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Abstract (in English) 

The goal of my Ph.D. research was to assess the role of aqueous-phase reactions of selected 

green leaf volatiles (GLVs) with atmospheric oxidants leading to the formation of secondary 

organic aerosol (SOA). The research included: (i) detailed kinetic analysis of 1-penten-3-ol, 

(Z)-2-hexen-1-ol, and (E)-2-hexen-1-al reactions with hydroxyl (•OH), sulfate (SO4
•–) and 

nitrate (NO3
•) radicals in dilute aqueous solutions; (ii) chemical characterization of novel SOA 

products at the molecular level using high-resolution tandem mass spectrometry in 

combination with theoretical calculations using quantum-based density functional theory 

(DFT). 

Atmospheric aerosol is a suspension of liquid or solid particles (organic and inorganic) in 

the air with complex chemical composition and sizes far below 100 µm. It includes primary 

organic aerosol (POA) emitted directly from various sources (e.g., volcano eruptions) and 

secondary organic aerosol (SOA), which forms through chemical reactions of organic trace 

gases combined with physical processes, such as nucleation and condensation. With increasing 

emissions of anthropogenic pollutants, frequently changing weather patterns, and climate 

change, the Earth’s natural vegetation, such as forests, is permanently exposed to extreme stress 

conditions. The stress profoundly alters the emission patterns of volatile organic compounds 

(VOCs), which affect the formation of SOA in the Earth’s atmosphere. In the presence of 

various oxidants, such as ozone (O3), •OH, and NO3
• radicals, VOCs undergo gas-, aqueous-, 

and multiphase oxidation, which leads to SOA formation and aging. The limited knowledge of 

the SOA formation processes leads to a significant underestimation of the global SOA budget 

and its impact on climate change and health.  

To reduce discrepancies between hitherto modeling results and field measurement data, I 

decided to provide experimental evidence on the potential role of actual plant emissions, known 

as green leaf volatiles (GLVs), in increasing the SOA burden. GLVs actively participate in the 

gas- and aqueous-phase atmospheric chemistry, like the key plant volatiles isoprene and 

monoterpenes. In the last decade, the characterization of the aqueous transformation of GLVs 

has posed a challenge to atmospheric scientists, as it is a potentially relevant source of SOA 

loads in the atmosphere.  

This Ph.D. thesis unveils the potential of GLVs as the missing source of SOA particles in 

the atmosphere via in-cloud reactions with atmospherically relevant radicals. The first part 

resolves the kinetics of aqueous-phase reactions of three selected GLVs, i.e.,1-penten-3-ol, (Z)-
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2-hexen-1-ol, and (E)-2-hexen-1-al reactions with •OH, SO4
•– and NO3

• radicals using the 

technique of laser flash photolysis-laser long path absorption (LFP-LLPA). The rate constants 

determined for the aqueous-phase reactions of selected GLVs with •OH, SO4
•–, and NO3

• are 

of the order of 109, 108, and 107 L mol-1 s-1, respectively. The •OH-driven reactions are partially 

controlled by diffusion of reactants, while those with SO4
•–, and NO3

• radicals are rather 

chemically-controlled. The activation energies determined from the temperature variation of 

the second-order rate constants (278 K to 318 K) reveal GLV differ in rate of reactivity towards 

various radicals. The expected atmospheric lifetimes of GLV vary from a few seconds to a few 

days. Generally, GLV may effectively contribute to the formation of SOA.  

The rate constants for GLV reactions with NO3
• were determined without accounting for 

a few reactions that could consume the radical. They included the reactions with −OH, HO2
•, 

H2O, and S2O8
2-, and the autoxidation of alkyl compounds to ROO• radicals. I developed a 

complete kinetic model of GLV – NO3
•  reactions and analyzed it using the COPASI software 

package to evaluate the bias in the rate constants determined. The analysis showed that the 

intrinsic experimental uncertainty for the rate constants determined using the LFP-LLPA 

procedure was significantly higher than the bias due to the “neglected” reactions. Thus the 

LFP-LLPA experimental method appeared applicable and robust to determine GLV – NO3
• 

reaction kinetics. 

The second part of my Ph.D. research aimed to explain the chemical mechanisms of 

aqueous-phase reactions of GLV with •OH radicals. The oxidation of 1-penten-3-ol, (Z)-2-

hexen-1-ol, and (E)-2-hexen-1-al with •OH radicals was pursued using the aqueous-phase 

photoreactor under simulated sunlight conditions. The product analysis targeted carbonyls, 

alcohols, and carboxylic acids as likely abundant oxidation products. It included the advanced 

hyphenated mass spectrometry (capillary GC-MS, reversed-phase LC with high resolution MS 

detection, and MS/MS analyses). The analyses confirmed the presence of various carbonyl 

products, including propanal, butanal, 1-penten-3-one, (E/Z)-2-hexen-1-al, and an unknown 

product of the formula C6H10O2. The identified carbonyls, chiefly propanal and butanal are 

highly important because of their high reactivity with OH, O3, and other radicals, leading to 

peroxy acyl nitrates or carboxylic acids. The observed highly reactive primary oxidation 

products can possibly hydrate and further react with other aldehydes and parent GLVs to 

produce higher molecular weight oligomers. The latter end products may adversely affect air 

quality and human health in regions where an increased GLVs mixing ratio occurs. The other 

carbonyl products detected, including C6H10O2 (possibly hydroxy-hexenal or hydroxy-
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hexenone ), and 1-penten-3-one, may indicate SOA aging in the ambient atmosphere via various 

pathways; e.g., organosulfates formation. 

Using the density functional theory (DFT)-based quantum calculations, I provided more 

insights into mechanistic pathways of the above investigated reactions of GL Vs with ·oH. An 

emphasis was given to resolving the addition and hydrogen-abstraction reaction routes and 

their relative importance. Simple CPCM based continuum solvation model within DFT helped 

to explain the mechanistic pathways of the formation of experimentally observed reaction 

products, and identification of all possible mechanistic pathway of unknown product C6H100 2 

formation. Along with suggested activation barrier less fast addition reactions, the results also 

highlight importance of hydrogen-abstraction route to the formation of experimentally 

observed products. 

The studied aqueous-phase reactions were evaluated for their atmospheric relevance or 

significance. For this purpose, GLVs atmospheric lifetimes and removal rates were calculated. 

The results showed that the role of selected GLVs appeared negligible in deliquescent aerosol 

and haze water. However, it became significant in atmospheric systems of high liquid water 

contents, such as clouds, rains, and storms. Under such conditions, the atmospheric GL V 

lifetimes decreased from years or hundred days to a few minutes. The aqueous-phase GL V 

reactions with so4·- radicals dominated over combined gas- and aqueous-phase reactions with 

·oH or N03. in a few given conditions. The reaction of GLVs with ·oH radicals dominated 

over all other oxidants in atmospheric waters, however represents less than 0.1% of the total 

flux removal by combined gas- and aqueous-phase reactions, indicating required future 

evaluation of their reaction at the air-water interface than in bulk aqueous phase. In addition, 

the experimental determination of Henry' s constant may further help to improve these results. 

A part of my research was an evaluation of the selected physical properties of GLVs. I 

experimentally obtained the UV spectra of GL V in the aqueous solutions and estimated vapor 

pressure, solubility, and Henry's constants using the EPI Suite software available from EPA to 

evaluate their reactivity in the atmospheric waters. The estimated values indicate GLVs as a 

compound with moderate solubility and fair partitioning into the aqueous phase. 

The work of the thesis presented herein, provides a unique inclusive study of the potential 

of GLVs as a missing SOA source in the atmosphere via complete understanding of their 

aqueous chemistry involving physical properties, kinetics, and mechanisms. 

17 
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Abstrakt (in Polish)  

Celem przeprowadzonych badań była ocena roli reakcji chemicznych wybranych lotnych 

substancji pochodzenia roślinnego indukowanych stresem (GLV, ang. green leaf volatiles) z 

utleniaczami atmosferycznymi, przebiegających w fazie wodnej i prowadzących do powstania 

składników wtórnego aerozolu organicznego (SOA, ang. secondary organic aerosol). Badania 

te obejmowały: (i) szczegółową analizę kinetyczną reakcji 1-penten-3-olu, (Z) -2-heksen-1-olu 

i (E)-2-heksen-1-al. z rodnikami hydroksylowymi (•OH), siarczanowymi (SO4
•-) i 

azotanowymi (NO3
•) w rozcieńczonych roztworach wodnych; (ii) charakteryzacja chemiczna 

tworzących się produktów SOA na poziomie molekularnym z użyciem narzędzi tandemowej 

spektrometrii masowej o wysokiej rozdzielczości w połączeniu z obliczeniami teoretycznymi 

wykorzystującymi kwantową teorię funkcjonału gęstości (DFT). 

Aerozol atmosferyczny stanowi zawiesinę cząstek ciekłych lub stałych (organicznych i 

nieorganicznych) w powietrzu o złożonym składzie chemicznym i rozmiarach znacznie poniżej 

100 µm. Obejmuje on pierwotny aerozol organiczny (POA) emitowany bezpośrednio z 

różnych źródeł (np. w wyniku erupcji wulkanicznych) oraz wtórny aerozol organiczny (SOA), 

który powstaje w wyniku złożonych procesów chemicznych związków organicznych obecnych 

w atmosferze ściśle połączonych z procesami fizycznymi, takimi jak kondensacja. Wraz ze 

wzrostem emisji zanieczyszczeń antropogenicznych, obecnością patogenów oraz często 

zmieniającymi się warunkami pogodowymi (ocieplenie klimatu), ekosystemy roślinne Ziemi 

są coraz mocniej narażona na ekstremalne warunki stresowe. Ten stres głęboko zmienia profil 

emisji lotnych związków organicznych (VOC, ang. volatile organic copounds) roślin, który 

wpływa na bilans powstawania SOA w ziemskiej atmosferze. W obecności dostepnych 

utleniaczy, takich jak ozon (O3), rodniki •OH i NO3
•, lotne substancje roślinne (GLV) ulegają 

kaskadom reakcji utleniania w fazie gazowej, wodnej i międzyfazowej, co prowadzi do 

powstawania znanych i nieznanych składników SOA oraz produktów ich dalszego starzenia. 

Ograniczona wiedza na temat tych procesów prowadzi do znacznego niedoszacowania 

globalnego budżetu SOA i tym samym – jego wpływu na zachodzące zmiany klimatyczne i 

zdrowie człowieka. 

Niniejsza rozprawa dostarcza dowodów eksperymentalnych weryfikujących potencjalną 

rolę emisji roślinnych (GLV) w kierunku tworzenia dodatkowych mas pyłu zawieszonego 

SOA, co pozwoli zmniejszyć rozbieżności pomiędzy wynikami uzyskiwanymi z modelowania 

a danymi pochodzącymi z pomiarów terenowych i laboratoryjnych,. Wkład emisji roślinnych, 
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wymuszony stresem biotycznym i abiotycznym, wpływa na procesy chemicznego tworzenia 

SOA w dolnych warstwach atmosfery (zarówno w fazie gazowej i wodnej), lecz w odróżnieniu 

od  roli izoprenu i monoterpenów, rola GLV to nadal terra incognita. W szczególności 

poznanie szlaków transformacji GLV w fazie wodnej stanowi potężne wyzwanie dla 

naukowców, zajmujących się atmosferą i jej zanieczyszczeniami, gdyż te procesy są jednym z 

brakujących i potencjalnie istotnych źródeł nieokreślonych mas aerozolu w atmosferze. 

Niniejszy doktorat weryfikuje hipotezę o roli indukowanych stresem emisji związków 

organicznych z roślin (GLV) – jako brakującego źródła cząstek wtórnego aerozolu SOA w 

atmosferze poprzez cykl badań reakcji wybranych GLV z rodnikami istotnymi atmosferycznie 

w fazie wodnej. Pierwsza część opisanych wyników badań dotyczy kinetyki reakcji w fazie 

wodnej trzech wybranych GLV, tj. 1-penten-3-olu, (Z)-2-heksen-1-olu i (E)-2-heksen-1-al 

reakcje z rodnikami •OH, SO4
•– i NO3

• z wykorzystaniem techniki laserowej fotolizy 

połączonej z długą drogą absorpcji światła (LFP-LLPA, ang. laser flash photolysis-laser long 

path absorption).  

Wyznaczone stałe szybkości dla reakcji wybranych GLV w fazie wodnej z rodnikami •OH, 

SO4
•– i NO3

•  były odpowiednio rzędu 109, 108 i 107 L mol-1 s-1. Reakcje wywołane przez 

rodniki •OH były częściowo kontrolowane przez procesy dyfuzji reagentów, podczas gdy te z 

rodnikami SO4
•– i NO3

• podlegały większej kontroli chemicznej. Energie aktywacji określone 

na podstawie zmian temperatury stałych szybkości drugiego rzędu (278 K do 318 K) wykazały, 

że badane związki organiczne różnią się szybkością reakcji wobec rodników. Obliczone 

oczekiwane czasy życia tych związków w atmosferze wahały się od kilku sekund do kilku dni. 

Na tej podstawie postawiono hipotezę, że wszystkie badane GLV mogą skutecznie przyczyniać 

się do powstania dodatkowych składników SOA. 

Stałe szybkości reakcji badanych GLV z rodnikami NO3
• zostały określone bez 

uwzględnienia kilku ubocznych reakcji, w których ów rodnik mógłby się zużywać. Dotyczy to 

reakcji  z drobinami −OH, HO2
•, H2O i S2O8

2- oraz samoutlenianie związków alkilowych do 

rodników ROO•. W swoich badaniach opracowałem pełny model kinetyczny reakcji 

wybranych GLV z rodnikami NO3
•. W celu oceny błędu systematycznego wyznaczonych 

stałych szybkości przeanalizowałem zaproponowany model kinetyczny za pomocą modelu 

COPASI. Analiza ta wykazała, że  niepewność eksperymentalna wyznaczonych stałych 

szybkości za pomocą metody LFP-LLPA była znacznie wyższa, niż błąd systematyczny, 

wynikający z „pominiętych” reakcji. W ten sposób wykazałem, że eksperymentalna metoda 

LFP-LLPA okazała się przydatna i solidna do określenia badania kinetyki reakcji GLV z 

rodnikami azotanowymi. 
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Celem drugiej części doktoratu była próba wyjaśnienie mechanizmów reakcji utleniania 

badanych związków GLV z rodnikami hydroksylowymi w fazie wodnej. Reakcje 1-penten-3-

olu, (Z)-2-heksen-1-olu i (E)-2-heksen-1-alu z udziałem tych rodników prowadziłem w 

specjalnie do tego celu skonstruowanym fotoreaktorze wykorzystującym mimikę światła 

słonecznego. Analiza chemiczna produktów tych reakcji obejmowała m.in.: związki 

karbonylowe, alkohole oraz kwasy karboksylowe – jako najbardziej prawdopodobne produkty 

główne. Analiza próbek reakcji prowadziłem z użyciem zaawansowanych narzędzi 

spektrometrii mas, w tym: kapilarnej chromatografii gazowej sprzężonej ze spektrometrem 

mas z jonizacją EI (cGC-EI-MS), wysokosprawnej chromatografii cieczowej o fazach 

odwróconych z jonizacją typu elektrosprej i detekcją MS o wysokiej rozdzielczości (rpLC-

ESI-HR-MS) oraz eksperymentów wymuszonej fragmentacji (MS/MS). Wyniki 

przeprowadzonych analiz potwierdziły obecność produktów karbonylowych, w tym propanalu, 

butanalu, 1-penten-3-onu, (E/Z)-2-heksen-1-alu oraz nieznanego produktu o składzie C6H10O2. 

Zidentyfikowane związki karbonylowe (w tym propanal i butanal) są bardzo ważnymi 

produktami pośrednimi tych reakcji ze względu na ich wysoką reaktywność względem 

badanych rodników, co umożliwiło wyjaśnienie tworzenia azotanów nadtlenoacylowych, jak 

również – kwasów karboksylowych. Obserwowane produkty pierwszej generacji badanych 

przemian mogą też ulegać uwodnieniu i dalej reagować z innymi aldehydami, w tym – 

wyjściowymi związkami GLV, co prowadzi do tworzenia produktów oligomerycznych o 

wyższych masach cząsteczkowych. Wszystkie te produkty wchodzą w skład powstającego 

wtórnego aerozolu i tym samym mogą wpływać na jakość powietrza i zdrowie ludzi w 

regionach, w których występuje zwiększony stężenie lotnych związków roślinnych typu GLV. 

Inne wykryte produkty karbonylowe, w tym produkt o składzie C6H10O2 i niepotwierdzonej 

strukturze (prawdopodobnie hydroksy-heksenal lub hydroksy-heksenon) i 1-penten-3-on, 

mogą stanowić nowe markery starzenie się SOA w otaczającej atmosferze. 

Korzystając z potencjału metod kwantowo-chemicznych opartych na teorii funkcjonału 

gęstości (DFT, ang. density functional theory), dostarczyłem dodatkowych argumentów 

potwierdzających zaproponowane mechanizmy badanych reakcji. Szczególny nacisk 

położyłem na próby wyjaśnienia mechanizmów addycji rodników oraz rodnikowego usuwania 

atomu wodoru. Prosty model solwatacji opartej na modelu CPCM (ang. conductor-like 

polarizable continuum model) umożliwił wyjaśnienie ścieżek powstawania obserwowanych 

eksperymentalnie produktów reakcji, w tym – nowego produktu o wzorze sumarycznym 

C6H10O2.  
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Badane reakcje w fazie wodnej zostały ocenione pod kątem ich potencjalnego znaczenia 

w procesach atmosferycznego tworzenia cząstek SOA. W tym celu obliczyłem czasy życia w 

związków GLV w atmosferze oraz szybkości ich usuwania. Wyniki pokazały, że rola 

wybranych GLV jest praktycznie nieistotna dla wilgotnego aerozolu i mgły. Jednakże w 

układach atmosferycznych o dużej zawartości wody w stanie ciekłym, takich jak chmur i 

krople deszczu rola ta ma większe znaczenie. W takich warunkach czas atmosferycznego życia 

GLV zmniejsza się z lat lub setek dni do kilku minut. Badania pokazały, że reakcje wybranych 

GLV z rodnikami •OH dominowały nad wszystkimi innymi badanymi czynnikami 

utleniającymi w kroplach wód  atmosferycznych, niemniej stanowił jedynie ok. 0,1% 

całkowitego strumienia ich usuwania z atmosfery w połączonych procesach w fazie gazowej i 

wodnej. Ponadto próby wyznaczenia stałych Henry'ego na drodze eksperymentalnej umożliwią 

dodatkową weryfikacji postawionych hipotez. 

Niewielki fragment badań poświęciłem ocenie niektórych właściwości fizycznych 

związków GLV. Zarejestrowałem widma UV tych związków w rozcieńczonych roztworach 

wodnych, jak również oszacowałem ich prężności pary, rozpuszczalność i stałe Henry'ego. W 

tym celu wykorzystałem możliwości oprogramowania EPI Suite, który oferuje Amerykańska 

Agencja Środowiska (EPA U.S.). Oszacowane wartości wskazują badane związki GLV jako 

układy chemiczne o umiarkowanej rozpuszczalności i dobrym podziale do fazy wodnej. 

Pakiet danych wyznaczonych w tym doktoracie, obejmujący właściwości fizyczne, 

kinetykę i mechanizmy przemian, dostarcza unikalnych wskazówek, pokazujących potencjał 

indukowanych stresem emisji związków organicznych z roślin (GLV) jako brakujące źródło 

SOA w atmosferze. 
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1.1. Atmospheric aerosol 

1.1.1. Definition 

Atmospheric aerosol is a suspension of liquid and/or solid particles in the air of complex 

chemical composition and size far below 100 µm. Although associated with Donnon (1923), 

the term “aerosol” was first used as an analogy to “hydrosol” by Schmauss in 1920.1, 2 Aerosols 

or atmospheric particles are commonly referred to as particulate matter (PM). PM is quite 

irregular in shape or imperfectly spherical. Therefore, particle size is measured in terms of 

aerodynamic diameter (AD), which is defined as the diameter of a spherical particle with 

density of 1 g cm-3 settling in the air with the velocity equal to that of the particle of interest. 

The settling velocity of spherical particles larger than approximately 1 m is defined by Stokes’ 

Law (equation 1.1),3  

                                             𝑣 =
𝑔𝑑2(𝜌1−𝜌2)

18𝜂
                                                             (1.1) 

where, settling velocity, 𝑣 (cm s-1), gravitational acceleration, 𝑔 (cm s-2), the density of 

particle, 𝜌1 and density of air, 𝜌2 (g cm-3), respectively, and air viscosity, 𝜂 (poise). Settling 

velocity of microscopic particles smaller than 1 µm, may deviate from the Stokes’ Law and 

follow the Brownian motion instead. Atmospheric aerosols are mostly associated to particulate 

matter (PM) and further classified into subcategories based on their sizes. Such as aerosol 

particles with AD smaller than 10 µm, 2.5 µm, and 1 µm are defined as PM10, PM2.5, and PM1, 

respectively.4 

1.1.2. Aerosol particle size distribution  

Size or aerodynamic diameters of particles govern their key properties, such as transport, 

deposition, atmospheric lifetimes, removal efficiency, inhalation by organisms, and chemical 

composition, which strongly affect air quality, climate, and consequently – human and animal 

health. Aerosol particles size varies over a wide range from a few nanometres up to 100 µm. 

Based on the size, the particles are divided into different  modes:5, 6 the nucleation mode (AD 

< 0.01 µm); the Aitken mode (0.01 µm < AD < 0.1 µm); the accumulation mode (0.1 µm < AD 

< 1 µm); and the coarse mode (AD > 1 µm).4 The nucleation and Aitken mode particles are 

also known as ultrafine particles or PM0.1.4-7 Their sources are usually anthropogenic, e.g., 

vehicular or industrial emissions, biomass burning, viruses, tobacco smoking or other 

combustion processes. Due to their small size, they can easily penetrate human lungs and reach 
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alveolar regions or blood system to pose a great health risk as reviewed well by Schraufnagel 

(2020).7 The accumulation mode particles are either composed of ultrafine or small particles 

that are formed via coagulation and condensation onto existing smaller particles, or are emitted 

directly (primary aerosols). They show long lifetimes (typically 7-10 days), during which they 

can be transported over long distances, and finally removed via wet deposition.4, 5, 8  The coarse 

mode particles are mostly formed from natural but also from anthropogenic processes, such as 

rock erosion, plant debris, road dust and tyreattrition.9 Due to their heavier masses, they have 

high settling velocities and shorter residence times in the atmosphere and thus, can be removed 

via dry deposition. Figure 1.1 briefly classifies aerosol particles in terms of their sizes and 

respective roles in the atmosphere.10 

 

Figure 1.1 Different modes of aerosol particles and their atmospheric roles (by permission 

from John Wiley and Sons).10 
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1.2. Sources of atmospheric aerosol 

Atmospheric aerosol originate from either natural sources (i.e., biogenic emission, dust, 

sea-salt spray, volcanic eruption) or anthropogenic sources (i.e., industrial emissions, 

agricultural activities, biomass burning, and fossil fuel combustion11, 12 They are further 

classified as primary and secondary aerosol.  

Primary aerosol include those directly emitted into the atmosphere via processes, such as 

biomass burning, fossil fuel combustion , volcanic eruptions, suspension of mineral dust from 

mining, soil dust, sea salt spray, carbonaceous materials such as soot. In contrast, secondary 

particles form in the atmosphere by chemical reactions combined with physical processes (such 

as nucleation and condensation). These reactions are mainly oxidation processes, which occur 

in the gas or aqueous phase and are followed by product transfer to the particle phase giving 

rise to secondary aerosol.11-19 The main physico-chemical processes responsible for the 

formation of primary and secondary aerosol within the atmosphere include: (a) bulk-to-particle 

(b-to-p) conversion, i.e., physical, chemical, or biological transformation of bulk material into 

particles and their emission as a primary aerosol into the atmosphere; (b) gas-to-particle (g-to-

p) conversion of the atmospheric trace gases via condensation, nucleation or heterogeneous 

physico-chemical processes leading to the formation of secondary aerosol; (c) combustion 

processes, which occur at higher temperatures.10  The conversion of sulfur dioxide, nitrogen 

dioxide, and ammonia into particulate phase sulfate, nitrate, and ammonium are simple 

examples of the formation of secondary particles originating from inorganic sources. Various 

sources and processes responsible for the formation and transformation of organic aerosol (OA) 

in the atmosphere is illustrated in Figure 1.2.5, 10, 12, 20, 21 Depending on the origin, OA is either 

primary organic aerosol (POA) or secondary organic aerosol (SOA). 

 
Figure 1.2 Formation and transformation of organic aerosol in the atmosphere5, 10, 12, 20, 21  
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1.3. Tropospheric aerosol chemistry 

The Earth’s atmosphere can be divided into several layers, of which the lowest (up to         

15 km) is called the troposphere and reaches the temperature inversion point, called the 

tropopause. The troposphere constitutes only a tiny fraction of the whole atmospheric volume, 

however accounts for 80% of its total mass and contains almost 99% of its water vapor. Due 

to the temperature inversion in the upper layer (> 15 km) called the stratosphere, the mixing 

between the troposphere and the stratosphere usually is slow, and only trace gases with 

lifetimes of several years enter the stratosphere. Therefore, it is sufficient to consider only the 

tropospheric chemistry of all but the halogen containing gases, which do not have any 

significant removal process in the troposphere.4  

The bulk composition of the ambient air (99.997% by vol.) consists mainly of N2 (78 %), 

O2 (21%), Ar (0.9%), CO2 (0.03%). These are stable species with little or no chemistry, except 

O2. The remaining components occur in low quantities and are called trace components. About 

99% of the atmosphere's mass is allocated below the 50th km, i.e., in the strato- and 

tropospheres. The atmospheric trace gases vary spatially and temporally, which is significant 

for the tropospheric chemistry. Table 1.1 lists a few important atmospheric traces gases, their 

sources, and estimated yearly emissions. 22 
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Table 1.1. Atmospheric trace gases - sources  and emissions a (adapted from Wallace and 

Hobbs)22 given in Tg yr-1 of compound or element (indicated in the parentheses). 
Sources SO2 

(S) 
NH3 
(N) 

N2O 
(N) 

NOX 
(N) 

CH4 
(CH4) 

CO 
(CO) 

VOC a 
(C) 

 
N

at
ur

al
 

Biogenic   5.1    100  
(60-160) 

400 
 (230-1150) 

Oceans 25b 7.0 3 
 (1-5) 

 10  
(5-50) 

50 
 (20-200) 

50 
 (20-150) 

Volcanoes 10  
(7-10) 

      

Others 7.5 2.5 6  
(3-10) 

13.5  
(7-38) 

150 c   

Total 42.5 14.6 9  
(4-15) 

13.5  
(7-38) 

160  
(80-290) 

150  
(80-360) 

450  
(250-1300) 

 
A

nt
hr

op
og

en
ic

 

Fossil fuels 75e   22.5  
(20-25) 

85  
(46-155) 

500  
(300-900) 

70  
(60-100) 

Biomass  
burning 

3d 2 0.5  
(0.2-1.0) 

8  
(3-13) 

40  
(20-80) 

500  
(400-700) 

40  
(30-90) 

Agricultural  6.4 3.9  
(2-5.8) 

    

Industrial   1.3  
(0.7-1.8) 

    

Others  22   235  
(140-380) 

  

Total 78 30.4 5.7  
(3-9) 

30.5  
(23-38) 

360  
(206-615) 

1000  
(700-1600) 

110  
(90-190) 

a NOX, CH4, CO, and VOC (non-methane volatile organic compounds) are possible O3 precursors in 

troposphere. Mean emission values wih a range in parenthesis is provided; b via oxidation of DMS; c major 

contribution from wetlands (115 Tg yr-1); d includes other biospheric source contribution as well. 

1.3.1. Biogenic volatile organic compounds (BVOCs) as precursors of secondary organic 

aerosol (SOA) 

It is postulated that up to 90% of OA load present in the Earth’s atmosphere is secondary 

in nature, i.e., exist as SOA, while the rest as POA.12 The VOCs emission from anthropogenic 

sources (~150 Tg C yr-1) is far smaller compared to biogenic VOC(BVOCs) emission of       

1150 Tg C yr-1 (Table 1.1). 23-25 Globally ca. 55% of all emitted BVOCs comes solely from 

isoprene (35%) and monoterpenes (20%). The remaining mass originates from non-terpenoid 

compounds, including hexene derivatives (Figure 1.3).26 The estimated contribution of 

biogenic precursors to SOA is 12–70 Tg yr-1 (bottom-up),12, 27 and 140–910 Tg yr-1 (top-

down),12, 24 much greater than anthropogenic SOA of 0.05–2.5 Tg yr-1 (Table 1.2).28 To address 

this gap between SOA yields, Hallquist et al.12 stated that the top-down estimates being two 

orders of magnitude higher seems highly unrealistic; however, the chamber oxidation 
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experiments of SOA yields do appear underestimated and warrants further research. Under 

extreme weather conditions, 90% of the total SOA mass in Europe originates from biogenic 

sources.29-32 Around 30% of PM2.5 mass and 20% of PM10 mass comes from organic compounds 

of mixed volatility that exist both in gas and condensed phases.11 Due to the sparse knowledge 

on sources, composition, properties, and sink mechanisms of atmospheric aerosols, there are 

still a significant uncertainties in understanding their impact on climate, human health (e.g., 

photochemical smog episodes), and in the development of effective inclusive atmospheric 

models resulting in underestimation of present organic aerosol budget.33, 34 Prolonged exposure 

of living organisms to atmospheric aerosols is already known to cause severe health problems, 

such as asthma, chronic bronchitis, heart, and lung diseases 35-37 In recent few years, several 

studies of atmospheric aerosol health effects have been published,21, 38-41 including a detailed 

work of Dr. Faria Khan from Environmental Chemistry Group of the Institute of Physical 

Chemistry Polish Academy of Sciences.42 It is still a big challenge to the scientific community 

to unveil the uncertainty in the knowledge of sources and precursors of secondary organic 

aerosol (SOA).12, 24, 34, 43, 44  

Table 1.2. Global annual total emissions of BVOCs for the year 2000 using MEGAN 2.1 

and respective estimated SOA production from the class of compounds. (Taken from 

Guenther et al. 2012)45  
Compound class Compounds Emissions 

 (Tg yr-1) 

SOA  

(Tg yr-1) 

Reference 

Isoprene Isoprene 535 2-6 46, 47 

Monoterpenes α-Pinene 66.1 19.1 27 

 t-β-Ocimene 19.4 

 β-Pinene 18.9 

 Limonene 11.4 

 Sabinene 9.0 

 Myrcene 8.7 

 3-Carene 7.1 

Other monoterpenes Camphene 4.0 

 β-phellandrene 1.5 

 Terpinolene 1.3 

 a Additional 31 

monoterpenes 

14.9 

Sesquiterpenes α-Farnesene 7.1 12.9 48 

 β-Carophyllene 7.4 

Other Sesquiterpenes β-Farnesene 4.0 

 α-Humulene 2.1 

 α-Bergamotene 1.3 
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 b Additional 27 

sesquiterpenes 

7.1 

232-MBO 232-MBO 2.2 ORVOC: 

15 

27 

Methanol Methanol 99.6 

Acetone Acetone 43.7 

Bidirectional VOC Ethanol 20.7 

 Acetaldehyde 20.7 

 Formaldehyde 5.0 

 Acetic acid 3.7 

 Formic acid 3.7 

Stress VOC Ethene 26.9 

 Cis-3-hexenal 4.9 

 dimethyl-nonatriene 

(DMNT) 

4.9 

 cis-3-hexenol 2.9 

 c Additional 11 stress VOC 7.8 

Other VOC Propene 15.8 - - 

 Butene 8.0 

 Homosalate 2.0 

 Geranyl acetone 0.8 

 d Additional 45 other VOC 5.5 

Total VOC Sum of 146 VOC 1007   

CO CO 81.6   

Total 

 

VOC and CO 1089 Bottom-up:12-70                                

Top-down: 140-910  

12, 24 

  Simple models: 20 ± 4.9                        

Complex models:59 ± 38  

49 

a Additional 31 monoterpenes (MT): aromatic MT (dimethyl styrene, m-cymene, p-cymene, and o-cymene), 

MT (α-phellandrene, α-thujene, α-terpinene, γ- terpinene, bornene, α-fenchene, allo-ocimene, cis-β-

ocimene, verbenene, and tricyclene), oxygenated MT (camphor, fenchone, piperitone, myrtenal, α-thujone, 

β-thujone, 1,8-cineole, borneol, linalool, 4-terpineol, α-terpineol, cis-linalool oxide, trans-linalool oxide and 

bornyl acetate) and monoterpenoid-related compounds (β-ionene, ipsenol, and estragole); 
b Additional 27 sesquiterpenes (ST): sesquiterpenes (β-bisabolene, acoradiene, aromadendrene, β-

bergamotene, α-bisabolene, β-bourbonene, (+)δ-cadinene, (-)δ-cadinene, α-cedrene, α-copaene, α-

cubebene, β-cubebene, β-elemene, germacrene B, germacrene D, β-gurjunene, γ-humulene, isolongifolene, 

longifolene, longipinene, α-muurolene, β-selinene, and δ-selinene), oxygenated sesquiterpenes (cis-

nerolidol, trans-nerolidol, and cedrol); 
c Additional 11 stress VOC: 2-hexenal, 3-hexenyl acetate, hydrogen cyanide, hexanal, 1-hexenol, methyl 

jasmonate, methyl salicylate, toluene, indole, tri-methyl-tridecatetraene (TMTT), jasmine; 
d Other VOC: leaf surface compounds (2-ethylhexyl salicylate, oxopentanal, and methyl heptenone), organic 

halides (methyl bromide, methyl chloride, and methyl iodide), sulfur compounds (diallyl disulfide, methyl 

propenyl disulfide, propenylpropydisulfide, carbon disulfide, carbon sulfide, hydrogen sulfide, methyl 

mercapten, dimethyl sulfide and dimethyl disulfide), and alkanes (methane, ethane, propane, pentane, 

hexane, heptane), alkenes (1-dodecene, 1-tetradecene), benzenoids (benzaldehyde, methyl benzoate, 2-

phenylacetaldehyde, eugenol, anisole, benzyl acetate, benzyl alcohol, and naphthalene), oxygenated VOC 
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(pentanal, hexanal, heptanal, octanal, nonanal, decanal, octanal, octenol, heptanone, 2-butanone, pyruvic 

acid, 331-methylbutenol, 321-methylbutenol, neryl acetone, α-terpinyl acetate, phenylacetaldehyde and 

nonenal) 

 

Figure 1.3. a) Estimated annual emission of individual biogenic volatile organic 

compounds (BVOCs),25 and b) their contribution to the total BSOA budget provided in 

Table 2.  

1.3.2. Atmospheric oxidants and their (photo)chemical reactions with BVOCs 

Atmospheric chemical reactions are difficult to simulate in laboratory experiments: i) due 

to very complex system, and ii) due to very low concentrations of reactants and products 

present in natural environment. However, simulation experiments are very useful, including 

photooxidation in smog chamber experiments and/or aqueous-phase simulation experiments, 

where SOA mass forms under strictly controlled conditions from selected organic precursor(s) 

in the presence of radical species and/or ozone as well as salt seed spray – as condensation 

nuclei. The most cumbersome part in chamber simulations is a surface of their walls, which 

can act as a catalyst to reactions or absorb energies, which occurs rarely or very slowly in the 

actual atmosphere.3  

There is a considerable spatial and temporal variation in the emission of natural and 

anthropogenic VOCs and trace gases, which play an essential role in atmospheric chemistry. 

A list of gaseous reactive chemical species present in the atmosphere can be categorized as 

follows: 3 

a. Inorganic oxides (CO, CO2, NO2, SO2) 

b. Oxidants (O3, H2O2, •OH, HO2
•, RO2

•, NO3) 

c. Reductants (CO, SO2, H2S) 

d. BVOCs and CH4 
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e. Oxidized organics (carbonyls, organic nitrates, organic sulfates) 

f. Photochemically active species (NO2, HCHO)  

g. Acids (H2SO4), bases (NH3), and salts (NH4SO4) 

h. Unstable reactive or electronically excited species (NO2, •OH) 

These species undergo reactions in various phases, such as gas, solid or deliquescent 

particles, and atmospheric waters, or solid and aqueous surfaces. The key factors of the Earth’s 

tropospheric chemistry include a) UV radiations for photochemical reactions; b) oxidative-

capacity radicals, including hydroxy readicals (•OH), sulfate radical anions (•SO4
-), known as 

atmosphere's detergents, ruling day chemistry, and; c) nitrate radicals (NO3
•) governing night 

chemistry.3 A thorough discussion on radicals is provided in section 1.3.2.2. 

1.3.2.1. Kinetics of the atmospheric reactions 

It is of the utmost importance to determine the formation and/or decay kinetics of the novel 

SOA-bound components in order to predict their fate in the atmosphere. Chemical kinetics 

deals with the reaction rate and the mechanism by defining the importance of each step of the 

overall reaction. Therefore, I briefly describe the basics of chemical kinetics governing 

oxidation processes and other chemical reactions in the atmosphere. The determination of 

kinetics improves the determination of atmospheric lifetimes of atmospheric trace species. 

Within the scope of the present thesis, basic concepts for understanding the first and second-

order reaction kinetics are discussed below.50, 51 

1.3.2.1.1. Rate, rate law, and rate constants 

Following a general definition, the rate of chemical reaction is a change in the 

concentration of a reactant or product with time. 

Let us consider a reaction nA + mB → pC + qD, where A, B are reactants and C, D are the 

reaction products, with n, m, p, q stoichiometric coefficients, respectively. 

Then the rate of disappearance of the reactants or appearance of the product is defined by 

equation 1.2: 

                                    − 1

𝑛

𝑑[𝐴]

𝑑𝑡
= −

1

𝑚

𝑑[𝐵]

𝑑𝑡
=

1

𝑝

𝑑[𝐶]

𝑑𝑡
=

1

𝑞

𝑑[𝐷]

𝑑𝑡
                                            (1.2) 

The rate law for non-elementary reactions is defined by equation 1.3:  
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                                                  𝑣 = 𝑘𝑟𝐴𝑎𝐵𝑏 …                                                                 (1.3) 

where: A, and B can be either concentration or partial pressure, pA, and pB of the reactants. k is 

the rate constant and a, and b are the order of reaction with respect to the species. The rate 

constant shows the probability of the effective collisions between reactants resulting into 

products and its value dependent on the temperature and pressure. 

While dealing with atmospheric chemistry, we present the overall process in terms of 

elementary reactions, which are usually bimolecular and of order, (a + b) ≤ 3. Order can be 

zero, integer, or a fraction. The concentration of the reactants is expressed in M or mol dm-3 

and time in seconds (s).  

Pseudo-first order. If the concentration of one of the reactants in a bimolecular reaction 

practically remains constant, e.g., in a reaction of O3 + alkene → products, in the atmosphere. 

If [O3] >> [Alkene], then rate law is defined as −
𝑑[𝐴𝑙𝑘𝑒𝑛𝑒]

𝑑𝑡
= −𝑘𝑟[𝑂3][𝐴𝑙𝑘𝑒𝑛𝑒] =

−𝑘𝑟
′ [𝐴𝑙𝑘𝑒𝑛𝑒] 

The first-order rate law is written as 𝑑[𝐴]

𝑑𝑡
= −𝑘𝑟𝐴, which upon integration results into 

equation 1.4. The equation describes the exponential decay of the reactant with time during a 

first order reaction. 

                    ln [𝐴]

[𝐴]0
= −𝑘𝑟𝑡               or                    [𝐴] = [𝐴]0𝑒−𝑘𝑟𝑡                                           (1.4) 

where: [A] and [A]0 are the concentrations of the reactant at time t and 0, respectively. The unit 

of the first-order rate constant k1st, is s-1. 

The second-order rate law is written as 𝑑[𝐴]

𝑑𝑡
= −𝑘𝑟[𝐴]2, which upon integration results 

into equation 1.5. Other types of second-order rate laws are provided in a Table 1.4.  

 

                                                1

[𝐴]
−

1

[𝐴]0
= 𝑘𝑟𝑡                                                                  (1.5) 

where: [A] and [A]0 are the concentration of the reactant at time t, and 0, respectively.  

Units of the k2nd of the homogeneous reactions of the second order occurring in atmosphere are 

defined as cm3 molecule-1 s-1 (gas-phase, [A] in molecule cm-3), and dm3 mol-1 s-1 (aqueous-

phase, [A] in mol dm-3).  
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Heterogeneous reactions are the reactions that occur in more than one phase. Usually, gas 

or aqueous phase species react on the surface of solid, such as particles or case of rusting of 

iron, and therefore, its rate is rather governed by the surface area involved. Thus, its k2nd units 

is defined as m2 mol-1 s-1.52 

Important conversions factors required, while dealing with kinetics in atmospheric 

chemistry are provided in Table 1.3. 

Table 1.3. Conversion factors for the atmospheric gas-phase reactions. (adapted from 

Finlayson-Pitts and Pitts, 2000).50, 53 The concentration of ppm, ppb, and ppt are relative 

to air at 1 atm and 298 K. 

Conversions Factors for gas-phase reactions 

 

 

Concentrations 

1 mol L-1 = 6.02 × 1020 molecules cm-3 

1 ppm = 2.46 × 1013 molecules cm-3 

1 ppb = 2.46 × 1010 molecules cm-3 

1 ppt = 2.46 × 107 molecules cm-3 

1 atm = 760 Torr 

mg m-3 = 0.0409 ×  ppm × Mol. Wt. 

ppm = 24.45 × mg m-3 ÷ Mol. Wt. 

μg m-3 = 0.0409 ×  ppb × Mol. Wt.  

ppb = 24.45 × μg m-3 ÷ Mol. Wt.  

 

Second-order 

rate constants 

cm3 molecule-1 s-1 × 6.02 × 1020 = L mol-1 s-1 

ppm-1 min-1 × 4.08 × 105 = L mol-1 s-1 

ppm-1 min-1 × 6.77 × 10-16 = cm3 molecule-1 s-1 

atm-1 s-1 × 4.06 × 10-20 = cm3 molecule-1 s-1 

 

1.3.2.1.2. Half-lives and lifetime or time constant 

The integrated rate laws for first-order and second-order reactions are deployed to deduce 

half-life and time constants, respectively. They are both useful indicators of the order of a 

reaction. Half-life, t1/2 is the time taken for the concentration of the reactant to fall half of its 

initial concentration, and time constant, τ is the time taken for the reactant concentration to 

reduce to 1/e of its initial concentrations. In atmospheric chemistry, one of the reactant (mosly 

oxidant) concentration is usually assumed to be constant, while the reactant of interest 

decreases to 1/e, which is termed as a lifetime. For a first-order reaction, time constant is,         

𝜏 =
1

𝑘𝑟
 .52 
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Table 1.4. Integrated rate laws and half-life of the zero, first, second, and nth-order 

reactions (taken from Paula and Atkins, 2014).52 Where x is the change in initial 

concentration of the reactant. 

Order, 

n 

Reaction type Integrated rate laws t1/2 τ 

0 A → P (Product) 𝑘𝑟𝑡 = 𝑥 

for 0 ≤ 𝑥 ≥ [𝐴]0  

[𝐴]0

2𝑘𝑟
   

1 A → P ln
[𝐴]0

[𝐴]0−𝑥
= 𝑘𝑟𝑡  ln 2

𝑘𝑟
  1

𝑘𝑟
 

2 A → P 𝑥

[𝐴]0([𝐴]0−𝑥)
= 𝑘𝑟𝑡  1

𝑘𝑟[𝐴]0
   

 A + B → P 1

([𝐵]0−[𝐴]0)
ln

[𝐴]0([𝐵]0−𝑥)

([𝐴]0−𝑥)[𝐵]0
= 𝑘𝑟𝑡    

 A + 2 B → P 1

([𝐵]0−2[𝐴]0)
ln

[𝐴]0([𝐵]0−2𝑥)

([𝐴]0−𝑥)[𝐵]0
= 𝑘𝑟𝑡    

 A → P  

with 

autocatalysis 

1

([𝐴]0+[𝑃]0)
ln

[𝐴]0([𝑃]0+𝑥)

([𝐴]0−𝑥)[𝑃]0
= 𝑘𝑟𝑡    

𝒏 ≥ 𝟐 A → P 1

𝑛−1
{

1

([𝐴]0−𝑥)𝑛−1 −
1

([𝐴]0)𝑛−1} =

𝑘𝑟𝑡   

2𝑛−1−1

(𝑛−1)𝑘𝑟[𝐴]0
𝑛−1   

 

The rate laws, constants, half-lifes, and lifetime equation used more in atmospheric 

chemistry and in some parts of the thesis are provided in Table 1.5. Half-life and lifetimes are 

calculated with respect to species A of the first-order. 

Table 1.5. Rate laws, rate constants, half-lives, and lifetime and their relationship used for 

atmospheric reactions. (Taken from Finlayson-Pitts and Pitts, 2000)51 

Reaction Order of reaction Rate law Half-life of A, 𝒕𝟏/𝟐
𝑨  Lifetime of A,   𝝉𝑨 

𝐴
𝑘1
→ 𝑃 1 𝑘1[𝐴]  ln 2

𝑘1
  1

𝑘1
  

𝐴 + 𝐵
𝑘2
→ 𝑃 2 𝑘2[𝐴][𝐵]  ln 2

𝑘2[𝐵]
  1

𝑘2[𝐵]
  

𝐴 + 𝐵 + 𝐶
𝑘3
→ 𝑃 3 𝑘3[𝐴][𝐵][𝐶]   ln 2

𝑘3[𝐵][𝐶]
  1

𝑘3[𝐵][𝐶]
  

In terms of atmospheric chemistry, species A is a VOC emitted into the atmosphere, and 

B, C are usually oxidants and other molecules present in abundance. The chemical reactions 
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presented in Table 1.5 are always in competition with the photolysis, other oxidants, and 

heterogeneous reactions occurring on the surface of other atmospheric particles in the 

atmosphere, which affect the overall lifetimes of A calculated according to equation 1.6. 

                                                     1

𝜏𝑡𝑜𝑡𝑎𝑙
=

1

𝜏𝑂𝐻
+

1

𝜏𝑁𝑂3

+
1

𝜏ℎ𝑣
+….                                              (1.6) 

1.3.2.1.3. Temperature-dependence: Arrhenius equation 

The Arrhenius expression describes the temperature-dependence of the rate constant for 

many reactions (equation 1.7).52 

                                                     𝑘 = 𝐴𝑒−
𝐸𝑎
𝑅𝑇                                                              (1.7) 

where: k is a rate constant, T is a temperature in K, R = 8.314 J K-1 mol-1 is a gas constant, A is 

a pre-exponential factor, and Ea is the activation energy. Both A and Ea are together known as 

activation parameters. A plot of ln k vs. 1/T resulting in a straight line is known as the Arrhenius 

plot, for which slope = −
𝐸𝑎 

𝑅
 and ln A is an intercept at 1/T = 0 (Figure 1.4a). The activation 

energy is the amount of energy required to overcome the reactants' potential energy barrier and 

results in the formation of products (Figure 1.4b). The activation energy, i.e., potential energy 

barrier, can sometimes get negative in value due to the formation of stable intermediate 

reaction’s complexes of lower energies. 

 
Figure 1.4. a) Arrhenius plot; b) potential energy diagram typical for an exothermic 

reactions.52 
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1.3.2.2. Reactions of BVOCs with oxidants in the troposphere 

Most of the solar radiation is filtered off by the stratospheric ozone. However, sufficiently 

energetic light wavelengths enter the troposphere, giving rise to photochemical reactions 

involving VOCs (biogenic and anthropogenic) with atmospheric oxidants.3 The anthropogenic 

VOCs mostly include alkanes (paraffins), and alkenes (olefins). While, BVOCs include a broad 

range of compounds such as alkenes, alkanes, alcohol, aldehydes, ketones, and organic acids. 

The presence of C=C double bond in the olefin molecules makes them susceptible to 

photochemical reactions, and hence they have shorter atmospheric lifetimes. The key oxidation 

pathways of BVOCs are governed by Ox (O2, O3), HOx (•OH, HO2•), and NOx (NO, NO2, and 

NO3•) chemistry.54 Ozone (O3) mixing ratios range from 20 – 60 ppb, whereas NOx mixing 

ratios around 1 – 20 ppb. NO2 is one of the most photochemically active species within the 

polluted atmosphere. The criticality remains how the variation in concentration of VOCs and 

NOx affect the level of O3 formation, which has resulted in various photochemical smog 

episodes in the past (Los Angeles smog 1955, up to 680 ppb).4The most abundant oxidants (O2 

and O3) are much less reactive under dark conditions due to high bond dissociation energies 

required. However, the O3 photodissociation does occur at the wavelengths of 290 – 320 nm, 

producing excited oxygen atom (O, 1D). 4  

The competitive degradation or oxidation reactions of BVOCs, primarily initiated by •OH, 

O3, and NO3
• or Cl• (relevant to marine conditions), depend largely on the structure of VOCs 

and ambient conditions.12, 55, 56  The atmospheric oxidation of VOCs produces species, which 

are more polar and oxygenated with sufficiently low vapour pressure leading to the formation 

of SOA.12, 56 A general mechanism developed by Kroll and Seinfeld 2008,56 is provided in 

Scheme 1.1 below.  
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Scheme 1.1 Simplified oxidation mechanism of biogenic VOCs by Kroll and Seinfeld 

2008 (permission from Elsevier).56 Green color and thick arrow signify transformation 

to compounds of lower volatility and possible contribution to SOA formation, while 

grey arrows signify an increase in volatility due to the reaction (Table 1.6). 

Pankow and Asher 2007,57 developed a group contribution method for the prediction of 

the volatility change of the oxidation products compared to the parent compounds. Except for 

aldehydes, ketones and extra carbon (Table 1.6), the addition of oxygen-containing functional 

group followed by little or no fragmentation of the carbon skeleton leads to the formation of 

products with at least two order of magnitude lower volatility. Hence, such products most likely 

lead to the formation of SOA particles in the atmosphere.56  
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Table 1.6. Change in vapor pressure upon the addition of functional groups to an 

organic compound, predicted using group contribution method by Pankow and Asher 

2007.57 (from Kroll and Seinfeld 2008, permission from Elsevier)56 

Functional Group Structure ∆ vapour pressure (298 K) a 

Ketone -C(O)- 0.10 

Aldehyde -C(O)-H 0.085 

Hydroxyl -OH 5.7 × 10-3 

Hydroperoxyl -OOH 2.5 × 10-3 

Nitrate -ONO2 6.8 × 10-3 

Carboxylic acid -C(O)-OH 3.1 × 10-4 

Peroxy acid -C(O)-OOH 3.2 × 10-3 

Acyl peroxynitrate -C(O)-OONO2 2.7 × 10-3 

Extra carbon b -CH2-, etc. 0.35 
a Multiplicative factor; b for comparison between changes in polarity and changes in the 

size of a carbon skeleton 

1.3.2.2.1. Formation of hydroxyl radicals, •OH  

In the atmosphere of unpolluted regions, the photolysis of O3 at 290 nm < λ > 320 nm 

produces excited oxygen atom O*, 1D (R1.1). These O atoms are either deactivated to ground 

state O, 3P (R1.2, R1.3) or react with water vapor resulting in the formation of hydroxyl radicals 

(•OH) (R1.4).3, 58 According to Levy 1971,59 even a small fraction of this atomic oxygen, O 

produced, reacting with atmospheric water vapor produces sufficient •OH radicals, making 

them the most abundant oxidant (1 × 106 •OH radicals cm-3, seasonal and annual average) called 

a detergent of the atmosphere.58, 60 Also, variation in the •OH concentrations during weekdays, 

weekends, and under high and low NOx conditions can certainly occur.61 

                                      𝑂3 + ℎ𝑣 ⟶ 𝑂∗ + 𝑂2                                                      (R1.1) 

                                      𝑂∗ + 𝑀 ⟶ 𝑂 + 𝑀                                                      (R1.2)                

                                      𝑂 + 𝑂2 + 𝑀 ⟶ 𝑂3 + 𝑀                                                (R1.3)               

                                      𝑂∗ + 𝐻2𝑂 ⟶ 2𝑂𝐻                                                        (R1.4) 

                                                (M =air, O2, N2) 
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In the presence of organic pollutants, •OH is produced as an intermediate of the 

photochemical smog formation (R1.5), while in the higher atmosphere, it is produced via 

photolysis of H2O (R1.6).3 

                             𝐻𝑂𝑁𝑂 + ℎ𝑣 ⟶ 𝑂𝐻 + 𝑁𝑂                                                      (R1.5) 

                                    𝐻2𝑂 + ℎ𝑣 ⟶ 𝑂𝐻 + 𝐻                                                   (R1.6) 

 

1.3.2.2.2. Formation of nitrate radicals, NO3•  

N2O is the most abundant (1.3 × 103 Tg(N)) and the only greenhouse gas out of all oxides 

of nitrogen present in the atmosphere. The other oxides, termed as NOx (NO and NO2) are 

together present in trace amounts (0.75 Tg(N)), but very crucial for the atmospheric chemistry 

processes. The other nitrogen-containing gas, NH3, serves as the neutralizing agent for acids 

produced from SO2 and NO2, that leads to the formation of salts, such as ammonium sulfates 

and nitrates, which assist in the aerosol particle formation.10 

During the daytime, NO and NO2 undergo interconversion by the NOx photochemical 

cycle (R1.7, R1.8). The major NO2 sink is conversion to HNO3 (R1.9), which is further 

removed via wet or dry deposition for ca. 1 week.10, 22  

                           𝑁𝑂 + 𝑂3  ⟶ 𝑁𝑂2 + 𝑂2                                                                         (R1.7) 

           𝑁𝑂2 + 𝑂2 + 𝑀 + ℎ𝑣 ⟶ 𝑁𝑂 + 𝑂3 + 𝑀                                                             (R1.8) 

                         𝑁𝑂2 + 𝑂𝐻 + 𝑀 ⟶ 𝐻𝑁𝑂3 + 𝑂2                                                         (R1.9) 

At night, the chemistry becomes different as no more photolysis of NO2 occurs, and thus 

entire NO is converted to NO2 rapidly upon reaction with O3 (kNO3+O3 = 1.9 × 10-14 cm3 

molecule-1 s-1 at 298 K).4The formation of nitrate radical (NO3
•) can occur via reactions of NO2 

with O3 (R1.10) and via the thermal decomposition of formed N2O5, which is an equilibrium 

reaction (R1.11):  

                                  𝑁𝑂2 + 𝑂3  ⟶ 𝑁𝑂3 + 𝑂2                                                           (R1.10) 

                       𝑁2𝑂5 + 𝑀 ⟺ 𝑁𝑂2 + 𝑁𝑂3 + 𝑀                                                          (R1.11) 

During the day, NO3
• concentrations are negligible as they are rapidly photolyzed (R1.12, 

R1.13) and react with NO (R1.14), with a very short lifetime of ~ 5 s. 
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                                   𝑁𝑂3 + ℎ𝑣 ⟶ 𝑁𝑂 + 𝑂2                                                 (R1.12) 

                                   𝑁𝑂3 + ℎ𝑣 ⟶ 𝑁𝑂2 + 𝑂                                                (R1.13) 

                                   𝑁𝑂3 + 𝑁𝑂 ⟶ 2𝑁𝑂2                                                      (R1.14) 

                                           (M = O2, N2) 

1.3.2.2.3. Formation of Ozone, O3 

About 90% of the atmospheric O3 is produced within the stratosphere, where it acts as an 

ozone layer to absorb and shield human beings from the harmful UV-B solar radiation. In the 

1930s, a British scientist, Sydney Chapman, proposed the mechanism of O3 production in the 

atmosphere known as the Chapman cycle (R1.15 ‒ R1.18).4, 5 

                                𝑂2 + ℎ𝑣 (𝜆 < 242 𝑛𝑚)  ⟶ 2𝑂                                     (R1.15) 

                                 𝑂 + 𝑂2 + 𝑀 ⟶ 𝑂3 + 𝑀                                                  (R1.16) 

                              𝑂3 + ℎ𝑣 (240 𝑛𝑚 > 𝜆 < 320 𝑛𝑚 ⟶ 𝑂 + 𝑂2                (R1.17) 

                                  𝑂 + 𝑂3 ⟶ 2𝑂2                                                                 (R1.18) 

                                     𝑀 = 𝑁2, 𝑂2  

The O3 within the remote troposphere is formed due to the reaction of CO and methane 

(CH4) with •OH radicals. Both CO and CH4 are long-lived species (lifetime with •OH, 2 months 

‑ 9 years). The two major precursors for the formation of O3 within the troposphere are VOCs 

and NOx (NO and NO2).4, 22 In the presence of only NOx, O3 formation occurs due to the 

photolysis of NO2 (R1.19) followed by reaction, R1.20. However, O3 is immediately removed 

due to the reaction (R1.21), resulting in its no net loss or formation.4, 22, 58  

                              𝑁𝑂2 + ℎ𝑣 (𝜆 < 420 𝑛𝑚) ⟶ 𝑁𝑂 + 𝑂                            (R1.19) 

                               𝑂 + 𝑂2 + 𝑀 ⟶ 𝑂3 + 𝑀                                                   (R1.20) 

                               𝑂3 + 𝑁𝑂 ⟶ 𝑂2 + 𝑁𝑂2                                                      (R1.21) 

In the presence of both VOCs and NOx, net loss and formation of O3 depends overall on 

the concentration of NO present in the troposphere (Scheme 1.2).58 
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Scheme 1.2. NO-NO2-O3 system for the formation of O3: pathway A) in the absence of 

VOCs; B) in the presence of VOCs (taken from Roger Atkinson 2000)58  

1.3.2.2.4. Formation of sulfate radical anions, SO4•‒  

The key sulfur sources in the atmosphere are anthropogenic processes, such as combustion 

of coal and fossil fuels. However, it is also released in the form of SO2, H2S, and dimethyl 

sulfide (CH3)2S by natural sources, such as volcanoes eruptions and oceans. It is worth noting 

that 99% of the sulfur released into the atmosphere is converted to SO2, while the remaining 

mass to SO3 via the following reactions:3 

                               𝐻2𝑆 + 𝐻𝑂∙ ⟶ 𝐻𝑆∙ + 𝐻2𝑂                                              (R1.22) 

                                𝐻𝑆∙ + 𝑂2 ⟶ 𝐻𝑂∙ + 𝑆𝑂                                                  (R1.23) 

                                𝑆𝑂 + 𝑂2 ⟶ 𝑆𝑂2 + 𝑂                                                      (R1.24) 

The sulfur originating minerals, such as pyrite is converted to SO2 by the following equation: 

                               4𝐹𝑒𝑆2 + 11𝑂2 ⟶ 2𝐹𝑒2𝑂3 + 8𝑆𝑂2                                 (R1.25) 

The likely atmospheric chemical reactions of sulfur dioxide (SO2) include photochemical 

reactions in the absence and presence of NOx and alkenes, reactions in water in the presence 

of metal salts and ions, and on the surface of preexisting aerosol particles. A direct 

photodissociation is, however, insignificant in the presence of the light of wavelength, λ < 218 

nm, and therefore, the presence of other oxidizing species, such as •OH, HOO•, O3, NO3, ROO•, 

and RO• is a must to oxidize SO2 in the atmosphere. These conditions required for the oxidation 

of the SO2, are also the necessary constituents of the photochemical smog.  
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The gas-phase oxidation is believed to be very slow (with an overall contribution of SO2 

to sulfate aerosol conversion of less than 10%).3, 62 The most important oxidation reaction is in 

the presence of •OH radicals during daytime.62, 63 

                            𝐻𝑂∙ + 𝑆𝑂2 + 𝑀 ⟶ 𝐻𝑂𝑆𝑂2
∙ + 𝑀                                       (R1.26) 

                                         𝑀 = 𝑁2, 𝑂2 

                           𝐻𝑂𝑆𝑂2 + 𝑂2 ⟶ 𝑆𝑂3 + 𝐻𝑂2                                               (R1.27) 

                           𝑆𝑂3 + 𝐻2𝑂 ⟶ 𝐻2𝑆𝑂4                                                         (R1.28) 

In the presence of atmospheric waters, such as fog and cloud, the oxidation reaction responsible 

for SO2 to particulate sulfate conversion, usually denoted by S(IV) to S(VI) conversion, occurs 

more rapidly.63, 64 After dissolution in water, SO2 undergoes dissociation forming S(IV) species 

(i.e., H2O.SO2, HSO3
‒, and SO3

2‒) which are at pH = 2-7 typical of the atmospheric waters 

mostly in the form of HSO3
‒.4, 62, 63 

                           𝑆𝑂2(𝑔) ⟺ 𝑆𝑂2(𝑎𝑞)           𝐻 = 1.36 𝑀 𝑎𝑡𝑚−1                 (R1.29) 

                          𝑆𝑂2(𝑎𝑞) ⟺ 𝐻𝑆𝑂3
− + 𝐻+                                                     (R1.30) 

The most likely oxidants responsible for the production of sulfate in the atmospheric 

aqueous phase are O3, H2O2, and O2 in presence of transition metal ions as  catalysts. However, 

H2O2, which is pH independent (unlike O3), is considered the leading oxidant.3, 62, 63, 65 

        𝐻𝑆𝑂3
−(𝑎𝑞) + 𝐻2𝑂2(𝑎𝑞) ⟶ 𝑆𝑂4

2−(𝑎𝑞) + 2𝐻+ + 𝐻2𝑂                          (R1.31) 

        𝐻𝑆𝑂3
−(𝑎𝑞) + 𝑂3(𝑎𝑞) ⟶ 𝑆𝑂4

2−(𝑎𝑞) + 𝐻+ + 𝑂                                     (R1.32) 

        𝑆𝑂3
2−(𝑎𝑞) + 𝑂3(𝑎𝑞) ⟶ 𝑆𝑂4

2−(𝑎𝑞) + 𝑂2                                               (R1.33) 

Transition metal ions, such as Fe (II)/Fe(III), Mn (II) exist in atmospheric liquid water and 

surface of the particles (at high humid conditions), and are known to act as catalysts to initiate 

autoxiation of S(IV) oxides.66 Significant contribution to the total oxidation of SO2 in fog and 

cloud waters, especially in non-photochemical conditions, such as night time foggy regions, 

where the concentrations of H2O2 and O3 are low, may come from the autooxidation of S(IV) 

species in the presence of the transition metal ions.67-69 Also, two or more coexisting transition 

metal ions can have a significant synergistic effect on the S(IV) autooxidation.70-72 Such 

catalysis have been extensively investigated in various atmospherically relevant scenarios;68, 

73-86 a simplified mechanism of the aqueous-phase autoxidation for S(IV) species (as SO3
2-) in 
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presence of Mn(II) as an example is provided below (R1.34 – R1.38) as described by Rudzinski 

2004:78 

                               𝑀𝑛(𝐼𝐼), 𝑎𝑞 + (𝑂2, 𝑆(𝐼𝑉)), 𝑎𝑞 ⟶ 𝑀𝑛(𝐼𝐼𝐼), 𝑎𝑞                                 (R1.34) 

                              𝑀𝑛(𝐼𝐼𝐼), 𝑎𝑞 + 𝑆𝑂3
2−(𝑎𝑞) ⟶ 𝑀𝑛(𝐼𝐼) + 𝑆𝑂3

•−                                   (R1.35) 

                                              𝑆𝑂3
•−(𝑎𝑞) + 𝑂2(𝑎𝑞) ⟶ 𝑆𝑂5

•−(𝑎𝑞)                                    (R1.36) 

                  𝑆𝑂5
•−(𝑎𝑞) + 𝑆𝑂3

2−(𝑎𝑞) ⟶ 𝑆𝑂5
2−(𝑎𝑞) + 𝑆𝑂3

•−(𝑎𝑞)                                        (R1.37) 

                     𝑆𝑂5
•−(𝑎𝑞) + 𝑆𝑂3

2−(𝑎𝑞) ⟶ 𝑆𝑂4
2−(𝑎𝑞) + 𝑆𝑂4

•−(𝑎𝑞)                                        (R1.38) 

The other pathways of SO2oxidation to sulfate include heterogeneous reactions, such as on the 

surface of soot particles or oxides of metals, which can act as catalysts for the reaction.3, 63 

1.3.2.2.5. Formation of Cl atoms 

The halogens are known to play an important role in stratospheric chemistry,87-89 but their 

role in tropospheric chemistry is now continuously growing due to the anthropogenic activities, 

thereby increasing halogen concentrations within the troposphere. 90-94 Despite of the lower 

concentrations of chlorine (Cl) atoms in the troposphere compared to •OH radicals, their 

reaction rate is observed to be faster with VOCs  and thus cannot be neglected in atmospheric 

models.95, 96 The review articles by Cicerone 1981,97 and Simpson et al. 2015, 98 shed the light 

on the halogen chemistry throughout the troposphere. The oceans inject hygroscopic salts, such 

as NaCl, KCl, CaSO4, (NH4)2SO4, which via bubble bursting forms sea-salt particles containing 

Clꟷ (aq). This Clꟷ ion upon oxidation can lead to the formation of their oxides, such as ClOx.  

