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Abstract 
 
 
 

It is now well recognized that a wide variety of volatile organic compounds (VOCs) are 

emitted into the atmosphere from both biogenic and anthropogenic sources. Isoprene is 

the most abundant BVOCs in regional and global scale, emitted mainly from vegetation. 

The purpose of this work was to investigate isoprene OH initiated photo-oxidation 

mechanism and Secondary Organic Aerosol (SOA) formed during Smog Chamber 

experiments, in presence of high NOx level. The gas phase products of isoprene oxidation 

are analyzed using Ion Trap –Time Of Flight Mass Spectrometer.  We used “de-synthesis 

of spectra” approach to separate the mass spectra for individual components.  This 

enabled us to follow all major reaction products in course of experiment, quantify yields 

and calculate rate constant for MVK and MACR. Our experiments showed that photo-

oxidation of isoprene leads to SOA formation but over delayed timescale. The role of 

methacrolein as an intermediate to aerosol formation is discussed and quantified. The 

contribution of methacrolein to total volume of aerosol formed is estimated to be 2% to 

21%, which represents a small fraction of total volume formed and suggests that other 

contributors and pathways should be considered and elaborated.  

The role of hydroxycarbonyl compounds and their likely role in forming particulate 

matter is also investigated and discussed.
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Chapter 1: Introduction  
 
 

 

1.1 Motivation 

 

Volatile organic compounds (VOCs) in the atmosphere are emitted in large quantities 

from a variety of different natural and anthropogenic sources. VOCs are key ingredients 

in the formation of ozone and aerosols and they play a significant role in regional air 

quality, the chemistry of the global troposphere, and possibly the global carbon cycle. 

 

VOCs are considered to be those organic compounds having a vapour pressure greater 

than 10 Pa at 25ºC, a boiling point of up to 260ºC at atmospheric pressure, and 15 or 

fewer carbon atoms. The remaining compounds are designated as semivolatile organic 

compounds (SVOCs) or non-volatile compounds such as Polycyclic Aromatic 

Hydrocarbons (PAH’s) found in soot. This segregation emphasises the volatile gas phase 

species from those that partition to the aerosol phase which is reasonable since the later 

undergo different transport and chemistry [Koppmann, 2007]. 

 



There are a number of source activities which lead to anthropogenic VOCs in the 

atmosphere: fossil fuel use and production, industrial processes, biofuel combustion, 

biomass burning, waste management etc. The most important source among them is 

estimated to be fossil fuel use and production to a global total emission of 78 Tg/year 

[Edgar 2005], predominately due to road transport and oil production. 

On the other hand, the predominant source of biogenic VOC emissions is from the foliage 

of terrestrial vegetation, but other minor sources such as oceanic and soil emissions can 

also contribute to global totals of biogenic VOCs.  

Emission inventories of biogenic volatile organic compounds  (BVOCs) and of 

anthropogenic non-methane organic compounds (NMOCs) indicate that on regional and 

global scales the emissions of BVOCs exceed those of anthropogenic compounds, by a 

factor of ≈ 10 worldwide [Atkinson , Arey, 2003]. Even in regions strongly affected by 

anthropogenic emissions biogenic VOC emissions during the summer can be comparable 

in magnitude.  

 

Of the biogenic VOCs, isoprene is by far the most important species. It has the largest 

flux of any single hydrocarbon, apart from methane, with global emissions estimated 

between 250 and 503 Tg/year [Muller, 1992; Guenther et al., 1995]. Additionally, the 

biogenic VOCs and especially isoprene are more reactive towards the three important 

atmospheric oxidants, OH radicals, NO3 radicals and O3, than most of the anthropogenic 

VOCs [Atkinson R., 1994]. 

In the presence of NO emitted from combustion sources (mainly anthropogenic and 

exemplified by vehicle exhaust in urban areas) and, to a lesser extent , from soils, 
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atmospheric reactions of VOCs lead to the formation of ozone which is toxic to humans 

and plants becoming a major air quality problem in cities. The only significant formation 

route of O3 in the troposphere is the photolysis of NO2 [Atkinson, Arey, 2003], as it is 

described through Equation 1.1-1.4: 

Organic peroxy (RO2) radicals and HO2 radicals formed during the photo-oxidation of 

biogenic and anthropogenic NMOCs react with NO to form NO2: 

 

RO2 + NO        RO + NO2                             (Equation 1.1) 

HO2 + NO         OH + NO2                             (Equation 1.2) 

whose photolysis then leads to net formation of ozone through equation 1.3 and 1.4: 

NO2 + hν         NO + O(3P)                                     (Equation 1.3)  

O(3P) + O2 + M          O3 + M                                 (Equation 1.4)   

Where: O(3P) = triplet ground state oxygen atom and M= air. 

 

As mentioned above, aerosols, microscopically small particles suspended in air, are an 

important species in the Earth’s atmosphere and influence both air quality and climate. 

Aerosols are small enough to penetrate deep into the lungs of people and have been 

linked to severe short- and long-term health effects such as asthma, cardio-respiratory 

disease, and lung cancer. Aerosols impact the Earth’s climate directly through the 

scattering and absorption of solar radiation, and indirectly through their role as cloud-

condensation nuclei. Direct emissions of organic aerosol (primary organic aerosol or 

POA) are distinguished from secondary organic aerosol (SOA) formed in the atmosphere 

by gas-to-particle conversion of the oxidation products of VOCs. [De Gouw Joost et al, 
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2009].  Secondary organic aerosol contributions to total organic aerosol vary with season 

and location but are typically substantial, 20-80% of measured mass [Yu et al., 2007, 

Lanz et al, 2007, 2008]. However, recently it has been noted that current atmospheric 

models underpredict organic aerosol mass in the lower troposphere. Without proper 

representation of organic aerosol in atmospheric models, development of effective air 

quality management plans designed to mitigate adverse health, visibility and climate 

effects is hindered. Model estimates rely critically on laboratory measurements of the 

amount of SOA produced by individual SOA precursors, typically carried out in large 

environmental (“smog”) chambers.  

A variety of numerical models are available today to simulate chemistry and transport in 

the atmosphere from box models to three-dimensional chemistry and transport models. 

To simulate atmospheric chemistry in detail, models need to deal with VOCs which play 

a significant  role in all reaction cycles in the atmosphere. In this regard the major input 

data they require are (a) the emission inventories describing the primary emission of 

VOCs including their specific source compositions and their spatial and temporal 

variations, (b) the oxidation chemistry of VOCs including kinetics as a function of 

temperature and pressure  [Koppman, 2007]. 

 

 

1.2 Techniques used to study oxidation chemistry of VOCs : 

 

To investigate the atmosphere qualitatively and quantitatively, a variety of sensitive and 

specific sensors are employed, including mass spectrometers, flame-ionization detectors, 
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electron-capture detectors, optical absorption, chemiluminescence and atomic emission 

detectors. In many cases such detectors are coupled to pre-separation devices, for 

example a gas chromatograph, so that individual gases may be isolated prior to detection 

and a single specific compound can be measured. 

 

In recent years introduction of online Mass Spectrometry has produced great advantages 

for investigation of oxidation chemistry of VOCs in terms of product identification and 

chemical kinetics, compared to conventional methods using adsorbent and stainless steel 

canister sampling followed by GC/MS analysis. 

Among online Mass Spectrometric techniques used for analysis of VOCs oxidation 

products and mechanisms, the APCI-MS ,  PTR-MS and TOF-MS have shown particular 

interest. 

Mass spectrometric instruments using atmospheric pressure ionization techniques are 

attractive as they can be used in an online manner and have the potential to be applied to 

a wide range of compounds. The most widely used atmospheric pressure ionization 

technique is atmospheric pressure chemical ionization (APCI). APCI is a soft ionization 

technique, reducing fragmentation of the target species. This results in a simpler mass 

spectrum, which is particularly advantageous when sampling complex matrices of 

compounds as is often the case in studies of VOCs oxidation. 

Proton transfer reaction mass spectrometry (PTR-MS) has been used for identification 

and quantification of oxidation products. This is a fast-response, high sensitivity 

measurement technique but with limited selectivity for individual compounds. This 

method is now widely used for measuring oxygenated VOCs, biogenic VOC fluxes and 
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biogenic VOC oxidation products [Koppman, 2007]. The PTR-MS systems use chemical 

ionization by proton transfer from H3O
+ and a single quadrupole mass analyzer. Analysis 

by only a single quadrupole is considered a limitation of PTR-MS as this precludes the 

use of higher order MS analysis i.e. MS/MS [Auld, 2009]. The limitation of the single 

quadrupole in the PTR-MS systems can be over-come using an atmospheric pressure 

chemical ionization source with an MS/MS capable analyzer such as an ion trap or triple 

quadrupole.  

 

In the past few decades, Time-of-Flight Mass Spectrometers have become widely used 

for analysis of air and other gas phase analytes due to a number of distinct advantages 

they have such as their short time analysis, potentially sub-milliseconds per spectrum 

acquisition, [Chambers et al., 1997] which enables them to rapidly measure en entire 

mass spectrum on every ionization pulse. This is particularly important in cases such as 

investigation of VOCs reactions where rapid monitoring of transient species may be 

required. 

A major limitation of TOF devices is that there is no storage of ions in the acceleration 

region. This becomes important when chemical kinetics is involved, especially in cases of 

slow formation of intermediates. This limitation is overcome by interfacing it with a 

quadrupole Ion Trap (IT) which in itself is a powerful tool for mass analysis and storage 

of ions over a wide mass range  with excellent sample detection limits.[Chien et al, 1994] 

A similar hybrid instrument, IT-TOF MS, is used in our work to sample and analyze gas 

phase products of isoprene photo-oxidation and it is briefly described in Chapter 2. 
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To study chemical composition and the mechanism of formation of Secondary Organic 

Aerosol formed from photo-oxidation of VOCs a suite of offline analytical techniques is  

used today : Liquid Chromotography/Electrospray Ionization Mass Spectrometry 

(LC/ESI-MS), ESI- Ion Trap Mass Spectrometry (ESI_ITMS), Matrix-Assisted Laser 

Desorption Ionization – Time of Flight Mass Spectrometry (MALDI-TOFMS), High-

Resolution ESI_MS,  etc. [Surrat et al, 2006], in conjunction with online instruments such 

as Differential Mobility Analyser and Condensation Particle Counter (DMA&CPC) and 

Aerodyne Time of Flight Aerosol Mass Spectrometer [Kroll et al., 2006]. 

In this work the DMA&CPC instruments are used to investigate mechanism of aerosol 

formation from the OH radical initiated photo-oxidation of isoprene. 

