of three Gaussian functions, which aims to appear like a 

Slater-type orbital. Increasing in complexity is the split-valence double-zeta basis set, 

which contains separate functions describing core and valence orbitals. The core is treated 

as a single contracted Gaussian type orbital (CGTO) consisting of six Gaussian functions, 

while the valence is treated with a combination of two CGTO’s, one made up of three 

Gaussian functions and a second one made up of a single Gaussian function. This split-
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valence double-zeta basis set as described by Pople is abbreviated to 6-31G. Triple-zeta 

basis sets are also used, which add an additional CGTO made up of one Gaussian function 

to describe the valence orbitals (6-311G). Polarization functions can be included, which 

include additional functions to minimize electron-electron repulsion, by accounting for the 

possibility of the electrons occupying orbitals with increased angular momentum. For 

instance, d-orbital polarization functions can be added to describe orbitals of carbon (6-

311G(d)), and furthermore p-orbital functions can be further added to describe polarization 

in hydrogen (6-311G(d,p)). Finally, diffuse sp functions can be included to describe and 

improve the accuracy of calculations involving electron-electron repulsion in more extreme 

situations than polarization, such as anionic species. The addition of diffuse functions can 

be applied to both non-hydrogen atoms (6-311G+(d,p) and hydrogen atoms alike (6-

311G++(d,p)). As the number of functions contained within the basis set increases, so does 

the computational time, so there is a trade-off between accuracy and calculation time to be 

considered when choosing a basis set for each system. 

2.4 – Unimolecular Reaction Modelling  

The first two sections of this paper covered experimental techniques that could be 

used to obtain physical evidence of the unimolecular reactions of the target molecules. The 

experimental data can be supplemented by DFT calculations, as described in the third 

section. These calculations enable the determination of optimized structural geometries, 

vibrational frequencies, and rotational constants of the chemical species involved 

throughout the unimolecular reaction. There is one component that has not been considered 

yet, and that is the rate of the reaction. This issue will be addressed by using Rice-

Ramsperger-Kassel-Marcus (RRKM) theory. 
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2.4.1 – Rice-Ramsperger-Kassel-Marcus Theory  

RRKM theory of chemical reactivity has its roots in the work first presented by 

Rice-Ramsperger-Kassel (RRK) in the late 1920s.28,29 In this model, the chemical system 

is treated as a collection of identical harmonic oscillators, and there is one critical oscillator 

which enables the conversion of reactants to products. This treatment is statistical and only 

considers the probability that available energy is distributed into the critical oscillator. RRK 

theory is limited by assuming identical harmonic oscillators. This is not a realistic picture 

of a chemical system, since the oscillations (vibrational modes) would not be identical, but 

rather dependent upon the individual atoms and their arrangement. The RRK model was 

improved by Marcus into the RRKM model by incorporating the ideas of conventional 

transition state theory (CTST). In CTST the rate constant of a reaction (speed at which the 

reaction proceeds) is derived as a function of the systems internal temperature, and the 

critical oscillator responsible for the reaction to proceed is called the transition state.30,31 

Marcus adjusted the RRK model by suggesting that each vibrational mode in the molecule 

be treated individually, as opposed to a collection of identical oscillators.32 Furthermore, 

the model expresses the rate constant as a function of the systems internal energy, as 

opposed to temperature.32 This is advantageous since the internal energy of a system is a 

more fundamental value, the temperature can be derived through knowing the internal 

energy, but not vice-versa. Thus, this refined RRKM model is a practical model for 

describing unimolecular reactions and can be described by the equation below: 

𝑘(𝐸) =
𝜎𝑁‡(𝐸 − 𝐸0)

ℎ𝜌(𝐸)
 

 In this expression, the k(E) term represents the rate constant of a reaction at a given 

internal energy. In the denominator, the h is Planck’s constant and ρ(E) refers to the density 
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of the rotational-vibrational states of the reactants at a given internal energy level E. In the 

numerator, the σ term corresponds to the degeneracy of the reaction (the number of 

different ways that a reaction may proceed along a pathway towards the same product), 

while the N‡(E-E0) term corresponds to the sum of the rotational-vibrational states of the 

transition state of given internal energy level E, incorporating the difference of the 0 K 

activation energy E0. 
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Chapter 3 – Protonated Isoprene and Prenol 

Based on the publication White Buenger, E.; Mayer, P. M. Unraveling the Unimolecular 

Ion Chemistry of Protonated Isoprene and Prenol. J. Am. Soc. Mass Spectrom. 2024, 35 

(1), 31–39. https://doi.org/10.1021/jasms.3c00297. 

Contribution Statement 

E. White Buenger carried out the experiments, computational studies, prepared and 

revised the manuscript for submission. P. M. Mayer conceptualized the idea, supervised 

the work and revised the manuscript.  

3.1 – Introduction 

Volatile organic compounds (VOCs) have been described as organic compounds 

that feature a high vapour pressure and are insoluble in water, eventually leading to their 

emission into the atmosphere as gases. Methane is an important VOC due to its 

environmental and atmospheric impact,1 and is generally treated separately from other 

VOCs, termed “non-methane” (NMVOC). NMVOCs can be emitted from biogenic and 

anthropogenic sources and have been studied extensively on a global scale.2–5 The most 

abundant NMVOC is isoprene (Figure 3.1a), which is primarily emitted into the 

atmosphere from biogenic sources.6 Models have been developed that attempt to describe 

the rate of isoprene emission from leaves.7 Furthermore, isoprene can be emitted from 

anthropogenic sources, including motor vehicle exhaust gases,8 and even human breath.9 

Together, these findings demonstrate that there is a significant amount of isoprene present 

in the environment, and its impacts on atmospheric chemistry is an active field of research. 

Isoprene is more reactive than saturated alkanes owing to it being a conjugated 

diene. Because of its high reactivity, the atmospheric lifetime of isoprene is on the order of 
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hours to a couple of days, depending on the reactant.10 The majority of isoprene oxidation 

has been predicted to result from reaction with hydroxyl radicals, leading to the formation 

of isoprene peroxy radicals.11 Although addition of the hydroxyl radical can occur at any 

of the four unsaturated carbons, two structures are typically observed, corresponding to 

addition at the primary carbons.12 Although the majority of isoprene is consumed through 

the hydroxyl radical pathway described above, a sizeable minority of isoprene participates 

in ozonolysis.13 Addition of ozone can occur across either one of the double bonds present 

in isoprene, with a slight preference for the unsubstituted position.14 The direct products 

obtained from the ozonolysis include methyl vinyl ketone, methacrolein, formaldehyde, 

and a variety of Criegee intermediates (some of which are stable, most are not).14 The stable 

Criegee intermediates can react further leading a complex web of products.15 Finally, the 

reaction with NO3 to form isoprene-derived nitrates is a relatively minor sink of 

atmospheric isoprene.16 The primary reaction consists of the addition of NO3
● across either 

one of the carbon-carbon double bonds, with a strong preference for the substituted 

position, followed by the addition of O2, leading to the isoprene nitrooxy peroxy radical.17 

It should be noted that the background presented above is an incredibly simplified and brief 

overview of the atmospheric chemistry of isoprene, a highly intricate and complex topic. 

For those interested in more depth regarding the kinetics, mechanisms, and information 

concerning the fate of isoprene oxidations products themselves, the reader is encouraged 

towards the review article contained in ref. 15.  

It can be readily observed that the focus of isoprene chemistry in the literature is 

heavily centered around the neutral molecule. There has been little interest looking into the 

chemistry of protonated isoprene, although this may be an underappreciated area of 
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research. Enami’s research group has published a number of papers arguing that NMVOCs, 

including isoprene, can become protonated in the gas-phase via interactions with acidic 

water microdroplets.18–20 It was initially observed that gaseous NMVOCs could undergo 

collisions with the acidic water microdroplets, leading to the weakly bound H3O
+ ions at 

the surface of the microdroplet undergoing a proton transfer reaction, driven by the 

relatively higher proton affinity of the NMVOC when compared with the bulk of the water 

contained within the microdroplet.18 Further studies revealed the highly reactive nature of 

the protonated isoprene that was formed, where significantly increased rates of 

polymerization were observed when compared with other relatively small unsaturated 

hydrocarbon NMVOC compounds.19 Most recently, their work concerned itself with 

unequivocally determining the mechanism through which the NMVOCs were becoming 

protonated. When a relatively small concentration (in the range of μM) of gaseous isoprene 

was interacted with acidic water droplets, evidence of protonated isoprene could be 

observed in their mass spectrometry apparatus.20 By contrast, when a relatively high 

concentration (in the range of mM) of isoprene was prepared by dissolving it into low pH 

water microdroplets, there was no protonated isoprene observed in the mass spectrum.20 It 

is important to note that in both cases gaseous isoprene will be produced as a consequence 

of the mass spectrometer set up, implying that the protonation of isoprene must have 

occurred through collisions between gas-phase isoprene and the acidic water droplets and 

not through ejection from the acidic water droplets themselves.20 Since it is possible for 

acidic water droplets to form in the troposphere, there is an opportunity for protonated 

isoprene to be present at this point in the atmosphere.21 
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In this work, we will aim to specifically address the unimolecular reactions of 

protonated isoprene by modelling them with collision-induced dissociation tandem mass 

spectrometry. These experiments are unlike the previous studies which focused on 

bimolecular reactions that lead to polymerization. The experimental data will be supported 

with computational chemistry, to uncover the mechanisms involved in the unimolecular 

breakdown of protonated isoprene. We also include an oxidized version of isoprene, prenol 

(3-methyl-2-buten-1-ol, Figure 3.1b), as a representative molecule to assess the impact of 

hydroxy functionalization on the unimolecular chemistry of protonated isoprene. Like 

isoprene, prenol can be emitted into the atmosphere from both biogenic and anthropogenic 

sources.22,23 Recently, prenol and its isomers have been identified as suitable candidates as 

a next-generation biofuel additive, particularly due to its increased energy density when 

compared with ethanol, among other beneficial features.23,24 Although the proton affinity 

of prenol is not readily available, it is reasonable to assume that it is greater than water and 

would become protonated in a similar manner to isoprene as described in the previous 

paragraph.  

 

Figure 3.1: Optimized minimum energy structures determined for: a) neutral isoprene (1) 

and b) neutral prenol (2), calculated at the B3LYP/6-311+G(d,p) level of theory. 
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3.2 – Methods 

Isoprene was purchased from Sigma-Aldrich (99%, Sigma-Aldrich, Oakville, 

Ontario, CA), and prenol was purchased from TCI America (3-methyl-2-buten-1-ol, 98%, 

TCI America, Portland, OR, USA). Both compounds were used as received, without further 

modification or purification. 

3.2.1 – Tandem Mass Spectrometry 

Isoprene and prenol solutions were prepared with methanol as the solvent to a 

concentration of 100 μg/mL (isoprene: 1.5 mM; prenol: 1.2 mM) prior to being introduced 

to the Micromass Ultima triple-quadrupole mass spectrometer. Solutions were delivered 

by means of a syringe pump, operating at a flow rate of 30 μL/min. The isoprene solution 

was ionized using atmospheric pressure chemical ionization (APCI), with the probe set to 

200°C, the source set to 100°C, and the corona discharge needle operating at 10 μA.  

Desolvation gas (N2) was set to a flow rate of 36 L/hour. The prenol solution was ionized 

using APCI in the same manner as described for isoprene, as well electrospray ionization 

(ESI), where the source and heater temperatures were both set to 100°C, and the capillary 

voltage was set to 3.0 kV. Desolvation gas (N2) was set to a flow rate of 25 L/hour.  No 

cone gas was used in either experiment. The cone voltage was set to 100 V in both 

experiments.  Both APCI and ESI experiments were carried out in the positive ion mode. 

Protonated isoprene and prenol were identified by their m/z and subsequently mass-

selected using the first quadrupole. Collision-induced dissociation (CID) experiments were 

conducted in the collision cell with argon collision gas at a pressure that resulted in a 50% 

reduction in the main molecular ion beam intensity. The product ions obtained from the 
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CID process were then analyzed in the final quadrupole. The CID-MS/MS data was then 

processed into breakdown diagrams, which plot the relative abundance of ions as a function 

of collision energy. The collision energy term is obtained by converting the lab-frame 

(instrument software controlled) collision energy (ELab) to the center-of-mass collision 

energy (ECoM) according to the following equation: 

𝐸𝐶𝑜𝑀 =  𝐸𝐿𝑎𝑏 (
𝑚𝐴𝑟

𝑚𝐴𝑟 + 𝑚𝐼
) 

where mAr is the mass of an argon atom (the collision gas) and mI is the mass of the ion 

undergoing CID.  

3.2.2 – Computational Methods 

All calculations (optimizations, vibrational frequency, and intrinsic reaction 

coordinate) were performed with the GAUSSIAN 16 suite of programs at the B3LYP level 

of theory using the 6-311+G(d,p) basis set.25–27 Single-point energy calculations were 

performed using the CBS-QB3 composite method on the B3LYP output files, to refine the 

energy obtained from the B3LYP calculations.28,29 Intrinsic reaction coordinate 

calculations were used to confirm transition state structures featuring a single negative 

vibrational mode. All relative energies are reported at 0 K, and all processes are described 

in terms of energy (eV).  

Rice-Ramsperger-Kassel-Marcus (RRKM) theory was applied to calculate k(E) 

according to the following equation:30,31 

𝑘(𝐸) =  
𝜎𝑁‡(𝐸 − 𝐸0)

ℎ𝜌(𝐸)
 

where 𝜎 represents the reaction degeneracy, ℎ is Planck’s constant, 𝑁‡(𝐸 − 𝐸0) is the 

number of internal states for the transition state at internal energy (𝐸 − 𝐸0) and 𝜌(𝐸) is 
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the density of states for the reactant ion at internal energy (𝐸) as calculated via the Beyer 

and Swinehart direct count algorithm.32 

3.3 – Results and Discussion – Tandem Mass Spectrometry 

Representative CID-MS/MS spectra obtained from compounds 1 and 2 are 

presented in Figure 3.2, and breakdown diagrams are presented in Figure 3.3.  In the case 

of 1, two prevalent product ions were observed over the course of CID, the neutral losses 

of molecular hydrogen, and ethylene (Figure 3.2a).  It is apparent from the breakdown 

diagram that the loss of ethylene from 1 is heavily favoured over the loss of molecular 

hydrogen (Figure 3.3a).   

Both APCI and ESI were used to protonate prenol, leading to two distinct 

breakdown diagrams, one obtained from each source (Figure 3.3b,c). Four reactions were 

observed following the CID of 2 (Figure 3.2b), resulting from the neutral losses of water, 

formaldehyde, methanol, and propene. When ESI was used, at relatively low collision 

energies (approximately 0-1.5 eV), there is a degree of competition between all four 

pathways (Figure 3.3b). As the collision energy increases, there becomes a distinct 

separation between ‘major’ pathways (loss of methanol and propene), and ‘minor’ 

pathways (loss of water and formaldehyde). A similar pattern was observed when 

protonated prenol was formed using APCI, however the water loss and formaldehyde loss 

channels were more abundant throughout the collision energy range, and the propene loss 

channel did not start to significantly increase until higher collision energies (ECoM > 4.0 

eV).  
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It must be emphasized here that due to a lack of knowledge about the post-collision 

internal energy distribution in these experiments, only a qualitative comparison between 

the dissociation channels is possible. 

 

Figure 3.2: Representative CID mass spectra obtained from protonated isoprene and 

prenol at specified collision energies (ELab): a) protonated isoprene, m/z = 69, ELab = 10 

eV. b) protonated prenol, m/z = 87, ELab = 7 eV, generated by ESI. The small shoulders to 

low mass on the peaks in the spectra are due to the collisional broadening of the precursor 

ion in the collision cell that skews the molecular ion peak also to low mass. 

 

 



 

50 

 

 

Figure 3.3: CID breakdown curves obtained from a) protonated isoprene (1), b) 

protonated prenol (2) generated by ESI, and c) protonated prenol (2) generated by APCI. 

The data was found to be consistent across two separate measurement days. 

 

3.4 – Results and Discussion – Calculated Reaction Mechanisms 

3.4.1 – Protonated Isoprene 

The minimum energy reaction pathways that were calculated for the dissociation 

of protonated isoprene are presented in Figure 3.4. The reaction leading to the loss of 

molecular hydrogen from 1 is relatively straightforward, beginning with hydrogen 
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abstraction. This motion has an energy barrier of 2.57 eV and brings the abstracted 

hydrogen near one of the hydrogens on the opposing methyl carbon (TS1-1a), facilitating 

the loss of H2 and leading to the observed product ion at m/z 67 (1a). An alternate pathway, 

leading to HC≡CC(CH3)2
+ + H2 was found to have a barrier of 2.86 eV. 
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Figure 3.4: Minimum energy reaction pathways calculated for protonated isoprene (1), 

leading to H2 loss (left pathway towards 1a), and C2H4 loss (right pathways towards 1e & 

1h). Indicated energy values (CBS-QB3) are set relative to the optimized structure of 1. 

Panels a) and b) highlight the different structures involved in two pathways leading to the 

neutral loss of C2H4. 
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The reaction leading to the loss of ethylene is relatively more complex with two 

pathways calculated and shown in Figure 3.4.  Both involve a 1,4-H shift, transferring a 

hydrogen atom from the proximate methyl carbon to the methylene carbon (TS1-1b), with 

an energy requirement of 1.85 eV, leading to the first intermediate with a relative internal 

energy of 0.36 eV (1b). The reaction proceeds from 1b via a 1,2 H-shift (TS1b-1c), leading 

to the formation of an intermediate featuring a 4-membered ring (1c) over a 1.72 eV barrier. 

At this point the two paths diverge.  The path leading to 1e proceeds through a transition 

state in which the C-C bonds that are holding the C2H4 moiety in the ring break (TS1c-1d), 

leading to an ion-molecule complex in which the C2H4 is bound to the C3H5
+ (m/z 41, 1d) 

which can then lose C2H4. A lower energy path leading to 1h goes through the cyclopentyl 

cation 1f before ring-opening to 1g and losing ethene (Figure 3.4b). 

3.4.2 – Protonated Prenol – Global Reaction Pathways 

The global MERP that was calculated for the dissociation of protonated prenol is 

shown in Figure 3.5. This Figure serves as a visual representation of all the dissociation 

pathways and how they compare to one another energetically. The panels in Figure 3.6 

highlight the individual rearrangements and transformations involved in each of the 

individual reaction pathways of protonated prenol. 
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Figure 3.5: Summarized minimum energy reaction pathways calculated for protonated 

prenol (2), presenting all the different pathways in one plot and how they are related to 

one another. Structures at the end of each path represent the final neutral loss product 

obtained from that pathway. 
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Figure 3.6: Detailed minimum energy reaction pathways involved in the breakdown of 

protonated prenol. Panel a) highlights the structures involved in the neutral losses of 

water (towards the left) and propene (towards the right). Panel b) highlights the structures 

involved in the neutral losses of formaldehyde (dotted line, left) and methanol (dashed 

line, right). Panel c) shows a side reaction that leads to the global minimum of the surface 

(starting from 2b and going to 2l). 
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3.4.3 – Protonated Prenol – Water Loss  

The pathway that leads to the neutral loss of water has been presented in Figure 

3.6a. The most obvious route to water loss is the initial protonation on the hydroxy group 

to form 2f.  However, the dissociation barrier for this ion is so low, that it will not survive 

the transit from the ion source to the first quadrupole.  Starting from the relative zero energy 

structure 2, the reaction proceeds towards the left through the transition state TS2-2e with 

a barrier of 0.28 eV, where the C-O bond is rotated breaking the hydrogen bond in 2 leading 

to rotamer 2e. From this intermediate the reaction can proceed through TS2e-2f where one 

of the hydrogens in the CH2 attached to the carbocation undergoes a 1,3-H shift to transfer 

over to the oxygen atom, leading to the ion-molecule complex 2f which sits at a relative -

0.10 eV. The reaction completes when the products dissociate from one another, leading 

to the neutral loss of water and protonated isoprene (1). 