Under marine conditions, Cl atoms are readily oxidized by O3 via the following reaction 

chains:  

                                          𝐶𝑙 + 𝑂3 ⟶ 𝐶𝑙𝑂 + 𝑂2                                             (R1.39) 

                                         𝐶𝑙𝑂 + 𝐻𝑂2 ⟶ 𝐻𝑂𝐶𝑙 + 𝑂2                                    (R1.40) 

                                         𝐶𝑙𝑂 + 𝑁𝑂2 ⟶ 𝐶𝑙𝑂𝑁𝑂2                                         (R1.41) 

𝐻𝑂𝐶𝑙 and 𝐶𝑙𝑂𝑁𝑂2 can be further photolyzed to Cl atoms or can further undergo 

heterogeneous reaction to generate photochemically active halogen-containing species Cl2, 

which upon photolysis produces Cl• radical.22 

                                        𝐶𝑙𝑂𝑁𝑂2 + 𝑁𝑎𝐶𝑙 ⟶ 𝐶𝑙2 + 𝑁𝑎𝑁𝑂3                        (R1.42) 
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                                        𝐻𝑂𝐶𝑙 + 𝑁𝑎𝐶𝑙 ⟶ 𝐶𝑙2 + 𝑁𝑎𝑂𝐻                              (R1.43) 

                                        𝐶𝑙2 + ℎ𝑣 ⟶ 2𝐶𝑙.                                                      (R1.44) 

1.4. Impact of atmospheric aerosol on air quality, health and climate 

Aerosol particles or total suspended particulate matter (TSP) is a highly complex mixture 

of organic and inorganic compounds. While larger particles usually consist of sand and dust 

particles, smaller particles are mostly of the secondary origin. In photochemically oxidizing 

environments, such as smog, they immensely affect air quality and health. 3, 99  

There are two distinct categories of smogs: classical smog (or 1952 London-type smog) 

and photochemical smog (or Los Angeles-type smog). The London-type smog shows the 

reducing properties, because of the presence of sulfuric acid and SO2in a humid atmosphere. 

London-type smog occurrs due to the high levels of uncontrolled combustion of coal for 

domestic and industrial purposes leading to the extremely high levels of SO2 and soot particles 

favourable for classical smog formation.3, 100 SO2 is readily oxidized and has a relatively short 

lifetime. In contrast, photochemical smog, reveals the oxidative capacity, with hydrocarbons, 

sunlight and nitrogen oxides acting as essential reactants. Photochemical smog requires the 

stable atmosphere providing enough time for reactants to react, which is achieved by the 

phenomenon of temperature inversion.3, 100 Such smog conditions lead to reduced visibility, 

eye irritation, deterioration of materials and loss of lives due to harmful effects on human 

health. To mitigate and tackle such episodes, various measures have been taken worldwide by 

various agencies and scientific communities. EUROTRAC-2 project based on “Transport and 

Chemical Transformation of Environmentally Relevant Trace Constituents in the Troposphere 

over Europe”, and United Sates Clean Air Act first formulated in 1963 under which U.S. 

Environmental Protection Agency (EPA) is required to develop National Ambient Air Quality 

Standards (NAAQS). 

The exposure to toxic aerosol particles of known and unknown composition pays a toll of 

hundreds of thousands deaths each year around the globe. In Poland, for example, air pollution 

resulted in nearly 50,000 premature deaths in 2018.101 The EPA also found that most of those  

(46,300) were caused by PM2.5. In the EU overall, PM2.5 caused the premature deaths of 

379,000 people, meaning that one in eight were Polish. 

In particular, fine and ultrafine particles remain a large concern due to their high surface 

area and a size range of nanometres leading to very high reactivity and toxicity. They can easily 
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penetrate down the respiratory system leading to severe cardiovascular, respiratory, and 

allergic diseases with an adverse effect on human health. 7, 21, 37, 102-105 For efficient measures 

to improve air quality, enhanced understanding of the atmospheric reactions via investigation 

of unknown sources, precursors and their toxicological studies are required.21 

Atmospheric particles have significant climate impacts by either scattering and absorbing 

light or forming clouds, serving as cloud condensation nuclei (CCN) and ice nuclei (IN).         

The CCN and IN facilitate the formation of clouds and fogs via condensation or nucleation of 

supersaturated water vapor and can include a variety of species.20 The IPCC 2013 report states 

that “Clouds and aerosols continue to contribute the largest uncertainty to estimates and 

interpretations of the Earth’s changing energy budget”.106 To address the issue, aerosol-cloud 

processes have been the most significant uncertainty source in climate models in the last 

decade.22 Thus, there is a continuous need to develop our understanding of cloud formation 

with ambient-like complex particles. 
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 Synopsis 

This chapter reviews the current state of atmospheric chemistry and significance of green 

leaf volatiles (GLVs) as the background for the thesis. I co-authored an extensive review on 

that topic (“Green Leaf Volatiles in the Atmosphere—Properties, Transformation, and 

Significance”, Atmosphere 2021, 12(12), 1655, DOI: 10.3390/atmos12121655), whereas here, 

I briefly summarize the available scientific data relevant to the present thesis. The chapter 

summarizes kinetics and oxidation product study data available from the literature for reactions 

between selected GLVs (1-penten-3-ol, (Z)-2-hexen-1-ol, and (E)-2-hexen-1-al) and 

atmospherically relevant radicals, both in gas and aqueous phase. Alongside, multiphase and 

heterogeneous transformations of GLVs are reviewed to present the smog-chamber and 

ambient air experiments, products and product yields identified therein, including secondary 

organic aerosol (SOA) formed. Based on  literature review, GLVs were recognized as 

atmospheric compounds that reside primarily in the gas phase, while their transformation in 

atmospheric waters should not be excluded. 

2.1. Introduction to green leaf volatiles (GLVs) 

Green leaf volatiles, commonly abbreviated as GLVs, are C5 and C6 volatile organic 

compounds (aldehydes, alcohols, ketones, and esters) emitted by plants in response to biotic or 

abiotic stress conditions, such as mechanical wounding, herbivore attack, drought, high and 

low temperatures.107-114 These compounds, typically responsible for “green odor” of the green 

leaves, are synthesized rapidly via lipoxygenase (LOX) pathway and are also used for fostering 

the interplant communication.107, 115, 116 The instant emission of GLVs begins with the 

mechanical damage, such as cutting of plant stem, and continues for hours when the plant 

material dries.117 The unsaturated C5 and C6 compounds, such as (Z)-3-hexenol, (Z)-3-hexenyl 

acetate, (E)-2-hexenal, (Z)-2-hexen-1-ol, (Z)-2-penten-1-ol and 1-penten-3-ol, and plant 

metabolites and hormones, 118, 119 such as jasmonic acid (JA), methyl jasmonate (MeJa), methyl 

salicylate (MeSa), and 2-methyl-3-butene-2-ol (MBO), are all listed as GLVs.120-129 Besides, 

the wounded plants emit compounds, such as methanol, acetaldehyde, acetone, butanone, and 

formaldehyde.121 Conditions, such as the light-dark transition122 and high-light exposure130 also 

result in the emission of GLVs from plants. Compounds considered GLVs within the present 

thesis are listed in Table 2.1. 
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Table 2.1. Key Green Leaf Volatiles detected in plant emissions.  

Name a Chemical 
formula 

MW 
g mol-1 Structure References 

pentan-1-ol C5H12O 88.15 

 

115, 131 

1-penten-3-ol C5H10O 86.13 
 

115, 123, 125, 131-135 

(Z)-2-pentenol C5H10O 86.13  131, 134-136 

(E)-2-pentenol C5H10O 86.13  133 

(E)-2-pentenal C5H8O 84.12  133, 135 

1-penten-3-one C5H8O 84.12 
 

115, 123, 132-135 

(Z)-2-pentenyl 
acetate 

C7H12O2 128.17 
 

136 

n-hexan-1-ol C₆H₁₄O 102.16  123, 131, 133, 137, 138 

(E)-2-hexen-1-ol C6H12O 100.16  131, 133, 137 

(Z)-2-hexen-1-ol C6H12O 100.16  
125 

(E)-3-hexen-1-ol C6H12O 100.16  133, 137 

(Z)-3-hexen-1-ol 
(leaf alcohol) 

C6H12O 100.16 
 

115, 116, 121-123, 125, 131, 133, 

136, 137, 139-142 

n-hexan-1-al C6H12O 100.16 
 

109, 125, 131, 133, 135, 137-139, 

141, 143 

(Z)-3-hexenal C6H10O 98.14 
 

115, 121, 122, 125, 131, 133, 137-

139, 142-144 

(E)-2-hexenal 
(leaf aldehyde) 

C6H10O 98.14 
 

115, 116, 125, 131, 133, 136-138, 

140, 141, 143 

(Z)-2-hexenal C6H10O 98.14  
123, 133 

(E)-3-hexenal C6H10O 98.14  133, 137, 142 

hexyl acetate C8H16O2 144.21 
 

138, 142, 145, 146 

(Z)-2-hexenyl 
acetate 

C8H14O2 142.20 

 

125 

(E)-2-hexenyl 
acetate 

C8H14O2 142.20 
 

133, 142 

(Z)-3-hexenyl 
acetate 

(leaf acetate) 

C8H14O2 142.20 

 

121-123, 125, 131, 133, 136, 137, 

139, 142 

(Z)-3-hexenyl-
propionate 

C9H16O2 156.22 

 

133, 135, 147 

(Z)-3-hexenyl 
butanoate  

C10H18O2 170.25 

 

135, 142, 145-148 
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(Z)-3-hexenyl 
isobutanoate 
(isobutyrate) 

C10H18O2 170.25 

 

135, 145, 147 

(E)-3-hexenyl 
butanoate 

C10H18O2 170.25 
 

146 

(E)-2-hexenyl 
butanoate 

C10H18O2 170.25 
 

142, 147 

(Z)-3-hexenyl 
isopentanate 

C11H20O2 184.27 
 

145, 147, 149 

(Z)-3-hexenyl 2-
methyl-2-butenoate 

C11H18O2 182.26 

 

145, 147, 149 

3-hexenyl hexanoate 
b 

C12H22O2 198.3 
 

146 

2-methy-3-buten-2-
ol 

C5H10O 86.13 
 

150-152 

1-octen-3-ol C8H16O 128.21  
125, 133, 153 

nonanal C9H18O 142.24  149 

jasmonic acid C12H18O3 210.27 

 

131, 144, 154 

methyl jasmonate C13H20O3 224.30 

 

131, 154 

methyl salicylate C8H8O3 152.15 

 

113, 135, 145 

a for convenience of the audience, we used traditional GLV names rather than the latest IUPAC recommendations;  
b unspecified isomer. 

The estimated annual global emission of BVOC is 1087 Tg yr-1 (based on Community 

Land Model (CLM4) integrated with the MEGAN2.1 framework for estimating fluxes of 

biogenic compounds between terrestrial ecosystems and the atmosphere).45 It includes isoprene 

(535 Tg yr-1), monoterpenes (162 Tg yr-1), and other organics (390 Tg yr-1). The calculations 

included GLVs within a stress VOC group, which also included: 3-hexenal, 2-hexenal, 3-

hexenol, 3-hexenyl acetate, hexanal, 1-hexenol, while MBO was considered individually (see 

Chapter 1, Table 1.2). The estimated emission of (Z)-3-hexenal, (Z)-3-hexenol, and MBO were 

4.9, 2.9, and 2.2 Tg yr-1, respectively. In comparison, the annual emission of MBO averaged 

throughout 1980 – 2010 was 1.6 ± 0.1 Tg yr-1, including value obtained with MEGAN.155 

Furthermore, approximate 1.5 to 2.6 Tg C yr-1 of GLVs are emitted as a result of plant defence, 

cutting, and drying yearly in North America, with estimated rates of 0.1 to 0.2 µg C g-1 h-1.156 

Inspite of relatively small global emission of GLVs, the local and seasonal emissions of GLVs 
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may become more significant due to harvesting or grass mowing episodes, impacting local 

SOA burden, and thus local air quality. The emission budget can increase further, if GLVs 

based treatments become more popular in the agriculture, horticulture, and forestry 

practices.157-161  

After emission, unsaturated GLV compounds encounter several other reactants or oxidants 

in the atmosphere, such as •OH and NO3
• radicals or O3, and immediately react with them 

forming secondary organic aerosol (SOA).162, 163 

Table 2.2. Comparison of different existing model-based SOA production and SOA 
burden.  

S.No. Model Emission, 
SOA 

production 

SOA 

Burden 
Ref. 

1. STOCHEM 

29 Tg yr-1  
(sesquiterpenes (SSTs)) 

162 Tg yr-1  
(monoterpenes (MTs)) 

46.4 Tg yr-1 

0.45 Tg 
Isoprene: 0.010 Tg (2%),  

MTs: 0.188 Tg (44%), 
MTs + SSTs: 0.41 Tg (10%) 

48 

2. GEOS-CHEM    164 

a.  Volatility basis set 
(VBS) 

 36.2 Tg yr-1 0.88 Tg  

  biogenic 21.5 Tg yr-1 0.53 Tg  

  
anthropogenic +  
biomass burning 14.7 Tg yr-1 0.35 Tg  

b.  Extended VBS Model  Semi-volatile + intemediate-volatile OC + new chamber SOA yields + wet-deposition 
+ dry-deposition + SOA photolysis + heterogenous SOA loss  

   132. Tg yr-1 0.88 Tg  
  biogenic 97.5 Tg yr-1 0.59 Tg  

  anthropogenic +  
biomass burning 8.8 Tg yr-1 0.08 Tg  

  Semi+intermediate VOC 25.9 Tg yr-1 0.21 Tg  

3. 
CESM model : 

CAM5.3 and CLM4 
components 

Isoprene 55.7 Tg yr-1 1.07 Tg 165 

All existing model-based estimations of the global SOA production and burden predict 

mixed results (Table 2.2). The intercomparison based on 31 global chemistry-transport and 

general circulation models showed that the annual global SOA output ranged from                       

13 – 121 Tg yr-1, whereas for models considering semi-volatile character of SOA the range was 

16 – 121 Tg yr-1.49 It was estimated that isoprene alone contributed 6 – 30 Tg yr-1 of SOA (gas-

phase reactions)47 with additional 2 Tg yr-1 from aqueous-phase reactions.166 Compared to all 

predicted SOA from the major biogenic precursors (Table 2.2), 1 – 5 Tg C yr-1 of SOA from 

GLVs167 seems less likely or overestimated, and therefore needs re-evaluation. 
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The present extensive literature review provided a background and framework for 

designing the research of my thesis as well as for future investigation of GLVs significance 

and role in the atmospheric processes, especially contribution to the SOA formation. Besides, 

GLVs based literature review was necessary to make a wise selection of the GLV compounds 

(i.e., 1-penten-3-ol, (Z)-2-hexen-1-ol, and (E)-2-hexen-1-al) among 30 of them listed in Table 

2.1 for my Ph.D. research work. 

2.2. Gas-phase reactions of GLVs with atmospheric oxidants 

GLVs are known to react with oxidants, such as hydroxyl (•OH), nitrate (NO3
•) radicals, 

ozone (O3) and Cl atoms in the atmospheric gas phase. Here, I briefly outline the detailed 

chemical mechanisms and oxidation products arising from  reactions with selected GLVs or 

their isomers, as known untill 2021. More is discussed in detail within my co-authored review 

article.168 

2.2.1. Products and mechanism 

General scheme for the reactions of VOCs with radicals, is provided in Chapter 1 (Section 

1.3.2.2, Scheme 1.1).169, 170 The reaction between VOC and oxidant/radicals can proceed via 

addition to a double C=C bond or by hydrogen abstraction, which leads to the formation of 

alkyl radical (R•). The latter reacts with O2 forming the alkylperoxy radical (RO2
•). RO2

• has 

diverse fates based on the availability of the reactants. The possibilities include a self-reaction 

with another RO2
•, reaction with HO2

• radicals, reaction with NO2, and/or reaction with NO, 

which lead to variety of product formations, such as carbonyls, alcohols, peroxynitrate or 

alkoxy radicals. 

2.2.1.1. Reaction with •OH radicals 

The reactions of unsaturated GLVs with •OH radicals can proceed via addition of •OH 

radicals to C=C bond as well as the •OH radical-driven hydrogen abstraction. 

2.2.1.1.1. H-abstraction from GLVs by •OH radicals 

The general scheme based on the experimental findings of Davis et al. 171 for the reaction 

of unsaturated GLV (aldehyde) with •OH species via hydrogen abstraction pathway is provided 

below in Schemes 2.1 - 2.3, which show the important steps of the process, and thereby the 

formation of an aldehyde and alkylglyoxal. 
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Scheme 2.1. Formation of peroxy radicals via hydrogen abstraction from an unsaturated 

GLV compound (aldehyde).171 (Sarang et al. 2021)172 

 

Scheme 2.2. Formation of peroxynitrates and alkoxy radicals via reactions of NO2 and NO 

with peroxy radicals, respectively.171 (Sarang et al. 2021)168 

 

Scheme 2.3. Formation of an aldehyde and an alkylglyoxal via reaction of alkoxy 

radical.171 (Sarang et al. 2021)168 

2.2.1.1.2. Addition of •OH radicals at the C=C bond of GLVs 

As a GLV example, (Z)-3-hexen-1-ol was used to explain the basic mechanistic concept 

of •OH radicals addition at C=C. In Scheme 2.4, the •OH adds to the C=C bond (either position) 

producing two alkoxy radical isomers, which further react with O2 to produce two peroxy 

radical isomers.173 In the absence of NOx (Scheme 2.5), the self-reaction of peroxy radicals 

produces two isomeric alkoxy radicals.173-176 Whereas, in the presence of NO (Scheme 2.6), it 

reacts either via subtraction of one oxygen atom to produce two alkoxy radicals171, 173-182 or via 

addition to produce two organic dihydroxy nitrates.177, 180 The alkoxy radicals can either 
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isomerize180, 183, decompose173-176, 180 or undergo hydrogen abstraction175, 176 (Scheme 2.7).    

The major products formed include 3,4-dihydroxyhexanal, propanal, 3-hydroxypropanal, and 

two dihydroxy and one trihydroxy hexanone. Propanal may further react with •OH, O2 and NOx 

to produce peroxynitrates, formaldehyde (HCHO), and CO2.173 

 

Scheme 2.4. Addition of •OH radicals to the C=C bond of (Z)-3-hexen-1-ol.173 (Sarang et 

al. 2021)168 

 

Scheme 2.5. Self-reaction of peroxy radicals.173-176 (Sarang et al. 2021)168 

 

Scheme 2.6. Reactions of peroxy radicals from (Z)-3-hexen-1-ol with NO leading to 

organic nitrates and alkoxy radicals.171, 173-182 (Sarang et al. 2021)168 
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Scheme 2.7. Reactions of alkoxy radicals arising from (Z)-3-hexen-1-ol 173-176, 180, 183 

(Sarang et al. 2021)168 

Similarly, •OH radicals may add to GLV aldehydes to form aldehydes, 

alkylglycolaldehydes, glyoxal, and CO via decomposition pathways (Scheme 2.8).171                 

An alternative decomposition pathway for the alkoxy radical leading to an aldehyde, an 

alkylglyoxal, and CO2 is shown in Scheme 2.3. 
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Scheme 2.8. Mechanistic pathway of •OH radicals addition to GLV aldehydes unsaturated 

carbonyl carbon followed by several possible decompositions of an alkoxy radicals.171 

(Sarang et al. 2021)168 

Products and product yields arising from the gas-phase reactions of selected GLVs 

and their isomers with •OH, observed so far in experiments, are briefly summarized in 

Table 2.3. 

Table 2.3 Observed gas-phase oxidation products of GLV with •OH radicals.168 

GLV Product Yield % Ref. 

1-penten-3-ol Formaldehyde 35 ± 4 184 
Glycolaldehyde 47 ± 6 

(Z)-2-penten-1-ol 
Formaldehyde 11 ± 2 

Propanal 91 ± 13 
Glycolaldehyde 87 ± 11  

(E)-2-hexen-1-ol Butanal Main 176 

(E)-3-hexen-1-ol Propanal Main 176 
37 ± 7 175 

2.2.1.2. Reactions of GLVs with NO3• radicals 

Very few studies were devoted to the reaction mechanism of GLVs with NO3
•
 radicals. 

Therefore, based on the addition reactions to alkenes, a general reaction principle is proposed 

here.169, 170 In Scheme 2.9, the addition of NO3
• to C=C takes place, resulting in two isomeric 

alkyl radicals. Further reaction mechanism is the same as for GLV-OH reactions (Section 

2.2.1.2). Scheme 2.10 shows the similar mechanism proposed by Fantechi et al. for the reaction 

of MBO with NO3
• radicals, which includes the additional decomposition of alkoxy radical 

leading to the formation of acetone.182 Other decomposition pathways for MBO-derived alkoxy 

radicals were also proposed and are shown in Scheme 2.11.185 
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Scheme 2.9. Reaction pathways for one of the two possible isomeric alkyl radicals, arising 

from the reactions between GLV and NO3 radicals.169, 170 (Sarang et al. 2021)168 

 

Scheme 2.10. Reaction pathways for one of the two possible isomeric alkyl radicals, from 

the reaction between MBO and NO3
•.182 (Sarang et al. 2021)168 
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Scheme 2.11. Additional MBO-derived nitrate alkoxy radicals decomposition pathways. 
185 (taken from Sarang et al. 2021)168 

Products and product yields arising from the gas-phase reactions of selected GLVs 

and their isomers with NO3
•, observed so far in experiments, are briefly summarized in 

Table 2.4.168  

Table 2.4. Reaction products observed for GLV with NO3
•.168   

GLV Product Yield, %  
Molar Ref. 

1-penten-3-ol,  
(Z)-2-penten-1-ol 

2-pentenyl nitrate observed 186 
Ethyl vinyl nitrate observed 

2-penten-1-ol observed 

(E)-2-hexenal 
PAN analogue 100 ± 2.5 187 

CO 6.4 ± 4.2 
Formic acid observed 

2.2.1.3. Reactions of GLVs with O3 

The ozonolysis of unsaturated GLVs follows the pattern known for alkenes. It begins with 

the addition of O3 to a double C=C bond leading to a primary ozonide, which further 

decomposes to form carbonyl products and Criegee intermediates. The latter can further 

recombine to produce a secondary ozonide (Scheme 2.12).188-191 
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Scheme 2.12. Mechanism of ozonolysis of alkenes, including GLV.189, 191 (taken from 

Sarang et al. 2021)168 

A range of reactions depending upon the R substituents is used to stabilize the above 

formed Criegee biradicals and are illustrated below for (Z)-3-hexenol.  

It can be seen that the ozonolysis of (Z)-3-hexenol leads to the formation of propanol, 3-

hydroxypropanal, and Criegee intermediates, which are stabilized by hydration and 

dehydration (Scheme 2.13).192, 193 Another possibility of the stabilization is the hydroperoxide 

product channels, which begins with the isomerization steps (Scheme 2.14).193 
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Scheme 2.13. Reaction of O3 with (Z)-3-hexenol.192, 193 (taken from Sarang et al. 2021)168 

 

Scheme 2.14. Possible hydroperoxide channels in the O3 reaction with (Z)-3-hexenol.193 

(taken from Sarang et al. 2021)168 
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Products observed in reactions of GLV with O3 in the experiments are listed in 

Table 2.5. The SOA formation and its chemical composition during ozonolysis are 

discussed in Section 2.4. 

Table 2.5. Products observed in reactions of GLV with O3.168 

GLV Product Yield, Molar Ref. 
1-penten-3-ol Formaldehyde 0.49 ± 0.02 194 

  0.34 ± 0.04 195, 196 
 2-hydroxybutanal 0.46 ± 0.03 194 
  0.30 ± 0.05 a 195, 196 
 Propanal 0.15 ± 0.02 194 
  0.12 ± 0.01 195, 196 

1-penten-3-one Formaldehyde 0.37 ± 0.02 194 
 2-oxobutanal 0.49 ± 0.03 194 
 SOA 0.13–0.17 194 

(Z)-3-hexen-1-ol Propanal Observed 192 
  0.43 ± 0.02 197 
  0.59 195, 196 
 Propanoic acid Observed 192 
 2-propenal Observed  
 Acetaldehyde Observed  
 Ethane 0.069 ± 0.005 197 
 OH 0.26 174 
  0.28 ± 0.06 197 

(E)-2-hexenal OH 0.62 174 
 Butanal 0.53 195, 196 
  0.527 ± 0.055 198 
 Glyoxal 0.56 195, 196 
  0.559 ± 0.037 198 
 2-oxobutanal b 0.074 ± 0.006  
 acetaldehyde 0.109 ± 0.020  
 Propanal 0.067 ± 0.008  
 cyclohexanone 0.032 ± 0.003  

(Z)-3-hexenal Propanal 0.35 ± 0.01 197 
 Ethane 0.079 ± 0.004  
 OH 0.32 ± 0.07  

a measured as 2-oxobutanal; b tentative. 

2.2.1.4. Reactions of GLVs with Cl atoms 

Similarly to •OH radicals, Cl atoms can either add to a C=C double bond or abstract 

hydrogen from a given GLV with the formation of HCl, within the gas-phase reaction.179, 199, 

200 Based on the quantum-mechanical modeling, the addition was proven to be the dominant 

pathway, however the hydrogen abstraction could not be excluded.200, 201 Very few studies have 

dealt with reaction products from GLV-Cl reactions.168 For example, both the addition and 

hydrogen abstraction pathways are feasible for 1-penten-3-ol (see in forthcoming subsections). 
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2.2.1.4.1. Addition of Cl atoms to C=C bonds of 1-penten-3-ol 

Scheme 2.15 – 2.17 illustrates the likely steps of the addition of Cl atoms for 1-penten-3-

ol in the absence of NO: 1) the formation of alkyl radical leading to the production of peroxy 

radicals; 2) the isomerization and self-reaction of peroxy radicals; 3) decomposition of alkoxy 

radicals to give stable products.200  

 

Scheme 2.15. Formation of 1-penten-3-ol derived peroxy radicals via addition of Cl at 

C=C bonds.200 (taken from Sarang et al. 2021)168 

 

Scheme 2.16. The self-reaction and isomerization of 1-penten-3-ol derived peroxy radicals 

in the absence of NO.202 (taken from Sarang et al. 2021)168 
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Scheme 2.17. Decomposition reactions of 1-penten-3-ol derived alkoxy radicals towards 

stable products.200 (taken from Sarang et al. 2021)168 

2.2.1.4.2. Hydrogen abstraction for 1-penten-3-ol with Cl atoms  

A carbon atom at position 3 in the molecule of 1-penten-3-ol is the most preferable position 

for hydrogen abstraction with Cl atoms. The alkoxy radicals formed, can lead to the formation 

of 1-penten-3-one with the release of H2O2 (Scheme 2.18).200 

 

Scheme 2.18. Formation of 1-penten-3-one via hydrogen abstraction from 1-penten-3-ol 

by a Cl atom.200 (taken from Sarang et al. 2021)168 

Mechanistic schemes for several other compounds, such as (E)-2-hexen-1-al, 

MBO, (E)-2-hexenyl acetate are illustrated in the review article.168 
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Table 2.6. Gas-phase reaction products of GLVs and Cl radicals.168 

GLV Product Yield % Ref. 

1-penten-3-ol 

Chloroacetaldehyde  
Propanal  

Acetaldehyde  
1-penten-3-one 

33 ± 1  
39 ± 1  
8 ± 3  
< 2 

200 

(Z)-2-penten-1-ol 

2-chlorobutanal  
Propanal  

Acetaldehyde  
(Z)-2-pentenal 

19 ± 1  
27 ± 1  
18 ± 2  
36 ± 1 

200 

(E)-2-hexenyl acetate 
butanal 

not quantified 
203 

formaldehyde 
propanal 

2.2.1.5. Gas-phase photolysis of GLVs 

Merely a few studies researched the gas-phase photolysis of GLVs. For unsaturated GLVs 

bearing carbonyl residue, such as (E)-2-hexenal, (Z)-3-hexenal, the photolytic loss can be 

significant.  

 

Scheme 2.19. Photolytic decomposition of (Z)-3-hexenal.204 (taken from Sarang et al. 

2021)168 

O’Connor et al. 204 analyzed the sunlight photolysis of (E)-2-hexenal, (Z)-3-hexenal, and 

(E,E)-2,4-hexadienal in the EUPHORE smog chamber in dry purified air (0.05 – 1.0 % RH and 

286 – 294 K). In Scheme 2.19, photolysis of (Z)-3-hexenal follows Norrish type 1 mechanism 

resulting in CO as the major product (34 % yield). The other product, i.e., (Z)-2-pentenyl 

radical, further reacts with O2 to form pentenyl peroxy radical, which undergoes self-reaction 

to produce pentenyl oxy radical. The pentenyl oxy radical in reaction with O2 finally gives (Z)-
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3-pentenal, observed experimentally. In contrast, (E)-2-hexen-1-al undergoes photo-

isomerization to give (Z)-2-hexen-1-al. 

Tang and Zhu 205 studied the gas-phase photolysis of n-hexanal and n-heptanal for the 

HCO radicals formation using the cavity ring-down spectroscopy. The radical quantum yields 

from the thermodynamically feasible dissociation of n-hexanal after UV excitation, ranged 

from 0.1 to 0.08 for 2 – 8 mmHg partial pressures of hexenal (Scheme 2.20). Besides, several 

other photolysis products were identified using mass spectrometry, such as acetaldehyde 

CH3CHO and butene C4H8 (yield 0.28 – 0.31), CO and pentane C5H12 (yield 0.20), C5H11,         

2-methylcyclopentanol (yield 0.12) and 2-ethylcyclobutanol (yield 0.3).   

 

 

Scheme 2.20. Thermodynamically feasible UV-photolytic dissociation of n-hexanal.205 

(taken from Sarang et al. 2021)168 

2.2.2. Gas-phase kinetics of GLVs 

The available literature data on the determination of rate constants for reactions of selected 

GLVs with •OH and NO3
• radicals, O3, and Cl atoms, as well as the gas-phase photolysis of 

GLVs were compiled in Tables 2.7 – 2.15. The rate constants were determined either by the 

relative or absolute approach. For the measurement of the relative rate constants, a decay of a 

given GLV is measured in reference to the decay of a reactant, for which the rate constant of 

the reaction with the selected oxidant was reported. In contrats, the absolute rate constants are 

measured by following the decay of both, a given GLV and oxidant. 
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2.2.2.1. Kinetics of  reactions with •OH radicals 

The experimental rate constants for the gas-phase reactions of selected GLVs with •OH 

radicals determined at single temperatures are provided in Table 2.7, while Table 2.8 shows 

the rate constants determined across the temperature ranges. The •OH radicals were generated 

using several different methods such as: photolysis of H2O2 (248, 252, or 254 nm); photolysis 

of H2O (165 nm); photolysis of methyl nitrite CH3ONO (300 nm); photolysis of ethyl nitrite 

CH3CH2ONO; photolysis of HNO3 (248 nm); photolysis of HONO (355 nm); reaction of F 

atoms with H2O or H atoms with NO2. Equations 2.1 show the reaction mechanism for the 

formation of •OH radicals via photodissociation of CH3ONO.206  

                         CH3ONO + h → CH3O + NO                                 (2.1.1) 
                            CH3O + O2 → CH2O + HO2                              (2.1.2) 
                         HO2 + NO → OH + NO2             (2.1.3) 

For most of the reactions, their rate decreased with increasing temperature, i.e., showed 

negative activation energies (Table 2.8). The exception was MeSa – the only aromatic 

compound studied.168 Only in some theoretically evaluated cases, the addition reaction between 

GLV-OH had a positive activation energy.207 Table 2.9 shows the theoretically derived addition 

and hydrogen abstraction reaction rate constant between GLVs and •OH radical.208 

Table 2.7. Relative and absolute (a) rate constants for gas-phase reactions of GLV 
with OH at single temperatures.168 

GLV k  
cm3 molecule−1 s−1 

T  
K 

P  
Atm Ref. 

1-penten-3-ol (6.7 ± 0.9) × 10−11 298 1 
184 

(Z)-2-penten-1-ol (1.06 ± 0.15) × 10−10 
(E)-2-pentenal (2.35 ± 0.21) × 10−11 a 298 0.132–0.526 209 
1-penten-3-one 3.6 × 10−11 b 298 1 210 

Hexan-1-ol (1.58 ± 0.35) × 10−11 296 ± 2 1 211 
(Z)-2-hexen-1-ol (1.1 ± 0.4) × 10−10 296 ± 2  212 

 0.95 × 10−10 b 298  
 (8.53 ± 1.36) × 10−11 c 298 1 213 

(E)-2-hexen-1-ol (1.0 ± 0.3) × 10−10 298 1 214 
 (8.08 ± 1.33) × 10−11 c 298 1 208 

(E)-2-hexenal (0.681 ± 0.049) × 10−11 296 ± 2 0.974 174 
 (2.95 ± 0.45) × 10−11 a 298 0.132–0.526 209 
 (3.95 ± 0.17) × 10−11 298 ± 2 1 215 

(Z)−3-hexenal (6.9 ± 0.9) × 10−11 298 1 216 
a absolute rate constant; b from SAR or LFER; c theoretical rate constants for the addition and hydrogen abstraction 

channels are given in (Table 2.9).
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Table 2.8. Absolute (a) rate constants for gas-phase reactions of GLV with OH radicals – Arrhenius parameters and values at selected 
temperature T.168 

GLV A EA/R kT T T range P Ref. 
 cm3 molecule-1 s-1 K cm3 molecule-1 s-1 K K atm  

1-penten-3-ol (6.8 ± 0.7)×10−12 a -(690 ± 20) (7.12 ± 0.73)×10−11 a 297 243-404 20-100 mmHg 217 
 (7.7 ± 1.6)×10−12 a -(606 ± 60) a (5.65 ± 0.76)×10−11 a 298 263-353  218 

(E)-2-penten-1-ol (6.8 ± 0.8)×10−12 a -(680 ± 20) (6.76 ± 0.70)×10−11 a 
1-penten-3-one (4.4 ± 2.8)×10−12 a -(507 ± 180) a (2.36 ± 0.47)×10−11 a 
(E)-2-pentenal (7.9 ± 1.2)×10−12 a -(510 ± 20) (4.3 ± 0.6)×10−11 a 297 244-374 0.03 -0.197 171 

(E)-2-hexen-1-ol (5.4 ± 0.6)×10−12 a -(690 ± 20) (6.15 ± 0.75)×10−11 a 298 263-353  162 
(Z)-3-hexen-1-ol (1.3 ± 0.1)×10−11 a -(580 ± 10) (1.06 ±0 .12)×10−10 a 297 243-404 20-100 mmHg 217 

(E)-2-hexenal (7.5 ± 1.1)×10−12 a -(520 ± 30) (4.4 ± 0.5)×10−11 a 297 244-374 0.03-0.197 171 
 (9.8 ± 2.4)×10−12 a -(455 ± 80) (4.68 ± 0.50)×10−11 a 298 263-353 0.066 219 

a absolute rate constants;  

Table 2.9. Theoretical rate constants (cm3 molecule−1 s−1) for chemical reactions between hexenols and OH radicals proceeding through 
the OH addition and hydrogen abstraction channels. 168, 208 

Reactant kOH addition kH abstraction ktotal H-Abstraction  
Branching Ratio 

ktotal Deviation from  
Experimental Values % 

(E)-2-hexen-1-ol 4.97 × 10−11 9.76 × 10−12 5.95 × 10−11 0.16 26.4 
(Z)-2-hexen-1-ol 5.34 × 10−11 2.19 × 10−11 7.53 × 10−11 0.29 11.7 
(E)-3-hexen-1-ol 2.45 × 10−11 3.50 × 10−11 5.95 × 10−11 0.59 34.6 
(Z)-3-hexen-1-ol 1.17 × 10−10 3.07 × 10−11 1.48 × 10−10 0.21 −46.5 
(E)-4-hexen-1-ol 4.74 × 10−11 1.30 × 10−11 6.04 × 10−11 0.22 15.4 
(Z)-4-hexen-1-ol 1.10 × 10−10 2.73 × 10−11 1.37 × 10−10 0.20 82.6 
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2.2.2.2. Kinetics of reactions with NO3• radicals 

Experimental rate constants for the gas-phase reactions of GLV with NO3
• radicals 

determined at single temperatures are provided in Table 2.10, while Table 2.11 shows rate 

constants determined across temperature ranges. Methods of generation of NO3
• radicals 

included thermal decomposition of N2O5, reaction of F atoms with HNO3, and reaction of NO2 

with O3. 

Table 2.10. Relative and absolute (a) rate constants for gas-phase reactions of GLVs 
with NO3

• radicals at single temperatures.168 

GLV k 
cm3 molecule-1 s-1 

T 
K 

P 
atm 

Ref. 

1-penten-3-ol (1.39 ± 0.19)×10-14 a 298 ± 3 1.00 ± 0.03 186 
(Z)-2-penten-1-ol (1.53 ± 0.23)×10-13 a  

 (3.5 ± 1.9)×10-13 
 (3.11 ± 0.11) ×10-13 295 ± 2 1 220 

(E)-2-pentenal (1.93 ± 0.40) ×10-14 
1-penten-3-one 3.39×10-14 d 298 1 210 

(Z)-2-hexen-1-ol (1.56 ± 0.24)×10-13 a    
 (4.05 ± 0.45) ×10-13 b 

(3.57 ± 0.62) ×10-13 c 
295 ± 2 1 220 

(E)-2-hexen-1-ol (1.30 ± 0.24)×10-13 a 298 ± 3  221 
(Z)-2-hexenal (1.36 ± 0.29) ×10-14 295 ± 2 1 220 
(E)-2-hexenal (1.21 ± 0.10)×10-14 296 ± 2 0.974 174 

 (4.7 ± 1.5)×10-15 a 294 ± 3 1 187 
a absolute rate constant; b (E)-2-butene reference, c cyclopentene reference; d estimated from SAR or LFER. 

Table 2.11. Absolute rate constants for gas-phase reactions of GLV with NO3
• radicals 

– Arrhenius parameters and k values at temperature T.168 

GLV A EA/R kT T T range P Ref. 
 molecules cm-1 s-1 K molecules cm-1 s-1 K K mmHg  

(E) -2-pentenal (5.40 ± 0.30)×10−12 1540 ± 200 (2.88 ± 0.29)×10-14  298 298-433 1 222 
(E) -2-hexenal (1.2 ± 0.3)×10−12 926 ± 85 (5.49 ± 0.95)×10-14  298 298-433 1 222 

2.2.2.3. Kinetics of reactions with O3 

Experimentally determined rate constants at single temperatures are provided in Table 2.12 

, while Table 2.13 shows the temperature-dependent Arrhenius data for the gas-phase reactions 

of GLVs with O3. Ozone was generated using an ozone generator in all below-mentioned 

experiments. 

 

http://rcin.org.pl



Chapter 2: Research background and objectives 
 

72 
 

Table 2.12. Relative and absolute (a) rate constants for gas-phase reactions of GLVs with O3 at single temperatures. (taken from Sarang 
et al. 2021)168 

GLV k  
cm3 molecule−1 s−1 

T  
K 

P  
atm References 

1-penten-3-ol (1.64 ± 0.15) × 10−17 a 298 1 194 
 (1.79 ± 0.18) × 10−17 a 289 ± 1 1 223 

(Z)-2-penten-1-ol (11.5 ± 0.66) × 10−17 a 298 1 194 
 (1.69 ± 0.25) × 10−16 a 288 ± 1 1 223 

1-penten-3-one (1.17 ± 0.15) × 10−17 a 298 1 194 
(Z)-2-hexen-1-ol (7.44 ± 1.03) × 10−17 a 298 1 224 

 10.4 × 10−17 298  
(E)-2-hexen-1-ol (5.98 ± 0.73) × 10−17 298 1  225 

 (1.66 ± 0.22) × 10−16 a 298 1 224 
 2.86 × 10−16 298  

(E)-2-hexenal (1.28 ± 0.28) × 10−18 287.3 ± 1.4 1 198 
 (3.0 ± 2.1) × 10−18 296 ± 2 0.974 174 

(Z)-3-hexenal (3.45 ± 0.30) × 10−17 298 1 216 
a absolute rate constant. 

Table 2.13. Relative rate constants for gas-phase reactions of GLVs with O3 – Arrhenius parameters and k values at selected temperature 
T (obtained by the relative methods if not marked absolute). (taken from Sarang et al. 2021)168 

GLV A EA/R kT T T Range P Ref. 
 Molecules cm−1 s−1 K Molecules cm−1 s−1 K K Atm  

1-penten-3-ol 
(1.82 ± 2.08) × 10−16 730 ± 348 (1.61 ± 0.21) × 10−17 a 298 ± 2 273–333 1 226 

  (1.75 ± 0.25) × 10−17 b 298 ± 2   
  0.20 × 10−17 c 298   

(Z)-2-penten-1-ol (2.32 ± 1.94) × 10−15 902 ± 265 (11.90 ± 1.40) × 10−17 a 298 ± 2 273–333 1 226 
   (9.07 ± 1.29) × 10−17 b 298 ± 2   
   1.50 × 10−17 c 298   

(E)-2-penten-1-al (1.38 ± 0.73) × 10−16 a  1406 ± 163 (1.24 ± 0.06) × 10−18 a 298 233–373 0.8-1 227 
(E)-3-hexen-1-ol (1.74 ± 1.65) × 10−15 1020 ± 300 (5.97 ± 0.99) × 10−17 a 298 ± 2 273–333 1 226 

   (6.50 ± 0.95) × 10−17 b 298 ± 2   
   1.48 × 10−17 c 298   

(E)-2-hexenal (1.79 ± 0.54) × 10−16 a  1457 ± 90 (1.37 ± 0.03) × 10−18 a 298 233–373 0.8-1 227 
a absolute rate constant; b practically did not depend on pressure in the range of 0.01–10,000 mmHg; c evaluated based on the reference data. 
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2.2.2.4. Kinetics of reactions with Cl atoms 

Values of the experimental rate constants for the gas-phase reactions of GLVs with Cl 

radicals determined at single temperatures are provided in Table 2.14. Table 2.15 shows the 

rate constants determined across temperature ranges for three GLVs only till date. 

Table 2.14. Relative rate constants for gas-phase reactions of GLVs with Cl at single 
temperatures. (taken from Sarang et al. 2021)168 

GLV k 
cm3 molecule-1 s-1 

T 
K 

P 
atm 

Ref. 

1-penten-3-ol (2.96 ± 1.22)×10−10 258 ± 1 1 200 
 (2.37 ± 0.38)×10−10 262 ± 1 1  
 (2.40 ± 0.54)×10−10 273 ± 1 1  
 (2.35 ± 0.31)×10−10 298 ± 1 1  
 (2.78 ± 0.30)×10−10 313 ± 1 1  
 (2.57 ± 0.28)×10−10 333 ± 1 1  

(Z)-2-penten-1-ol (2.99 ± 0.53)×10-10 296 ± 2 1 228 
 (3.00 ± 0.49)×10−10 298 ± 1 1 200 
 (2.66 ± 0.47)×10−10 313 ± 1 1  
 (3.26 ± 0.48)×10−10 333 ± 1 1  

(E)-2-penten-1-al (1.31 ± 0.19)×10−10 298 1 229 
1-penten-3-one (2.91 ± 1.10)×10−10 298 1 230 

 (1.9 ± 0.4)×10−10 297-400 1 231 
(E)-2-hexen-1-ol (3.41 ± 0.65)×10-10 296 ± 2 1 228 

 (3.49 ± 0.82)×10-10 298 ± 3 1 232 
(Z)-3-hexen-1-ol (3.15 ± 0.58)×10-10 296 ± 2 1 228 

 (2.94 ± 0.72)×10-10 298 ± 3 1 232 
(E)-3-hexen-1-ol (3.05 ± 0.59)×10-10 296 ± 2 1 228 

 (3.42 ± 0.79)×10-10 298 ± 3 1 232 
(E)-2-hexen-1-al (1.92 ± 0.22)×10−10 298 1 229 
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Table 2.15. Relative and absolute (a) rate constants for gas-phase reactions of GLV with Cl atoms– Arrhenius parameters and k values at 
selected temperature T.168 

GLV A EA/R kT T T Range P Ref. 
 cm3 Molecule−1 s−1 K cm3 Molecule−1 s−1 K K Atm  

hexanal (7.91 ± 0.66) × 10−11 a −(349 ± 51) (2.56 ± 0.24) × 10−11 a 298 265–381 1 233 
2-methyl-3-butene-2-ol (2.83 ± 2.50) × 10−14 −(2670 ± 249) (2.13 ± 0.19) × 10−10 298 256-298 1 234 

methyl salicylate 1.2703 × 10−8 a,b,c 1438.4 1.01 × 10−10 a,b,c,d 298 278–350 1 235 
a absolute rate constants; b determined theoretically; c calculated here from the reference data; d 100 times higher than experimental values provided in review.168 
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2.2.2.5. Gas-phase photolysis 

The experimental absolute and relative photolysis rates of GLV, are given in Table 2.16. 

The relative photolysis rates were obtained against the photolysis of NO2. All of the GLVs UV 

spectra deployed to determine the photolysis rates are provided in Sarang et al. 2021 review 

paper.168  

For 1-penten-3-ol and (Z)-3-hexen-1-ol,162 (Z)-3-hexen-1-al,204 MBO,236 and MeSa 237 

tropospheric degradation due to the photolysis was insignificant. In the case of (Z)-3-hexenal, 

photodegradation was observed to be faster than that by the reaction with O3 (1×1012 molecule 

cm-3) and slower than that by the reaction with OH (2×106 molecule cm-3). (E)-2-pentenal, (E)-

2-hexenal,238, 1-penten-3-one and hexanal218 undergo substantial photodegradation. 

Table 2.16. GLVs photolysis rate constants (denoted as j), absolute, and relative to 
the photolysis rate constant of NO2, determined at given effective quantum yields 
and the zenith angles (taken from Sarang et al. 2021)168 

GLV j 
s-1 

j/j(NO2)  



T 
K 

Ref. 

1-penten-3-ol (1.61-2.36) ×10-6 a  1  298 162 
1-penten-3-one (0.36-1.39)×10-5 a  1  298 162 
(E)-2-hexenal 1.0×10-4 1.8×10-2 0.36  286–294 204 

3.80×10-4  1 20 298 238 
4.05×10-4  30 
3.80×10-4  40 
3.42×10-4  50 
2.89×10-4  60 
2.17×10-4  70 

(Z)-3-hexen-1-ol (1.61-2.36) ×10-5 a  1  298 162 
a upper limits, 0 – 10 km above the Earth surface. 

2.3. Aqueous-phase kinetics and mechanism patterns for GLVs 

In comparison to the gas-phase chemistry, the chemistry of the GLVs in the atmospheric 

aqueous phase and multiphase is far less known. Therefore, all of the aqueous-phase and 

multiphase chemistry data, involving kinetics and mechanisms, published to date, is compiled 

and presented in this section. The aqueous-phase chemistry data are summarized in the 

subsection 2.3.1, where determined rate constants are shown in Tables 2.17 – 2.19, while the 

reaction mechanisms postulated so far are summarized in subsection 2.3.2. 
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2.3.1. Aqueous-phase kinetics  

Richards-Henderson et al. 129 studied the aqueous-phase photo-oxidation reaction for the 

following GLVs: (Z)-3-hexen-1-ol, (Z)-3-hexenyl acetate, MeSa, MeJa, and MBO, with •OH 

radicals (precursor H2O2). No photodegradation was observed for GLVs within the control 

experiments carried out in the absence of H2O2. They applied the technique of competition 

kinetics to determine the rate constants for reactions against reference sodium benzoate (Table 

2.17).  

In another study, Richards-Henderson et al.239 also studied the relative rate constants of 

several GLVs for a reaction with 3C* triplet state and 1O2* singlet molecular oxygen.             

They used simulated sunlight to generate 3C* and 1O2* by irradiating organic chromophores, 

i.e., 3,4-dimethoxybenzaldehyde (DMB) or methoxyacetophenone (MAP) and Rose Bengal, 

respectively. For the competition kinetics, involving 3C*, phenol or syringol was used, while 

in case of 1O2*, furfuryl alcohol was used as a reference compound, respectively. The results 

are collected in Table 2.18. The SOA product yields were determined gravimetrically as in the 

above-mentioned experiments with •OH radicals.129 Non-measureable amounts of SOA were 

reported for (Z)-3-hexen-1-ol and MBO in reactions involving 1O2* and 3DMB* (Table 2.18). 