 

 

1.3 Isoprene as the most abundant biogenic VOC in the 

atmosphere : gas and particle phase products of its 

oxidation: Previous work 

 

As it is previously mentioned, although there are large uncertainties in the magnitude of 

the emission rates of individual and total biogenic VOCs, it’s widely accepted that 

isoprene is the most abundant VOC, apart from methane, emitted in the atmosphere, 

constituting 30% of the total biogenic VOCs, where 25% are terpenoid compounds and 

40% are non-terpenoid compounds including methanol, hexene derivatives, and 2-

methyl-3-buten-2-ol [Atkinson, Arey, 2003]. 
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Because of the high reactivity of isoprene with OH radicals (lifetime 1.4 h), isoprene can 

significantly contribute to the formation of ozone in the troposphere (see Equation 1.1-

1.4) and it potentially can lead to SOA formation. 

 

 

1.3.1 Gas-phase products 

 

The photo-oxidation of isoprene initiated by OH radicals occurs by OH addition to the 

>C=C< bonds to form four possible hydroxyalkyl radicals, which subsequently react with 

oxygen molecules to form hydroxyperoxy radicals. Addition of O2 occurs only at the 

carbon β to the OH position for internal OH addition: Figure. 1.1 : isomers (II) and (IV), 

but takes place at two centers (β or δ to the OH position) for terminal OH addition 

(representing the dominant process) : Figure.1.1:  isomers (I) and (III) and Figure 1.2: 

isomers (V) and (VI). 
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Figure 1.1 Formation of β-hydroxyperoxy radicals 
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Figure 1.2 Formation of δ-hydroxyperoxy radicals 

 

   

In presence of large NO concentration, hydroxyperoxy radicals react with NO to form  

β-hydroxyalkoxy (Figure 1.3) or δ-hydroxyalkoxy (Figure 1.4) radicals and NO2 (which 

leads to ozone formation, Equation 1.1-1.4) or organic nitrates (not shown here): 
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Figure 1.3 Formation of β-hydroxy alkoxy radicals 
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Figure 1.4 Formation of δ-hydroxy alkoxy radicals 
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The hydroxy alkoxy radicals undergo decomposition, isomerisation, or hydrogen 

abstraction by O2 to form methyl vinyl ketone (MVK), methacrolein (MACR)  and other 

first-generation isoprene oxidation products.  

Figure 1.5 gives the pathway of MVK and MACR formation from β-hydroxy alkoxy 

radicals. 
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Figure 1.5 Formation of methyl vinyl ketone (MVK) and methacrolein (MACR) 

 

Details about the fate of δ-hydroxy alkoxy radicals will be given in Chapter 3. 
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1.3.2 Isoprene and SOA formation:  

 

It has been generally accepted that isoprene does not contribute to atmospheric SOA 

[Pandis et al., 1991]. However, in recent years, the topic of SOA formation from isoprene 

has been re-examined and recent field [Claeys et al, 2004; Kleindienst et al, 2007] and 

laboratory [Kroll et al, 2005, 2006, 2007; Ng et al, 2008] studies indicate that isoprene 

oxidation may indeed contribute to the formation of SOA in the atmosphere. Even if the 

yield is small, the overall contribution of isoprene to total organic aerosol in the 

atmosphere could be large due to the large global source strength.  

Field evidence for SOA production from isoprene oxidation are based on: 1) the 

similarities between carbon skeleton of compounds such as 2-methyltetrols (Figure 1.6a) 

[Claeys et al. 2004], C5 alkene triols (Figure 1.6b) [Wang et al. 2005], 2-methylglyceric 

acid (Figure 1.6c) [Ion et al. 2005], as well as accretion products such as hemiacetal 

dimer  (Figure 1.6d) [Surratt et al. 2006], measured in ambient aerosol1 and isoprene or 

methacrolein (a major isoprene oxidation product); 2) exhibition of strong diurnal and 

seasonal concentration trends of SOA similar to those of isoprene emissions, with 

abundances highest in the periods of highest photochemical activity:  daytime [Plewka et 

al., 2006] and summer months [Kleindienst et al., 2007a]; 3) the observed correlation 

between measured concentration of organic aerosol and isoprene oxidation products 

[Holzinger et al., 2007]; 4) the similarity of aerosol mass spectrometer (AMS) ambient 

data to laboratory mass spectra from isoprene oxidation [Marcolli et al. 2006]. 

                                                 
1 Several laboratory studies have also found that a significant fraction of the identifiable SOA constituents 
are compounds with the same carbon skeleton as isoprene or methacrolein [Edney et al., 2005; Surrat et al., 
2006; Szmigielski et al., 2007] . These include 2-methyltetrols and methylglyceric acid, as well as 
structural analogs of each. 
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Figure 1.6 Compounds found in ambient aerosol sharing the carbon skeleton of isoprene or 
methacrolein. Compounds other 2-methyltetrol and 2-methylglyceric acid have multiple isomers (not 
shown)  

 

The field evidence of isoprene SOA has been intriguing as early laboratory experiments 

seemed to indicate that SOA formation from isoprene was not atmospherically important. 

As mentioned above, recent laboratory investigations have confirmed that gas-phase 

isoprene oxidation products indeed forms SOA under a broad variety of experimental 

conditions, including wide ranges in aerosol seed acidity, NOx concentration, relative 

humidity and initiating oxidant [Carlton et al. 2009]. Isoprene oxidation experiments in 

the presence of acidic aerosol seeds [Jang et al. 2002, Edney et al. 2005, Kleindienst et al. 

2007b, Surrat et al. 2007] strongly suggest the importance of particle-phase reactions that 

lower the volatility of organic species via accretion (oligomerization) process.  

On the other hand, a number of chamber experiments [Kroll et al., 2006; Dommen et al., 

2006, etc.] have shown that isoprene photo-oxidation can also form SOA in the absence 

of strong acidity but over delayed timescales [Ng et al., 2006]. These results indicate that 
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in addition to particle-phase accretion reactions, a key step in SOA formation is the 

further gas-phase oxidation of first-generation reaction products. However, products from 

the oxidation of only a few first generation compounds, including methacrolein [Tuazon 

and Atkinson, 1990b; Orlando et al, 1999], methyl vinyl ketone [Tuazon and Atkinson, 

1989], and C5 hydroxycarbonyls [Baker et al., 2005] have been measured. Furthermore, 

uncertainties in detailed reaction mechanisms lead to substantial disconnect between 

known oxidation mechanisms and measurements of isoprene SOA composition. For 

example, the formation of methylglyceric acid (and other organic acids) cannot be 

accounted for by established reaction mechanisms suggesting an important role of as-yet 

unidentified chemistry (in the gas and/or particle phases) in the formation of SOA from 

isoprene oxidation. The same is also true for the formation of mechanism of 2-

methyltetrols. A number of pathways have been put forth, including RO2 chemistry 

[Clayes et al., 2004a], aqueous-phase oxidation by H2O2 [Clayes et al., 2004b; Boge et 

al., 2006], reaction of epoxides [Wang et al., 2005; Boge et al., 2006], etc., but at present 

it is unclear which are most important under ambient conditions. 

 

In summary we can say that understanding and describing the mechanism of SOA 

formation from photo-oxidation of isoprene, although the achieved progress, still 

constitute a challenge for numerous research groups.  

As a result, work towards a detailed understanding of the oxidation mechanism of 

isoprene which leads to ozone formation and its potential to form condensable products 

and contribute to SOA is essential. 
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The objective of my work is to investigate the mechanism of isoprene oxidation using 

chemical ionization mass spectrometry and isoprene photo-oxidation contribution to 

Secondary Organic Aerosol formation, during chamber experiments. 
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Chapter 2: Methods and instrumentation 
 

 

2.1 Experimental set up 

 

Reactions of OH radical initiated photo-oxidation of isoprene were carried out in the 

York Smog Chamber.  

An Ion-Trap Time of Flight Mass Spectrometer is used to investigate gas-phase products 

of isoprene oxidation reactions. This is a hybrid mass spectrometer composed mainly 

from a Source Chamber including an Ion Trap (Paul trap), where ions are produced and 

stored and a Time of Flight tube where ions are analyzed based on their mass to charge 

ratio (m/z). Gas-phase content of the chamber is continuously withdrawn into the Mass 

Spectrometer. 

A Differential Mobility Analyzer (DMA) and a Condensation Particle Counter (CPC) are 

used to measure the size distribution and hence volume concentration of particle-phase 

products formed from the photo-oxidation of isoprene inside the Chamber.  

The basic experimental setup is shown in Figure 2.1 
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Figure 2.1 Experimental Setup 

 

Teflon and stainless steel tubes are used to make the connection from the Smog Chamber 

to IT-ToF MS and DMA/CPC instruments. A syringe is used to inject the analyte of 

interest (isoprene/metacrolein/methyl vinyl ketone) into the Smog Chamber. NO(g) goes 

to the Smog Chamber from a pressurized cylinder and the flow is controlled/calibrated by 

a Mass Flow Controller (not shown in the Figure 2.1).  

The gas phase sample is drawn into the Mass Spectrometer by means of a vacuum pump 

which is connected to two Mass Flow Controllers (MFC) ( 200 sccm and 2000 sccm). A 

needle valve is used to reduce the pressure and a leak valve is used to control the gas 

sample going to the instrument. When the leak valve is closed no sample is allowed to go 

to the instrument. By opening the valve we control the pressure in Source Chamber of the 

instrument (the pressure should be no more than 1x10-5 torr to prevent the electron gun 
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from arcing). The IT-ToF MS is connected to a computer for data acquisition and 

processing.  

A vacuum pump, attached at the excess air port of DMA, is used to sample the particulate 

phase products to the instrument, where aerosol particles are sorted according to their 

size. The monodispersed output flow is continuously passed to CPC for particle counting 

and calculation of particle concentration. 

The most critical parts of the system which include Smog Chamber, IT-ToF MS and 

DMA&CPC instruments are described in more detail as follows. 

 

 

2.2 Smog Chamber 

 

The York University smog chamber is cylindrical in shape with a volume of ~8 m3. 

It is composed of two Teflon coated aluminum endplates, inner transparent Teflon walls 

and a solid mobile outer wall. The chamber can be irradiated by up to 24 ultraviolet 

lights, which are attached to the outer wall and have a radiation window of 350-400 nm 

(Philips F40BL, 40 Watt). Injections and sampling are made through the endplates; 

injections on one end, where an internal fan is mounted to enhance mixing, and sampling 

from the opposite end [Auld J., 2009]. 
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2.3 Description of IT-TOF Mass spectrometer 

 

The gas-phase products of reactions from the Smog Chamber will go to the Ion Trap – 

Time of Flight Mass Spectrometer.  