3.4.4 – Protonated Prenol – Propene Loss 

The pathway that leads to the neutral loss of C3H6 has also been presented in Figure 

3.6a. This reaction begins from the starting point 2 towards the right through transition 

state TS2-2a where one of the CH2 hydrogens of the CH2OH moiety undergoes a 1,2-H 

shift to transfer over to the adjacent CH2 group. This motion is accompanied by a 

rearrangement leading to the trimethyl intermediate 2a which sits at -0.38 eV. The reaction 

proceeds with a rearrangement through TS2a-2b where one of the methyl groups is 

transferred from the carbocation center to the CH carbon bearing the OH, leading to 

intermediate 2b. The reaction continues through TS2b-2c where one of the hydrogens on 

the methyl groups undergoes a 1,2-H shift transferring over to the carbocation, leading to 
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the ion-molecule complex 2c which dissociates to the neutral loss product C3H6 and the 

observed ion 2d at m/z 45. 

3.4.5 – Protonated Prenol – Global Minimum 

Along the reaction pathway towards the neutral loss of C3H6 and 2d there is a 

competing pathway that leads towards the global minimum 2l from the intermediate 2b, 

highlighted in Figure 3.6c. The global minimum 2l sits at a relative -0.88 eV and can be 

reached through TS2b-2l where the CH hydrogen undergoes a 1,2-H shift to transfer over 

to the bare carbon atom. 2l does not proceed further but may continue back to 2b.   

3.4.6 – Protonated Prenol – Formaldehyde Loss 

The pathway that leads to the neutral loss of formaldehyde is presented in Figure 

3.6b, towards the left side. The reaction begins from 2 towards 2e as previously described 

in the water loss section. From intermediate 2e the reaction can proceed towards 

formaldehyde through the transition state TS2e-2k where the C-C bond holding the 

CH2OH moiety is elongated, and the hydrogen attached to the oxygen transfers over 

towards the remaining hydrocarbon system. This rearrangement leads to the ion-molecule 

complex 2k (0.22 eV), before dissociating to products of neutral formaldehyde and the 

C4H9
+ ion 2k, observed at m/z 57 in the experiment. 

3.4.7 – Protonated Prenol – Methanol Loss 

The pathway that leads to the loss of methanol is presented in Figure 3.6b, towards 

the right. The reaction begins from 2 through the transition state TS2-2g with a relative 

energy barrier of 0.82 eV, where one of the hydrogens on the CH2 carbon adjacent to the 

carbocation carbon undergoes a 1,2-H shift to yield a HC-CH system. This motion is 



 

58 

 

accompanied by a rearrangement of one of the CH3 groups, which transfers from one CH 

to the other CH, ultimately leading to the intermediate 2g, which sits at a relative 0.42 eV. 

The reaction proceeds towards methanol loss through the transition state TS2g-2h, which 

has a high relative energy barrier of 2.38 eV, where the CH3 group transferred to the CH 

from the previous step undergoes another rearrangement to associate with the OH group, 

leading to the ion-molecule complex 2h at a relative 0.50 eV. The two products can 

dissociate from one another to provide the neutral loss of methanol and the observed ion 2i 

at m/z 55, which collectively have a relative internal energy value of 1.38 eV. 

3.5 – Relating Calculated Reaction Pathways to Breakdown Diagrams 

3.5.1 – Protonated Isoprene 

Isoprene can initially become protonated at four different positions in the ion 

source, each of the unsaturated carbons being a viable protonation site (refer to Figure 3.1a 

for the structure of neutral isoprene). Ultimately, three optimized structures of protonated 

isoprene were obtained, the C=C system distal to the -CH3 group led to identical structures 

following optimization. The optimized structure of protonated isoprene presented in Figure 

3.4, where the proton was added to the CH2 group attached to the fully unsaturated C atom, 

was the only relevant structure for the observed reaction pathways and set as the relative 

zero energy value for this surface (structure 1, Figure 3.4). The optimized structures of 

protonated isoprene that were obtained through this work are generally in agreement with 

those previously obtained with a different level of theory by Ishizuka et al.19 

The breakdown diagrams obtained experimentally via CID-MS/MS are generally 

in agreement with the theoretical calculations in the case of 1. There is little fragmentation 

observed until ECoM is approximately 1.8 eV, at which point there is a brief period of 
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competition between the two channels between (H2 loss versus C2H4 loss), before the C2H4 

loss dominates the other channel (Figure 3.3a). These results are consistent with the 

calculated pathways, which have first step barriers of 1.85 and 2.57 eV for the formation 

of C2H4 and H2, respectively (Figure 3.4). Despite more steps required to achieve the more 

abundant product (C2H4 loss), it has relatively lower activation barriers along the reaction 

coordinate, at which point it is easier to dissociate towards products than go backwards 

along the reaction coordinate all the way towards the minor product (H2 loss). 

3.5.2 – Protonated Prenol 

There are three viable points along the structure of neutral prenol that can be 

reasonably protonated, the oxygen and the unsaturated C and CH carbons (Figure 3.1b). If 

the proton were to be added to the oxygen, the resulting structure would ultimately result 

as an ion-molecule complex between the newly formed water and the remaining 

hydrocarbon moiety, which would resemble protonated isoprene. However, this ion-

molecule complex is unlikely to be stable enough to travel through the mass spectrometer 

to become mass selected by the quadrupoles. It is most likely the neutral water will 

dissociate, and the remaining protonated isoprene analogue would not be selected by the 

mass spectrometer. The remaining two sites of protonation ultimately lead to two different 

stable prenol cations. At the current level of theory used in this work, attempting to 

protonate the unsaturated C carbon leads to rearrangement to transfer the proton over 

towards the unsaturated CH carbon. Two stable protonated prenol structures were 

determined, which depended upon the position at which the protonation occurred, 

represented by structures 2 and 2e (Figure 3.6a,b,c). The proton can be bound to the neutral 

prenol in an open chain fashion, leading to structure 2e, or the proton can be bound to the 
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neutral prenol in such a way that it hydrogen bonds with one of the hydrogens on the methyl 

group, leading to a tighter, more ring-like configuration, represented by structure 2. These 

structures represent the starting point for the reaction, as these are the structures that are 

stable enough to be mass selected by the quadrupole of the mass spectrometer and able to 

enter the collision cell for the CID experiment. 

 The most interesting observation regarding the calculations and how they relate to 

the experimental data, is that the most abundant product ion corresponding to the neutral 

loss of methanol had the highest relative reaction barrier along its MERP at 2.43 eV, which 

is counterintuitive. This observation can be rationalized only if 2h can be generated in the 

ion source under atmospheric pressure collision conditions. 

3.6 – Conclusion  

In this work the reaction dynamics of protonated isoprene and prenol were 

investigated experimentally by using CID-MS/MS and supported mechanistically using 

DFT with supplemented with CBS-QB3 single-point calculations. Experimental 

breakdown of protonated isoprene revealed two fragmentation pathways, a major pathway 

that led to the neutral loss of C2H4 and a minor pathway that led to the neutral loss of H2. 

Calculations were consistent with the experimental data, showing that there were 

significantly lower energetic barriers along the reaction coordinate leading towards C2H4 

loss when compared to the high barrier leading to H2 loss. In the case of protonated prenol, 

the experimental breakdown diagram revealed two major and two minor fragmentation 

pathways, the neutral losses of methanol and propene, and the neutral losses of water and 

formaldehyde, respectively. The calculated minimum energy reaction pathways were, at 

initial glance, not consistent with the experimental results. However, when considering the 
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experimental design, particularly the energetic input of in-source collisional excitation 

following the initial protonation in the ion source, certain reaction barriers could be 

overcome, leading to key intermediates reaching the collision cell for the CID portion of 

the experiment. Thus, in this view, the experimental results and theoretical calculations can 

be considered consistent with one another. Ultimately, the relatively low energetic barriers 

present in the reaction pathway for isoprene and prenol presents the opportunity for these 

protonated species to undergo this chemistry within the atmosphere.   
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Chapter 4 – Protonated Limonene and α-Terpineol 

Based on the publication White Buenger, E.; Mansour, K.; Mayer, P. M. Exploring the 

Unimolecular Chemistry of Protonated Limonene and α-Terpineol. International Journal 

of Mass Spectrometry 2024, 498, 117204. https://doi.org/10.1016/j.ijms.2024.117204. 
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studies, and prepared and revised the manuscript for submission. P. M. Mayer 

conceptualized the idea, supervised the work and revised the manuscript.  

4.1 – Introduction 

Terpenes are an incredibly diverse category of biogenic volatile organic compounds 

that are predominantly produced through metabolic processes carried out in plants.1 

Additionally, terpenes are used in numerous anthropogenic applications, such as the food, 

flavor, and perfume industries, in the production of novel elastomers,2 and as a potential 

avenue for biofuel development.3 As a result of their growing importance, understanding 

the fundamental chemistry of these terpenes and the consequences thereof, has become an 

active area of research. Due to their intrinsic volatility, a significant amount of terpene 

molecules can be emitted into the atmosphere on a global scale. Previous studies have 

demonstrated that a majority of global biogenic emissions can be attributed to isoprene and 

monoterpenes.4,5 

It has been previously demonstrated that gaseous terpenes can interact with acidic 

water droplets to become protonated on the surface of that water droplet.6 It has also been 

shown that these protonated gaseous terpenes, including protonated limonene, can undergo 

oligomerization reactions producing larger hydrocarbon oligomers.7 The mechanism of 
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protonation has been postulated to produce these protonated terpenes in the gas-phase, as 

opposed to the solution-phase, making protonation feasible under atmospheric conditions.8  

A few studies have been published in the literature that focus specifically on the 

chemistry of protonated terpenes including limonene. Fernandez et al. reported on the 

proton affinity and gas-phase basicity of protonated limonene using density functional 

theory calculations, and discussed the site of protonation.9 Several proton transfer mass 

spectrometry (PTRMS) experiments were reported which fragmented a variety of 

protonated monoterpenes, including limonene. Across multiple studies it was observed that 

the dominant product ion observed in the PTRMS of limonene was m/z 81.10,11 Additional 

product ions that were observed include m/z 95, 79, 77, and 67.10,11 However, these studies 

did not discuss mechanistic details of how these reactions occurred. 

 In this work, we will aim to address this shortcoming in the literature, by employing 

a combination of collision-induced dissociation (CID) tandem mass spectrometry and 

theory. CID identifies the unimolecular dissociation channels as a function of collision 

energy to separate parallel and sequential dissociations. The experimental data are 

supplemented using DFT calculations to model the individual transformations that occur 

throughout the unimolecular dissociations. We will also investigate a terpenoid that is 

closely related to limonene, α-terpineol, using the same methodology. It is structurally 

identical to limonene except a water molecule has been added across the double bond in 

the exocyclic propyl moiety. The goal of incorporating this molecule into the study is to 

observe what effect the hydroxyl moiety imparts on the unimolecular chemistry of 

protonated limonene. 
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4.2 – Methods 

4.2.1 – Sample Preparation 

DL-Limonene was purchased from Sigma-Aldrich (>97%, Oakville, Ontario, CA). 

α-terpineol was purchased from TCI America (>95%, Portland, Oregon, USA). Both 

compounds were used as purchased, without further purification. Both species were 

prepared as individual solutions in methanol and diluted to 100 μg/mL prior to injection 

into the mass spectrometer. Optimized structures of limonene and α-terpineol in their 

neutral form are shown in Figure 4.1. 

 

Figure 4.1: Optimized minimum energy structures obtained for (a) neutral limonene and 

(b) neutral α-terpineol calculated at the B3LYP/6-311+G(d,p) level of theory. 

 

4.2.2 – Tandem Mass Spectrometry 

Solutions were introduced into the triple quadrupole mass spectrometer (Waters 

Micromass Ultima, Manchester, UK) using a syringe pump operating at a flow rate of 50 

µL/min. An atmospheric pressure chemical ionization (APCI) source was used to generate 

protonated limonene, with the probe set to a temperature of 200 °C, the source operating 

at 100 °C and the corona discharge needle set to 10 μA. Desolvation gas (N2) was set to a 
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flow rate of 36 L/hour. An electrospray ionization (ESI) source was used to form 

protonated α-terpineol, where the source and heater temperatures were both set to 100 °C, 

and the capillary voltage was set to 3.0 kV. Desolvation gas (N2) was set to a flow rate of 

25 L/hour. The cone voltage was set to 100 V in both experiments. No cone gas was used 

in either experiment. Both APCI and ESI were operated in the positive ionization mode to 

yield the protonated molecular ions of the target compounds. The ions were mass selected 

according to their m/z ratio with the first quadrupole, underwent collisions with argon gas 

in the collision cell, and the product ions were filtered in the final quadrupole. The amount 

of argon gas in the collision cell resulted in a 50% reduction in the initial main molecular 

ion beam intensity. The CID experiments were performed using 0-20 eV of collision 

energy (laboratory frame, ELab), at intervals of 1 eV. 

4.2.3 – Breakdown Diagrams 

The collection of CID data was compiled into breakdown diagrams, where the 

relative abundance of the ions observed in the CID mass spectra are plotted as a function 

of increasing collision energy. To compare the breakdown behaviour of different ions more 

accurately, the collision energy applied by the instrument (ELab) is first converted to the 

centre-of-mass frame of reference (ECoM). This conversion accounts for differences in the 

efficiency of energy transfer during the collisional activation, according to the equation 

below: 

𝐸𝐶𝑂𝑀 =  𝐸𝐿𝑎𝑏 (
𝑚𝐴𝑟

𝑚𝐴𝑟+ 𝑚𝐼
)     

where mAr is the mass of argon, and mI is the mass of the ion undergoing CID. 
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4.2.4 – Computational Methods 

All calculations (geometry optimizations and vibrational frequency calculations 

and intrinsic reaction coordinate) were performed with the GAUSSIAN 16 suite of 

programs at the B3LYP/6-311+G(d,p) level of theory.12–14 The B3LYP output files were 

used for single-point energy calculations using the CBS-QB3 composite method, to 

provide more accurate energy values.15,16 Transition state structures featuring a single 

negative vibrational mode were verified using intrinsic reaction coordinate calculations. 

The optimized geometries and relative energies obtained through these sets of calculations 

were used to produce minimum energy reaction pathways (MERP). All relative energies 

are reported at 0 K in eV. Rice-Ramsperger-Kassel-Marcus (RRKM) theory was applied 

to calculate k(E) according to the following equation:17,18 

𝑘(𝐸) =  
𝜎𝑁‡(𝐸 − 𝐸0)

ℎ𝜌(𝐸)
 

where 𝜎 represents the reaction degeneracy, ℎ is Planck’s constant, 𝑁‡(𝐸 − 𝐸0) is the 

number of internal vibrational states for the transition state at internal energy (𝐸 − 𝐸0) 

and 𝜌(𝐸) is the density of vibrational states for the reactant ion at internal energy (𝐸) as 

calculated via the Beyer and Swinehart direct count algorithm.19 Due to the qualitative 

nature of the kinetic modeling, we employed harmonic vibrational frequencies in the 

RRKM calculations. 

4.3 – Results and Discussion – Mass Spectrometry 

Representative CID mass spectra along with breakdown diagrams are presented in 

Figure 4.2. In the case of protonated limonene, there are four significant product ion 

signals. The neutral loss of 56 Da from the molecular ion (m/z 137), predicted to be C4H8, 
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leads to the most prominent product ion observed at m/z 81. Another relatively abundant 

product ion was observed at m/z 95, which would correspond with the neutral loss of C3H6 

(42 Da). These two product ions can be considered the major products resulting from the 

breakdown of protonated limonene. Two additional minor product ions can be observed in 

the mass spectrum, at m/z 109 and m/z 93, corresponding to the neutral losses of C2H4 (28 

Da) and C3H8 (44 Da), respectively. The same trend is observed when the collection of CID 

data was compiled into the breakdown diagram for protonated limonene (Figure 4.2b). At 

low ECoM the initial pathway leading towards m/z 81 dominates over the other 

fragmentation channels, while the remaining three are in competition with one another. As 

the collision energy increases, the pathway leading towards the product ion at m/z 95 

begins to outcompete the other channels. The observation of both major product ion 

channels have been previously reported by Hewitt et al. and Müller et al.,10,11 however our 

observation of the minor product ion channels m/z 109 and m/z 93 have not been previously 

reported. 
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Figure 4.2: Representative CID-MS/MS spectra and breakdown diagrams obtained for 

protonated limonene (panels a,b, m/z 137, ELab = 10 eV) and protonated α-terpineol 

(panels c,d, m/z 155, ELab = 5 eV).  The data was consistent across two separate 

measurement days. 

 

In the case of protonated α-terpineol, there are two prominent product ions 

observed, one at m/z 137 and another at m/z 81 (Figure 4.2c,d). The product ion at m/z 137 

most likely corresponds to the neutral loss of water from protonated α-terpineol, leading to 

a structure that is either protonated limonene or an isomer thereof. Water loss is so facile 

that it was always present in the CID mass spectrum, even at nominally zero collision 

energy. Evident from the breakdown data is that the product ions observed at m/z 81 and 

95 are most likely the result of sequential dissociation arising from the m/z 137 product 

ion, and thus come from protonated limonene (or isomer thereof). This data trend (with the 

channel leading to m/z 81 being kinetically more favorable that that leading to m/z 95) is 

similar to the product ion distribution observed in the breakdown diagram of protonated 



 

73 

 

limonene (1-3 eV region of Figure 4.2b vs Figure 4.2d). Thus, the data suggests that 

protonated α-terpineol undergoes sequential dissociation of water and then of the formed 

protonated limonene (or isomer).  

4.4 – Results and Discussion – Calculated Reaction Pathways 

4.4.1 – Protonated Limonene (Major Product Ions) 

The calculated minimum energy rection pathways (MERPs) for the major product 

ions observed in the breakdown of protonated limonene (m/z 95 and m/z 81) are presented 

in Figure 4.3. In this context, major refers to those product ion channels that are at relatively 

higher abundance. The lowest energy optimized structure of protonated limonene has been 

represented as structure 1 in the MERP, where the proton has been added to the CH2 moiety 

of the exocyclic double bond, leading to a formal positive charge on the central carbon 

atom of the propyl group (Figure 4.1). This structure is labeled as 0.00 eV as it is the 

relative baseline to which every other energy value associated with the structures along the 

reaction coordinate have been compared.  
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Figure 4.3: CBS-QB3(sp)//B3LYP/6-311+G(d,p) calculated minimum energy reaction 

pathways for the major product ions observed in the breakdown of protonated limonene 

(1). Panel a) serves as a visual comparison between the energetics of the different 

pathways. Panel b) shows greater structural detail involved in the neutral loss of C4H8 

(solid black line, left) and a pathway towards the neutral loss of C3H6 (dashed line, right). 

Panel c) highlights an alternative pathway towards the neutral loss of C3H6 that leads to 

more energetically stable products through a higher initial barrier (dotted line, right). The 

indicated energy terms associated with each structure are set relative to the optimized 

structure of 1, labeled in red. 

 

 The dissociation channel that leads towards the product ion observed at m/z 81 

(C6H9
+) begins from 1 through transition state TS1-1a with a relatively low energy barrier 

of 0.16 eV, where the CH carbon attached to the propyl group slightly elongates one of its 

HC−CH2 bonds to allow for a rotation in the propyl system, leading to intermediate 1a that 

sits at a relative energy of 0.15 eV (Figure 4.3b & 4.3c, left pathway, solid black line). This 

intermediate is an isomer of the initial protonated limonene structure 1, that has the propyl 

group in a more sterically favourable position for the following step along the reaction 



 

76 

 

coordinate. This step proceeds through transition state TS1a-1b with a relative energy 

barrier of 0.87 eV where the CH groups in the ring system associate with one another, 

leading to the [4+5]-bicyclic intermediate 1b. From intermediate 1b, the reaction proceeds 

through transition state TS1b-1c (relative 1.00 eV), where the 4-membered ring system is 

broken, leading to intermediate 1c. In this intermediate, the tertiary carbon that was bonded 

to the 5-membered ring system in intermediate 1b has been replaced by the CH2 carbon 

that was part of the 4-membered ring system. From intermediate 1c, the reaction continues 

along the coordinate through transition state TS1c-1d where the newly formed bond in the 

last step is elongated, leading towards the ion-molecule complex 1d. The bound neutral 

C4H8 and the C6H9
+ ion dissociate from one another to become independent products which 

collectively have a relative energy value of 0.50 eV, representing the barrier to separate the 

ion-molecule complex.  