Table 2.17. Relative rate constants for aqueous-phase reactions of GLV with OH 
radicals - Arrhenius parameters and k values at 298 K and pH = 5.4, and yields of 
SOA products.168 

GLV A EA T range pH k298 K a SOA Ref. 
 1011 M-1 s-1 kJ mol-1 K  108 M-1 s-1 %  

1-penten-3-one     7.24 b - 210 

(Z)-3-hexen-1-ol 8.1 ± 0.9 12 ± 0.3 278-298 5.4 5.1 ± 0.8 52 129 

(Z)-3-hexenyl acetate 190 ± 40 17 ± 1.5 278-298 5.4 8.7 ± 1.1 8 

129 methyl salicylate 58 ± 40 14 ± 1.4 278-298 5.4 7.8 ± 0.5 87 
methyl jasmonate 58  ± 9 15 ± 1.5 278-298 5.4 6.8 ± 0.8 67 

2-methyl-3-butene-2-ol 23 ± 5 13 ± 2 278-298 5.4 7.5 ± 1.4 20 
a experimental values; b estimated from SAR or LFER 
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Table 2.18 Relative rate constants for aqueous-phase reactions of GLVs with singlet 
molecular oxygen 1O2* and 3C* triplet state (3DMB* and 3MAP*) at pH = 5.1, and 
yields of some SOA products. 168, 239 

GLV 

1O2* 3DMB* 3MAP* 
A EA k298 K k SOA  k, 

M-1 s-1 kJ mol-1 106 M-1 s-1 106 M-1 s-1 106 M-1 s-1 
   pH = 2.1  

298 K 
pH = 5.1 

278-298 K 
% pH = 5.1 

(Z)-3-hexen-1-ol 6.1×1020 82 ± 7.4 2.5 ± 0.3 0.33 ± 0.04 0.24 ± 0.1 - 1.2 ± 0.8 
(Z)-3-hexenyl acetate 2.2×1015 50 ± 7.2 3.9 ± 0.8 14 ± 2 14 ± 7 38 7.3 ± 2 

methyl salicylate - - ≤ 0.1 29 ± 2 12 ± 4 80 8.0 ± 0.8 
methyl jasmonate 3.6×1023 96 ± 4.8 6.0 ± 0.7 3.6 ± 0.5 4.2 ± 3 84 1.2 ± 0.5 

2-methyl-3-butene-2-ol 6.7×109 22 ± 1.7 7.5 ± 1.4 0.28 ± 0.1 0.13 ± 0.07 - 0.55 ± 0.2 

Several other GLVs-based multiphase reactions data were published, mainly concerning 

the aqueous-phase transformation of MBO. These data were gathered in the review paper by 

Sarang et al. 2021.168  

Other interesting studies by Heath et al. 240 involved the determination of pseudo-first-

order rate constants of MeJa with •OH radicals in the irradiated aqueous solution (bulk) and 

thin aqueous films. As a precursor of •OH radicals, H2O2photolysis was selected. The HPLC-

UV/DAD was used to follow and measure the extent of reaction by determining the 

concentration of MeJa. The study concluded that the reaction rate in the films was greater than 

that in bulk and was inversely proportional to the thickness of the film (Table 2.19). 

Table 2.19. Pseudo-first order rate constant for the aqueous-phase reaction of MeJa 
with OH radicals in bulk solutions and aqueous films, respectively (taken from Sarang 
et al. 2021)168 

Film thickness, m ∞ (bulk) 193.1 77.2 38.6 
k1st, 10-4 min-1 2.83 ± 0.02 9.62 ± 0.43 11.0 ± 0.5 12.7 ± 0.6 

Liyana-Arachchi et al.241 studied the air-water interface reactions using the molecular 

dynamics approach for MBO and •OH radicals. It appeared that the possibility of chemical 

reactions at the interface was relatively high due to sufficient encounters of the species. 

2.3.2. Aqueous-phase and multiphase mechanisms  

Both GLVs and their gas-phase products (described in Sect. 2.2.1) can partition into 

aqueous droplets or delequescent particles in the atmosphere. There, in the presence of other 

dissolved reactive species, such as trace metal ions, they can either hydrolyze or react via 

various mechanisms. These pathways are briefly reviewed in the paper by Sarang et al. 2021.168  
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GLVs can react with both radicals and radical-anions present in the atmospheric aqueous 

system through: (i) the radical addition to a C=C bond, (ii) electron transfer and (iii) hydrogen 

abstraction. The addition processes by far lead to atmospherically-relevant products, especially 

with sulfate radical-anion (SO4
•‒). The latter are known to exist only in the aqueous-phases. 

The reaction mechanisms involving SO4
•– species with isoprene 15, 79, methyl vinyl ketone 242, 

(Z)-2-pentenoic acid, 243 and MBO 244 were proposed. Hansel et al.128, 245 experimentally 

studied the aqueous-phase oxidation reaction between selected GLVs (i.e., MeJa, and MeSa) 

and •OH radicals formed via the photodissociation of H2O2.  

Interestingly, none of hitherto published studies have focused on the ozonolysis of GLVs 

alone in the aqueous phase in contrast to the multiphase chamber experiments.153, 192, 193, 246      

In another studies,167, 193 primary (Z)-3-hexen-1-ol ozonide decomposed to form 3-

hydroxypropanal, which can partition to the particle phase and likely form higher molecular 

weight products via several oligomerization reactions. Similarly, the gas-phase ozonolysis of 

(Z)-3-hexenyl acetate produced 3-oxopropyl acetate and propanal, which were proposed to 

undergo particle-phase oligomerization.192  

2.4. GLVs multiphase chemistry- novel source of SOA 

2.4.1. Smog chamber and ambient aerosol studies 

The key findings from GLVs-based smog chamber experiments and ambient aerosol 

studies have been summarized in details within my review paper.168 A number of identified 

ambient aerosol products have been linked to either aqueous-phase or multiphase 

transformations of atmospheric GLVs. Here, I briefly overview the products identified both, 

tentatively and firmly (Tables 2.19 – 2.22). Smog chamber experiments involving GLVs and 

their mixture, as well as field-campaign results presented within this section provided 

substantial evidence of the GLVs contribution to SOA. However, many compounds identified 

in ambient aerosol samples may have more than one precursor, so they cannot be linked 

exclusively to any single GLVs. 
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Table 2.19. Products of (Z)-3-hexen-1-ol photooxidation and ozonolysis in smog 
chambers. (taken from Sarang et al. 2021)168 

Name Oxidant MW Formula Structure Phase Ref. 

acetaldehyde 

O3 

44 C2H4O  

gas 

192 

2-propenal 56 C3H4O  

propanal 58 C3H6O  

acetic acid 60 C2H4O2  

2-propenoic acid 72 C3H4O2  

3-hydroxypropanal 74 C3H6O2 
 

PM 
193 

propionic acid 74 C3H6O2  Gas, PM 
192, 193 

2-hydroxyacetic acid 76 C2H4O3  

PM 

193 

3-hydroxy-2-  
oxopropanal 88 C3H4O3 

 

2,3-di-hydroxypropanal 90 C3H6O3 
 

2-hydro-peroxypropanal 90 C3H6O3 
 

3-hydroxy-2-  
oxopropanoic acid 104 C3H4O4 

 
2-hydroperoxy-3-  
hydroxypropanal 106 C3H6O4 

 

2-ethyl-1,3-dioxan-4-ol 

OH, O3 

132 C6H12O3 
 

PM 

167, 193 

3-(2-hydroxy ethoxy) 
propanoic acid 134 C5H10O4  

167 

2-(2-hydroxyethyl)-  
1,3-dioxan-4-ol 148 C6H12O4 

 

167, 193 

2-(1,3-dioxin-2-  
yl) ethylformate O3 158 C7H10O4 

 
PM 

193 

3-(3–hydroxy 
propanoyloxy)  
propanoic acid 

OH, O3 162 C6H10O5  PM 
167 

2-(4-hydroxy-1,3-  
dioxan-2-yl)ethyl formate 

O3 

176 C7H12O5 
 

PM 

193 

2-(1,3-dioxin-2-yl)  
ethyl propionate 186 C9H14O4 

 

1-((2-ethyl-1,3-dioxan-  
4-yl)oxy)propan-1-ol 190 C9H18O4 
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2-(2-((3-hydroxyprop-  
1-en-1-yl)oxy)ethyl)-  

1,3-dioxan-4-ol 
204 C9H16O5 

 

2-(4-hydroxy-1,3-  
dioxan-2-yl)ethyl  

propionate 
204 C9H16O5 

 

3-(3-(2-  
hydroxyethoxy)  

propanoyloxy) propanoic 
acid 

OH, O3 206 C8H14O6  PM 

167 

3-(formyloxy)-3-(2-  
oxoethoxy) propyl 

propionate 
O3 218 C9H14O6 

 
PM 

193 

3-(3-(2-hydroxy  
ethoxy)-3- 

oxopropanoyloxy)  
propanoic acid 

OH, O3 

220 C8H12O7  

PM 

167 

3-(3-(2-hydroxyethoxy)-3-
hydroxypropanoyloxy) 

propanoic acid 
222 C8H14O7  

1-(2-(4-hydroxyl-1,3-
dioxan-2-yl)-ethoxy)-

propane-1,3-diol 
222 C9H18O6 

 
1,3-dihydrox-3- (2-

hydroxyethoxy)  
propyl- 3- hydroxy 

propanoate 

224 C8H16O7  

3-( 3-(3-hydroxy 
propanoyloxy)  

Propanoyloxy propanoic 
acid 

234 C9H14O7  

3-(carboxyoxy)-3-(2-  
oxoethoxy) propyl  

propionate 

O3 

234 C9H14O7 
 

PM 

193 

1-(1-((2-ethyl-1,3-  
dioxan-4-yl)oxy)propoxy)  

propan-1-ol 
248 C12H24O5 

 
3-(3-(3-(3-hydroxy 

propanoyloxy)  
propanoyloxy)  

propanoyloxypropanoic 
acid 

OH, O3 306 C12H18O9  
PM 

167 
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Table 2.20. Products of (Z)-3-hexenyl acetate ozonolysis in smog chambers (taken 
from Sarang et al. 2021)168 

Name MW Formula Structure Phase Ref. 

2-propenal 56 C3H4O  

Gas 192 
Propanal 58 C3H6O  

Acetic acid 60 C2H4O2  

2-propenoic acid 72 C3H4O2 
 

Propionic acid 74 C3H6O2  
Gas, PM 

192, 193 

2-hydroperoxy propanal 90 C3H6O3 
 

PM 
193 

3-oxo-propyl acetate 116 C5H8O3 
 

PM 
247 

2-acetoxyacetic acid 118 C4H6O4 
 

PM 193 2,3-dioxopropyl acetate 130 C5H6O4 
 

2-hydroxy-3-oxopropyl  
acetate 132 C5H8O4 

 

3-acetoxy-propanoic acid 132 C5H8O4  
PM 

193, 247 

3-acetoxy-2-oxopropanoic acid 146 C5H6O5 
 

PM 193 
2-hydroperoxy-3-  
oxopropyl acetate 146 C5H8O5 

 
3-acetoxypropane peroxoic 

acid 148 C5H8O5  
PM 

247 

3,4-dioxohexyl acetate 172 C8H12O4 
 

PM 
193 

2-hydroxyethyl 3-  
acetoxypropanoate 176 C7H12O5  

 
PM 

247 

2-(3-oxopropyl)ethyl 3-  
acetoxy propanoate 232 C10H16O6  

PM 
247 

3-acetoxypropanoyl 3-  
acetoxypropanoate 246 C10H14O7  

PM 
193 

2-(2-(3-acetoxy  
propanoyloxy)ethoxy)  

propanoic acid 
248 C10H16O7 

 PM 

247 

5-acetoxy-3-oxopentyl-3-
acetoxypropanoate 274 C12H18O7 
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2-(3-  
acetoxypropanoyloxy)ethyl 3-

acetoxypropanoate 
290 C12H18O8 

 

[3-[2-(3- 
acetoxypropoxy)ethoxy]-3-

oxo-propyl] 3-
acetoxypropanoate 

348 C15H24O9 
 

Table 2.21. Products of 2-methyl-3-buten-2-ol (MBO) photooxidation in smog 
chambers and in ambient sample (organosulfates were put separately in Table 2.22). 
(taken from Sarang et al. 2021).168 

MW Name Formula Structure Phase Ref. Ambient  
Aerosol 

30 formaldehyde CH2O  Gas 248, 249  

32 methanol CH4O  Aqu 244 b  

44 acetaldehyde C2H4O  Gas 249  

46 formic acid CH2O2  
Aqu 

244 b  

48 formaldehyde hydrated  
(methanediol) CH4O2   

58 acetone C3H6O 
 

 
Gas, aqu 248, 249, 244 b  

58 glyoxal C2H2O2  
Gas 

249, 250  

60 glycolaldehyde C2H4O2 
 

 

61 acetic acid C2H4O2  Aqu 244 b  

72 methylglyoxal C3H4O2  
Gas 

249  

74 glyoxylic acid C2H2O3 
 

 

76 glycolic acid C2H4O3 
 Aqu 

244 b  

78 glycolaldehyde hydrated C2H6O3  
 

86 1,3-butanedione C4H6O2  Gas 

249  

86 2-oxopropanedial C3H2O3   

88 2-hydroxy-2-methylpropanal C4H8O2  Gas 249, 250  

88 2-hydroxypropaneial C3H4O3  

Gas 

249  

100 2,3-dioxobutanal C4H4O3 
 

 

114 2,3-dioxobutane-1,4-dial C4H2O4 
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116 2-oxovaleric acid C5H8O3 
 

 

118 1,3-dihydroxy-3-methyl-  
butan-2-one C5H10O3 

 
Gas, PM  

118 2,3-dihydroxy-3-  
methylbutanal C5H10O3  

Gas  

120 2,3-dihydroxyisopentanol C5H12O3  
PM, aqu 249, 251 a, 244 b PM2.5 249, 252 

132 2,3-dihydroxy-2-methylbutane 
dialdehyde C5H8O4 

 
Gas, PM 

249  

134 2,3-dihydroxy-3-methyl-  
butanoic acid C5H10O4 

 

PM 

 

134 2-hydroxy-2-  
methylpropenedioic acid C4H6O5 

 
 

136 2-methylerythritol C5H12O4 
 

PM2.5 249, 252 

136 2-methylthreitol C5H12O4 
 

PM2.5 249, 252 

164 2,3-dihydroxy-2-  
methylsuccinic acid c C5H8O6 

 
PM2.5 253 

a aqueous phase reactions of methylbutenol epoxides168; b aqueous-phase addition of sulfate radical 
anions168; c and isomers 
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Table 2.22. GLVs-derived organosulfates identified in smog chamber and ambient samples. (taken from Sarang et al. 2021)168  
 Product Parent  

Compound Formation Process Ref. Ambient Aerosol MW Name Formula Structure 

140 Glycolaldehyde sulfate C2H4O5S  MBO SO4
− addition 244 b PM2.5 254 

PM10 255 

154 Hydroxyacetone sulfate C3H6O5S  (Z)-3-hexen-1-ol 
OH  

photolysis, 
ozonolysis 

246 
PM1 256, 257, 

PM2.5 246, 254, 258-261, 
PM10 255 

156  Glycolic acid  
sulfate C2H4O6S 

 
MBO SO4

− addition 244 b PM1 256, 257, 262,  
PM2.5 254, 258-261, 263, 264 

158 Hydrated glycol sulfate C2H6O6S 
 

MBO SO4
− addition 244 b  

170 Lactic acid sulfate C3H6O6S 
 

(E)-2-pentenal Ozonolysis 243 PM1 256, 262,  
PM2.5 243, 254, 258-260, 263, 265-267 

170 1-sulfooxy-2-  
hydroxybutane C4H10O5S  (E)-2-pentenal Ozonolysis 243 PM2.5 243 

170 2-Sulfoxy-3-  
hydroxy-propanal C3H6O6S 

 
(Z)-3-hexen-1-ol 

OH  
photolysis, 
ozonolysis 

246 PM2.5 246 

186 3-sulfoxy-2-  
hydroxy-propanoic acid C3H6O7S 

 
(Z)-3-hexen-1-ol 

OH  
photolysis, 
ozonolysis 

246 PM2.5 246 

198 
3-hydroxy-3-  

methyl-butan-2-one 
sulfate 

C5H10O6S 
 

MBO SO4
− addition 244 b  

198 
4-sulfoxy-1-  
hydroxy-3-  

m3thyl-butan-2-one 
C5H10O6S 

 
MBO SO4

− addition 244 b PM2.5 254, 
PM2.5 264? 

200 
2,3-dihydroxy-3-methyl-

butane  
sulfate 

C5H12O6S 
 

MBO OH photolysis  
SO4

− addition 
268, 251 a 

244 b 
PM1 257, 256?, 

PM2.5 254, 259, 268, 264? 

210 (Z)-5-sulfoxy-  
hex-3-enoic acid C6H10O6S 

 
(Z)-3-hexen-1-ol 

OH  
photolysis, 
ozonolysis 

246 
PM1 256, 257?, 

PM2.5 246, 
PM10 255? 
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212 6-(sulfoxy)  
hexanoic acid C6H12O6S 

 
(Z)-3-hexen-1-ol 

OH  
photolysis, 
ozonolysis 

246 PM1 256, 257?, 
PM2.5 246 

214 3-sulfoxy-2-  
hydroxypentanoic acid C5H10O7S 

 

(E)-2-pentenal (E)-2-
pentenoic acid 

Ozonolysis, SO4
− 

(aqu) 
243 PM1 256?,  

PM2.5 243 

214 2-sulfoxy-3-  
hydroxypentanoic acid C5H10O7S 

 
(E)-2-pentenal Ozonolysis 243 PM1, 257I, 256?,  

PM2.5 243 

226 (E)-5-sulfoxy-4-  
hydroxy-hex-2-enoic acid C6H10O7S 

 
(Z)-3-hexen-1-ol 

OH  
photolysis, 
ozonolysis 

246 PM2.5 246 

226  C6H10O7S 

 

(Z)-3-hexenal Ozonolysis 269 PM2.5 269 

230 3-sulfooxy-2,4-  
dihydroxypentanoic acid C5H10O8S 

 

(E)-2-pentenal, (Z)-3-
hexenal (Z)-2-hexenal 

Ozonolysis 
ozonolysis 

243 
 

PM2.5 243 
 

270  C9H18O7S - (Z)-3-hexen-1-ol 
OH  

photolysis, 
ozonolysis 

246 PM2.5 246 

a aqueous-phase reactions of methylbutenol epoxides (Section 5); b aqueous-phase addition of sulfate radical anions (review paper)172; ? unresolved structure. 
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2.4.2. Estimation of atmospheric SOA formation from GLVs 

The literature data (Section 2.4.1) indicate that GLVs contribute to ambient SOA. Several 

smog-chamber experiments proved the SOA formation from individual GLVs (or their 

mixtures), and various plant emissions. Compounds identified in ambient aerosol samples are 

known to originate from reactions of GLVs with oxidants in the lower atmosphere.  

The global estimated SOA production proposed by Hamilton et al.167 from (Z)-3-hexen-1-

ol and (Z)-3-hexenyl acetate based on the experimental aerosol mass yields for (Z)-3-hexen-1-

ol (3.1%), (Z)-3-hexenylacetate (0.93%) scaled to 7.5% and 2.25 % respectively, was                    

1 – 5 TgC yr-1. Yearly emissions of hexenol and hexenyl acetate are estimated to be                        

10 – 50 TgC yr-1.150 However, it is unclear if Hamilton et al.167 considered the whole group or 

each of its member, and thus, their estimation of SOA from GLVs is uncertain and seems 

overestimated.  

Better estimated global annual emissions for the most abundant GLVs, i.e., (Z)-3-hexenal 

(4.9 Tg yr-1), (Z)-3-hexenol (2.9 Tg yr-1), and MBO (2.2 Tg yr-1) are also available (see Table 

1.2, Chapter 1).45 Based on the SOA yields (from 2% 246 to 7.5% 167) obtained from the smog 

chamber photooxidation of (Z)-3-hexen-1-ol, the atmospheric SOA formation is estimated to 

be 0.058 to 0.218 Tg yr−1. In the case of the ozonolysis of (Z)-3-hexen-1-ol, the maximum SOA 

yield of 5.1% gave global estimated SOA load of 0.15 Tg yr-1.246 Smog-chamber SOA yields 

from MBO were 0.7% (OH)249, and 0.3 – 1.8% (ozonolysis)178 with global annual SOA 

production of 0.015 Tg yr-1 and 0.007 – 0.040 Tg yr-1, respectively.168 Assuming the SOA yield 

for (Z)-3-hexenal to be equal to that from (Z)-3-hexen-1-ol, Sarang et al.168 estimated the 

overall SOA yield from (Z)-3-hexen-1-ol, MBO, and (Z)-3-hexenal) to be                                      

0.58 – 1.05 Tg yr-1. Besides, specific emission sources, such grass cutting126, grass mowing192, 

harvesting and cultivation of switchgrass270 multiplied by respective land use,271, 272 can give 

0.1 – 0.2 Gg yr-1, 52 Gg yr-1, and 33 Gg yr-1 of SOA, respectively.168 However, estimation of 

SOA production based on smog-chamber experiments and estimated GLVs emissions seems 

rather approximate. An array of factors, such as concentration of reactants, reaction time, 

meteorological conditions, and last but not least, competition with other reactants, influence 

and affect the formation and growth of aerosol in the ambient atmosphere in the complicated 

way that cannot be simulated perfectly within the laboratory experiments.  
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Based on the calculated Henry’s constants, Hansel et al.128 concluded that the aqueous-

phase reaction products arising from the reactions between MeJa or MeSa with •OH radicals 

were more soluble in water than the parent compounds. This should lead to an increase in the 

global overall aqueous-phase SOA yield. In addition, the partial pressures of the products of 

MeJa and MeSa oxidation in cloud water were less volatile than their precursors, and most 

likely remained in the condensed phase as SOA-bound components. 

In contrast, Richards-Henderson et al.129 estimated that SOA mass produced by (Z)-3-

hexen-1-ol, (Z)-3-hexenyl acetate, MeSa, MeJa, and MBO with •OH radicals in the aqueous 

phase was 15-times lower than in the gas phase. This could be explained by low or moderate 

water solubility of these GLVs. However, if factors, such as ionic strength or presence of other 

organic compounds could increase the GLVs solubility, one would expect higher SOA yields. 

In a study of the aqueous-phase reactions of 1O2* and 3C* (3DMB*, 3,4-

dimethoxybenzaldehyde) with (Z)-3-hexen-1-ol, (Z)-3-hexenyl acetate, MeSa, MeJa, and 

MBO, it was found that these reactions were a more significant source of aqueous SOA.239 

Only in the case of MeJa, with the •OH and 3DMB*, the aqueous-phase reactions seemed a 

major conversion pathway. 

 

 

 

 

 

 

 

http://rcin.org.pl



Chapter 2: Research background and objectives 
 

88 
 

2.5. Selection of green leaf volatiles (GLVs) and aims of the work 

 

2.5.1. Selection of green leaf volatiles (GLVs) 

Based on the review in previous chapters, I selected the following GLVs for my Ph.D. 

research:1-penten-3-ol, (Z)-2-hexen-1-ol, and (E)-2-hexen-1-al.  

The first argument was that they have never been investigated as potential sources of SOA 

through the aqueous-phase transformation. Next, the SOA yields from the selected GLVs were 

unknown (see section 2.4.2 and Sarang et al.168). Lastly, although the emissions of GLVs are 

much lower than major BVOCs, like isoprene and monoterpenes, during high emission 

episodes GLVs may influence the local and regional air quality. In addition, such selection of 

three compounds consisting of both C5, and C6 unsaturated alcohol as well as aldehyde will 

better reflect the obtained results for comparison in future studies. In particular, the selected 

GLVs may become significant under specific scenarios, such as harvesting, switchgrass 

cultivation, lawn mowing, biotic and abiotic plant stresses, where the GLV emission can attain 

very high values. The GLVs emissions may further increase if agricultural practices, such as 

fumigation and plants treatment with GLVs become more widespread in agriculture, 

horticulture and forestry. 
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2.5.2. Key objectives 

In addition to BVOCs (e.g., isoprene and monoterpenes) abundantly released by Earth’s 

ecosystem into the atmosphere, also GLVs emitted actively participate in the gas-, aqueous- 

and multiphase atmospheric processes. The aqueous transformations of GLVs pose a challenge 

to atmospheric scientists as potential novel, but poorly explored precursors of SOA-bound 

compounds. 

The objectives of the my Ph.D. thesis was to verify the hypothesis that three selected 

GLVs, i.e., 1-penten-3-ol, (Z)-2-hexen-1-ol, and (E)-2-hexen-1-al. could be a missing source 

of SOA particles in the atmosphere through in-cloud reactions with ambient radical species.  

To predict the fate of any organic compound in the atmosphere, one must determine the 

kinetics of its chemical reactions with atmospheric oxidants. To address the issue, in the first 

part of my research, I investigated the kinetics of aqueous-phase reactions of 1-penten-3-ol, 

(Z)-2-hexen-1-ol, and (E)-2-hexen-1-al with hydroxyl (•OH), sulfate (SO4
•−) and nitrate (NO3

•) 

radicals using the technique of laser flash photolysis-laser long path absorption (LFP-LLPA). 

The experimental studies were supported by computational kinetic investigations carried out 

using the COPASI software. 

In the second part of my thesis, the main goal was to propose chemical mechanisms for 

the kinetically explored reactions. The aqueous-phase oxidation of the 1-penten-3-ol, (Z)-2-

hexen-1-ol, and (E)-2-hexen-1-al with •OH radical was carried out in the aqueous-phase photo-

reactor under simulated sunlight conditions. The product analyses were focused on targeting 

carbonyls, alcohols, and carboxylic acids as key oxidation products using advanced hyphenated 

mass spectrometry (i.e., capillary gas chromatography mass spectrometry (c-GC-MS) and a 

reversed-phase liquid chromatography high resolution mass spetctrometry (rp-LC-HR MS).   

In order to get more insights into the structures of identified oxidation products and chemical 

mechanisms of their formation, I deployed a suit of density functional theory (DFT)-based 

quantum calculations. 
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3.1 Chemicals 

All chemicals were purchased and used without further purification: 1-penten-3-ol (Sigma 

Aldrich, 99.0%), (Z)-2-hexen-1-ol (Sigma Aldrich, 95.0%), (E)-2-hexen-1-al (Sigma Aldrich, 

98.0%), sodium persulfate (Na2S2O8, Sigma Aldrich and Honeywell, 99.0%), sodium nitrate 

(NaNO3, EMSURE, 99.5%), hydrogen peroxide (H2O2, CHEMSOLUTE, 30.0% wt. in H2O), 

potassium thiocyanate (KSCN, CHEMSOLUTE, 99.0%), catalase from bovine liver (Sigma 

Aldrich, 10000 – 40000 units/mg protein), O-(2,3,4,5,6- pentafluorobenzyl) hydroxylamine 

hydrochloride (Sigma Aldrich, for GC derivatisation,>= 99% (AT)), Acetonitrile (Optima, LC-

MS grade), fuming Hydrogen Chloride (EMSURE, 37.0%), 2,2,6,6-cyclohexanone-d4 (ISOTEC, 

99 atom % D), 2,2,4-trimethyl pentane or Isooctane (Merck, p.a>=99.5% GC), Formic acid (LC-

MS grade, Merck LiChropur, 98%-100% and fisher Optima). Dichloromethane (Honeywell, 

≥99.0%), 1-penten-3-one (Sigma Aldrich, analytical standard with 0.1% BHT as stabilizer), 

Propionaldehyde (Merck, >=98%), Butyraldehyde (Merck, >=99%), trans-2-hexenoic acid 

(Sigma Aldrich, 99%). Aqueous solutions were freshly prepared using Milli-Q water (resistivity 

of 18.2 M cm, TOC < 5 ppb) for kinetic experiments, while for the photooxidation studies, 

aqueous solutions were freshly prepared using Milli-Q water (resistivity of 18.2 M cmTOC < 

3 ppbElix Miilipore, Milli-Q gradient A10). 

3.2 Experimental techniques – background and working principles 

In this work, laboratory-based techniques and methods required to study the aqueous-phase 

chemistry of atmospheric photochemical reactions involving kinetic and mechanistic analyses 

were used. In order to study the photochemistry of GLVs (i.e., 1-penten-3-ol, (Z)-2-hexen-1-ol, 

and (E)-2-hexen-1-al) with •OH, SO4
•−, and NO3

• radicals two different experimental setups for 

the photodissociation were used. The first was based on laser photolysis combined with UV-vis 

absorption spectroscopy for the kinetic studies; while the second, which was focused on the 

photooxidation products in the aqueous-phase, used the Xenon arc lamp as a light source.               

The hyphenated-mass spectrometry was applied to characterize and quantify organic products of 

the aqueous-phase reactions. The simulation and theoretical methods, such as kinetic modeling 

and density functional theory (DFT)-assisted quantum calculations, were used to validate the 

experimental findings. The present chapter briefly describes the techniques and methods used to 
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generate and detect the radicals, to analyze the kinetics and photooxidation products, to extract 

chemical-mechanistic information. 

The kinetics of atmospherically relevant aqueous-phase reactions was studied using the 

technique of laser flash photolysis-laser long path absorption (LFP-LLPA). LFP-LLPA is a 

combination of laser photolysis technique (to carry out the photodissociation of ions and neutral 

molecules) and UV-Vis spectrophotometry (fast signal acquisition from the photodiode, which is 

digitized using a digital oscilloscope).273, 274 

There are two types of kinetic measurement techniques: absolute and relative. The absolute 

approach follows the concentrations of all reactants in a chemical reactor that are necessary to 

derive the reaction rate constants. The relative approach determines the rate constants by following 

the concentration of the reactant of interest and a suitable reference compound, for which the rate 

constant is already known. Both, absolute and relative rate measurement techniques are 

complementary and help to describe the overall reaction mechanisms. Figure 3.1 taken from Orzel 

et al.275, provides an overview of time scales of various available kinetic techniques. 

 
Figure 3.1. Time scales of various kinetic techniques.275 

3.2.1. Ultraviolet-Visible (UV-Vis) spectroscopy 

UV-Vis absorption spectrophotometers are often coupled with a wide range of reactor 

systems, such as stopped-flow and flash photolysis for various kinds of chemical analyses. In the 
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one of the most suitable systems for kinetic experiments, i.e., flash photolysis, UV-Vis is used as 

the detection system to follow fast reactions with a time scale ranging from milliseconds to 

picoseconds.276 The system was deployed in the LFP-LLPA method used in this study and 

described later in this chapter. 

3.2.1.1. Background  

Spectroscopy is based on electromagnetic radiation (light) interaction with the matter 

expressed as light absorption, reflection, refraction, transmission, and scattering. Various ranges 

of electromagnetic radiation deal with the different types of spectroscopy and have different 

potential applications (Figure 3.2). The wavelength (λ), frequency (υ), and energy (E) of the 

electromagnetic radiations are related by equations 3.1 − 3.2.  

                                                         υ = c/λ                                                                             (3.1) 

                                                         E = h υ                                                                            (3.2) 

where: υ is the frequency in seconds (s), c is the speed of light (3 × 108 ms-1), λ is the wavelength 

(m), E is the energy (J), h is Planck's constant (6.62 × 10-34 J s). 

UV-Vis spectroscopy involves the interaction of light and matter within the UV-Vis range, 

leading to electronic transitions. Depending upon the type of electronic transitions between ground 

and higher energy states (Figure 3.3), it gives rise to a distinct spectrum. Only the lowest energy, 

π → π* and n → π* transitions, achieved between 190 − 800 nm due to the presence of 

chromophores (Table 3.1), can be observed using UV-Vis spectroscopy. Atmospheric gases, 

quartz, and special glasses used for measurements absorb below 180 nm. The measurements below 

180 nm require special equipment, and the region is known as the vacuum ultraviolet.276 The other 

part of the UV region extending from 200 – 400 nm divides into far and near UV. UV-Vis 

spectroscopy is an important analytical tool used for qualitative and quantitative analysis. The 

superimposed electronic states, including vibrational and rotational states, give rise to multiple 

transitions, and hence a broad spectrum. They are reported together with the absorption maxima 

wavelengths (λmax). Types of chromophores and expected electronic transitions along the 

absorbance wavelengths are described in Table 3.1. 
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Figure 3.2. The wavelength range of the EM spectrum, associated spectroscopy, and their 

potential applications (adapted from NASA's Imagine the Universe, and Geiger 2004).277 

 

Figure 3.3. Types of possible electronic transitions between energy states relevant to 

electronic spectroscopy.278 
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Table 3.1. Electronic transitions, their absorbance maxima, and examples of compounds 
affected.278 

Excitation Chromophore Example λmax UV-Vis 

σ → σ* None Saturated compounds 

such as CH4, with only 

C-H groups 

125 nm No 

n → σ* None Saturated compounds 

with non-bonding (lone 

pair) electron-containing 

atoms,such as saturated 

alcohols, amines, ethers, 

halides, etc. 

H2O = 167 nm 

CH3Cl = 169 nm 

No 

π → π* Alkene, alkyne, 

aldehyde, ketones 

etc. 

Unsaturated compounds 170 – 190 nm Yes 

n → π* Ketones, 

aldehydes, acids, 

esters etc. 

Unsaturated compounds 

containing atom with 

non-bonding electron 

200 – 350 nm Yes 

3.2.1.2. Working principles 

The UV-Vis spectrophotometer is used to acquire UV-Vis spectra. Based on Beer-Lambert 

law, the concentrations of absorbing compounds can be quantified.276, 279 The law states that 

whenever a beam of monochromatic light passes through a solution containing a light-absorbing 

substance, the amount of absorbed radiation is proportional to the concentration of that substance 

and an optical path length (Equation 3.3).  

                                     𝐴 = − log 𝑇 = − log
𝐼

𝐼0
= 𝜀𝑙𝑐                                                  (3.3) 

where, ε is the molar absorptivity or extinction coefficient, and c is the concentration of the 

absorbing species, respectively, I0 and I are the incident and transmitted intensity, and l is the 

optical path length. 
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Essential components of a UV-Vis spectrophotometer are:276 

1.  A light source or sources to cover the entire range of 190 − 800 nm.  

2. A light dispersion device, such as a monochromator with a prism or diffraction grating 

3. A sample cell or holder 

4. A detector to measure light intensity, usually a photomultiplier tube or photodiode detector 

5. Other optical components (such as lenses, mirrors, beam splitters) 

There are two types of spectrophotometers, single and double beam. In a single-beam 

spectrophotometer, a single light beam travels through the optical components and sample to the 

detector (Figure 3.4). Before each measurement, the absorbance scale must be reset to zero. In a 

double-beam spectrophotometer, one beam passes through a sample and the second one passes 

through a reference cell, traveling independently to the detector (Figure 3.5). This work used two 

double-beam spectrophotometers: i) Lambda 900 UV/VIS/NIR spectrometer (Perkin Elmer 

Instruments), and ii) Jasco V-570 UV-VIS-NIR spectrophotometer. 

 

Figure 3.4. Scheme of a single-beam spectrophotometer (taken from Fundamentals of modern 

UV-visible spectroscopy Primer, Agilent Technologies)279 
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Figure 3.5. Scheme of a dual-beam spectrophotometer (taken from Fundamentals of modern 

UV-visible spectroscopy Primer, Agilent Technologies)279 

3.2.2. Laser flash photolysis-laser long path absorption (LFP-LLPA) 

Laser is an acronym for "Light Amplification by Stimulated Emission of Radiation"280, which 

clearly describes it as a device that emits a coherent beam of light through an optical amplification 

process involving stimulated emission of electromagnetic radiations. The basics of lasers used in 

chemical kinetics are briefly summarised after Kovalenko and Leone.281 Unlike other light sources, 

lasers emit highly coherent radiations (all photons with the same direction, frequency, and phase), 

providing unique properties, such as monochromaticity, polarization, and power. Spatial 

coherence enables the light to be focussed on a narrow region or spot over great distances, while 

temporal coherence enables lasers to emit light within a narrow region of the spectrum, i.e., single 

color or monochromatic light. Unlike spontaneous emission, the process of stimulated emission 

occurs due to the interaction of incoming photon with an excited atomic electron, which causes it 

to drop to lower quantum energy state releasing a new photon, coherent to the photon of the 

incident wave. With respect to the absorption and spontaneous emission, stimulated emission is 

amplified with in the lasers. The two common types of laser used in chemistry include pulsed laser 

and continuous laser, also used in the present study. 

Laser flash photolysis coupled with UV-Vis spectrophotometry is a powerful tool used to 

investigate fast physical and chemical processes involving intermediates (radicals and atoms 
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usually at very low concentrations in the system), such as kinetics over a wide range of time scales, 

from milliseconds to femtoseconds.275, 282  In 1967, the Noble Prize in Chemistry was awarded to 

Porter and Norrish for their discovery in 1949,283 and later another one was awarded to Ahmed 

Zewail in 1999 for the development of femtosecond spectroscopy.284   

The LFP-LLPA (Figure 3.6) applied in the study uses a combination of an excimer laser 

(pulsed) and a continuous wave laser.  

An excimer laser is a gas laser that produces pulses in the UV region using a combination of 

a noble gas (Ar, Kr, or Xe) and a reactive gas (F2 or Cl2), forming rare gas halides that are 

chemically inert.285 Under the appropriate conditions of high pressure and the application of 

intense electric discharge, the formation of a highly excited diatomic molecule known as excimer 

occurs. Excimer exists only in an energized state for an approximate lifetime in nanoseconds (ns) 

range and undergoes decay giving rise to the short pulse of the light of a specific wavelength (Table 

3.2), with pulse widths below up to 10 ns (reaction R3.1, and R3.2) 

A + B → AB*       (R3.1) 

AB* → A + B + hυ      (R3.2) 

The mandatory requirement to study fast or ultrafast reactions is that the pulse width must be 

much shorter than the half-time of the chemical reaction studied. The most significant 

disadvantage of UV laser systems is their fixed wavelengths. That precludes studying systems 

containing the compounds absorbing in different ranges. Therefore, for each chemical system 

containing inorganic or organic reactant, a particular wavelength laser system is employed as in 

the present work, where three different radical kinetics (•OH, SO4
•−, and NO3

•) with GLVs were 

investigated. 

Depending on the orientation of singly occupied p orbital of a halogen atom, the interaction 

between rare gas atom and halogen atom gives rise to the states 1 2Σ+ and 1 2Π. They are further 

split into various states due to charge transfer interaction and spin-orbit splitting such as A, B, C 

and X, of which essential laser transitions are B-X, and C-A described below in Table 3.2. XeCl 

provides laser emission at 308 nm with a 0.3 nm spectral width and a pulse width of about 10 ns. 
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Table 3.2. Summary of the different types of rare gas-halide excimer lasers along with 
their wavelength and transition (B-X, and C-A) lifetimes (taken from Hutchinson et al. 
1987)285. The values in green bold correspond to the excimer lasers used in this work. 

  F  Cl  Br  I  

  λ, nm τ, ns λ, nm τ, ns λ, nm τ, ns λ, nm τ, ns 

Xe B-X 351 12 − 19 308 11 282 12 253 12 

 C-A 490 93, 113 350 120 302 120 263 110 

Kr B-X 248 6.5 − 9 222  206    

 C-A 275 63       

Ar B-X 193 4.2 175      

 C-A 203 48 199      

Ne B-X 108 2.6       

 C-A 117 38       

Continuous-wave (CW) lasers produce a continuous wave with a steady output power over a 

long time. Different materials, such as gas, semiconductors, or crystals are used to accomplish CW 

lasers. Stimulated emission and amplifications are achieved with a cavity consisting of an active 

and gain medium continuously replenished by a steady pump source. The cavity can be made up 

of doped crystal (solid-state laser), gas (He-Ne laser), or semiconductor P-N junction (diode 

lasers). In this work, three different CW diode lasers were used: 1) LSR 407 nm, Coherent, blue-

violet laser; 2) 473 nm CW laser LasNova Series 40 blue, LASOS; 3) 635 nm red CW laser, 

Radius, Coherent.  

More details of the physics behind lasers are beyond the scope of this work and are 

summarized elsewhere.280, 285-289 

3.2.2.1. Kinetic Experiments – operation principles 

I deployed the LFP-LLPA (Figure 3.6) to measure the rate constants of the aqueous-phase 

radical-mediated oxidation of selected GLVs. A detailed description of the setup is provided 

elsewhere.273, 290-295 

The LFP-LLPA method applied is similar to that used by Schöne et al. and Otto et al.296, 297  

In brief, a freshly prepared aqueous solution containing a given GLV and a radical precursor was 

transferred into the solution tank. The solution flowed down through the measurement cell (4 cm 

× 3.5 cm × 2 cm) thermostatted with a water thermostat (Julabo or S LAUDA). The radical 

precursors' photolysis occurred in the measurement cell by excimer laser (COMPEX 201 series) 
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pulses of µs width triggered at 4 Hz (DG535 Digital Delay Generator, Standford Research 

Systems). A continuous-wave (CW) laser measured the radicals' light absorption after passing the 

beam several times across the cell by a White mirror setup. The signal's final intensity was 

measured with a photodiode and recorded with an oscilloscope (Data SYS 944, Gould) and a 

computer for further data processing to obtain a second-order rate constant k2nd of the reaction. 

More details of the setup configuration for each set of kinetics observed are provided in Section 

3.3.1. 

 

Figure 3.6. The Laser Flash Photolysis-Laser Long Path Absorption (LFP-LLPA) setup used 

for the kinetic investigations.298 

3.2.3. Photooxidation experiments – operation principles 

The 300 mL glass photoreactor was used to perform GLVs photooxidation product studies in 

the presence of •OH radicals, similar to the study of Otto et al. 2017.290 The reactor was connected 

to a thermostat unit (Julabo F10 and Julabo HC) to maintain a constant temperature of 298 K and 

was placed on a magnetic stirrer (IKA® RH basic 2). The reactor was sealed and the light was 

switched on to irradiate the solution through a quartz window. Figure 3.7 shows the reactor setup. 
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Figure 3.7. The photooxidation reaction setup used for the photooxidation products analysis 

at TROPOS. 

The LOT Quantum Design solar simulator (LSO805) with an arc light source (LSH602) was 

used to photolyze H2O2 and produce •OH radicals. The lamp housing consisted of a 450 W O3 free 

xenon lamp (LSB551), lamp adapter (LSA655), ignitor (LSE641), cable set (LSE662), LSN655 

power supply, an optical system including filter holder, electromechanical shutter (LSZ 160), and 

90° beam turner with AlMgF2 coated mirror. The light passed through an AM1.5 filter to mimic 

the daylight conditions, which allowed only light above 290 nm wavelength. That helped to avoid 

any short-wavelength photolysis of the species in the reactor. 

3.2.4. Hyphenated mass spectrometry  

3.2.4.1. Capillary gas chromatography-mass spectrometry (cGC-MS) 

The capillary gas chromatography-mass spectrometry is a combination of two analytical 

techniques. The gas chromatography (GC) uses the ability of the inert carrier gas phase to separate 

volatile mixtures based on their partitioning capabilities between the mobile (gas) and stationary 

phases as they travel down a capillary column placed within a temperature-controlled oven.     

When interfaced to a mass spectrometer (MS), the separated volatiles are transferred to a MS, 

where they are ionized and detected separately in the form of ions based on their mass-to-charge 

(m/z) ratio (Figure 3.8).299-301 The cGC-MS technique is perfect for analyzing, detecting, and 

quantifying hundreds of low molecular weight analytes. The analytes must have sufficiently high 
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partial pressures and thermal stability. That condition often requires chemical derivatization of 

analytes prior analysis, particularly regarding SOA-targeted analysis.203, 302-304 

 

Figure 3.8. Schematic representation of the basic cGC-MS system. 

The sample is extracted by a suitable organic solvent and injected into the GC inlet of the GC-

MS setup. The inlet is heated to vaporize the sample and transfer it onto the capillary column by a 

carrier gas, usually He. Based on the interaction of the analyte's mixture with a carrier gas and a 

coating in the capillary column, the mixture components become separated and elute off the 

column at different retention times. The outflow of the column is connected via a heated transfer 

line to the ion source of the MS, where the compounds are ionized for detection.299, 305 Figure 3.9 

shows the cGC-EI-MS used in my Ph.D. 
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Figure 3.9. Two different Agilent Capillary Gas Chromatography-Electron Ionization Single 

Quadrupole Mass Spectrometers (cGC-EI/MS) used in my study. 

The two most suitable methods for ion formation include electron ionization (EI) and chemical 

ionization (CI).306, 307 In the EI, a high-energy beam of electrons (up to 70 eV) knocks off one 

electron from the analyte molecule resulting in the formation of the molecular ion (M+.). The latter 

is identified in a resulting mass spectrum based on the molecular mass equal to that of the parent 

compound. Besides, a large amount of energy imparted during the ionization breaks the molecule 

into several charged species (fragments), which depend on the molecule structure, and are 

identified in the mass spectrum as its fingerprints. In contrast, the CI belongs to soft ionization 

techniques and produces far fewer fragments, thereby increasing the abundance of the molecular 

mass-reflecting ions. It uses a suitable reagent gas, such as methane (CH4), which is first ionized 

to create primary ions, e.g., CH5
+, acting as proton donors to the analyte. These donors are sheer 

Brønstad acids, and thus can shift a proton to the analyte to afford [M+H]+ adduct ions.308           

These two ionization modes often complement each other for better structure elucidation.  

The ions formed in the ion source are then transferred into the mass analyzer by an electric 

field, and are separated based on their m/z values. The most common analyzers used in cGC-MS 

are quadrupoles and ion traps. The separated ions are transferred to a detector, where their m/z 

values and abundance are recorded to form a mass spectrum.309, 310 

3.2.4.2. Liquid chromatography-mass spectrometry (LC-MS) 

LC-MS is alternatively denoted as HPLC-MS or UHPLC-MS. In liquid chromatography (LC), 

a sample is directly injected onto the column, where it undergoes the separation based on different 

affinities of its components towards the mobile (solvent) and stationary phases.311-313 In contrast 

a) b) 
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to GC, LC is perfectly designed and developed for thermally labile and polar analytes.314 The LC 

column is usually made of of stainless steel, packed with stationary-phase particles of a size 

ranging from 2 to10 µm. In the early instruments, high pressures up to 500 psi were applied to 

force the samples through columns, so the name high-pressure LC (HPLC) was used.315, 316 When 

columns, which could withstand pressure up to 6000 psi were developed, the name changed to 

high-performance liquid chromatography but the HPLC acronym remained. In the early XXIst 

century, technological advancement brought columns made of even smaller particles (< 1.3 µm) 

and withstanding pressure higher than 15000 psi. They provide greater sensitivity and speed of 

analyses, creating the category of ultra-performance liquid chromatography (UPLC). The LC 

separation techniques divide into two categories based on the mobile and stationary phases' 

polarities. Initially, the developed chromatographic technique by Mikhail Tswett used a polar 

stationary phase column and a non-polar solvent as a mobile phase, hereafter regarded as normal 

phase-LC (NP-LC). The other system is reversed phase-LC (RP-LC) and utilizes a non-polar 

stationary phase and a polar mobile phase. The reversed-phase LC is the most widely used liquid 

chromatography due to its high reproducibility to many biomolecules and polar analytes of 

environmental origin. The most commonly used columns in the normal phase chromatography 

have silica beds, whereas in the case of the reversed-phase chromatography –silica ends up with 

octadecylsilyl or C-18 residues. The Hydrophilic-Interaction Liquid Chromatography (HILIC) is 

a normal phase chromatography with the polarity of the mobile non-polar organic phase slightly 

increased to facilitate the elution of polar molecules that hold firmly to the stationary phase.         

The Hydrophobic-Interaction Chromatography (HIC), is a reversed-phase chromatography with a 

moderately hydrophobic stationary phase, such as C-4 groups, used to separate large biomolecules.  

The working principle and operation of the mass spectrometer hyphenated to LC remain the 

same as in the case of GC-MS. Due to the incompatibility of the existing ion sources with the 

liquid samples flowing out of the column, new ionization sources and transferlines were 

developed. The electrospray ionization (ESI) developed in the 1980s by Fenn and co-workers and 

matrix-assisted laser desorption ionization (MALDI) by Tanaka and co-workers were awarded the 

2002 Noble Prize in Chemistry.317-319 The main types of ion sources (ESI, APCI, and APPI)313 and 

analyzers interfaced to LC are briefly discussed below. 
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3.2.4.1.1. Ion sources 

1. Electrospray Ionization (ESI). In ESI, liquid samples are nebulized at the tip of the steel 

capillary maintained at 3 to 5 kV, and sprayed in the form of charged droplets.                 

These droplets are desolvated with the heat under a dry N2 curtain and shrink to form ionic 

plasma. Under such conditions, positive (or negative) charged ions form. These ions pass 

to a MS for further processing.320 Unlike the EI, electrospray is a soft ionization technique. 

Depending on the acidity and structure, the analyte pops up as singly charged ions, i.e., 

[M+H]+ or [M-H]-, respectively, depending on the ionization mode. The adduct formation 

may also occur in presence of salts giving rise to [M+Na]+, [M+K]+, [M+NH4]+, 

[M+formate]−, or [M+acetate]− ions.  

2. Atmospheric Pressure Chemical Ionization (APCI). In the APCI, first in the proximity 

of a capillary tip, a corona discharge turns solvent molecules into charged plasma, which 

later reacts with the analyte via the charge or electron transfer to form singly charged ions, 

mainly [M+H]+.321-323The APCI is more beneficial for more apolar analytes, which are 

resistant to the ESI ionization.  

3. Atmospheric Pressure Photoionization (APPI). The APCI is the youngest of all soft 

ionization techniques. It is handy for compounds, which are not susceptible to ESI and 

APCI ionization, e.g., polyaromatic hydrocarbons. Here, light energy turns the solvent into 

primary ionic plasma, which interacts with the analyte to form adduct ions.324-326 

3.2.4.1.2. Mass analyzers 

Despite tremendous efforts, no mass analyzer developed so far is perfect.327 A detailed 

overview of the issue is provided elsewhere.310, 328-330 The basic mass analyzers, and their 

principles of operation are summarized in Table 3.3. The following subsections discuss briefly the 

analyzers relevant to this Ph.D.  
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Table 3.3. Key mass analyzers used in the modern mass spectrometry.327, 328 

Mass analyzer Acronyms Principle of action 
Time-of-flight TOF Ion velocity (flight time of ions) 

Magnetic sector B Momentum 

Quadrupole Q Trajectory stability 

Ion-trap IT Resonance frequency 

Fourier transform-ion  

cyclotron resonance 

FT-ICR Resonance frequency 

Orbitrap Orbitrap Resonance frequency 

Hybrid analyzers e.g., Q-TOF  

 

1. Time-of-flight (TOF) analyzer. Developed in 1946 by Stephens,331 and commercialized 

in the 1950s,332-334 the TOF analyzer disperses ions of different m/z, after their initial 

acceleration by a high voltage electrical field. The ions with the same kinetic energies are 

expelled in pulses. Therefore, the total time-of-flight of ions in the field-free region 

depends on their m/z, which helps to separate them and record the mass spectrum.318, 327, 

328 TOF analyzers are more popular with LC-MS technique as they provide highly accurate 

mass data with high sensitivity, even for ions from small molecules.335 

2. Quadrupole analyzers. The discovery of mass-analyzing properties of quadrupoles led 

Wolfgang Paul to Noble-Prize in the 1960s, and later to the development of quadrupole 

mass filters.336-338 They have advantages, such as high transmission, compactness, low 

voltages for ion acceleration, and fast scanning. Therefore, these instruments are popular 

in GC-MS technology and low resolution LC-MS.327 A quadrupole consists of four parallel 

hyperbolic-shaped metal rods. A pair of opposite rods are held at the same potential 

combining constant and varying voltages with time. Based on the stability of ion 

trajectories in the oscillating electric field, ions are transmitted and separated based on their 

m/z ratios.327, 328 In modern MS, Quadrupole filters are often combined into a series of three 

consecutive units, regarded as a triple-quadrupole mass analyzer. Providing that first (Q1) 

and third (Q3) quadruoples scan masses of parent and fragment ions, respectively, and the 

middle one (Q2) acts as a collision cell to fragment the parent ions, such a technique will 

be advantageous to conduct thorough fragmentation studies. That technique is often called 
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a tandem MS and helps to quantify analytes in complex matrices, e.g., atmospheric 

aerosol.11  

3. Orbitrap analyzers. The Orbitrap mass analyzer is a relatively novel type of ion trap 

analyzer developed based on Kingdon trap339 by Makarov and co-workers and hereafter 

commercialized by Thermo company under the brand name OrbitrapTM. It uses  back and 

forth motion of ions along a central electrode using a static electric field. Orbitrap combines 

the quadrupole ion trap's quadrupole field with the cylindrical capacitor's logarithmic 

field.327, 328, 340-343 Figure 3.10 presents the Orbitrap analyzer, and Figure 3.11 the Orbitrap 

MS used in this thesis. 

 
Figure 3.10 Thermo Fisher Orbitrap™ mass analyzer – a cutaway view with ions spiraling 

around a central spindle-shaped electrode. (taken from )327, 342 

 
Figure 3.11. Thermo UHPLC+-Q-EXCATIVE High Resolution Orbitrap MS used during my 

laboratory work. 
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3.2.4.3. Mass spectrometry in atmospheric chemistry 

Mass spectrometry is a more than a century-old technique since its invention by Thomson in 

1910. Nevertheless, the innovations and applications in MS for extracting more information in 

science are still in progress and undergoing continuous evolution.11, 344 Atmospheric chemistry is 

one field that relies on a tremendous amount of analytical information from MS. Given the high 

complexity in the chemical composition of the atmospheric organic aerosol,24 MS (offline and 

online), with its high sensitivity and molecular specificity, serves as one of the most reliable and 

crucial analytical tools to unravel the complex chemistry behind.345 Even with the low atmospheric 

concentrations of individual compounds (ranging from pg m-3 to ng m-3), hyphenated MS, such as 

cGC-MS and rpLC-MS, can provide the accurate elemental composition with low detection limits, 

using high-resolution capacity. The tandem MS (i.e., MS/MS) also aids in solidifying structural 

information of the unknown analytes.345 The MS appeared as an ideal technique for the molecular 

characterization of atmospheric aerosol and the identification and quantification of intermediates 

and products arising from the tropospheric aqueous-phase oxidation of GLVs by atmospheric 

radicals, such as •OH within the present Ph.D. thesis. The cGC-MS and rpLC-MS are considered 

state-of-the-art analytical techniques. However, they bear significant limitations in the molecular 

characterization and quantification of atmospheric aerosol and their sources.345 To circumvent the 

problem, 2-D GC with TOF-MS and thermal desorption GC-MS (TAG) were also used.346-351      

The rpLC-MS is now often used to complement the findings from cGC-MS in atmospheric 

chemistry. Polar (e.g., organosulfates), non-volatile, thermally labile compounds and some other 

compounds are not amenable with cGC-MS even after derivatization. Therefore, they are 

characterized using rpLC-MS owing to its higher separation efficiency and sensitivity.345, 352-357 

Other than rpLC-ESI/MS, desorption electrospray ionization (DESI), and nano-DESI have been 

also employed to improve the chemical characterization of atmospheric aerosol samples.358-361 

Based on the American Society for Mass Spectrometry (ASMS) standards, it was accepted 

that only accurate mass data corresponding to the single molecular formula are reliable in the 

structural elucidation of the unknown structure. High-resolution MS can provide the molecular 

formulas of compounds only up to 300 – 350 g mol-1.24 Therefore, for firm structural identification, 

additional complementary information is required from other techniques, such as tandem MS and 

NMR. In general, the problem is still a big challenge in atmospheric analytical chemistry.11, 362 

Many recent reviews have compared analytical techniques, and their capabilities for the use in 
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atmospheric chemistry.11, 308, 363-366 Seldom, the complete identification of all organic compounds 

present in the aerosol samples is possible. The partial knowledge of the organic compounds present 

may resolve numerous problems and save time. Therefore, the separation techniques, such as 

chromatography along with high-resolution mass spectrometry (HRMS), is often employed as an 

alternative to the synthesis of authentic standards in atmospheric chemistry.11   

Figure 3.12 by Noziere et al.11 summarizes the I factor for techniques used in atmospheric 

chemistry to identify and quantify organic aerosol samples. The I factor is the possible number of 

matching molecules with the requested information or measured by an analytical technique 

specified. The lower the I factor, the more efficient is the analytical approach in structure 

elucidation of the organic compounds. The coupling of two techniques often decreases the I factor, 

like the hyphenated mass spectrometry techniques used along with chromatography (highlighted 

in blue). 

 

Figure 3.12. Comparison of analytical techniques used for the characterization of atmospheric 

aerosol samples as a function of I factor. (permission taken from Noziere et al.)11  

Hallquist et al.12 classified the SOA quantification and chemical characterization techniques 

into three major categories: indirect methods, offline techniques, and online techniques.                    

The indirect methods can only characterize the total SOA mass. Offline techniques use highly 

sophisticated instruments, such as cGC-MS and rpLC-MS, that can provide detailed informationon 

the  functional groups and chemical composition of aerosol sample. However, their main drawback 

is the extensive sampling time. Online techniques, such as aerosol mass spectrometry (AMS), 
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provide only specific information on bulk chemical composition, but the acquisition time 

corresponds to real-time monitoring mode. Figure 3.13 compares the efficiency of hitherto 

available techniques regarding the percent of a mass analyzed vs. the chemical and time/size 

resolution. 

 

Figure 3.13. 3-D representation of the analical efficiency of available techniques for organic 

aerosol analysis. (taken and adapted from Hallquist et al. distributed under the Creative 

Commons Attribution 3.0 License)12 

3.3  Experimental methodology 

3.3.1. Kinetic studies 

The basics of the LFP-LLPA setup used to determine the second-order rate constant (k2nd) is 

provided in Section 3.2.2. Here, only the LFP-LLPA configuration is discussed, required to 

observe the kinetics of GLVs (1-penten-3-ol, (Z)-2-hexen-1-ol, and (E)-2-hexen-1-al) with all 

three individual radicals. All measurements were carried out at constant temperature (278 K – 318 

K), and at pH= 7, as the GLVs (Chapter 5, Scheme 5.1) do not undergo ion speciation. The initial 

concentrations of the GLVs and radical precursors in the experiments are provided in Table 3.4. 
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The UV spectra recorded and molar absorption coefficients obtained and used within this study 

are presented in Chapter 4, respectively. 