This device combines the storage capabilities of the ion trap with relatively high 

resolution, speed and high mass capabilities of TOF. 

Ion storage is particularly important in studying ion/molecule chemistry, very slow 

formation of metastables and for enhancing the detection limits by integration of the 

signal [Chien et al, 1994]. 

 
Figure 2.2 Schematic representation of IT-TOF MS [R.M. Jordan Co.] 

 

The instrument contains two main sections: the source chamber and the flight tube. The 

sample air is entered at source chamber where the ions are produced and stored prior to 

injection into the flight tube. The source chamber is pumped by a 550 L s-1 turbo-
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molecular pump (Turbo 550). This chamber contains an ion trap that may be used to store 

ions and to inject a pulse of ions into the flight tube.  

The sample air after leaving the leak valve through a small diameter tube enters direct the 

ion trap and then it is spread out in all source chamber area. As the air sample enters the 

ion trap area this makes the pressure in the ion trap much higher than in the source 

chamber (by a factor of 45 for air). Increasing the pressure in ion trap cavity helps the 

chemical ionization to occur in this region. 

 

 
Figure 2.3 A schematic representation of the assembly of ionization region and Ion Trap 

 

O2
+ produced mainly by Electron Impact ionization technique in the ionization region  

(Figure 2.3) acts as chemical ionization agent inside the ion trap during the storage time , 

usually few milliseconds. The source chamber is equipped with an ion extraction system 

consisting of deflectors A1, A2 (to gate the ions into the trap) and split cylindrical lenses 

XY (to direct the ions into the trap). A1 and A2 are flat plates parallel to the entrance 

endcap of the ion trap. The electron beam passes between them. A2 is closer to the trap 

than A1 and has a hole covered by a grid to allow for passage of the ions. 
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The chemical ionization of analyte molecules (A) usually occurs by electron transfer (A + 

O2
+ = A+ + O2) or by hydride abstraction (AH + O2

+ = A+ + HO2). During the electron 

transfer reaction if the exothermicity is large enough, the analyte molecules could 

fragment resulting in a number of different peaks (A + O2
+ = A1

+ + O2 +A2) 

 

The description of Ion Trap: The ion trap is comprised of two endcaps and a ring 

electrode with hyperbolic surfaces (Figure 2.4). Once the ions are generated, they are 

directed through the entrance endcap electrode of the ion trap. Ions present within the 

volume of the ion trap are trapped by the RF potential, while other ions and unionized 

sample are pumped away by the turbo pump located directly on the side of the source 

chamber. Both endcaps are held at 0 V while this process takes place (full storage mode). 

Varying the RF amplitude varies the range of m/z that can be stable within the trap. 

              

                                       
Figure 2.4 Three electrodes that comprise QIT [J. Throck Watson et al., 2007] 
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Ions of appropriate m/z at a particular RF amplitude have stable trajectories in the trap 

and can therefore be trapped. The minimum collectable m/z increases with the increase in 

the RF amplitude, thus small masses can be filtered out. Once a selected range of masses 

is trapped, a DC pulse is applied to the exit endcap to simultaneously extract all ions from 

the trap for ToF analysis.  

 

This extraction pulse triggers the start for the ToF mass analysis. Once the ion packet 

leaves the trap, it is directed towards a flight tube (model C-855 by R.M. Jordan), in 

which it enters a field-free drift region. Once the ion packet arrives at the end of this 

region, its velocity is slowed and reversed by a reflectron (model C-852 by R.M. Jordan). 

The newly focused ion packet then re-traverses the drift region and is detected by dual 40 

mm microchannel plate detector (model C-726 R. M. Jordan). 

The mass spectrum is obtained by measuring the time required for ions to travel down the 

flight tube and reach the detector. The time needed to travel the flight tube and hit the 

detector is proportional to the square root of mass to charge ratio of ions, so low mass to 

charge ions will travel faster and hit the detector first and high mass to charge ions will 

take more time to hit the detector. 

 

Measurements take place in a repetitive cycle, with successive measurements being 

averaged and stored by the computer. The entire process of timing and triggering (Figure 

2.5) is controlled and governed by a set of electronic equipment: HP Function Generator, 

Digital Delay Generator (DDG), DEI Generator, Ion Trap Power Supply. Each 

measurement begins by admitting ions into the ion trap for a period of time (“gate open 
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time or trapping time”). The gate is then closed, and the ions are stored in the trap for 

some period of time, this allows the ions to thermalize and permits chemical ionization to 

occur in the trap. At the end of this storage time, the ion trap RF is shut off and an 

extraction pulse is sent to the ion trap endcap to inject the ions into the flight tube; at the 

same time, data acquisition is begun. When data acquisition is complete, the extraction 

pulse is shut off and RF potential is turned back on. The system is ready for another 

cycle.  

 

One cycle 
= 1/ frequency

HP Function 
Generator
Output Pulse

Storage TimeTrapping time

DDG (Out2)→DEI Pulse 
→A1,A2,XY -80 V

0 V

Ejection Pulse
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DDG (Out1)→Pulser→ dc ejection 
pulse

Ion Trap – Power Supply

RF: ON RF: OFF

HP Function 
Generator
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GATING CONDITIONS

 
Figure 2.5 Timing and triggering diagram 

 

Acquisition of the ToF mass spectrum is done via a Perkin-Elmer 9846 transient recorder 

which is a PC board, which comes with software that can acquire data at 500 MHz with 8 

bits resolution. An external trigger signal (generated by DDG: output 1) initiates 

acquisition which continues until the software specified number of points is obtained. 

Then data are transferred to the PC, where successive spectra are averaged.  
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The software provides experimental error estimates of one standard deviation based on 

the propagation through the analysis from estimated noise levels. The magnitude of 

uncertainty is calculated based on the consistency of the baseline, sensitivity setting, 

baseline noise and the height of the peaks in the spectra.  

 

 

2.4 Description of DMA and CPC 

 

The Differential Mobility Analyzer (DMA) is a device (Figure 2.6) that can be used to 

sort submicrometer aerosol particles according to size while keeping them suspended in 

air.  

The DMA is composed of two concentric cylinders, the inner is charged and the outer is 

held at ground creating an electric field in the annular space. The chamber contents are 

drawn into the DMA at atmospheric pressure through the polydispersed inlet (qp) at 1 L 

min-1 using a downstream diaphragm pump attached at the excess air port (qe).  

The sample flow through qp is balanced by the monodispersed outlet (qm). The excess air 

outlet is balanced by the sheath air inlet (qs), at 5 L min-1 for this work. In order to be 

sized by the DMA the particles must be charged, therefore the aerosol sample is passed 

through a Krypton-85 radioactive source, interacting with an environment of bipolar ions, 

before being sized. Once inside DMA the polydispersed aerosol sample and sheath air 

combine within the annular space between the inner and outer rod being exposed to the 

electric field. For a given voltage on the inner rod only particles of a certain electric 

mobility establish the correct flow path to exit the monodispersed flow outlet.  
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Figure 2.6 A schematic presentation of DMA (Source: Prof. Mozurkewich) 

 

The monodispersed output flow is continuously passed to the CPC for particle counting. 

In this device, a liquid, such as butanol, is condensed on the particles so that they grow to 

a diameter of about a micrometer. They are then large enough to scatter an appreciable 

amount of light. Then, by passing these particles through a beam of light, flashes of light 

are produced. These flashes can be detected and counted to determine the concentration 

of particles in the flow entering the CPC. 

Data acquisition for this system is controlled by a program written by Prof. Mozurkewich 

using Igor Pro 6.0 (WaveMetrics). The program converts the frequency determined from 

the CPC counts to mobility distributions. The final output of data is size distributions of 
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the form dN/dln(Dp) for 32 diameter size bins ranging from 8-700 nm. The data output 

requires several steps of processing to convert from the number of particles in each bin to 

the desired organic particulate volume concentration (µm3 m-3). 

The number of particles per bin, N(Dp), at a given diameter, Dp in nm, is calculated from 

the product of the output, dN/dln(Dp), and the bin width, ln(10)/16. From these values the 

particle volume per bin, V (Dp) in µm3 m-3, can be calculated according to Equation 2.12:  

                                  

3( )
( )  ( ( )

6
p

p

D
V D N D


 )p

                                                

                                       Equation 2.1 

 

From this calculation the volume concentration per time step can be obtained by 

summing (integrating) over all Dp. The volume concentration is corrected for two loss 

processes, the first is due to deposition of particles on the walls and the second is due to 

dilution of the chamber during the experiment. The Figure 2.7 gives an example of time 

profile of total volume concentration of organic particulate matter. 

 
Figure 2.7 A representative time profile of organic particulate volume concentration 

 

 
2 The particles are assumed to be spherical 
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2.5 Description of the condition in which the experiments are 

conducted  

 

As mentioned earlier, OH radical initiated photo-oxidation of isoprene is simulated in the 

Smog Chamber at atmospheric pressure. The experimental temperature range is 22-25 ºC 

and relative humidity ~10%. The amount of isoprene injected in the Smog Chamber 

during experiments was 1-3 ppm. 

The radical precursor used in the present experiments is Isopropyl Nitrite (IPN), 

synthesized in our laboratory (it is prepared by a solution of isopropanol and sulfuric acid 

with a solution of sodium nitrite). The following reactions describe the way the OH 

radicals are produced into the Chamber, starting from the moment when the lights are 

turned ON: 

 

CH3 CH3

O
N O

+ hv
CH3 CH3

O
+ NO

CH3 CH3

O + O2
CH3 CH3

O
+ HO2

HO2 + NO OH + NO2
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The isoprene and IPN are introduced by injecting, using a 25 µL syringe, a known 

volume of each (usually ~ 43 µL isoprene/IPN)  in a stream of pure air which carry them 

out to the Smog Chamber.  

NO is introduced into the Chamber from a gas mixture (a Linde pressurized cylinder : 

Mcrt NO 1.5% N2 BAL 200sz)  and a Mass Flow Controller is used to calibrate and 

control the amount of NO (as a reference : a flow rate of 1.6 L/min is used to get a 

concentration of  ~ 2 ppm of NO into the Smog Chamber).  