The other two dissociation channels presented in Figures 4.3b and 4.3c towards the 

right side, lead to the other major product ion that was observed in the experiment, m/z 95 

(C7H11
+). The first of these channels, presented in Figure 4.3b with the black dashed line, 

proceeds through TS1-1g with a relative energy barrier of 0.23 eV, where a hydrogen from 

the ring undergoes a 1,3-H shift to become associated with the central carbon of the propyl 

group, leading to intermediate 1g, sitting at a relative energy of -0.44 eV. From 1g the 

reaction continues through TS1g-1h (1.13 eV), where one of the methyl hydrogens 

undergoes a 1,4-H shift to transfer onto the CH carbon of the ring system, leading to the 

ion-molecule complex 1h, before dissociating towards the final products which sit at 1.27 

eV. 
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The other pathway that leads towards the loss of C3H6 begins from 1 through the 

transition state TS1-1e (1.51 eV), where the bond holding the CH moiety of the propyl 

group onto the cyclic structure elongates to accommodate the CH2 group taking its place 

(Figure 4.3c, dotted black line). This motion leads to the intermediate 1e, sitting at 0.53 

eV. From intermediate 1e the reaction proceeds further through transition state TS1e-1f 

(1.39 eV) and corresponds to the motion where the CH2 group bonded to the ring stretches, 

leading to intermediate 1f, the ion-molecule complex where neutral C3H6 is weakly bound 

to the ion C7H11
+. A small energy input is required to dissociate towards the final separated 

products. 

4.4.2 – Protonated Limonene (Minor Product Ions) 

The minor product ions observed in the breakdown of protonated limonene are 

presented in Figure 4.4, where both MERPs are in the same Figure, serving to compare the 

energetic differences between the two pathways, blue leading towards the neutral loss of 

C2H4 and orange leading to the neutral loss of C3H8. A common intermediate 1g (-0.30 eV) 

is shared between both pathways, which can be accessed from 1 through the transition state 

TS1-1g where the hydrogen atom that is bonded to the endocyclic tertiary carbon bearing 

the propyl group undergoes a 1,2 H-shift, leading to intermediate 1g where the hydrogen 

atom is now bonded to the exocyclic carbon that is part of the propyl moiety. Figure 4.4 

below shows the summarized MERPs with annotated relative energy values for each 

pathway. More detailed structural information involved in each of the individual 

transformations can be seen in Figures 4.5 and 4.6.  
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Figure 4.4: CBS-QB3(sp)//B3LYP/6-311+G(d,p) calculated minimum energy reaction 

pathways for the minor product ions observed in the breakdown of protonated limonene 

(1), highlighting both pathways starting from a shared intermediate and diverging into 

separate blue and orange pathways (C2H4 loss and C3H8 loss, respectively). The indicated 

energy terms associated with each structure are set relative to the optimized structure of 

1. 
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Figure 4.5: Structurally detailed minimum energy reaction pathway for the dissociation of 

1 towards the neutral loss of C2H4. 

 

 

Figure 4.6: Structurally detailed minimum energy reaction pathway for the dissociation of 

1 towards the neutral loss of C3H8. 
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The blue pathway that leads to the neutral loss of C2H4 proceeds forward from 

intermediate 1g through transition state TS1g-1j (0.42 eV), where one of the methyl groups 

that is part of the exocyclic propyl system undergoes a 1,2 shift to become directly attached 

to the ring system, leading to intermediate 1j (Figure 4.5). The reaction continues from this 

point through transition state TS1j-1k where one of the hydrogen atoms bonded to the 

methyl carbon of the H3CCH system transfers over to the CH carbon, leading to 

intermediate 1i. From this point the reaction proceeds through transition state TS1k-1l 

where the carbon atom that holds the newly formed C2H4 to the ring system undergoes a 

stretching motion, which leads to the ion-molecule complex 1l. The ion-molecule complex 

dissociates into the neutral loss product C2H4 and the observed product ion C8H13
+ (m/z 

109). 

 The orange MERP presented in Figure 4.6 highlights the individual chemical 

transformations involved in the neutral loss of C3H8 from protonated limonene. This 

pathway begins from intermediate 1g through the transition state TS1g-1m where one of 

the hydrogen atoms bonded to one of the methyl groups in the propyl system transfers over 

to the CH carbon of the propyl system. This motion is accompanied by the remaining 

methyl group of the propyl system undergoing a 1,2 shift to become bonded to the newly 

formed central CH2 carbon, leading to the intermediate 1m. The reaction proceeds forward 

from 1m through the transition state TS1m-1n in which one of the hydrogen atoms bonded 

to the CH2 carbons adjacent to the tertiary carbon of the ring system undergoes a 1,2 H-

shift, leading to intermediate 1n where that hydrogen has now become bonded to the 

tertiary carbon. The reaction continues along the coordinate through the transition state 

TS1n-1o where a ring pinching reaction occurs, transforming the 6-membered ring into a 
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5-membered ring system, transferring the HC-CH2 bond from one CH to the other CH in 

the system, leading to intermediate 1o. From this intermediate, the reaction proceeds 

through the transition state TS1o-1p where a 1,2 H-shift occurs taking one of the hydrogens 

bonded to the CH2 adjacent to the CH carbon and transfers that hydrogen over to the CH 

carbon, which yields the intermediate 1p. The final transition state in this MERP is TS1p-

1q, where the CH2 group that is attached to the 5-membered ring briefly associates with 

the opposing CH moiety to form a cyclopropyl feature, such that one of the hydrogen atoms 

can be in a position to interact with the H3C(CH2)2 system. Following this transition state 

leads to the ion-molecule complex 1q which involves the C3H8 moiety weakly bound to 

the ion observed in the breakdown diagram C7H9
+ (m/z 93). The ion-molecule complex 

can dissociate towards the final products, the neutral loss of C3H8 and C7H9
+. 

4.4.3 – Protonated α-Terpineol 

There are three positions which are liable for protonation: the oxygen and both the 

unsaturated carbons in the ring, which ultimately lead to two protonated α-terpineol 

structures. An ion-molecule complex between neutral water and a structure that resembles 

protonated limonene arises from protonation at the oxygen, while protonating at the 

unsaturated carbons leads to a tertiary carbocation. Both structures are comparable in 

relative energy, with 0.008 eV separating the two following CBS-QB3 single-point 

calculations. The relevant structure for the reaction that was observed in the MS experiment 

is the ion-molecule complex resulting from protonation at the oxygen. This ion-molecule 

complex can dissociate into the two products, neutral water and the ion observed at m/z 

137 (C10H17
+) with a 0.96 eV barrier, as seen in Figure 4.7. In fact, the neutral loss of water 

appears to happen so quickly, the produced m/z 137 ion seems to dissociate further, as 
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there is evidence of protonated limonene breakdown products in the breakdown diagram 

of protonated α-terpineol (m/z 81 in particular). Other pathways were explored, including 

the loss of water from the other protonated α-terpineol structure, and the possibility of the 

neutral loss of C4H10O which may lead to the ion observed at m/z 81 directly from 

protonated α-terpineol, however both these pathways had initial energy barriers in excess 

of 2.5 eV relative energy. 

 

Figure 4.7: Calculated minimum energy reaction pathway for the formation of protonated 

α-terpineol (2), and subsequent dissociation of neutral water from the formed ion-

molecule complex. 
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4.5 – Relating Breakdown Diagrams to Calculated Mechanisms 

4.5.1 – Protonated Limonene 

Neutral limonene may potentially become protonated at three different carbon atoms: the 

central propyl carbon, and the two unsaturated carbons in the ring system. These options 

ultimately lead to two isomers of protonated limonene, the structure corresponding to 1 in 

Figure 4.3 is one of them, and the other one is the result of protonation across the double 

bond, leading to a tertiary carbocation. This structure was not included in any of the MERPs 

as it did not contribute significantly towards the observed chemistry.  

 The most abundant product ion observed in the breakdown diagram at m/z 81, 

corresponding to the neutral loss of C4H8, can be readily rationalized by the calculated 

MERP. From the starting point of 1 on the reaction coordinate, proceeding towards the left 

is energetically favoured compared to the other possible options. Furthermore, the energy 

barriers to overcome as you proceed further along the reaction coordinate are relatively 

lower when compared with other channels.  
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Figure 4.8: RRKM-derived log k(E) vs E curves comparing the relative rate of reaction 

between overcoming the barrier from 1 to 1e (blue curve) and overcoming the barrier 

from 1g to 1h (orange curve), towards the different mechanisms leading to the neutral 

loss of C3H6. 

 

 The other major product ion that was observed in the breakdown diagram, but at 

relatively lower abundance, was m/z 95, corresponding to the neutral loss of C3H6. Two 

different pathways were presented in the MERP to reach those products from the starting 

point 1. One pathway proceeds through a relatively higher energy barrier from the starting 

point and ultimately leads to more energetically stable products. The other pathway begins 

with a relatively low energy barrier that leads to a relatively stable intermediate, that then 

proceeds through a lower energy barrier to reach the final products, however the products 

are significantly less energetically stable when compared with the other pathway. RRKM 

calculations revealed that the rate constant for the latter reaction, involving lower initial 

barrier and higher energy products, was significantly higher when compared with the 

former (Figure 4.8). Thus, on the timescale of the experiment performed, MS/MS on a 
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conventional triple quadrupole instrument, it is most likely that the reaction highlighted in 

Figure 4.3b towards the right, leads to the observed product ion at m/z 95.  

 

Figure 4.9: RRKM-derived log k(E) vs E curves comparing the relative rate of reaction 

between overcoming the barrier from 1j to 1g (purple curve, going back towards other 

reactions), compared to overcoming the barrier from 1j to 1h (green curve, going towards 

the C2H4 loss products). 

 

 When considering the minor fragmentation channels of protonated limonene, the 

experimental and theoretical results for the pathway that leads to the neutral loss of C3H8 

are consistent with one another. The relatively high final barrier of 2.04 eV acts as the rate 

limiting step for this reaction, explaining why the abundance of this product ion channel 

does not exceed approximately 5% in the breakdown diagram. The other minor 

fragmentation channel, leading to the neutral loss of C2H4 is somewhat more difficult to 

rationalize. At first glance, the MERP for this pathway is energetically comparable with 

the pathways leading to the major product ions and should compete with those, however 

like the pathway leading to the neutral loss of C3H8, the C2H4 loss pathway does not exceed 
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approximately 5% in relative abundance. This discrepancy can be resolved using RRKM 

calculations, by comparing the k(E) curves for travelling out of the well from structure 1j 

at -0.16 eV (Figure 4.5) towards the left and towards the right, presented in Figure 4.9. This 

plot shows that the rate of proceeding back towards the left of the MERP and feeding back 

into other reactions is orders of magnitude greater than proceeding forward towards the 

right and onwards to products. Thus, this step acts as a kinetic bottleneck for the C2H4 loss 

pathway, reducing the overall rate of product formation, and ultimately explaining why 

these products are not as abundant as the major ones in the breakdown experiment. 

There appear to be some inconsistencies within the calculations themselves. For 

instance, intermediates 1i and 1m sit slightly above the preceding transition states relative 

energy levels, which is counter intuitive. This inconsistency arises due to the nature of the 

CBS-QB3 single-point calculation. At the B3LYP level of theory, these intermediates sit 

slightly below the preceding transition states in relative energy. When comparing the CBS-

QB3 single-point energies between the transition state and intermediate, the transition state 

is higher in energy. However, when factoring in the zero-point energy calculated at the 

B3LYP level of theory, the intermediate energy becomes relatively higher than the 

transition state, leading to the features observed in Figure 4.3.   
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4.5.2 – Protonated α-Terpineol 

 

Figure 4.10: RRKM-derived log k(E) vs E curves for the neutral loss of water from the 

ion-molecule complex of protonated α-terpineol (black curve), compared with the neutral 

loss of water from the ion-molecule complex of protonated prenol, an open-chain 

hemiterpene alcohol (red curve). 

 

The chemistry of protonated α-terpineol appears to largely be driven by the initial 

ion-molecule complex formation through protonation at the oxygen. The barrier for the 

dissociation of the ion-molecule complex towards products is much lower than other 

transformations available to the starting protonated structures. However, for the theory to 

match with the experimental breakdown diagrams, the protonated α-terpineol ion-molecule 

complex must be stable enough to travel from the ion source of the instrument and survive 

to reach the collision cell to be activated by CID. RRKM calculations were used to try and 

illustrate this possibility, by plotting the k(E) vs E curves for the dissociation of water from 

the ion-molecule complex of α-terpineol, and comparing that with an analogous reaction 
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in prenol, an open chain hemiterpene alcohol that was recently investigated in our group, 

and those plots have been presented in Figure 4.10. In the case of protonated prenol, the 

rate of the water loss reaction is so fast that the observation of the water loss channel was 

relatively low in abundance, suggesting that the protonated prenol ion-molecule complex 

would dissociate between the ion-source and collision cell. In contrast, the rate of the water 

loss reaction in the case of protonated α-terpineol is multiple orders of magnitudes slower 

than that of protonated prenol, suggesting that this ion-molecule complex may be stable 

enough to reach the collision cell, supporting the observations in the experiment. 

4.6 – Conclusions 

 The underlying aim of this work was to unravel the unimolecular chemistry of 

protonated limonene and its closely related terpenoid derivative α-terpineol. The CID-

MS/MS data revealed that protonated limonene broke apart into four product ions, one of 

them was most dominant in abundance when compared with the rest, corresponding to the 

neutral loss of C4H8 (observed ion m/z 81, C6H9
+). The second major reaction pathway, in 

terms of abundance, corresponded to the neutral loss of C3H6 (observed product ion m/z 

95, C7H11
+). This pathway was less abundant than the other major pathway, but much more 

abundant than the two minor pathways. The two minor pathways resulted in the neutral 

losses of C2H4 and C3H8 (observed product ions m/z 109, C8H13
+, and m/z 93, C7H9

+, 

respectively). In the case of the protonated α-terpineol CID-MS/MS data, it was shown that 

the rapid loss of water lead to an m/z 137 product ion, likely an isomer of protonated 

limonene. The data further confirmed this suspicion with the appearance of similar product 

ions as to those observed in the breakdown of protonated limonene (m/z 81 and 95). 

Theoretical calculations revealed the underlying mechanisms for the chemical 
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transformations involved in each pathway, described in detail in the previous section. 

RRKM derived k(E) vs. E curves were useful in differentiating between pathways in the 

case of C3H6 loss and clarifying the rate limiting step leading to the decreased abundance 

of the C2H4 loss pathway. One interesting observation of the results is that the protonated 

α-terpineol ion-molecule complex with water sits at a relatively lower energy than the 

individual protonated limonene and water pair. This data could suggest that protonated 

limonene formed in the gas-phase may preferentially bind with water forming that ion-

molecule complex, rather than undergoing unimolecular reactions. 
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Chapter 5 – Protonated Myrcene and Linalool 

Based on the publication Buenger, E. W.; Mayer, P. M. Where You Protonate Matters: 

Deciphering the Unimolecular Chemistry of Protonated Myrcene and Linalool. J Mass 

Spectrom 2024, 59 (10), e5096. https://doi.org/10.1002/jms.5096. 

Contribution Statement 

E. White Buenger carried out the experiments, computational studies, prepared and 

revised the manuscript for submission. P. M. Mayer conceptualized the idea, supervised 

the work and revised the manuscript.  

5.1 – Introduction  

Terpenes represent a diverse family of organic molecules consisting of the C5H8 

building block. Compounds that are structurally related but slightly modified from this core 

motif are called terpenoids; for instance, through the incorporation of oxygenated 

functional groups. Monoterpenes and monoterpenoids are compounds that are based on the 

C10H16 framework and are naturally produced by plants as secondary metabolites. Their 

primary function has been proposed to be protection against predators,1 and recently there 

has been evidence that these compounds may also signal danger in plant-to-plant signaling 

processes.2 The abundance of monoterpenes is not limited to the natural world as these 

compounds are also increasingly used throughout industrial processes, including the 

manufacture of value-added foods,3 fragrances,4 pharmaceuticals,5 and fuel products.6 

Through both natural and anthropogenic processes, monoterpenes and their derivatives are 

released into the atmosphere as volatile organic compounds (VOCs). It has been estimated 

that the annual natural global emission of VOCs is in the range of 700-1000 Tg per year, 

the majority of this mass consisting of the hemiterpene isoprene (C5H8). However, natural 
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monoterpene VOC emissions are also significant (estimated in the range of 26-156 Tg per 

year).7 Myrcene is an example of an acyclic monoterpene, featuring three carbon-carbon 

double bonds and linalool is a monoterpene alcohol derivative of myrcene, where water 

has been added across the central point of unsaturation in myrcene (Figure 5.1). The 

primary and generally established anthropogenic use of these two compounds is in the 

manufacture of fragrances and flavouring agents due to their pleasantly sweet, floral 

aromas.8,9 Myrcene has been targeted as a potential intermediate in the broader value-added 

hydrocarbon chemical manufacturing process currently dominated by petrochemical 

products, as it fills similar roles but can be sourced from renewable methods.10 The 

majority of monoterpene emissions have been reported to come from natural sources due 

to their abundance in biomass; however, recent evidence suggests that anthropogenic 

activity is also releasing significant sources of monoterpenes into the atmosphere.11 This 

emission of monoterpenes is impactful in the atmosphere as it has previously been 

demonstrated that these compounds contribute towards the formation of secondary organic 

aerosols, which can affect air quality and climate.12 Thus, it is of interest for researchers to 

uncover the chemistry of myrcene and linalool in the gas phase. 

 

Figure 5.1: Optimized minimum energy structures obtained for (A) neutral myrcene and 

(B) neutral linalool calculated at the B3LYP/6-311+G(d,p) level of theory. The numbers 

associated with the myrcene structure indicate carbons bearing a double bond. 
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To date, most of the research around the atmospheric chemistry of myrcene and 

linalool has focused on the oxidation of these compounds by common environmental 

oxidants like the hydroxyl radical, ozone, or NOx. Myrcene has been estimated to have an 

atmospheric lifetime of approximately 1 hour before undergoing oxidation reactions.13 The 

oxidation products of myrcene were determined to be primarily carbonyl-containing 

compounds like formaldehyde, acetone, and 4-vinyl-4-pentanal, resulting from a series of 

oxidations involving peroxy radicals as intermediates in the process.14,15 The oxidation of 

linalool has similarly been shown to produce acetone and formaldehyde; however, higher 

molecular weight products 4-hydroxy-4-methyl-5-hexen-1-al and its equivalent substituted 

5-hydroxytetrafuran differ slightly from the myrcene oxidation products as a result of the 

additional hydroxy group.16,17 An underappreciated aspect of myrcene and linalool gas-

phase chemistry is protonation and how these molecules break apart after becoming 

protonated. A pair of studies investigated the reactions of monoterpenes using selected ion 

flow tube mass spectrometry, where they reacted high energy cations (H3O
+, NO+, and O2

+) 

with monoterpenes, including myrcene.18,19 Although these studies were primarily focused 

on determining the rate constants between the higher energy cations and the monoterpenes, 

they also briefly described the product ions that were observed from the breakdown of 

protonated myrcene (C10H17
+), predominantly C6H9

+ (neutral loss of C4H8) with minor 

amounts of C7H11
+ and C5H9

+ (neutral losses of C3H6 and C5H8, respectively).18,19 A similar 

experiment was performed using protonated water and ethanol clusters to react with 

linalool to determine the rate constant of these reactions.20 They also reported on product 

ions that were observed from these reactions, which were dominated by the presence of 

C10H17
+ and C6H9

+.20 The same group published a study that focused more on the reaction 
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products of the protonated monoterpenes where they used NO+ as a chemical ionization 

method to protonate compounds including myrcene and linalool.21 They observed rich 

fragmentation leading to a variety of C7 and C6-containing products in the case of 

protonated myrcene.21 Although similar products were observed in the case of protonated 

linalool, there was an additional presence of C9 and C8 products. However, it should be 

noted that the molecular ion of linalool that was mass selected in this study was m/z 137, 

which would correspond to the dehydrated protonated linalool.21 

In this work, we aim to improve upon the understanding of the unimolecular 

dissociation of protonated myrcene and linalool. Previous studies focused largely on 

determining the rate constants of reactions between high-energy protonated small 

molecules and monoterpenes, with some discussion revolving around the products 

observed. However, there has been little focus on deciphering the mechanism by which 

these protonated monoterpenes break apart into products. Our work will combine 

experimental and theoretical methods to provide a comprehensive picture of the primary 

dissociation channels by which protonated myrcene and linalool break apart in the gas 

phase. Conventional tandem mass spectrometry performed on a triple quadrupole 

instrument will enable the formation and isolation of the protonated compounds, and 

fragmentation in a collision cell at controlled energy steps in the presence of an inert gas 

will allow for the identification of their unimolecular breakdown products. The 

experimental observations will be supported with density functional theory calculations 

that will unravel the mechanism by which the protonated myrcene and linalool reach the 

observed products in the experiment.   
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5.2 – Methods 

5.2.1 – Sample Preparation 

Myrcene was purchased from Fisher Scientific (>90%, Ottawa, Ontario, CA). 