Table 3.4. Initial concentrations of reactants (mM) in the kinetic experiments with GLVs.  
  SO4•−  •OH NO3• 

GLV [GLV] Na2S2O8 H2O2 KSCN NaNO3 Na2S2O8 

1-penten-3-ol 0.005 – 0.2 0.5 0.2 0.02 100 30 

(Z)-2-hexen-1-ol 0.01 – 0.2 0.5 0.2 0.02 100 30 

(E)-2-hexen-1-al 0.0025 – 0.2 5.0 10 0.20 100 30 

The determination of rate constants of 1-penten-3-ol (PENTOL), and (Z)-2-hexen-1-ol 

(HEXOL) reactions with •OH and SO4
•- radicals involved excimer laser of 248 nm to generate 

radicals via photolysis of radical precursors and violet-blue CW laser of 407 nm to follow the 

radical concentrations. The third GLV, i.e., (E)-2-hexen-1-al (HEXAL) has a strong absorption 

band at 248 nm (248 nm= 1722.1 L mol-1 cm-1, Chapter 4), and hence, it can easily undergo 

photolysis at this wavelength. Therefore, another 308 nm excimer laser (308 nm (HEXAL)=           

51.8 L mol-1 cm-1, Chapter 4) and blue 473 nm CW laser were used to determine the rate constants 

for HEXAL reactions with •OH and SO4
•- radicals. A blue 473 nm CW laser secured sufficient 

light absorption as the radical concentration obtained with the 308 nm laser was lower than with 

the   248 nm excimer laser. A typical absorbance vs. time trace obtained in the LFP-LLPA 

experiments is provided in Figure 3.14. The NO3
• radical kinetics was analyzed using a 351 nm 

excimer laser and red 635 nm CW laser for all GLVs. The setup details and configuration are 

provided in Table 3.5.  
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Figure 3.14. Typical absorbance–time trace observed in LFP-LLPA experiments shows the 

formation and decay of sulfate radicals in the irradiated aqueous solution of Na2S2O8 (0.5 mM) 

and 1-penten-3-ol (0.1 mM) at 298.  

Table 3.5. Used LFP-LLPA setup configuration for different radical generation and 
measurement.  

Radical GLV Radical 

precursor 

Excimer 

laser 

Continuous-wave 

laser 

Total path 

length 

   , nm , nm cm 

SO4•- 1-penten-3-ol  

Na2S2O8 

248 407 32 

(Z)-2-hexen-1-ol 248 407 

(E)-2-hexen-1-al 308 473 

•OH 1-penten-3-ol  

H2O2 

248 407 32 

(Z)-2-hexen-1-ol 248 407 

(E)-2-hexen-1-al 308 473 

NO3• 1-penten-3-ol  

NaNO3 

 

351 

 

635 

 

128 (Z)-2-hexen-1-ol 

(E)-2-hexen-1-al 
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3.3.1.1. SO4•− kinetics  

The reactions between GLVs and SO4
•- radical-anions were initiated by photo-dissociating 

S2O8
2− ions into SO4

•− radicals in aqueous solutions containing Na2S2O8 and GLV. Eight separate 

irradiations were recorded and averaged to produce one intensity vs. time plot (Figure 5.1).          

The intensity was then converted to the SO4
•−  concentration, using the molar extinction 

coefficients (407 nm= 1260 L mol-1 cm-1 and 473 nm= 1389 L mol-1 cm-1).367 Each concentration vs. 

time plot had a linear fragment that was used to determine a pseudo-first-order rate constant (k1st) 

for the reaction. The pseudo-first-order rate constants were obtained for various initial GLV 

concentrations. The reaction second-order rate constant (k2nd) was determined by plotting the 

pseudo-first-order rate constants against the GLV initial concentrations.296, 297 

3.3.1.2.  •OH kinetics 

Direct following of the •OH radicals concentration is difficult due to the weak light absorption 

and overlapping spectra of •OH with other organics and peroxy radicals present in the solution.367-

369 Therefore, the method of competition kinetics370 was used to analyze the •OH radical reaction 

kinetics, where photolysis of H2O2 at 248 nm or 308 nm (Table 3.5) produced •OH radicals and 

KSCN acted as a reference compound. Reactions (R3.3 – R3.7) explain the chemistry involved 

that includes the formation of strongly-absorbing dithiocyanate radical-anion ((SCN)2
•–) at 400 – 

550 nm.367 The reaction (R3.7) is the sink for (SCN)2
•– radical anion:  

                                                 •OH + GLV →   Products     (R3.3) 

                                                                           •OH + SCN– ⇋ SCNOH•-                            (R3.4) 

                                 SCNOH•– ⇋ SCN• + –OH     (R3.5) 

                                 SCN• + SCN– ⇋ (SCN)2
•-                     (R3.6) 

                                              (SCN)2
•- →(SCN)2

 + 2SCN–                                                                             (R3.7) 

The absorbance of the radical anion in the solution was measured using a CW laser at 407 nm 

and 473 nm (Table 3.5). The k2nd of the reaction (GLV + •OH) was calculated using equations 

(3.4) and (3.5) from Schaefer and Herrmann295 and Zhu et al. 371, respectively. 
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𝐴[(SCN)2
−]0

𝐴[(SCN)2
−]𝑋

=
𝑘2𝑛𝑑[GLV]

𝑘𝑟𝑒𝑓[SCN−]
+ 1       (3.4) 

𝑘𝑟𝑒𝑓(𝑇) = 𝑒(28.87)−1690/𝑇𝐿 𝑚𝑜𝑙−1𝑠−1      (3.5) 

where: 𝐴[(𝑆𝐶𝑁)2
−]0

is the absorbance of (SCN)2
•– in the absence of GLV, 𝐴[(𝑆𝐶𝑁)2

−]𝑋
 is the absorbance 

of (SCN)2
•– in the presence of GLV at the concentration X in the reaction solution, kref is the rate 

constant for reaction (R3.2). PENTOL, HEXOL, and HEXAL absorb UV light at both excimer 

laser wavelengths (248 nm and 308 nm, Table 5.3). Thus, they act as an internal filters and reduce 

the initial concentration of •OH determined in the experiments. Therefore, the internal-filter 

correction was introduced for 𝐴[(𝑆𝐶𝑁)2
−]0

 in equation (3.4) for each GLV and at all temperatures 

using the procedure described by Schaefer and Herrmann.295 The correction factor for the initial 

•OH concentrations was < 0.05% for PENTOL, 0.2 – 0.9% for HEXOL, and 1 – 3% for HEXAL 

(Table 3.6). 

Table 3.6. Change in the initial •OH concentrations due to a GLV as an internal filter of 
the UV light.  

Experiment [GLV] [OH]0 change, % 

 10-4 L mol-1 1-penten-3-ol  
at 248 nm 

(Z)-2-hexen-1-ol  
at 248 nm 

(E)-2-hexen-1-al  
at 308 nm 

I 0.5 0.01 0.23 0.87 

II 1.0 0.02 0.45 1.74 

III 1.5 0.03 0.68 2.59 

IV 2.0 0.03 0.90 3.44 

3.3.1.3. NO3• kinetics  

The reaction between GLV and NO3
• radicals was initiated with photolysis of an aqueous 

solution (NaNO3, Na2S2O8, and a GLV) to produce NO3
• radicals via reactions (R3.8) and 

(R3.9)290, 296, 372 in the measurement cell, using 351 nm excimer laser. A red diode CW laser        

(635 nm) measured the light absorbance by NO3
•, then converted to the concentrations using the 

molar extinction coefficient (635 nm = 1120 M-1 cm-1)373. The processing of intensity-time traces 

was done using the same method as described for SO4
•- kinetics to obtain the k2nd (GLV + NO3

•). 
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S2O8
2– + h → SO4

•– + SO4
•–      (R3.8) 

NO3
– + SO4

•– → NO3
• + SO4

2–      (R3.9) 

The experimental uncertainty of k2nd, was calculated as standard deviation multiplied by the 

Student's t-factor taken at the 95% confidence level. Each k2nd resulted from at least 40 traces for 

each GLV concentration, with eight replicates yielding a single trace. At least five different GLV 

concentrations were considered. 

3.3.1.4. Diffusion limitations of rate constants 

When the k2nd for the observed radical reactions is of the order 109 L mol-1 s-1 or higher, the 

reaction kinetics can be partially controlled by diffusion of the reactants in solution. Therefore, the 

rate constants from LFP-LLPA experiments (kobs) were corrected for diffusional limitations to the 

true rate constants (kreac) using a simple resistance-in-series approach374 (equation 3.6) with the 

diffusion rate constant calculated using the Smoluchowski equation (3.7)375: 

𝑘𝑜𝑏𝑠
−1 = 𝑘𝑟𝑒𝑎𝑐

−1 + 𝑘𝑑𝑖𝑓𝑓
−1       (3.6) 

𝑘𝑑𝑖𝑓𝑓 = 4 × 103𝜋𝑁𝐴(𝐷𝐴 + 𝐷𝐵)(𝑟𝐴 + 𝑟𝐵)     (3.7) 

where: all k are the second-order rate constants (L mol-1 s-1), DA and DB (m2 s-1) are the diffusion 

coefficients of reactants A and B (m2 s-1), rA and rB (m) are reaction radii of the reactants A and B 

(m), and NA is the Avogadro number.  

The Stoke-Einstein relationship modified by Wilke and Chang376 was used to calculate the 

diffusion coefficients (equation 3.8):  

𝐷 = 7.4 × 10−12 (𝑋𝑀)0.5𝑇

𝑉𝑚
0.6𝜂

       (3.8) 

where: X is the solvent association parameter (2.26 for water), 𝑀 is the molar mass of a diffusing 

compound, cm3 mol-1, T is the absolute temperature in K, Vm is the molar volume of a diffusing 

compound7, η is the dynamic viscosity of the solvent, mPa or 0.01 g cm-1 s-1 (0.8891 mPa for water 

at 298 K). Molar volumes for reactants are given in Table 3.7. 

The reaction radii of the reacting compounds were calculated using the procedure of Kojima 

and Bard 1975 (equation 3.9):377 
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𝑟 = √
3×𝑉𝑚

4×𝜋×𝑁𝐴
 

3                                                          (3.9) 

The radical radii were adopted from Buxton et al., 1988 (•OH),9 378and Nightingale et al., 1959 

(SO4
•ꟷ and NO3

•).379 The radical molar volumes were adopted from Schöne et al. 2014,297 whereas 

the molar volumes of the organic compounds were calculated using Tyn and Claus method (1975) 

given in equation (3.10)380 and critical volume described by Joback and Reid, 1987 (equation 

3.11)381 at the boiling point. The final molar volume at measurement temperatures were obtained 

using the ideal gas approach (Vm/T= constant). 

                                               𝑉𝑚 = 0.285 × V𝐶
1.048                                                              (3.10) 

                                               𝑉𝐶 = 17.5 + ∑∆V                                                                   (3.11) 

Table 3.7. Properties of reacting molecules.  

Molecule Vm r D (at 298 K) 

 cm3 mol-1 nm 10-9 m2 s-1 

SO4•- 61.5a 0.29a 1.30 

•OH 26.9a 0.22a 2.20 

NO3• 46.4a 0.264a 1.54 

1-penten-3-ol 89.4b 0.329 1.06 

(Z)-2-hexen-1-ol 95.2b 0.335 1.03 

(E)-2-hexen-1-al 99.2b 0.340 1.00 
a Schöne et al.

297
; b Estimated using Joback method.

381 

3.3.2. Product study experiments and analytical protocols 

This section concerns the experimental methods used to produce the results in Chapter 7.      

The chemicals used are listed in Section 3.1, while in Section 3.2.3 the basic details of the 

experimental setup (Figure 3.7) and characterization techniques are provided. This section 

provides the specific details of the method used during the mechanistic investigation.  
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3.3.2.1. Mechanistic investigation 

For investigating the photooxidation products of the reaction between GLVs and •OH radicals, 

an aqueous solution of total volume 300 mL containing a GLV (1 × 10-4 M) and H2O2 (5 × 10-3 M) 

was irradiated using a UV lamp in the reactor (Figure 3.7) for 6 hours. Solution aliquots were taken 

out from the reactor into two separate vials every 15 min for the first 3 h, and every 30 min for the 

next 3 h, for GC-MS and LC-MS analyses. Table 3.8 describes the details of the experiments.     

The sample preparation, analyses, and methods are similar to that used by Otto et al.290, 382             

The carbonyl targeted GC-MS analysis to identify and quantify carbonyl based oxidation products, 

and HEXAL substrate decay utilized the method developed by Rodigast et al. 2015383 (Section 

3.3.2.3). Another GC-MS method was developed and used to follow the decay of the other two 

GLVs (PENTOL, and HEXOL) and screen for other possible alcohol products (Section 3.3.2.4). 

Besides, the LC-MS analysis was used to quantify GLVs (HEXOL and HEXAL), screen for other 

possible unsaturated carbonyls, alcohols, and carboxylic acid, and to compare the results with the 

GC-MS results (Section 3.3.2.2). 

Table 3.8. Set-up configuration and reactant concentration details for the GLV-OH 
photooxidation experiments carried out at 298 K. 

S. No. GLV Type of experiment UV light [GLV], M [H2O2], M *Repetition 
sets, n 

1  

PENTOL 

Dark oxidation H2O2 No 1×10-4  5×10-3 1 

2 Photolysis Yes 1×10-4 - 1 

3 Oxidation •OH  Yes 1×10-4 5×10-3 2 

4  

HEXOL 

Dark oxidation H2O2 No 1×10-4 5×10-3 1 

5 Photolysis Yes 1×10-4 - 1 

6 Oxidation •OH  Yes 1×10-4 5×10-3 2 

7  

HEXAL 

Dark oxidation H2O2 No 1×10-4 5×10-3 1 

8 Photolysis Yes 1×10-4 - 1 

9 Oxidation •OH  Yes 1×10-4 5×10-3 2 

*Total duration of one experiment set was always 6 hours. 
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3.3.2.2. UPLC analyses 

To quantify HEXOL, and HEXAL and identify other possible oxidation and accretion 

products, such as carboxylic acids in the reaction samples, an ultra-high performance liquid 

chromatography system (UHPLC+) coupled to a Q-Exactive PL4US Hybrid Quadrupole-Orbitrap 

mass spectrometer  (UHPLC-UV/PDA-HESI/MS) was used (Figure 3.11). To the 500 µL aliquot 

taken from the reactor in an LC vial, firstly 25 µL of catalase solution (γ = 5 mg mL-1) was added 

to avoid dark oxidation by excess H2O2 in the sample, followed by the addition of 500 µL 

acetonitrile (ACN). All these pre-processed samples were stored in LC vials at -25°C until further 

LC-MS analysis. The calibration standards in the range of 1 × 10-6 to 1 × 10-4 mol L-1 were prepared 

using the same protocol as described above to quantify HEXOL and HEXAL. The UHPLC+ 

instrument was equipped with a Vanquish HSS T3 column (1.8 µm, 100 × 2.1 mm) and was 

operated with eluent A (0.1 % formic acid in water) and eluent B (0.1 % formic acid in acetonitrile) 

with a total flow of 300 µl min-1 at 40 °C. 10 µL of the sample were injected, and the elution 

program was: 1 min 95% eluent A/5% eluent B followed by a linear gradient down to 2 % eluent 

A/98% eluent B within 18 min followed by flushing to the starting conditions in 3 min at the end. 

The heated electrospray ionization source (HESI) operated with the following parameters: 2.5 kV 

spray voltage, sheath gas flow of 50, the auxiliary gas flow of 10, 280 °C capillary temperature, 

and 250 °C probe heater temperature. The samples were analyzed in both positive and negative 

ionization modes. Total ion chromatograms were recorded in the range of m/z 50 – 750 with the 

resolution of 140,000 at m/z 200. The mass axis calibration was performed using 2 × 10-3 mol L-1 

sodium acetate solution. The UV absorbance recorded with PDA detector and MS ion 

chromatograms were used to quantify GLVs and identify the possible aqueous oxidation products. 

3.3.2.3. Carbonyl-targeted cGC-MS analyses 

Carbonyl-targeted cGC-MS analysis of reaction samples is based on the method developed by 

Rodigast et al. 2015.383 An Agilent 7890 series GC system (G3440 B, Serial # CN17403021) 

coupled with Agilent 5977B MSD (G7079B, Serial # US1739D006), an Electron Ionisation 

Quadrupole Mass Spectrometer (EI-MS) (G7079B, Serial # US1739D006) and Agilent 

Technologies 7693 Autosampler, Made in USA was used (Figure 3.9.a). For separation, HP-5MS 
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UI Column (Agilent J&W GC columns 19091S-433, 30 m × 0.25 mm × 0.25 µm), was used with 

a GC inlet in splitless mode at 250 °C. The GC separation was performed with gas flow of 1.2 mL 

min-1, and inlet temperature program: 70 °C isothermal for 0.41 min, first increased to 325 °C and 

held for 0 min, followed by achieving 350 °C, where it was held constant for 10 min. The column 

temperature gradient used was as follows: 50 °C isothermal for first 2 min, followed by the rise at 

10 °C min-1 up to 210 °C, where it was held constant for 7 min. At the end, the temperature was 

held constant for 10 min at 320 °C.  

Samples taken from a reactor at specified intervals were stored in 2 ml vials. (ref. Section 

3.3.2.1). To each sample in vial, 100 µL of catalase solution (γ = 5 mg mL-1) was added to avoid 

dark oxidation by excess H2O2, followed by the addition of 100 µL of the internal standard 2,2,6,6-

cyclohexaone-d4 (1.01 × 10-4 M). After taking the last sample at 6th hour of reaction time, 200 µL 

of the derivatizing agent O-(2,3,4,5,6-pentafluorobenzyl) hydroxylamine hydrochloride (PFBHA, 

γ = 5 mg mL-1) was added to each sample for derivatization over 18 hours at 20 °C. For 

quantification, the calibration standards were prepared following the same protocol using (E)-2-

hexen-1-al, propionaldehyde (propanal), butyraldehyde (butanal), and 1-penten-3-one.                  

The derivatized samples were adjusted to pH = 1.0 ± 0.1 by adding 60 µL hydrochloric acid            

(37 wt %). The oxime derivatives formed in the samples were extracted by adding 200 µL of 2,2,4-

trimethylpentane or isooctane, and shaking with an orbital shaker for 30 min. A 1 µL portion of 

the isooctane layer containing the derivatized carbonyls was injected and analyzed with a gas 

chromatography system (Agilent 7890 B) with a multimode inlet coupled to an electron impact 

mass spectrometer (Agilent 5977B), cGC-MS.  

3.3.2.4. Alcohol-targeted cGC-MS analyses 

Alcohol-targeted cGC-MS analyses were carried using samples stored in LC vials (Section 

3.3.2.2). Unreacted PENTOL and HEXOL substrates in the reaction samples were quantified and 

screened for any alcohols formed in the reaction. A 500 µL part of each 1 mL sample was moved 

to an empty vial, 150 µL of dichloromethane (DCM) was added, and the mixture was shaken for 

30 min on the orbital shaker. The organic compounds containing alcohol functional groups were 

extracted with dichloromethane (DCM), using a method developed within the study.                        

The calibration standards for PENTOL and HEXOL were prepared using the same protocol in the 

concentration range of 1 × 10-4 to 1 × 10-6 M, and the calibration curves were prepared. Due to the 
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absence of any internal standards, for consistency and reliable results, calibration curve was 

obtained at the end of each sample run of 0 – 6 h (19 samples each run, Table 7.1, n= 8). An Agilent 

6890 A series GC system (G1530 A) coupled with Agilent 5973 N MSD, an Electron Ionisation 

Quadrupole Mass Spectrometer, and Agilent Technologies 7683 Autosampler, made in USA was 

used (Figure 3.9.b). GC separation was carried out using Phenomenex ZB-WAXplus (30 m × 0.25 

mm × 0.25 µm) column, and the inlet was operated at 140 °C in the splitless mode. The column 

temperature gradient was: 40 °C isothermal for 4 minutes and then elevated to 200 °C at 10 °C 

min-1, where it was held constant for 5 min and ended. The 1 µL of the organic layer was injected 

directly to analyze the DCM extracted GLVs compounds on a GC-MS system. The separation was 

performed on a Phenomenex ZB-WAXplus: flow 1.2 ml min-1, inlet temperature program: 140 °C 

isothermal, temperature program: 40 °C for 4 min, increased to 200 °C with 10 °C min-1, followed 

by a 5 min post-run at 230 °C. 

3.4 Theoretical and simulation methods 

3.4.1. COPASI 

Simulation of reaction kinetics and estimation of rate constant based on chemical kinetic 

models was performed using COPASI software. COPASI (COmplex PAthway SImulator) is a 

biochemical modeling and simulation software developed via an international collaboration 

between the Hoops Group at Biocomplexity Institute of Virginia Tech, Computational biology 

groups at the University of Heidelberg, and Mendes group at the University of Connecticut, UConn 

Health.384 It is freely available on the Internet (http://copasi.org/). It offers both the stochastic 

simulation algorithms and ordinary differential equation (ODE) solvers. It is easy to use and has a 

steep learning curve. The usage protocols are provided elswhere385-387. The basic principle and 

difference behind those two approaches provided by Mendes et al. are briefly discussed here.385 

The biochemical network is a set of chemical reactions that convert chemical species into each 

other and change their concentrations with time. Such simulations require prior knowledge of the 

reaction rates. The ordinary differential equation (ODE) models are considered the most popular 

means to describe the change in the concentrations of reactants and products. They are used for 

systems with large number of chemical species involved.  
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ODE represents the algebraic sum of the rate of reactions affecting the chemical species X, 

defined by equation 3.12. 

                                              𝑑𝑋

𝑑𝑡
= ∑ 𝑠𝑖𝑣𝑖𝑎𝑙𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠                                                               (3.12) 

where, si is defined as a stoichiometry coefficient representing a number of molecules of X 

consumed (−)/produced (+), and vi is the velocity defined by rate law of a reaction cycle i.          

These ODE-based models in COPASI were used in my Ph.D. work to simulate the dynamics of 

the chemical species concentration with time using their initial concentration values.  

The underlying principle of continuous concentrations behind the ODE models fails when the 

reaction system is governed by complicated rate laws or is diffusionally constrained. Under such 

conditions, the stochastic approach is recommended. Stochastic models are based on probability 

density functions (PDF) that describe a system in terms of individual molecules and reaction 

probability for each molecule. Thus, stochastic simulations are computationally intensive and 

time-consuming, and used for smaller systems. Gillespie developed the basics of stochastic 

simulation of chemical reaction systems. 388, 389 Single simulation runs provide a single 

probabilistic function, and thus the information provided is constrained.388-390 

3.4.1.1.Reaction kinetics modeling  

Within this work, the reaction rate constants were estimated using COPASI 384 evolutionary 

programming method (number of generations 200, population size 20), while reaction time course 

simulations were performed using the deterministic ordinary differential equation solver 

(LSODA).384, 391, 392 The chemical-kinetic model applied and simulation results are discussed in 

Chapter 6. 

3.4.2. Density functional theory calculations 

The computational investigation with the density functional theory (DFT) was performed 

using an ORCA 5.0 programs.393  The calculations utilized hybrid B3LYP functional394-397 

augmented with the Grimme's dispersion correction (D3BJ).398, 399 In all cases, def2-TZVP basis 

set400 was employed. The Coulomb and exchange integrals were efficiently evaluated with 

resolution-of-identity (RI)401, 402, and chain-of-spheres (COSX)403 approximations, respectively. 

Matching the Weigend's RI auxiliary basis set404 was used throughout my study. All geometric 
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parameters of the investigated reactants, reaction complexes, transition states, and products were 

optimized in the vacuum using default thresholds. The character of stationary points was 

characterized with analytical second-derivative calculations, and all energy minima possessed only 

positive frequencies. In contrast, the presence of one negative frequency confirmed the transition 

state (TSs). The latter was always inspected visually to check whether the displacement vector 

corresponds to the expected movement of atoms in the TS that connects previously localized 

minimum energy structures. The potential energy scans (PES) were carried out to confirm the most 

stable conformers in case of addition adducts. 

The single-point calculations that included implicit solvation were further performed on the 

vacuum-optimized structures. The presence of water medium was simulated using the conductor-

like polarizable continuum model (CPCM), continuum solvation model and the dielectric constant 

of 80.4 value.405 Within CPCM continuum solvation model the adapted simple approach was 

simple, where only the single point energies were calculated using the optimized vacuum 

structures and the relative energies were obtained adding the ZPE correction from the vacuum, 

because the frequencies calculated in the presence of CPCM model may be questionable.406       

More physically-sound solution would be to do calculations with micro-solvated model, but this 

would require proper sampling of the conformation space increasing computational time 

significantly and therefore is beyond the scope of the present thesis work. 

In case of hydrogen-abstraction mechanisms, both in vacuum and in continuum solvation 

model CPCM, out of all various reaction complex, RC isomers (between substrate and OH radical) 

examined, the lowest energy state was selected (See appendix for other possible RC and their ∆E 

value). Activation energy barrier indicated in Scheme 7.5, 7.7, and 7.9 was always calculated using 

the lowest energy RC state (Activation energy, dE‡= dE (TS) – dE (RC)).  

The bond dissociation energy (BDE) calculations were performed using ORCA version 4.2.1 

suite of programs393 to predict the most favorable site of hydrogen abstraction in the organic 

compound by •OH radical. The BDEs were calculated using the equation 3.13 given below, and 

previously described by He et al. and Otto et al.382, 407 

               ∆𝐸𝑏𝑑𝑒(𝑅 − 𝐻) = [𝐸(𝑅) + 𝑍𝑃𝐸(𝑅) + 𝐸(𝐻)] − [𝐸(𝐺𝐿𝑉) + 𝑍𝑃𝐸(𝐺𝐿𝑉)]      (3.13) 

where GLV, R, and H denote the GLV compounds, GLV alkyl radicals, and the hydrogen 

radical, respectively; E and ZPE stand for the electronic energies and zero-point energies, 

respectively, of the GLV, R, or H. 
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Synopsis 

The present chapter summarizes the GLVs physical properties obtained experimentally or 

calculated using correlations to aid the aqueous-phase kinetic and product studies described in 

Chapters 5 – 7. Aqueous solubility, vapor pressure, Henry's constant, and octanol-water/air 

partition coefficients of GLV compounds listed in Table 2.1 of Chapter 2 were estimated using 

EPI suite 2012 by EPA and compared to the available literature data (Section 4.1). UV spectra 

for a few GLV compounds were determined experimentally and compared to existing literature 

data (Section 4.2). 

4. Physical properties of GLVs 

An extensive set of physico-chemical properties data for GLV still needs to be determined 

experimentally to model better their multiphase processes and completely understand GLVs' 

atmospheric chemistry. Although reasonable values can be obtained using the available 

estimation methods, such as the EPI suite, none provides the temperature or pH-dependent 

data. Experimental measurements of the physical properties are indispensable to verify the 

estimated values.   

4.1.  EPI-estimated partition coefficients, aqueous solubility and vapor pressure of 

GLVs 

Henry's constant, H is an equilibrium-partitioning coefficient that links the amount of a 

gas dissolved in the aqueous phase at a given partial pressure in the gas phase. It quantifies air-

water partitioning of the trace species present in the atmosphere when describing systems like 

cloud droplets or aerosol particles.408, 409 The octanol/water partition coefficient KOW and 

octanol/air partition coefficient KOA represent equilibria in two-phase three-component 

systems, solute-water-octanol, and solute-air-octanol, respectively. KOW shows the ratio of the 

solute concentrations in octanol-rich and water-rich phases and KOA in octanol and air.410, 411 

KOW shows the balance between the lipophilicity and hydrophilicity of a solute, and KOA 

estimates the partitioning of a solute between the air and environmental matrices such as soil, 

vegetation, and aerosol particles.  

Along with the experimental values available in the literature, Table 4.1 contains the values 

of H, KOW, and KOA estimated with the EPI suite within this work. The EPI suite 2012 freely 

available from the US EPA412 uses HENRYWIN v3.20 package to estimate Henry's constants 
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by three different methods, i.e., the bond method, the group method,413 and the 

VaporPressure/WaterSolubility method. The values in Table 4.1 are the means from these 

methods, with standard deviations as uncertainties. The Log KOW ver. 1.68 (Octanol-Water) 

and Log KOAWIN ver. 1.1 (Octanol-Air) packages within EPI suite were used to estimate KOW 

and KOA collected in Table 4.1. Other estimation methods are described elsewhere.408, 409, 414 

The aqueous solubilities and equilibrium vapor pressures of GLVs are presented in Table 

4.2. The values obtained using MPBPVP and WSKOW packages of the EPI suite412 are 

compared to the experimental values from the literature.  

In Table 4.1, the experimental Henry's constant assigned to the compilation by Sander and 

co-workers were presented as the mean values of the values reported by various authors: for 

pentanol,413-421 for hexanal,421-425 and for nonanal.421-424 One value for nonanal seemed to be 

the outlier and was rejected.423 1-penten-3-one (ethyl vinyl ketone), and (Z)-2-pentenyl acetate 

have no experimental H constants, but the EPI-estimates at 298 K are close to the mean H 

constants of methyl vinyl ketone408 (30.4 ± 10.1 M atm-1), and amyl acetate or isoamyl 

acetate408 ((2.7 ± 0.4 or 2.3 ± 0.4 M atm-1) that are their respective structural homologues.  

More details can be found in my review paper (Sarang et al. 2021),172 which discusses 

more experimental data, including the temperature dependency. The experimental 

determination of the missing GLVs physical properties is highly recommended and beneficial 

for the scientific community. 
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Table 4.1. Experimental and EPI-estimated Henry's constants, 1-octanol/water partition coefficients (KOW) and 1-octanol/air partition 
coefficients (KOA) for GLV in water and aqueous solutions.172  

GLV Henry's constant Octanol/water  
partition 

coefficient 

Octanol/air   
partition coefficient 

H T I Ref. Log 
(KOW) 

Ref. Log (KOA) Ref. 
M atm-1 K M  

pentanol 87.7 ± 8.9 298 0 408 c 1.5               410 4.7  426 
84.4 ± 7.0  

46.1 ± 2.1  
11.9 ± 0.3  
3.8 ± 0.1 

298 
306 
323 
343 

427 a 1.34  428 f 4.8 412 i*                                                                          

71.9 ± 3.6  298 412 g* 1.3 412 h* 4.6 412 i* 
1-penten-3-ol 72.5 ± 40.6 298  412 g* 0.84 429 4.5 412 i* 

  0.81 428  
  1.1  412 h*  

(Z/E)-2-pentenol 119.8 ± 34 298 0 412 g* 1.1                412 h* 4.4 412 i* 
(E)-2-pentenal 17.3 ± 12.3 298  412 g* 1.1 412 h* 3.6 412 i* 
1-penten-3-one 28.5 ± 23.2 298  412 g* 0.9 412 h* 3.8 412 i* 
(Z)-2-pentenyl 

acetate 
2.8 ± 0.8 298  412 g* 2.1 

 
412 h* 3.8 412 i* 

n-hexanol 61.8 ± 16.3   298 0  408 c          1.84 428 5.2 426 
59.6 ± 2.8 
32.7 ± 1.1 
8.0 ± 0.3 

2.53 ± 0.01  

298 
306 
323 
343 

427 a 2.03 410 5.0 412 i* 

55.5 ± 3.5  298 412 g* 1.8 412 h*   

n-hexanal 3.2 ± 0.4 295 0 430 1.78 410 4.4 426 
5 ± 1 298  431 1.8 412 h* f3.8, 3.9 412 i* 

5.2 ± 0.5  
4.4 ± 0.4    

freshwater  
25 % seawater 

425     
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3.4 ± 0.3 
3.6 ± 0.2    
3.2 ± 0.1 

  

50 % seawater 
75 % seawater 

100 % seawater 

4.5 ± 1.0           0   408 c              
3.9 ± 1.0      412 g*            

hexyl acetate 1.5 ± 0.2   298 0 430 2.59  429                 4.6 426 
 1.4 ± 0.2        412 g* 2.8 412 h* 4.5 f, 4.4 412 i* 

hexenol b 25           298 0 138     
(E/Z)-2-hexenol 94.4 ± 35.2    412 g* 1.6 412 h* 4.8 412 i* 
(Z)-3-hexenol 113 ± 7.1  

140 ± 18    
132 ± 11 

83.4 ± 8.3 
62.7 ± 3.0  

298 
 
 

303 
308 

0 
0.01                        

1 
0 
0 

432 1.6 412 h* 4.8 412 i* 

129.9 ± 
65.6  

298  412 g*     

(E)-2-hexenal 14.5 ± 1.7  298 0 430 1.6 412 h* 4.3 f, 4.0 412 i* 
20      431, 433     

13.6 ± 7.3  
 

  412 g*     

(Z)-3-hexenal 6             138 1.6 412 h* 3.7 412 i* 
4.1 ± 1.9      412 g*     

hexenyl acetate b 1              138     
(E/Z)-2-hexenyl 

acetate 
1.8 ± 0.7   412 g* 2.6 412 h* 4.2 412 i* 

(Z)-3-hexenyl acetate 3.1 ± 0.4   298    0 430 2.6 412 h* 4.2 412 i* 
3.62 ± 0.22  
3.29 ± 1.1  
2.32 ± 0.17 
3.21 ± 0.17 
2.56 ± 0.19 

298 
 
 

303 
308 

0 
0.01 

1 
0 
0 

432            

3.3 ± 2.4    298  412 g*     
(E)-3-hexenyl acetate 3.3 ± 0.4 298 0 430     
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 3.3 ± 2.4      412 g*     
(Z)-3-hexenyl-

propionate 
2.4 ± 1.6   412 g* 3.1 412 h* 4.6 412 i* 

(E/Z)-3-hexenyl 
butyrate 

1.8 ± 1.1   412 g* 3.6 412 h* 4.9 412 i* 

(Z)-3-hexenyl 
isobutyrate 

1.3 ± 0.6   412 g* 3.5 412 h* 4.9 412 i* 

(E)-2-hexenyl 
butanoate 

1.2 ± 0.3   412 g* 3.6 412 h* 4.9 412 i* 

(Z)-3-hexenyl 3-
methylbutanoate 

1.1 ± 0.6   412 g* 4.0 412 h* 5.2 412 i* 

(Z)-3-hexenyl 2-
methyl-2-butenoate 

1.8 ± 0.6   412 g* 3.9 412 h* 5.4 412 i* 

3-hexenyl hexanoate 1.0 ± 0.5   412 g* 4.6 412 h* 5.7 412 i* 
2-methyl-3-buten-2-

ol 
73 ± 3 
38 ± 7 
48 ± 26 

296 ± 
2 

0 
40 % wt H2SO4 

55 % wt H2SO4 

434 1.1 412 h* 4.2 f, 4.5 412 i* 

48 a 

52.9 ± 5.1  
298 0 

0 
414     

38.7 ± 2.2 
21.8 ± 4.4 
40.2 ± 5.4 
31.7 ± 2.2 

303 
308 

0.01 
1 
0 
0 

432     

65 ± 3.5 303 0 431, 435     
62 ± 0.8 303 22.7 mM KNO3 

+ 7.42 mM 
CaSO4 

435     

 59.8 ± 58.6 
d 

  412 g*     

1-octen-3-ol 13.2 >378 
K 

0 408, 436 2.6 412 h* 5.6 412 i* 

44.5 ± 1.7    412 g*     
nonanal 1.3 ± 0.2        298 0 408 c          3.3 412 h* f 4.8, 5.0 412 i* 

1.2 ± 0.1 298 Freshwater 425     
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0.51 ± 0.03 
0.38 ± 0.03 

50 % seawater 
100 % seawater 

1.6 ± 0.4  412 g*     
Jasmonic acid e     2.5 412 h* 9.7 412 i* 

methyl jasmonate e 5081 ± 
1003 

298 
 

0 
 

437 2.8 412 h* 7.5 412 i* 

8091 ± 
1121 

5454 ± 520 
3869 ± 261 

6716 ± 
1272 

4837 ± 272  

298 
298 
298 
303 
308 

0 
0.01 

1 
0 

432     

methyl salicylate e 33.5 ± 4.0  298 0 437 2.6 412 h* 5.0 f, 6.3 412 i* 
37.9 ± 2.1 
26.7 ± 3.4 
20.1 ± 1.6 
16.4 ± 0.9 
10.0 ± 4.2  

298 
298 
298 
303 
308 

0.01 
1 
0 

432     

a recalculated from the original data; b unspecified structure; c mean of experimental values summarized by Sander 2015; d EPI suite could not estimate the value using group 
estimation method, so the difference between bond estimation value and VP/WSol resulted into such large std. deviation; e the predicted KH values seem unreasonable and 
therefore were not included  f Log KOA (octanol/air): estimated within EPI suite using one of the experimental values;  g Mean of bond est., group est. and VP/Wsol est. 
values by EPI suite (HENRYWIN v3.20) for which standard deviation is provided as uncertainty; h calculated with EPI suite Log KOW (version 1.68 estimate); i calculated 
with EPI suite Log Octanol-Air (KOAWIN v1.10), * This work. 
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Table 4.2. EPI-estimated vapor pressure, and solubility in water (MPBPVP (v1.43), Mean of Antoine & Grain methods, and WSKOW 
v1.42 method, resp.) of GLVs at 298 K.172  

GLV 
Solubility Vapor Pressure 

mmol dm−3 Ref. Atm Ref. 
1-pentanol 245.5 438 2.9 × 10−3 439 

307 419 3.7 × 10−3 419 
257 429 3.49 × 10−3 412 b* 

236.98 412 a*   
1-penten-3-ol 1047.1 429 1.20 × 10−2 412 b* 

1035.1 428   
525.48 412 a*   

(Z/E)-2-penten-1-ol 530.83 412 a* 3.46 × 10−3 412 b* 
(E)-2-pentenal 178.08 412 a* 2.43 × 10−2 412 b* 
1-penten-3-one 260.34 412 a* 5.03 × 10−2 412 b* 

(Z)-2-pentenyl acetate 11.23 412 a* 4.14 × 10−3 412 b* 
n-hexan-1-ol 57.5 438 1.22 × 10−3 440 

61.3 428 1.16 × 10−3 412 b* 
67.39 412 a*   

n-hexanal 56.3 c  Cited by 412 1.49 × 10−2 440 
49.9 422 1.39 × 10−2 422 
35.21 412 a* 1.26 × 10−2 412 b* 

hexyl acetate 3.5 441 1.74 × 10−3 442 
8.9 429 1.91 × 10−3 412 b* 

2.14 412 a*   
hexenol f 159.74 412 a*   

(E/Z)-2-hexen-1-ol 159.74 412 a* 1.20 × 10−3 412 b* 
(Z)-3-hexen-1-ol 162 ± 6 432 1.23 × 10−3 412 b* 

159.74 412 a*   
(E)-2-hexenal 53.61 412 a* 6.21 × 10−3 412 b* 
(Z)-3-hexenal 53.61 412 a* 1.97 × 10−2 412 b* 

(E/Z)-2-hexenyl acetate 3.38 412 a* 2.61 × 10−3 412 b* 
(Z)-3-hexenyl acetate 3.12 ± 0.17 432 1.50 × 10−3 412 b* 

 3.38 412 a*   
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(E)-3-hexenyl acetate 3.38 412 a* 1.50 × 10−3 412 b* 
(Z)-3-hexenyl-propionate 1.02 412 a* 5.50 × 10−4 412 b* 
(E/Z)-3-hexenyl butyrate 0.31 412 a* 2.05 × 10−4 412 b* 
(Z)-3-hexenyl isobutyrate 0.35 412 a* 3.71 × 10−4 412 b* 
(E)-2-hexenyl butanoate 0.31 412 a* 2.05 × 10−4 412 b* 

(Z)-3-hexenyl 3-methylbutanoate 0.11 412 a* 1.39 × 10−4 412 b* 
(Z)-3-hexenyl 2-methyl-2-  

butenoate 
0.13 412 a* 7.53 × 10−5 412 b* 

3-hexenyl hexanoate 0.03 412 a* 3.04 × 10−5 412 b* 
2-methyl-3-buten-2-ol 1959 ± 36 432 3.08 × 10−2 412 b* 

565.89 412 a*   
1-octen-3-ol 14.32 412 a* 3.13 × 10−4 412 b* 

nonanal 0.7 422 4.87 × 10−4 440 
0.93 412 a* 5.13 × 10−4 422 

  7.42 × 10−4 412 b* 
Jasmonic acid 3.53 412 a* 2.41 × 10−8 d  

1.79 × 10−7 e 
412 b* 

methyl jasmonate 4.52 ± 0.09 432 4.43 × 10−7 d  

1.24 × 10- 6 e 
412 b* 

0.64 412 a*   
methyl salicylate 5.11 ± 0.06 432 7.03 × 10−5 412 b* 

4.6 c 441   
12.32 412 a*   

a estimated with EPI suite (WSKOW v1.42); b estimated with EPI suite (MPBPVP (v1.43), mean of Antoine and Grain methods); c 308 K; d selected VP with modified grain method; e 

subcooled liquid VP with modified grain method; f unspecified structure. * This work. 
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4.2. Experimentally-measured UV-Vis spectra of GLVs 

The UV-Vis spectroscopy is often used to follow reactant and product concentrations within 

the laboratory systems quantitatively. It also allows understanding the photodegradation of 

compounds in the laboratory mimicking experiments and natural systems. Ozone filters the UV 

radiation in the 220 – 290 nm range, so the solar flux is considered zero below 290 nm in the 

troposphere.443 Therefore, the compounds that do not absorb light above 290 nm practically do not 

undergo photolysis in the troposphere. In the light of experimental work described in Chapters 5 

and 7 (performing laser flash photolysis or photooxidation experiments), it was necessary to know 

the molar extinction coefficients of the selected GLV compounds. The extinction coefficients in 

the aqueous phase is defined with equation (4.1).  

𝜀(𝜆) = −
𝑙𝑛[𝐼(𝜆) 𝐼0⁄ (𝜆)]

𝐿𝑐
=

𝐴(𝜆)

𝐿𝑐
      (4.1) 

where: () is extinction coefficient in cm-1 M-1 at wavelength, L is the optical path in cm, 

c is the concentration of absorbing solute in M, I() and I0() are the light intensities in the presence 

and absence of absorbing compound/solute in aqueous solution, respectively, A() is the 

absorbance of a solute at , N is the Avogadro's number. 

The measured UV spectra for the selected GLVs (1-penten-3-ol, (Z)-2-hexen-1-ol, (E)-2-

hexen-1-al, (Z)-3-hexenyl acetate, methyl salicylate, and 2-methyl-3-buten-2-ol) in the aqueous 

phase are presented along with the previously published ones. Two different UV-Vis 

spectrophotometers were used.  

At TROPOS, I determined the molar absorption coefficients of GLVs (i.e., 1penten-3-ol, (Z)-

2-hexen-1-ol, and (E)-2-hexen-1-al) by measuring the absorption spectra over the wavelength 

range of 200 – 400 nm using a Lambda 900 UV/VIS/NIR spectrometer (Perkin Elmer 

Instruments). The UV spectra were recorded for five GLV concentrations in aqueous solutions at 

298 K and pH =7, twice for each concentration. Mean () values with standard deviations as 

uncertainties were reported for n=10 recordings. Figures 4.1, 4.2, and 4.3 show the () for the 

following concentration range: 1-penten-3-ol (PENTOL) 31.25 – 500 mM; (Z)-2-hexen-1-ol 
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(HEXOL) 6.25 – 100 mM; (E)-2-hexena-1-al (HEXAL) 1.875 – 30 mM). The corresponding 

numerical values of () are provided in Table A4.3, A4.4.a, and A4.5 in the Appendix. Due to 

the instrumental limitations, the absorbance for (E)-2-hexen-1-al could not be recorded below 245 

nm wavelength within the selected concentration range. Results published444 and discussed in 

Chapter 5 utilize the molar absorption coefficients determined in this work. 

 Other UV spectra I recorded at IPC PAS, with a double-beam Jasco V-570 UV-VIS-NIR 

spectrophotometer using Milli-Q water as a reference medium. Figures 4.2 – 4.6 show the spectra 

for HEXOL, HEXAL, (Z)-3-hexenyl acetate (HexAc), methyl salicylate (MeSa), and 2-methyl-3-

buten-2-ol (MBO) in the aqueous solutions at 295 K and pH =7. Tables A4.4.b, A4.5.b, A4.6, 

A4.7, and A4.8 in the Appendix contain numerical values of (). 

 

Figure 4.1. Absorption coefficient of 1-penten-3-ol in the aqueous phase at 298 K and pH 

=7.444  
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Figure 4.2. Absorption coefficients of (Z)-2-hexen-1-ol in the aqueous phase at 298 K and 

pH =7 measured at TROPOS (green, Table 4.4.a), and at 295 K and pH = 7 at IPC PAS (brown, 

Table 4.4.b).172, 444  

 

Figure 4.3. Absorption coefficients of (E)-2-hexen-1-al in the aqueous phase at 298 K and 

pH =7 measured at TROPOS (blue, Table 4.5.a), and at 295 K and pH = 7 at IPC PAS (1 mM 

green and 0.1 mM brown, Table 4.5.b).172, 444  

(E)-2-hexen-1-al has two absorption maxima. The first one between 225 – 230 nm is so high 

(= 17,300 M-1 cm-1), that even at low concentration of 1 mM it exceeded the limit of detection of 

the spectrophotometer. However, recording this maximum with the selection of 10 times lower 

IPC PAS 

TROPOS 

0.1 mM IPC PAS 

1 mM IPC PAS 

TROPOS 
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concentration (0.1 mM) resulted into a compromise of poor spectra recording in the range              

260 – 400 nm, where the of (E)-2-hexen-1-al was below 100 M-1 cm-1, due to the resolution 

limitations (Figure 4.3 and Table 4.5). 

 

Figure 4.4. Molar absorption coefficients of (Z)-3-hexenyl acetate in the aqueous phase 

measured at 295 K and pH = 7 at IPC PAS within this study172 (brown, Table 4.6) compared 

to that from Richards-Henderson et al.2014.129  

 

Figure 4.5. Molar absorption coefficients of MeSa in the aqueous phase measured at 295 K 

and pH = 7 at IPC PAS within this study172 (brown, Table 4.7) compared to that from 

Richards-Henderson et al.2014.129  
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Figure 4.6. Molar absorption coefficients of MBO in the aqueous phase measured between 

200 – 400 nm at 295 K and pH = 7 at IPC PAS within this study172 (brown, Table 4.7) 

compared to that from Richards-Henderson et al.2014.129  

Missing knowledge of organic aerosol sources has led to significant uncertainty in 

understanding the particle properties including morphology, surface chemistry, hygroscopicity and 

many more, which are key factors governing CCN/IN activity. Global aq. SOA production is 

estimated to be 20 to 30 Tg year−1.445, 446 GLV derived SOA may significantly influence the 

CCN/IN activity of the existing aerosols within the atmosphere. McNeill, 2015, highlighted the 

importance of the atmospheric aqueous-phase as a reaction medium.446 

Lack of physio-chemical properties data is the source of large uncertainty in the reaction 

processes of the organic compounds, where understanding aqueous-phase reactions is one of the 

most challenging area of research for atmospheric scientist due to vaguely available data.447 GLVs 

as a very broad class including more than 30 compounds can be an important missing source of 

SOA. For better modelling of the multiphase processes involving GLVs and better understanding 

GLVs atmospheric chemistry a huge set of physical chemical properties data still needs to be 

determined experimentally (as can be seen in Table 4.1, 4.2). 

Therefore, I decided to collect these data within the work of thesis for GLVs, which are less 

investigated till date. The estimated and literature based data show (Table 4.1) that GLVs have H 
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constant < 100 M atm-1 (exception MeJa), suggesting they reside more in gas phase. But due to 

their high reactivity (Chapter 5), and resulting lower aldehyde products (Chapter 7), they can 

possibly undergo oligomerization similar to glyoxal, leading to enhancement in their solubility, 

and hence aq. SOA.446, 448. Sareen et al. identified aqueous phase chemistry as one of the major 

sink of reactants, such as GLVs (E)-2-hexen-1-al, and (Z)-3-hexen-1-al, by identifying their 

products in the ambient aerosol and suggested cloud/fog water processing as one of the source of 

aq. SOA.449 There is still a lot of uncertainties in these processes due to the lack of their 

fundamental physico-chemical parameters. Thus, their determination in a preliminary work will 

help to evaluate the importance of chemical processes of GLVs  and improve the future models, 

such as CAPRAM.450-452 

Various existing estimation methods, such as EPI suite used within this paper provide only 

sometimes very reasonable values, and cannot provide the temperature dependence of the partition 

coefficients and other parameters such as solubility and vapour pressure. The measurement and 

building experimental database of these physical properties will help in evaluating the importance 

of individual phase (gas, aqueous or particle) chemistry of GLVs within the troposphere. 

Moreover, the present physical property database will ease the understanding and selection for 

research related to the GLVs as a source of SOA. 
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Synopsis 

Green plants exposed to extreme conditions, such as abiotic stress (drought, high/low 

temperatures, or wind), wounding by insects or cutting, release C5 and C6 unsaturated oxygenated 

hydrocarbons termed Green Leaf Volatiles (GLVs). During the events of high emissions, a 

considerable amount of GLVs partitions into tropospheric waters (i.e., fog, mist, rain, and cloud), 

leading to the formation of secondary organic aerosol (SOA) via aqueous-phase reactions. In the 

present study, the kinetics of aqueous-phase reactions of selected GLVs, i.e., 1-penten-3-ol 

(PENTOL), (Z)-2-hexen-1-ol (HEXOL) and (E)-2-hexen-1-al (HEXAL) with atmospheric 

radicals SO4
•−, •OH, and NO3

• was explored. The experimental rate constants were determined for 

a 278 − 318 K temperature range, and the Arrhenius equations were derived. All rate constants 

increased weakly with temperatures. The rate constants were corrected for diffusional limitations 

using the resistance-in-series model, which appeared significant only for the GLV-•OH reactions. 

Atmospheric lifetimes and removal rates of GLV showed the aqueous-phase reaction were 

negligible in deliquescent aerosol and haze water, but not in clouds and rain. The atmospheric 

lifetimes of PENTOL, HEXOL, and HEXAL decreased from several days to a few hours with 

increasing liquid water content and atmospheric radicals' concentration. 

5.1. Introduction 

The determination of the kinetics is the first most crucial step required for researching and 

predicting the fate of atmospheric compounds in the atmosphere.453, 454 Even though the selected 

GLVs are moderately soluble (Table 5.1, and Chapter 4, Table 4.1), they may be effective 

precursors of SOA formation in the aqueous phase.129  A detailed literature review (Chapter 2) 

clearly shows that comprehensive studies exist for the oxidation of GLVs in the gas phase.162, 176, 

184, 194, 204, 217, 220, 243, 269, 455 However, very few works have considered the GLV reactions in the 

aqueous phase as a novel pathway of SOA formation.129, 456, 457 The estimated physical properties 

obtained using the EPI suite412, used for the kinetic calculations in this thesis are provided in Table 

5.1 (the average values obtained using three different estimations within the EPI suite are provided 

in Chapter 4). 
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Scheme 5.1. Chemical structures of selected GLVs studied in this work.  

The main objective of this work was to determine the rate constants of aqueous-phase reactions of 

the three selected GLVs – 1-penten-3-ol (PENTOL), (Z)-2-hexen-1-ol (HEXOL), and (E)-2-

hexen-1-al (HEXAL) (Scheme 5.1) – with atmospherically relevant radicals •OH, SO4
•- and NO3

•, 

and evaluate the atmospheric significance of these reactions. An advanced Laser Flash Photolysis-

Laser Long Path Absorption (LFP-LLPA) technique was used at Laser Lab facility, TROPOS 

(Leipzig, Germany). The results enriched the chemical-kinetic database essential and 

indispensable for atmospheric models.27, 273, 447  

Table 5.1. Values of the physical properties of the selected GLVs at 298 K obtained using 
EPI suite1* 

* average EPI-estimated values were provided in Chapter 4 

5.2. Experimental methods 

The explanation of the LFP-LLPA setup used to determine the second-order rate constant 

(k2nd) is provided in Chapter 3. Section 3.3.1 of Chapter 3 provides all the necessary details of the 

LFP-LLPA setup configurations required to observe the kinetics of GLVs (PENTOL, HEXOL, 

and HEXAL) reactions with radicals discussed. All kinetic measurements were carried out at 

GLV Molecular 
formula 

The Henry's Law 
Constant for water 

Vapor 
pressure 

Water 
solubility 

  mol L-1 atm-1 atm mg L-1 

PENTOL C5H10O 101.22 1.20×10-2 4.53×104 

HEXOL C6H12O 133.26 1.19×10-3 1.60×104 

HEXAL C6H10O 10.12 6.21×10-3 5.26×103 

http://rcin.org.pl



Chapter 5. Aqueous-phase Reactions of Green Leaf Volatiles with Sulfate, Hydroxyl and Nitrate 
Radicals in Troposphere: Kinetics and Atmospheric Implications 

  

141 
 

constant temperature (278 K – 318 K) using a thermostat. The acidity of solutions was pH= 7, as 

the GLVs studied do not undergo ionic speciation. The initial concentrations of the GLVs and 

radicals are provided in Table 3.4. The UV spectra recorded and molar absorption coefficients 

obtained within this study are presented in Figures 4.1, 4.2, and 4.3 (Chapter 4). 

5.3.  Results and Discussion 

5.3.1. Reactions of SO4•- radical with PENTOL, HEXOL, and HEXAL 

Previous studies,458 have shown that SO4
•- radicals are strong oxidizing agents, and thus can 

react with most organic compounds with nearly diffusion-controlled rates. The experimentally 

observed rate constants for aqueous-phase reactions of PENTOL, HEXOL, and HEXAL with 

SO4
•- radical determined in this study, kobs, range from (4.2 ± 0.2)×108 to (2.9 ± 0.6)×109 L mol-1 

s-1 (Table 5.2). The Arrhenius relations for 278 to 318 K show that all rate constants weakly 

increase with temperature (Figure 5.2, equations 5.1 – 5.3).  

PENTOL + SO4
•-: 𝑘𝑜𝑏𝑠(𝑇) = (7.9 ± 0.1) × 109exp (

−620 ± 90 

𝑇
) 𝐿 𝑚𝑜𝑙−1 𝑠−1           (5.1) 

HEXOL + SO4
•-:  𝑘𝑜𝑏𝑠(𝑇) = (111 ± 4) × 109exp (

−1140 ± 190 

𝑇
) 𝐿 𝑚𝑜𝑙−1 𝑠−1           (5.2) 

HEXAL + SO4
•-:  𝑘𝑜𝑏𝑠(𝑇) = (2.9 ± 0.1) × 109exp (

−540 ± 110

𝑇
) 𝐿 𝑚𝑜𝑙−1 𝑠−1           (5.3) 

The diffusion corrected second-order rate constants (kreac) are slightly higher and range from 

(4.4 ± 0.2)×108 to (3.7 ± 0.8)×109 L mol-1 s-1 (Table 5.2, Figure 5.3). The percentage diffusion 

contribution (% kdiff) to the observed rate constant is about 9% for PENTOL, 19–23% for HEXOL, 

and 4–5% for HEXAL (Table 5.2). Thus, the GLVs + SO4
•- reactions are mostly chemically 

controlled. 
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Table 5.2. Comparison of experimentally observed and diffusion-corrected rate constants 
for reactions of GLVs with SO4

•–, and rate constants for the diffusion of reactants (kobs, 
kreac, and kdiff, 108 L mol-1 s-1, respectively).  

GLV + SO4•– 278 K 288 K 298 K 308 K 318 K 

PENTOL 

kobs 8.2 ± 0.7 9.4 ± 0.7 9.4 ± 1.0 10.5 ± 2.1 11.0 ± 2.4 

kreac 9.0 ± 0.8  10.4 ± 0.8 10.2 ± 1.1 11.5 ± 2.3 12.1 ± 2.7 

kdiff 88.2 98.8 111 124 126 

% kdiff 9 10 9 9 9 

HEXOL 

kobs 17.1 ± 2.0 22.0 ± 3.3 25.3 ± 3 28.1 ± 6.5 28.7 ± 6.3 

kreac 21.2 ± 2.5 28.4 ± 4.2 32.9 ± 3.9  36.4 ± 8.5 37.3 ± 8.2 

kdiff 88.1 98.4 110 123 125 

% kdiff  19 22 23 23 23 

HEXAL 

kobs 4.2 ± 0.2 4.5 ± 0.1 4.8 ± 0.2 5.3 ± 0.3 5.1 ± 0.5 

kreact 4.4 ± 0.2 4.7 ± 0.1  5.0 ± 0.2 5.6 ± 0.3 5.4 ± 0.5 

kdiff 88.1 98.3 110 123 124 

% kdiff  5 5 4 4 4 
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Figure 5.2. Experimental rate constants for reactions of GLVs with SO4
•- at various    

temperatures (coefficient of determination R2: 0.94 for 1-penten-3-ol; 0.92 for (Z)-2-hexen-1-

ol; and 0.90 for (E)-2-hexen-1-al; Table 5.2, equations 5.1 – 5.3).  

 

Figure 5.3. Diffusion-corrected rate constants, kreac for the reaction of GLVs with SO4
•- (also 

Table 5.2).  
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5.3.2. Reactions of •OH radicals with PENTOL, HEXOL, and HEXAL. 

The experimentally observed rate constants, kobs for the aqueous-phase reactions of GLVs with 

•OH studied increase weakly with temperature and range from (3.5 ± 0.2)×109 to                                          

(8.5 ± 1.0)×109 L mol-1 s-1 (Figure 5.4, equations 5.4 – 5.6, Table 5.3). Figures 5.4 and 5.5 show 

the temperature dependence of the experimentally observed (kobs) and diffusion-corrected (kreac) 

rate constants, respectively.   