First is introduced NO and IPN and after 10 minutes isoprene is injected. In this way it is 

easier to distinguish the peaks that originate from each of these compounds (see analysis 

of spectra). After one hour of a mixing period, the UV lights are turned ON and 

photolysis of IPN is initiated which means that the oxidation of isoprene has started. The 

lights are turned OFF after three hours and usually the sampling from the chamber 

continued for one hour more.  
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Chapter 3: Results and discussions 
 

 

The content of the smog chamber is continuously monitored using online IT-TOF MS for 

gas phase products and DMA/CPC for particulate phase products. At the end of each 

experiment mass spectra and particle size distributions are processed and analyzed. 

 

3.1 Gas phase products 

 

In order to better understand the Secondary Organic Aerosol formed from photo-

oxidation of isoprene it is important to understand the mechanism of formation and the 

fate of gas phase products of this oxidation. As mentioned above, the gas phase products 

of isoprene oxidation are analyzed using IT-TOF Mass Spectrometer. Since many 

different compounds were present, this resulted in complex mass spectra.  We used “de-

synthesis of spectra” procedure to separate the mass spectra for individual components.  

This enabled us to follow all major reaction products in course of experiment and 

potentially allows us for a kinetic analysis. 
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3.1.1 Analysis of spectra (De-synthesis of spectra) 

 

The analysis of mass spectra is started by comparing mass spectra, from a time series, 

taken before and after the initiation of the reaction. 

Below there are two mass spectra representing the peaks observed 10 min before UV 

lights irradiation and 25 min after the UV lights irradiation. 

 

 

Figure 3.1 One Mass Spectrum, 10 min before UV lights irradiation 

 

 
Figure 3.2 One Mass Spectrum, 25 min after UV lights irradiation 
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By carefully comparing these two mass spectra we are able to notice new peaks (m/z=55, 

m/z=70,m/z=82, m/z=84, m/z=85) that have emerged as products of reaction after the 

oxidation of isoprene has started. Also, we observe increase in signal intensities for peaks 

43 and 46, which suggests that there are possible contributions from products of reaction 

to these peaks. 

The mass spectra obtained by sampling the content of Smog Chamber contain a number 

of peaks which need to be identified in terms of the compound that they belong to and 

that they represent. 

By plotting the signal of each peak vs time and by assigning peak m/z=74, m/z=68 to IPN 

and isoprene respectively (by comparing reference spectra3 of all known reactants and 

main products) we were able for each peak to associate with the appropriate reactant or 

product compound. 

 

 
Figure 3.3 Peaks vs time 

 
                                                 
3 Isopropyl Nitrite (IPN) and isoprene reference spectra were prepared by Aeysha Ahmed 
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For example by carefully looking at Figure 3.3, we see that m/z=39 appeared at the 

0 emerge only at the moment when lights 

ship between any peak and a given compound is further investigated by 

moment when IPN is injected (moment identified by m/z=74), and there is an increase of 

its signal intensity when isoprene is injected (moment identified by m/z=68). Therefore 

the signal intensity of peak 39 comes from the contribution of fragments of m/z=39 of 

IPN and isoprene. By using the same reasoning we see that peak 68 and peak 74 belong 

exclusively to isoprene and IPN respectively. 

It’s interesting to see that peak 55 and peak 7

are turned ON: OH radicals start to be produced: oxidation of isoprene starts and 

therefore the products of this oxidation start to be present as molecular ions or as 

fragments. 

The relation

plotting the signal of the peak of interest vs the signal of the peak that represents the 

compound of interest. For example by plotting signal of peak 67 vs signal of peak 68 

(molecular ion of isoprene) (Figure 3.4) we got a nice linear fit which is a strong 

indication that m/z=67 species is exclusive fragment of isoprene. 
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Figure 3.4 Signal of m/z=67 (mV) vs signal of m/z=68 (mV) 

 

Investigating the relationship between peak signal of m/z=51 ion (Figure 3.5) and m/z=65 

ion (Figure 3.6) with peak signal of m/z=68, we observe that although we have a linear fit 

for the most of the range, the situation is different close to the origin of the system. Signal 

intensities are low for m/z=51 and m/z=65 (max 0.25-0.35 mV) and signal to noise ratio 

(S/N) is especially significant close to 0 values. 

 

 
Figure 3.5 Signal of m/z=51 (mV) vs signal of m/z=68 (mV) , (molecular ion of isoprene) 
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Figure 3.6 Signal of m/z=65 (mV) vs signal of m/z=68 (mV), (molecular ion of isoprene) 

 

The situation could be different in terms of linearity, as it is the case for example when 

we investigate the relation between signal intensity of m/z=39 and m/z=68 (Figure 3.7) 

which suggest that ion m/z=39 is not an exclusive fragment of isoprene and other 

compounds could give fragment ions with m/z=39. 

 
Figure 3.7 Signal of m/z=39 vs signal of m/z=68 (mV), (molecular ion of isoprene) 
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The following table (Table 3.1) is a presentation of all peaks that are observed before and 

after the oxidation of isoprene: we have assigned here for each peak to each compound 

they could be related to, in terms of Response Factors. So, Ri,j (mV/ppm) would be the 

response factor at mass to charge ratio i for the compound j. Blank cells indicate that 

there is no signal response of respective compound to the specific peak. 

 

Table 3.1. The known compounds and their response factors to the observed peaks  

Ions 
(m/z) Ri,j (mV/ppm) 
 Isoprene MACR MVK Acetone 
39 0.0613 ± 0.0001 1.094 ± 0.002 0.358 ± 0.001  
40 0.0052 ± 0.0001 0.062 ± 0.001   
41 0.0124 ± 0.0001 0.330 ± 0.001 0.176 ± 0.001  
42 0.0067 ± 0.001 0.254 ± 0.001 0.236 ± 0.001 0.280 ± 0.001 
43   1.056 ± 0.002 5.40 ± 0.02 
44    0.16 ± 0.01 
50 0.0048 ± 0.0001    
51 0.0326 ± 0.0002    
53 0.1872 ± 0.0003 0.450 ± 0.001 0.138 ± 0.001  
54 0.0051 ± 0.0003    
55 0.0412 ± 0.0001  6.017 ± 0.001  
56   0.195 ± 0.001  
57 0.0062 ± 0.0001    
58    0.100 ± 0.001 
65 0.0241 ± 0.0001    
66 0.0086 ± 0.0001    
67 0.6214 ± 0.0001    
68 0.154 ± 0.0003    
69 0.009 ± 0.0001 0.533 ± 0.002   
70  1.129 ± 0.003 0.349 ± 0.001  
85  0.530 ± 0.002   

 

The Table 3.1 was prepared by Aeysha Ahmed based on a calibration procedure 

developed by Prof. Mozurkewich: “Using a Continuously Stirred Tank Reactor (CSTR) 
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to Generate Exponential Dilution Calibration Curves”. Reproducibility of these response 

factors should be regularly checked in order to be able to claim their validity over a long 

and specific period of time.  

    
In order to quantify the contribution of each compound to every peak a de-synthesising 

procedure is used and described here. To de-synthesise mass spectra, or in other words, to 

subtract from each peak known contribution from a particular compound, we are based in 

general equation of signal of a particular m/z peak (noted as i): 

Si(t) = Si,ISO(t) + Si,IPN(t) + Si,MVK(t) + Si,MACR(t) + … Si,j(t)               (Equation 3.1) 

or   ,( ) ( )i i
j

S t S t j

j

where : Si (t) is the intensity of signal (mV) from a particular i peak at a given point in 

time expressed as the sum of intensity signals coming from known compounds (in 

general  j = Isoprene, IPN, MVK, MACR and others). 

Each of these signals could be given as a product of Response Factor (Ri,j) with 

concentration (Cj) of the compound in that time: 

,( ) ( )
i i j

j

S t R C t                                                                  (Equation 3.2) 

where: j=[1…M] in case that we have M compounds 

We can build a matrix equation where the first and the last matrices are known and by 

solving this equation we will be able to find concentration of the compound of interest at 

a individual point in time : 
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    (Equation 3.3) 

 

Hence we calculate: CISO(t) ; CIPN(t); CMVK(t); CMACR(t). etc., and S1,ISO; S1,IPN; S1,MVK; 

S1,MACR; S2,ISO; etc. By applying the Equation 3.3 at each individual point in time we are 

able to get time profile of concentration for each compound involved. 

The de-synthesis of spectra is illustrated by first calculating the time profile of 

concentration of isoprene, MVK and MACR. By looking carefully at the Table 3.1 we 

see that these compounds give contributions to at least 6 ions, i.e m/z=55, m/z=65, 

m/z=67, m/z=68, m/z=69, m/z=70. So we can build the following matrix equation: 

RC = S                                                                          (Equation 3.4) 

or 

55, 55, 55,
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                (Equation 3.5) 

 

where the first matrix is filled using the values extracted from Table 3.1 and the third 

matrix is filled by using measured signal of peak at m/z 55, 65, 67, 68, 69, 70. 
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We have here an overdetermined system with 6 equations and 3 unknowns, the least 

square solution of which is given as : 

C  = (RT
 R)-1 RT S                                                                          (Equation 3.6) 

Where RT is the transpose matrix of R and (RT
 R)-1 is matrix inverse of (RT

 R) 

By applying the Equation 3.6 we find the least square solution for concentration of 

isoprene, MVK and MACR which could be expressed as:  

                                               

( )

( )

( )

ISO

MVK

MACR

C t

C t

C t

 
 
 
 
  

 

By calculating the time profile of isoprene, MVK and MACR concentration, we are able 

to calculate their contribution to each of the signals included in Equation 3.5. 

So in the Figure 3.8 we see de-synthesis of signal at m/z=70, where: 

70, 70,( )    ( ) MVKMVK MVKS t R C t ; and 70, 70,( )   ( )MACRMACR MACRS t R C t

t t

; 

70, 70, 70, 70,( )    ( )  ( ) calculated ISO MVK MACRS t S S t S  

S

and is the measured time 

profile of signal of peak at m/z=70. Note that 

70, ( )measuredS

070,ISO   because from Table 3.1 we 

have . 70, 0ISOR 
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Figure 3.8 De-synthesis of peak 70 signal  

 

The same procedure is used for Signal of m/z=55 (Figure 3.9). 

55, 55,  ( )ISOISO ISOS R C t ; 55, 55,( )   ( )MVKMVK MVKS t R C t  ;  55, 55,( )   ( )MACRMACR MACRS t R C t

t t

 

55, 55, 55, 55,( )   ( )  ( )calculated ISO MVK MACRS t S S t S    and is the measured time 

profile of signal of peak m/z=55.  