Linalool was purchased from TCI America (>96%, Portland, Oregon, USA). Both 

compounds were used as purchased, without further purification, prepared as individual 

solutions in methanol, and diluted to 100 μg/mL prior to injection into the mass 

spectrometer. 

5.2.2 – Tandem Mass Spectrometry 

Solutions were introduced into the triple quadrupole mass spectrometer (Waters 

Micromass Ultima, Manchester, UK) using a syringe pump operating at a flow rate of 50 

µL/min. An atmospheric pressure chemical ionization (APCI) source was used to generate 

protonated myrcene and linalool, with the probe set to a temperature of 200 °C, the source 

operating at 100 °C and the corona discharge needle set to 10 μA. An electrospray 

ionization (ESI) source was also used to form protonated linalool, where the source and 

heater temperatures were both set to 120 °C, and the capillary voltage was set to 3.0 kV. 

Both APCI and ESI were operated in the positive ionization mode to produce protonated 

molecular ions. The molecular ions were mass-selected according to their m/z (137 for 

protonated myrcene, 155 for protonated linalool) with the first quadrupole, underwent 

collisions with argon gas in the collision cell, and the product ions were filtered in the final 

quadrupole. The collision-induced dissociation (CID) experiment was performed by 

reducing the main molecular ion beam signal intensity by 50% through the addition of 

argon gas in the collision cell. The CID experiments were performed using 0-20 eV of 

collision energy (laboratory frame, ELab), at intervals of 1 eV. 
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5.2.3 – Breakdown Diagrams 

The collection of CID data was compiled into breakdown diagrams, where the 

relative abundance of the ions observed in the CID mass spectra are plotted as a function 

of increasing collision energy. To compare the breakdown behaviour of different ions more 

accurately, the collision energy applied by the instrument (ELab) is first converted to the 

centre-of-mass frame of reference (ECoM). This conversion accounts for differences in the 

efficiency of energy transfer during the collisional activation, according to the equation 

below: 

𝐸𝐶𝑂𝑀 =  𝐸𝐿𝑎𝑏 (
𝑚𝐴𝑟

𝑚𝐴𝑟+ 𝑚𝐼
)      

where mAr is the mass of argon, and mI is the mass of the ion undergoing CID. 

5.2.4 – Computational Methods 

All calculations (geometry optimizations, vibrational frequency, and intrinsic 

reaction coordinate) were performed with the GAUSSIAN 16 suite of programs at the 

B3LYP/6-311+G(d,p) level of theory.22–24 The B3LYP output files were used for single-

point energy calculations using the CBS-QB3 composite method, to provide more accurate 

energy values.25,26 Transition state structures featuring a single negative vibrational mode 

were verified using intrinsic reaction coordinate calculations. The optimized geometries 

and internal energies obtained through these sets of calculations were used to produce 

minimum energy reaction pathways (MERP). In these models, the pathway from reactants 

to products was mapped through the individual transformations involved (transition states, 

intermediates, and ion-molecule complexes). All relative energies are reported at 0 K and 

all processes are described in terms of energy (eV). The structure marked as zero energy is 

considered the baseline to which others are compared. 
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5.3 – Results and Discussion – Mass Spectrometry 

Representative data obtained from one of the CID experiments have been presented 

in Figure 5.2. Panel A shows a mass spectrum of protonated myrcene with 10 eV of 

collision energy. The relevant fragmentation products predicted to arise from unimolecular 

chemistry, as well as the molecular ion, have been indicated on the plot. It should be noted 

that the peak at 119 m/z was determined not to be a fragmentation product, since the neutral 

loss of 18 is an unrealistic product ion channel for protonated myrcene. Rather the 

appearance of this peak likely arises from some form of contaminant in the commercial 

myrcene that was co-isolated at m/z 137, which led to the neutral loss of water giving rise 

to the observed ion at m/z 119. The mass spectra presented in panels B and C of Figure 5.2 

are examples of the ions observed in the breakdown of protonated linalool at the same 

collision energy, albeit from different ionization sources (APCI in panel B and ESI in panel 

C). There is little difference between the two mass spectra aside from the slightly greater 

fragmentation observed in the ESI mass spectrum, suggesting that the ESI source in our 

instrument produces slightly more energetic ions relative to APCI. 
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Figure 5.2: Representative CID-MS/MS spectra obtained from protonated myrcene (A, 

m/z 137, ELab = 10 eV) and protonated linalool ionized using APCI (B, m/z 155, ELab = 6 

eV) and ESI (C, m/z 155, ELab = 6 eV). 
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The CID-MS/MS spectra were compiled into breakdown diagrams, shown in 

Figure 5.3. In the case of protonated myrcene (panel A), there are two major and two minor 

product ions. The two major product ions, m/z 95 and 81, correspond respectively to the 

neutral losses of C3H6 and C4H8 from protonated myrcene. At low collision energies (ECoM 

= 0-2 eV) m/z 81 is somewhat greater in abundance when compared with m/z 95; however, 

at higher collision energies this trend is inverted (ECoM > 2 eV). The two minor product 

ions were observed at m/z 109 and 93, corresponding to the neutral losses of C2H4 and 

C3H8 from protonated myrcene. Both fragmentation channels are relatively competitive 

with one another, with a slight bias towards the m/z 109 pathway at moderate collision 

energies (ECoM = 1.5-3.5 eV).  

The breakdown diagrams obtained from protonated linalool are presented in panels 

B and C of Figure 5.3. There is one dominant fragmentation pathway, loss of water, to 

form m/z 137. As the collision energy increases the m/z 137 peak begins to decrease in 

abundance, and the appearance of product ions at m/z 95 and 81 are observed at increasing 

abundance. These results can be interpreted as the protonated linalool readily losing neutral 

water and the resulting ion at m/z 137 resembling protonated myrcene. Two minor product 

ions observed at m/z 99 and 97 also arise directly from the protonated linalool cation. These 

product ions were determined to result from the neutral losses of C4H8 and C3H6O, 

respectively.  
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Figure 5.3: CID breakdown curves obtained from protonated myrcene (A), and 

protonated linalool using APCI (B) and ESI (C). The data was consistent across two 

separate measurement days. 
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5.4 – Results and Discussion – Calculated Reaction Mechanisms 

5.4.1 – Protonated Myrcene – Initial Protonation 

Six different positions on the neutral myrcene molecule can accept a proton, 

corresponding to the carbons that bear a double bond highlighted in Figure 5.1. DFT 

calculations revealed four optimized structures that arise from the protonation of these six 

positions, presented in Figure 5.4. The structure labeled as the relative zero in Figure 5.4 

(1a) results from protonation at the carbons labeled 1 and 2 in Figure 5.1. Protonation at 

the carbons labeled 3 and 4 leads to the structure 1b with a relative energy of -0.04 eV. 

Carbon 5 leads to structure 1h at 0.85 eV, while carbon 6 leads to structure 1e at -0.09 eV. 

The energetic differences between 1a, 1b, and 1e are negligible compared to 1h, suggesting 

that the former three structures are equally populated in the ion source, while the latter 

remains largely unpopulated. Since 1a and 1b can arise from multiple protonation sites, 

these structures would be twice as populated as 1e. Thus, it can be predicted that an 

approximate 2:2:1 ratio of 1a:1b:1e would be formed in the ion source at the start of the 

experiment.  
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Figure 5.4: CBS-QB3(sp)//B3LYP/6-311+G(d,p) calculated minimum energy reaction 

pathway for protonated myrcene, including all products observed, designed to allow for 

comparison between pathways. Positions along the pathway that may be produced 

through the direct protonation of neutral myrcene have been highlighted with structural 

features. For more detailed information regarding individual reaction mechanisms, see 

Figures 5.5-5.7. 

 

5.4.2 – Protonated Myrcene – Reaction Pathways 

Figure 5.5 shows the conversion between the two starting protonated structures 1a 

and 1b. The process takes the 5-membered ring structure 1a and converts it to the 6-

membered ring structure 1b. The mechanism begins from either side through a bond 

elongation transition state (TS1b-1i or TS1a-1g), leading to open chain intermediates 1i 

and 1g, sitting at 0.43 and 0.80 eV, respectively. These structures are similar, although they 

differ in the position of the CH3-bearing carbon in the n-butyl-like moiety. From 1i, the 
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reaction proceeds to 1h through TS1h-1i, where a 1,5-H shift transfers one of the n-butyl 

CH3 protons over to the CH central carbon. From the other side, 1h can be reached from 

1g through the transition state TS1g-1h undergoing a 1,6-H shift in this case. The open 

chain intermediate 1h sits in the middle of this process at a relative energy of 0.85 eV, and 

may be populated in the ion source directly, but will not be kinetically stable. 

 

Figure 5.5: CBS-QB3(sp)//B3LYP/6-311+G(d,p) calculated minimum energy reaction 

pathway for converting 1a to 1b. 

 

Figure 5.6 shows the reaction pathways associated with the two major product ions.  

Panel A describes the formation of m/z 81 with the associated neutral loss of C4H8. This 

pathway begins from the protonated myrcene structure 1b and proceeds towards the 7-
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membered ring intermediate 1c through TS1b-1c with a relatively small 0.23 eV barrier. 

1c proceeds towards an ion-molecule complex through TS-81IMC, where the 7-membered 

ring undergoes a ring-pinch type reaction that produces a 5-membered ring 81IMC, with 

a terminal isobutyl group. The ion-molecule complex can dissociate towards products 

through elongation of the bond that is holding the isobutyl group to the 5-membered ring, 

providing the observed products m/z 81 and C4H8. The pathway that leads towards the 

production of the other major products observed, m/z 95 and C3H6, is presented in Figure 

5.6B. Following the formation of 1a the reaction proceeds towards m/z 95 through the 

transition state TS-95IMC where one of the methyl hydrogens in the propyl moiety 

transfers to the central carbon, leading to 95IMC, which then dissociates to yield the m/z 

95 and C3H6.  
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Figure 5.6: CBS-QB3(sp)//B3LYP/6-311+G(d,p) calculated minimum energy reaction 

pathways for protonated myrcene featuring structural details of the two major product 

ions observed: A) pathway leading to m/z 81, B) pathway leading to m/z 95. 
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The first of the minor product ion pathways to be discussed in detail is presented in 

Figure 5.7A, leading to m/z 93 (loss of C3H8). This pathway begins from 1a and proceeds 

towards intermediate 1d over a small barrier of 0.26 eV where one of the ring hydrogens 

migrates to the tertiary carbon in the propyl group. The reaction continues from 1d over 

two high energy barriers TS1d-1e and TS1e-m/z 93. One of the hydrogens on the ethyl 

CH3 group transfers onto the CH carbon within the 5-membered ring, leading to 1e. This 

intermediate may also be produced directly in the ion source, as discussed in the previous 

section. The reaction can proceed to products from 1e through the transition state TS1e-

m/z 93, with the transfer of a ring-H atom to the departing neutral.  

The final product ion observed in the experiment, m/z 109, and its reaction pathway 

are shown in Figure 5.7B. This pathway begins from 1a through TS1a-1d to 1d as 

described in the m/z 93 pathway. The pathway diverges from 1d through TS1d-1f with a 

relative energy barrier of 1.70 eV, where one of the hydrogens in the CH3 group of the 

ethyl moiety undergoes a 1,2-H shift to produce the intermediate 1f, having a C2H4 group 

attached to the 5-membered ring. The pathway proceeds from 1f through TS1f-109IMC 

where the loose CH2 of the ethyl moiety associates more closely with the ring structure, 

leading to the ion-molecule complex 109IMC. The relatively weakly bound C2H4 neutral 

loss product can be released to form the observed product ion m/z 109. 
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Figure 5.7: CBS-QB3(sp)//B3LYP/6-311+G(d,p) calculated minimum energy reaction 

pathways for protonated myrcene featuring structural details of the two minor product 

ions: A) pathway leading to m/z 93, B) pathway leading to m/z 109. 
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5.4.3 – Protonated Myrcene – Relating Theory to Experiment 

When considering how the experimental results relate to the theoretically calculated 

reaction pathways it is worth recalling the initial site of protonation, which is expected to 

provide a roughly 2:2:1 ratio of 1a:1b:1e. From the perspective of ions that begin at 1a, the 

most likely product ion is m/z 95 via TS-95IMC. There also will be competition going 

through TS1a-1d, splitting the initial 1a population partially into 1d. This initial 

equilibrium between 1a and 1d could explain why m/z 95 is less abundant when compared 

with the other major product ion, m/z 81. The proportion of ions that initially populate 1b 

will nearly exclusively proceed towards the m/z 81 product ion, due to the relatively lower 

energy barriers involved along that pathway (Figure 5.6B), when compared to going 

through the ring opening and closing processes involved in the transformation towards 1a 

(Figure 5.5). Thus, at lower collision energies, m/z 81 should be more abundant than m/z 

95, based on the calculations, which is consistent with the experimental data. As the 

collision energy increases, access towards the higher energy barrier products of the m/z 

109 and m/z 93 ions can be more readily achieved. However, the population of ions that 

initially reside in 1e could repopulate 1a and form m/z 93. This observation could explain 

why the m/z 95 major product ion outcompetes the m/z 81 major product ion at higher 

collision energies, as 1a gets repopulated. 

5.4.4 – Protonated Linalool – Reaction Pathways and Relation to Experiment 

The structure of linalool is closely related to myrcene, differing slightly by the 

incorporation of a water molecule across the C3 and C4 carbons of myrcene, as labeled in 

Figure 5.1. The addition of water is such that the hydroxyl group is added to C3, while the 

remaining hydrogen is added to C4. Thus, five positions on linalool could reasonably 
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become protonated: the unsaturated carbons (C1, C2, C5, C6 as labeled on myrcene), and 

the oxygen. Four optimized structures were obtained through DFT calculations of 

protonation at each of these protonation sites, three of which were found to be relevant for 

the reaction pathways of protonated linalool.  

The calculated minimum energy reaction pathways determined for protonated 

linalool have been presented in Figure 5.8. The three structures that are initially populated 

by protonation in the ion source are 2a, 2e, and 2, the former of which results from 

protonation on the oxygen, while the latter two are two different configurations that arise 

from protonation at C2. The most stable of these protonated structures, 2, is set as the 

relative zero energy and would be the most populated structure formed in the ion source. 

Both 2a and 2e are higher in energy relative to 2 by approximately 0.6-0.8 eV, although it 

is possible that a small fraction of these could also be formed in the ion source and isolated 

in the collision cell.  

The calculated reaction pathway that describes the neutral loss of water from 2 can 

be seen on the right side of Figure 5.8A. The reaction begins from 2 through a 1,5-H shift 

in which a proton from the CH2 group is transferred onto the oxygen through a small barrier 

of 0.80 eV, leading to the intermediate 2a. The reaction proceeds forward from 2a through 

another relatively low barrier where the C-O bond of the water moiety formed in the last 

step is bond elongated, releasing the neutral loss of water and the ion observed at m/z 137. 

The optimized structure for m/z 137 resulting from the neutral loss of water from linalool 

closely resembles myrcene ion 1b, which could reasonably undergo secondary 

fragmentation before exiting the collision cell, leading to the product ions observed at m/z 
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95 and 81. Any 2a that was formed in the ion source is most likely to proceed along this 

pathway and contribute towards the formation of m/z 137. 

The minor pathway that leads towards the neutral loss of C3H6O from 2 has been 

shown on the left side of Figure 5.8A. This reaction starts from 2 with a 1,4-H shift taking 

the hydrogen bound to the oxygen in 2 and shifting it over to the acyclic CH2 carbon, 

leading to the 7-membered ring intermediate 2b before quickly re-arranging to 2c and then 

shifting the newly formed CH3 group over to the adjacent tertiary carbon, ultimately 

landing at the more stable intermediate 2d. The reaction can go onwards to products from 

2d by rearrangement to simultaneously break the C-O and C-CH2 bonds to form a new HC-

CH2 bond, leading to the 5-membered ring product ion and the neutral loss of C3H6O. This 

pathway competes with the water loss pathway out of the initial population of protonated 

2. Based on the energetic difference between the initial transition states, it is reasonable 

that the majority of 2 proceeds toward the water loss channel, aligning with what was 

observed in the breakdown experiment. On the other hand, the small fraction of 2 that 

would overcome TS2-2b would be unlikely to return towards 2, continuing onwards 

towards the acetone loss pathway and explaining its minor presence in the experiment. 