PENTOL + •OH:  𝑘𝑜𝑏𝑠(𝑇) = (1040 ± 29) × 109exp (
−1540 ± 190

𝑇
) 𝐿 𝑚𝑜𝑙−1 𝑠−1 (5.4) 

HEXOL + •OH:  𝑘𝑜𝑏𝑠(𝑇) = (263 ± 9) × 109exp (
−1120 ± 210 

𝑇
) 𝐿 𝑚𝑜𝑙−1 𝑠−1 (5.5) 

HEXAL + •OH:  𝑘𝑜𝑏𝑠(𝑇) = (517 ± 14) × 109exp (
−1380 ± 170

𝑇
) 𝐿 𝑚𝑜𝑙−1 𝑠−1 (5.6)  

The rate constants of GLVs reactions with •OH are larger than these of reactions with SO4
•- 

((4.9 ± 0.2)×109 to (16.4 ± 0.8)×109 L mol-1 s-1, Table 5.3). Besides, they are significantly 

controlled by the diffusion of reactants. The percentage diffusion contribution (% kdiff) is 35 –57% 

for PENTOL, 39 – 52% for HEXOL, and 30 – 45% for HEXAL (Table 5.3).  
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Table 5.3. Comparison of experimentally observed and diffusion-corrected rate constants 
for reactions of GLVs with •OH, and rate constants for the diffusion of reactants (kobs, 
kreac, and kdiff, respectively, 109 L mol-1 s-1). 

GLV + •OH 278 K 288 K 298 K 308 K 318 K 

PENTOL 

kobs 4.01 ± 0.04 5.1 ± 0.2 6.3 ± 0.1 6.5 ± 0.3 8.5 ± 1.0 

kreac 6.2 ± 0.1 8.7 ± 0.3 11.8 ± 0.3 11.5 ± 0.6 19.8 ± 2.4 

kdiff 11.5 12.5 13.6 14.8 14.9 

% kdiff 35 41 46 44 57 

HEXOL 

kobs 4.49 ± 0.04 5.4 ± 0.2 6.7 ± 0.3 6.3 ± 0.3 7.8 ± 0.4 

kreac 7.4 ± 0.1 9.5 ± 0.3 13.1 ± 0.6 11.0 ± 0.4 16.4 ± 0.8 

kdiff 11.5 12.5 13.6 14.8 14.9 

% kdiff 39 43 49 43 52 

HEXAL 

kobs 3.5 ± 0.1 4.6 ± 0.1 4.8 ± 0.3 6.0 ± 0.3 6.6 ± 0.4 

kreac 4.9 ± 0.2 7.4 ± 0.2 7.4 ± 0.5 10.1 ± 0.5 12.0 ± 0.7 

kdiff 11.6 12.5 13.6 14.7 14.9 

% kdiff 30 37 35 41 45 
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Figure 5.4. Experimental rate constants for reactions of GLVs with •OH at various 

temperatures (coefficient of determination R2: 0.96 for 1-penten-3-ol, 0.90 for (Z)-2-hexen-1-

ol, and 0.96 for (E)-2-hexen-1-al; Table 5.3, equations 5.4 – 5.6).  

 

Figure 5.5. Diffusion-corrected rate constants, kreac for reactions of GLVs with •OH (also 

Table 5.3).  
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5.3.3. Reactions of NO3• radicals with PENTOL, HEXOL, and HEXAL. 

 The rate constants for the aqueous-phase reactions of PENTOL, HEXOL, and HEXAL with 

NO3
• radicals range from (2.0 ± 0.6)×107 to (9.8 ± 3.9)×108 L mol-1 s-1 (Figure 5.6, Table 5.4). 

The rate constant for HEXOL at 318 K could not be determined, so the fifth value was measured 

at 293 K. Figure 5.6 and equations 5.7 – 5.9 show the variation in the rate constants with 

temperature. 

PENTOL + NO3
•: 𝑘𝑜𝑏𝑠(𝑇) = (250 ± 14) × 109𝑒𝑥𝑝 (

−2080 ± 240

𝑇
) 𝐿 𝑚𝑜𝑙−1 𝑠−1            (5.7) 

HEXOL + NO3
•: 𝑘𝑜𝑏𝑠(𝑇) = (98.8 ± 3.3) × 109𝑒𝑥𝑝 (

−1130 ± 140 

𝑇
) 𝐿 𝑚𝑜𝑙−1 𝑠−1          (5.8) 

HEXAL + NO3
•: 𝑘𝑜𝑏𝑠(𝑇) = (31.6 ± 1.3) × 109𝑒𝑥𝑝 (

−2070 ± 240

𝑇
) 𝐿 𝑚𝑜𝑙−1 𝑠−1          (5.9) 

The GLV + NO3
• reactions are fully chemically controlled, since the diffusion contribution to 

kobs was minor (1 – 2% for PENTOL, 7 – 8% for HEXOL, and 0.2 – 0.4% for HEXAL (Table 5.4, 

Figure 5.7). Due to the lower light absorption values in the experiments, the error bars in the case 

of NO3
• kinetics were comparatively larger, but still fell within the acceptable 95% confidence 

interval.  

The chemical-kinetic model was developed and used to evaluate the bias of the experimental 

rate constants determined for reactions of GLV with NO3
• radicals, which is discussed in      

Chapter 6. 
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Table 5.4. Comparison of experimentally observed and diffusion-corrected rate constants 
for reactions of GLVs with NO3, and rate constants for the diffusion of reactants (kobs, 
kreac, and kdiff, respectively, 107 L mol-1 s-1).  

GLV + NO3
• 278 K 288 K 298 K 308 K 318 K 

PENTOL 

kobs 8.8 ± 1.6 10.5 ± 2.3 15.0 ± 1.5 19.8 ± 4.2 21 ± 9 

kreac 8.9 ± 1.6 10.6 ± 2.3 15.2 ± 1.5 20.1 ± 4.3 20.6 ± 9.2 

kdiff 950 1053 1169 1297 1313 

% kdiff 1 1 1 2 2 

HEXOL 

kobs 64.3 ± 14.8 79.1 ± 24.3 83.7 ± 22.8 97.7 ± 39.3 83 ± 19* 

kreac 69 ± 16 85.5 ± 26.2 90.2 ± 24.6 105.7 ± 42.5 - 

kdiff 951 1051 1165 1290 - 

% kdiff 7 8 7 8 - 

HEXAL 

kobs 2.0 ± 0.6 2.1 ± 0.2 3.0 ± 0.7 3.7 ± 0.1 5.0 ± 0.8 

kreac 2.0 ± 0.6 2.2 ± 0.2 3.0 ± 0.7 3.7 ± 0.1 5.0 ± 0.8 

kdiff 952 1050 1160 1290 1300 

% kdiff 0.2 0.2 0.3 0.3 0.4 

* at T = 293 K 
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Figure 5.6. Experimental rate constants for reactions of GLVs with NO3
• at various 

temperatures (coefficient of determination R2: 0.93 for 1-penten-3-ol, 0.94 for (Z)-2-hexen-1-

ol, and 0.96 for (E)-2-hexen-1-al; Table 5.4, equations 5.7 – 5.9).  

 

Figure 5.7. Diffusion-corrected rate constants, kreac for the reaction of GLVs with NO3
• (also 

Table 5.4).  

http://rcin.org.pl



Chapter 5. Aqueous-phase Reactions of Green Leaf Volatiles with Sulfate, Hydroxyl and Nitrate 
Radicals in Troposphere: Kinetics and Atmospheric Implications 

  

150 
 

5.4. Activation Parameters  

The activation parameters aid to understand and gain more insights into the chemical 

mechanism of the reaction. The detailed overview of the activation parameters calculated for 

reactions of GLVs with atmospheric radicals (SO4
•-, •OH, and NO3

•) using experimentally 

observed and diffusion corrected rate constant is provided in Table 5.5 and 5.6, respectively. 

Equations (5.19 – 5.21) were used to calculate the activation parameters: activation enthalpy (ΔH‡), 

activation entropy (ΔS‡), Gibb's activation energy (ΔG‡).296, 297, 407 The Arrhenius expressions 

obtained within this study for the aqueous-phase reactions of 1-penten-3-ol, (Z)-2-hexen-1-ol, and 

(E)-2-hexen-1-al with SO4
•-, •OH, and NO3

• (equations 5.1 – 5.9) are provided for the first time. 

The Arrhenius plots (see Section 5.3) are all linear (Figures 5.2, 5.4, and 5.6): 

Arrhenius equation:   𝑘(𝑇) = 𝐴 𝑒𝑥𝑝
−𝐸𝐴

𝑅𝑇
    (5.10)  

Enthalpy of activation:  ∆𝐻‡ = 𝐸𝐴 − 𝑅𝑇    (5.11) 

Entropy of activation:   ∆𝑆‡ = 𝑅 [ln 𝐴 − ln
𝑘𝐵𝑇

ℎ
− 1]   (5.12) 

Gibb’s free energy of activation: ∆𝐺‡ = ∆𝐻‡ − 𝑇∆𝑆‡    (5.13) 

where: 𝑘𝐵 = 1.38 × 1023 𝐽𝐾−1 is the Boltzman constant, ℎ = 6.626 × 10−34 𝐽𝑠 is the Planck 

constant, k is the rate constant, A is the pre-exponential factor, EA is the activation energy, R is the 

gas constant, and T is the absolute temperature.  

The reaction rate constant is directly influenced by the ratio of activation energy (EA) to 

average kinetic energy expressed by (RT) in equation 5.18. The weak temperature dependence of 

the rate constants occurs when EA < 18 kJ mol-1 (Table 5.5). The low value of activation enthalpies 

ΔH‡ (2 to 15 kJ mol-1) and negative activation entropies ΔS‡ (from -72 to -23 J mol-1 K-1) explain 

that the molecules randomness within the chemical system decreases as the reaction proceeds. 

Such behavior indicates that the studied aqueous-phase reactions proceed mainly via the 

associative pathway (radical addition to the double bond). Further experimental and theoretical 

investigation on this problem is required and was carried out for GLV-•OH reactions, which is 

discussed in Chapter 7. It shows the dominance of addition or associative pathway, however 

hydrogen abstraction was also found to be significant in few cases (Chapter 7). The activation 
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parameters were also calculated for the diffusion-corrected rate constants, and the EA values were 

still lower than 20 kJ mol-1 (Table 5.6). 

Table 5.5. The experimentally determined activation parameters for the reactions of 
GLVs with SO4

•-, •OH, and NO3
• radicals.  

Reactants EA A ∆H‡ -∆S‡ ∆G‡ 

kJ mol-1 L mol-1 s-1 kJ mol-1 J mol-1 K-1 kJ mol-1 

SO4•- PENTOL 5 ± 1 (7.9 ± 0.1)×109 3 ± 1 64 ± 1 22 ± 4 

HEXOL 10 ± 2 (1.1 ± 0.1) ×1011 7 +12/-7 42 ± 1 20 ± 5 

HEXAL 4 ± 1 (2.9 ± 0.1) ×109 2 ± 1 72 ± 2 24 ± 6 

•OH PENTOL 13 ± 2 (10.4 ± 0.3) ×1011 10 ± 2 23 ± 1 17 ± 3 

HEXOL 9 ± 2 (2.6 ± 0.1) ×1011 7 ± 2 35 ± 1 17 ± 4 

HEXAL 12 ± 1 (5.2 ± 0.1) ×1011 9 ± 1 29 ± 1 18 ± 3 

NO3• PENTOL 17 ± 2 (1.5 ± 0.1) ×1011 15 ± 2 39 ± 2 27 ± 5 

HEXOL 9 ± 1 (3.8 ± 0.1) ×1010 7 ± 1 51 ± 1 22 ± 4 

HEXAL 17 ± 2 (3.1 ± 0.1) ×1010 15 ± 2 52 ± 2 30 ± 6 

Table 5.6. The diffusion-corrected activation parameters for the reactions of GLVs with 
SO4

•-, •OH and NO3
• radicals.  

Reactants EA A ∆H‡ -∆S‡ ∆G‡ 

kJ mol-1 L mol-1 s-1 kJ mol-1 J mol-1 K-1 kJ mol-1 

SO4•- 

PENTOL 5 ± 1 (8.0 ± 0.1)×109 3 ± 1 64 ± 1 22 ± 5 

HEXOL 10 ± 2 (19 ± 1)×1010 8 ± 2 37 ± 1 19 ± 5 

HEXAL 4 ± 1 (2.9 ± 0.1)×109 2 ± 1 72 ± 2 23 ± 6 

•OH 

PENTOL 19 ± 3 (2.5 ± 0.1)×1013 17 ± 4 -3.2 ± 0.2 16 ± 4 

HEXOL 13 ± 3 (2.1 ± 0.1)×1012 11 ± 3 17 ± 1 16 ± 6 

HEXAL 15 ± 2 (3.9 ± 0.2)×1012 13 ± 2 12 ± 1 17 ± 4 

NO3• 

PENTOL 17 ± 2 (1.6 ± 0.1)×1011 15 ± 2 39 ± 2 26 ± 5 

HEXOL 9 ± 1 (4 ± 1)×1010 7 ± 1 50 ± 1 22 ± 4 

HEXAL 17 ± 2 (3.2 ± 0.1)×1010 15 ± 2 52 ± 2 30 ± 6  
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5.5. Atmospheric Implications 

Evaluating the overall atmospheric significance of the reactions responsible for the removal 

of GLV fluxes from the atmosphere requires extensive modeling involving individual scenarios, 

aqueous-phase reactions, gas-phase reactions, and land and aquatic depositions, which is far 

beyond the scope of the presented work. However, Section 5.5.1 provides the atmospheric 

lifetimes and relative removal rates to evaluate the atmospheric significance of gas-phase and 

aqueous-phase reactions of GLV with radicals under various liquid water contents and radical 

concentrations. In Section 5.5.2, the proportion of the aqueous-phase and gas-phase GLV fluxes 

were estimated by dividing GLV removal rates by the GLV concentrations to get a descriptor 

comparing GLV fluxes independent of GLV concentrations.  

5.5.1. Atmospheric lifetimes  

The removal of a GLV from the tropospheric gas phase by the combined action of gas-phase 

and aqueous-phase reactions with a radical X is approximated by equation 5.14. 

𝑑[𝐺𝐿𝑉]𝑔

𝑑𝑡
= −(𝑘𝑔[𝑋]𝑔[𝐺𝐿𝑉]𝑔 + 𝑘𝑎𝑞[𝑋]𝑎𝑞[𝐺𝐿𝑉]𝑎𝑞𝜔)   (5.14) 

where, kg is the gas-phase, and kaq is the aqueous-phase second-order rate constants for reactions 

of the GLV with X in L mol-1 s-1 respectively;  is the liquid water contents of the atmospheric 

system in m3 m-3; [X]g is the gas-phase and [X]aq is the aqueous phase concentration of X in M, 

respectively. 

The gas- and aqueous forms of the reactants GLV and X are assumed to be bound by Henry's 

Law equilibria defined in equation 5.15 and 5.16.  

[𝐺𝐿𝑉]𝑎𝑞 = 𝐻𝑑,𝐺𝐿𝑉[𝐺𝐿𝑉]𝑔      (5.15) 

[𝑋]𝑔 =
[𝑋]𝑎𝑞

𝐻𝑑,𝑋
⁄        (5.16) 

where: Hd, are the dimensionless Henry's constants (equations 5.17). 

𝐻𝑑 = 𝐻𝑅𝑇, 𝑖𝑓 𝐻 𝑖𝑠 𝑖𝑛 mol L−1atm−1    (5.17a) 

𝐻𝑑 = 𝐻𝑅𝑇𝜌, 𝑖𝑓 𝐻 𝑖𝑠 𝑖𝑛 mol kg−1atm−1    (5.17b) 
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where: R is the gas constant in atm L mol-1 K-1;  is the solution density in kg L. Equations 5.14 

– 5.16 are combined and rearranged to derive equation 5.18. 

𝑑[𝐺𝐿𝑉]𝑔

[𝐺𝐿𝑉]𝑔
= − (

𝑘𝑔

𝐻𝑑,𝑋
+ 𝑘𝑎𝑞𝐻𝑑,𝐺𝐿𝑉𝜔) [𝑋]𝑎𝑞𝑑𝑡    (5.18) 

Integrating equation 5.18 within limits (t, [GLV]0) and (t, [GLV]) gives equation 5.19 

𝑙𝑛 (
[𝐺𝐿𝑉]𝑔

[𝐺𝐿𝑉]𝑔,0
) = − (

𝑘𝑔

𝐻𝑑,𝑋
+ 𝑘𝑎𝑞𝐻𝑑,𝐺𝐿𝑉𝜔) [𝑋]𝑎𝑞𝑡   (5.19a) 

or 
[𝐺𝐿𝑉]𝑔

[𝐺𝐿𝑉]𝑔,0
= 𝑒𝑥𝑝 (− (

𝑘𝑔

𝐻𝑑,𝑋
+ 𝑘𝑎𝑞𝐻𝑑,𝐺𝐿𝑉𝜔) [𝑋]𝑎𝑞𝑡)   (5.19b) 

The atmospheric lifetime tlife of a GLV removed via gas- and aqueous-phase reaction with radical 

X is the time required to decrease the initial GLV concentration [GLV]0 to [GLV]0/e (equations 

5.20a and 5.20b). 

 

1

𝑒
= 𝑒𝑥𝑝 (− (

𝑘𝑔

𝐻𝑑,𝑋
+ 𝑘𝑎𝑞𝐻𝑑,𝐺𝐿𝑉𝜔) [𝑋]𝑎𝑞𝑡𝑙𝑖𝑓𝑒)   (5.20a) 

or 𝑡𝑙𝑖𝑓𝑒 =
1

(
𝑘𝑔

𝐻𝑑,𝑋
+𝑘𝑎𝑞𝐻𝑑,𝐺𝐿𝑉𝜔)[𝑋]𝑎𝑞

     (5.20b) 

Per analogiam, equation 5.21 defines the lifetime of a GLV consumed by reaction with a radical 

X, e.g., SO4
•− existing only in the aqueous-phase and does not partition to the gas phase. 

𝑡𝑙𝑖𝑓𝑒,𝑎𝑞 =
1

𝑘𝑎𝑞𝐻𝑑,𝐺𝐿𝑉𝜔[𝑋]𝑎𝑞
      (5.21) 

Similarly, equation 5.22 defines the lifetime of a GLV not partitioning to the aqueous phase, and 

is removed solely by the reaction with an oxidant in the gas phase only.  

𝑡𝑙𝑖𝑓𝑒,𝑔 =
𝐻𝑑,𝑋

𝑘𝑔[𝑋]𝑎𝑞
        (5.22) 

Equations 5.21 and 5.22 help virtually separate the gas-phase and aqueous-phase removal process 

of a GLV, from the overall combined removal of this GLV within the atmosphere.  
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Table 5.7 contains all the constants related to the GLVs studied within this work, required for 

the lifetime and removal calculations. 

Table 5.7. Gas-phase rate constants of GLVs with atmospheric radicals at 298 K and 
dimensionless Henry's constant of GLVs and radicals.  

GLV/radical Gas-phase rate constants Gas-phase rate constants Hd 

cm3 molecule-1 s-1 L mol-1 s-1 

kOH kNO3 kOH kNO3 

PENTOL 
6.7×10-11, 12 

5.7×10-11, 13 
13.9×10-15, 14 3.7×1010  8.4×106  2.5×103 

HEXOL 6.2×10-11, 1 1.6×10-13, 15 3.7×1011  9.4×107  3.3×103 

HEXAL 4.4×10-11, 16 1.2×10-14, 16 2.6×1011  6.1×106  2.5×102 

•OH     6.1×102 

NO3•     14.7 

*originally, the gas phase rate constants were reported in cm3 molecule-1 s-1 and were converted to L mol-1 s-1 for the 
convenience of present calculations. 

The aqueous-phase radical concentrations (Table 5.8) and LWC273, 447 used are typical for 

atmospheric systems. 

Table 5.8. Aqueous-phase concentrations of •OH, NO3
• and SO4

•- radicals in various atmospheric 

systems from CAPRAM modeling.17  
Radical low high extremely high 

 mol L-1 mol L-1 mol L-1 

•OH urban clouds 

remote clouds 

3.5×10-15 

2.2×10-14 

maritime aerosol 

urban aerosol 

1.0×10-13 

4.4×10-13 

maritime clouds 

remote aerosol 

2.0×10-12 

3.0×10-12 

NO3• remote clouds 

maritime aerosol 

maritime clouds 

5.1×10-15 

1.9×10-15 

6.9×10-15 

remote aerosol 

urban clouds 

urban aerosol 

3.5×10-13 

1.4×10-13 

8.6×10-14 

  

SO4•- maritime clouds 

urban aerosol 

2.3×10-15 

9.3×10-15 

remote clouds 

maritime aerosol 

urban clouds 

2.4×10-14 

1.2×10-14 

1.1×10-14 

remote aerosol 3.6×10-13 
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5.5.1.1. GLV partitioning between gas- and aqueous phases  

The equation 5.23 defines the partitioning of the reactants GLV and X between the gas- and 

aqueous-phase governed by Henry's Law equilibrium (Figure 5.8). 

[𝐺𝐿𝑉]𝑔

[𝐺𝐿𝑉′]𝑎𝑞
=

[𝐺𝐿𝑉]𝑔

[𝐺𝐿𝑉]𝑎𝑞𝜔
=

1

𝐻𝑑𝜔
      (5.23) 

where: [GLV']aq, is the aqueous phase GLV concentration per gas phase volume.  

 

Figure 5.8. Gas-aqueous partitioning of GLV in various atmospheric systems.  

Similar partitioning evaluation for the atmospheric radicals shows that the •OH and NO3
• 

predominantly reside in the gas phase, while the SO4
•- radicals exclusively in the aqueous phase. 

 

 

 

 

http://rcin.org.pl



Chapter 5. Aqueous-phase Reactions of Green Leaf Volatiles with Sulfate, Hydroxyl and Nitrate 
Radicals in Troposphere: Kinetics and Atmospheric Implications 

  

156 
 

5.5.1.2. GLV lifetimes  

The lifetimes of GLVs removed in the atmosphere due to the combined gas- and aqueous-

phase reactions with •OH or NO3
• radicals (Equation 5.20b), at various liquid water contents (LWC 

) scenarios are shown in Figure 5.9. The apparent lifetimes of GLVs due to the gas-phase 

reactions with radicals only (Equation 5.22) are presented in Figure 5.10. For all cases with               

 < 10-6, the aqueous-phase reaction does not influence much the overall lifetimes of the GLVs 

studied (Figure 5.9). Only on the extreme right-hand side of(Figure 5.9 at higher LWC, the 

aqueous-phase reactions significantly reduce the GLV lifetimes. The influence of the  variable 

on HEXOL and HEXAL lifetimes due to reactions with •OH radicals is marginal. The GLV 

lifetimes due to reactions with SO4
•-, which occur only in the aqueous phase, decrease from years 

to hours with increasing and [X]aq (Equation 5.21, Figure 5.11). 

 

http://rcin.org.pl



Chapter 5. Aqueous-phase Reactions of Green Leaf Volatiles with Sulfate, Hydroxyl and Nitrate 
Radicals in Troposphere: Kinetics and Atmospheric Implications 

  

157 
 

 

Figure 5.9. Atmospheric lifetimes (t) of GLVs due to combined removal by gas-phase and 

aqueous-phase reactions with •OH (a, c, e) and NO3
• (b, d, f) radicals at various liquid water 

contents (.  

a b 

c d 

e f 
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Figure 5.10. Apparent lifetimes of GLVs due to the gas-phase reactions only with (a) •OH 

and (b) NO3
•.  

 

Figure 5.11. Atmospheric lifetimes of GLVs due to the aqueous-phase reactions with SO4
•- at 

various liquid water contents (): (a) PENTOL, (b) HEXOL, (c) HEXAL.  

a) b) 

a b 

c 
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5.5.2. GLV removal rates 

GLV removal rates by reactions with radicals under various atmospheric conditions were 

estimated and compared as relative removal by gas- and aqueous-phase reactions, relative removal 

between the combined gas- and aqueous-phase reaction with radical X and aqueous-phase reaction 

with SO4
•− radical, relative removal by two different radicals in the aqueous phase, and overall 

GLV removal scaled to be independent of the GLV concentrations.  

The present Section 5.5.2 compares the GLV removal by gas-phase reactions and the aqueous-

phase reactions with SO4
•−; combined gas- and aqueous phase reactions with •OH or NO3

• and 

aqueous-phase reactions with SO4
•−; aqueous-phase reactions with •OH or NO3

• and aqueous-phase 

reactions with SO4
•−. It also presents scaled GLV removal rates independent of GLV concentration 

in various atmospheric systems. 

5.5.2.1. Gas-phase vs. aqueous-phase reactions  

Comparison of atmospheric rate of GLV removal due to the gas-phase reaction with a radical 

X to the aqueous-phase reaction with SO4
•- was carried out using equation 5.24. 

𝑟X,𝑔

𝑟𝑆𝑂4,𝑎𝑞𝜔
=

𝑘X,𝑔

𝑘𝑆𝑂4,𝑎𝑞𝐻𝑑,X𝐻𝑑,GLV𝜔
∙

[𝑋]𝑎𝑞

[𝑆𝑂4
∙−]𝑎𝑞

     (5.24) 

The ratios calculated for various and radical proportions using equation 5.24 are shown in Figure 

5.12. The aqueous-phase reactions of GLV with SO4
•− dominate over the gas-phase reaction with 

•OH or NO3
• (the rate ratio below 1) only when SO4

•- radicals are in excess and ishigh (Figure 

5.12. For PENTOL, such conditions occur in storms when [•OH]/[SO4
•-] < 0.2 and [NO3

•]/[SO4
•-

] < 20, or in rains when [•OH]/[SO4
•-] < 0.01 and [NO3

•]/[SO4
•-] < 10, or in rains and clouds when 

[NO3
•]/[SO4

•-] < 1. For HEXOL, the conditions are [•OH]/[SO4
•-] < 0.01 and [NO3

•]/[SO4
•-] < 10 

in storms, and [NO3
•]/[SO4

•-] < 0.01 in clouds and rains. For HEXAL the conditions are [•OH]/ 

[SO4
•-] < 0.01 and [NO3

•]/[SO4
•-] < 1 in storms, or [NO3

•]/[SO4
•-] < 0.01 in clouds and rains. 
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Figure 5.12. Influence of the liquid water contents (ω) and radical ratios on the relative rates 

of GLV removal from the atmosphere by gas-phase reactions with •OH (a,c,e) or NO3
• (b,d,f) 

and by the aqueous-phase reactions with SO4
•- defined by Equation (5.24).  

a b 

c d 

e f 
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5.5.2.2. Relative GLV removal rates.  

Equation 5.25 compares the GLV removal by combined gas- and aqueous-phase reaction with 

radical X (•OH and NO3
•) to the reaction with SO4

•− in the aqueous phase. 

𝑟X,𝑔+𝑟X,𝑎𝑞𝜔

𝑟𝑆𝑂4,𝑎𝑞𝜔
=

𝑘X,𝑔

𝐻𝑑,X𝐻𝑑,GLV
+𝑘X,𝑎𝑞𝜔

𝑘SO4,𝑎𝑞𝜔
∙

[𝑋]𝑎𝑞

[𝑆𝑂4
∙−]𝑎𝑞

   (5.25) 

The ratios calculated for various and radical proportions using equation 5.25 are shown in   

Figure 5.13. The aqueous-phase reactions of GLV with SO4
•− dominate over the combined gas-

phase and aqueous-phase reaction with •OH or NO3
• (the rate ratio below 1) only when SO4

•- 

radicals are in excess and ishigh (Figure 5.13). For PENTOL, such conditions occur in clouds, 

rains and storms when [•OH]/[SO4
•-] < 0.01, or [NO3

•]/[SO4
•-] < 1 (Figures 5.13a,b). For HEXOL 

the conditions are: [•OH]/[ SO4
•-] < 0.01, or [NO3

•]/[ SO4
•-] < 1 in storms (Figure 5.13c,d), and 

[NO3
•]/[ SO4

•-] < 0.01 in clouds and rains. For HEXAL the conditions are: [•OH]/ [SO4
•-] < 0.01 

and [NO3
•]/[SO4

•-] < 1 in storms (Figure 5.13e,f), and [NO3
•]/[SO4

•-] < 0.01 in clouds and rains 

(Figure 5.13f).  
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Figure 5.13. Influence of the liquid water contents () and radical ratios on the relative rates 

of GLV removal from the atmosphere by combined gas-phase and aqueous-phase reactions 

with •OH (a,c,e) or NO3
• (b,d,f) and by the aqueous-phase reactions with SO4

•-.  

a b 

c 
d 

e f 
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5.5.2.3. GLV removal rates – aqueous-phase reactions  

The atmospheric removal of GLV due to the aqueous-phase reaction by radical X is compared 

to that reaction with SO4
•− using equation 5.26.  

𝑟X,𝑎𝑞

𝑟SO4,𝑎𝑞
=

𝑘X,𝑎𝑞

𝑘SO4,𝑎𝑞
∙

[X]𝑎𝑞

[SO4
∙−]𝑎𝑞

      (5.26) 

The relative rate ratios calculated using equation 5.26 for various radical ratios are shown in Figure 

5.14. For PENTOL, the aqueous-phase reaction with SO4
•- dominates over that with •OH radicals 

if [•OH]/[SO4
•-] < 0.15, and over the reaction with NO3

• if [NO3
•]/[ SO4

•-] < 9 (Figure 5.14a). For 

HEXOL, the aqueous-phase reaction with SO4
•- dominates when [•OH]/[SO4

•-] < 0.8 and [NO3
•]/[ 

SO4
•-] < 6 (Figure 5.14b), and for HEXAL, on condition that [•OH]/[SO4

•-] < 0.11 and [NO3
•]/[ 

SO4
•-] < 16 (Figure 5.14c). 
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Figure 5.14. Influence of the radical ratio on the relative rates of GLVs removal from the 

atmosphere by the aqueous-phase reaction with •OH or NO3
• radicals and by the aqueous-

phase reactions with SO4
•- radical-anions: (a) PENTOL, (b) HEXOL, (c) HEXAL (Equation 

5.34).  

5.5.2.4. Scaled GLV removal rates  

Equations 5.15 – 5.18 were used to calculate the scaled removal rates of GLVs independent 

of the their concentrations: due to the overall gas-and aqueous-phase reactions of PENTOL, 

HEXOL, and HEXAL with •OH, NO3
•, and SO4

•- under various conditions, such as dry air, urban 

clouds, remote clouds, and urban aerosol (Table 5.9). All data required for the calculations are 

provided in Tables 5.2 – 5.4, 5.7, and 5.8. 

a) b) 

c) 
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 Table 5.9. Scaled removal rates of GLV from the atmosphere due to the gas-phase and 

aqueous-phase reactions with •OH, NO3
• and SO4

•- at 298 K (
−1

[GLV]𝑔

𝑑[GLV]𝑔

𝑑𝑡
).  

System Sink 
 Scaled removal rates, s-1 

m3 m-3 PENTOL HEXOL HEXAL 

Urban clouds 

Gas-phase reactions 0 3×10-7 3×10-6 2×10-6 

Aqueous-phase reactions 
1×10-8 1×10-9 6×10-9 6×10-11 

1×10-6 1×10-7 6×10-7 6×10-9 

Remote 

clouds 

Gas-phase reactions 0 1×10-6 1×10-5 1×10-5 

Aqueous-phase reactions 
1×10-8 4×10-9 7×10-9 3×10-10 

1×10-6 4×10-7 7×10-7 3×10-8 

Urban 

aerosol 

Gas-phase reactions 0 3×10-5 2×10-4 2×10-4 

Aqueous-phase reactions 
1×10-12 7×10-12 1×10-11 5×10-13 

1×10-11 7×10-11 1×10-10 5×10-12 

Fluxes of PENTOL and HEXOL removed in urban and remote cloud systems of high via 

aqueous-phase reactions are comparable to those removed via gas-phase reactions. However, 

fluxes of HEXAL removed via gas-phase reactions were higher by orders of magnitude in all 

clouds and urban aerosol.  

5.6. Conclusions 

The second-order rate constants, k2nd determined in the present thesis for the aqueous-phase 

reactions of GLV with radicals are of the order 109 (•OH), 108 (SO4•-), and 107 (NO3•)  L mol-1 s-1 

at 298 K. Exceptionally, k2nd for the reaction of (Z)-2-hexen-1-ol with NO3
• was larger than with 

SO4
•−. Of the three GLVs studied, (Z)-2-hexen-1-ol appeared to react the fastest. The plausible 

explanation is two allylic positions available in (Z)-2-hexen-1-ol for the hydrogen abstraction 

versus only one such position in 1-penten-3-ol, and (E)-2-hexen-1-al. More mechanistic details for 

GLV reactions with •OH are discussed in Chapter 7. The differences in the rate constants are more 

prominent for GLV reactions with SO4
•- and NO3•, which are more chemically controlled, than for 

reactions with •OH, which are partially diffusion-controlled. 

Table 5.10 compares the determined rate constants and activation energies for reactions with 
•OH against those for other GLVs and structurally similar compounds.129, 273, 367 The aqueous-
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phase reaction rate constants of the compounds in Table 5.10 range from 2×109 to 8.3×109 L mol-

1 s-1 and the activation energies from 6 to 17 kJ mol-1. Specifically, the present rate constants for 

1-penten-3-ol, (Z)-2-hexen-1-ol, and (E)-2-hexen-1-al at 298 K are relatively close to those 

reported by Richards-Henderson et al. for (Z)-3-hexen-1-ol, (Z)-3-hexenyl acetate,                      

2-methyl-3-buten-2-ol and methyl jasmonate (Table 5.10).129 The activation energies for 

structurally similar compounds methyl isobutyl ketone and isobutyraldehyde are also close to those 

determined within this study for GLVs (Table 5.10). 

Table 5.10. Rate constants and activation energies for reactions of GLVs and structurally similar 
organic compounds with •OH.  

Compound 
k298 K EA Method 

Reference 
109 L mol-1 s-1 kJ mol-1 

(Z)-3-hexen-1-ol 5.3 ± 0.2 12 ± 0.3 a 37 

(Z)-3-hexenyl acetate 8.3 ± 0.6 17 ± 2 a 37 

2-methyl-3-butene-2-ol 7.3 ± 0.7 13 ± 2 a 37 

methyl jasmonate 6.8 ± 0.5 15 ± 2 a 37 

methyl salicylate 8.1 ± 0.6 14 ± 1 a 37 

methyl isobutyl ketone 2.0 ± 0.2 10 ± 2 b 75 

isobutyraldehyde 2.9 ± 1.0 6 ± 3 b 76 

1-penten-3-ol 6.3 ± 0.1 13 ± 2 c this work 

(Z)-2-hexen-1-ol 6.7 ± 0.3 9 ± 2 c this work 

(E)-2-hexen-1-al 4.8 ± 0.3 12 ± 1 c this work 

a Competition kinetics; b Static photo reactor/Fenton for OH; c LFP-LLPA/photolysis 
of H2O2 (competition kinetic, reference compound SCNꟷ) 

The present study provided for the first time aqueous-phase rate constants of GLVs reactions 

with SO4
•- and NO3

•, so no literature data existed for comparison. However, a detailed review by 

Herrmann et al.273, 367 and Neta and Huie458 include structurally similar compounds for comparison. 

For example, Schöne et al. provided the temperature-dependent kinetic data for the aqueous-phase 

reactions of methacrolein (MAC) and methyl vinyl ketone (MVK) with •OH, SO4•-, and NO3•.297 
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The rate constants for aqueous-phase reactions of MAC and MVK at 298 K were: (9.4 ± 0.7) ×109 

L mol-1 s-1 and (7.3 ± 0.5) ×109 L mol-1 s-1 for •OH; (9.9 ± 4.9) ×107 L mol-1 s-1 and (1.0 ± 0.2) ×108 

L mol-1 s-1 for SO4•-; (4.0 ± 1.0) ×107 L mol-1 s-1 and (9.7 ± 3.4) ×106 L mol-1 s-1 for NO3•, 

respectively. The order of magnitude of these rate constants is similar to the rate constants 

determined in the present study.  

The studied aqueous-phase reactions of GLVs were evaluated for their atmospheric relevance 

or significance. They appeared negligible in deliquescent aerosol and haze water, and dominate 

only in systems with high liquid water contents, such as clouds, rains, and storms. With increasing 

liquid water content and the concentration of radicals in the atmospheric systems, the atmospheric 

lifetime of GLVs reduced from years or hundred days to a few minutes. The aqueous-phase 

reaction with SO4
•− dominates over combined gas- and aqueous-phase reactions with •OH or NO3

• 

only when the system contains a sufficient excess of SO4
•− and high liquid water content, such as 

in clouds, rains, or storms. 
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Chapter 6. Evaluating bias of the experimental rate constants 
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with NO3
•: COPASI kinetic modeling 
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6.1. Introduction 

The rate constants for GLV reactions with NO3
• were determined without accounting for a 

few reactions that could consume the radical. They included the reactions with −OH, HO2
•, H2O, 

and S2O8
2-, and autoxidation of alkyl compounds to ROO• radicals (Table 6.1). A complete kinetic 

model of GLV–NO3
• reactions was developed and analyzed using the COPASI software 

package384 to evaluate the bias in the rate constants determined (Section 6.2). Within COPASI, the 

reaction rate constants were estimated using the evolutionary programming method (number of 

generations 200, population size 20), while reaction time course simulations were performed using 

the deterministic ordinary differential equation solver (LSODA).384, 391, 392 Chapter 3 (Section 

3.4.1) contains more details on COPASI software.  

6.2. Complete kinetic model of GLV – NO3• reactions 

Table 6.1 contains the reactions and rate constants that constitute a complete kinetic model of 

GLV–NO3
• reactions (Model_1). Model_1 includes reactions 20 – 25 and 30, which are neglected 

while evaluating the experimental rate constants with the LFP-LLPA method (used in Chapter 5). 

The bias in the experimental rate constants resulted from additional consumption of NO3
• radicals 

by these reactions. Most of the temperature-dependent kinetic parameters required by Model_1 

were available in the literature. A few missing rate constants (reactions (13), (15), (24), and (25)) 

were estimated within this work using COPASI  (Section 6.2.1.). The rate constants for reactions 

(26) and (32) were experimentally determined within this work. 

Table 6.1. Model_1 – reactions with temperature-dependent rate constants.  
No Reaction k (298 K) References A EA Ref., EA 

(calc./estd.) 

    L mol-1 s-1 kJ mol-1  

1 H2O ⇌ H+ + OH- → 0.0014 s-1 

← 1.4×1011 L mol-1s-1 

459 → 9.9×109 

← 5.5×1013 

73 

15 

460 

2 H2SO4 ⇌ H+ + HSO4
-  → 5.0×1013 s-1 

← 5.0×1010  L mol-1s-1 

461 - - - 
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*table 6.1 continued 

3 HSO4
-  ⇌ H+ + SO4

2- → 1.0×109 s-1 

← 1.0×1011  L mol-1s-1 

461 - - - 

4 HNO3 ⇌ H+ + NO3
-  → 1.1×1012 s-1 

← 5.0×1010  L mol-1s-1 

461 - - - 

5 HO2 ⇌ H+ + O2
-  → 1.4×106 s-1 

← 5.0×1010  L mol-1s-1 

459 → 1.3×109 

← 5.1×1012 

17 

12 

460 

6 OH•  + OH•  ⟶  H2O2 3.6×109  L mol-1s-1 462 7.9×1010 8 460 

7 OH•  + H2O2 ⟶  H2O + HO2
•  2.7×107  L mol-1s-1 293 K, 463 5.3×108 7 463 

8 OH•  + HO2
•  ⟶  H2O + O2

•- 6.0×109  L mol-1s-1 462 8.2×1011 12 462 

9 OH • + O2
•- ⟶  OH- + O2 1.1×1010  L mol-1s-1 463 2.9×1010 2 460 

10 OH•  + HSO4
-  ⟶  SO4

•- + H2O 3.5×105  L mol-1s-1 464 2.0×107 10 c 

11 SO4
•- + H2O ⟶  OH•  + HSO4

-  7.9  L mol-1s-1 464 4.1×103 16 465 

12 SO4
•- + HNO3 ⟶  NO3

•  + HSO4
-  5.5×105  L mol-1s-1 466 1.0×108 13 373 

13 SO4
∙- + NO3

- ⟶NO3
•  + SO4

2- 9.0×104   L mol-1s-1 

9.2×104  L mol-1s-1 

467 
* 

 

4.1×108 

 

21 

 

*Table 6.2 

14 SO4
•- + HO2

•  ⟶  HSO4
-  + O2 3.5×109  L mol-1s-1 468 5.2×109 1 373 

15 SO4
∙- + S2O8

2-⟶S2O8
∙- + SO4

2- 1.0×104  L mol-1s-1 

1.4×104  L mol-1s-1 

465 
* 

 

2.2×106 

 

-60 

 

*Table 6.3 

16 SO4
•-+ OH•  ⟶  HSO5

-  1.0×1010  L mol-1s-1 469 1.5×1010 1 373 

17 SO4
•- + SO4

•- ⟶  S2O8
2- 2.0×108  L mol-1s-1 465 4.0×108 2 465 

18 SO4
•- + HSO5

-  ⟶  HSO4
-  + SO5

•- 1.0×105  L mol-1s-1 470 1.9×107 13 373 

19 SO4
•- + OH- ⟶ SO4

2-  + OH•  1.4×107  L mol-1s-1 471 1.8×109 12 373 

20 NO3
• + NO3

• ⟶ N2O6 3.0×107  L mol-1s-1 472 6.0×107 2 d 

21 NO3
• + OH- ⟶ OH• + NO3

− 8.2×107  L mol-1s-1 467 1.0×1010 12 d 

22 NO3
• + H2O ⟶ OH• + HNO

3
 0.9 M-1s-1 273 4.7×102 16 d 

23 NO3
•  + HO2

• ⟶NO3
− + H++ O2 3.0×109  L mol-1s-1 468 4.5×109 1 d 

24 NO3
• + S2O8

2- ⟶ NO3
− + S2O8

•- 1.0×104  L mol-1s-1 

1.0×104  L mol-1s-1 

465 
* 

 

3.6×107 

 

27 

 

*Table 6.4 
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*table 6.1 continued 

25 NO3
• ⟶ products 47 ± 19 s-1 *Table 6.5 - - - 

26a SO4
∙- + PENTOL⟶PENTOL alkyl 9.4×108  L mol-1s-1 *Table 5.2 7.9×109 5 *Table 5.5 

26b SO4
∙- + HEXOL⟶HEXOL alkyl 2.5×109  L mol-1s-1 *Table 5.2 1.1×1011 10 *Table 5.5 

26c SO4
∙- + HEXAL⟶HEXAL alkyl 4.8×108  L mol-1s-1 *Table 5.2 2.9×109 5 *Table 5.5 

27 GLV alkyl + O2⟶GLV peroxy 2.0×109  L mol-1s-1 473 8.5×1011 15 291 

28 2 GLV peroxy⟶GLV p 1.6×108  L mol-1s-1 474 5.9×108 3 475 

29 OH• + GLV peroxy⟶GLV p1 9.6×1010  L mol-1s-1 b, 476 1.4×1011 1 373 

30 NO3
• + GLV peroxy⟶GLV p2 1.2×109  L mol-1s-1 b, 477 1.8×109 1 373 

31 SO4
∙- + GLV peroxy⟶GLV p3 3.5×109  L mol-1s-1 a, 468 5.2×109 1 373 

32a NO3
•  + PENTOL⟶PENTOL alkyl2 1.5×108  L mol-1s-1 *Table 5.4 1.5×1011 17 *Table 5.5 

32b NO3
•  + HEXOL⟶HEXOL alkyl2 8.4×108  L mol-1s-1 *Table 5.4 3.8×1010 9 *Table 5.5 

32c NO3
•  + HEXAL⟶HEXAL alkyl2 3.0×107  L mol-1s-1 *Table 5.4 3.2×1010 17 *Table 5.5 

a adopted from the reaction of SO4
•- with HO2

•; b adopted from gas-phase reactions of RO2
•
 radicals, *This 

work; c an average of the activation energy of reaction 7 and 8; d Ea from corresponding reactions of SO4
•- 

radicals, and A values calculated using the rate constants at 298 K 

6.2.1. Kinetic parameters for reactions (13), (15), (24), and (25) in Table 6.1 

The temperature-dependent kinetic parameters for reactions (13), (15), (24), and (25), were 

estimated using the experimental data collected during the background runs without GLV added. 

The data were processed using an evolutionary algorithm (200 generations and population size 20) 

in COPASI software. 

SO4
∙- + NO3

- ⟶NO3
•  + SO4

2-      (13, Table 6.1) 

SO4
∙- + S2O8

2-⟶S2O8
∙- + SO4

2-      (15, Table 6.1) 

NO3
• + S2O8

2- ⟶ NO3
− + S2O8

•-     (24, Table 6.1) 

NO3
• ⟶ products       (25, Table 6.1) 
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Tables 6.2 – 6.5 show the estimated rate constants at various temperatures, which were used 

to derive the corresponding Arrhenius Equations 6.1 – 6.3, (also Figures 6.1 – 6.3), respectively. 

The values calculated from these equations were used in Model_1 for the bias calculations.   

  Table 6.2. The temperature-dependent rate constants for reaction (13).  

SO4
∙- + NO3

- ⟶NO3
•  + SO4

2- (13) 
k (L mol-1 s-1) 

278 K 288 K 298 K 308 K 318 K 
4.5×104 6.4×104 9.0×104 1.2×105 1.7×105 
6.7×104 8.4×104 9.1×104 8.4×104 - 
5.4×104 7.0×104 9.5×104 1.5×105 1.9×105 

Average 
(5.5 ± 1.1)×104 (7.3 ± 1.0)×104 (9.2 ± 0.3)×104 (1.2 ± 0.3)×105 (1.8 ± 0.1)×105 

 

                                    𝑘(𝑇) = 4.1 × 108exp (−
2490 ± 210

𝑇
) 𝐿 𝑚𝑜𝑙−1 𝑠−1     (6.1) 

 
Figure 6.1. Arrhenius plot for reaction SO4

∙- + NO3
- ⟶NO3

•  + SO4
2- (13) 
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 Table 6.3. The temperature-dependent rate constants for reaction (15).  

SO4
∙- + S2O8

2-⟶S2O8
∙- + SO4

2-  (15) 
k (L mol-1 s-1) 

278 K 288 K 298 K 308 K 318 K 
5.0×104 8.0×104 2.2×104 1.0×104 6.0×103 
5.0×104 5.0×104 1.0×104 1.0×103 - 
7.6×104 5.0×104 1.0×104 1.0×104 2.0×103 

Average 
(5.9 ± 1.5)×104 (6.0 ± 1.7)×104 (1.4 ± 0.7)×104 (7.0 ± 5.2)×103 (4.0 ± 2.8)×103 

                                         𝑘(𝑇) = 2.2 × 106exp (−
−7190 ± 1230

𝑇
) 𝐿 𝑚𝑜𝑙−1 𝑠−1   (6.2) 

 

 
Figure 6.2. Arrhenius plot for reaction SO4

∙- + S2O8
2-⟶S2O8

∙- + SO4
2- (15). 

Table 6.4. The temperature-dependent rate constants for reaction (24).  

NO3
• + S2O8

2- ⟶ NO3
− + S2O8

•-  (24) 
k (L mol-1 s-1) 

278 K 288 K 298 K 308 K 318 K 
2×103 3×103 1×104 1.6×104 4.0×104 
2×103 4.4×103 1×104 1.8×103 - 
2×103 6×103 1×104 1.6×104 3.0×104 

Average 
2×103 (4.5 ± 2.5)×103 1.0×104 (1.7 ± 0.8)×104 (3.5 ± 2.1)×104 
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                                      𝑘(𝑇) = 3.6 × 107exp (−
3200±900 

𝑇
) 𝐿 𝑚𝑜𝑙−1 𝑠−1            (6.3) 

 
Figure 6.3. Arrhenius plot for reaction NO3

• + S2O8
2- ⟶ NO3

− + S2O8
•- (24).  

In the case of reaction (25), describing the first-order decay of NO3
• radicals, no Arrhenius 

relation of the rate constants was observed. Instead, one rate constant value ((47 ± 19) s-1) averaged 

across the temperature range was used. The first-order decay of NO3
• radicals occurred in all blank 

experiments and could result from physical processes, such as wall loss. The share of that process 

was smaller than 10% of the total sink of NO3
• in background reactions without GLV added.  

Table 6.5. The estimation of the rate constants for the first-order sink of NO3
• radicals.  

NO3
• ⟶ products 

Average k (s-1) 
278 K 288 K 298 K 308 K 318 K 278-318 K 

average 

49 67 32 64 25 47 ± 19 
 

6.3. GLV + NO3• rate constant estimated using Model_1. 

The second-order rate constants k2nd, for the aqueous-phase reactions between GLV and NO3
• 

were estimated using the original data from LFP-LLPA experiments, Model_1 reaction set (Table 6.1), 

and the evolutionary programming algorithm in COPASI (number of generations 200, population 

size 20). Initial concentrations of reactants were 0.03 mol L-1 for S2O8
2-, 0.1 mol L-1 for NO3

•, (2.3 
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± 0.1) × 10-7 mol L-1 for SO4
•-, and (0 – 1) × 10-4 mol L-1 for GLV. The estimated rate constants 

are presented and analyzed in Section 6.4. The quality of fitting Model_1 with these constants to 

the original experimental data was good (Figures 6.4 – 6.16).  

A) 1-penten-3-ol + NO3•  

 

Figure 6.4. Concentration-time profiles of NO3
• in experiments at 278 K and various initial 

concentrations of 1-penten-3-ol (specified in the legends). Experimental data points are red circles, 

simulations are black lines, and residuals are green crosses. 
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Figure 6.5. Concentration-time profiles of NO3
• in experiments at 288 K and various initial 

concentrations of 1-penten-3-ol (specified in the legends). Experimental data points are red circles, 
simulations are black lines, and residuals are green crosses. 

  

Figure 6.6. Concentration-time profiles of NO3
• in experiments at 298 K and various initial 

concentrations of 1-penten-3-ol (specified in the legends). Experimental data points are red circles, 
simulations are black lines, and residuals are green crosses. 
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Figure 6.7. Concentration-time profiles of NO3
• in experiments at 308 K and various initial 

concentrations of 1-penten-3-ol (specified in the legends). Experimental data points are red circles, 
simulations are black lines, and residuals are green crosses. 
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B) (Z)-2-hexen-1-ol + NO3•  

 

Figure 6.8. Concentration-time profiles of NO3
• in experiments at 278 K and various initial 

concentrations of (Z)-2-hexen-1-ol (specified in the legends). Experimental data points are red circles, 
simulations are black lines, and residuals are green crosses. 

 

 
Figure 6.9. Concentration-time profiles of NO3

• in experiments at 288 K and various initial 
concentrations of (Z)-2-hexen-1-ol (specified in the legends). Experimental data points are red circles, 
simulations are black lines, and residuals are green crosses. 
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Figure 6.10. Concentration-time profiles of NO3
• in experiments at 298 K and various initial 

concentrations of (Z)-2-hexen-1-ol (specified in the legends). Experimental data points are red circles, 
simulations are black lines, and residuals are green crosses. 

 

Figure 6.11. Concentration-time profiles of NO3
• in experiments at 308 K and various initial 

concentrations of (Z)-2-hexen-1-ol (specified in the legends). Experimental data points are red circles, 
simulations are black lines, and residuals are green crosses. 

  

http://rcin.org.pl



Chapter 6. Evaluating bias of the experimental rate constants determined for the aqueous-phase 
reactions of selected GLVs with NO3

• 
 

180 
 

C) (E)-2-hexen-1-al + NO3•  

 

Figure 6.12. Concentration-time profiles of NO3
• in experiments at 278 K and various initial 

concentrations of (E)-2-hexen-1-al (specified in the legends). Experimental data points are red circles, 

simulations are black lines, and residuals are green crosses. 
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Figure 6.13. Concentration-time profiles of NO3
• in experiments at 288 K and various initial 

concentrations of (E)-2-hexen-1-al (specified in the legends). Experimental data points are red circles, 
simulations are black lines, and residuals are green crosses. 

 

Figure 6.14. Concentration-time profiles of NO3
• in experiments at 298 K and various initial 

concentrations of (E)-2-hexen-1-al (specified in the legends). Experimental data points are red circles, 
simulations are black lines, and residuals are green crosses. 
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Figure 6.15. Concentration-time profiles of NO3
• in experiments at 308 K and various initial 

concentrations of (E)-2-hexen-1-al (specified in the legends). Experimental data points are red circles, 
simulations are black lines, and residuals are green crosses. 

 

Figure 6.16. Concentration-time profiles of NO3
• in experiments at 318 K and various initial 

concentrations of (E)-2-hexen-1-al (specified in the legends). Experimental data points are red circles, 
simulations are black lines, and residuals are green crosses. 
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6.4. Percentage bias of the experimentally determined GLV + NO3• reaction rate 

constants vs. Model_1 estimations 

Table 6.6. Experimental and model-estimated rate constants (L mol-1 s-1) for reactions 
between GLV and NO3

•.  
 278 K 288 K 298 K 308 K 318 K 

PENTOL 

Model_1 (kModel) 9.3×107 9.3×107 1.4×108 1.7×108 
 

Experimental (kobs) 8.8×107 1.1×108 1.5×108 2.0×108  

∆ Model-Exp, % +5 -13 -7 -14  

Experimental uncertainty, % ± 18 ± 22 ± 10 ± 21  

HEXOL 

Model_1 (kModel) 6.6×108 7.8×108 7.7×108 8.5×108  

Experimental (kobs) 6.4×108 7.9×108 8.4×108 9.8×108  

∆ Model-Exp, % +3 -1 -9 -15  

Experimental uncertainty, % ± 23 ± 31 ± 23 ± 27  

HEXAL 

Model_1 (kModel) 1.6×107 1.7×107 2.6×107 3.5×107 4.5×107 

Experimental (kobs) 2.0×107 2.1×107 3.0×107 3.7×107 5.0×107 

∆ Model-Exp, % -25 -24 -15 -6 -10 

Experimental uncertainty, % ± 27 ± 11 ± 24 ± 3 ± 15 

In Table 6.6 the rate constants for GLV reactions with NO3
• estimated using Model_1 and 

determined experimentally in LFP-LLPA experiments are compared. Equation 6.4 shows the 

percentage bias of the experimental rate constants due to the “neglected” sinks of NO3
•.  

                                           Δ𝑀𝑜𝑑𝑒𝑙−𝐸𝑥𝑝 =
𝑘𝑀𝑜𝑑𝑒𝑙−𝑘𝑜𝑏𝑠

𝑘𝑜𝑏𝑠
× 100%                                          (6.4) 

 (E)-2-hexen-1-al was the slowest reacting GLV with NO3
• among those studied and had 

the highest bias in the experimental rate constants, namely (6 – 25)% (Table 6.6). The bias 

decreased with temperature, probably due to the relative acceleration of the reaction between NO3
• 
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and GLV. For 1-penten-3-ol and (Z)-2-hexen-1-ol, the rate constants bias were less than 15% at 

all temperatures. Interestingly, the intrinsic experimental uncertainty for the rate constants 

determined using LFP-LLPA procedure was significantly more considerable than the bias due to 

the “neglected” sink of NO3
•, including the NO3

• + peroxy intermediate pathway. Exceptions to 

that rule occurred for (E)-2-hexen-1-al at 288 and 308 K. Thus, the experimental LFP-LLPA 

method appeared robust and applicable to NO3
• reactions. 
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Synopsis 

The present chapter explores the aqueous-phase photooxidation pathways of selected GLVs 

(PENTOL, HEXOL, and HEXAL) with •OH radicals to investigate and determine their main 

oxidation products as a novel source of SOA. The analyses using gas and liquid chromatography 

were targeted to identify carbonyls, alcohols, and carboxylic acid. The carbonyl-targeted cGC-MS 

analysis confirmed short chain aliphatic aldehydes (i.e., propanal, butanal), and unsaturated ketone 

(i.e., 1-penten-3-one or ethyl vinyl ketone) as abundant reaction products. The alcohol-targeted 

cGC-MS analysis was done to quantify the GLVs (1-penten-3-ol, and (Z)-2-hexen-1-ol) in the 

reaction samples. Another major product with a molecular formula C6H10O2 was confirmed using 

the reversed phase LC-MS analysis for both, (Z)-2-hexen-1-ol and (E)-2-hexen-1-al. The novel 

C6H10O2 product was tentatively proposed to be the hydroxyhexenal or hydroxyhexenone; 

however, its unequivocal structural assigment could not be pursued due to the lack of authentic 

standards. The density functional theory (DFT), along with the group contribution method was 

used to assess and evaluate the relative importance of addition and hydrogen abstraction reaction 

channels for studied reactions. In conclusion, good agreement between experimental and 

theoretical findings was achieved, and suggested that the combination of mass spectrometric data 

with theoretical calculation showed a comprehensive method to unravel a complex chemical 

mechanism of studied processes. 

7.1. Introduction 

The oxidative degradation pathways of GLVs is considered complicated under atmospheric 

conditions, especially during warm seasons where high GLVs emission episodes from plants are 

reported.146, 478 To date, many studies have dealt with the oxidative degradation of GLVs in the 

atmospheric gas-phase,162, 167, 176, 184, 194, 204, 217, 220, 243, 269, 479, 480 and air-water interface241, 481-483 as 

an additional source of SOA; while only few studies report on aqueous-phase oxidation kinetics 

of GLVs and products formation.128 As a preliminary research, Chapter 4 – 6 provided physical 

properties, aqueous-phase kinetics data for selected GLVs (PENTOL, HEXOL, and HEXAL), 

along with the atmospheric significance of their investigated atmospheric reactions with •OH, 

SO4
•–, and NO3

•, respectively168, 298  This chapter reports on the chemical characterization of the 
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oxidation products obtained from the •OH radicals-driven photooxidation reactions of selected 

GLVs in aqueous droplets. 