55, ( )measuredS

 

 
Figure 3.9 De-synthesis of peak 55 signal 
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For other four peaks in the Equation 3.5 we have calculated the time profile of intensity 

signal and compare them to respective measured signal, (Figure 3.10a,b,c,d). The 

calculated signal intensities are within the experimental errors, estimated as one standard 

deviation, based on the propagation through the analysis from estimated noise level (see 

Apendix).  So, we have a good agreement between measured and calculated signals 

which indicates that using least square solution for concentration of isoprene, 

methacrolein and methyl vinyl ketone, give us reliable results. 

     
Figure 3.10a Time profile of signal at m/z=65        Figure 3.10b Time profile of signal at m/z=67 

 

 

     
Figure 3.10c Time profile of signal at m/z=68        Figure 3.10d Time profile of signal at m/z=69 

 

 
Another example which illustrates the application of de-synthesis procedure is given for 

the peak at m/z=39: 

From Table 3.1 we know that Signal of peak at m/z=39 may be given as:  

S39,calculated = S39,ISO + S39,MVK + S39,MACR  
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Having calculated the concentration of isoprene, methyl vinyl ketone, methacrolein ( XC ) 

and knowing respective Response Factors we calculated the S39,ISO(t) , S39,MVK(t) and 

S39,MACR(t) as: 

S39,X (t) = R39,X   XC (t)                                                                      (Equation 3.7) 

Where X= Isoprene, MVK or MACR 

Figure 3.11a represents calculated time profile of signals for ions with m/z=39 coming as 

known fragments of isoprene, MVK and MACR (S39,ISO(t) , S39,MVK(t) and S39,MACR(t)) 

 

Figure 3.11a De-synthesis of peak 39 signal into known contributors 

 
So we were able to get the sum: 

S39,calculated(t) = S39,ISO(t) + S39,MVK(t) + S39,MACR(t) 

And from here we got the remaining signal (Figure 3.11b) as the difference between the 

measured signal at peak m/z=39 and calculated signal given as the contribution of 

isoprene plus MVK and MACR: 

S39,difference = S39,measured – S39,calculated 
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Figure 3.11b The signal difference between measured and calculated values for peak 39 

 

The residual signal (Figure 3.11b: S39,difference) contains the contribution from IPN (there is 

a non zero response factor of IPN to peak 39, based on the IPN reference spectra4, ) but 

also may contain the contribution of any first or second generation product  as the 

S39,difference decays to a constant value after all the isoprene and IPN are consumed 

(m/z=74 representing IPN is also shown in Figure 3.11b).  By plotting the residual signal, 

S39,difference, versus signal of m/z=74 (IPN) we notice that there is not a zero intercept, 

suggesting that contributions from other compounds are possible. 

                                                 
4 IPN reference spectra are prepared by Aeysha Ahmed 
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Figure 3.12 Residual signal S39,difference versus Signal of m/z=74 (IPN) 

 

A detailed subtraction procedure for every detected (measured) peak is beyond the scope 

of my work. I have been focused on those peaks which substantially come from isoprene, 

MVK and MACR . 

 

 

3.1.2 Product Yield (%) calculation 

 

By plotting calculated concentration of isoprene, MVK and MACR as a function of time 

(Figure 3.13) we can calculate yield of formation of MVK and MACR. 
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Figure 3.13 Concentrations (ppm) of isoprene, MACR and MVK as function of time 

 

The yield of methacrolein (MACR) and methyl vinyl ketone (MVK) is the ratio of the 

amount of MACR or MVK formed over the amount of isoprene consumed. MACR and 

MVK are main first generation products of isoprene photo-oxidation, but at the same time 

they start being consumed (photooxidized) as they are formed, giving birth to second 

generation products. So the concentration of MACR and MVK that we measure using IT-

TOF Mass Spectrometer is the expression of this difference. Below it is described “The 

first and second generation” procedure5, (developed by Prof. Mozurkewich) , used to 

calculate product yield for MVK and MACR : 

Let’s consider the general case by following two reactions: 

[Isoprene] + OH         [P1]                                            (Reaction 3.1) 

[P1] + OH        P2                                               (Reaction 3.2) 

and write their rate equations :  

                                                 
5 We have described here the whole procedure which includes also second generation products P2. A 
detailed elaboration of second generation products is done during discussion about SOA formation from 
MACR (see pg 66-67) 
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1

d [Isoprene]
k [OH] [Isoprene]

dt
                         (Equation 3.8) 

1 2

d[P1]
k [ ][Isoprene] k [ ][ 1]

dt
OH OH P                                          (Equation 3.9) 

 2

d[P2]
[ ][ 1

dt
k OH P ]                            (Equation 3.10) 

 
where k1 and k2 are rate constant and β is the branching ratio (yield) .There should 

actually be a separate branching ratio for each of two steps, but since only the product of 

two will appear in the final result we can, without loss of generality, combine them into a 

single branching ratio and apply that to either step. 

To solve these equations, we introduce the dimensionless variables: 

 
0

[Isoprene]
x  

[Isoprene]
  ;    

0

[P1]
y  

[Isoprene]
 ;    

0

[P2]
z  

[isoprene]
 ;       2

1

k
r  

k
  

where [Isoprene]0 is initial isoprene concentration. Now if we divide Equation 3.8 by 

Equation 3.9, and make these substitutions we obtain: 

dy ry

dx x
                                                                                     (Equation 3.11) 

Multiplying both sides by dx, dividing both sides by xr and rearranging gives: 
 

1
 0

r r r

dy ry
dx

x x x




    
 

                                                           (Equation 3.12) 

which is an exact differential. Integrating it from y=0 when x=1 ([Isoprene]=[Isoprene]0) 

gives: 

1

1 1r

x
y

x r r

      
                                      (Equation 3.13) 
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or 
 

 
1

rx x
y

r

 



                                                                                   (Equation 3.14) 

If some of the product is already present when the reaction begins (y=y0 when x=1) then 

Equation 3.11 becomes: 

 
0 1

r

r
x x

y y x
r

 
 


                                                                       (Equation 3.15) 

By applying in our case [P1] = [MVK] or [P1]=[MACR] we plot 
0

[MVK]

[Isoprene]
y   

versus 
0

[Isoprene]

[Isoprene]
x   (Figure 3.14) or 

0

[MACR]

[Isoprene]
y   versus 

0

[Isoprene]

[Isoprene]
x   

(Figure 3.15). Note that initial isoprene concentration, [Isoprene]0, is taken as one point in 

time, at the moment before the lights are turned on and the reaction starts. Then by fitting 

the Equation 3.15 in these plots6 we obtained the yield of formation of MVK and MACR: 

 

 
Figure 3.14 “First generation product” procedure used to calculate MVK yield 

 

                                                 
6 During fitting procedure (weighted fit) we assumed that initial product values are 0 (0±0) 
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Figure 3.15 “First generation product” procedure used to calculate MACR yield  

 

MVK yield = 41.4 ± 0.67 % 

MACR yield = 24.8 ± 0.3 % 

 

These values are in good agreement with those reported in other published works (Table 

3.2). Further work is required in the future to investigate the effect of NOx level, 

temperature, OH concentration, relative humidity, on the yield results. 

 

Table 3.2: Product Yields (%) from OH-initiated oxidation of isoprene in the 
presence of NO 

Product Previous work This work 

MVK 29±7,a 36±4,b 32±5,c 44±6,d 41.4 ± 0.6 

MACR 21±5,a 25±3,b 22±2c, 28±4d 24.8 ± 0.3 

a: [Tuazon et al., 1990a] ; b: [Paulson et al., 1992] ; c: [Miyoshi et al., 1994] ;  
d: [Sprengnether et al., 2002].  

                                                 
7 It should be noted that throughout this work whenever error limits are calculated they don’t include the 
effect of systematic errors. 
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The fitting procedure described above provides us with valuable information related to 

rate constant of MVK and MACR photo-oxidation reactions initiated by OH radicals. So, 

from plots in Figure 3.14 and Figure 3.15 we have found that rate constant ratio (k2/k1) is 

0.191±0.003 and 0.315±0.015 for MVK and MACR, respectively. Assuming that rate 

constant for photo-oxidation of isoprene is k1=1.02x10-10 cm3molecule-1s-1 [Atkinson, R. 

and Aschmann, S. M. , 1984], we calculate that for MVK, k2=1.95x10-11 cm3molecule-1s-1 

and for MACR, k2=3.21x10-11 cm3molecule-1s-1, which are close to reported values 

(Table 3.3): 

Table 3.3 Rate constant of photooxiation reactions for MVK and MACR  

Product Previous work 
(x10-11), (cm3molecule-1s-1) 

This work 
(x10-11), (cm3molecule-1s-1) 

MVK 1.79±0.28,a 2.03±0.17,b 1.73±0.21,c  1.95 ± 0.12 

MACR 3.14±0.49,a 2.79±0.12,b 3.22±0.10,c 3.21 ± 0.29 

a: [Kleindienst et al., 1982]; b: [Gierczak et al., 1997]; c: [Chuong and Stevens, 2003] 

 

 

3.1.3 Some interesting peaks 

 

So far, we have been able to identify, quantify and calculate yield production for the two 

major products (MVK and MACR) of isoprene photo-oxidation. There were still a 

number of detected peaks in our mass spectra which drew our attention, as they show up 

after the oxidation of isoprene has started (m/z=82, 84, and 85 peaks as it is elaborated in 
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more details in paragraph 3.1.1) and on the other hand they are not fragments of any of 

our major products (MVK and MACR) (except m/z=85: see below) 

The work done to investigate about their identity and mechanism of formation is 

presented here. 

First by plotting in one graph (Figure 3.16) signal intensities vs time for peaks at mass to 

charge ratio : 82, 84, 85, we see their evolution and decay over time. 

 
Figure 3.16 Signal (mV) vs time for m/z=82, 84, 85 peaks 

 

We will start our discussion here with m/z=82 peak which shows a more pronounced 

signal and a rapid decay. 

 

Some consideration about identity of m/z=82 species . 

First: What is the m/z=82 species : a first or second generation product? 

m/z = 82 appears at in the same time as isoprene (m/z=68) starts to be consumed 

(oxidized) (In Figure 3.17 we have plotted the signal of m/z=82 vs the signal of m/z=68 
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(isoprene) consumed, calculated as difference between initial intensity of m/z=68 peak 

(before lights ON) and intensity signal at a given time  ) .  

m/z =82 seems to be a first generation product as it starts to be produced immediately 

after the isoprene starts to be consumed.  
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Figure 3.17 Signal of m/z=82 species vs signal of m/z=68 (isoprene) consumed 

 

The signal of m/z=82 species keeps growing until more than 50% (about 1.2 mV) of 

isoprene is consumed and then its decay prevails over its formation. 

Second: What’s its identity? 