The other minor reaction pathway was determined to lead towards the neutral loss 

of C4H8 directly from protonated linalool, leading to m/z 99 and this pathway has been 

shown on the right side of Figure 5.8B. The reaction begins from 2 towards 2a as previously 

described, then continues towards 2e via a 1,5-H shift where a hydrogen from the oxygen 

is transferred to the nearby CH carbon. The reaction continues towards products from 2e 

through a relatively high transition state TS2e-2f with an energy barrier of 2.57 eV, where 
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the neutral loss product C4H8 is released by a 1,2-H shift which produces a terminal CH3 

group, ultimately leading to m/z 99, landing at a relatively high 1.90 eV. Due to the high 

energetics involved, this pathway is unlikely to occur. However, the initial ion population 

consists entirely of structures that feed into the C4H8 neutral loss pathway, and the 

energetics of conversion between 2, 2a, and 2e, are relatively low, there is a possibility that 

a small fraction of ions undergoing CID could overcome the relatively massive TS2e-2f 

barrier. This fact could explain the small abundance of m/z 99 observed in the experiment. 
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Figure 5.8: CBS-QB3(sp)//B3LYP/6-311+G(d,p) calculated minimum energy reaction 

pathways for the product ions observed in the breakdown of protonated linalool (2): (A) 

m/z 97 and 137, (B) m/z 99. 
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5.5 – Conclusion 

The unimolecular chemistry of protonated myrcene and linalool was found to be 

greatly dependent on the initial site of protonation. Of the six possible protonation sites in 

myrcene, four resulted in equilibrium ion structures. The two major (m/z 85 and 91) and 

two minor (m/z 93 and 109) observed reaction products are generated from three distinct 

protomers. Similarly, protonated linalool can be formed in three significant protomers. The 

lowest energy one interestingly does not involve direct protonated at the hydroxyl group, 

but rather at the CH group of the central double bond. This results in bond migration to 

form a six-member ring with a protonated ether. This is the main ion that survives transit 

from the ion source to the collision cell. 
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Chapter 6 – Protonated α-Pinene and β-Pinene 

Based on the publication Buenger, E. W.; Mayer, P. M. The Site of Protonation Affects 

the Dissociation of Protonated α‐ and β‐Pinene Ions. Rapid Comm Mass Spectrometry 

2025, 39 (6), e9978. https://doi.org/10.1002/rcm.9978. 
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6.1 – Introduction 

Monoterpenes are produced naturally through biosynthetic pathways available 

across a variety of plant species.1 These compounds constitute the majority component of 

plant essential oils, an extract that captures and concentrates the plant’s unique aroma 

and/or flavour. Aside from their natural production and function in plants, humans make 

extensive use of monoterpenes across a variety of industries.2–5 Pinene is one of the most 

abundant monoterpenes and features a unique [6+4]-bicyclic structure that has two 

prominent isomers: the α isomer bearing an endocyclic double bond, and the β isomer 

bearing an exocyclic one (Figure 6.1). Anthropogenically, the pinene isomers offer an 

excellent starting point for the organic synthesis of more complex natural products and 

pharmaceuticals.6 In addition, there has been evidence showing that the pinene isomers 

themselves have broad-ranging therapeutic effects.7 A significant consequence resulting 

from both natural and human sources of monoterpene production is the emission of gaseous 

terpenes into the atmosphere, estimated to be in the range of 26-156 Tg per year, of which 

the pinene isomers contribute a large portion.8 Atmospheric reactions of pinene include a 
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wide variety of oxidation reactions that contribute towards secondary organic aerosol 

formation.9–13  

There remain relatively unexplored avenues of pinene chemistry, for instance, 

protonation of gaseous pinenes and reactions that result from this protonation. It has been 

demonstrated that α-pinene can react on the surface of acidic aerosols, leading to the 

occurrence of polymerization reactions.14 Another study demonstrated that the abundance 

of pinene isomers can be observed to decrease on the surface of sulfuric acid solutions, 

coinciding with the appearance of a smaller mass product, suggesting that the acidic 

solution may protonate the pinenes and subsequently lead towards fragmentation.15 It has 

also been reported that gaseous pinene may protonate on the surface of acidic water and 

ethanol clusters, leading to the stabilization of a protonated pinene-water cluster complex, 

which may undergo further reactions.16,17  

It has previously been shown that the site of protonation can significantly impact 

the fragmentation of organic molecules in mass spectrometry, where there are multiple 

sites within the molecule that can accept a proton.18,19 A few research groups have 

attempted to perform positively charged mass spectrometry experiments involving 

protonated terpenes. One paper showed that there was minimal differences between the 

pinene isomers with regard to product ion abundances, with a dominant m/z 137 precursor 

ion and m/z 81 product ion, and included the presence of some minor products at m/z 138, 

95, and 82.20 However, this paper was more focused on manipulating experimental 

parameters and noting observational differences, as well as determining reaction rate 

constants between monoterpenes and hydronium ions, rather than rationalizing the 
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appearance of observed product ions. Another group attempted to use proton transfer mass 

spectrometry to differentiate isomeric monoterpenes, including α-, and β-pinene, noting 

marginal differences owing to the position of the double bond.21 Research that has come 

out of our group has demonstrated that the site of protonation can have a significant impact 

on the fragmentation of protonated terpenes.22–24 This work will aim to further understand 

the chemistry that occurs following the protonation of the two most abundant isomers of 

pinene, through a combination of tandem mass spectrometry and density functional theory 

calculations.  

 

Figure 6.1: Optimized minimum energy structures obtained for (A) neutral α-pinene and 

(B) neutral β-pinene calculated at the B3LYP/6-311+G(d,p) level of theory. 2-

dimensional stick diagrams have been included to assist with visual clarity of the double 

bond position. 
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6.2 – Methods 

6.2.1 – Sample Preparation 

Both compounds were used as purchased, without further purification, prepared as 

individual solutions in methanol, and diluted to 100 μg/mL prior to injection into the mass 

spectrometer. 

6.2.2 – Tandem Mass Spectrometry 

Solutions were introduced into the Waters Quattro Ultima triple quadrupole mass 

spectrometer (Waters, Manchester, UK) using a syringe pump operating at a flow rate of 

50 µL/min. An atmospheric pressure chemical ionization (APCI) source was used to 

generate protonated α-pinene and protonated β-pinene, with the probe set to a temperature 

of 200 °C, the source operating at 100 °C and the corona discharge needle set to 10 μA, 

operating in the positive ionization mode. Desolvation gas (N2) was set to a flow rate of 36 

L/hour. The collision-induced dissociation (CID) experiment was performed by reducing 

the main precursor ion beam signal intensity by 50% through the addition of argon gas in 

the collision cell. The CID experiments were performed using 0-20 eV of collision energy 

(laboratory frame, ELab), at intervals of 1 eV. 

6.2.3 – Breakdown Diagrams 

The collection of CID data was compiled into breakdown diagrams, where the 

relative abundance of the ions observed in the CID mass spectra are plotted as a function 

of increasing collision energy. To compare the breakdown behaviour of different ions more 

accurately, the collision energy applied by the instrument (ELab) is first converted to the 

centre-of-mass frame of reference (ECoM). This conversion accounts for differences in the 
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efficiency of energy transfer during the collisional activation, according to the following 

equation shown below: 

𝐸𝐶𝑂𝑀 =  𝐸𝐿𝑎𝑏 (
𝑚𝐴𝑟

𝑚𝐴𝑟+ 𝑚𝐼
)     

where mAr is the mass of argon, and mI is the mass of the ion undergoing CID. 

 

6.2.4 – Computational Methods 

All calculations (geometry optimizations, vibrational frequency, and intrinsic 

reaction coordinate) were performed with the GAUSSIAN 16 suite of programs at the 

B3LYP/6-311+G(d,p) level of theory.25–27 The B3LYP output files were used for single-

point energy calculations using the CBS-QB3 composite method, to provide more accurate 

energy values.28,29 Transition state structures featuring a single negative vibrational mode 

were verified using intrinsic reaction coordinate calculations. The optimized geometries 

and internal energies obtained through these sets of calculations were used to produce 

minimum energy reaction pathways (MERP). In these models, the pathway from reactants 

to products was mapped through the individual transformations involved (transition states, 

intermediates, and ion-molecule complexes). All relative energies are reported at 0 K and 

all processes are described in terms of energy (eV). The structure marked as zero energy is 

considered the baseline to which others are compared. 

6.3 – Results and Discussion 

6.3.1 – Mass Spectrometry and Breakdown Diagrams 

Representative mass spectra that were obtained during the collection of CID-

MS/MS experiments performed on protonated α-, and β-pinene are presented in Figure 6.2, 
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labeled with the precursor ion (m/z 137), and the most prominent product ions at m/z 81, 

95, and 109. There is little difference between the fragmentation of the two protonated 

pinene isomers. There appears to be a slightly greater abundance of m/z 95 in the 

fragmentation of protonated α-pinene when compared to protonated β-pinene. Numerous 

minor product ions can be seen in both spectra, although there appears to be a greater 

variety of minor fragments observed in the case of α-pinene, and the abundance of these 

ions does not exceed 1%. The CID-MS/MS mass spectra were compiled into breakdown 

diagrams, shown in Figure 6.3. At low collision energy (under 1 eV), m/z 81 is the only 

ion observed for both protonated pinenes. The m/z 95 product ion begins to appear at 

approximately 1 eV and is slightly more abundant in protonated α-pinene as the collision 

energy increases. The most abundant of the minor product ions, m/z 109, was included in 

the breakdown diagram, and can be observed between 2-5 eV, however, its abundance does 

not exceed 3% at any point throughout the experiment.  
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Figure 6.2: Representative CID-MS/MS spectra obtained from (A) protonated α-pinene 

and (B) protonated β-pinene, where the collision energy was set to 10 eV in both cases. 
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Figure 6.3: CID breakdown curves obtained from protonated α-pinene (A), and 

protonated β-pinene (B). The data was consistent across two separate measurement days. 

 

6.3.2 – Calculated Reaction Pathways 

The calculated reaction pathways for m/z 81 and 95 are presented in Figure 6.4. 

Both compounds are represented within the Figure, although they differ by which species 
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along the path they populate in the ion source. In the case of m/z 95, the reaction begins 

through protonation of neutral α-pinene at the CH2 carbon of the four-membered ring, 

leading to structure 1a, set as the relative zero energy structure for the reaction pathways. 

The reaction proceeds through TS1a-1b where one of the protons from the CH3 group 

formed in the previous step undergoes a 1,4-H shift, leading to the structure 1b, featuring 

a four-membered ring. From 1b, the reaction proceeds through a sequence of low energy 

barrier bond stretching transition states that ultimately lead to structure 1e, where the four-

membered ring has been broken to yield an exocyclic propyl moiety and sits at a relative 

0.30 eV. From the intermediate 1e the reaction continues towards the ion-molecule 

complex through the transition state TS1e-1f with a relative energy barrier of 1.64 eV 

where the exocyclic propyl undergoes a 1,2-H shift, landing at 1f sitting at a relative 0.88 

eV. The reaction completes through dissociation of the two species that produce the neutral 

loss of C3H6 and the observed ion at m/z 95, collectively landing at a relative 1.97 eV. 

The pathway leading to m/z 81 can also be observed in Figure 6.4, labeled in purple. 

This reaction pathway begins from the intermediate 1b, which passes a lower energy 

transition state TS1b-1c at 1.16 eV, where one of the CH2 carbons part of the four-

membered ring can undergo a 1,2-H shift, leading to the ion-molecule complex 1c. The 

reaction completes through the loss of neutral C4H8, leaving the observed ion at m/z 81, a 

structure that resembles protonated methylcyclopentadiene.  
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Figure 6.4: CBS-QB3(sp)//B3LYP/6-311+G(d,p) calculated minimum energy reaction 

pathways that include the major product ions observed in the breakdown of both 

protonated α-pinene and protonated β-pinene. The pathways have been differentiated by 

colour, where the black pathway leads towards m/z 95 and C3H6 loss and the purple 

pathway leads towards m/z 81 and C4H8 loss. 

 

6.3.3 – Relating Calculated Mechanisms to Experimental Breakdown 

The CID-MS/MS experiment of the protonated pinenes can first be related to the 

theoretically calculated minimum energy reaction pathways by the initial site of 

protonation of each of the neutral pinene species. In each of the two neutral pinene isomers, 

five carbons may reasonably accept a proton in the ion source, including the double-bond 

bearing carbons and the carbons of the four-membered ring system (Figure 6.1). For α-
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pinene, four structures may be produced via protonation of these five carbons, two of which 

are represented in the minimum energy reaction pathways as 1a, and 1b (Figure 6.4 & 

Figure 6.5). Thus, the initial protonation of α-pinene would be expected to nearly 

exclusively populate 1a, with a fractional proportion of 1b being produced. In comparison, 

the β-pinene isomer has four protonated structures that may be formed from protonation at 

the five positions, however only one of these structures is found on the minimum energy 

reaction pathway (1b). The remaining structures are relatively higher in energy, only βS3 

has the possibility of being marginally populated following protonation and has been 

determined not to contribute towards the observed reaction pathways (Figure 6.6). Thus, 

the chemistry of protonation of β-pinene would exclusively start from populated structure 

1b on the reaction surface. This difference in starting point along the reaction coordinate 

for each of the isomers explains the slightly different relative abundances of m/z 81 and 95 

in the protonated β-pinene breakdown (Figure 6.3). 1b can immediately access the key 

transition state TS1b-1e that leads towards the m/z 81 ion, compared with 1a which must 

first overcome the energetically higher TS1a-1b to access the two fragmentation channels 

(Figure 6.4). Dissociating protonated α-pinene ions thus have a higher average internal 

energy, leading to slightly more m/z 95 forming.  
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Figure 6.5: Map for the possible structures produced in the ion source during the 

protonation of α-pinene. Sites of protonation have been associated with the corresponding 

structure. Energy levels are set relative to structure 1a from Figure 6.4. 
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Figure 6.6: Map for the possible structures produced in the ion source during the 

protonation of β-pinene. Sites of protonation have been associated with the corresponding 

structure. Energy levels are set relative to structure 1a from Figure 6.4. 

 

6.4 – Conclusion 

The unimolecular chemistry of the protonated bicyclic monoterpenes α-pinene and 

β-pinene were investigated using a combined experimental and theoretical approach, 

encompassing CID-MS/MS and density functional theory calculations. The CID 

breakdown experiments led to nearly identical fragmentation for both isomers, with subtle 

differences. Two prominent product ion pathways were observed at m/z 95 and 81, 

corresponding to the neutral losses of propene and isobutylene, respectively. Calculations 

revealed that the observed products for each protonated isomer were dependent upon the 
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site of protonation. The α-isomer initially populates a slightly more stable structure which 

requires an initial transformation before reaching the reactive intermediate 1b, whereas the 

β-isomer initially populates 1b directly. This extra step may explain the two isomers' 

different relative fragment ion abundances. 
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Chapter 7 – Isoprene Pyrolysis 

Based on the publication Buenger, E. W.; Bodi, A.; Burgos-Paci, M. A.; Mayer, P. M. 

Cyclopentene and Cyclopentadiene Formation in Isoprene Pyrolysis. Phys. Chem. Chem. 

Phys. 2024, 26 (36), 23971–23978. https://doi.org/10.1039/D4CP02798A. 
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support as part of the SLS facility. P. M. Mayer conceptualized the idea and supervised 

the work. All authors contributed towards revisions of the submitted manuscript. 

7.1 – Introduction  

Isoprene (2-methyl-1,3-butadiene) is a reactive volatile substance of relevance in 

phytochemistry, atmospheric and industrial chemistry,1–3 and has been identified as the 

most abundant non-methane biogenic volatile organic compound (BVOC), making up 

approximately 500 Tg carbon yr−1 out of the total 1150 Tg carbon yr−1 emissions, single-

handedly representing nearly half of the atmospheric carbon flux.4,5 The reactions involved 

in the consumption of isoprene in the atmosphere are not fully understood; however, 

evidence has shown that they are dominantly oxidized by atmospheric oxidants, such as 

the hydroxyl radical and NOx/SOx species.6 Wildfires also contribute to natural VOC 

emissions; of the four phases involved in the burning of biomass, the initial distillation 

phase has been shown to release terpenes, including isoprene.7 In addition to the natural 

processes described, there are also substantial anthropogenic isoprene sources. The most 

prevalent synthetic use of isoprene is in the synthesis of rubbers for tires and other 

polymers,8 and it has also been identified as a key component in the manufacturing process 
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of certain biofuels and biologically derived rubbers.9–11 In the light of the natural isoprene 

combustion in wildfires and the controlled pyrolysis of polymeric isoprene, there is a clear 

need for understanding how isoprene breaks apart at high temperatures. Also, from a 

fundamental point of view, understanding the thermal decomposition mechanism of 

isoprene is challenging because of the multitude of reaction channels available due to the 

presence of conjugated double bonds. 

Early studies on isoprene pyrolysis were primarily interested in identifying 

carcinogenic components of cigarette smoke.12–14 More recently, mechanistic studies have 

been published addressing the unimolecular thermal decomposition of isoprene, instead of 

the bimolecular formation of larger hydrocarbons polycyclic aromatic hydrocarbons 

(PAHs). Weber and Zhang performed pyrolysis experiments at varying temperatures and 

identified the products using vacuum ultraviolet single-photon ionization time-of-flight 

mass spectrometry at 10.48 eV.15 They observed ions at m/z 78, 68, 53, 52, in the range of 

m/z 42–39, at m/z 28, and 15, with the abundance of each varying as a function of pyrolysis 

temperature.15 These peaks in the mass spectra were assigned molecular identities, which 

were then supported with quantum chemical reaction path calculations leading to the 

assumed pyrolysis products.15 Grajales-González et al. developed a kinetic model on the 

pyrolysis of isoprene based on the available literature and their experimental work using 

shock tube pyrolysis and jet-stirred reactors, supported by theoretical calculations.16 The 

shock tube reaction products were deduced by GC-FID after the experiment.  Chen et al. 

also published a kinetic model to describe the temperature-dependence of isoprene 

pyrolysis reactions, based on isoprene pyrolysis in a flow tube reactor and product analysis 

using (dissociative) photoionization.17 Through a combination of interpreting their 
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experimental results with computational chemistry and a collection of rate constants 

derived from the literature, they were able to develop a computational model that described 

the thermal breakdown of isoprene comparable to the model developed by Grajales-

Gonzales et al.16,17 The molecular assignments were based on IE values. As the 

experimental photoionization spectra forming the basis of the assignment have not been 

published, it is difficult to follow the reasoning of the authors. This is particularly 

concerning because the interpretation of photoionization spectra is hampered when 

multiple species may be present, or when dissociative ionization of higher m/z ions also 

contributes to lower m/z peaks. 

We have employed imaging photoelectron photoion spectroscopy (iPEPICO)18,19 

to transcend these experimental limitations and identify the early unimolecular pyrolysis 

products of isoprene unambiguously. iPEPICO is known for its ability to separate and 

identify isomeric species based on their IE and photoelectron spectra,20 and to separate 

molecular ionization from ion dissociative processes.21,22 

7.2 – Methods  

The experiments were carried out at the Swiss Light Source (SLS, Paul Scherrer 

Institut, Villigen, Switzerland) using the imaging photoelectron photoion coincidence 

endstation (CRF-PEPICO) at the VUV beamline, the details of which have been described 

thoroughly elsewhere,18,19 and a scheme describing the experiment and the data collected 

has been published by Bodi et al.23 Pyrolysis was carried out using the high-temperature 

pyrolysis microreactor previously described for this endstation.24 Synchrotron radiation 

was dispersed using a 150 grooves/mm grating with 5 meV energy resolution. The higher 

harmonics of the grating were filtered out using a differentially pumped gas filter filled 
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with 9 mbar of a Ne:Ar mixture over 10 cm optical length.  The resulting monochromatic 

VUV radiation photoionized molecules in a 2×2 mm2 interaction region. Both photoions 

and photoelectrons were velocity-mapped on imaging RoentDek delay line detectors. The 

electrons were time- and position-stamped at the detector, and the delayed, coincident 

photoion signal was evaluated to obtain the time-of-flight mass spectrum. Threshold 

photoelectrons are detected at the centre of the electron detector, whereas non-zero-kinetic 

energy (“hot”) electrons are detected according to their off-axis momentum. Hot electrons 

without an initial lateral momentum component also have a trajectory to hit the centre spot. 

The mass spectrum based on electrons detected in a ring around the centre spot was used 

to subtract the hot electron contamination from the centre signal and obtain the threshold 

photoionization mass spectrum.25 Plotting the normalized intensity of a peak with a 

particular m/z ratio from the threshold ionization mass spectra as a function of photon 

energy yields the photoion mass-selected TPES (ms-TPES).20  

Pyrolysis experiments were performed by passing argon, at a pressure of 1 bar and 

a flow rate of 1 standard cubic centimetres per minute (sccm), over a vial containing 

isoprene at room temperature. The room temperature vapor pressure of isoprene is ca. 780 

mbar.26 This mixture was then diluted with 20 sccm of argon to produce a beam with 

approximately 2.5% isoprene, which expanded through a 200 μm pinhole into the 3 cm 

long, 1 mm internal diameter, resistively heated SiC pyrolysis microreactor. Reactor 

surface temperatures have been derived based on a previously observed power dependence 

measured in an identical pyrolysis setup by a type C thermocouple, defined by the equation 

below:  

𝑇/°C =  𝑃/W ×  14.27 +  303 
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Where T is the reactor temperature and P is the heating power. The reactor 

temperature is considered to represent the gas temperature inside the reactor to within 100 

oC.27 The pressure and residence time in the reactor has been estimated to be 10–40 mbar 

and up to 100 μs, respectively.27,28 The reactor is placed in the source vacuum chamber, 

where the pressure was ~ 5 × 10−5 mbar during measurements. The molecular beam exiting 

the pyrolysis reactor passed through a 2 mm diameter skimmer into the detection chamber, 

kept at a pressure of 10−6 mbar during measurements. The reactor can be heated to 

temperatures between 200 and 2000 °C to explore the distribution of pyrolysis products as 

a function of temperature by recording the ms-TPES of the pyrolysis products. Isoprene 

was studied at 1400 °C. 