7.2.  Experimental methods 

The information on chemicals used are provided in Chapter 3. The details of the experimental 

set-up (Figure 3.7) and characterization techniques / method used (Section 3.3.2, and 3.4) are also 

highlighted in Chapter 3.  

7.3.  Results and Discussion 

Product and mechanistic studies of •OH radicals-medtaied reactions of PENTOL, 

HEXOL, and HEXAL  

The aqueous-phase photooxidation of GLVs (PENTOL, HEXOL, and HEXAL) with •OH 

radicals were carried out at 298 K.. The 300 mL glass photoreactor was used to perform GLVs 

photooxidation product studies in the presence of •OH radicals. The O3 free solar simulator Xe arc 

lamp was used to photolyze H2O2 and produce in situ •OH radicals. The light wavelenghts below 

290 nm was filtered off by the AM1.5 filter to mimic daylight conditions. The UV absorbance for 

PENTOL, and HEXOL above 290 nm is negligible (compare Figures 4.1, and 4.2 in Chapter 4). 

In agreement, no photodegradation was observed within the reaction sample during photolysis 

experiments for both PENTOL and HEXOL. In contrast, HEXAL (Figure 4.3) does absorb 

between 400 – 290 nm (0.6 M-1 cm-1 < ε > 51 M-1 cm-1, Table A4.5.a and 1.3 M-1 cm-1 < ε > 62 M-

1 cm-1, Table A4.5.b) and was observed to undergo considerable photodegradation in the form of 

photoisomerization (E to Z isomer), in photolysis (without •OH) as well as in photooxidation 

experiments.  

The pseudo first-order rate constants for the decay of GLVs were determined using the slope 

of a linear plot of –ln [GLV]t/[GLV]0 vs time (hour). The standard errors were determined using 

regression analysis with a 95 % confidence interval. Overall, the rate of the GLV loss was 

calculated based on the equation 7.1, constituting the loss due to the reaction with •OH radicals      

(𝑘𝑂𝐻+𝐺𝐿𝑉[𝑂𝐻][𝐺𝐿𝑉]) and direct photolysis (𝑗𝐺𝐿𝑉[𝐺𝐿𝑉] parts in eq. 7.1), and all other unknown 

pathways (𝑘𝑜𝑡ℎ𝑒𝑟[𝐺𝐿𝑉]):128, 129 
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                                  − 𝑑[𝐺𝐿𝑉]

𝑑𝑡
= 𝑘𝑂𝐻+𝐺𝐿𝑉[𝑂𝐻][𝐺𝐿𝑉] + 𝑗𝐺𝐿𝑉[𝐺𝐿𝑉] + 𝑘𝑜𝑡ℎ𝑒𝑟[𝐺𝐿𝑉]                      (7.1) 

The steady-state •OH radical concentration determined using COPASI was found to be 1×10-13 M 

(Table 7.1).290, 382 Given that [•OH] concentrations follow a steady-state pattern, the above equation 

can be simplified to equation 7.3 upon the combination of equation 7.1 and 7.2 followed by its 

integration. 

                                            𝑘𝐺𝐿𝑉
′ = 𝑘𝑂𝐻+𝐺𝐿𝑉[𝑂𝐻] + 𝑗𝐺𝐿𝑉 + 𝑘𝑜𝑡ℎ𝑒𝑟                                                        (7.2) 

                                                   𝑙𝑛 [𝐺𝐿𝑉]𝑡

[𝐺𝐿𝑉]0
= −𝑘𝐺𝐿𝑉

′ × 𝑡                                                                                  (7.3) 

According to equation 7.3, within the aqueous-phase photooxidation reaction with •OH radicals, 

the selected GLVs, i.e., PENTOL, HEXOL, and HEXAL follow a decay scenario with a pseudo 

first-order rate loss of (0.023 ± 0.003), (0.025 ± 0.003), and (0.050 ± 0.004) hr-1, respectively, 

which correspond to the observed 12%, 20%, and 20% losses, respectively in the total reaction 

duration of 6 hours. 

Table 7.1. The Initial concentrations and considered reactions used in the COPASI 

estimation model to determine steady state •OH concentrations. 

No. Reaction k (298 K) Ref. Species [Conc.]0, 
M 

1 H2O2 → OH + OH 2.8 × 10-6 s-1 290 H2O2 5.0 × 10-3 

2 OH + OH → H2O2 3.6 × 109 L mol-1 s-1 462 OH 0 

3 OH + H2O2 → H2O + 
HO2 

2.7 × 107 L mol−1 s−1 463 H2O 55.37 

4 OH + HO2 → H2O + O2 6.0 × 109 L mol−1 s−1 462 HO2 0 

5 OH + O2
− → OH− + O2 1.1 × 1010 L mol−1 s−1 463 O2 2.6 × 10-4 

6 H2O ⇌ H+ + OH− → 0.0014 s−1, 

← 1.4 × 1011 L mol−1 
s−1 

459 O2
− 0 

7 HO2 ⇌ O2
− + H+ → 1.4 × 106 s−1, 

← 5.0 × 1010 L mol−1 
s−1 

459 OH− 1.0 × 10-7 
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8 GLV + OH → Products 

a. 1-penten-3-ol; 

b. (Z)-2-hexen-1-ol; 

c. (E)-2-hexen-1-al 

 

a. 6.3 × 109 L mol−1 s−1 

*this work  

Table 5.3 

H+ 1.0 × 10-7 

b. 6.7 × 109 L mol−1 s−1  GLV 1.0 × 10-4 

c. 4.8 × 109 L mol−1 s−1  *Products 0 

*GLV-OH reaction products 

7.3.1. Group contribution method (GCM) estimation (k2nd GLV-OH)  

The group contribution method (GCM) by Minakata et al., 484 was used for the estimation of 

k2nd. GCM estimated second-order rate constant values for the aqueous-phase reactions between 

GLV and •OH are provided in Chapter 5. The determined reactivity rate values for all possible 

reaction pathways (i.e., addition vs. H-abstraction ones) are provided to evaluate their relative 

importance and compare with experimental ones as well as DFT-obtained (vide subsequent 

sections). 

a. PENTOL 

i) H-abstraction 

k (5) = 3ko
prim × X-CH2  

        = 3 × (1.17580 × 108) × 1.174 

        = 4.14 × 108 L mol-1 s-1 

k (4) = 2ko
sec × X-CH3 × X-CHOH 

        = 2 × (5.1097 × 108) × 1.12 × 1.174 

        = 1.34 × 109 L mol-1 s-1 

k (3) = ko
ter × X-OH × X-CH2 × X-CH 

        = (1.99026 × 109) × 0.578 × 1.174 × 1.174 

        = 1.59 × 109 L mol-1 s-1 

k (OH) = kOH   

             = (1.0000 × 108) L mol-1 s-1 

koverall (H-abs) = 3.44 × 109 L mol-1 s-1 

ii) Double bond addition 

1
2

3
4

5
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Since Y (group contribution factor for CHOH is not available inMinakata et al.,484 and thus, 

I took a closest approximated group contribution of -CHO 

k (2) = g ko
structure × Y-CHO  

        = 1 × (1.0102 × 108) × 0.6000 

        = 6.0612 × 107 L mol-1 s-1 

k (1) = g ko
structure × Y-CHO  

        = 1 × 9.9999 × 109× 0.6000 

        = 5.99994 × 109 L mol-1 s-1 

koverall (addition-alkene) = 6.06 × 109 L mol-1 s-1 

PENTOL-OH: ksum (addition + H-abs) = 9.50 × 109 L mol-1 s-1 

b. HEXOL 

i) H-abstraction 

k (6) = 3ko
prim × X-CH2  

        = 3 × (1.17580 × 108) × 1.174 

        = 4.14 × 108 L mol-1 s-1 

k (5) = 2ko
sec × X-CH3 × X-CH2 

        = 2 × (5.1097 × 108) × 1.12 × 1.174 

        = 1.34 × 109 L mol-1 s-1 

k (4) = 2ko
sec × X-CH2 × X=CH 

        = 2 × (5.1097 × 108) × 1.74 × 1.174 

        = 1.40 × 109 L mol-1 s-1 

k (1) = 2ko
sec × X=CH × X-OH 

        = 2 × (5.1097 × 108) × 1.74 × 0.578 

        = 6.93 × 108 L mol-1 s-1 

k (OH) = kOH   

             = (1.0000 × 108) L mol-1 s-1 

koverall (H-abs) = 3.96 × 109 L mol-1 s-1 

ii) Double bond addition 

1

2
3 5

4

6
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k (2) = g ko
structure × Y-CH2 × Y-CH2 

        = 1 × (3.01 × 1010) × 0.3880 × 0.3880 

        = 4.5313 × 109 L mol-1 s-1 

k (3) = g ko
structure × Y-CH2 × Y-CH2  

        = 1 × (3.01 × 1010) × 0.3880 × 0.3880 

        = 4.5313 × 109 L mol-1 s-1 

koverall (addition-alkene) = 9.07 × 109 L mol-1 s-1 

       HEXOL-OH: ksum (addition + H-abs) = 1.30 × 1010 L mol-1 s-1 

c. HEXAL 

The hydrogen atom abstraction from the aldehyde moiety cannot be directly predicted 

using the GCM method. Therefore, I assumed it as a secondary carbon to calculate the 

estimated rate. 

i) H-abstraction 

k (6) = 3ko
prim × X-CH2  

        = 3 × (1.17580 × 108) × 1.174 

        = 4.14 × 108 L mol-1 s-1 

k (5) = 2ko
sec × X-CH3 × X-CH2 

        = 2 × (5.1097 × 108) × 1.12 × 1.174 

        = 1.34 × 109 L mol-1 s-1 

k (4) = 2ko
sec × X-CH2 × X=CH 

        = 2 × (5.1097 × 108) × 1.74 × 1.174 

        = 1.40 × 109 L mol-1 s-1 

k (1) = ko
-CHO = ko

sec × X=CH × X=O 

         = (5.1097 × 108) ×1.174 × 0.36 

         = 2.16 × 108 L mol-1 s-1 

koverall (H-abs) = 3.3 × 109 L mol-1 s-1 

ii) Double bond addition 

1

2

3

4

5
6
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k (2) = g ko
structure × Y-CH2 × Y-CHO 

        = 1 × (5.21 × 1010) × 0.6000 × 0.3880 

        = 1.2128 × 1010 L mol-1 s-1 

k (3) = g ko
structure × Y-CH2 × Y-CHO  

        = 1 × (5.21 × 1010) × 0.6000 × 0.3880 

        = 1.2128 × 1010 L mol-1 s-1 

koverall (addition-alkene) = 2.43 × 1010 L mol-1 s-1 

HEXAL-OH: ksum (addition+H-abs) = 2.79 × 1010 L mol-1 s-1 

Table 7.2. Type of analysis, retention times (RT, min), molar masses, and characteristic 
fragments. 

Analyte Type of Analysis Retention time, 
min 

Molar 
Mass, g mol-1 

Characteristic  
fragment ion(s) 

PENTOL GC-MS (alcohol) 7.5 86.13 m/z 57 

1-penten-3-one GC-MS 

(oxime dvt. carbonyl) 

11.35 84.12 m/z 279 

propanal GC-MS 

(oxime dvt. carbonyl) 

9.46 58.08 m/z 236, m/z 253 

2,2,6,6-cyclohexaone-d4 

(Int. std.) 

GC-MS 

(oxime dvt. carbonyl) 

14.025 102.18 m/z 297 

HEXOL GC-MS (alcohol) 11.70 100.16  

HEXOL LC-MS (PDA detector) 8.10 100.16 Abs. max. 218 nm 

butanal  10.691 72.11 m/z 239, m/z 267 

HEXAL GC-MS 

(oxime dvt. carbonyl) 

13.767, 13.925 98.14 m/z 293 

HEXAL LC-MS (PDA detector) 9.16 98.14 Abs. max. 222 nm 

HEXAL LC-MS (MS detector) 9.29, 9.31 98.14 m/z 99.080441 [M+H]+ 

C6H10O2 LC-MS 6.6 114.14 m/z 113.06080 [M-H]- 
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7.3.2. PENTOL with •OH radicals 

Remaining 1-penten-3-ol and its carbonyl products in reaction samples were identified and 

quantified using carbonyl and alcohol targeted cGC-MS methods. Neither reactant traces nor 

products could be detected in reaction samples using the reversed-phase LC-MS analysis. Two 

carbonyls, i.e., propionaldehyde (propanal) and 1-penten-3-one were firmly identified as the key 

oxidation product of PENTOL, shown in red boxes in Scheme 7.1 below.   
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Scheme 7.1. Proposed mechanistic reaction pathways and the essential products formation 

(shown in red boxes) from the reaction of 1-penten-3-ol (PENTOL) and •OH: a) addition 

channel, b) H-abstraction channel.  
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The radical addition of •OH at a PENTOL can occur at positions C1 or C2 (Scheme 7.1.a),     

to form alkyl radicals. The latter follow the subsequent O2 uptake, thereby leading to peroxy 

radicals. These radicals can further recombine with other peroxy radical present and, via removal 

of either HO2 or H2O2 produces alkoxy radicals. Finally, alkoxy radicals can either decompose or 

undergo O2/-HO2 pathway to give carbonyl products. The aqueous-phase reactions between 

PENTOL and •OH can also proceed via the hydrogen-abstraction pathway (Scheme 7.1.b).           

The •OH species can remove a hydrogen atom from either C3, C4, C5 or -OH sites in PENTOL. 

The alkyl radical formed adds O2 to form corresponding peroxy radicals. Following a reaction 

similar to the addition one, alkoxy radicals can react with other peroxy radicals, eventually 

affording alkoxy radicals and finally carbonyls. In addition, peroxy radicals upon reaction with O2 

and HO2 removal can also form carbonyls. Based on the proposed mechanistic scheme (Scheme 

7.1), the experimentally observed propanal results from the addition reaction at a C1 position, 

while the 1-penten-3-one results from the •OH radicals driven hydrogen-abstraction at either a C3 

site or at the hydroxyl group of PENTOL. The c-GC-MS total ion chromatogram (TIC) of the 

reaction samples (0 h and 6 h, respectively) with the labeled identified reactant or product peaks 

is provided in Figure 7.1. 
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Figure 7.1. c-GC-MS Total Ion Chromatogram (TIC) obtained for the photooxidation reaction 

samples of 1-penten-3-ol (PENTOL) with •OH radicals at time: t = 0 h (black), and t = 6 h 

(blue). a) c-GC-MS TIC for PENTOL (RT = 7.5 min); b) c-GC-MS TIC of the carbonyl 

products. (See Table 7.2) 
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The photooxidation reaction between PENTOL and •OH radicals results in the formation of 

an average molar fraction (3.5 ± 0.6)% of propanal, and (0.7± 0.2)% of 1-penten-3-one with (12 ± 

6)% molar fraction PENTOL decay till the end of 6 h (Figure 7.2). Figure 7.2.a provides the molar 

fraction vs. time plots for the PENTOL-OH photooxidation reaction, while Figure 7.2.b depicts 

the concentration-time profile for the photooxidation products, propanal and 1-penten-3-one, 

respectively. The molar fraction ratio of propanal and 1-penten-3-one is 3:1, which is in agreement 

with the reactivity rate predicted using GCM for addition at C1 (k(1) = 6 × 109 L mol-1 s-1) and H-

abstraction at C3 (k(1) = 2 × 109 L mol-1 s-1), respectively (Section 7.3.1).484 The addition and H-

abstraction pathways were further investigated using density functional theory (DFT) approach, 

and results are presented and discussed separately in Section 7.3.5. The gas-phase reaction 

products of PENTOL reported so far, include: formaldehyde (35 ± 4%), and glycolaldehyde (47 ± 

6%) for a reaction with OH radicals;184 formaldehyde (0.49 ± 0.02), 2-hydroxybutanal (0.46 ± 

0.03) and propanal (0.15 ± 0.02) via ozonolysis,194  propanal, and 2-hydroxybutanal via 

ozonolysis,195, 485 and propanal and 1-penten-3-one with Cl radicals.202 Scheme 7.1 assumes 

products, such as formaldehyde, 2-hydroxybutanal, and acetaldehyde also reported within the 

above-mentioned gas-phase studies. However, none of these could be detected during my c-GC-

MS or reversed-phase LC-MS analyses owing likely to their low concentrations achieved upon 6 

h of the reaction run, which possibly also contribute towards the 2.4 – 13 % unaccountable loss of 

PENTOL reported. 

Th results of the control experiments, the photolysis (i.e., the absence of •OH radical 

precursor, H2O2), and dark oxidation (in the absence of UV light), revealed no change in the 

PENTOL concentration over the period of 6 h (Figure 7.3.b). This observation is in good 

agreement with the results previously reported by Jimenez et al.162 according to which the 

PENTOL photolysis in the actinic region is of a little importance and its main sink in the 

tropospheric gas phase is •OH radicals, while O3 and NO3
• are not significant.   
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Figures 7.2. a) Percentage of molar fraction of PENTOL and its •OH-driven oxidation 

products in aqueous-phase; b) Concentration-time profile of the products, propionaldehyde 

and 1-penten-3-one, during the photooxidation of 1-penten-3-ol with OH radicals (n=2).  

 

Figure 7.3. Concentration-time profile of PENTOL during: a) photo-oxidation experiments 

(n=2); b) photolysis (n=1) and dark oxidation (n=1) as control experiments. 

7.3.3. HEXOL with •OH radicals 

Details of the proposed mechanism for the aqueous-phase reaction between HEXOL and •OH 

radicals are shown in Scheme 7.2. The rational for the reaction mechanism is similar to that of 

PENTOL-OH, as explained in the previous section (Section 7.3.2). 

a) b) 

a) b) 
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Scheme 7.2. Proposed reaction mechanistic pathways and the key product formation (shown 

in red boxes) from the reaction of (Z)-2-hexen-1-ol (HEXOL) and •OH radicals: a) addition 

channel, b) H-abstraction channel.  

a) 

b) 
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In contrast to PENTOL analysis, where only cGC-MS was useful, the rpLC-MS approach for 

post-reaction HEXOL samples revealed one oxidation product. The HEXOL traces were also 

detected, and quantified using the alcohol-targeted teUHPLC-UV/PDA-HESI/MS with a PDA 

detector and cGC-MS analysis.  

The results from LC-MS were found to be more accurate and consistent as obtained from four 

injections from each set of the photooxidation experiments (n= 2 × 4= 8 injections) in comparison 

to two single injections from each set of experiments on cGC-MS. The latter could be improved 

with an addition of internal standards in future analyses. In Figure 7.7 molar fraction profiles of 

HEXOL and in Figure 7.6.a concentration-time profiles using the LC-MS data are presented.          

The cGC-MS total ion chromatogram (TIC) of reaction samples (at 0 h and 6 h, respectively) with 

the identified reactant and product peaks is depicted in Figure 7.4.  
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Figure 7.4. c-GC-MS Total Ion Chromatogram (TIC) obtained for the photooxidation reaction 

samples of (Z)-2-hexen-1-ol (HEXOL) with •OH radicals at time: t = 0 h (black), and t = 6 h 

(blue). a) c-GC-MS TIC for HEXOL (RT = 11.7 min); b) c-GC-MS TIC of carbonyl products. 

(See Table 7.2) 
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Figure 7.5 shows the total ion chromatogram (TIC) obtained for HEXOL using HPLC in PDA/UV 

mode. 

 

 
Figure 7.5. HPLC-PDA/UV data from the photooxidation experiment of HEXOL with •OH radicals 

at time, t= 6 h sample. a) Observed peak in the LC chromatogram for HEXOL the RT 8.1 min, 

confirmed using an authentic standard. b) PDA absorbance spectra (0 - 400 nm) of HEXOL, with the 

maximal absorbance at 218 nm (See Table 7.2). 

a) 

HEXOL_25112019_360min_neg #9722 RT: 8.10 AV: 1 NL: 1.01E5 microAU

200 220 240 260 280 300 320 340 360 380 400

wavelength (nm)

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

50000

55000

60000

65000

70000

75000

80000

85000

90000

95000

100000

3
D

F
IE

L
D

218.0000

194.0000

RT: 0.00 - 21.00

0 2 4 6 8 10 12 14 16 18 20

Time (min)

0

10000

20000

30000

40000

50000

60000

70000

80000

90000

100000

110000

120000

130000

3
D

F
IE

L
D

19.22

0.80

1.12
16.01 19.0817.731.25 8.10

15.8214.9113.7513.1412.41 20.7811.129.162.88 7.597.433.28 6.723.77

1.96 20.33

NL:
1.36E5

Total Scan  
PDA 
HEXOL_251
12019_360
min_neg

 

b) 

H
E

X
O

L 

http://rcin.org.pl



Chapter 7. Product studies on the OH radical-mediated aqueous-phase GLV photooxidation 
                                                                            

203 
 

As shown in Figure 7.6.a, after 6 h of the photooxidation up to (20 ± 3)% of the molar fraction 

of HEXOL decays into its oxidation products. The carbonyl targeted c-GC-MS analysis confirmed 

the following molar fractions: propanal (0.08 ± 0.01)%, butanal (2.04 ± 0.12)%, (E)-2-hexen-1-al 

(HEXAL) (1.8 ± 0.2)%, and (Z)-2-hexen-1-al (0.57± 0.04)% , respectively (Figure 7.6.a).  

According to the proposed mechanism (Scheme 7.2.a), the formation of butanal can be 

rationalized via the radical addition of •OH species to a C=C double bond (either C2 or C3 position) 

in HEXOL followed by the decomposition of corresponding HEXOL-based alkoxy radicals.        

The other two determined products, i.e., propanal and (E/Z)-2-hexen-1-al are proposed to be 

formed via a hydrogen-abstraction channel (Scheme 7.2.b). The HEXOL-based alkoxy radicals 

formed via the H-abstraction at a C4 site, decomposes to form propanal. While the H-abstraction 

at either a C1 site or the –OH group can lead to (E/Z)-2-hexen-1-al. The GCM method predicts an 

addition reaction (k= 9.07 × 109 L mol-1 s-1, Section 7.3.1) resulting in the formation of butanal (as 

the major product), here to be at least two times faster than overall the H-abstraction (Section 

7.3.1). It is followed by the subsequent H-abstraction at a C4 site (k(4) = 1.40 × 109 L mol-1 s-1, 

Section 7.3.1). Despite the GCM method predicts the H-abstraction at –OH and a C1 site to a 

relatively much slower rate,  I observed an unexpected higher yield of the (E/Z)-2-hexen-1-al as a 

reaction product during 6 h of the reaction. Thus, in contrast to PENTOL, GCM-predicted rate 

constants could not explain the ratio of the molar fraction of products formed. However, the DFT 

(discussed in Section 7.3.5) data reveals that the product resulting from the H-abstraction at a C1 

site is the most thermodynamically stable, and thus likely to be formed as a novel HEXOL-

originated SOA product. 
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Figures 7.6. a) Percentage of molar fraction of the HEXOL and its •OH- driven oxidation products in 

the aqueous phase; b) Concentration-time profiles of products, i.e., propionaldehyde, butyraldehyde, 

(E)-2-hexen-1-al, and (Z)-2-hexen-1-al during the photooxidation of HEXOL with •OH radicals (n= 

2). 

 

Figure 7.7. Concentration-time profiles of HEXOL during: a) photooxidation experiments (n=2); b) 

photolysis (n=1) and dark oxidation (n=1) as control experiments. 

The LC-MS analyses recorded in the negative ion mode for the HEXOL-•OH reaction samples 

revealed the presence of the unknown detected as the m/z 113.06080 [M-H]- ion with a retention 

time of 6.6 min (Figure 7.8). The extracted ion chromatogram (EIC) of the ion shows its absence 

at t= 0 h and its appearance later during the reaction run (Figure 7.8). Based on its accurate mass 
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data (Figure 7.9.a) and MS/MS profile (not shown here), the novel product of the formula C6H10O2 

could be tentatitvely assigned either to hydroxy hexenal, or hexenoic acid or hydroxy hexenone, 

respectively. These products can be explained either via a HEXAL pathway (explained later in 

section 7.3.4 and Scheme 7.3) or via the hydrogen abstraction at C4/C5 sites. While the H-

abstraction at a C4 site appears to be proceeded faster due to the allylic radical formation (GCM, 

(k (4) = 1. 4 × 109 L mol-1 s-1), the isomerization through 1,5-hydrogen shift makes the H-

abstraction at a C5 site comparatively stable (GCM, (k (5) = 1. 34 × 109 L mol-1 s-1), and may lead 

to 5-hydroxyhex-2-enal. The structure of 2-hexenoic acid assigned to the [M-H]-  ion (m/z 

113.06080) was ruled out with the aid of the authentic standard. Due to the unavailability of the 

authentic standards, the confirmation of the other two structures could not be completed, and thus, 

warrants further efforts. A C6H10O2 signal intensity profile (Figure 7.9.b), points to continuous 

growth of the product in the mimicking photooxidation experiments.  

The control experiments, i.e., photolysis and dark oxidation, confirmed no change in the initial 

concentration of HEXOL over the period of 6 h (Figure 7.7.b). The DFT findings supporting the 

mechanistic proposal will be discussed in details later in Section 7.3.5 within this chapter. Gibilisco 

et al.,176 investigated the gas-phase products and mechanism of the reaction between 2-hexen-1-ol 

and •OH radical, and reported on butanal as the significant oxidation product. While for another 

isomeric hexenol, i.e., 3-hexen1-ol, propanal was reported to be the major oxidation product.           

In the gas phase, for an isomer of HEXOL, i.e. (E)-2-hexen-1-ol the reaction proceeded via the 

addition of •OH radicals to the double bond, resulting in the formation of corresponding aldehyde 

and alcohol following a C2-C3 decomposition route.176 
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Figure 7.8. HPLC-ESI/MS Extracted Ion Chromatogram (EIC) acquired for of the m/z 113.06080 

[M−H]− ion observed in the photooxidation samples containing 0.1 mM HEXOL with 5.0 mM H2O2 

exposed to the UV light in a negative ion mode. a) at t= 0 h; b) at t= 6 h RT 6.6 min.  
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Figure 7.9. a) HPLC-ESI/MS mass data showing the m/z 113.06080 [M−H]− product with a formula 

of C6H10O2 and detected at the RT 6.6 min (Figure 7.8), which arise from the photooxidation of (Z)-2-

hexen-1-ol with •OH radicals at 6 h.; b) Signal intensity-time profile of the m/z 113.0608 ion during 

the •OH radicals-driven HEXOL photooxidation (0 – 360 min).  
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PENTOL-OH (Section 7.3.2). However, alkyl radicals produced via the H-abstraction at a C4 site 

may additionally undergo the oligomerization at later stages of the photooxidation. In my study,   

I could not identify any of these product(s) even after 6 h of the run. I could explain the outcome 

in two ways. First, the concentration of the higher MW products could be far below the method 

detection limit. Second, these product are later stage ones (i.e., aging products), and thus their 

formation could require far longer photooxidation times. In Scheme 7.3, identified products are 

marked in red boxes (i.e., butanal, propanal, and (Z)-2-hexen-1-al), while structurally-unassigned 

product with a formula C6H10O2 in black boxes.  

In contrast to the other two GLVs (PENTOL, and HEXOL), E-HEXAL shows considerable 

absorption (290 – 400 nm, Section 7.3 above), and therefore the 10 – 12% molar fraction of a 

photoisomerization product (i.e., (Z)-2-hexen-1-al) was observed in both photooxidation and 

control photolysis experiments at 6 h of the reaction time (Figure 7.13 and 7.10.b, respectively). 

Hitherto gas-phase studies,204, 486 reported on the •OH radicals as the major oxidation source for E-

HEXAL in the troposphere and upon photolysis undergoing photo-isomerisation to produce (Z)-

2-hexen-1-al. Figure 7.10.b shows the concentration-time profile during the control photolysis 

experiment. No products were observed in the control dark experiment (Figure 7.10.a).  
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Scheme 7.3. Proposed mechanistic reaction pathways and the key product formation (shown 

in red boxes) during the photooxidation of (E)-2-hexen-1-al (E-HEXAL) and •OH: a) addition 

channel, b) H-abstraction channel. 

b) 

a) 
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Figure 7.10. Concentration-time profile of reactant E-HEXAL during: a) dark-oxidation 

experiments (n=1); b) photolysis (n=1) as control experiments. 

The c-GC-MS total ion chromatogram (TIC) for the reaction samples at 0 and 6 h                  

(Figure 7.11.a), shows the unreacted reactant and product retention times 9.46, 10.69, 12.3, 13.76, 

13.93, and 14.025 min, respectively. The TIC obtained using HPLC-PDA/UV for the reactant E-

HEXAL is also provided (Figure 7.12). The similar data could be retrieved using a positive mode 

electrospray mass spectrometry (Table 7.2). The E-HEXAL quantification results from carbonyl 

targeted c-GC-MS were found to be consistent, too, owing to the usage of authentic standards 

during the analysis. Thus, the E-HEXAL molar fraction and concentration-time profile results 

presented in Figure 7.13.a, 7.11.b and 7.10.b were calculated based on c-GC-MS data.  

 

a) b) 
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Figure 7.11. a) GC-MS Total Ion Chromatogram (TIC) obtained for the photooxidation reaction 

samples of (E)-2-hexen-1-al (E-HEXAL) with •OH radicals at time: t = 0 h (black), and t = 6 h (blue) 

(See Table 7.2); b) Concentration-time profile of reactant E-HEXAL during photooxidation.  

1) propanal 

2) butanal 

3) bdl, m/z 279 

4) (/Z)-2-hexen-1-al 

5) (E)-2-hexen-1-al 

6) Int. standard 
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b) 
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Figure 7.12. HPLC-PDA/UV data from the photooxidation experiment of E-HEXAL with •OH 

radicals at time, t= 6 h sample. a) Observed peak in the LC chromatogram for E-HEXAL with the RT 

9.16 min, confirmed using an authentic standard. b) PDA absorbance spectra (0 - 400 nm) of E-

HEXAL with a characteristic absorbance maximum at 222 nm (See Table 7.2). 

The gas-phase ozonolysis of HEXAL reported elswhere198 showed the formation of carbonyl 

products, including glyoxal (0.56 ± 0.04) and n-butanal (0.53 ± 0.06) yield, respectively. During 
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the aqueous-phase photooxidation, the (18.5 ± 9.9)% molar fraction of the E-HEXAL was 

observed to decay at the expense of the fractions of butanal (0.81 ± 0.02)% and propanal (0.162 ± 

0.004)%, along with the photo-isomerization to Z-HEXAL(10 ± 0.01)%, respectively (Figure 

7.13.a). Figure 7.13.b shows the concentration-time profile of the observed reaction products. 

According to the proposed mechanism (Scheme 7.3.a), the butanal formation can be explained via 

the •OH radicals addition to either C=C double bond position (i.e., C2 or C3) in HEXAL followed 

by the decomposition of corresponding HEXAL-based alkoxy radical. The other product, i.e., 

propanal is proposed to be formed via the hydrogen-abstraction channel (Scheme 7.3.b).                   

The HEXAL-alkoxy radical formed via the H-abstraction at a C4 site, decomposes to form 

propanal. The GCM estimated rate constants (Section 7.3.1) suggests the addition process to be at 

least one magnitude faster than any H-abstraction routes, and thus favorable. The experimentally 

observed ratio of butanal to propanal is 5:1. However, it cannot be correlated to the ratio of the 

estimated reactivity rate from the GCM approach. Further mechanistic investigation using the DFT 

approach will be discussed later (Section 7.3.5). 

Figures 7.13. a) Percentage of molar fraction of the E-HEXAL and its •OH radicals-driven oxidation 

products in the aqueous phase; b) Concentration-time profile of key products, propionaldehyde, 

butyraldehyde, (Z)-HEXAL during the photooxidation (n= 2). 

Similar to HEXOL, the reversed-phase LC-MS analysis for reaction samples from the 

HEXAL-OH reaction system revealed the presence of the C6H10O2 product(s) (m/z 113.06080 [M-

H]-) in E-HEXAL reaction samples as well (Figure 7.14and 7.15). Correlating the results from the 
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reaction samples of two different substrates and their proposed mechanism schemes (Scheme 7.2 

and Scheme 7.3), C6H10O2 was more likely assigned to either hydroxy hexenal than hydroxy 

hexenone. In addition, its early formation(soon after t= 0 h) and high relative abundance (at least 

two orders of magnitudes greater compared to HEXOL) were observed. The signal intensity-time 

profile of C6H10O2 m/z 113.06080 [M-H]- are provided in Figure 7.15.b. These results further 

narrow the possible structures to 5-hydroxyhex-2-enal which could be explained via a HEXAL 

pathway in HEXOL (Schemes 7.2 and 7.3) and the H-abstraction at a C5 site. Thus, the major 

input to the unaccountable loss of up to 8% molar fraction of HEXAL may come from the 

formation of the unknown C6H10O2. 
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Figure 7.14. HPLC-ESI/MS EIC data of m/z 113.06080 [M−H]− product observed in photooxidation 

experiments with 0.1 mM HEXAL and 5.0 mM H2O2 exposed to the UV light in a negative ion mode. 

a) at t= 0 h; b) at t= 6 h, RT 6.6 min (See Table 7.2). 
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Figure 7.15. a) HPLC-ESI/MS mass spectrum of m/z 113.06080 [M−H]−product, corresponding to a 

C6H10O2 formula at the RT 6.6 min observed during the photooxidation of HEXAL with •OH radicals 

over 6 h. (corresponding chromatogram is shown in Figure 7.14.b); b) Signal intensity-time profile of 

m/z 113.0608 during the •OH radicals-driven photooxidation of HEXAL (0 – 360 min).  
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7.3.5. DFT results  

Details of the method are provided in Chapter 3 (Section 3.4.2). To summarise, the 

computational investigation with the density functional theory (DFT) was performed using an 

ORCA 5.0 programs.393 The calculations utilized hybrid B3LYP functional394-397 augmented with 

the Grimme's dispersion correction (D3BJ).398, 399 In all cases, def2-TZVP basis set400 was 

employed. A series of computer-assisted calculations for reaction processes discussed were carried 

out to provide a more comprehensive understanding of experimental results. Vacuum optimized 

3D structures of GLVs are provided in Figure A1 (a – c), Appendix. All XYZ coordinates of the 

optimized structures and intermediates can be downloaded as a dataset zip folder from a repository 

website RepOD at https://repod.icm.edu.pl/dataset.xhtml?persistentId=doi:10.18150/1J2I3C.          

The potential energy scans (PES) were carried out to confirm the most stable conformers of the 

corresponding adducts arising from the addition reaction pathways for each GLVs with •OH 

radicals and are shown in Figures A2, A4, and A6 (Appendix). 

In this section, I present and discuss the DFT results obtained for all three compounds with 

the aid of simple 2-D schemes (Scheme 7.4 – 7.9) showing relative energy (∆E) for each 

intermediate i.e., reaction complex (RC), addition adducts (adducts), transition states (TS), and 

hydrogen abstraction products (P-H, or P-H-C). 

The DFT calculations for the reaction between PENTOL, HEXOL, and HEXAL with •OH 

radicals revealed that addition pathways most probably do not involve any transition states, as we 

were unable to locate any of them. Here, it should be mentioned that such addition reactions 

proceed analogously to bond formation between two atoms in a vacuum, and as such, no electronic 

barrier is expected. This outcome agrees with our small experimental activation energies, EA 

obtained 7 – 15 kJ mol-1 (Chapter 5, Table 5.9), which is converted to 1.7 to 3.6 kcal mol-1                                       

(1 kcal = 4.184 kJ). In addition, the experimental activation entropy change (∆S‡) value was also 

negative, suggesting the low energy reactive complex between GLV and •OH radicals is formed 

very quickly, paving the way for fast reactions (Chapter 5, Table 5.9). For a few cases, the 

hydrogen abstraction pathway is also observed to be dominant, and thus cannot be ruled out.           

The activation energy barrier, dE‡ for the H-abstraction reaction indicated in Scheme 7.5, 7.7, and 

7.9 was always calculated using the lowest energy RC state (See appendix for other possible RC 

and their ∆E value), and were found to be less than 6 kcal mol-1 or even negative in few cases 

(discussed later in this section). 
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In all cases, the activation barriers went down in CPCM, indicating that reactions of such 

GLVs in atmospheric water should be accelerated. The largest influence was observed for the most 

polarized C-H bond in 1-penten-3-ol, where the transition state TS-3 has small negative activation 

barrier (Scheme 7.5, dE‡= -0.37 kcal mol-1). Such negative value is rather an artifact of a rather 

simplistic approach, but we expect the trends to be captured correctly. Further work should for 

relaxation effects occur due to the presence of a solvent or cover the hydrogen bond network 

alternation during the reaction. DFT observations are correlated to the experimentally identified 

product in later subsections. 

The bond dissociation energy (BDE) calculation results provided in Table 7.3 below are later 

compared and discussed alongside DFT findings for H-abstraction of each GLV in this section 

later.  

Table 7.3. Bond dissociation energies (BDEs) of C-H and O-H bond in PENTOL, 
HEXOL, and HEXAL calculated in vacuum and aqueous-phase compared to 
experimentally obtained typical bond enthalpies487*, (kcal mol-1) at 298 K. 

 
GLV 

position O-H C1-H C3-H C4-H C5-H C6-H Reference 
Experimental  105 a 

 
 

b88 
c97 
d89 

  99e 99 e 101f 487 

PENTOL 
 

gas 
aqueous 

98 
96 

 73 
69 

94 
91 

96 
94 

 this study 

HEXOL 
 

gas 
aqueous 

97 
97 

74 
73 

 78 
78 

94 
93 

97 
97 

this study 

HEXAL 
 

gas 
aqueous 

 87 
88 

 
77 
76 

94 
94 

98 
98 

this study 

*Experimental values for: a  CH3O-H; b  aldehydic group (H-CHO); c 3° hydrogen H-C(CH3)3; d allylic hydrogen 

CH2CHCH2-H; e isopropylic hydrogen H-CH(CH3)2;f H-CH2CH3. 

 

7.3.5.1.  Reactivity of PENTOL with •OH radical 

Addition pathway. Scheme 7.4 below shows the DFT investigated pathway of the formation 

of GLV alkyl radicals via the addition of •OH radicals to PENTOL. The obtained relative energies 

(∆E, kcal mol-1) with the zero point energy (ZPE) correction included is provided for each substrate 

in Scheme 7.4. Due to the presence of H-bond between H atom of •OH radical and O atom of the 

-OH functional group in PENTOL, reaction complex σ-RC2 is observed to be more stable than 

reaction complex -RC1 by at least 4 kcal mol-1 in the aqueous phase calculated with CPCM 

continuum model. 
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Scheme 7.4. 2-D scheme of the optimized geometries (B3LYP def2-tzvp) investigated for the addition 

reaction pathway from the reaction of 1-penten-3-ol (PENTOL) and •OH radicals in the aqueous phase, 

using CPCM continuum solvation model. ∆E is in kcal mol-1. 

The formation of both adduct 1 and 2 seems equally favorable in aqueous-phase (Scheme 7.4). 

However, the long-range interaction between the two intramolecular –OH functional groups is a 

little higher in adduct 1 (2.08 Å), than that for adduct 2 (2.25 Å). Scheme 7.4 shows slightly higher 

stability based on DFT of adduct 2 (even though being a terminal radical) than adduct 1 by 0. 0.3 

kcal mol-1 which may be accounted to the relative position of OH groups. Based on reactivity rate, 

GCM estimation (Section 7.3.1) suggested the addition at position C1 to be faster (k(1) > k(2)) by 

at least two orders of magnitude. Accounting for both kinetic (based on GCM) and 

thermodynamical (based on ∆E), factor formation of the experimentally observed product, i.e., 

propanal can be explained via addition at C1 as proposed in Scheme 7.1. The other products might 

be below the detection limit for a total reaction time of 6 h, and therefore, were not detected during 

GC-MS or LC-MS analysis. 

H-abstraction pathway. The lowest dE‡
CPCM

 barrier (-0.37 kcal mol-1) for TS-3 and ∆E 

values for P-H3 (∆ECPCM= -45.06 kcal mol-1) in Scheme 7.5 shows the H-abstraction at C3 favours 

the formation of stable allylic radical product (P-H3). Product P-H3 (C3) is more stable by at least 

22 – 25 kcal mol-1 in comparison to the H-abstraction products P-H4 (C4), and P-H5 (C5).             

The BDE for hydrogen at C3 was found to be the lowest (C3 < C4 < C5, Table 7.3), and it is in 

agreement with the ∆E values (Scheme 7.5) as well as reactivity rate based on GCM (k(3) > k(4) 

> k(5), Section 7.3.1).  
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Overall, the H-abstraction at a C3 site gives the most stable alkyl radical product (∆ECPCM= -

45.06 kcal mol-1, Scheme 7.5), followed by the addition reaction at C1 and C2 (∆ECPCM= -26.00, 

and -26.28 kcal mol-1, Scheme 7.4). However, experimentally observed molar fraction of addition 

product (propanal) is more than H-abstraction (1-penten-3-one), i.e., 3:1, which is supported by 

the GCM estimated reactivity rate (Section 7.3.1). This contradictory observation was also found 

in the previously published DFT results for a reaction of PENTOL with Cl by Rodriguez et al.200 

They found that although the barrier for the H-abstraction was a little higher in comparison to the 

addition, the product of the H-abstraction at a C3 was found to be more stable by at least 1.4 

kcal/mol. We cannot exclude that the adapted theoretical model presented in this thesis cannot 

capture effects responsible for experimentally observed selectivity, such as H-bonds with solvent 

molecules or the dynamic behavior of the intermediates. 

 

Scheme 7.5. 2-D scheme of the optimized geometries (B3LYP def2-tzvp) investigated for the H-

abstraction reaction pathway from the reaction of 1-penten-3-ol and •OH radicals in the aqueous phase 

using CPCM continuum solvation model.  

7.3.5.2.  Reactivity of HEXOL with •OH radical 

Addition pathway. Addition at a C3 site is at least 1 kcal/mol more stable than addition at a 

C2 position in the aqueous phase (Scheme 7.6). Adduct 1 is free from any stearic hindrance. 
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However, in adduct 2 the intramolecular long range interaction between O and H atoms of the two 

adjacent hydroxyl groups (dO…H = 2.19 Å, Scheme 6) increases its stability compared to adduct 1. 

Based on the DFT results as well as reactivity rate from GCM (k(2) = k(3)) (SI section 7.3.1), both 

adduct 1 and 2 can equally lead to the formation of experimentally observed butanal (Scheme 

7.2a).  

 

Scheme 7.6. 2-D scheme of the optimized geometries (B3LYP def2-tzvp) investigated for the addition 

reaction pathway from the reaction of (Z)-2-hexen-1-ol and •OH radicals in the aqueous phase using 

CPCM continuum solvation model.  

H-abstraction pathway. The product of the H-abstraction at a C1site (P-H-C1) is found to 

be most stable (∆ECPCM, -42.88 kcal mol-1), followed by the P-H-C4 (∆ECPCM, -40.37 kcal mol-1) 

in the aqueous phase. Such observation could be rationalized by the formation of a stable allylic 

radical product (P-H-C1, and P-H-C4, Scheme 7.7) and could confirm the formation of propanal 

and (E/Z)-2-hexenal (Scheme 7.2), both observed in photooxidation experiments. These results are 

also in good agreement with the BDE calculations (C1 < C4 < C5) (Table 7.3). However, the 

reaction barrier dE‡
CPCM

 (4.80 kcal mol-1) is observed to be the lowest for RC-C4 to TS-C5 

(Scheme 7.7), which could also provide theoretical evidenceof the formation of experimentally 

observed unknown product(s) C6H10O2 via the 1, 5- hydrogen-transfer or isomerization of 

HEXOL-alkoxy radical as proposed in Scheme 7.2.  

Overall, DFT results show that the product of H-abstraction at C4 and C1 are more stable and 

favorable in comparison to that of addition adducts by at least 15 kcal mol-1. Similarly, Gai et 

al.,208 explained the relevance of the H-abstraction channel in the gas-phase reaction of hexenols. 
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Nevertheless, addition reactions are also fast enough (GCM) and rather barrier less (DFT); hence, 

the major product observed is butanal. 

 

Scheme 7.7. 2-D scheme of the optimized geometries (B3LYP def2-tzvp) investigated for the H-

abstraction reaction pathway from the reaction of (Z)-2-hexen-1-ol and •OH in the aqueous phase using 

CPCM continuum solvation model.  

7.3.5.3.   Reactivity of HEXAL with •OH radical 

Addition pathway. Adduct 2 (addition product at C3) is at least 9 kcal mol-1 more stable than 

adduct 1 (addition at C2) in the aqueous phase (Scheme 7.8), which also results in the formation 

of butanal experimentally. Both proposed reaction complexes (RC1 and RC2) are stabilized with 

a strong intermolecular hydrogen bonding (Scheme 7.8). The addition of •OH radicals at the 

carbonyl group (adduct 3) is least favorable, and thus highly unlikely to occur. 
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Scheme 7.8. 2-D scheme of the optimized geometries (B3LYP def2-tzvp) investigated for the addition 

reaction pathway from the reaction of (E)-2-hexen-1-al and •OH in the aqueous phase using CPCM 

continuum solvation model.  

H-abstraction pathway. The hydrogen abstraction at a carbon position 4 produces the most 

stable radical product (∆ECPCM, -41.42 kcal mol-1) by at least 12 – 15 kcal mol-1, due to the 

formation of stable allylic radical in P-H-C4 (Scheme 7.9) with a low energy barrier (dE‡
CPCM

 = 

2.13 kcal mol-1). The H abstraction follows it at aldehydic hydrogen at a C1site, based on the ∆E 

(∆ECPCM = -27.14 kcal mol-1) of P-H-C1. Results of BDE (C4 < C1 < C5) are in perfect agreement 

(Table 7.3), while reactivity rates (based on GCM) shows slightly different results (k(4) > k(5) > 

k(1), Section 7.3.1). Activation energy barrier for TS-C1, dE‡
CPCM

 = 2.10 kcal mol-1 is a little lower 

than that for a TS-C4, which suggests that the isomerization proposed in Scheme 7.3 due to 

hydrogen-transfer to C4 and C5 sites can certainly provide extra stability to the formation of P-H-

C1 in comparison to P-H-C5 (least stable product in terms of ∆E). 
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Scheme 7.9. 2-D scheme of the optimized geometries (B3LYP def2-tzvp) investigated for the H-

abstraction reaction pathway from the reaction of (E)-2-hexen-1-al (HEXAL) and •OH radicals in the 

aqueous phase deploying a CPCM continuum solvation model.  

Overall, the H-abstraction at a C4 site in HEXAL, which can possibly results in the formation 

of propanal as well as product(s) with the molecular formula C6H10O2 (Scheme 7.3), gives the 

most stable radical product P-H-C4 by at least 9 kcal mol-1 in comparison to the addition adducts 

(1, 2, and 3). Alongside the lowest dE‡
vac

 for TS-C1 can also explain the formation of C6H10O2 

unknown product via formation of P-H-C1 (Scheme 7.3). The two distinct H-abstraction pathways 

(C4 and C1) leading to the formation of observed C6H10O2 can account for more than 5% of the 

missing molar fraction of HEXAL decay in experiments. A more stable addition product at a C3 

site proves the butanal formation during photooxidation experiments.  

The GCM method by Minakata et al.484 must be used carefully for predicting the overall rate 

constants, as concluded with a comparison of experimental rate constants (Chapter 5). However, 

still, it is useful in predicting and comparing the importance of individual pathways of addition 
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and H-abstraction reactions. We note that most of these estimated rate constants or reactivity rates 

correspond well with the calculation results from DFT approach. 

All calculated gas-phase activation energies are small but positive. Moreover, in most cases 

one GLV alkyl product characterized with the lowest ∆E value is well energetically separated from 

other products. For PENTOL, the dE‡
CPCM

 (-0.37 kcal mol-1) is the lowest for a TS-3, and the lowest 

∆ECPCM (-45.06 kcal mol-1) for a P-H3 (Scheme 7.5). Thus, the determined kinetic (dE‡
CPCM) and 

thermodynamic (∆ECPCM) values agree and indicate that the reaction might be more 

thermodynamically controlled, depending upon the temperature. However, for the other two GLVs 

HEXOL and HEXAL, dE‡ and ∆E values do not correlate. For HEXOL, the dE‡ (4.80 kcal mol-1) 

is the lowest for a TS-C5, and the lowest ∆E (-42 kcal mol-1) for P-H-C1 (Scheme 7.7). For 

HEXAL, the dE‡ (-0.03 kcal mol-1) is the lowest for a TS-C5, and the lowest ∆E (-41.42 kcal mol-

1) for P-H-C1 (Scheme 7.7). In this case, the difference in selectivity directed by dE‡ (kinetics) or 

by dE (thermodynamics) indicates a balance between the kinetic and thermodynamic control of 

the reaction for HEXOL and HEXAL.  

The application of such simple DFT models in my Ph.D. study assisted: (i) to explain the 

mechanistic pathways of the formation of experimentally-observed reaction products; (ii) the 

confident construction of mechanistic pathway of formations of the unknown product(s) observed 

with molecular formula C6H12O2; (iii) Although addition reactions appear to be faster and follow 

barrier more minor route, the hydrogen-abstraction still appears to be dominant for some instances 

and contributes significantly to the formation of products in the mimicing experiments of the 

selected GLVs (PENTOL, HEXOL, HEXAL) with •OH radicals. 

7.4.  Atmospheric Implications 

7.4.1. GLVs and their oxidation products as a SOA precursor  

Chapter 4 already describes all of the EPI suite 2012 from EPA412 estimated and 

experimentally available data based on physical properties of the parent GLV compounds, while 

here in addition, the same was collected and obtained for the oxidation products from PENTOL, 

HEXOL, and HEXAL (Table 7.4). Such data aid to get insights into the efficiency or tendency of 

the oxidation products to remain in the aqueous-phase and contribute towards aq-SOA formation 

after water evaporation. The estimated physical properties values can vary by several orders of 
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magnitude based on the type of method used for estimation.57, 128, 488, 489 The recent comparison of 

such data for GLVs methyl jasmonate (MeJa) and methyl salicylate (MeSa) by Hansel et al.,128 

suggested their wise evaluation only for relative comparison purposes. The EPI suite provides 

good values of HLC (i.e., bond estimation method) and vapor pressure mainly agrees with the 

experimental results reported for propanal, and butanal (Table 7.4).421, 490 The EPI suite estimated 

HLC for all oxidation products is relatively lower than the parent GLV compound, exception 

C6H10O2 that has at least three orders of magnitude higher values. For simplicity, estimated values 

only for one of the hydroxy-hexenal is included in Table 7.4, as the EPI suite practically produces 

the same results for all hydroxy-hexenal or hydroxy hexenone. The estimated VP of the oxidation 

products (propanal, butanal, and 1-penten-3-one) is higher than the parent GLV compounds, 

exception C6H10O2, (Scheme 7.2 and 7.3) due to the higher O:C ratio than parent GLV, and 

therefore can potentially contribute towards aq. SOA. Confirmation of the structure of C6H10O2 

(possibly hydroxy-hexenal or hydroxy-hexenone) can lead to an unidentified organo-sulfate 

fraction, and nitrate marker compounds within the ambient atmosphere originating from the C-6 

GLVs. Due to the missing standards of C6H10O2 product(s), their identification and quantification 

in the ambient aerosol samples is a challenge for the future work. 

 

 

 

 

 

 

 

 

 

 

http://rcin.org.pl



Chapter 7. Product studies on the OH radical-mediated aqueous-phase GLV photooxidation 
                                                                            

227 
 

Table 7.4. Physical properties of GLVs and observed oxidation products at 298 K, 

experimental and estimated with EPI suite412 and 𝐻𝑑 = 𝐻𝑅𝑇,  where, R, atm L mol-1 K-1 

Compounds Molecular  

formula 

Henry’s Law  

Constant  

Vapor  

pressure  

Water  

solubility  

Hd 

 mol L-1 atm-1 atm mg L-1  

1-penten-3-ol C5H10O 101.22a 

43.75b 

1.20×10-2, c 

 

4.53×104 d 

9.01×104, 429 

2.4×103 

1.1×103 

(Z)-2-hexen-1-ol  C6H12O 64.52a 

133.26b 

1.19×10-3, c 

 

1.60×104 d 

 

1.6×103 

3.3×103 

(E)-2-hexen-1-al C6H10O 10.12a 

8.63b 

6.21×10-3, c  5.26×103 d 2.5×102 

2.1×102 

1-penten-3-one C5H8O 28.82a     

5.18b 

5.03×10-2, c  2.19×104 d  

Propionaldehyde C3H6O 11.10a  

1.77b 

13.62421        

4.17×10-1, c  

4.17×10-1,  
490 

5.108×104, d 

3.06×105, 439 

 

Butyraldehyde C4H8O 8.33a 

2.33b 

8.70421 

1.42×10-1, c  

1.46×10-1,  
490 

3.018×104 d 

7.1×104 e 

 

hydroxy-hexenal C6H10O2 2.77×105a 

2.65×104b 

1.03×10-4, c  3.118×105 d  

a Bond estimation method; b via VP/WSol estimate; c Mean of Antoine & Grain methods; d EPI Suite WSKowwin 

v1.43 Estimate; e Cited as Union Carbide (1974) by EPA database 

7.4.2. Atmospheric significance and impact of aqueous-phase GLVs conversion pathways 

The short-chain carbonyls, such as propanal and butanal, identified in this study as products 

of GLV reactions, are ubiquitous and play a key role in the atmospheric photochemical 

processes.491, 492 These carbonyls are usually formed as the first oxidation products from 

atmospheric reactions between oxidants such as •OH radicals and primary emitted 

hydrocarbons.493 In addition, these carbonyls can be further photolyzed and act as a source of •OH 

radicals,494 or via photolysis, gas-, and aqueous-phase reactions can lead to products, such as 

peroxyacetyl nitrate, nitric acids, carboxylic acids, and other aerosol-bound components,495 
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eventually leading to the formation of photochemical smog.496-498 The ambient air concentration 

of propanal, and butanal reported by Grosjean et al., was 0.79 ± 0.54, and 0.71 ± 0.32 ppb, 

respectively.499 Possanzini et. al., reported 0.6-3.0 ppb (propanal), and 0.7-2.4 ppb (butanal), 

respectively.500 The photolysis rate constants of propanal and butanal have been reported to be 32 

J (s-1) x 105, and 27 J (s-1) x 105, respectively.496  In the present study, I firmly identified four low 

molecular weight carbonyls arising from aqueous oxidation of 1-penten-3-ol, (Z)-2-hexen-1-ol, 

and (E)-2-hexen-1-al, respectively. The identified products, especially propanal, butanal are of 

high importance because of the chemistry with OH, O3, and other free radicals, which can lead to 

peroxy acyl nitrates and/or carboxylic acids. In regions, where GLV concentrations become higher 

in warm periods, they may influence local air quality, and human health. Thus, the atmospheric 

lifetimes of the GLVs with •OH radical calculated here, and reported in the literature are compared 

in Table 7.6.  

The atmospheric lifetimes(𝜏) shown in Table 7.5 were calculated using Equation 7.4.  

                                                              𝜏 =
1

𝑘2𝑛𝑑×[𝑋∙]
                                                                                     (7.4) 

where, 𝑘2𝑛𝑑 is the second-order rate constant of the compound with the radical and [𝑋∙] is the 

concentration of radicals. See Table 5.8 (Chapter 5) for the aqueous-phase radical concentrations, 

and Table 7.5 for the gas phase concentrations used. 

Table 7.5. Concentrations of the radicals within the tropospheric gas phase. 

[X] gas, molecule cm-3 Ref. 

•OH 1 × 106 382, 501 

NO3• 5 × 107 502 

O3 7  × 1011 225 

The decreased aqueous-phase lifetimes of oxidation products compared to the parent GLV 

compounds (Table 7.6) indicate their increased reactivity towards atmospheric radicals, such as 
•OH in the aqueous- and gas-phase. Likely, the carbonyl products (especially C6H12O2, hydroxy-

hexenal, or hydroxy-hexenone) are the reactive starting points towards the aging of SOA formed 

from PENTOL, HEXOL, and HEXAL. Based on previously published studies,242, 297, 449 the 

identified unsaturated carbonyl products such as 1-penten-3-one (ethyl vinyl ketone), hydroxy 

hexenal, or hydroxy hexenone can contribute to the formation of organosulfates within the ambient 
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atmosphere and require attention. In addition, Monod et al.503 highlighted the importance of the 

aqueous droplets acting as a powerful reacting medium for removing such unsaturated compounds 

from the atmosphere.  

Table 7.6. Atmospheric lifetimes of the GLVs and their carbonyl products determined in 
this study against the reaction with •OH radicals in the cloud droplets and deliquescent 
aerosols. 