Here we will discuss two hypotheses about the identity of m/z=82 species: 

1. m/z=82 species is a molecular ion of 3-methyl furan (MW=82) 

2. m/z=82 species is a fragment of a hydroxycarbonyl compound (MW=100)  

 

1. A number of studies (Tuazon et al, 1990; Paulson et al, 1992; Sprengnether et al, 2002 

) have reported 3-methyl-furan (MW=82) as a minor product (<2-5%)   of isoprene 

photo-oxidation by OH radicals. 
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Also Atkinson et al, 1989 have measured the rate constant for reaction of 3-methyl furan 

with OH radical as 9.35 x 10-11 cm3 molecule-1 s-1 (with an estimated overall uncertainty 

of ± 20%) at 296 K.  

We calculated the rate constant for m/z = 82 (based on “first and second generation 

products” procedure, described above) developed by Prof. Mozurkewich using IGOR 

Pro), assuming that during our experiment it is oxidized only by OH radicals.  

Recalling Equation3.8 – Equation 3.15  and by applying in our case we have [P1] ≡ 

[m/z=82 signal] and [Isoprene] ≡ [m/z=68 signal], we have:  

0

[m/z 82 signal]

[m/z 68 signal]
y





  and  

0

[m/z 82 signal]
 
[m/z 68 signal]

x





  

                                             
   

By plotting y vs x and fitting Equation 3.15 to it, (Figure 3.18) we got r=k2/k1 to be 0.75 

± 0.015 and by assuming k1=(1.02±0.04) x 10-10 cm3 molecule-1 s-1 [Atkinson, R. and 

Aschmann, S. M., 1984] , rate constant of oxidation reaction of m/z=82 species comes 

out to be k2=(7.65±0.46) x 10-11 cm3 molecule-1 s-1, which is just barely within the error 

limits of published value. However this is an indication that m/z=82 species could be 3-

methyl furan.  
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Figure 3.18 “First generation” fitting plot used to calculate relative rate constant 

 

The proposed mechanism of formation of 3-methyl furan from the oxidation of isoprene 

is given below (Atkinson et al, 1989): 
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Figure 3.19 The proposed mechanism of formation of 3-methyl furan [Atkinson et al., 1989] 

 

In this proposed pathway we have an δ-hydroxy alkoxy radical which via 1,5 H-shift  

becomes an double hydroxyl radical which by reacting with O2 produces an C5 hydroxy 

carbonyl (MW=100) which in turns by cyclization loses one molecule of water giving 3-
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methyl furan. Not having presented solid arguments for the last step in this mechanism 

(cyclization) confronted with reported C5-hydoxycarbonyl  as first generation products of 

photo-oxidation of isoprene with a yield of 19.3% ±6.1 (Zhao et al) suggests  

investigation of second hypothesis that m/z=82 species detected in TOF instrument could 

be a fragment of C5-hydroxycarbonyl compound. To further shed light into this 

relationship we used Atmospheric Pressure Chemical Ionization Mass Spectrometer 

(APCI MS),  run by Zoya Dobrusin8, which along with our TOF Mass Spectrometer 

sampled from the Smog Chamber during another isoprene experiment. It should be 

briefly noted that H3O
+ acts as a chemical ionization agent by adding a proton (H+) to 

analyte molecules or their fragments in the APCI source. Also H3O
+ upon collision with 

other molecules of water forms a series of small clusters H3O
+(H2O)n (n=0-4). Once a 

molecule more basic (higher Proton Affinity) than H2O enters the APCI source, the 

proton is transferred to it, and subsequent collisions form clusters of the newly protonated 

species. 

We got very similar time dependence for ions m/z=83 and m/z=101, obtained from APCI 

MS, as shown below in the Figure 3.20 and Figure 3.21. It seems that they are in a 

relationship parent/fragment. This hypothesis has found strong support by plotting these 

ions against each other (Figure 3.22), where we have a nice straight line and zero 

intercept. Is the m/z=101 species a water cluster of m/z=83 ion or is m/z=83 species a 

fragment of m/z=101 ion? We see that the signal at m/z=101 is much larger that at 

m/z=83. That would seem reasonable if m/z=101 ion is the parent and m/z=83 ion is a 

                                                 
8 All graphs related to APCI MS are prepared by Zoya Dobrusin with whom we had very fruitful 
discussions about the relationship between m/z=83 and m/z=101 species 
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fragment because typically water clusters are lower in intensity compared to their parent 

ion.  
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Figure 3.20 m/z=83 time profile                                 Figure 3.21 m/z=101 time profile 

 

 

 
Figure 3.22 Relationship between m/z=83 and m/z=101 species 

 

To further investigate the relationship between ion m/z=101 and any potential fragment 

of it, we use MS/MS mode of APCI MS, which allow us for any selected ion (in our case 

m/z=101 ion) to fragment it and monitor the behaviour of fragments over time.  
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By using Selected Monitoring Scans (SMS) with a Collision Energy (CE) 5 eV for  

m/z=101 ion, we got the time dependence for the following fragments: m/z=83 

(Figure3.23, 101/83 means that 83 is obtained from the fragmentation of 101), m/z=73 

(Figure 3.24, 101/73), m/z=59  (Figure 3.25, 101/59), m/z=55 (Figure 3.26, 101/55). 
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Figure 3.23 101/83, [M+H]+, M=100u, -18               Figure 3.24 101/73, [M+H]+, M=100u, -28 
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Figure 3.25 101/59, [M+H]+, M=100u, -42               Figure 3.26 101/55, [M+H]+, M=100u, -46 

 

 
By carefully looking at these plots we see that they have very similar pattern which 

suggests that they all reflect the time dependence of a hydroxycarbonyl species. So, we 

have here a number of fragments coming from m/z=101 ion during SMS all of which it 
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seems that make sense: the m/z 83 fragment is the loss of H2O (makes sense for  an 

alcohol), 73 is the loss of CO (makes sense for carbonyl), 59 is  protonated acetone or 

propionaldehyde with the other fragment being ketene (H2C=C=O) , and 55 would be 

loss of both H2O and CO. Furthermore we don’t think that makes sense to get m/z=73 ion 

from a water cluster of m/z=83 since the cluster should lose H2O much more readily than 

CO. 

Based on the analysis of two hypotheses built above we assign the m/z=82 species (mass 

100)  to a gamma-hydroxycarbonyl, either 4- hydroxy-2-methyl-crotonaldehyde (Figure 

3.29: Mechanism of formation of C4- and C5- hydroxycarbonyls : coming from V_Z and 

VI_E alkoxy isomers) or 4-hydroxy-3-methyl-crotonaldehyde (Figure 3.29 : coming from 

VI_Z alkoxy isomer).  

As described above we calculated rate constant of m/z=82 species (actually a 

hydroxycarbonyl species) photo-oxidation. To date  there is no experimental data for rate 

constant of OH initiated hydroxycarbonyl oxidation. Based on Structure-Activity 

Relationship (SAR) [mcm.leeds.ac.uk/MCM] method, it’s estimated that rate constant for 

OH-initiated C5-hydroxycarbonyls oxidation to be 4.5 x 10-11 cm3 molecule-1s-1. Our 

result (7.65 x 10-11 cm3 molecule-1s-1) is within a factor of 2 compared to the reported 

value. This is in agreement with declared uncertainty of SAR method [Kwok, E. S. C., 

and Atkinson, R., 1995]. 

 

Some consideration about identity of m/z=84 species 

The peak at m/z=84 showed up after the light were turned on and oxidation of isoprene 

started. There are a number of studies that have detected m/z = 84 and suggested it to be a 
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carbonyl species (C5-carbonyl C5H8O (MW=84) as molecular ion), in presence (Yu et al, 

1995) and absence ( Bellkelberg et al, 2000) of NO, but so far there is not any agreement 

about the mechanism of formation.  

Based on the “First generation product” procedure (Figure 3.27) we calculated rate 

constant ratio (k2/k1) to be 0.14 ± 0.013 and assuming k1=(1.02±0.04) x 10-10 cm3 

molecule-1 s-1 [Atkinson, R. and Aschmann, S. M., 1984], it comes out that the rate 

constant of our 84 species is (1.43±0.13) x 10-11 cm3 molecule-1 s-1.  

 
Figure 3.27 Fitting procedure used to calculate rate constant for m/z=84 species 

 

Some consideration about identity of m/z=85 species 

Reference spectra of methacrolein shows that peak m/z=85 appeared as a peak originated 

from methacrolein. On the other hand a number of studies (Zhao, J. at al, 2004) have 

identified C4-hydroxycarbonyl (MW=86) as one of the products of isoprene photo-

oxidation in the presence of NO, which suggest that m/z=85 could be assigned as 

deprotonated ion of a C4-hydroxycarbonyl. Knowing the concentration of methacrolein 

formed (calculated previously) we were able to separate the signal attributable to 
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methacrolein (S_85_MACR) and getting the signal of m/z=85 attributable potentially to 

C4-hydroxycarbonyl (MW=86), (S_85_carbonyl). Figure 3.28 represents de-synthesis of 

peak 85 signal. At this point it is not clear why m/z=82 and m/z=85 species representing 

C5- and C4- hydroxycarbonyl compounds respectively, show very different decay 

patterns (very different reactivities). 

 

 
Figure 3.28 De-synthesis of peak 85 signal 

 

Some consideration about the mechanism of formation of hydroxycarbonyl compounds 

The mechanisms proposed for the formation of C4-(MW=86) and C5-(MW=100) 

hydroxycarbonyls (Zhao et al, 2004) is given below (Figure 3.29): 

The alkoxy radicals (see Figure 1.1-1.4 in Chapter 1 for the proposed mechanism of their 

formation) are key intermediates in isoprene oxidation reactions. They may potentially 

undergo decomposition, isomerization, or reaction with O2. Decomposition of β-

hydroxyalkoxy radicals leads to the formation of methyl vinyl ketone (MVK) and 

methacrolein (MACR) along with formaldehyde.  
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In contrast, the decomposition barriers of the δ-hydroxyalkoxy are significantly higher, 

rendering this pathway implausible. On the other hand, except for the alkoxy radical 

(VI,E), H-migration of the δ-hydroxyalkoxy radicals occurs readily via a 1,5 H-shift to 

form double hydroxyl radicals , which then react to form C4 (C4H6O2, MW=86) or C5 

(C5H8O2, MW=100) hydroxycarbonyls. 
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Figure 3.29 Mechanism of formation of C4- and C5- hydroxycarbonyls 

 

 

 

 62



3.2 Particulate phase products 
 

 

In recent years particulate matter formation from the isoprene photo-oxidation has drawn 

attention of a large number of research groups due to fact that isoprene is the most 

abundant biogenic VOC emitted in the atmosphere and evidences from field studies 

(Claeys et al, 2004, Kleindienst et al, 2007, Surrat et al, 2007) and laboratory experiments 

(Pandis et al, 1991, Miyoshi et al, 1994, Kroll et al, 2005,2006, Surrat et al, 2006, Ng et 

al, 2006)  show that isoprene photo-oxidation indeed contributes to SOA. Those studies 

have shed light into the mechanism of formation of SOA from isoprene and the chemical 

composition of SOA, but still great uncertainties remain about the main intermediates and 

chemical mechanism of particle growth. 