Rovibrational cooling in the expansion from such microreactors has been found to 

be limited,29 because of the low preexpansion pressure at the reactor nozzle.27 The total 

ionization signal is therefore due in part to the barely cooled molecular beam and in part to 

room-temperature species that underwent collisional cooling in the ionization chamber. 

These fractions are typically commensurate, which leads to an intermediate “effective 

temperature” as far as the internal energy distribution of the sample is concerned. 

Furthermore, previous studies with these types of reactors have concluded that the role of 

unimolecular vs. bimolecular reactions is largely molecule-dependent, with bimolecular 

reactions increasing with sample pressure. Reactions involving 0.2% propionic acid in 

argon and 0.3% furfural in helium gave results consistent with primarily unimolecular 

chemistry,30,31 while benzaldehyde pyrolysis at similar concentrations evidenced 

bimolecular chemistry,30 and so did analogous acetone pyrolysis experiments.32 Our 
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previous work on the pyrolysis of methyl-, ethyl- and methylchloroformate did not show 

evidence for a meaningful amount of bimolecular reactions.21,22  

All structures were optimized using density functional theory (DFT) with 

B3LYP/6-311+G(d,p) level of theory using the Gaussian 16 software suite.33 Franck–

Condon (FC) simulations were carried out at the optimized geometries for the pyrolysis 

products using Gaussian 16. Single-point energy calculations with the CBS-QB3 

composite method34,35 were carried out for improved energetics. 

7.3 – Results and Discussion 

Figures 7.1 and 7.2 summarize the mass-selected threshold photoelectron spectra 

(ms-TPES) obtained in isoprene pyrolysis.  The all-electron mass spectrum at 12 eV photon 

energy and a pyrolysis temperature of 1400 °C is shown in Figure 7.3. The peaks at m/z 67 

and 53 are dominant but are not due to the ionization of neutrals with 67 and 53 Da.  Instead, 

they are the result of isoprene dissociative ionization at this photon energy.36 



 

144 

 

 

Figure 7.1: Mass-selected TPES for m/z 68 (data points).  Franck–Condon simulations 

(solid lines with the origin transition shifted to 8.85 and 9.01 eV for isoprene and 

cyclopentadiene, respectively) show the contributions of (a) isoprene and cyclopentene, 

(b) the sum reproduction of the experimental spectrum. As shown in (c), dimethylallenes 

do not contribute to the ms-TPES above the photoionization detection limit. 
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Figure 7.2: ms-TPES for all other species observed in this study. FC-simulations, 

overlaid in solid lines, have been adjusted to match the experimentally reported IEs in ref. 

42. 
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Figure 7.3: Mass spectrum at 1400 ºC and 12 eV photon energy in coincidence with all 

electrons (not only threshold ionization).  Note that some ions, such as m/z 67 and 53, are 

dissociation products of m/z 68 and NOT due to the ionization of a neutral 67 Da species. 

 

7.3.1 – m/z 68 and m/z 66 

While it is tempting to assign m/z 68 to isoprene surviving the furnace, the ms-

TPES strongly suggests the presence of a unimolecular isomerization product of isoprene, 

cyclopentene (Figure 7.1a). The most straightforward clue is that the Franck–Condon 

simulation of both isomers predicts the origin transition to be the strongest, but the second 

peak is the most intense in the recorded band. The photoelectron spectra of both isoprene37 

and cyclopentene38 also display the origin band to be the most intense leaving no doubt as 

to the presence of two species. Assuming that the electronic oscillator strengths for 

threshold ionization into the ground electronic state of isoprene and cyclopentene are 

approximately equal, the spectrum indicates comparable abundances for isoprene and 

cyclopentene as carriers of the m/z 68 signal, as the sum of the two FC envelopes produces 

good agreement with the experimental spectrum (Figure 7.1b). This is the first time 
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cyclopentene has been identified as a product in isoprene pyrolysis. Because of its large 

abundance, it is likely an important precursor in the formation of larger polycyclic aromatic 

hydrocarbons, as well.13,14  According to the Active Thermochemical Tables,39 isoprene is 

ca. 30 kJ mol−1 higher in energy than cyclopentene. Therefore, thermal equilibrium at 1000 

K would imply a more than 30-fold excess of cyclopentene. Both isoprene and 

cyclopentene cations are stable with regard to fragmentation over an energy range of ca. 2 

eV.40 Therefore, dissociative ionization is unlikely to affect the detected abundances of 

even hot neutrals at the ionization onset. Instead, the comparable isoprene vs. cyclopentene 

abundance hints at kinetically hindered isomerization or, more likely, a comparably or even 

more important cyclopentene sink in the form of sequential pyrolysis reactions. Thus, 

cyclopentene detection suggests that it plays a crucial role in the unimolecular thermal 

decomposition of isoprene, at least until higher energy but also higher activation entropy 

processes from isoprene, e.g., bond cleavage outcompetes isomerization. Simple methyl 

radical loss from isoprene has been calculated to require 372 kJ mol−1,15 so there is an 

internal energy window in which isomerization to cyclopentene will be competitive. 

The comparison of the 1,1- and 1,3-dimethylallene FC spectra with the 

experimental ms-TPES shows that dimethylallenes are below the photoionization detection 

limit in the product distribution (Figure 7.1c).  However, as their ionization energy lies 

higher than that of isoprene and cyclopentadiene, the detection limit is rather high. 

Enlisting alternative analytical tools to look for trace amounts of methylallenes would 

nevertheless likely be a futile endeavour, as these isomers are over 50 kJ mol−1 higher in 

energy than isoprene,41 implying a vanishingly small abundance even in thermal 

equilibrium. While this does not preclude the participation of these isomers in the 
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decomposition mechanism, it does call into question the assignment of these and related 

allene species in the pyrolysis of isoprene suggested by Weber and Zhang.15 We calculated 

the energies of two further C5H8 isomers, which could easily be involved in the pyrolysis 

mechanism, methylcyclobutene and methylenecyclobutane, to lie 45 and 48 kJ mol−1 above 

isoprene, respectively. Thus, neither is likely to have significant concentrations even in 

thermal equilibrium.  Evidence for cyclopentadiene formation (m/z 66 ms-TPES, Figure 

7.2a) is also consistent with the involvement of cyclopentene as it is the primary pyrolysis 

product thereof by H2 loss.42 

Concerning the isomerization of isoprene to cyclopentene, Wellington determined 

that vinylcyclopropene preferentially rearranges to cyclopentene,43 while Crane and Rose44 

studied the high-energy isomerization of vinylcyclopropane, and reported rate constants to 

pentadiene isomers as well. The simulated TPES for cis- and trans-1,3-pentadiene are not 

consistent with the experimental data, Figure 7.5.  As cyclopentene is the most stable 

isomer by ca. 30 mol−1, it will dominate the isomer distribution in thermal equilibrium. 

Indeed, the rate constants reported by Wellington for cyclopentene formation from 

vinylcyclopropane can be extrapolated to 1.3 × 107 s−1 at 1400 °C. Thus, if isoprene can 

rearrange to vinylcyclopropane, it will quantitatively yield cyclopentene. To search for the 

missing step, we explored the interconversion of isoprene to vinylcyclopropane and on to 

cyclopentene and cyclopentadiene computationally at the CBS-QB3(sp)//B3LYP/6-

311+G(d,p) level of theory (Figure 7.4).  
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Figure 7.4: Minimum energy reaction pathway for the isomerization of isoprene to 

cyclopentene, and the subsequent H2 elimination from the latter. CBS-

QB3(sp)//B3LYP/6-311+G(d,p) level of theory. 

 

The highest barrier in the process is the initial ring-closing of isoprene to 

vinylcyclopropane at 335 kJ mol−1 (80 kcal mol−1), involving a 1,3-H-shift and ring-

closing. This value is comparable to the threshold of the alternative isomerization pathways 

as calculated by Chen et al.17 and is significantly lower than the decomposition product 

energies quoted in the literature.  The vinylcyclopropane formed in this step is energetic 
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enough that it will promptly ring-expand and rearrange into cyclopentene over a barrier of 

216 kJ mol−1 relative to the vinylcyclopropane minimum. Thus, vinylcyclopropane is only 

a short-lived intermediate in this isomerization. Molecular hydrogen loss from 

cyclopentene also takes place over a barrier of only 238 kJ mol−1 with respect to 

cyclopentene, which, in absolute terms, lies lower than the other transition states in the 

mechanism. Therefore, in the low-pressure limit, this reaction path is expected to yield 

cyclopentadiene and hydrogen quantitatively. The fact that cyclopentene is observable 

along with cyclopentadiene (Figure 7.2a) suggests that the tight H2-formation transition 

state leads to low enough dissociation rates so that cyclopentene can be collisionally 

rethermalized and stabilized in the reactor.   
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Figure 7.5: Comparison of the FC simulation for (a) cis- and (b) trans-1,3-pentadiene 

with the experimental ms-TPES of m/z 68.  The FC simulations were moved to the 

experimentally-reported IE values.42 
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7.3.2 – C1-C4 Products 

The ms-TPES in Figure 7.2b-f show many of the anticipated four and three carbon-

containing products from isoprene pyrolysis.  We observe 1,3-butadiene and 2-butyne 

(Figure 7.2b), but not 1-butyne or methylallene (Figure 7.6).  The only 52 Da isomer we 

positively assign is 1-buten-3-yne (m/z 52 ms-TPES, Figure 7.2c) which displays both a 

ground and excited state vibrational structure in the ms-TPES. Again, there is neither 

evidence for the methylallenyl-H suggested by Weber and Zhang,15 nor for 1,2,3-butatriene 

postulated by Chen and co-workers (Figure 7.7).17 Figure 7.8 displays the optimized 

geometries of neutral 1-buten-3-yne together with its ground and first excited state ions.  

The main excitations in the ground state Franck–Condon simulation are two in-plane 

deformations of the ethene moiety centred at 9.75 eV and the asymmetric stretch of the 

linear portion of the molecule at ~ 9.85 eV. These are consistent with the change in 

geometry upon ionization (Figure 7.8) which shows bond length changes around the 

substituted ethyne carbon atom. The excited state FC simulation shows one main excitation 

corresponding to the stretching of the C−H bond that goes from 1.087 Å to 1.098 Å in the 

excited state. There are fewer skeletal C−C bond length changes between the neutral and 

excited state than between the neutral and ground ion state. 
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Figure 7.6: Comparison of the FC simulation for methylallene and 1-butyne with the 

experimental ms-TPES of m/z 54. The FC simulations were moved to the 

experimentally-reported IE values.42 

 

 

Figure 7.7: Comparison of the FC simulation for butatriene with the experimental ms-

TPES of m/z 52. The simulation was adjusted to match the experimental IE of 9.14 eV 

reported in ref. 41. 
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Figure 7.8: Optimized geometries of the neutral, ground ionic and excited ion states of 1-

butene-3-yne. Bond lengths in Å. 

 

Three-carbon-containing products include propene (Figure 7.2d, m/z 42 ms-TPES) 

and propyne (Figure 7.2e, m/z 40 ms-TPES) and only very weak evidence of allene (Figure 

7.2e).  Propyne is consistent with the co-observation of the propargyl radical (Figure 7.2f, 

m/z 39 ms-TPES).  Two- and one-carbon species observed include the anticipated ethylene 

(Figure 7.2g, m/z 28 ms-TPES), acetylene (Figure 7.2h, m/z 26 ms-TPES), methane 

(Figure 7.9) and the methyl radical (Figure 7.2i, m/z 15 ms-TPES). In the ms-TPES of m/z 

28, the broad band above 11.5 eV is due to dissociative ionization of a higher molecular 

weight species.21,22 



 

155 

 

 

Figure 7.9: ms-TPES of m/z 16, suspected to be methane. 

 

7.3.3 – Bimolecular Reactions 

There is a minute m/z 78 signal suggestive of benzene formation (Figure 7.10), 

indicating that bimolecular reactions are not completely suppressed at the used sample 

dilution in the reactor. However, the general absence of heavier, energetically favored 

condensation products indicates that the overwhelming majority of the observed chemistry 

is due to unimolecular fragmentation in the pyrolysis reactor.   Weber suggests that benzene 

formation is from the dimerization of C3H3 radicals, but this is unlikely in the present 

experiment in terms of the rate constant (1 × 10−12 cm3 molec-1 s-1), radical density (ca. 1014 

molecules cm-3) and time scale of the experiment. 
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Figure 7.10: ms-TPES of m/z 78, suspected to contain benzene. 
 

7.3.4 – Reaction Summary 

In summary, based on the experimentally observed mass-selected TPES, it has been 

demonstrated that a major unimolecular route in the pyrolysis of isoprene is isomerization, 

via vinylcyclopropane, to cyclopentene. Cyclopentene is then responsible for the 

observation of cyclopentadiene.   

R1.   

isoprene (m/z 68)        cyclopentene (m/z 68)    cyclopentadiene (m/z 66)  

Isoprene itself can also fragment into the C1–C4 products, ostensibly by pathways related 

to the formation of the observed products (ms-TPES m/z listed).  Given that loss of neutral 

CH2 is energetically unlikely, it is more likely m/z 54 results from the loss of CH3 (see R2) 

followed by H addition (R3). 

R2.   C5H8 → CH3 (m/z 15) + C4H5 (m/z 53) 

R3.   C4H5 + H → C4H6 (m/z 54, 1,3-butadiene and 2-butyne)  
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In the mass spectrum, m/z 53 is dominated by the dissociation of the isoprene 

radical cation and between this and presumably fast H addition, its ms-TPES could not be 

discerned due to a low concentration.  

R4.  C5H8 → CH4 (m/z 16) + C4H4 (m/z 52, 1-butene-3-yne) 

R5.  C5H8 → C2H2 (m/z 26) + C3H6 (m/z 42, propene) 

R6.   C5H8 → C2H4 (m/z 28) + C3H4 (m/z 40, propyne) 

R7.   C5H8 → C2H5 + C3H3 (m/z 39, propargyl radical) 

The ethyl radical exhibits a broad, ill-defined TPES,45 due to the large geometry 

change that occurs upon ionization and is difficult to discern in the current experiment. 

7.4 – Conclusion  

Photoion mass-selected threshold photoelectron spectra recorded by photoelectron 

photoion coincidence spectroscopy for the thermal decomposition products of isoprene 

identified a major, but previously unobserved, reaction, the isomerization of isoprene to 

cyclopentene. A mechanism for the interconversion, via vinylcyclopropane, was calculated 

and found to be energetically consistent with the energy demands calculated for other 

decomposition mechanisms by Chen et al.17 In contrast to previous assignments, no allene-

derived species (dimethylallene, methylallene, allene) were observed in the threshold 

photoelectron spectra. 1-buten-3-yne was found to be the only significant product with 52 

Da and its ms-TPES also displayed bands due to the first excited state of the molecule.  

Several other previously hypothesized products were not observed, either, leading to a 

simplified picture of the potential reactions (see R1-R7). We believe the current results 

provide a more definitive assignment of the pyrolysis products and that previously derived 

kinetic models of the thermal degradation of isoprene need to be revisited.  
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Chapter 8 – Monoterpene Pyrolysis 

Based on the publication Buenger, E. W.; Bodi, A.; Burgos-Paci, M. A.; Mayer, P. M. 

Monoterpene Flash Pyrolysis Reveals Weakly Coupled Mechanistic Domains and 

Fleeting Biradical Intermediates. Phys. Chem. Chem. Phys. 2025, 27 (43), 23400–23409. 

https://doi.org/10.1039/D5CP03144C. 
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8.1 – Introduction 

Terpenes are abundant, naturally occurring hydrocarbons, built up by isoprene 

(C5H8) moieties. Monoterpenes (C10H16) consist of two isoprene units and exhibit a wide 

array of isomeric structures due to the three degrees of unsaturation in isoprene and the 

frequent formation of stereocenters during isoprene coupling, which gives rise to optical 

isomerism. Representative examples include the acyclic myrcene, the monocyclic 

limonene, and the bicyclic α-pinene, highlighting the monoterpenes’ structural diversity. 

They are relatively volatile and readily enter the gas phase, i.e., the atmosphere, when they 

are emitted into the environment, where they are consumed primarily through oxidation 

reactions with environmental oxidants, such as ozone.1 In addition to the natural abundance 

and emission of terpenes, they are relevant in the food,2 fragrance,3 and pharmaceutical 

industries.4 As fossil fuels are phased out, we turn to alternative sources of renewable 

energy, and monoterpenes have been considered a viable option.5,6 The increasing intensity 

of forest fires worldwide due to climate change7 as well as the prospective use case for 
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monoterpenes as fuels means that monoterpene emissions, atmospheric oxidation,8 and 

pyrolysis are expected to grow. This puts their reactivity, and particularly the pyrolysis 

mechanism of the most abundant monoterpenes, into research focus. 

There have been numerous reports on waste tire pyrolysis, in which polyisoprene 

is broken down to obtain limonene,9 to maximize limonene selectivity for economic 

purposes.10 However, fundamental studies concerning limonene pyrolysis remain few and 

far between. Pines and Ryer investigated limonene pyrolysis at atmospheric pressure and 

450 °C and observed a variety of substituted benzenes, and small amounts of isoprene and 

volatile gases, namely hydrogen, methane, ethane, ethylene, and propene. They proposed 

that biradical intermediates are first formed by homolytic bond cleavage and go on to yield 

the final pyrolysis products.11 More recently, Zheng et al. investigated limonene pyrolysis 

along with that of β-pinene and myrcene and identified limonene isomerization products 

and minimal decomposition in the 540–600 °C temperature range, although the proportion 

of isoprene and non-identified products increased with temperature.12 Bierkandt et al. 

studied limonene combustion and pyrolysis in a flow tube reactor in the 400–1000 °C range 

and observed small quantities of substituted benzenes, and larger quantities of benzene and 

isoprene, as well as small combustion intermediates including acetylene and ethylene as 

pyrolysis products.13 They also rationalized the pyrolysis mechanism by invoking the 

consensus biradical intermediates. 

Early reports on pinene pyrolysis have shown that the α- and β-isomers yield 

different thermal isomerization products at intermediate temperatures, with α-pinene 

forming alloocimene and β-pinene providing predominantly myrcene.14 Similar to the 

mechanism proposed for limonene, pinene isomers were suggested to rearrange towards 
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the observed product through biradical intermediates.14 Crowley and Traynor performed 

α-pinene pyrolysis at 420 °C and observed a variety of monoterpene isomers resulting from 

rearrangements, as well as the formation of methyl substituted benzene compounds.15 

Gajewski et al. studied the pyrolysis of deuterium-labeled α-pinene and also followed the 

racemization kinetics. The observation primarily relates to the relative rate of internal 

rotation vs. ring opening and closure. They concluded that a CS biradical intermediate is 

the most straightforward explanation for the observations and, thus, evidence for the 

formation of biradical intermediates in the thermal rearrangement of α-pinene in the range 

of 220–260 °C.16 Stolle, Ondrushcka and Findeisen published a study that focused on the 

rearrangement of α-pinene to limonene and ocimene over the range of 250–500 °C during 

the course of a pyrolysis experiment with GC analysis.17 Analogous studies on β-pinene 

pyrolysis aimed at rationalizing the formation of myrcene, a product that is not observed 

in the pyrolysis of α-pinene. Kolicheski et al. published a study on producing myrcene 

through the pyrolysis of β-pinene and observed the formation of predominantly myrcene, 

but also limonene, and 1[7],8 p-menthadiene as isomerization products, as well as smaller 

quantities of consecutive smaller fragmentation products over the 350–550 °C temperature 

range.18 It has been suggested that the formation of myrcene from β-pinene is an 

endothermic but, based on its observation, necessarily entropically favourable and 

irreversible process at sufficiently high temperatures.18 The proposed mechanisms for the 

rearrangement and the pathway for the dissociation of myrcene to butadiene and 

pentadiene, however, have since been questioned by other researchers in the field.19 

Coudour et al. identified α-pinene pyrolysis products by GC-MS at yet higher 
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temperatures, detecting butene, isoprene, benzene, and other associated aromatic 

compounds at 800 °C without delving into mechanistic details.20 

A common emphasis in monoterpene pyrolysis studies has been their 

rearrangement and interconversion, not so much the identification of decomposition 

products. The moderate temperature regimes applied in most studies are conducive to 

rearrangement, but not to fragmentation. However, as pyrolysis temperature rises into the 

range characteristic of fuel-rich wildfire conditions with residual woody fuel, the 

proportion of monoterpene dissociation products increases.13  

In this work, we will carry out high-temperature pyrolysis experiments with 

photoelectron photoion coincidence spectroscopy detection, supplemented by theoretical 

calculations to identify the dissociation products obtained through the pyrolysis of selected 

representative monoterpenes, namely limonene, α-pinene, and β-pinene. In the competition 

between low activation energy and activation entropy vs. high activation energy and 

activation entropy processes, high temperatures, characteristic of wildfires, will favor the 

latter. This is expected to complement previous studies carried out at lower temperatures 

and higher reaction times. 