Compounds Atmospheric lifetimes (with •OH (aq)) , τ 

 

kOH,298 References, 

kOH,298 

Urban clouds Remote clouds Urban aerosols 

1-penten-3-ol 12.6 h 2.0 h 6.0 min 6.3 × 109 thesis 
work*298  

(Z)-2-hexen-1-ol  11.8 h 1.9 h 5.7 min 6.7 × 109 thesis 
work*298 

(E)-2-hexen-1-al 16.5 h 2.6 h 7.9 min 4.8 × 109 thesis 
work*298 

1-penten-3-one 10.9 h 1.7 h 5.2 min 7.3 × 109 GCM 
estimated484 

propionaldehyde 28.3 h 4.5 h  13.5 min 2.8 × 109 273 

butyraldehyde 20.4 h 3.2 h  9.7 min 3.9 × 109 273 

6-hydroxy hex-4-
enal 

6.7 h 1.1 h 3.2 min 1.2 × 1010 GCM 
estimated484 

5-hydroxy hex-2-
enal 

4.4 h 42.4 min 

 
2.1 min 1.8 × 1010 GCM 

estimated484 

6-hydroxy hex-4-
en-2-one 

7.2 h 1.1 h 3.4 min 1.1 × 1010 GCM 
estimated484 

7.4.3. Flux analysis 

The flux analysis was performed to assess the impact of the reaction between selected GLVs 

and •OH radicals within the aqueous phase. Table 7.7 describes the reactions considered as 

pathways for removal of PENTOL, HEXOL, and HEXAL from the tropospheric gas- and aqueous-

phase. A similar analysis to evaluate the competing processes was discussed in Section 5.5, 

Chapter 5. Here the aqueous-phase reaction of the GLVs with •OH competes with the SO4
•−, and 
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NO3
• reactions in the aqueous phase, and •OH, NO3

•, and O3 reactions in the gas phase, along with 

photolysis loss of GLV in the gas phase, which is a minor removal pathway. 

Table 7.7. Reactions and their rate constants considered for estimating the GLV flux 

removal independent of the GLV concentrations in the tropospheric aqueous and gas 

phases. 

GLV Pathway kg,  

cm3 molecule-1 s-1 

Ref.  kaq,  

L mol-1 s-1 

Ref.  

1-penten-3-ol •OH 6.2 × 10-11 a 6.3 × 109 a 

SO4
•−   9.4 × 108 a 

NO3
• 1.4 × 10-14 a 1.5 × 108 a 

O3 1.7 × 10-16 194   

hν, s-1 2 × 10-6 

(average value) 

162   

(Z)-2-hexen-1-ol •OH 6.2 × 10-11 a 6.7 × 109 a 

SO4
•−   2.5 × 109 a 

NO3
• 1.6 × 10-13 a 8.4 × 108 a 

O3 7.4 × 10-17 504   

hν negligible loss in 

actinic region 

176   

(E)-2-hexen-1-al •OH 4.4 × 10-11 a 4.8 × 109 a 

SO4
•−   4.8 × 108 a 

NO3
• 1.2 × 10-14 a 3.0 × 108 a 

O3 1.5 × 10-18 196   

hν, s-1 1.6 × 10-5 486   
aaverage of the value provided in Chapter 5, Table 5.11  

 

The removal of GLVs independent from GLV concentration is described by Equation 7.2 for 

the gas phase and Equation 7.3 for the aqueous phase: 

                                   
𝑑[𝐺𝐿𝑉]𝑔

[𝐺𝐿𝑉]𝑔𝑑𝑡
= −𝑘𝑔,𝑂3⌊𝑂3⌋𝑔 − 𝑘𝑔,𝑂𝐻[𝑂𝐻]𝑔 − 𝑘𝑔,𝑁𝑂3[𝑁𝑂3]𝑔 − 𝑘ℎ𝑣,𝑔                                         (7.2) 

                         
𝑑[𝐺𝐿𝑉]𝑔

[𝐺𝐿𝑉]𝑔𝑑𝑡
= −𝑘𝑎𝑞,𝑂𝐻𝐻𝑑,𝐺𝐿𝑉𝜔⌊𝑂𝐻⌋𝑎𝑞 − 𝑘𝑎𝑞,𝑁𝑂3𝐻𝑑,𝐺𝐿𝑉𝜔⌊𝑁𝑂3⌋𝑎𝑞 − 𝑘𝑎𝑞,𝑆𝑂4𝐻𝑑,𝐺𝐿𝑉𝜔⌊𝑆𝑂4

∙−⌋𝑎𝑞         (7.3) 

The percent flux contribution is evaluated in three scenarios, i.e., urban clouds, remote clouds, 

and urban aerosol. The constraining parameters and concentration of radicals in the scenarios are 

described in Tables 5.7, 5.8, 5.9 (Chapter 5), Table 7.6. 
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Figure 7.16. The GLV concentration-independent percentage fluxes of 1-penten-3-ol 

(% 𝑑[𝐺𝐿𝑉]𝑔

[𝐺𝐿𝑉]𝑔𝑑𝑡
) removed due to the individual reaction in the tropospheric gas and aqueous 

phases.  
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Figure 7.17. The GLV concentration-independent percentage fluxes of (Z)-2-hexen-1-ol 

(% 𝑑[𝐺𝐿𝑉]𝑔

[𝐺𝐿𝑉]𝑔𝑑𝑡
) removed due to the individual reaction pathways in the tropospheric gas and 

aqueous phases.  
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Figure 7.18. The GLV concentration-independent percentage fluxes of (E)-2-hexen-1-al 

(% 𝑑[𝐺𝐿𝑉]𝑔

[𝐺𝐿𝑉]𝑔𝑑𝑡
) removed due to the individual reaction pathways in the tropospheric gas and 

aqueous phases. 
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Figures 7.16 – 7.18 depict the percent fluxes of GLV removed over the entire range of liquid 

water content (LWC, ω) in urban clouds, remote clouds, and urban aerosols. Approximately 74%, 

45%, and 67% removal of the PENTOL, HEXOL, and HEXAL, respectively occurs due to the 

aqueous-phase reactions with •OH radicals to that of total aqueous-phase reactions with •OH, 

SO4
•ꟷ, and NO3

• combined. However, it is only 0.02% (PENTOL), 0.04% (HEXOL), and 0.005% 

(HEXAL) of the total flux removal by combined gas- and aqueous-phase reactions. The PENTOL 

and HEXOL removal due to photolysis in the gas phase is comparable to that from the aqueous 

phase, i.e., is minor or negligible. In contrast, around 26% of the tropospheric HEXAL is removed 

via photolysis (Figure 7.18).  
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Chapter 8. Summary and future perspective 

The present Ph.D. thesis aimed to unravel the potential of GLVs as a source of secondary 

organic aerosol using the kinetic and chemical analysis of their aqueous-phase reactions.                    

The present work was conducted using a combination of experimental, simulation, and theoretical 

techniques, and aimed to demonstrate the importance of the selected GLVs atmospheric chemistry 

in the aqueous phase. Several past studies have provided evidence of SOA originating from GLVs 

via gas- and aqueous-phase processes. GLVs emissions may appear minor globally compared to 

isoprene and monoterpenes; however, the influence of GLVs chemistry might become significant 

under local scenarios, such as harvesting, switchgrass cultivation, or lawn mowing, which result 

in high GLV emissions. The review article published within the framework of this work proves 

the substantial interest of atmospheric scientists in GLV chemistry.168 A vast field of scientific 

research on GLVs is still pending, where the presented thesis research helps fill the gap.                        

The significant outcomes are briefly discussed and presented below. 

8.1.  Kinetic studies of the aqueous-phase reaction of GLVs with sulfate, hydroxyl and nitrate 

radicals in the troposphere and its atmospheric implications 

The present study provided the rate constants for GLVs reactions with •OH, SO4
•-, and NO3

• 

radicals in the aqueous phase in the 288-318 K temperature range. The rate constants for SO4
•-, 

and NO3
• were obtained for the first time. The investigated GLVs (PENTOL, HEXOL,                          

and HEXAL) differed in reactivity towards radicals in the order: kOH (109) > kSO4 (108) > kNO3    

(107) L mol-1 s-1 at 298 K. Evaluation of the atmospheric significance of these reactions revealed, 

that they are negligible in deliquescent aerosol and haze water, but dominate in atmospheric 

systems with a high liquid water content, such as rains and storms, reducing the lifetime of GLVs 

from years to a few minutes. In systems with sufficient excess of SO4
•− radicals, the aqueous-phase 

GLV-SO4
•− reactions dominate over combined gas- and aqueous-phase reactions with •OH or NO3

• 

radicals. Thus, GLVs may effectively contribute to the formation of aqueous SOA and influence 

cloud properties.  

In addition, kinetic simulations of complete models of GLV reactions with nitrate radicals 

using COmplex PAthway SImulator (COPASI) software were used to evaluate the bias in 

experimental rate constants from the LFP-LLPA that arose due to the neglected reaction sinks of 

NO3
• including the NO3

• + peroxy intermediate pathway. The results showed that the intrinsic LFP-
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LLPA experimental uncertainty of the rate constants was considerebly more significant than the 

bias due to the "neglected" reactions This finding proved the LFP-LLPA method can be safely 

used for the determination of the rate constants for NO3
• reactions.  

8.2.  Product studies on the •OH radical-mediated aqueous-phase GLV photooxidation  

The aqueous-phase photooxidation of selected GLVs (PENTOL, HEXOL, and HEXAL) in 

the presence of •OH radicals revealed several carbonyl products (i.e., propanal, butanal, 1-penten-

3-one, (E/Z)-2-hexen-1-al, and C6H10O2) as the first stage reaction products. Propanal and butanal 

are highly important, because they react with •OH, O3, and other free radicals, leading to the 

formation of peroxy acyl nitrate or carboxylic acids, hurting air quality and human health under 

scenarios with high GLV emissions. Other identified carbonyl products (C6H10O2 – possibly 

hydroxy-hexenal, or hydroxy-hexenone, and 1-penten-3-one) can serve as starting points towards 

SOA aging, including the formation of organosulfates in the ambient atmosphere, and requires 

attention. Henry's constant and vapor pressure of the product C6H10O2 estimated with EPI suite 

were higher and lower than the parent compounds, respectively. Density functional theory 

calculations were carried out to support and explain each oxidation product formation and molar 

proportion. The application of a simple DFT model could explain: (i) mechanistic pathways of the 

formation of experimentally-observed reaction products; (ii) the formation pathways of the 

unknown product with the molecular formula C6H12O2; (iii) despite the addition reaction appears 

to be faster and follows the barrierless route, hydrogen-abstraction still dominates for some 

instances and contributes significantly to the formation of oxidation products. The atmospheric 

removal flux calculations suggested that more than 65% of the GLVs (PENTOL, HEXOL, and 

HEXAL) was removed via aqueous-phase reaction with •OH radicals compared to combined 

aqueous-phase removal due to reactions with •OH, SO4
•−, and NO3

• species. There was no 

significant removal via photolysis for PENTOL, and HEXOL, while around 26% HEXAL was 

lost due to the photolytic processes in the atmosphere. The total flux removal of GLVs due to 

aqueous-phase processes appears relatively low.  

8.3. Formation of aqueous SOA 

GLVs, except Methyl Jasmonate (MeJa) have Henry's constant lower than 100 M atm-1, 

suggesting that they reside primarily in the gas phase and hardly partition to the aqueous phase. 
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However, they are highly reactive (Chapter 5) and give more soluble products like small aldehydes 

(Chapter 7) and, possibly, oligomers (like glyoxal) leading to aqueous SOA formation. 

8.4. Future direction 

The findings presented in the thesis provide deeper insights into the atmospheric aqueous-phase 

reactions concerning GLVs. Still, a number of questions is to be addressed in future research work. 

1. Investigation of GLVs reactions at the air-water interface to obtain the overall picture of the 

contribution to the SOA formation.  

2. Many fundamental GLVs physical properties need to be experimentally determined to model 

the multiphase processes better, such as Henry's constant, octanol-air, and octanol-water 

partition coefficients.   

3. The SOA formation from GLVs has been proved, yet warrants further research. SOA yields 

from the gas phase and multiphase processes need to be analyzed under various conditions to 

estimate GLVs SOA formation in the atmosphere better.   

4. So far, no data related to the health effects of GLVs and their atmospheric transformation 

products can be found, and warrants further research. This is of particular interest to social 

groups exposed to high GLV emissions, like farmers and residents of houses with grass yards. 

5. Theoretical and simulation methods, which proved helpful in evaluating the GLVs reactivity in 

the present work, should be further developed to explain the results of experimental studies.  
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Appendix 

1. Molar absorption coefficients for selected GLVs in the aqueous phase 

Table A4.3. Molar absorption coefficients values, λof 1-penten-3-ol in the aqueous phase 

at 298 K and pH =7, at wavelengths between 200 – 400 nm.444 

1-penten-3-ol, Mean value for concentration range 500 – 31.25 mM (aqueous), TROPOS 

Wavelength Average σ, n=10 Wavelength Average σ, n=10 

λ, nm ℇ/ M-1 cm-1 ∆ℇ/ M-1 cm-1 λ, nm ℇ/ M-1 cm-1 ∆ℇ/ M-1 cm-1 

400 0.0247 0.0123 300 0.0798 0.0189 

399 0.0235 0.0111 299 0.0818 0.0186 

398 0.0234 0.0108 298 0.0832 0.0174 

397 0.0245 0.0116 297 0.0862 0.0179 

396 0.0264 0.0135 296 0.0897 0.0193 

395 0.0231 0.0106 295 0.0920 0.0191 

394 0.0236 0.0111 294 0.0944 0.0191 

393 0.0238 0.0110 293 0.0989 0.0206 

392 0.0250 0.0119 292 0.1010 0.0201 

391 0.0239 0.0113 291 0.1023 0.0195 

390 0.0248 0.0120 290 0.1050 0.0199 

389 0.0249 0.0118 289 0.1076 0.0201 

388 0.0238 0.0104 288 0.1111 0.0211 

387 0.0246 0.0116 287 0.1137 0.0212 

386 0.0241 0.0122 286 0.1167 0.0219 

385 0.0238 0.0104 285 0.1193 0.0220 

384 0.0265 0.0129 284 0.1204 0.0216 

383 0.0247 0.0114 283 0.1222 0.0219 

382 0.0243 0.0111 282 0.1261 0.0236 

381 0.0248 0.0119 281 0.1288 0.0247 

380 0.0254 0.0124 280 0.1306 0.0246 

379 0.0260 0.0126 279 0.1316 0.0239 

378 0.0211 0.0093 278 0.1332 0.0237 

377 0.0259 0.0127 277 0.1359 0.0257 

376 0.0256 0.0118 276 0.1375 0.0264 

375 0.0243 0.0111 275 0.1388 0.0262 

374 0.0245 0.0115 274 0.1395 0.0251 

373 0.0238 0.0110 273 0.1423 0.0262 

372 0.0237 0.0107 272 0.1440 0.0259 

371 0.0253 0.0118 271 0.1461 0.0260 

370 0.0259 0.0122 270 0.1498 0.0273 
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369 0.0269 0.0131 269 0.1546 0.0292 

368 0.0255 0.0119 268 0.1595 0.0306 

367 0.0254 0.0125 267 0.1629 0.0299 

366 0.0260 0.0127 266 0.1675 0.0291 

365 0.0245 0.0113 265 0.1751 0.0301 

364 0.0258 0.0121 264 0.1819 0.0288 

363 0.0259 0.0120 263 0.1914 0.0282 

362 0.0283 0.0143 262 0.2062 0.0311 

361 0.0281 0.0135 261 0.2181 0.0305 

360 0.0281 0.0134 260 0.2303 0.0296 

359 0.0292 0.0144 259 0.2434 0.0299 

358 0.0278 0.0133 258 0.2570 0.0299 

357 0.0259 0.0111 257 0.2736 0.0312 

356 0.0271 0.0120 256 0.2918 0.0325 

355 0.0284 0.0126 255 0.3107 0.0319 

354 0.0277 0.0126 254 0.3325 0.0324 

353 0.0280 0.0131 253 0.3549 0.0323 

352 0.0291 0.0131 252 0.3798 0.0321 

351 0.0292 0.0132 251 0.4065 0.0320 

350 0.0288 0.0128 250 0.4372 0.0329 

349 0.0287 0.0120 249 0.4711 0.0326 

348 0.0299 0.0127 248 0.5087 0.0334 

347 0.0309 0.0141 247 0.5465 0.0310 

346 0.0323 0.0149 246 0.5902 0.0315 

345 0.0309 0.0132 245 0.6369 0.0314 

344 0.0331 0.0137 244 0.6848 0.0301 

343 0.0329 0.0134 243 0.7371 0.0316 

342 0.0328 0.0131 242 0.7928 0.0307 

341 0.0348 0.0145 241 0.8528 0.0301 

340 0.0321 0.0124 240 0.9170 0.0309 

339 0.0324 0.0126 239 0.9831 0.0306 

338 0.0355 0.0142 238 1.0544 0.0316 

337 0.0362 0.0147 237 1.1280 0.0319 

336 0.0363 0.0150 236 1.2031 0.0314 

335 0.0339 0.0126 235 1.2817 0.0324 

334 0.0356 0.0137 234 1.3634 0.0327 

333 0.0374 0.0152 233 1.4542 0.0359 

332 0.0394 0.0163 232 1.5511 0.0381 

331 0.0390 0.0147 231 1.6552 0.0401 

330 0.0408 0.0156 230 1.7659 0.0411 

329 0.0405 0.0155 229 1.8840 0.0433 

328 0.0408 0.0149 228 2.0121 0.0494 

327 0.0403 0.0139 227 2.1454 0.0527 

326 0.0409 0.0138 226 2.2867 0.0590 
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325 0.0439 0.0157 225 2.4310 0.0665 

324 0.0432 0.0136 224 2.5738 0.0711 

323 0.0420 0.0114 223 2.7216 0.0804 

322 0.0452 0.0143 222 2.8706 0.0879 

321 0.0462 0.0153 221 3.0179 0.0981 

320 0.0460 0.0150 220 3.1652 0.1107 

319 0.0467 0.0146 219 3.3045 0.1202 

318 0.0473 0.0136 218 3.4431 0.1311 

317 0.0497 0.0151 217 3.5879 0.1442 

316 0.0501 0.0144 216 3.7425 0.1531 

315 0.0527 0.0159 215 3.9281 0.1678 

314 0.0538 0.0163 214 4.1780 0.1902 

313 0.0543 0.0160 213 4.5294 0.2166 

312 0.0563 0.0169 212 5.0488 0.2575 

311 0.0584 0.0178 211 5.8289 0.3354 

310 0.0593 0.0172 210 7.0250 0.4801 

309 0.0604 0.0167 209 8.9334 0.6709 

308 0.0627 0.0172 208 11.5892 1.1470 

307 0.0639 0.0164 207 15.3776 1.8322 

306 0.0647 0.0154 206 21.5754 2.0961 

305 0.0675 0.0168 205 29.2559 3.5632 

304 0.0715 0.0194 204 42.1436 3.7705 

303 0.0733 0.0189 203 56.0993 6.1618 

302 0.0749 0.0182 202 77.3882 5.6191 

301 0.0772 0.0183 201 108.1686 2.2035 

Table A4.4.a. Molar absorption coefficients values, λof (Z)-2-hexen-1-ol in the aqueous 

phase at 298 K and pH =7, at wavelengths between 200 – 400 nm.444 

(Z)-2-hexen-1-ol, mean value for concentration range 100 – 6.25 mM (aqueous), TROPOS 

Wavelength Average σ, n=10 Wavelength Average σ, n=10 

λ, nm ℇ/ M-1 cm-1 ∆ℇ/ M-1 cm-1 λ, nm ℇ/ M-1 cm-1 ∆ℇ/ M-1 cm-1 

400 0.5084 0.2294 300 1.6585 0.1469 

399 0.5135 0.2276 299 1.6966 0.1452 

398 0.5087 0.2293 298 1.7389 0.1442 
397 0.5122 0.2291 297 1.7835 0.1429 
396 0.5137 0.2285 296 1.8293 0.1423 
395 0.5078 0.2305 295 1.8699 0.1417 
394 0.5158 0.2275 294 1.9089 0.1414 
393 0.5133 0.2282 293 1.9475 0.1409 
392 0.5182 0.2267 292 1.9800 0.1401 
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391 0.5273 0.2236 291 2.0000 0.1369 
390 0.5212 0.2260 290 2.0262 0.1355 
389 0.5241 0.2246 289 2.0628 0.1382 
388 0.5270 0.2242 288 2.0905 0.1397 
387 0.5192 0.2270 287 2.1139 0.1416 
386 0.5239 0.2253 286 2.1384 0.1454 
385 0.5273 0.2246 285 2.1599 0.1473 
384 0.5329 0.2233 284 2.1630 0.1431 
383 0.5362 0.2221 283 2.1649 0.1396 
382 0.5285 0.2245 282 2.1723 0.1400 
381 0.5285 0.2252 281 2.1749 0.1394 
380 0.5390 0.2225 280 2.1852 0.1421 
379 0.5394 0.2225 279 2.1992 0.1478 
378 0.5358 0.2227 278 2.2069 0.1505 
377 0.5561 0.2161 277 2.2113 0.1516 
376 0.5406 0.2223 276 2.2203 0.1511 
375 0.5414 0.2223 275 2.2252 0.1459 
374 0.5566 0.2179 274 2.2406 0.1437 
373 0.5572 0.2187 273 2.2734 0.1478 
372 0.5689 0.2164 272 2.3204 0.1516 
371 0.5688 0.2177 271 2.3724 0.1510 
370 0.5692 0.2175 270 2.4429 0.1521 
369 0.5697 0.2178 269 2.5334 0.1522 
368 0.5723 0.2182 268 2.6471 0.1543 
367 0.5697 0.2199 267 2.7926 0.1598 
366 0.5764 0.2195 266 2.9657 0.1644 
365 0.5859 0.2182 265 3.1575 0.1636 
364 0.5945 0.2164 264 3.3754 0.1636 
363 0.6043 0.2149 263 3.6313 0.1667 
362 0.6133 0.2136 262 3.9217 0.1694 
361 0.6162 0.2146 261 4.2501 0.1786 
360 0.6342 0.2112 260 4.6071 0.1863 
359 0.6359 0.2135 259 4.9990 0.1976 
358 0.6448 0.2124 258 5.4111 0.1993 
357 0.6546 0.2096 257 5.8530 0.2026 
356 0.6622 0.2098 256 6.3475 0.2204 
355 0.6823 0.2057 255 6.8847 0.2423 
354 0.7018 0.2030 254 7.4715 0.2598 
353 0.7112 0.2031 253 8.1291 0.2719 
352 0.7168 0.2028 252 8.8937 0.2904 

351 0.7282 0.2026 251 9.7794 0.3148 
350 0.7469 0.1997 250 10.7897 0.3335 
349 0.7610 0.1978 249 11.9654 0.3658 
348 0.7614 0.2003 248 13.3133 0.4153 
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347 0.7766 0.1992 247 14.8359 0.4582 
346 0.7956 0.1963 246 16.5163 0.5007 
345 0.8053 0.1965 245 18.3782 0.5570 
344 0.8204 0.1945 244 20.4234 0.6164 
343 0.8415 0.1924 243 22.6428 0.6634 
342 0.8520 0.1913 242 25.0535 0.7188 
341 0.8573 0.1920 241 27.6522 0.7654 
340 0.8702 0.1929 240 30.3919 0.7767 
339 0.8932 0.1906 239 33.2455 0.7501 
338 0.9148 0.1878 238 36.2103 0.6992 
337 0.9312 0.1863 237 39.4764 0.9595 
336 0.9438 0.1856 236 42.6940 1.7672 
335 0.9518 0.1861 235 44.8833 0.6122 
334 0.9662 0.1858 234 47.4939 0.5901 
333 0.9834 0.1855 233 49.9734 0.5593 
332 1.0017 0.1840 232 52.3108 0.5296 
331 1.0062 0.1852 231 54.4115 0.5549 
330 1.0213 0.1831 230 56.2520 0.5874 
329 1.0491 0.1796 229 57.8556 0.5366 
328 1.0661 0.1795 228 59.2558 0.4274 
327 1.0738 0.1796 227 60.3304 0.4276 
326 1.0920 0.1793 226 61.0079 0.4462 
325 1.1142 0.1767 225 61.3791 0.4627 
324 1.1350 0.1738 224 61.4232 0.4732 
323 1.1491 0.1733 223 61.2821 0.5108 
322 1.1626 0.1733 222 61.2023 0.4605 
321 1.1775 0.1722 221 61.0453 0.4622 
320 1.1964 0.1714 220 60.9718 0.4529 
319 1.2088 0.1695 219 61.1832 0.4361 
318 1.2305 0.1677 218 62.1353 0.4312 
317 1.2494 0.1668 217 64.2836 0.4422 
316 1.2580 0.1666 216 68.5299 0.5172 
315 1.2713 0.1657 215 76.3375 2.0641 
314 1.2836 0.1653 214 86.0817 1.7196 
313 1.3038 0.1635 213 102.1557 3.4171 
312 1.3274 0.1609 212 126.0037 6.2183 
311 1.3454 0.1607 211 162.4448 6.7187 
310 1.3727 0.1586 210 213.9767 11.2055 
309 1.3976 0.1570 209 280.0228 16.1929 

308 1.4177 0.1567 208 383.5250 0.6160 
307 1.4328 0.1548 207 500.3163 1.5796 
306 1.4575 0.1550 206 702.8832   
305 1.4872 0.1534    
304 1.5181 0.1509    
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303 1.5590 0.1511    
302 1.5936 0.1498    
301 1.6239 0.1485    

Table A4.4.b. Molar absorption coefficients values, λof (Z)-2-hexen-1-ol in the aqueous 

phase at 295 K and pH =7, at wavelengths between 200 – 400 nm.172 

(Z)-2-hexen-1-ol, mean value for concentration 2 mM (aqueous), IPC PAS 

Wavelength Average σ, n=2 Wavelength Average σ, n=2 

λ, nm ℇ/ M-1 cm-1 ∆ℇ/ M-1 cm-1 λ, nm ℇ/ M-1 cm-1 ∆ℇ/ M-1 cm-1 

400 0.9775 0.0177 300.5 1.6675 0.3854 
399.5 0.9425 0.0389 300 1.7400 0.4384 
399 0.9850 0.0212 299.5 1.6225 0.4207 

398.5 0.9675 0.0035 299 1.4625 0.4066 
398 1.0700 0.0707 298.5 1.4525 0.4137 

397.5 1.1225 0.1450 298 1.3450 0.3182 
397 1.1125 0.1237 297.5 1.3550 0.2121 

396.5 1.0600 0.1697 297 1.4400 0.2121 
396 1.1150 0.1697 296.5 1.4925 0.2227 

395.5 1.0975 0.2157 296 1.5200 0.1414 
395 1.1400 0.2121 295.5 1.4150 0.0990 

394.5 1.1350 0.1838 295 1.4350 0.0849 
394 1.1275 0.2298 294.5 1.3000 0.0636 

393.5 1.0825 0.2369 294 1.2925 0.0884 
393 1.0375 0.2934 293.5 1.2625 0.0318 

392.5 1.0275 0.3217 293 1.2775 0.1308 
392 1.0025 0.3005 292.5 1.2200 0.1909 

391.5 0.9900 0.2899 292 1.2350 0.2404 
391 1.0200 0.3111 291.5 1.3600 0.2899 

390.5 1.0350 0.2970 291 1.2925 0.2793 
390 0.9500 0.3111 290.5 1.3525 0.2227 

389.5 0.9175 0.3005 290 1.3375 0.3005 
389 0.9150 0.3465 289.5 1.4550 0.2616 

388.5 0.9175 0.3147 289 1.3825 0.2440 
388 0.9250 0.3111 288.5 1.4600 0.2121 

387.5 0.9625 0.3429 288 1.3750 0.1344 
387 0.9700 0.3536 287.5 1.3775 0.0106 

386.5 0.9625 0.2864 287 1.3775 0.0318 
386 1.0225 0.2793 286.5 1.4600 0.0000 

385.5 0.8875 0.2652 286 1.6425 0.0601 
385 0.7800 0.1838 285.5 1.6750 0.1556 

384.5 0.7500 0.1414 285 1.8125 0.1450 
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384 0.7425 0.0813 284.5 1.8525 0.0813 
383.5 0.7450 0.0990 284 1.9050 0.1414 
383 0.7300 0.0495 283.5 1.8175 0.1167 

382.5 0.6675 0.0813 283 1.8925 0.1308 
382 0.6550 0.0354 282.5 1.9200 0.2192 

381.5 0.6600 0.0141 282 1.9875 0.2581 
381 0.6575 0.0035 281.5 2.1375 0.3429 

380.5 0.6450 0.0495 281 2.1450 0.3111 
380 0.7400 0.0424 280.5 2.2100 0.3677 

379.5 0.7625 0.1167 280 2.2275 0.4490 
379 0.8550 0.0566 279.5 2.3100 0.3889 

378.5 0.8975 0.0601 279 2.2950 0.3465 
378 0.8400 0.0354 278.5 2.2700 0.3323 

377.5 0.8200 0.0071 278 2.2900 0.3323 
377 0.8900 0.0919 277.5 2.4600 0.3253 

376.5 0.8925 0.0813 277 2.4550 0.3536 

376 0.9500 0.0990 276.5 2.4500 0.3748 
375.5 0.9400 0.1061 276 2.4225 0.3500 
375 0.9525 0.1379 275.5 2.3700 0.3111 

374.5 0.9550 0.1202 275 2.4275 0.2652 
374 0.9750 0.0707 274.5 2.5400 0.2404 

373.5 0.9650 0.1414 274 2.6550 0.2121 
373 1.0650 0.2192 273.5 2.5975 0.2015 

372.5 1.1250 0.2475 273 2.5800 0.1626 
372 1.1800 0.3111 272.5 2.6175 0.1732 

371.5 1.1125 0.3429 272 2.5375 0.1803 
371 1.1275 0.3429 271.5 2.4925 0.1732 

370.5 1.0500 0.3111 271 2.5550 0.2121 
370 1.1100 0.2475 270.5 2.6100 0.2051 

369.5 1.2100 0.2121 270 2.7100 0.2616 
369 1.1550 0.1273 269.5 2.7175 0.2086 

368.5 1.1600 0.0424 269 2.6350 0.1909 
368 1.1050 0.0354 268.5 2.6875 0.0742 

367.5 1.1275 0.0530 268 2.8175 0.1308 
367 1.1125 0.0389 267.5 2.7850 0.0919 

366.5 1.0150 0.1344 267 2.8200 0.0849 
366 1.0675 0.2157 266.5 2.8575 0.1237 

365.5 1.1800 0.1980 266 2.8075 0.0318 
365 1.3350 0.1768 265.5 2.8600 0.0141 

364.5 1.2275 0.2086 265 2.7850 0.0212 
364 1.2400 0.3041 264.5 2.8625 0.1096 

363.5 1.2250 0.2404 264 2.9050 0.0707 
363 1.2050 0.2475 263.5 3.0800 0.0566 

362.5 1.2025 0.2722 263 3.2650 0.0849 
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362 1.1200 0.2051 262.5 3.3300 0.1061 
361.5 1.1525 0.2793 262 3.4900 0.0566 
361 1.1050 0.3182 261.5 3.5250 0.1061 

360.5 1.1100 0.2546 261 3.5525 0.0247 
360 1.1450 0.3111 260.5 3.7950 0.0354 

359.5 1.1125 0.3712 260 3.9550 0.0212 
359 1.1450 0.3748 259.5 4.1050 0.0000 

358.5 1.1550 0.4879 259 4.3875 0.0530 
358 1.0950 0.5162 258.5 4.6250 0.0778 

357.5 1.0525 0.4419 258 4.9450 0.0141 
357 1.0300 0.4738 257.5 5.1500 0.0141 

356.5 1.0725 0.4561 257 5.4275 0.0035 
356 1.1150 0.4738 256.5 5.6975 0.0106 

355.5 1.1250 0.3960 256 6.0900 0.0778 

355 1.1150 0.2970 255.5 6.3525 0.0884 

354.5 1.0950 0.2687 255 6.6550 0.1131 
354 1.2000 0.1485 254.5 7.1025 0.1732 

353.5 1.1150 0.1697 254 7.5325 0.1591 
353 1.2425 0.1520 253.5 8.0975 0.1732 

352.5 1.1675 0.1308 253 8.6375 0.2227 
352 1.1275 0.1379 252.5 9.1375 0.2652 

351.5 1.1375 0.1167 252 9.7275 0.2652 
351 1.2175 0.0884 251.5 10.2175 0.2652 

350.5 1.2625 0.0318 251 10.8725 0.2934 
350 1.3150 0.0566 250.5 11.4400 0.2970 

349.5 1.3375 0.0106 250 12.0975 0.3642 
349 1.3625 0.0601 249.5 12.8825 0.3429 

348.5 1.3350 0.0212 249 13.5725 0.3429 
348 1.3500 0.0283 248.5 14.4175 0.3359 

347.5 1.4300 0.0071 248 15.2125 0.3429 
347 1.3975 0.0389 247.5 16.0975 0.3924 

346.5 1.3625 0.0247 247 16.9825 0.3571 
346 1.4100 0.0566 246.5 17.8000 0.4384 

345.5 1.3350 0.1414 246 18.7350 0.4243 
345 1.2450 0.1061 245.5 19.6050 0.4808 

344.5 1.3200 0.0566 245 20.5375 0.4066 
344 1.4150 0.0283 244.5 21.6025 0.4278 

343.5 1.4025 0.0318 244 22.7125 0.4844 
343 1.3625 0.0318 243.5 23.8925 0.4632 

342.5 1.3875 0.0035 243 24.8900 0.3182 
342 1.3725 0.0672 242.5 26.1050 0.3182 

341.5 1.3475 0.1803 242 27.2500 0.3182 
341 1.2850 0.1485 241.5 28.4150 0.2758 

340.5 1.3400 0.0283 241 29.5475 0.3005 
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340 0.9950 0.2333 240.5 30.8025 0.2793 
339.5 1.0800 0.2899 240 31.9500 0.2828 
339 1.0725 0.2864 239.5 33.0825 0.2510 

338.5 1.1400 0.2899 239 34.3675 0.2369 
338 1.1375 0.2510 238.5 35.5650 0.2475 

337.5 0.9750 0.3182 238 36.6250 0.2475 
337 0.8750 0.3394 237.5 37.7425 0.2864 

336.5 0.9200 0.4031 237 38.8475 0.2015 
336 0.8775 0.3995 236.5 40.0650 0.2404 

335.5 0.9225 0.3147 236 41.1925 0.3217 
335 0.9725 0.3642 235.5 42.2725 0.2934 

334.5 1.0500 0.5374 235 43.3900 0.2687 
334 1.1200 0.4455 234.5 44.2950 0.1202 

333.5 1.0550 0.4879 234 45.3500 0.1556 
333 0.9675 0.4066 233.5 46.3300 0.1838 

332.5 0.8675 0.4985 233 47.2325 0.1662 
332 1.0225 0.4632 232.5 48.0700 0.1273 

331.5 1.0250 0.4172 232 48.7450 0.1202 
331 1.0600 0.4101 231.5 49.4575 0.0247 

330.5 1.0875 0.3359 231 50.1175 0.0247 
330 1.1275 0.3783 230.5 50.6275 0.0247 

329.5 1.1375 0.3924 230 51.2150 0.1980 
329 1.2350 0.3111 229.5 51.5875 0.0884 

328.5 1.3050 0.1838 229 52.1325 0.0813 
328 1.5700 0.2687 228.5 52.4800 0.1697 

327.5 1.7275 0.2086 228 52.7200 0.0495 
327 1.7475 0.0106 227.5 53.0350 0.1061 

326.5 1.7975 0.0318 227 53.3925 0.1591 
326 1.7125 0.0742 226.5 53.6750 0.1909 

325.5 1.8650 0.1414 226 53.6725 0.2015 

325 1.8525 0.2440 225.5 53.7225 0.2581 

324.5 1.9275 0.2298 225 53.8975 0.2369 
324 1.9975 0.2793 224.5 54.0625 0.3147 

323.5 1.9825 0.2652 224 54.1900 0.3606 
323 2.0775 0.3076 223.5 54.1275 0.2015 

322.5 1.9300 0.3041 223 54.3000 0.1485 
322 1.9100 0.4172 222.5 54.5750 0.2192 

321.5 1.9250 0.5374 222 54.8075 0.3005 
321 1.9800 0.6435 221.5 55.3375 0.3995 

320.5 2.0225 0.7177 221 56.0700 0.3889 
320 1.9275 0.5409 220.5 57.1150 0.3606 

319.5 1.8600 0.6010 220 58.4200 0.2970 
319 1.7300 0.6223 219.5 60.1700 0.2899 

318.5 1.6825 0.5621 219 62.4100 0.2970 
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318 1.7000 0.5303 218.5 65.1100 0.2828 
317.5 1.6350 0.5374 218 68.6325 0.3500 
317 1.6400 0.5798 217.5 72.9475 0.3712 

316.5 1.6750 0.6223 217 78.0775 0.3642 
316 1.5500 0.6223 216.5 84.0725 0.4137 

315.5 1.4075 0.6541 216 90.8750 0.4384 
315 1.3900 0.6647 215.5 98.8400 0.5515 

314.5 1.1350 0.6010 215 107.7350 0.7000 
314 1.1600 0.5657 214.5 117.4325 0.6611 

313.5 1.0925 0.5904 214 128.1125 0.6611 
313 1.2650 0.6152 213.5 139.7950 0.5940 

312.5 1.2200 0.5162 213 152.4875 0.6187 
312 1.2850 0.3253 212.5 165.9850 0.6010 

311.5 1.2625 0.3924 212 180.4875 0.5692 
311 1.3150 0.3606 211.5 196.0425 0.6682 

310.5 1.2875 0.4207 211 212.7750 0.7849 
310 1.2875 0.4702 210.5 230.8825 0.9581 

309.5 1.2250 0.4667 210 250.0100 1.0112 
309 1.1475 0.4066 209.5 271.2850 1.0748 

308.5 1.1525 0.2934 209 294.5475 1.1420 
308 1.1125 0.1945 208.5 319.5775 1.0006 

307.5 1.2450 0.2263 208 346.9900 0.9758 
307 1.3550 0.3041 207.5 377.0350 1.1879 

306.5 1.4750 0.4172 207 410.2875 1.7006 
306 1.5300 0.4455 206.5 447.0275 1.8491 

305.5 1.5750 0.6293 206 487.3925 1.9481 
305 1.5525 0.6894 205.5 531.8100 2.1355 

304.5 1.5975 0.7319 205 580.4475 2.6410 
304 1.5925 0.7036 204.5 634.2250 2.7436 

303.5 1.5050 0.6930 204 692.6475 3.3694 
303 1.5125 0.6541 203.5 755.1550 4.5184 

302.5 1.6000 0.5657 203 822.0475 5.9503 
302 1.6900 0.6081 202.5 889.4700 5.1407 

301.5 1.7675 0.5975 202 954.8650 7.7640 
301 1.7275 0.4914 201.5 1013.0075 9.9667 

   201 1057.8825 12.1799 
   200.5 1087.1300 11.2006 
   200 1099.7025 12.6961 

Table A4.5.a. Molar absorption coefficients values, λof (E)-2-hexen-1-al in the aqueous 

phase at 298 K and pH =7, at wavelengths between 247 – 400 nm.444 
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(E)-2-hexen-1-al, mean value for concentration range 30 – 1.875 mM (aqueous), TROPOS 

Wavelength Average σ, n=10 Wavelength Average σ, n=10 

λ, nm ℇ/ M-1 cm-1 ∆ℇ/ M-1 cm-1 λ, nm ℇ/ M-1 cm-1 ∆ℇ/ M-1 cm-1 

400 0.6135 0.3120 323 35.2416 1.8905 
399 0.6204 0.3275 322 36.6259 1.9774 
398 0.6276 0.3215 321 38.0196 2.0322 
397 0.6525 0.3242 320 39.3548 2.1114 
396 0.7069 0.3533 319 40.6765 2.1774 
395 0.6242 0.3013 318 42.0133 2.2470 
394 0.6543 0.3120 317 43.3711 2.3430 
393 0.6455 0.2978 316 44.5141 2.4366 
392 0.6886 0.3186 315 45.6150 2.4928 
391 0.6927 0.3011 314 46.6694 2.5477 
390 0.6531 0.2879 313 47.6655 2.6084 
389 0.6888 0.2908 312 48.6171 2.6494 
388 0.7251 0.2968 311 49.5347 2.6746 
387 0.7275 0.3004 310 50.3631 2.7382 
386 0.7405 0.3031 309 51.0873 2.7924 
385 0.7638 0.3093 308 51.7708 2.8087 
384 0.7913 0.3048 307 52.3744 2.8078 
383 0.8595 0.3230 306 52.8488 2.8300 
382 0.8171 0.2849 305 53.2496 2.8360 
381 0.8282 0.2603 304 53.5823 2.8207 
380 0.9199 0.3049 303 53.8144 2.8240 
379 0.9390 0.2883 302 53.9586 2.8211 
378 0.9745 0.2671 301 54.0320 2.7988 
377 1.0958 0.3162 300 54.0538 2.7596 
376 1.0901 0.2638 299 54.0095 2.6940 
375 1.1353 0.2440 298 53.8891 2.6230 
374 1.2436 0.2738 297 53.6995 2.5451 
373 1.3046 0.2648 296 53.4566 2.4585 
372 1.3744 0.2624 295 53.1482 2.3754 
371 1.4636 0.2506 294 52.7845 2.2860 
370 1.5417 0.2297 293 52.3835 2.1876 
369 1.6444 0.2300 292 51.9670 2.0707 
368 1.7516 0.2069 291 51.4948 1.9588 
367 1.9040 0.2062 290 50.9605 1.8611 
366 2.0405 0.1974 289 50.3856 1.7781 
365 2.1927 0.1968 288 49.7717 1.7053 
364 2.3268 0.1647 287 49.1557 1.6490 
363 2.5082 0.1752 286 48.5179 1.6235 
362 2.7297 0.2184 285 47.8535 1.6124 
361 2.9659 0.2341 284 47.1983 1.5987 
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360 3.1799 0.2063 283 46.5305 1.5852 
359 3.4470 0.2210 282 45.9215 1.6089 
358 3.7257 0.2220 281 45.3697 1.6501 
357 4.0062 0.2092 280 44.8458 1.6839 
356 4.3472 0.2345 279 44.4113 1.7189 
355 4.6814 0.2283 278 44.0911 1.7337 
354 5.0326 0.2291 277 43.9625 1.7519 
353 5.4263 0.2452 276 44.0627 1.7809 
352 5.8843 0.2692 275 44.3884 1.7923 
351 6.3901 0.2999 274 44.9840 1.7890 
350 6.8975 0.3197 273 45.8713 1.7559 
349 7.4335 0.3417 272 47.1528 1.7239 
348 8.0097 0.3567 271 48.9648 1.6978 
347 8.6510 0.3851 270 51.3595 1.6959 
346 9.3401 0.4283 269 54.4018 1.7405 
345 10.0126 0.4545 268 58.2606 1.8458 
344 10.7621 0.4862 267 63.0981 2.0239 
343 11.5525 0.5257 266 69.0300 2.3125 
342 12.3779 0.5804 265 76.2555 2.7190 
341 13.2883 0.6187 264 85.1801 3.2466 
340 14.2241 0.6818 263 96.3635 3.8646 
339 15.1800 0.7415 262 110.5734 4.6969 
338 16.1935 0.8080 261 128.5989 5.7447 
337 17.2635 0.8585 260 154.8044 6.6656 
336 18.3574 0.9153 259 183.3975 7.7055 
335 19.4955 0.9750 258 221.6790 9.0790 
334 20.6482 1.0401 257 275.3103 12.4624 
333 21.8207 1.1298 256 332.8382 14.3464 
332 23.1161 1.1721 255 408.2574 17.0885 
331 24.4131 1.2383 254 501.9188 20.4474 
330 25.6954 1.3384 253 619.4017 27.5137 
329 27.0330 1.4299 252 775.7439 24.4249 
328 28.4055 1.5079 251 966.3459 38.0522 
327 29.8019 1.5687 250 1190.3296 68.8856 
326 31.1800 1.6438 249 1409.4997 0.7460 
325 32.5157 1.7346 248 1722.1291 12.7769 
324 33.8815 1.8041 247 2180.3736 95.5808 

Table A4.5.b. Molar absorption coefficients values, λof (E)-2-hexen-1-al in the aqueous 

phase at 295 K and pH =7, at wavelengths between 200 – 400 nm, measured for  1 mM and 

0.1 mM concentrations, respectively.172 
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(E)-2-hexen-1-al (IPC PAS), 1 mM aqueous (E)-2-hexen-1-al (IPC PAS), 0.1 mM aqueous 

Wavelength Average  σ, n=2 Wavelength Average σ, n=2 

λ, nm ℇ/ M-1 cm-1 ∆ℇ/ M-1 cm-1 λ, nm ℇ/ M-1 cm-1 ∆ℇ/ M-1 cm-1 

400 1.2700 0.3677 400 -0.850 0.636 

399.5 1.2750 0.3041 399.5 -1.150 0.919 

399 1.2350 0.3465 399 -1.550 1.768 

398.5 1.1950 0.5162 398.5 -1.550 3.041 

398 1.1650 0.4738 398 -2.700 4.101 

397.5 1.1100 0.4950 397.5 -1.350 2.616 

397 0.9750 0.4738 397 -1.500 0.566 

396.5 0.9100 0.3960 396.5 -0.800 1.273 

396 0.8450 0.4738 396 1.300 1.414 

395.5 0.9650 0.5162 395.5 -0.200 1.273 

395 1.0150 0.4879 395 -0.400 1.980 

394.5 1.1000 0.4525 394.5 0.700 3.818 

394 1.2350 0.3182 394 -0.450 5.020 

393.5 1.1800 0.4667 393.5 -0.500 4.667 

393 1.3950 0.5303 393 -0.400 4.384 

392.5 1.3250 0.5728 392.5 0.300 4.384 

392 1.2850 0.5020 392 2.800 4.384 

391.5 1.2550 0.4596 391.5 3.300 5.091 

391 1.3050 0.3748 391 2.700 4.667 

390.5 1.3500 0.2970 390.5 2.100 3.818 

390 1.3050 0.2051 390 3.000 2.828 

389.5 1.2550 0.1344 389.5 4.150 2.333 

389 1.1700 0.1556 389 3.700 2.404 

388.5 1.1250 0.1626 388.5 4.700 2.404 

388 1.0000 0.1273 388 4.050 2.475 

387.5 1.1500 0.0707 387.5 4.750 3.465 

387 1.0650 0.0354 387 6.200 4.243 

386.5 1.2900 0.0283 386.5 6.600 5.091 

386 1.3050 0.0212 386 7.950 4.313 

385.5 1.4450 0.0495 385.5 9.400 3.677 

385 1.3900 0.0000 385 8.900 3.536 

384.5 1.4650 0.0212 384.5 9.600 5.091 

384 1.5250 0.1202 384 8.150 5.445 

383.5 1.7250 0.1768 383.5 7.650 5.728 

383 1.7300 0.2263 383 7.300 6.364 

382.5 1.7750 0.1485 382.5 8.650 5.869 

382 1.8850 0.2758 382 9.450 6.152 

381.5 1.8750 0.3041 381.5 10.900 4.808 
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381 1.8700 0.3394 381 10.650 4.879 

380.5 1.8950 0.3323 380.5 11.400 5.515 

380 1.7650 0.2333 380 11.600 3.818 

379.5 1.5500 0.3818 379.5 11.350 4.455 

379 1.4650 0.4738 379 11.650 3.465 

378.5 1.5000 0.4808 378.5 12.050 3.465 

378 1.6950 0.5162 378 11.800 4.525 

377.5 1.8050 0.5303 377.5 13.000 3.677 

377 1.8450 0.4879 377 11.700 4.950 

376.5 2.0300 0.3536 376.5 10.050 4.879 

376 2.0600 0.4667 376 11.100 4.384 

375.5 2.2200 0.4667 375.5 12.300 3.677 

375 2.3050 0.4455 375 11.100 3.394 

374.5 2.2200 0.3960 374.5 11.550 2.475 

374 2.3250 0.3041 374 9.850 3.041 

373.5 2.3900 0.3677 373.5 8.600 2.546 

373 2.2650 0.2475 373 6.700 1.980 

372.5 2.3700 0.2263 372.5 5.550 1.344 

372 2.5550 0.2758 372 5.450 2.333 

371.5 2.5300 0.0849 371.5 6.000 2.121 

371 2.5550 0.1344 371 7.000 1.131 

370.5 2.6050 0.1768 370.5 6.350 0.354 

370 2.5350 0.2616 370 6.600 3.818 

369.5 2.5850 0.2333 369.5 5.650 4.031 

369 2.7150 0.0778 369 4.150 4.031 

368.5 2.9750 0.0778 368.5 4.150 4.172 

368 3.1100 0.1131 368 5.600 2.828 

367.5 3.1700 0.1273 367.5 6.450 1.768 

367 3.1400 0.1414 367 5.750 3.465 

366.5 3.3600 0.1838 366.5 7.550 4.172 

366 3.3450 0.1768 366 8.750 2.051 

365.5 3.3400 0.1131 365.5 8.700 1.131 

365 3.4400 0.1556 365 11.400 1.273 

364.5 3.4250 0.1909 364.5 7.350 0.636 

364 3.4850 0.1909 364 6.100 0.566 

363.5 3.7750 0.1768 363.5 7.000 2.546 

363 4.1350 0.1626 363 7.400 0.000 

362.5 4.1900 0.2828 362.5 9.000 0.141 

362 4.3350 0.4313 362 6.250 1.202 

361.5 4.5150 0.2475 361.5 7.250 1.061 

361 4.6650 0.4031 361 10.050 0.354 

360.5 4.9250 0.4596 360.5 10.050 0.071 
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360 5.3500 0.6223 360 11.300 1.131 

359.5 5.5750 0.4172 359.5 10.200 1.697 

359 5.8500 0.5374 359 8.800 4.384 

358.5 5.9700 0.8202 358.5 9.000 5.515 

358 6.2150 0.6435 358 9.900 6.788 

357.5 6.4700 0.6081 357.5 9.900 7.495 

357 6.6200 0.7071 357 10.250 7.425 

356.5 6.8100 0.6505 356.5 11.750 7.000 

356 6.9700 0.6223 356 12.750 7.283 

355.5 7.0500 0.4808 355.5 12.900 7.495 

355 7.1500 0.3960 355 13.950 7.283 

354.5 7.7250 0.2899 354.5 14.900 7.354 

354 7.9050 0.3041 354 14.350 8.132 

353.5 8.0350 0.1485 353.5 13.800 9.051 

353 8.3950 0.2899 353 12.600 3.960 

352.5 8.3700 0.3536 352.5 12.000 3.677 

352 8.7450 0.1909 352 13.400 4.808 

351.5 9.1100 0.1273 351.5 17.300 5.374 

351 9.4850 0.1202 351 20.150 5.303 

350.5 9.5550 0.0354 350.5 20.700 6.364 

350 9.8400 0.1273 350 20.900 4.525 

349.5 10.1050 0.1202 349.5 22.350 4.031 

349 10.4700 0.1131 349 21.800 6.081 

348.5 11.0900 0.0424 348.5 20.750 5.162 

348 11.5350 0.0354 348 19.450 3.748 

347.5 11.9050 0.0919 347.5 18.850 3.748 

347 12.0650 0.1485 347 19.250 4.596 

346.5 12.3750 0.1909 346.5 20.050 3.182 

346 12.8900 0.0283 346 22.200 0.990 

345.5 13.1800 0.0707 345.5 24.650 1.202 

345 13.5750 0.0778 345 24.750 1.061 

344.5 14.1100 0.1556 344.5 26.350 0.778 

344 14.7400 0.2263 344 29.250 0.495 

343.5 15.0250 0.2616 343.5 27.450 1.626 

343 15.5500 0.2546 343 26.650 3.041 

342.5 15.8950 0.2475 342.5 27.650 1.626 

342 16.2400 0.1414 342 26.900 1.697 

341.5 16.5400 0.1131 341.5 29.350 1.344 

341 17.0550 0.1061 341 29.150 2.051 

340.5 17.5900 0.0566 340.5 30.200 2.404 

340 21.8350 0.5162 340 25.900 13.294 

339.5 22.4450 0.8697 339.5 26.200 14.142 
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339 22.8350 0.8556 339 24.400 15.839 

338.5 23.2750 0.8697 338.5 23.650 13.647 

338 23.9650 0.9263 338 27.450 12.233 

337.5 24.4550 1.3223 337.5 27.050 12.233 

337 24.7550 1.3647 337 27.250 13.506 

336.5 24.9950 1.4637 336.5 31.250 14.354 

336 25.5200 1.6546 336 31.000 12.304 

335.5 25.7750 1.6334 335.5 30.700 9.192 

335 26.5700 1.3576 335 33.750 10.677 

334.5 26.9700 1.2728 334.5 37.300 9.192 

334 27.4650 1.4496 334 41.200 8.910 

333.5 27.7400 1.3294 333.5 43.000 7.637 

333 28.4700 1.1314 333 43.250 5.162 

332.5 29.0450 1.2657 332.5 43.650 4.879 

332 29.7350 1.4213 332 41.650 2.192 

331.5 30.3350 1.5203 331.5 42.200 0.424 

331 31.4000 1.6405 331 43.450 3.606 

330.5 32.3300 1.2728 330.5 46.100 4.243 

330 32.7700 1.3576 330 50.500 1.980 

329.5 33.2850 1.0960 329.5 56.050 3.323 

329 33.9550 0.8980 329 56.650 5.020 

328.5 34.6850 0.5586 328.5 59.900 4.808 

328 35.1600 0.4808 328 60.650 6.152 

327.5 36.1550 0.7849 327.5 57.100 3.536 

327 36.5750 0.5586 327 57.900 3.394 

326.5 37.3700 0.3960 326.5 58.600 4.101 

326 38.1900 0.3253 326 62.050 3.748 

325.5 38.8550 0.4031 325.5 62.200 2.828 

325 39.1250 0.1909 325 60.250 3.606 

324.5 39.5550 0.0495 324.5 60.050 3.465 

324 40.5150 0.1061 324 59.900 2.687 

323.5 41.5550 0.1344 323.5 60.900 2.970 

323 42.2600 0.0141 323 57.750 4.313 

322.5 42.7700 0.3536 322.5 58.600 6.081 

322 43.1900 0.3253 322 56.650 4.596 

321.5 43.9850 0.0212 321.5 54.500 4.101 

321 44.7650 0.1626 321 55.150 3.606 

320.5 45.5100 0.0566 320.5 53.350 3.323 

320 46.3300 0.2546 320 53.600 5.374 

319.5 47.1650 0.4172 319.5 56.650 4.313 

319 47.6250 0.2899 319 57.600 6.223 

318.5 48.2750 0.3606 318.5 59.700 6.505 
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318 48.9100 0.5374 318 60.050 5.303 

317.5 49.5100 0.3394 317.5 59.000 5.374 

317 50.3700 0.1556 317 60.450 6.718 

316.5 50.7500 0.1131 316.5 57.700 6.081 

316 51.0950 0.1909 316 59.300 3.818 

315.5 51.7450 0.2333 315.5 58.350 5.020 

315 52.0900 0.1697 315 58.750 5.303 

314.5 52.7450 0.0495 314.5 58.450 4.738 

314 53.5350 0.0636 314 59.550 3.748 

313.5 53.5950 0.0778 313.5 58.500 3.111 

313 54.2250 0.0354 313 58.100 5.374 

312.5 54.7250 0.1344 312.5 57.950 4.738 

312 55.0650 0.1626 312 58.150 4.455 

311.5 55.6400 0.2546 311.5 57.250 5.303 

311 56.0600 0.4101 311 59.650 2.192 

310.5 56.2350 0.3182 310.5 58.350 1.061 

310 56.8400 0.0990 310 60.850 1.202 

309.5 57.3000 0.0707 309.5 59.800 1.414 

309 57.6100 0.0000 309 60.050 0.071 

308.5 57.6100 0.1980 308.5 55.700 2.970 

308 57.9800 0.2828 308 56.700 1.556 

307.5 58.1600 0.4243 307.5 59.650 2.192 

307 58.3000 0.5091 307 59.550 1.485 

306.5 58.2900 0.5374 306.5 58.250 1.626 

306 58.3800 0.2263 306 59.850 0.919 

305.5 58.4450 0.4879 305.5 60.600 0.707 

305 58.3950 0.5869 305 61.550 1.626 

304.5 58.5450 0.6859 304.5 61.250 1.202 

304 58.7850 0.5586 304 59.500 0.000 

303.5 58.9450 0.6152 303.5 60.650 0.071 

303 59.0050 0.4455 303 63.100 0.141 

302.5 59.0350 0.1061 302.5 64.150 1.768 

302 59.1600 0.2970 302 63.650 1.202 

301.5 58.6100 0.2828 301.5 65.000 2.546 

301 58.7550 0.3182 301 65.950 2.616 

300.5 58.5950 0.3748 300.5 67.400 4.243 

300 58.2400 0.4525 300 67.500 4.667 

299.5 58.0650 0.3041 299.5 67.350 3.465 

299 57.8800 0.4101 299 67.450 3.041 

298.5 57.4900 0.3253 298.5 68.400 3.818 

298 57.0900 0.2121 298 65.950 3.889 

297.5 57.0950 0.0778 297.5 65.900 4.667 
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297 56.8750 0.0212 297 64.400 8.202 