 

 

3.2.1 Secondary Organic Aerosol (SOA) formation and growth 

 

My work was focused on the investigation of the mechanism of formation and growth of 

SOA from photo-oxidation of isoprene, during Smog Chamber experiments.  

In the previous chapters we have described the conditions in which the isoprene 

experiments are performed and SOA is investigated. 

From the Figure 3.30 we see particulate matter formation as the isoprene is consumed 

(photooxidized).  
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Figure 3.30 SOA growth and isoprene concentration vs time 

        

Particulate matter starts to form approximately 20 min after the initiation of isoprene 

photo-oxidation, which corresponds to more than 50% of isoprene consumed. This 

implies that SOA formed is not a first generation product. In graph below (Figure 3.31) 

we see two main first generation products of isoprene photo-oxidation, methyl vinyl 

ketone and methacrolein, and their relative position to SOA growth. 

 

 
Figure 3.31 SOA growth and isoprene, MVK, MACR concentration profiles 
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3.2.2 Contributors to aerosol formation 

 

In order to further understand the implication of MVK and MACR in SOA formation two 

additional studies are carried out in which methyl vinyl ketone and methacrolein are 

photooxidized under high NOx conditions. 

 

The role of Methyl Vinyl Ketone (MVK) in SOA formation  

We carried out two MVK chamber experiments by injecting into the chamber ~700 ppb 

MVK and 4ppm NO (Figure 3.32a), and ~1.4 ppm MVK and 8 ppm NO (Figure 3.32b) 

where SOA formation was investigated. No aerosol formation was observed in those 

experiments, although more than half of the initial amount of MVK is consumed,  

concluding that oxidation of MVK does not lead to SOA formation and as a result during 

isoprene experiment, MVK , a main first generation product, does not contribute to 

aerosol formation: 
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Figure 3.32a SOA growth during MVK chamber experiments (March 18, 2011) 

  

 

 
Figure 3.32b SOA growth during MVK chamber experiment (April 01, 2011) 

 

The role of Methacrolein in SOA formation 

A number of methacrolein Smog Chamber experiments were carried out in order to 

investigate the role of methacrolein in SOA formation by injecting 0.6 – 1.4 ppm 

methacrolein and 2ppm NO, for each experiment. By plotting in the same graph the 
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signal of m/z=70 (the main peak of methacrolein) and total volume of SOA as a function 

of time we were able to observe the relationship between methacrolein being consumed 

and particulate matter being formed. 

 

 
Figure 3.33 SOA growth during MACR chamber experiment 

 

From Figure 3.33, it’s interesting to see that methacrolein oxidation leads to particulate 

matter formation. The plot also shows that particulate matter formation started 

approximately 20 min after the oxidation of MACR started , suggesting that it is first or 

second generation products of MACR oxidation (second or third generation products of 

isoprene oxidation) that contribute to the particles formation.  

The suggestion that the aerosol is formed in part from second generation product of 

methacrolein oxidation is also supported by plotting volume of particles formed vs 

methacrolein consumed, Figure 3.35. We have here upward curved line.  
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Recalling Equation 3.8 – Equation 3.10, where instead of isoprene now we have 

methacrolein and going further in our elaboration, we first divide equation (3.10) by (3.8) 

and substituting the dimensionless variable gives: 

dz ry

dx x
                                                                                          (Equation 3.16) 

 

Then using equation 3.14 to substitute for y yields:  

1(1 )

1

rdz r x

dx r

 



                                                                            (Equation 3.17) 

 

Integrating this with z=0 when x=1 yields: 

 1 1     
1

r
z f rf

r

        
1r                                          (Equation 3.18) 

 

where f is the fraction of methacrolein consumed that is  

0

[MACR]
1 1

[MACR]
f x

 
     

 
 

 
The equation 3.18 describes the dependence of a second generation product (such as 

aerosol volume/mass) on fraction of hydrocarbon consumed. Since the right hand is 

directly proportional to the branching ratio β, the shape of the curve depends only on the 

value of r=k2/k1. This is illustrated in Figure 3.34 (prepared by Prof.Mozurkweich)  
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Figure 3.34 Aerosol mass, expressed as a fraction of the mass when the reaction is complete, versus 
hydrocarbon reacted, expressed as a fraction of the initial hydrocarbon concentration, for various 
values of the ratio of rate constants. 

 

A simplified analysis of these curves shows that when k2>>k1 the shape of the lines 

approaches a straight line and we can speak of the aerosol as a first generation product. 

When k2≤k1, then we have curved lines and this is the case when parent hydrocarbon is 

converted to a first generation product which on turn in a rate determining step forms a 

second generation product. This is illustrated with upward curved lines. 

 

By plotting volume of aerosol, expressed as a fraction of volume when the reaction is 

complete, versus methacrolein consumed, expressed as a fraction of the initial 

methacrolein concentration, we are able fit equation 3.18 to the plot. The fitting provides 

valuable information as the ratio of rate constants and product yield. 
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Figure 3.35 Volume of particles formed, expressed as a fraction of volume when reaction is complete, 
versus MACR reacted, expressed as a fraction of the initial methacrolein concentration 

 

By comparing the shape and value of r=k2/k1 coefficient (0.46) of the methacrolein curve 

with those in the Figure 3.34, we can assign particulate matter formed (SOA) to a second 

generation product.  

From the above plot we see that there is a delay in the particle formation: it starts after an 

amount of methacrolein is consumed. This could be as a result that aerosol formed is a 

multiple generation product of methacrolein photo-oxidation or because some product 

must be accumulated to reach the vapor pressure needed for nucleation.  

To investigate the reason of that delay on the particle formation we carried out three 

experiments where we have different amount of methacrolein injected (as illustrated in 

Figure 3.36 by plotting methacrolein (m/z=70) signal intensity (mV) vs time).  
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Figure 3.36 Time profile of methacrolein concentration (as m/z=70 in mV) 

 

By plotting in the same graph total volume of particles vs the amount of methacrolein 

consumed, Figure 3.37, we investigate if the delay would be related to the amount of 

methacrolein consumed or not. 

A constant delay, in term of the amount of methacrolein consumed, would be an 

indication that delay is due to vapor pressure built up, or otherwise multiple generation 

products could be in stake. 
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Figure 3.37 SOA growth versus methacrolein consumed in different experiments (insertion: a 
zoomed view close to the area where aerosol formation begins) 

 

The plot shows that we likely have different amount of methacrolein being consumed at 

the moment of particle growth (different delays). This observation coupled with the fact 

that we have upward curving lines is an indication that aerosol formed is a second 

generation product of methacrolein photo-oxidation and the time delay observed (Figure 

3.37) is likely due to that. Additional experiments would be needed to better clarify the 

moment when the aerosol growth starts, related to the amount of methacrolein consumed.  

 It should also be noted that attempts to fit the equation 3.18 to these lines gave 

inconsistent results in terms of rate constant ratio and product yield (which was expected 

to be the same in all experiments), which could be a result of a number of assumptions 

made when the equation 3.18 is built up, or because inconsistent results were taken from 

the experiments.  

Recent working condition of our mass spectrometer did not allow us to go further in these 

investigations. 
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Products from the oxidation of methacrolein (Tuazon and Atkinson, 1990; Orlando et al., 

1999), methyl vinyl ketone (Tuazon and Atkinson, 1989) and C5 hydroxycarbonyls 

(Baker et al., 2005) have been measured. Most of those second generation products (of 

isoprene) are small water-soluble compounds, such as glyoxal, methylglyoxal, 

glycolaldehyde, and hydroxyacetone. Additionally, larger (C3-C5) products, likely with 

several (3 or more) functional groups, can also be formed (Paulot et al., 2009). Both these 

classes of second- (and later)- generation products may be key components and/or 

precursors of isoprene SOA. 

During our methacrolein photo-oxidation chamber experiments we were not able to see 

(detect) the new peaks that could correspond to products of photo-oxidation of 

methacrolein due to low sensitivity of the instrument.  

 

The MACR chamber experiment could be used to calculate the quantitative contribution 

of MACR in particle formation during isoprene experiment. So the ratio of Volume of 

particles formed from MACR to Total Volume of particles formed during isoprene 

experiment gives the required contribution: 

  Macr Iso.exp.

tot Iso.exp

(V )
Ratio

(V )
                                           (Equation 3.19) 

Volume of particles formed from MACR during isoprene experiment could be estimated 

by first calculating MACR consumed during isoprene experiment and then going to the 

graph of total volume vs MACR consumed, during MACR experiment (Figure 3.38) we 

can estimate the respective value (see below). For comparison, the total volume of 

aerosol formed during isoprene experiment is 30±2 µm3 m-3.  
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So, first we have to find MACR consumed during isoprene experiment: 

.  MACR Isoprene_exp
C

In order to take into consideration the fact that some of methacrolein starts being 

consumed as soon as  is formed, we used “first generation products” procedure . 

From the “first generation products” plot (Figure3.15), we have a "yield" of methacrolein  

formed from the  photo-oxidation of  isoprene. Multiplying that by the amount of 

isoprene consumed at any given time gives the total of methacrolein formed at this time. 

Then subtracting the concentration of methacrolein at this time gives the amount 

consumed.  

So 

  _ exp
( )=[  C ( )] ( )MACR Isoprene MACRIsoprene

C t t C  t

t

)

                            (Equation 3.20) 

Where: 

  _ exp
( )MACR Isoprene

C

( )IsopreneC t

( )MACRC t

 is amount of methacrolein consumed at the time t 

  is amount of isoprene consumed at the time t 

β is yield of methacrolein formed 

 is the measured concentration of methacrolein at the time t 

Earlier in this work we have calculated the yield of methacrolein formed to be 24.8 % 

( 0.248   (see Figure 3.15) 

So using equation 3.20, at the moment that all isoprene is consumed, we have:     

     
Isoprene_exp

 0.41  0.02 ppmMACRC
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Going to Figure 3.38 ,  we estimate that for 0.41 ± 0.02 ppm of methacrolein consumed, 

there are 0.62 ± 0.04 µm3 m-3 volume of SOA formed (Figure 3.38a represents a zoomed 

picture of Figure 3.38 close to area of interest). 