8.2 – Methods 

8.2.1 – Pyrolysis Experiments 

Pyrolysis experiments were carried out on the VUV beamline at the Swiss Light 

Source (SLS, Paul Scherrer Institute, Villigen, Switzerland) using the imaging 

photoelectron photoion coincidence endstation21–23 and a high-temperature pyrolysis 

microreactor,24 as described previously in Chapter 7.2. After photoionization, imaging 

RoentDek delay line detectors were employed to velocity-map photoions and 
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photoelectrons, which were time- and position-stamped. The electron event was used as 

the start of the time-of-flight timer for the photoions. Photoelectrons having initially zero 

kinetic energy (threshold electrons) are detected at the centre of the electron imaging 

detector, whereas kinetic energy (“hot”) electrons are detected off-axis according to their 

initial lateral momentum. Hot electrons with an initial trajectory along the extraction axis 

also hit the centre spot. These events were subtracted from the centre mass spectra by 

subtracting the mass spectrum based on electrons detected in a ring around the centre spot 

to obtain threshold ionization mass spectra, i.e., ions in coincidence with truly threshold 

electrons.25 Plotting the intensity of a mass spectral peak with a particular m/z ratio from 

the threshold ionization mass spectrum as a function of photon energy yields the photoion 

mass-selected threshold photoelectron spectrum (ms-TPES).26  

Pyrolysis experiments were performed by passing argon, at a pressure of 1 bar and 

a flow rate of 1 standard cubic centimetres per minute (sccm), over a vial containing the 

terpene at room temperature. The room temperature vapour pressure of the three terpenes 

is ca. 4–6 mbar.27 This mixture was then diluted with 20 sccm of argon to produce a beam 

with approximately 0.5% terpene, which expanded through a 200 μm pinhole into the 3 cm 

long, 1 mm internal diameter, resistively heated SiC pyrolysis microreactor. Reactor 

surface temperatures have been derived based on a previously observed power dependence 

measured in the pyrolysis setup by a type C thermocouple (1):  

(1)  𝑇/°C =  𝑃/W ×  14.27 +  303 

Where T is the reactor temperature and P is the heating power. The reactor 

temperature is considered to represent the gas temperature inside the reactor to within 100 

°C.28 The pressure and residence time in the reactor has been estimated to be 10–40 mbar 
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and up to 100 μs, respectively.28,29 The reactor is placed in the source vacuum chamber, 

where the pressure was ~ 5 × 10−5 mbar during measurements. The molecular beam exiting 

the pyrolysis reactor passed through a 2 mm diameter skimmer into the detection chamber, 

kept at a pressure of 10−6 mbar during measurements. The reactor can be heated to 

temperatures between 200 and 2000 °C to explore the distribution of pyrolysis products as 

a function of temperature by recording ms-TPES. The terpenes were studied at 950 °C. 

Rovibrational cooling in the expansion from such microreactors has been found to 

be limited,30 because of the low preexpansion pressure at the reactor nozzle.28 The total 

ionization signal is therefore due in part to the barely cooled molecular beam and in part to 

room-temperature species that underwent collisional cooling with wall surfaces in the 

ionization chamber. These fractions are typically commensurate, which leads to an 

intermediate “effective temperature” as far as the internal energy distribution of the sample 

is concerned. Furthermore, previous studies with these types of reactors have concluded 

that the role of unimolecular vs. bimolecular reactions is molecule-dependent, with 

bimolecular reactions increasing with sample pressure. Reactions involving 0.2% 

propionic acid in argon and 0.3% furfural in helium gave results consistent with primarily 

unimolecular chemistry,31,32 while benzaldehyde pyrolysis at similar concentrations 

evidenced bimolecular chemistry,31 and so did analogous acetone pyrolysis experiments.33 

Our previous work on the pyrolysis of methyl-, ethyl- and methylchloroformate did not 

show evidence for a meaningful amount of bimolecular reactions.34,35  

8.2.2 – Computational Methods 

Closed-shell singlet structures were optimized using density functional theory 

(DFT) with B3LYP/6-311+G(d,p) level of theory using the Gaussian 16 software suite.36 
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Minimum-energy reaction paths and transition states were located using relaxed internal 

coordinate scans and the Synchronous Transit-Guided Quasi-Newton (STQN) method.37 

Single-point energy calculations with the CBS-QB3 composite method38,39 were carried 

out for improved energetics, and are reported in the potential energy figures. There were 

noticeable discrepancies between, for example, the B3LYP and CBS-QB3 energies for β-

pinene and myrcene. Myrcene is less stable by ca. 40 kJ/mol according to CBS-QB3 but 

only by 7 kJ/mol according to B3LYP/6-311+G(d,p). G4, M06-2X/6-311++G(d,p) and 

ωB97-XD/def2-TZVPP calculations confirmed the CBS-QB3 results. As B3LYP 

geometries feature in CBS-QB3 and G4 calculations, as well, we conclude that B3LYP 

geometries are acceptable, but B3LYP energetics are likely untrustworthy for these 

monoterpenes. Franck–Condon (FC) simulations of the ground-state ms-TPES bands of 

pyrolysis product candidates were also carried out using B3LYP geometries in Gaussian 

16.  Optimized structures in Figures 8.2 and 8.3 have been uploaded to the ioChem BD 

database, available at the following directory: https://iochem-bd.bsc.es/browse/review-

collection/100/478924/ed8df8b822789fef9ca2906e 

Biradicals were previously proposed to play a crucial role in the conversion of 

monoterpenes and are characterized by two, barely coupled radical centers. The biradical 

energies were obtained for the triplet state using CBS-QB3. As the singlet and triplet states 

are quasi-degenerate, the reaction path from the singlet monoterpene to the biradical 

minimum may proceed on the closed-shell singlet, the open-shell singlet, or triplet surface. 

Therefore, we also carried out broken-symmetry open-shell singlet and triplet path 

calculations to determine if the open-shell potential energy surface influences unimolecular 

monoterpene reactivity both towards the biradicals and along the other reaction steps. 
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Open-shell singlets (OSS) were addressed in unrestricted DFT calculations with α/β 

symmetry breaking by mixing β HOMO and LUMO orbitals in the initial guess, which 

relaxed into the closed-shell DFT result when the OSS configuration was higher in energy 

than the closed-shell one and yielded an open-shell solution otherwise. When symmetry-

breaking led to a meaningful change in energy, OSS geometry optimizations were carried 

out to re-optimize the transition state geometries on the OSS surface. As B3LYP energies 

were found unsatisfactory and composite method calculations are not trivially applicable 

to these states, we evaluated the transition state energetics at the ωB97-XD/def2-TZVPP 

level of theory, referencing it to the related monoterpene on the potential energy surface. 

The broken-symmetry solution is contaminated by the triplet wave function, as seen by 

typical 〈𝑆2〉 values of 0.7–1.0 instead of the expected 0 for a singlet. To obtain the pure 

singlet energy, we computed the triplet energy at the symmetry-broken optimized 

geometries using restricted open-shell Kohn–Sham (ROKS) ωB97-XD/def2-TZVPP 

calculations, and used the Yamaguchi spin decontamination correction:40–42 

(2)  𝐸OSS = 𝐸BS −
〈𝑆2〉BS

2−〈𝑆2〉BS
(𝐸T − 𝐸BS) 

where 𝐸OSS is the derived open-shell singlet energy, 𝐸T is the ROKS triplet energy, 𝐸BS is 

the broken-symmetry singlet energy and 〈𝑆2〉BS is the expectation value of the spin-squared 

operator in the broken-symmetry calculation. As discussed by David et al.,43 this approach 

is expected to yield reliable results as long as the spin polarization of the supposedly closed-

shell orbitals is minor, i.e., up to 〈𝑆2〉  ≈ 1, as was the case here. Nonetheless, the activation 

energies thus computed are expected to be markedly less accurate than the closed-shell and 

triplet biradical CBS-QB3 energies. 
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8.3 – Results and Discussion 

8.3.1 – Experimental ms-TPES and Pyrolysis Product Identification 

All recorded photoion mass-selected TPES can be found in the Appendix (Chapter 

10).  In Figure 8.1, the ms-TPES for m/z 68 from each of the three precursors is used as an 

example, together with a Franck–Condon simulation, in this case for isoprene.  

 

Figure 8.1: ms-TPES (markers) for m/z 68 obtained from the pyrolysis of (A) limonene, 

(B) α-pinene, (C) β-pinene. The FC simulations of isoprene (black line) and 

cyclopentadiene (blue line) have been overlaid on top of each ms-TPES. The product 

observed at m/z 68 has, thus, been identified as predominantly isoprene. 

 

It is evident that limonene, α- and β-pinene all produced isoprene upon pyrolysis, 

but the intensity of the second peak in the ms-TPES and the more gradual drop in signal 

intensity suggest that an additional species contributes to the m/z 68 peak in the case of - 

and -pinene. In our earlier work on isoprene pyrolysis, we observed evidence for the 

formation of cyclopentene, which ionizes at 9 eV and contributes the stronger band at that 

energy in the TPES, which may therefore be a monoterpene pyrolysis product to account 

for the enhancement of the 9 eV peak.44 
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Table 8.1: Fractional abundances (in %) of the identified flash pyrolysis products of α-

pinene, β-pinene, and limonene at 950 °C, assigned by ms-TPES. Abundances are based 

on cross-section corrected mass spectral signals of the ground-state TPES band (see text). 

The basis vectors (wi, renormalized to 100% in sum) from the non-negative matrix 

factorization, representing the mechanistic domains with their coefficients in the 

monoterpene pyrolysis (hi) giving each domain’s contribution to pyrolysis. Coefficients 

for a two-component factorization are also given (h′i). 

 

Compound Identity α-pinene β-pinene limonene w1 w2 w3 

C9H12 Trimethylbenzene 11.4 0.9 1.6 0.4 11.8 1.2 

C8H10 Xylene 39.6 2.4 7.7 3.8 41.2 0.7 

C7H8 Toluene 20.1 2.4 6.3 4.6 20.9 0.2 

C6H8 Cyclohexadiene 1.8 0.2 0.2 0.0 1.9 0.4 

C6H6 Benzene 0.5 0.7 0.5 0.5 0.5 0.9 

C5H8 Isoprene/(cyclopentene) 7.3 25.6 48.6 53.5 6.7 0.0 

C5H6 Cyclopentadiene 1.4 15.0 11.0 12.2 0.8 17.8 

C4H6 1,3-butadiene 1.3 4.6 2.3 2.4 1.1 6.7 

C4H4 1-buten-3-yne 0.3 2.2 2.7 3.0 0.2 1.5 

C3H6 Propene 2.5 1.2 1.7 1.6 2.6 0.8 

C3H5
. Propenyl radical 0.3 0.7 0.4 0.4 0.3 1.0 

C3H4 Propyne 0.7 1.3 0.6 0.6 0.7 2.0 

C3H3
. Propargyl radical 1.4 30.1 7.3 8.1 0.0 50.9 

C2H4 Ethene 1.9 5.8 1.8 1.8 1.7 9.6 

C2H2 Ethyne 0.5 2.0 1.3 1.4 0.4 2.6 

CH3
. Methyl radical 9.1 4.8 6.1 5.7 9.3 3.9 

NMF coefficients for precursor products h′1 h′2  h1 h2 h3 

α-pinene  0.00 0.98  0.02 0.96 0.02 

β-pinene  0.82 0.00  0.48 0.01 0.52 

limonene  0.97 0.18  0.90 0.11 0.00 

 

Table 8.1 summarizes the products observed and confirmed by FC-simulation in 

the pyrolysis of each terpene precursor. Aside from these peaks, up to half of the overall 

mass spectral signal intensity was spread over an abundance of minor peaks that could not 
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be individually assigned. However, the major peaks can be expected to deliver a valid 

overall picture of the unimolecular pyrolysis chemistry of the samples to understand 

commonalities and differences. The fractional abundance of the confirmed products, listed 

in Table 8.1, was approximated as the intensity of the origin band in the ms-TPES, divided 

by the known photoionization cross sections,45 and normalized to the sum of their total 

renormalized signal. Based on cursory inspection of the major products, limonene 

primarily dissociates into isoprene, while - and -pinene exhibit distinct chemistries. -

Pinene forms primarily C5H8 (isoprene and cyclopentene), C4H4 (1-buten-3-yne), and a 

large amount of C3H3
. (propargyl radical), while α-pinene is the “busiest” of the three 

terpenes, exhibiting a variety of pyrolysis products, with methyl radicals being the 

predominant one. 

8.3.2 – Product Matrix Factorization 

If monoterpenes were to promptly interconvert before decomposing at the high 

pyrolysis temperature of 950 °C, we would see the same products emanating from the 

reactor, independent of the precursor monoterpene. Although this is not the case, there are 

similarities between the experimental α-pinene, β-pinene, and limonene product vectors in 

Table 8.1. A simple measure of the similarity between the product distributions is the angle 

between the product vectors, computed using cosine similarity after normalizing each 

distribution. At 0°, the distributions are identical and at 90°, they are orthogonal to each 

other. The angles are 77° (α-pinene vs. β-pinene), 69° (α-pinene vs. limonene), and 40° (β-

pinene vs. limonene). This suggests that parts of the mechanism are shared, especially 

between β-pinene and limonene.  
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Non-negative matrix factorization (NMF, as implemented in scikit-learn)46 is 

motivated by the idea that complex observations can be explained as an additive, strictly 

non-negative combination of parts. These are obtained as basis vectors and coefficients 

that reconstruct the measured data, i.e., the product abundances, best.47 Because the factors 

cannot take negative values, each column (wi) naturally represents a chemically plausible 

mechanistic domain, and the coefficient vectors (hi) quantify said domain’s contribution to 

pyrolysis. Evidence for mechanistic coupling appears when a precursor’s weights are 

spread over more than one domain rather than concentrated in a single one. This parts-

based decomposition has previously been used to interpret chemistry: positive matrix 

factorization work by Paatero and Tapper contributed to source apportionment in 

environmental chemistry,48 and Puliyanda et al. recently used joint NMF to unravel 

coupled versus uncoupled reaction pathways in heavy-oil upgrading.49 

If each sample is trivially assigned to its own domain, we obtain a mathematically 

valid and exact but chemically uninformative decomposition with an identity matrix for 

the coefficients. Starting from a random or perturbed initial guess, the NMF algorithm will 

converge to a chemically interpretable local minimum. To avoid over-interpreting a single 

random initialization, we ran NMF many times with different random seeds and chose the 

most representative decomposition within 1–2% of the best error, i.e., one with basis 

profiles most similar to the other solutions. The solutions were easily reproducible and 

largely insensitive to initialization. 

However, the first question is whether a two-component factorization reproduces 

the experiment well enough. The coefficients in the rank-2 factorization (h′i in Table 8.1) 

suggest strong coupling between β-pinene and limonene products, and the rest of the 
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limonene chemistry is approximated by α-pinene contributions. This, however, is a poor 

fit with a Euclidean reconstruction error (normalized by the Euclidean norm of the data 

matrix) of 27%, which shows that a third domain is necessary for a suitable reproduction 

of the product matrix. The three-factor basis vectors and their coefficients are also given in 

Table 8.1. Limonene and α-pinene have their own mechanistic domains (w1 and w2) in this 

factorization, while β-pinene chemistry is half unique (w3) and half coupled to limonene’s 

domain. This provides a preliminary estimate on where the reactive flux branches out. 

Apparently, β-pinene will in part isomerize to limonene, but the decomposition of the other 

monoterpenes takes place mostly before interconversion, at least at 950 °C. If the 

isomerization barriers are lower in energy but associated with a lower activation entropy 

than the decomposition transition states, isomerization may compete more effectively at 

lower temperatures. Computational chemistry can be used to map the reaction paths and 

provide further, more tangible insights into the different mechanistic domains.  

8.3.3 – Calculated Minimum Energy Reaction Pathways 

Mechanistic suggestions in the literature invoke biradicals as central early 

intermediates in the interconversion and decomposition of these three species. 

Computationally, homolytic bond breaking in a closed-shell molecule yields a biradical 

system, but unimolecular rearrangements may take place on the closed-shell singlet 

surface, as well. As the second is easier to address computationally, we first tackled the 

pathways on the closed-shell singlet surface. Inspired by the singlet paths, we then followed 

the reaction paths on the triplet surface and evaluated open-shell singlet energies for the 

transition states and intermediates. While we aimed to locate the lowest-lying channels 

using constrained bond length and angle scans as well as synchronous transit-guided quasi-
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Newton optimizations, per the dimensionality of the system, only a small part of the 

potential energy surface could be explored. However, due to the lack of a fast and robust 

level of theory to yield reliable energies across the potential energy surface, it is unlikely 

that a more aggressive PES exploration strategy using a less expensive level of theory 

would have yielded better results. Therefore, this balanced approach likely provides a 

reasonable first guess for the unimolecular thermal decomposition mechanism of 

monoterpenes.  
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Figure 8.2: Minimum energy reaction pathway calculated at the CBS-QB3//B3LYP/6-

311+G(d,p) level of theory, involving limonene (1) and α-pinene (2). The pathway from 

1 towards the left yields two isoprene molecules (C5H8). Towards the right, it connects 

limonene to 2, followed by sequential losses of methyl radical to yield aromatics. 

Energies indicated are relative to that of 1. A 2D schematic has been included. 

 

The minimum energy reaction pathway for limonene fragmentation is shown in 

Figure 8.2. The reaction towards the left is straightforward, beginning from limonene (1) 
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and going over a 2.55 eV barrier (TS1-C5H8), where the cyclohexene ring is broken near 

the propenyl group in a retro-Diels–Alder reaction, leading to the release of two isoprene 

molecules (C5H8). This is a closed-shell fragmentation pathway with no open-shell or 

biradical character. Limonene can, however, also undergo isomerization by H-transfer to 

form a biradical. The energy of this closed-shell transition state is only 2.50 eV but the 

biradical is not stabilized significantly after the H atom is transferred and exhibits an energy 

of 1.85 eV (see potential energy surface in Figure 8.3). Thus, while biradical formation is 

energetically allowed prior to isoprene formation in limonene, it represents a dead end in 

the mechanism. Limonene’s facile dissociation to isoprene also explains the dominant 

abundance of isoprene observed experimentally in limonene pyrolysis. 
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Figure 8.3: Potential energy surface including the open-shell singlet (OSS) ring-opening 

transition states. The stabilization they represent with respect to the closed-shell 

analogues (solid arrows) as well as the initial closed-shell (CSS) stationary points 

discussed in the main text are also shown. The OSS TS energies were computed using 

DFT as discussed in the Methods section, relative to the corresponding monoterpene 

energy. CBS-QB3 energies are shown for the closed-shell stationary points, while the 

biradical energies are the result of triplet CBS-QB3 calculations. The biradical structures 

are also plotted. 

 

Moving towards the right in Figure 8.2 and towards the left in Figure 8.3, limonene 

is connected to α-pinene by an isomerization transition state TS1-2, where the methyl 

group on the propyl moiety undergoes a 1,5-H shift and forms the C–C bridge in α-pinene. 