 
Figure 3.38 Volume of particles formed vs methacrolein consumed during methacrolein experiment 

 

 
Figure 3.38a A zoomed picture of Fig. 3.38 close to the origin of the plot 

 

This is the estimated amount of SOA formed from photo-oxidation of methacrolein 

during isoprene experiment. 
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Now from equation 3.4 we have : 

 
 

3 -3
Macr Isoprene_exp

3 -3
tot Isoprene_exp

V 0.62  0.04 μm  m
 =  = 2.07 0.27  %

V 30  2 μm  m





 

This result indicates that methacrolein as an contributor to aerosol formation gives a 

small portion of the total volume of aerosol formed.  

We can estimate an upper limit of the yield of aerosol formed, using the slope of the line 

AB (Figure3.39). 

 
Figure 3.39 Linear approximation AB used to estimate the yield of MACR 

 

So, we will have the volume of aerosol formed per every unit (ppm) of methacrolein 

consumed given as α (the slope of line AB): 

3 -3 3 -314.48 0.02 μm m μm m
15.24 0.26 

0.95 0.005 mV ppm
 
  


 

 
Then we can calculate the amount of SOA formed from MACR photo-oxidation during 

isoprene experiment:  

   _ exp _ exp
    Macr MACRIsoprene Isoprene

V x C   
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3 -3

3 -

_ exp

μm  m
  15.24 0.26   0.41 0.02 ppm  6.25 0.55 μm  m

ppmMacr Isoprene
V x     3

 

Hence we calculate the contribution of methacrolein to aerosol formation during isoprene 

experiment as :  

 
 

3 -3
_ exp

3 -3

_ exp

6.25 0.55 μm  m
100  100  20.8 3.1 %

30 2 μm  m

Macr Isoprene

tot Isoprene

V
Yield x x

V


  


  

 

These calculations show that significant part of SOA formed during the photo-oxidation 

of isoprene still need to be identified in terms of contributors and mechanism of 

formation. 

 

The role of m/z=82 species in SOA formation 

By plotting in one graph (Figure 3.40) signal of m/z=82 species and total volume of 

particles formed vs time we see that there is a correlation between particle formation and 

the moment when 82 species starts to be consumed, which suggest that species 82 might 

well contribute to aerosol formation. 
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Figure 3.40 Signal of m/z=82 species and volume of particles formed vs time 

 

 

In Figure 3.41 we have plotted total volume of particles formed vs 82 species consumed 

expressed in mV.  We see here again that we have an increase of the total volume of 

particles as the amount of 82 species is consumed.  

Here we likely have a linear correlation (straight line) between the SOA growth and 

m/z=82 consumed which indicate that this species may well contribute to aerosol 

formation.  

 
Figure 3.41 Volume of particles formed vs m/z=82 species consumed 
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As discussed earlier in this chapter we assigned m/z=82 species to a gamma-

hydroxycarbonyl (C5H8O2, MW=100), either a 4-hydroxy-2-methyl-crotonaldehyde or a 

4-hydroxy-3-methyl-crotonaldehyde. Separate OH-initiated photo-oxidation experiments 

of C5-hydroxycarbonyls compounds (similar to those of MACR and MVK ) would be 

needed to further investigate and possibly quantify the contribution to aerosol formation.  

 

 

 

 

 

 

 

 79



Chapter 4:  Conclusion and future directions 
 
 

There were two main objectives of this work: i) to investigate isoprene OH initiated 

photo-oxidation mechanism, in presence of high NOx level,  using chemical ionization 

mass spectrometry exemplified by our Ion Trap Time of Flight Mass Spectrometer (IT-

TOF MS) and ii) to investigate SOA formed from isoprene photo-oxidation using a DMA 

coupled with a CPC, during Smog Chamber experiments. 

 

Using an Ion Trap – Time of Flight Mass Spectrometer which uses chemical ionization in 

the Source Chamber and a Flight Tube for ion analysis, we were able to identify and 

quantify the formation of two main known products of isoprene OH initiated photo-

oxidation : methyl vinyl ketone and methacrolein. The calculated product yields of MVK 

and MACR, using “first generation product” procedure were in good agreement with 

published works. 

We presented here the de-synthesis approach applied for analysis of mass spectra, which 

consisted of successively subtracting the signal of known compounds with the use of 

response factors, by first getting concentration profiles of them and then their 

contribution to specific peaks. During this work the application of this approach was 

confined in those peaks which substantially come from isoprene, MVK and MACR.  

Our instrument demonstrated sufficient capabilities to detect some interesting peaks at 

m/z=82, 84, and 85, which are likely to represent C5-hydroxycarbonyl (C5H8O2 

MW=100), C5-carbonyl (C5H8O MW=84) and C4-hydroxycarbonyl (C4H6O2 MW=86) 
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compounds, respectively, but it fell short in detecting larger mass to charge ratio species. 

An ongoing work should be performed in order to further optimize the working 

parameters of our IT-TOF MS, to be able to detect larger mass to charge ratio ions as this 

would improve significantly our investigation of a larger number of gas-phase products 

and their possible role to aerosol formation.   

A more detailed analysis is done related to identification of m/z=82 species as it showed 

a more pronounced signal intensity, compared to m/z=84 and m/z=85 species, and 

because of the intriguing fact that it could represent a molecular ion of 3-methyl furan 

(MW=82), a compound reported as first generation product of isoprene photo-oxidation, 

or a fragment of C5-hydroxycarbonyl compound. Using a APCI Mass Spectrometer, as 

described in details in this work, we were able to conclude that our m/z=82 species 

represent a C5-hydroxycarbonyl compound. We calculated the rate constant of OH 

initiated photo-oxidation for m/z=82 species to be 7.65 x 10-11 cm3 molecule-1 s-1. 

 

A substantial part of my work was also investigation of possible formation of Secondary 

Organic Aerosol (SOA) from the photo-oxidation of isoprene, contributors and 

mechanism of this process.  

Photo-oxidation of isoprene in presence of high level of NOx, as our experiments 

showed, leads to Secondary Organic Aerosol formation but over delayed timescales. 

These results indicate that a key step in SOA formation is the further gas-phase oxidation 

of first generation reaction products. Separate chamber experiments with major first 

generation products (MACR and MVK) are carried out to better understand this role.   
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Methacrolein Smog Chamber experiments showed that methacrolein is an intermediate in 

SOA formation, although not the only one. MVK, another important first generation 

product of isoprene photo-oxidation does not lead to aerosol formation, as our 

experiments demonstrated. 

By plotting the total volume of aerosol formed versus methacrolein consumed we were 

able to fit the equation which describes the dependence of second generation product 

(such as aerosol volume) on hydrocarbon consumed (Equation 3.18), and hence 

calculated the rate constant ratio (k2/k1). By doing so, and based on a more general 

discussion about how the values of rate constant ratio is reflected on the shape of the 

curves, we have an indication that aerosol formed from photo-oxidation of methacrolein 

is a second generation product. This is further supported from the observation that we 

likely have different amount of methacrolein being consumed at the moment of particle 

growth (different delays). On the other hand, during methacrolein photo-oxidation 

chamber experiments, due to low sensitivity of the instrument, we were not able to see 

(detect) the new peaks (after the initiation of photo-oxidation) that could correspond to 

expected products.  

Attempts to fit the above mentioned equation to lines of different experiments gave 

inconsistent results in terms of rate constant ratio and product yield, which were expected 

to be the same in all experiments. More experiments would be required to get more 

insight into the relationship between particle growth and methacrolein consumed 

expressed in a mathematical equation, as soon as the working condition of our Time of 

Flight Mass Spectrometer will allow.  
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The contribution of methacrolein to total volume of aerosol formed during photo-

oxidation of isoprene is estimated to be in the range of 2% to 21%, which represents a 

small fraction of total volume formed. This suggests that other contributors and pathways 

should be considered and elaborated in order to better understand the mechanism of 

formation and chemical composition of aerosol particles during isoprene photo-oxidation 

experiments. 

 

While our experiments were carried out within narrow ranges of NOx, temperature, OH 

concentration, relative humidity, it would be very interesting, in future, to elucidate the 

impact of such parameters in aerosol yields, in an attempt to better encompass and 

characterize ambient conditions.       

 

We showed here that m/z=82 species (a C5-hydroxycarbonyl compound) may well 

contribute to aerosol formation, but separate OH-initiated photo-oxidation experiments of 

C5-hydroxycarbonyls compounds (similar to those for MACR and MVK ) would be 

needed to further investigate and possibly quantify the contribution to aerosol formation.  

 

The research on isoprene OH-initiated photo-oxidation, its mechanism, gas and particle 

phase products still remains a challenging task in the future which would require not only 

further optimization of our instruments but possibly usage of other techniques (e.g. PTR-

MS has shown to be especially promising in quantification of hydroxycarbonyls [Zhao, 

J., at al., 2004] ), and on the other hand it would have profound impacts on elucidation of 

the chemistry of atmospheric VOCs.   
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Appendix 
 
 
The plots below (A1 – A6) represent measured and calculated signals for peaks at 

m/z=55, 65, 67, 68, 69, 70 as a function of time. For each measured value of signal the 

experimental error is given and expressed as one standard deviation (sigma) based on the 

propagation through the analysis from estimated noise level. The magnitude of 

uncertainty is calculated based on the consistency of the baseline, sensitivity setting, 

baseline noise and the height of the peaks in the spectra. The plots for difference signal 

between measured and calculated values are also given below (A1.1 – A6.1). 

 
 

 
Figure A1: Measured and calculated signals for peak at m/z=55 

 

 
Figure A1.1 : Difference signal for peak at m/z=55 
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Figure A2: Measured and calculated signals for peak at m/z=65 

 
 

 

Figure A2.1: Difference signal for peak at m/z=65 
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Figure A3 : Measured and calculated signals for peak at m/z=55 

 
 
 

 
Figure A3.1 : Difference signal for peak at m/z=67 
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Figure A4 : Measured and calculated signals for peak at m/z=68 

 

 
 

 
Figure A4.1 : Difference signal for peak at m/z=68 
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Figure A5 : Measured and calculated signals for peak at m/z=69 

 

 
 

 
Figure A5.1 : Difference signal for peak at m/z=69 
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Figure A6 : Measured and calculated signals for peak at m/z=70 

 

 

 
Figure A6.1 : Difference signal for peak at m/z=70 
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