This closed-shell transition state lies at 2.33 eV, slightly lower than the 2.55 eV transition 

state to isoprene formation. Based on the experimental observation and the product matrix 

factorization, limonene barely couples to the α-pinene reactions. The limonene 

fragmentation (TS1-C5H8) and the TS1-2 isomerization transition states are broadly 
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comparable in energy, but TS1-2 is associated with a lower activation entropy (−20 vs +25 

J K−1 mol−1 for TS1-C5H8), which allows the retro-Diels–Alder fragmentation to 

outcompete limonene isomerization to α-pinene at high temperatures. 

Moving from structure 2, α-pinene, towards the right, an open-chain intermediate 

2a is produced via elongation of one of the C–C bonds in the bicyclic bridge feature. The 

associated transition state, TS(2-2a), is rather high in energy at 3.02 eV. Indeed, a single-

point triplet-singlet gap calculation at this geometry yielded a splitting of only 0.17 eV. 

Only the open-shell singlet transition state, at ca. 2.36 eV (see Figure 8.3), makes the 

formation of the per se closed-shell intermediate 2a competitive. 2a may then re-cyclize 

by association of the terminal alkene and the central CH carbon, leading to 

tetramethylcyclohexadiene 2b. Sequential bond dissociation of CH3 groups leads to the 

production of the trimethylcyclohexadienyl radical and xylene, releasing two methyl 

radicals. This path explains the observation of the strong methyl radical signal as well as 

aromatic products in α-pinene pyrolysis. 
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Figure 8.4: Minimum energy reaction pathway calculated at the CBS-QB3//B3LYP/6-

311+G(d,p) level of theory, involving limonene (1) and β-pinene (3). Isoprene formation 

from 1 is the same as in Figure 8.2. The transition state towards the right connects 

limonene and β-pinene, which can also rearrange to myrcene (3a). Energy values are 

relative to that of limonene. A 2D schematic has been included. 

 

Minimum energy reaction pathways calculated to account for β-pinene pyrolysis 

are shown in Figure 8.4. Much like α-pinene, β-pinene (3) can also isomerize to limonene 

(and thus make isoprene) through TS1-3, which lies only at 2.22 eV. One of the CH3 

hydrogens undergoes a 1,5-H shift towards the exocyclic CH2, resulting in 1. The low 

energy of this closed-shell rearrangement transition state explains the observation of 

isoprene and the strong coupling between the β-pinene and limonene pyrolysis chemistry 
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indicated by NMF, as well. Starting to the right from 3, a rearrangement reaction is seen 

involving the dissociation of the bond between bicyclic bridging carbons, TS3-3a, at an 

energy of 3.02 eV. This β-pinene rearrangement is analogous to the one calculated in α-

pinene, but it leads to 3a, myrcene, due to the position of the double bond. We did not 

detect myrcene in β-pinene pyrolysis, and do not have data on myrcene pyrolysis under 

comparable conditions, but propargyl radicals, an abundant product in the β-pinene 

reaction domain, represent a likely sequential fragmentation product of myrcene. Because 

of the linear chain and the comparable bond energies in myrcene, its pyrolysis mechanism 

is expected to be convoluted, and we did not endeavor to unveil it solely computationally. 

While this path over a closed-shell transition state leads to a major pyrolysis product of β-

pinene known in the literature, its activation energy is prohibitively high. 

Although the triplet single-point energy at TS3-3a was found to be 0.25 eV higher, 

an open-shell rearrangement transition state was found at 2.56 eV (Figure 8.3). In fact, we 

also located a lower-lying open-shell path, with a much lower barrier of ca. 1.90 eV, 

leading to ψ-limonene. This activation energy is slightly lower than the 2.22 eV 

isomerization activation energy to limonene. β-Pinene can be thermally converted to 80% 

myrcene at 450 °C with 11% limonene as co-product, and ψ-limonene is not a major 

pyrolysis product.50 Therefore, the overall activation energy to myrcene formation cannot 

be significantly higher than ca. 2 eV, the closed-shell transition state TS3-3a to limonene 

formation, which is followed dominantly by isoprene release. In fact, the economically 

feasible conversion of β-pinene to myrcene at lower temperatures, combined with the NMF 

result of ca. 50:50 β-pinene and limonene mechanistic contributions to the β-pinene flash 

pyrolysis products tells us that isomerization is dominant at low energies and outcompeted 
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by the looser but higher-energy isomerization process to limonene at our elevated 

temperatures and short reaction times. Therefore, the transition state to myrcene formation 

should be tighter and at a lower energy than the isomerization transition state to limonene. 

Consequently, either the true transition state to myrcene is lower than the OSS transition 

state we located at 2.56 eV, or ψ-limonene is an intermediate on the way to myrcene 

formation. In the absence of pyrolysis data on ψ-limonene, we have not explored its thermal 

decomposition pathways further. These insights and the open-shell transition states driving 

some of the discussed decomposition paths call for a discussion of the “biradical” 

intermediates as invoked ubiquitously in the mechanistic discussions of terpene pyrolysis 

in the literature. 

8.3.4 – On the Role of Biradicals 

Apart from the open-shell singlet ring-opening transition states discussed above, 

triplet and OSS minima and transition states along the potential energy surfaces in Figures 

8.2 and 8.3 were found to be, in part significantly, higher in energy than the closed-shell 

singlets. The central biradical intermediates proposed by, e.g., Gajewski et al.16  are distinct 

from the structures along our PES and correspond to ring-opening of the bicyclic - and 

-pinene to a configuration with two hypovalent carbons with remote radical centers and 

quasi-degenerate open-shell singlet and triplet electronic configurations. We have also 

considered the biradical isomer of limonene by H-transfer and found that the biradicals’ 

energy was in the 1.85–1.90 eV range relative to limonene. The corresponding 

isomerization transition states were found to be on the closed-shell surface at 2.33 eV for 

-pinene and at 2.50 eV for limonene. While the former corresponds to a bond breaking, 

biradical formation in limonene requires a H-transfer, therefore a tight transition state. For 
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-pinene, an OSS transition state was found at a remarkably low energy of 1.90 eV, 

suggesting that biradical formation is kinetically allowed at its energetic threshold of 2.26 

eV. Thus, biradical formation is generally energetically allowed in the energy range of the 

other isomerization/fragmentation processes, although it takes place over a tight transition 

state in limonene. Based on the harmonic free energies and activation free energies, 

evaluated using thermo.py by Irikura,51 we calculated equilibrium constants and rate 

constants as a function of temperature to gain further insights into the biradicals’ role. As 

shown in Figure 8.5, the equilibrium fractional abundance of the biradical derived from -

pinene is on the order of 10−10 at temperatures where thermal dissociation does not yet 

convert the precursor into lighter fragments quantitatively. Statistical rates for ring opening 

in -pinene and isoprene formation in limonene are also at least an order of magnitude 

higher than for biradical formation. The biradical energies are expected to be accurately 

reported by CBS-QB3. Consequently, biradicals are unlikely to be present in detectable 

amounts, irrespective of the experimental conditions. Furthermore, because of their high 

energies, they are not fragmentation or isomerization intermediates. However, because of 

the errors in the harmonic approximation and the uncertainties in the activation energies, 

we cannot exclude that biradical formation rates are higher and that they may still play a 

role in racemization in both pinenes. 
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Figure 8.5: Equilibrium constant as a function of temperature for biradical formation 

from β-pinene and canonical harmonic RRKM rate constants for ring opening in α-

pinene, isoprene formation from limonene (dashed lines) vs. biradical formation 

(continuous lines) in these species. Statistical calculations are based on the potential 

energy surface above. 

 

Thus, the interconversion of the -pinene/limonene/-pinene system as well as the 

straightforward fragmentation of the limonene to isoprene takes place on the closed-shell 

singlet surface. Although the assumed biradical mechanisms are suitable to fit the reaction 

kinetics12,17,19 and account for the racemization of the sample as well as deuterium 
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scrambling,16 our results suggest that biradicals may be responsible for racemization and 

hydrogen scrambling (as statistical rates may be off by more than an order of magnitude), 

but do not play a role in driving thermal decomposition chemistry (because of the high 

biradical energies). Furthermore, even if equilibrium biradical concentrations are reached, 

they will remain undetectable trace components in the reactive mixture at all temperatures. 

This insight underlines the importance of computational confirmation of the viability of 

assumed reaction intermediates.  

At the same time, as mentioned earlier, the ring-opening transition states of - as 

well as -pinene are open-shell singlets, which brings the calculated surface more in line 

with the experimental observations.  Open-shell singlet transition states appear to play a 

major role in driving monoterpene unimolecular thermal decomposition, but not their 

isomerization. These transition states, however, are not biradicals and exhibit substantial 

singlet–triplet gaps. 

8.4 – Conclusion 

The major flash pyrolysis products of limonene, - and -pinene were identified at 

a pyrolysis temperature of 950 °C based on their ms-TPES, recorded by imaging 

photoelectron photoion spectroscopy. A semi-quantitative analysis yielded a product 

matrix, which showed isoprene as the predominant product in limonene pyrolysis, strong 

aromatics as well as methyl radical signals in -pinene thermal decomposition, and 

propargyl radicals and cyclopentadiene as well as isoprene as the most important -pinene 

fragmentation products. Non-negative matrix factorization with two basis vectors could 

not reproduce the product matrix faithfully, confirming that the three samples fragment 

according to three mechanistic domains. NMF also indicated that these may be thought of 
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as the limonene mechanism (retro-Diels–Alder reaction to isoprene), the -pinene 

mechanism to aromatics, and about half of the -pinene reactive flux proceeds via the 

limonene mechanism while the other half ultimately yields propargyl and cyclopentadiene 

as major products, likely over a myrcene intermediate. While NMF analysis yielded proof-

of-principle mechanistic insights that were in line with the computational results, it was 

inherently limited by the low dimension of the data sets. Temperature-dependent product 

matrices of more monoterpene isomers would have yielded better-defined insights, but 

experimental developments, such as quantification approaches based on measurements at 

only one or a few photon energies, would be needed for more expansive data sets to be 

within reach. 

We have explored the closed-shell singlet potential energy surface to identify the 

main monoterpene interconversion and fragmentation mechanisms using density 

functional theory and the CBS-QB3 method for single-point energies. This exploration was 

guided by the observed pyrolysis products, and only a small part of the phase space could 

be explored. Alternative, automatic reaction kinetics approaches52 could account for a 

larger part of the mechanism, including the minor products, if coupled with a methods 

strategy that addresses closed- and open-shell singlet as well as triplet states consistently. 

Still, the isomerization reactions and the major limonene pathway, the formation of 

isoprene, are well-described by this approach. From - and -pinene, open-shell singlet 

ring-opening transition states lead to fragmentation at comparable energies, explaining the 

competition between interconversion and fragmentation, the latter of which dominates in 

-pinene, and a combination is seen in -pinene. Biradicals are very high in energy to be 

intermediates in thermal decomposition. While their formation is energetically allowed at 
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1.80–1.95 eV above limonene over moderate or even submerged transition states, statistical 

equilibrium constant and rate constant calculations suggest that they are at most fleeting 

species in the reactive mixture and not major fragmentation intermediates they were made 

out to be. Thus, we show that the flash pyrolysis of monoterpenes is driven by 

isomerization and fragmentation transition states, of which ring-opening transition states 

often have open-shell character and, contrary to the longstanding paradigm, biradical 

intermediates, while they may account for racemization, are unlikely to play a major role 

in thermal decomposition. 
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Chapter 9 – Conclusion 

Each of the individual chapters of this thesis have dedicated conclusions related to 

the molecular system and conditions that were investigated. The goal of this conclusion 

section is to contextualize the collection of results into the broader picture of gas-phase 

terpene chemistry. It will be useful to separate the discussion into the different conditions, 

protonation and pyrolysis.  

The terpene protonation studies represent the first look at the dissociation behaviour 

of these species, as previous studies focused particularly on their formation and 

oligomerization. These studies are useful at predicting what sort of products may be 

formed under the energetic excitation of protonated terpenes, a possible pathway in 

atmospheric chemistry. Due to the relatively large abundance of terpenes present in the 

atmosphere, if even a small fraction of them become protonated and subsequently 

dissociate under energetic excitation, that would still constitute a large quantity of 

protonated terpene fragmentation products present in the atmosphere. 

When considering the unimolecular dissociation of protonated terpenes, with a few 

exceptions, the site of protonation played an instrumental role in the observed chemistry. 

These exceptions include isoprene and limonene; in each case there were multiple 

potential initial sites of protonation, but only one that was responsible for driving the 

dissociation chemistry that was observed. The incidence of multiple points of 

unsaturation within these molecules suggests that multiple sites of protonation are 

possible, however, when considering the dissociation chemistry just one of these sites 

contributed significantly, other sites that were accessible (within a 0.2 eV relative energy 
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difference) did not contribute aside from rearrangement towards the reactive 

intermediate.  

In all other cases of the terpene protonation studies, differing sites of protonation 

had a clear influence on the observed dissociations. In the study of pinene isomers, there 

was the presence of an additional, more stable site that was available by protonation in 

the cyclobutyl moiety of α-pinene, but not β-pinene. This additional stable structure helps 

to describe the subtle difference in fragmentation that has been observed between the two 

isomers. Since the protonated structure unique to α-pinene is more stable, it requires a 

greater energy input to overcome the initial barrier to access the calculated reaction 

pathway, leading to an energetic intermediate that can more readily access the higher 

energy pathway that yields the m/z 95 product ion. Although this example was subtle, the 

calculations showed that the site of protonation does impact the dissociation chemistry in 

these pinene isomers.  

The site of protonation and its effect on the observed dissociation was more starkly 

evident in the case of myrcene. There were four protomer structures that were calculated 

from the six possible sites of protonation, with two sites that led to the same protomer, 

three of which with nearly equivalent relative energy values (within 0.01 eV of one 

another), and a fourth that was energetically non-competitive. These increased 

populations would thus in theory be double the population of the protomers that are 

populated through a single site. When calculating the pathway towards product ions from 

the starting protomers, it was evident that the most abundant product ion channels, m/z 

95 and 81, had primarily resulted from the protomers that had this initially doubled 

population. The two lower abundance product ion channels, m/z 109 and m/z 93, resulted 
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from competing pathways that arose out of the singly populated protomer. In all cases, 

the calculated reaction mechanisms related to the experimental observations due to the 

initial site of protonation of myrcene in the ion source. 

The investigation of terpenoids was driven by the desire to observe the effect of the 

incorporation of oxygen into the terpene structure via hydroxylation. In the context of 

sites of protonation, this oxygen is significant as it represents a heteroatom that may 

readily accept a proton. There were some interesting observations when considering the 

terpenoids prenol, linalool and α-terpineol. Protonation on the oxygen was generally 

favourable when compared to protonation at an alkene position. Protonation on the 

hydroxyl ultimately lands up as a neutral water that is bound to a protonated terpene 

moiety as an ion-molecule complex. In the cases of prenol and linalool, this ion-molecule 

complex is not stable enough to survive the ion optics responsible for transmitting the 

protonated ion from the ion source to the first quadrupole for mass selection. Thus, all of 

the observed ion chemistry, particularly the relatively low abundance of water loss 

dissociation pathways, arise exclusively from protonation at alkene sites, since these 

protomers are stable enough to reach the collision cell for fragmentation. By contrast, in 

the case of α-terpineol, there is a relatively large dissociation barrier to remove the water 

that is formed from protonation at the hydroxyl group from the ion-molecule complex, 

allowing it to be stable enough to be mass selected. Thus, the dissociation experiment is 

dominated by the water loss channel. 

The original goal of the protonated terpene work was to investigate their 

decomposition to help identify potential dissociation products that could be present in the 

troposphere. More broadly, this work has implications for analytical mass spectrometry. 
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In molecules that have multiple heteroatoms, or hydrocarbon sites that may accept 

protons like alkenes or alkynes, the site of protonation clearly has an impact on the 

observed fragmentation. These observations can have consequences in MS/MS 

experiments, as the dissociation product ions that are formed may be dependent upon the 

starting protonated structure that is formed in the ion source prior to mass selection. 

Considering this factor may contribute towards greater understanding of the 

fragmentation chemistry and enable complete annotation in cases where fragmentation 

products are not immediately obvious.  

When considering the neutral pyrolysis experiments, some unique observations 

were able to be made due to the experimental design. For instance, the flash pyrolysis set 

up used at the Swiss Light Source enables very high temperature, short timescale 

experiments, a feature that has been lacking in the terpene thermal decomposition 

literature. Furthermore, the iPEPICO beamline allows for more precise identification of 

compounds that other methods like GC, IR spectroscopy and photoionization experiments 

are unable to. The key factor is that iPEPICO can differentiate structural isomers by their 

initial photoionization band, information that the aforementioned methods are unable to 

distinguish. In the studies on the pyrolysis of isoprene, the experimental TPES for m/z 68 

obtained from the iPEPICO experiment showed an additional onset band at higher photon 

energy, which was able to be identified as cyclopentene. This observation represents a 

novel product in the pyrolysis of isoprene and allowed for the calculation of a new 

pathway that leads to cyclopentadiene that is comparable in energy to previously 

described reactions and features the observed cyclopentene as an intermediate. This 
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information would not have been accessible without using iPEPICO to identify that key 

intermediate.  

When considering the monoterpene pyrolysis experiments, previous reports in the 

literature were focused on either rigorous experimental work or theoretical work, with 

minimal combination and overlap of the two. This shortcoming presented an opportunity 

for this projects combinatorial approach to provide a deeper understanding of the reaction 

mechanisms involved in the pyrolysis of limonene, α-, and β-pinene. The pyrolysis 

experiments carried out at the iPEPICO beamline allowed for accurate identification of 

the products that were obtained. This identification was crucial for determining the 

theoretically calculated reaction mechanisms. For instance, the presence of substituted 

benzenes in the case of α-pinene allowed for the calculation of a pathway that relied on 

the sequential loss of methyl radicals, a process that was shown to be unique to this 

monoterpene. Furthermore, by using non-negative matrix factorization on the 

experimental data, it was possible to identify the decomposition pathways as unique to a 

specific monoterpene or correlated and shared with another one. This treatment showed 

that the decomposition products of α-pinene were largely unique to itself, while the 

limonene and β-pinene decomposition products were correlated with each other. 

Ultimately, the combination of experiment and theory were responsible for providing the 

insights that were gleaned from the pyrolysis of representative monoterpenes. 
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Chapter 10 – Appendix 

 

 

Figure A1: ms-TPES (black dots) and Franck-Condon simulations (solid lines) of m/z 

120 and 118 obtained from α-pinene pyrolysis. 
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Figure A2: ms-TPES (black dots) and Franck-Condon simulations (solid lines) of m/z 

106 and 92 obtained from α-pinene, β-pinene, and limonene pyrolysis. 
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Figure A3: ms-TPES (black dots) and Franck-Condon simulations (solid lines) of m/z 

106 and 92 obtained from α-pinene, β-pinene, and limonene pyrolysis. 
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Figure A4: ms-TPES (black dots) and Franck-Condon simulations (solid lines) of m/z 78 

and 66 obtained from α-pinene, β-pinene, and limonene pyrolysis. 
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Figure A5: ms-TPES (black dots) and Franck-Condon simulations (solid lines) of m/z 56 

obtained from α-pinene, and β-pinene pyrolysis. 
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Figure A6: ms-TPES (black dots) and Franck-Condon simulations (solid lines) of m/z 54 

and 52 obtained from α-pinene, β-pinene, and limonene pyrolysis. 
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Figure A7: ms-TPES (black dots) and Franck-Condon simulations (solid lines) of m/z 42 

and 41 obtained from α-pinene, β-pinene, and limonene pyrolysis. 
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Figure A8: ms-TPES (black dots) and Franck-Condon simulations (solid lines) of m/z 40 

and 39 obtained from α-pinene, β-pinene, and limonene pyrolysis. 
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Figure A9: ms-TPES (black dots) and Franck-Condon simulations (solid lines) of m/z 30 

and 28 obtained from α-pinene, β-pinene, and limonene pyrolysis. 
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Figure A10: ms-TPES (black dots) and Franck-Condon simulations (solid lines) of m/z 

26 and 15 obtained from α-pinene, β-pinene, and limonene pyrolysis. 
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