296.5 56.4000 0.1838 296.5 64.250 8.273 

296 56.2300 0.0849 296 65.900 7.354 

295.5 55.9500 0.3253 295.5 69.100 8.768 

295 55.5650 0.2899 295 68.200 10.324 

294.5 55.1800 0.3960 294.5 67.550 9.122 

294 54.9050 0.3606 294 67.400 10.182 

293.5 54.6200 0.2546 293.5 67.250 9.546 

293 54.1600 0.3253 293 68.700 7.920 

292.5 53.7450 0.5869 292.5 64.850 8.839 

292 53.5300 0.6364 292 62.850 9.546 

291.5 52.9000 0.6930 291.5 64.250 9.263 

291 52.3450 0.8132 291 64.100 9.617 

290.5 51.7050 0.6859 290.5 63.050 7.990 

290 51.1200 0.7778 290 62.200 7.637 

289.5 50.3850 0.6152 289.5 61.000 6.788 

289 50.0000 0.7354 289 61.050 7.849 

288.5 49.5300 0.6788 288.5 62.400 7.495 

288 48.8200 0.6647 288 60.500 7.495 

287.5 48.5200 0.8344 287.5 59.650 7.990 

287 47.8900 0.6930 287 58.400 7.920 

286.5 47.3800 0.7212 286.5 59.400 8.910 

286 46.9400 0.6788 286 55.950 7.566 

285.5 46.4300 0.8344 285.5 55.550 7.142 

285 45.9300 0.7637 285 56.300 6.788 

284.5 45.0850 0.7990 284.5 57.800 7.212 

284 44.2650 0.6435 284 57.700 5.657 

283.5 44.0300 0.5798 283.5 58.500 5.657 

283 43.2800 0.5940 283 58.550 5.728 

282.5 42.9950 0.5586 282.5 57.500 6.223 

282 42.6400 0.6081 282 58.250 5.869 

281.5 42.2350 0.5869 281.5 57.650 6.576 

281 41.8300 0.6223 281 57.050 6.010 

280.5 41.2800 0.6505 280.5 60.050 6.152 

280 40.9200 0.5798 280 57.550 7.142 

279.5 40.7200 0.7354 279.5 58.100 6.505 

279 40.4550 0.7142 279 57.200 5.515 

278.5 40.3050 0.5303 278.5 56.400 4.667 

278 40.4000 0.5091 278 57.350 3.748 

277.5 40.2950 0.3465 277.5 57.600 5.233 

277 40.4500 0.2970 277 57.150 3.041 

276.5 40.5150 0.3041 276.5 56.500 3.536 
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276 40.5850 0.5020 276 54.050 3.182 

275.5 41.0300 0.5940 275.5 53.650 2.192 

275 41.3950 0.6859 275 54.300 1.131 

274.5 41.9000 0.7212 274.5 54.250 0.495 

274 42.6650 0.5869 274 56.350 0.071 

273.5 43.1650 0.6859 273.5 56.250 1.061 

273 43.9450 0.6859 273 58.300 1.838 

272.5 44.9250 0.7425 272.5 60.900 1.838 

272 45.7900 0.8768 272 62.000 1.697 

271.5 47.1600 0.8061 271.5 63.750 0.636 

271 48.7800 0.7071 271 66.050 0.212 

270.5 50.6000 0.6081 270.5 67.600 0.990 

270 52.4200 0.5374 270 67.850 1.626 

269.5 54.1450 0.4738 269.5 69.500 1.131 

269 56.3850 0.4313 269 70.050 2.333 

268.5 58.9850 0.2899 268.5 74.200 2.121 

268 62.0350 0.2758 268 76.750 3.323 

267.5 65.5850 0.3748 267.5 80.300 3.960 

267 69.4800 0.1697 267 86.150 4.172 

266.5 73.8050 0.0354 266.5 88.900 4.525 

266 78.8100 0.0424 266 95.200 2.404 

265.5 84.4950 0.0354 265.5 101.900 1.697 

265 90.5800 0.0424 265 108.000 2.404 

264.5 97.6200 0.0424 264.5 115.700 1.838 

264 105.2750 0.0778 264 126.250 0.636 

263.5 113.9150 0.1485 263.5 137.650 2.192 

263 123.5850 0.2758 263 148.250 2.192 

262.5 134.2600 0.4101 262.5 162.800 2.121 

262 146.2050 0.4172 262 176.150 3.323 

261.5 159.5800 0.6081 261.5 192.050 3.182 

261 174.3400 0.6930 261 210.800 2.828 

260.5 190.7800 0.7354 260.5 231.150 3.606 

260 208.7350 0.8556 260 257.550 3.323 

259.5 228.3800 1.0182 259.5 283.250 0.778 

259 249.5700 1.1738 259 313.950 0.495 

258.5 272.7600 1.2021 258.5 347.500 0.707 

258 297.4250 1.1809 258 384.500 0.141 

257.5 324.0400 1.1172 257.5 426.750 0.636 

257 352.8800 1.0748 257 474.500 0.424 

256.5 383.6900 1.1172 256.5 528.500 1.697 

256 416.5300 1.2304 256 588.800 4.384 

255.5 451.6600 1.2304 255.5 655.050 2.616 
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255 488.8000 1.3152 255 727.550 4.313 

254.5 528.6100 1.5556 254.5 808.550 5.303 

254 571.1300 1.5839 254 898.850 5.869 

253.5 616.4100 1.5274 253.5 995.450 5.728 

253 664.9200 1.7678 253 1102.700 6.364 

252.5 716.6650 2.0860 252.5 1216.650 6.152 

252 772.3900 1.8809 252 1341.700 5.657 

251.5 832.8850 2.1001 251.5 1476.150 4.596 

251 897.9700 2.0223 251 1620.350 5.020 

250.5 968.5700 2.2062 250.5 1775.250 6.293 

250 1044.6400 1.9375 250 1943.850 5.303 

249.5 1127.0700 2.5456 249.5 2122.950 7.142 

249 1216.0100 2.5739 249 2311.800 9.899 

248.5 1312.5350 3.0335 248.5 2515.900 8.910 

248 1416.6300 3.5072 248 2731.500 9.758 

247.5 1529.1200 2.6163 247.5 2958.750 9.405 

247 1650.9450 3.5709 247 3200.050 8.556 

246.5 1781.3400 4.6245 246.5 3455.850 10.819 

246 1920.9550 2.5668 246 3725.900 12.728 

245.5 2067.8050 3.0335 245.5 4007.250 13.789 

245 2221.8100 3.2668 245 4304.500 14.991 

244.5 2378.0250 1.7466 244.5 4615.300 14.425 

244 2529.5350 1.2092 244 4942.000 14.566 

243.5 2670.1200 5.5861 243.5 5284.050 15.486 

243 2795.1350 9.7793 243 5640.450 14.071 

242.5 2891.7500 3.9032 242.5 6006.800 16.263 

242 2962.1800 3.1961 242 6389.400 16.829 

241.5 3015.2300 6.2791 241.5 6784.950 11.102 

241 3046.4450 12.0562 241 7196.350 11.526 

240.5 3068.2300 9.9702 240.5 7618.100 11.455 

240 3078.6950 13.4421 240 8056.600 7.354 

239.5 3089.5350 6.4983 239.5 8501.250 10.394 

239 3099.4000 10.5500 239 8959.500 8.485 

238.5 3112.5350 13.3007 238.5 9425.500 8.910 

238 3124.1850 14.2199 238 9900.550 11.384 

237.5 3132.6050 16.6099 237.5 10383.600 11.314 

237 3133.7250 16.5251 237 10865.850 15.768 

236.5 3134.4850 19.1272 236.5 11347.400 10.748 

236 3140.7700 13.4067 236 11829.650 3.889 

235.5 3141.2850 11.9006 235.5 12305.400 6.788 

235 3147.9850 14.5593 235 12779.850 8.697 

234.5 3154.3250 22.5779 234.5 13243.000 10.465 

http://rcin.org.pl



                                                                                                                                  Appendix 
                                                                                                                                   

                                   

258 
 

234 3160.9150 26.9903 234 13696.550 11.667 

233.5 3162.2950 29.2106 233.5 14135.150 4.031 

233 3168.6300 36.0200 233 14556.350 1.061 

232.5 3177.7050 42.7163 232.5 14961.400 6.788 

232 3183.6550 49.7591 232 15342.050 20.577 

231.5 3193.6000 51.2652 231.5 15700.350 20.435 

231 3194.8700 57.7423 231 16029.400 12.021 

230.5 3205.4400 64.9973 230.5 16328.950 3.041 

230 3213.6950 67.2812 230 16602.100 11.172 

229.5 3210.6850 58.4848 229.5 16842.050 4.172 

229 3211.4000 57.6575 229 17034.400 10.889 

228.5 3220.1850 58.3292 228.5 17193.600 9.899 

228 3214.8200 67.3307 228 17321.250 9.263 

227.5 3210.9600 65.5347 227.5 17393.150 11.809 

227 3209.1700 78.5878 227 17442.850 16.900 

226.5 3212.6450 78.0717 226.5 17444.150 11.243 

226 3200.6750 68.8510 226 17415.300 24.183 

225.5 3192.8100 69.9470 225.5 17347.300 37.335 

225 3181.8150 73.3058 225 17242.850 37.406 

224.5 3178.3100 71.5733 224.5 17100.250 27.931 

224 3188.0400 80.8506 224 16924.450 23.971 

223.5 3185.8450 82.0032 223.5 16719.200 21.355 

223 3185.4500 89.5339 223 16484.250 8.415 

222.5 3176.8100 96.8595 222.5 16220.550 1.344 

222 3176.7500 98.8818 222 15945.400 2.828 

221.5 3168.5950 91.6623 221.5 15645.250 6.152 

221 3165.5000 84.5275 221 15326.700 12.445 

220.5 3159.6550 73.4189 220.5 14985.950 14.920 

220 3150.1300 72.0118 220 14627.250 13.223 

219.5 3141.2400 78.8424 219.5 14263.650 12.233 

219 3130.1200 71.7572 219 13887.450 5.020 

218.5 3129.3100 61.1647 218.5 13501.100 7.778 

218 3137.6150 63.6467 218 13110.450 8.556 

217.5 3124.3350 59.1212 217.5 12715.050 9.970 

217 3112.7000 63.0739 217 12315.700 0.566 

216.5 3113.8250 64.8063 216.5 11920.800 2.263 

216 3104.1250 50.5086 216 11522.000 5.374 

215.5 3100.9900 57.1908 215.5 11122.950 6.293 

215 3096.2400 46.3579 215 10727.150 1.485 

214.5 3099.7350 45.1629 214.5 10336.450 10.536 

214 3084.4850 43.1972 214 9945.750 5.728 

213.5 3077.2000 38.5656 213.5 9564.800 6.930 
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213 3076.4200 38.5656 213 9189.450 5.020 

212.5 3067.2650 22.6911 212.5 8816.150 6.435 

212 3062.1900 25.8801 212 8454.650 10.960 

211.5 3054.3550 11.1652 211.5 8102.150 11.667 

211 3047.7650 20.2303 211 7752.300 11.597 

210.5 3035.7450 28.2206 210.5 7417.750 5.586 

210 3025.8900 31.6218 210 7093.100 0.424 

209.5 3014.6450 20.9374 209.5 6772.150 1.202 

209 2993.2650 12.4097 209 6462.850 6.293 

208.5 2965.8300 20.7324 208.5 6166.650 6.010 

208 2944.9600 2.3900 208 5872.550 6.859 

207.5 2895.3900 5.6003 207.5 5590.500 6.647 

207 2850.8000 5.4306 207 5320.550 7.566 

206.5 2795.7450 1.6193 206.5 5060.250 7.566 

206 2737.3600 7.0994 206 4810.600 7.212 

205.5 2659.2200 1.5839 205.5 4571.250 6.576 

205 2572.8000 2.7436 205 4344.500 4.808 

204.5 2485.3550 9.1995 204.5 4131.000 4.525 

204 2404.4550 10.3025 204 3919.500 2.546 

203.5 2316.4550 3.7689 203.5 3723.150 4.455 

203 2226.8800 2.7436 203 3532.250 5.869 

202.5 2140.5600 2.2769 202.5 3355.850 9.405 

202 2060.6600 4.5821 202 3187.300 11.031 

201.5 1981.0400 3.3517 201.5 3030.150 7.283 

201 1909.4400 3.8325 201 2878.400 6.223 

200.5 1841.2200 3.6770 200.5 2731.700 5.233 

200 1780.5300 8.5843 200 2594.000 4.101 

Table A4.6. Molar absorption coefficients values, λof (Z)-3-hexenyl acetate in the 

aqueous phase at 295 K and pH =7, at wavelengths between 200 – 400 nm.172 

(Z)-3-hexenyl acetate, mean value for concentration 2 mM (aqueous), IPC PAS 

Wavelength Average  σ, n=2 Wavelength Average σ, n=2 

λ, nm ℇ/ M-1 cm-1 ∆ℇ/ M-1 cm-1 λ, nm ℇ/ M-1 cm-1 ∆ℇ/ M-1 cm-1 

400 -0.0400 0.0849 300 0.9825 0.3642 
399.5 -0.0475 0.0955 299.5 1.1075 0.4066 
399 -0.0175 0.1450 299 1.0525 0.3359 

398.5 -0.0125 0.1591 298.5 0.9525 0.2652 
398 -0.0275 0.1237 298 0.9725 0.0955 

397.5 -0.0525 0.1591 297.5 0.8725 0.1025 
397 0.0225 0.1732 297 0.6925 0.0672 
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396.5 0.0975 0.1945 296.5 0.5425 0.1520 
396 0.0850 0.2546 296 0.5200 0.2828 

395.5 0.0450 0.2404 295.5 0.5300 0.2970 
395 0.0450 0.1980 295 0.4600 0.3323 

394.5 -0.0100 0.2192 294.5 0.4100 0.3182 
394 0.0175 0.1520 294 0.4925 0.3147 

393.5 0.0150 0.1414 293.5 0.5550 0.2758 
393 0.0700 0.1131 293 0.6450 0.2263 

392.5 0.0400 0.0990 292.5 0.6250 0.1556 
392 0.0925 0.1096 292 0.6400 0.1768 

391.5 0.0350 0.1556 291.5 0.8200 0.2121 
391 0.0650 0.1626 291 0.9375 0.1874 

390.5 0.1225 0.2227 290.5 0.8650 0.2758 
390 0.2425 0.2793 290 0.8925 0.2722 

389.5 0.2750 0.2828 289.5 0.9325 0.2652 
389 0.2725 0.3147 289 1.0125 0.2652 

388.5 0.2300 0.2758 288.5 1.1150 0.2404 
388 0.2375 0.3076 288 1.0300 0.3182 

387.5 0.3450 0.2758 287.5 1.1350 0.2475 
387 0.3300 0.3041 287 1.1725 0.3147 

386.5 0.2750 0.3182 286.5 1.2075 0.1945 
386 0.2200 0.2687 286 1.3375 0.2864 

385.5 0.2375 0.1945 285.5 1.2725 0.4066 
385 0.3200 0.2192 285 1.3175 0.4490 

384.5 0.3425 0.1945 284.5 1.2250 0.4525 
384 0.3400 0.1768 284 1.3175 0.3642 

383.5 0.3825 0.1732 283.5 1.3225 0.3500 
383 0.3750 0.1131 283 1.3725 0.2864 

382.5 0.4900 0.0990 282.5 1.5275 0.2015 
382 0.5300 0.1626 282 1.5250 0.1202 

381.5 0.5475 0.1803 281.5 1.5500 0.0424 
381 0.5125 0.2369 281 1.5400 0.0495 

380.5 0.4850 0.2333 280.5 1.5575 0.0106 
380 0.5000 0.2828 280 1.6450 0.0495 

379.5 0.4900 0.3253 279.5 1.5450 0.0849 
379 0.4575 0.3500 279 1.6775 0.0813 

378.5 0.4750 0.3323 278.5 1.6500 0.0849 
378 0.4800 0.2758 278 1.6100 0.0283 

377.5 0.3800 0.2333 277.5 1.7525 0.0813 
377 0.4700 0.2404 277 1.7525 0.0672 

376.5 0.4575 0.2298 276.5 1.7900 0.0707 
376 0.4025 0.2157 276 1.8825 0.0530 

375.5 0.4300 0.1909 275.5 1.9175 0.0601 
375 0.4800 0.1838 275 2.0050 0.0636 
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374.5 0.4200 0.2687 274.5 2.0100 0.0071 
374 0.4325 0.2652 274 2.1025 0.0318 

373.5 0.5225 0.3147 273.5 2.1575 0.0247 
373 0.5700 0.3677 273 2.2700 0.0000 

372.5 0.4400 0.3536 272.5 2.4300 0.0283 

372 0.4125 0.3571 272 2.5700 0.0071 
371.5 0.5025 0.3995 271.5 2.7800 0.0141 
371 0.4350 0.3818 271 2.9325 0.0247 

370.5 0.4575 0.3924 270.5 3.1425 0.0106 
370 0.2675 0.2864 270 3.1850 0.0071 

369.5 0.3000 0.2616 269.5 3.3650 0.1061 
369 0.2900 0.2687 269 3.4225 0.1732 

368.5 0.2825 0.2722 268.5 3.5700 0.2475 
368 0.2275 0.1874 268 3.7300 0.4101 

367.5 0.2425 0.1662 267.5 3.8075 0.4349 
367 0.2175 0.0884 267 3.9650 0.4384 

366.5 0.2425 0.0530 266.5 4.0650 0.4596 
366 0.2700 0.0141 266 4.2000 0.4950 

365.5 0.3200 0.0071 265.5 4.3350 0.3748 
365 0.2875 0.0177 265 4.4625 0.3642 

364.5 0.1450 0.0212 264.5 4.6000 0.3748 
364 0.1200 0.0566 264 4.6300 0.3960 

363.5 0.1225 0.0530 263.5 4.7650 0.3677 
363 0.1750 0.0849 263 4.8375 0.4137 

362.5 0.1350 0.1131 262.5 4.9250 0.3889 
362 0.0700 0.1273 262 5.1075 0.3571 

361.5 0.0800 0.1414 261.5 5.2450 0.2828 
361 0.0500 0.0849 261 5.4150 0.2546 

360.5 0.0150 0.1131 260.5 5.5650 0.3253 
360 0.0800 0.1556 260 5.6500 0.3394 

359.5 0.1225 0.1096 259.5 5.7175 0.2722 
359 -0.0075 0.1379 259 5.9125 0.2793 

358.5 0.0025 0.1096 258.5 5.9900 0.3182 
358 0.1250 0.1626 258 6.1525 0.3854 

357.5 0.2175 0.1874 257.5 6.3250 0.4596 
357 0.1925 0.2157 257 6.4550 0.4455 

356.5 0.2750 0.2404 256.5 6.6525 0.5339 
356 0.2850 0.2546 256 6.8950 0.4525 

355.5 0.2500 0.2192 255.5 7.1625 0.3995 
355 0.2575 0.2369 255 7.4650 0.2546 

354.5 0.2700 0.2970 254.5 7.6950 0.2546 
354 0.3425 0.2652 254 7.9925 0.3288 

353.5 0.3200 0.2263 253.5 8.2575 0.2864 
353 0.3200 0.2758 253 8.6050 0.3253 
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352.5 0.2950 0.2404 252.5 8.9750 0.3606 
352 0.3825 0.3288 252 9.3000 0.3182 

351.5 0.4300 0.2546 251.5 9.7425 0.2015 
351 0.4725 0.2086 251 10.1700 0.1838 

350.5 0.3450 0.2687 250.5 10.5525 0.2086 
350 0.3775 0.1803 250 10.9625 0.1379 

349.5 0.5650 0.2616 249.5 11.3700 0.1414 
349 0.5675 0.2227 249 11.8450 0.1414 

348.5 0.5525 0.2298 248.5 12.3825 0.2086 
348 0.6300 0.2121 248 12.9150 0.2192 

347.5 0.5650 0.2475 247.5 13.4125 0.1874 
347 0.4275 0.1874 247 13.9775 0.1732 

346.5 0.5100 0.1556 246.5 14.5150 0.1980 
346 0.6400 0.0990 246 15.2275 0.0884 

345.5 0.6875 0.0389 245.5 15.8700 0.0354 
345 0.4975 0.0106 245 16.6025 0.0035 

344.5 0.3325 0.0177 244.5 17.2600 0.0212 
344 0.3775 0.0672 244 18.0150 0.0354 

343.5 0.4000 0.0636 243.5 18.8075 0.0247 
343 0.4600 0.1768 243 19.5750 0.0636 

342.5 0.5475 0.2369 242.5 20.3100 0.1626 
342 0.5050 0.2051 242 21.0950 0.1485 

341.5 0.5825 0.2298 241.5 22.0550 0.1626 
341 0.4700 0.1697 241 22.9225 0.0106 

340.5 0.4075 0.1591 240.5 23.8175 0.0742 
340 0.9425 0.2581 240 24.7775 0.0813 

339.5 0.9300 0.1061 239.5 25.6575 0.0389 
339 0.9175 0.0530 239 26.6575 0.1096 

338.5 0.9275 0.0177 238.5 27.5825 0.1662 
338 0.9500 0.0495 238 28.6325 0.1379 

337.5 0.9400 0.0141 237.5 29.6925 0.1591 
337 0.8175 0.1167 237 30.7450 0.1909 

336.5 0.7200 0.2404 236.5 31.7875 0.1945 
336 0.6925 0.3217 236 32.9200 0.1909 

335.5 0.6150 0.3323 235.5 33.9925 0.1732 
335 0.4925 0.2581 235 35.1100 0.1768 

334.5 0.4900 0.2828 234.5 36.3400 0.2404 
334 0.6125 0.3147 234 37.5075 0.2157 

333.5 0.6000 0.4313 233.5 38.6700 0.2051 
333 0.6250 0.4172 233 39.8050 0.2828 

332.5 0.5175 0.3995 232.5 40.9050 0.2404 
332 0.4425 0.5551 232 42.1625 0.1874 

331.5 0.4925 0.5268 231.5 43.4500 0.1838 
331 0.5550 0.5869 231 44.6650 0.1414 
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330.5 0.4650 0.5728 230.5 45.8575 0.1025 
330 0.4475 0.6753 230 47.1125 0.1308 

329.5 0.2850 0.5869 229.5 48.3850 0.1061 
329 0.3900 0.4455 229 49.5575 0.0742 

328.5 0.3025 0.3995 228.5 50.8200 0.0636 
328 0.0950 0.4525 228 52.1925 0.0247 

327.5 -0.0425 0.4702 227.5 53.4375 0.0106 
327 0.0150 0.3465 227 54.9050 0.0141 

326.5 0.0750 0.3889 226.5 56.3375 0.0460 
326 0.0025 0.4773 226 57.8275 0.1237 

325.5 0.0575 0.3288 225.5 59.2675 0.1096 
325 0.1575 0.2864 225 60.7925 0.0742 

324.5 0.2600 0.2828 224.5 62.3050 0.0990 
324 0.4350 0.2192 224 64.0925 0.1379 

323.5 0.3950 0.0990 223.5 65.9050 0.0495 
323 0.4375 0.0318 223 67.7300 0.0424 

322.5 0.5750 0.0778 222.5 69.8350 0.0424 
322 0.6100 0.0283 222 71.9575 0.1167 

321.5 0.6175 0.0106 221.5 74.5100 0.1980 
321 0.4250 0.0566 221 77.2900 0.1273 

320.5 0.3925 0.1662 220.5 80.2100 0.1626 
320 0.3050 0.0990 220 83.5275 0.2440 

319.5 0.4100 0.1202 219.5 87.1950 0.1980 
319 0.2550 0.1838 219 91.4175 0.3147 

318.5 0.1750 0.2192 218.5 96.0300 0.3041 
318 0.1925 0.0955 218 101.3525 0.3995 

317.5 0.3725 0.1308 217.5 107.2275 0.3854 
317 0.3725 0.0955 217 113.6700 0.5303 

316.5 0.2925 0.0813 216.5 121.0400 0.5586 
316 0.3050 0.0354 216 129.0625 0.6116 

315.5 0.4600 0.0071 215.5 137.8775 0.5763 
315 0.4350 0.0071 215 147.5325 0.5975 

314.5 0.3900 0.0495 214.5 158.1575 0.6470 
314 0.3600 0.0919 214 169.5175 0.6824 

313.5 0.3075 0.0177 213.5 181.8900 0.8556 
313 0.2475 0.0177 213 195.1575 1.0076 

312.5 0.1750 0.0141 212.5 209.3425 1.0571 
312 0.1225 0.0177 212 224.6375 1.0854 

311.5 0.0550 0.0495 211.5 240.8075 1.2551 
311 0.0050 0.0495 211 258.1875 1.2834 

310.5 0.2175 0.0742 210.5 276.8025 1.2693 
310 0.3075 0.0884 210 296.6800 1.4425 

309.5 0.2950 0.1273 209.5 317.9200 1.2233 
309 0.3275 0.0389 209 340.6625 1.2410 
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308.5 0.3925 0.0106 208.5 365.1500 1.4920 
308 0.5275 0.0318 208 391.4925 1.6440 

307.5 0.6450 0.0778 207.5 420.0525 1.8420 
307 0.6900 0.0354 207 450.8125 2.0541 

306.5 0.6200 0.0778 206.5 484.1475 2.2309 
306 0.6250 0.0990 206 519.7650 2.0435 

305.5 0.6475 0.1945 205.5 558.6850 2.0011 
305 0.5450 0.1980 205 600.8050 2.9416 

304.5 0.5575 0.2722 204.5 645.3125 3.1077 
304 0.5150 0.2687 204 692.4675 2.9168 

303.5 0.5625 0.2793 203.5 743.2300 2.5314 
303 0.5850 0.2051 203 796.6825 2.2026 

302.5 0.5150 0.2616 202.5 851.3300 2.0930 
302 0.5700 0.3889 202 905.2175 2.9734 

301.5 0.6325 0.3217 201.5 958.1075 4.4512 
301 0.7675 0.4207 201 1006.5275 5.2644 

300.5 0.8750 0.4172 200.5 1044.9225 7.3221 
   200 1072.4325 7.1100 

 

Table A4.7. Molar absorption coefficients values, λof MeSa in the aqueous phase at 295 K 
and pH =7, at wavelengths between 200 – 400 nm.172 

Methyl salicylate (MeSa), mean value for concentration 0.1 mM (aqueous), IPC PAS 

Wavelength Average  σ, n=2 Wavelength Average σ, n=2 

λ, nm ℇ/ M-1 cm-1 ∆ℇ/ M-1 cm-1 λ, nm ℇ/ M-1 cm-1 ∆ℇ/ M-1 cm-1 

400 2.0500 6.4347 300 3609.4500 0.9192 
399.5 4.0000 7.2125 299.5 3582.0000 1.8385 
399 3.3500 7.1418 299 3552.5500 2.1920 

398.5 3.7000 6.3640 298.5 3518.4000 1.5556 
398 4.6500 7.5660 298 3480.8000 1.4142 

397.5 4.2000 7.7782 297.5 3440.5000 1.6971 
397 3.1000 7.3539 297 3397.4000 0.5657 

396.5 4.2000 6.6468 296.5 3347.2000 0.4243 
396 4.0000 6.3640 296 3297.4000 0.8485 

395.5 2.8000 6.2225 295.5 3247.3500 2.1920 
395 2.5500 6.1518 295 3193.8500 0.3536 

394.5 3.2500 7.9903 294.5 3139.5000 0.2828 
394 4.3500 8.2731 294 3086.1000 0.1414 

393.5 4.1000 9.0510 293.5 3024.5500 1.2021 
393 5.2500 8.8388 293 2965.3000 1.6971 

392.5 5.6000 9.3338 292.5 2903.8000 3.1113 
392 4.9000 9.1924 292 2838.8000 5.0912 
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391.5 3.6500 9.4045 291.5 2773.7000 3.5355 
391 3.3500 9.6874 291 2706.3000 2.8284 

390.5 3.6000 9.3338 290.5 2638.9000 2.1213 
390 3.8500 8.9803 290 2572.5500 1.0607 

389.5 2.7000 9.1924 289.5 2507.4500 1.4849 
389 2.6500 9.5459 289 2439.8000 2.6870 

388.5 4.4500 11.1016 288.5 2375.1500 4.4548 
388 4.7000 10.7480 288 2310.3500 5.3033 

387.5 3.6500 11.8087 287.5 2242.6000 4.9497 
387 4.6500 10.8187 287 2176.9000 5.5154 

386.5 4.0500 11.1016 286.5 2111.0500 5.3033 
386 5.1500 11.1016 286 2047.0500 5.7276 

385.5 5.1000 11.1723 285.5 1982.1000 6.3640 
385 3.7500 9.9702 285 1918.0000 7.4953 

384.5 2.2000 8.9095 284.5 1853.9500 6.1518 
384 2.2000 8.9095 284 1792.2000 5.3740 

383.5 2.4000 7.7782 283.5 1730.3000 8.2024 
383 1.9500 8.6974 283 1670.2500 7.1418 

382.5 3.0500 8.6974 282.5 1608.7500 5.8690 
382 2.9500 8.5560 282 1550.7500 4.8790 

381.5 2.8000 7.7782 281.5 1490.7000 5.9397 
381 2.6000 6.0811 281 1434.9000 5.3740 

380.5 2.1000 6.5054 280.5 1377.6500 2.7577 
380 1.4500 4.7376 280 1325.1000 1.9799 

379.5 0.9000 4.8083 279.5 1273.7000 1.9799 
379 -0.1000 4.5255 279 1221.3500 2.4749 

378.5 0.1000 4.6669 278.5 1172.1500 0.3536 
378 1.0500 4.5962 278 1122.5500 0.7778 

377.5 1.2000 2.9699 277.5 1074.6000 0.8485 
377 0.7500 3.3234 277 1027.2000 1.8385 

376.5 0.7000 1.9799 276.5 983.0500 1.4849 
376 1.1000 1.4142 276 936.6500 4.0305 

375.5 -1.0500 2.1920 275.5 893.9500 2.6163 
375 -0.8000 2.4042 275 853.8500 2.7577 

374.5 -0.6500 1.3435 274.5 816.0000 0.2828 
374 -1.0500 0.7778 274 777.9500 0.3536 

373.5 -0.9000 1.2728 273.5 742.6000 0.2828 
373 -0.2000 1.2728 273 707.2500 0.4950 

372.5 0.1000 1.6971 272.5 674.0000 1.4142 
372 1.7500 1.4849 272 640.9500 1.2021 

371.5 3.5500 1.3435 271.5 610.4500 2.3335 
371 4.4000 1.9799 271 579.2500 3.6062 

370.5 5.7500 2.3335 270.5 552.0500 4.7376 
370 6.8000 1.1314 270 525.6500 5.4447 
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369.5 6.0000 1.9799 269.5 500.5500 3.6062 
369 6.5000 0.8485 269 478.1500 3.6062 

368.5 6.0000 2.9698 268.5 458.4000 3.2527 
368 4.5500 3.6062 268 439.9000 3.5355 

367.5 4.1000 5.6569 267.5 419.3000 1.5556 
367 2.9000 5.0912 267 399.8500 1.3435 

366.5 3.2500 6.2933 266.5 385.3500 1.7678 
366 2.2500 5.5861 266 372.0000 2.4042 

365.5 1.9500 6.7175 265.5 358.5500 3.4648 
365 2.4000 7.0711 265 345.4500 3.4648 

364.5 2.7500 7.0004 264.5 338.4000 4.2426 
364 4.4500 7.4246 264 331.0000 6.2225 

363.5 5.1000 8.3439 263.5 325.3000 6.0811 
363 4.7000 7.9196 263 324.8000 5.7983 

362.5 3.7000 6.6468 262.5 324.7000 6.9296 
362 1.9000 7.7782 262 327.8500 7.4246 

361.5 3.5500 9.4045 261.5 335.9500 7.4246 
361 4.8000 8.7681 261 347.7000 8.9095 

360.5 7.4500 7.0004 260.5 367.9000 9.1924 
360 6.7500 7.4246 260 391.1000 8.2024 

359.5 7.2500 8.4146 259.5 418.8000 8.2024 
359 7.3000 5.5154 259 457.0500 6.2933 

358.5 5.8500 6.2933 258.5 501.4000 4.9497 
358 7.8000 6.5054 258 552.7000 3.8184 

357.5 9.4000 6.5054 257.5 613.7000 3.5355 
357 10.0000 7.0711 257 682.5500 2.7577 

356.5 10.1500 7.9903 256.5 760.4500 2.3335 
356 10.7000 7.2125 256 848.9500 3.3234 

355.5 12.5500 6.2933 255.5 946.0000 4.1012 
355 14.9000 5.6569 255 1056.4500 3.6062 

354.5 16.3000 3.6770 254.5 1178.2000 3.9598 
354 16.4000 5.9397 254 1311.0000 2.8284 

353.5 14.7000 7.4953 253.5 1455.5000 2.1213 
353 14.5000 6.3640 253 1610.7500 0.0707 

352.5 15.8500 5.3033 252.5 1778.1500 1.4849 
352 14.3000 6.6468 252 1955.3500 2.6163 

351.5 15.1000 6.7882 251.5 2143.7500 5.3033 
351 12.3000 5.5154 251 2348.5000 5.7983 

350.5 10.3500 4.5962 250.5 2563.5500 5.7276 
350 10.3500 5.1619 250 2792.5500 5.8690 

349.5 11.3500 4.3134 249.5 3032.3500 6.2933 
349 12.9500 2.7577 249 3285.2000 6.0811 

348.5 12.1000 2.4042 248.5 3550.5000 5.6569 
348 13.2500 3.0406 248 3823.8500 7.5660 
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347.5 13.0500 4.8790 247.5 4110.9500 5.8690 
347 15.1500 5.0205 247 4409.7000 4.3841 

346.5 12.8500 7.2832 246.5 4715.7500 4.1719 
346 16.1000 8.0610 246 5030.0500 0.3536 

345.5 17.7500 6.8589 245.5 5348.4500 0.4950 
345 18.8500 7.4246 245 5669.6500 2.0506 

344.5 20.1500 6.2933 244.5 5988.5500 0.3536 
344 21.6500 5.7276 244 6302.9000 0.9899 

343.5 23.2000 4.8083 243.5 6615.2000 1.2728 
343 26.9500 3.7477 243 6913.0500 0.0707 

342.5 29.0500 5.0205 242.5 7194.5000 0.7071 
342 31.5000 3.8184 242 7454.8000 2.8284 

341.5 33.3500 6.8589 241.5 7699.1000 0.9899 
341 35.4000 5.3740 241 7911.7500 0.7778 

340.5 39.4500 5.5861 240.5 8098.7000 0.4243 
340 78.9000 2.2627 240 8255.3500 6.5761 

339.5 84.9000 1.1314 239.5 8378.6000 4.8083 
339 89.0500 0.4950 239 8473.8500 6.2933 

338.5 96.3000 0.9899 238.5 8536.5000 6.6468 
338 103.9500 0.6364 238 8568.4000 7.7782 

337.5 112.5000 0.5657 237.5 8570.6000 5.5154 
337 120.5500 0.6364 237 8543.4500 7.8489 

336.5 129.9000 0.5657 236.5 8495.5500 5.5861 
336 143.6500 0.0707 236 8422.1500 7.9903 

335.5 156.6000 0.7071 235.5 8329.5000 5.7983 
335 169.4000 0.4243 235 8217.6500 9.1217 

334.5 185.1000 3.1113 234.5 8095.4500 6.1518 
334 202.9000 3.9598 234 7957.9500 4.7376 

333.5 221.3000 2.2627 233.5 7809.1500 1.7678 
333 243.5000 2.1213 233 7653.6500 0.9192 

332.5 270.8000 2.1213 232.5 7490.9000 2.8284 
332 298.3000 3.2527 232 7326.0000 3.3941 

331.5 329.4500 1.9092 231.5 7159.2000 4.1012 
331 363.2000 1.1314 231 6991.5000 3.3941 

330.5 396.5500 2.4749 230.5 6822.0000 1.2728 
330 428.7500 3.8891 230 6659.6000 2.6870 

329.5 468.3000 2.6870 229.5 6502.0000 4.8083 
329 510.2000 1.1314 229 6344.4500 5.3033 

328.5 556.1500 0.6364 228.5 6193.1500 3.8891 
328 602.3500 1.9092 228 6047.7000 4.9497 

327.5 650.8500 0.6364 227.5 5906.3500 3.8891 
327 700.8000 1.4142 227 5772.5500 4.5962 

326.5 752.8500 1.2021 226.5 5647.6500 3.6062 
326 809.2000 2.6870 226 5533.8000 2.9698 
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325.5 866.5000 3.1113 225.5 5429.6000 3.5355 
325 928.6000 3.3941 225 5337.3500 3.4648 

324.5 992.4500 3.0406 224.5 5258.8500 1.9092 
324 1063.0500 3.8891 224 5196.7500 1.2021 

323.5 1133.6000 3.3941 223.5 5149.6500 2.1920 
323 1203.9500 6.5761 223 5119.6000 1.1314 

322.5 1278.8500 7.4246 222.5 5115.7500 2.0506 
322 1352.6500 8.9803 222 5128.9000 0.4243 

321.5 1428.9500 9.9702 221.5 5167.7000 0.7071 
321 1508.0000 7.6368 221 5231.8000 0.5657 

320.5 1589.4500 7.9903 220.5 5322.7500 1.4849 
320 1671.9000 5.5154 220 5439.0000 1.5556 

319.5 1753.7500 7.4246 219.5 5578.6500 1.0607 
319 1835.7000 6.7882 219 5737.9000 2.4042 

318.5 1919.3000 5.5154 218.5 5918.4500 3.6062 
318 2005.7500 3.4648 218 6118.0500 3.6062 

317.5 2090.8500 4.8790 217.5 6335.8000 4.1012 
317 2179.3500 5.4447 217 6573.0500 5.0205 

316.5 2264.4500 4.5962 216.5 6831.7500 6.0104 
316 2347.5000 2.4042 216 7113.8500 5.4447 

315.5 2431.4000 1.5556 215.5 7421.9000 5.7983 
315 2513.4000 4.6669 215 7760.3000 6.9296 

314.5 2596.1000 6.3640 214.5 8126.7500 10.1116 
314 2677.2000 5.0912 214 8533.4000 14.4250 

313.5 2757.7500 3.0406 213.5 8978.9000 9.0510 
313 2837.6500 1.9092 213 9469.3000 12.1622 

312.5 2911.5500 0.4950 212.5 10012.4500 13.0815 
312 2985.0500 2.1920 212 10609.6500 9.9702 

311.5 3053.6500 2.0506 211.5 11276.3000 14.4250 
311 3116.7500 2.7577 211 12014.1500 23.6881 

310.5 3181.1500 2.1920 210.5 12847.2500 30.4763 
310 3241.4500 0.6364 210 13779.5000 29.8399 

309.5 3299.3500 3.0406 209.5 14797.5000 27.2943 
309 3358.0000 4.1012 209 15926.7500 20.2940 

308.5 3408.7000 0.4243 208.5 17144.1000 15.1321 
308 3453.7000 0.7071 208 18403.1000 27.2943 

307.5 3497.4500 0.2121 207.5 19706.8500 52.1138 
307 3532.8500 1.2021 207 20969.0500 55.9321 

306.5 3567.4500 1.4849 206.5 22063.8500 67.3873 
306 3594.2000 1.9799 206 22957.3500 60.5991 

305.5 3615.9500 2.6163 205.5 23626.4500 84.7821 
305 3637.7500 4.0305 205 24017.5000 86.4084 

304.5 3653.3000 5.3740 204.5 24241.9000 3.8184 
304 3668.3000 5.3740 204 24255.9000 44.1235 
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303.5 3678.6000 4.1012 203.5 24104.3000 31.6784 
303 3683.0500 3.8891 203 23843.7000 0.1414 

302.5 3681.1000 2.4042 202.5 23494.9500 41.3657 
302 3673.4000 1.6971 202 23005.3000 9.4752 

301.5 3663.0000 2.8284 201.5 22497.4500 7.9903 
301 3649.4000 0.8485 201 21885.2500 68.2358 

300.5 3633.5000 0.1414 200.5 21252.8500 95.3887 
   200 20616.3500 33.1633 

Table A4.8. Molar absorption coefficients values, λof MBO in the aqueous phase at 295 

K and pH =7, at wavelengths between 200 – 400 nm.172 

MBO, mean value for concentration 20 mM (aqueous), IPC PAS 

Wavelength Average  σ, n=2 Wavelength Average σ, n=2 

λ, nm ℇ/ M-1 cm-1 ∆ℇ/ M-1 cm-1 λ, nm ℇ/ M-1 cm-1 ∆ℇ/ M-1 cm-1 

400 0.0978 0.0018 300 0.1740 0.0438 
399.5 0.0943 0.0039 299.5 0.1623 0.0421 
399 0.0985 0.0021 299 0.1463 0.0407 

398.5 0.0968 0.0004 298.5 0.1453 0.0414 
398 0.1070 0.0071 298 0.1345 0.0318 

397.5 0.1123 0.0145 297.5 0.1355 0.0212 
397 0.1113 0.0124 297 0.1440 0.0212 

396.5 0.1060 0.0170 296.5 0.1493 0.0223 
396 0.1115 0.0170 296 0.1520 0.0141 

395.5 0.1098 0.0216 295.5 0.1415 0.0099 
395 0.1140 0.0212 295 0.1435 0.0085 

394.5 0.1135 0.0184 294.5 0.1300 0.0064 
394 0.1128 0.0230 294 0.1293 0.0088 

393.5 0.1083 0.0237 293.5 0.1263 0.0032 
393 0.1038 0.0293 293 0.1278 0.0131 

392.5 0.1028 0.0322 292.5 0.1220 0.0191 
392 0.1003 0.0301 292 0.1235 0.0240 

391.5 0.0990 0.0290 291.5 0.1360 0.0290 
391 0.1020 0.0311 291 0.1293 0.0279 

390.5 0.1035 0.0297 290.5 0.1353 0.0223 
390 0.0950 0.0311 290 0.1338 0.0301 

389.5 0.0918 0.0301 289.5 0.1455 0.0262 
389 0.0915 0.0346 289 0.1383 0.0244 

388.5 0.0918 0.0315 288.5 0.1460 0.0212 
388 0.0925 0.0311 288 0.1375 0.0134 

387.5 0.0963 0.0343 287.5 0.1378 0.0011 
387 0.0970 0.0354 287 0.1378 0.0032 
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386.5 0.0963 0.0286 286.5 0.1460 0.0000 
386 0.1023 0.0279 286 0.1643 0.0060 

385.5 0.0888 0.0265 285.5 0.1675 0.0156 
385 0.0780 0.0184 285 0.1813 0.0145 

384.5 0.0750 0.0141 284.5 0.1853 0.0081 
384 0.0743 0.0081 284 0.1905 0.0141 

383.5 0.0745 0.0099 283.5 0.1818 0.0117 
383 0.0730 0.0049 283 0.1893 0.0131 

382.5 0.0668 0.0081 282.5 0.1920 0.0219 
382 0.0655 0.0035 282 0.1988 0.0258 

381.5 0.0660 0.0014 281.5 0.2138 0.0343 
381 0.0658 0.0004 281 0.2145 0.0311 

380.5 0.0645 0.0049 280.5 0.2210 0.0368 
380 0.0740 0.0042 280 0.2228 0.0449 

379.5 0.0763 0.0117 279.5 0.2310 0.0389 
379 0.0855 0.0057 279 0.2295 0.0346 

378.5 0.0898 0.0060 278.5 0.2270 0.0332 
378 0.0840 0.0035 278 0.2290 0.0332 

377.5 0.0820 0.0007 277.5 0.2460 0.0325 
377 0.0890 0.0092 277 0.2455 0.0354 

376.5 0.0893 0.0081 276.5 0.2450 0.0375 
376 0.0950 0.0099 276 0.2423 0.0350 

375.5 0.0940 0.0106 275.5 0.2370 0.0311 
375 0.0953 0.0138 275 0.2428 0.0265 

374.5 0.0955 0.0120 274.5 0.2540 0.0240 
374 0.0975 0.0071 274 0.2655 0.0212 

373.5 0.0965 0.0141 273.5 0.2598 0.0202 
373 0.1065 0.0219 273 0.2580 0.0163 

372.5 0.1125 0.0247 272.5 0.2618 0.0173 

372 0.1180 0.0311 272 0.2538 0.0180 
371.5 0.1113 0.0343 271.5 0.2493 0.0173 
371 0.1128 0.0343 271 0.2555 0.0212 

370.5 0.1050 0.0311 270.5 0.2610 0.0205 
370 0.1110 0.0247 270 0.2710 0.0262 

369.5 0.1210 0.0212 269.5 0.2718 0.0209 
369 0.1155 0.0127 269 0.2635 0.0191 

368.5 0.1160 0.0042 268.5 0.2688 0.0074 
368 0.1105 0.0035 268 0.2818 0.0131 

367.5 0.1128 0.0053 267.5 0.2785 0.0092 
367 0.1113 0.0039 267 0.2820 0.0085 

366.5 0.1015 0.0134 266.5 0.2858 0.0124 
366 0.1068 0.0216 266 0.2808 0.0032 

365.5 0.1180 0.0198 265.5 0.2860 0.0014 
365 0.1335 0.0177 265 0.2785 0.0021 
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364.5 0.1228 0.0209 264.5 0.2863 0.0110 
364 0.1240 0.0304 264 0.2905 0.0071 

363.5 0.1225 0.0240 263.5 0.3080 0.0057 
363 0.1205 0.0247 263 0.3265 0.0085 

362.5 0.1203 0.0272 262.5 0.3330 0.0106 
362 0.1120 0.0205 262 0.3490 0.0057 

361.5 0.1153 0.0279 261.5 0.3525 0.0106 
361 0.1105 0.0318 261 0.3553 0.0025 

360.5 0.1110 0.0255 260.5 0.3795 0.0035 
360 0.1145 0.0311 260 0.3955 0.0021 

359.5 0.1113 0.0371 259.5 0.4105 0.0000 
359 0.1145 0.0375 259 0.4388 0.0053 

358.5 0.1155 0.0488 258.5 0.4625 0.0078 
358 0.1095 0.0516 258 0.4945 0.0014 

357.5 0.1053 0.0442 257.5 0.5150 0.0014 
357 0.1030 0.0474 257 0.5428 0.0004 

356.5 0.1073 0.0456 256.5 0.5698 0.0011 
356 0.1115 0.0474 256 0.6090 0.0078 

355.5 0.1125 0.0396 255.5 0.6353 0.0088 
355 0.1115 0.0297 255 0.6655 0.0113 

354.5 0.1095 0.0269 254.5 0.7103 0.0173 
354 0.1200 0.0148 254 0.7533 0.0159 

353.5 0.1115 0.0170 253.5 0.8098 0.0173 
353 0.1243 0.0152 253 0.8638 0.0223 

352.5 0.1168 0.0131 252.5 0.9138 0.0265 
352 0.1128 0.0138 252 0.9728 0.0265 

351.5 0.1138 0.0117 251.5 1.0218 0.0265 
351 0.1218 0.0088 251 1.0873 0.0293 

350.5 0.1263 0.0032 250.5 1.1440 0.0297 
350 0.1315 0.0057 250 1.2098 0.0364 

349.5 0.1338 0.0011 249.5 1.2883 0.0343 
349 0.1363 0.0060 249 1.3573 0.0343 

348.5 0.1335 0.0021 248.5 1.4418 0.0336 
348 0.1350 0.0028 248 1.5213 0.0343 

347.5 0.1430 0.0007 247.5 1.6098 0.0392 
347 0.1398 0.0039 247 1.6983 0.0357 

346.5 0.1363 0.0025 246.5 1.7800 0.0438 
346 0.1410 0.0057 246 1.8735 0.0424 

345.5 0.1335 0.0141 245.5 1.9605 0.0481 
345 0.1245 0.0106 245 2.0538 0.0407 

344.5 0.1320 0.0057 244.5 2.1603 0.0428 
344 0.1415 0.0028 244 2.2713 0.0484 

343.5 0.1403 0.0032 243.5 2.3893 0.0463 
343 0.1363 0.0032 243 2.4890 0.0318 
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342.5 0.1388 0.0004 242.5 2.6105 0.0318 
342 0.1373 0.0067 242 2.7250 0.0318 

341.5 0.1348 0.0180 241.5 2.8415 0.0276 
341 0.1285 0.0148 241 2.9548 0.0301 

340.5 0.1340 0.0028 240.5 3.0803 0.0279 
340 0.0995 0.0233 240 3.1950 0.0283 

339.5 0.1080 0.0290 239.5 3.3083 0.0251 
339 0.1073 0.0286 239 3.4368 0.0237 

338.5 0.1140 0.0290 238.5 3.5565 0.0247 
338 0.1138 0.0251 238 3.6625 0.0247 

337.5 0.0975 0.0318 237.5 3.7743 0.0286 
337 0.0875 0.0339 237 3.8848 0.0202 

336.5 0.0920 0.0403 236.5 4.0065 0.0240 
336 0.0878 0.0400 236 4.1193 0.0322 

335.5 0.0923 0.0315 235.5 4.2273 0.0293 
335 0.0973 0.0364 235 4.3390 0.0269 

334.5 0.1050 0.0537 234.5 4.4295 0.0120 
334 0.1120 0.0445 234 4.5350 0.0156 

333.5 0.1055 0.0488 233.5 4.6330 0.0184 
333 0.0968 0.0407 233 4.7233 0.0166 

332.5 0.0868 0.0499 232.5 4.8070 0.0127 
332 0.1023 0.0463 232 4.8745 0.0120 

331.5 0.1025 0.0417 231.5 4.9458 0.0025 
331 0.1060 0.0410 231 5.0118 0.0025 

330.5 0.1088 0.0336 230.5 5.0628 0.0025 
330 0.1128 0.0378 230 5.1215 0.0198 

329.5 0.1138 0.0392 229.5 5.1588 0.0088 
329 0.1235 0.0311 229 5.2133 0.0081 

328.5 0.1305 0.0184 228.5 5.2480 0.0170 
328 0.1570 0.0269 228 5.2720 0.0049 

327.5 0.1728 0.0209 227.5 5.3035 0.0106 
327 0.1748 0.0011 227 5.3393 0.0159 

326.5 0.1798 0.0032 226.5 5.3675 0.0191 
326 0.1713 0.0074 226 5.3673 0.0202 

325.5 0.1865 0.0141 225.5 5.3723 0.0258 
325 0.1853 0.0244 225 5.3898 0.0237 

324.5 0.1928 0.0230 224.5 5.4063 0.0315 
324 0.1998 0.0279 224 5.4190 0.0361 

323.5 0.1983 0.0265 223.5 5.4128 0.0202 
323 0.2078 0.0308 223 5.4300 0.0148 

322.5 0.1930 0.0304 222.5 5.4575 0.0219 
322 0.1910 0.0417 222 5.4808 0.0301 

321.5 0.1925 0.0537 221.5 5.5338 0.0400 
321 0.1980 0.0643 221 5.6070 0.0389 
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320.5 0.2023 0.0718 220.5 5.7115 0.0361 
320 0.1928 0.0541 220 5.8420 0.0297 

319.5 0.1860 0.0601 219.5 6.0170 0.0290 
319 0.1730 0.0622 219 6.2410 0.0297 

318.5 0.1683 0.0562 218.5 6.5110 0.0283 
318 0.1700 0.0530 218 6.8633 0.0350 

317.5 0.1635 0.0537 217.5 7.2948 0.0371 
317 0.1640 0.0580 217 7.8078 0.0364 

316.5 0.1675 0.0622 216.5 8.4073 0.0414 
316 0.1550 0.0622 216 9.0875 0.0438 

315.5 0.1408 0.0654 215.5 9.8840 0.0552 
315 0.1390 0.0665 215 10.7735 0.0700 

314.5 0.1135 0.0601 214.5 11.7433 0.0661 
314 0.1160 0.0566 214 12.8113 0.0661 

313.5 0.1093 0.0590 213.5 13.9795 0.0594 
313 0.1265 0.0615 213 15.2488 0.0619 

312.5 0.1220 0.0516 212.5 16.5985 0.0601 
312 0.1285 0.0325 212 18.0488 0.0569 

311.5 0.1263 0.0392 211.5 19.6043 0.0668 
311 0.1315 0.0361 211 21.2775 0.0785 

310.5 0.1288 0.0421 210.5 23.0883 0.0958 
310 0.1288 0.0470 210 25.0010 0.1011 

309.5 0.1225 0.0467 209.5 27.1285 0.1075 
309 0.1148 0.0407 209 29.4548 0.1142 

308.5 0.1153 0.0293 208.5 31.9578 0.1001 
308 0.1113 0.0194 208 34.6990 0.0976 

307.5 0.1245 0.0226 207.5 37.7035 0.1188 
307 0.1355 0.0304 207 41.0288 0.1701 

306.5 0.1475 0.0417 206.5 44.7028 0.1849 
306 0.1530 0.0445 206 48.7393 0.1948 

305.5 0.1575 0.0629 205.5 53.1810 0.2135 
305 0.1553 0.0689 205 58.0448 0.2641 

304.5 0.1598 0.0732 204.5 63.4225 0.2744 
304 0.1593 0.0704 204 69.2648 0.3369 

303.5 0.1505 0.0693 203.5 75.5155 0.4518 
303 0.1513 0.0654 203 82.2048 0.5950 

302.5 0.1600 0.0566 202.5 88.9470 0.5141 
302 0.1690 0.0608 202 95.4865 0.7764 

301.5 0.1768 0.0598 201.5 101.3008 0.9967 
301 0.1728 0.0491 201 105.7883 1.2180 

300.5 0.1668 0.0385 200.5 108.7130 1.1201 
   200 109.9703 1.2696 
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2. Density functional theory (DFT) 

 

Figure A1. Vacuum optimized geometries of green leaf volatile compounds (GLVs) at B3LYP 

functional and def2-TZVP basis set: a) 1-penten-3-ol; b) (Z)-2-hexen-1-ol; c) (E)-2-hexen-1-ol 

(with atom numbers) where, C: grey, H: white, and O: red. (C=C 1.33 Å , C-C 1.50 Å ,C-H 1.50 

Å, C-O 1.42 Å  , O-H 0.96 Å)  

Table A7.1.  XYZ coordinates of vacuum optimized structures of selected GLVs  

1-penten-3-ol, C5H10O 
C        0.397115000      1.209445000     -0.077502000 

C       -0.237127000      1.420045000      1.066822000 

H        0.983220000      1.989428000     -0.544132000 

H        0.342882000      0.251290000     -0.578177000 

H       -0.823628000      0.625847000      1.519824000 

C       -0.216055000      2.697551000      1.849736000 

C        0.308400000      2.463068000      3.273346000 

H       -0.294535000      1.674616000      3.733562000 

H        1.330509000      2.082590000      3.198550000 

C        0.269471000      3.712937000      4.148441000 

a) 

1 2 

3 
4 

5 
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H       -0.742493000      4.123122000      4.209831000 

H        0.597931000      3.490195000      5.164768000 

H        0.931214000      4.494177000      3.766151000 

O        0.568858000      3.657733000      1.148914000 

H        0.484922000      4.503901000      1.598658000 

    H       -1.253370000      3.062785000      1.928178000 

(Z)-2-hexen-1-ol, C6H12O 

C        0.508859000     -0.851735000     -2.837206000 

H        0.975582000     -0.738384000     -1.861418000 

C        0.192429000     -2.085997000     -3.220791000 

H        0.408461000     -2.913032000     -2.551289000 

C       -0.443111000     -2.498242000     -4.507666000 

H       -0.751877000     -1.630888000     -5.098445000 

H        0.284050000     -3.066201000     -5.104832000 

C       -0.776220000      2.749244000     -3.492900000 

H       -1.257263000      2.610780000     -4.464452000 

H       -1.398165000      3.429769000     -2.908302000 

C       -0.588552000      1.414306000     -2.778124000 

H       -1.561192000      0.949936000     -2.592419000 

H       -0.136606000      1.581626000     -1.795258000 

H        0.184131000      3.241343000     -3.667103000 

C        0.283004000      0.433328000     -3.573428000 

H        1.252065000      0.908124000     -3.770851000 

H       -0.173123000      0.254625000     -4.549037000 

O       -1.571146000     -3.324356000     -4.197477000 

    H       -1.889348000     -3.724846000     -5.013329000 

(E)-2-hexen-1-al, C6H10O 

C        0.347932000      0.694641000     -2.310386000 

H       -0.163834000      1.332869000     -1.561139000 

C        0.363898000     -0.743740000     -1.989449000 

H       -0.104579000     -1.041306000     -1.056214000 

C        0.922111000     -1.651146000     -2.795097000 

H        1.375473000     -1.291383000     -3.715904000 
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C        1.000468000     -3.114019000     -2.527588000 

H        0.478782000     -3.650208000     -3.330147000 

H        0.483923000     -3.355421000     -1.594604000 

C        2.449675000     -3.622539000     -2.468738000 

H        2.983955000     -3.080532000     -1.683522000 

H        2.953525000     -3.378620000     -3.408667000 

C        2.530253000     -5.124089000     -2.210472000 

H        2.023041000     -5.687617000     -2.997339000 

H        3.567204000     -5.462264000     -2.172781000 

H        2.059879000     -5.385032000     -1.259391000 

    O        0.840888000      1.195739000     -3.296256000 

 

For XYZ coordinates of the vacuum optimized structures of all other intermediates investigated 

can be downloaded from the ICM based repository website for the dataset 

https://repod.icm.edu.pl/dataset.xhtml?persistentId=doi:10.18150/1J2I3C  
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a) 1-penten-3-ol with •OH 

 

Figure A2. Potential energy scans (PES) for the dihedral angle between C (1, 2, 3, 4) for the adduct 

1 &1`, and 2 & 2` resulting from the addition of •OH at C1 and C2 of 1-penten-3-ol, respectively. 
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Figure A3. Other possible higher energy reaction complexes for a hydrogen-abstraction pathway 

of reaction between 1-penten-3-ol and •OH radicals and their respective relative energy, ∆E shown 

in vacuum and aqueous phase. 

b)  (Z)-2-hexen-1-ol with •OH 

 

Figure A4. Potential energy scans (PES) for the dihedral angle between C1, 2, 3, 4 for the adduct 

1 and adduct 2 resulting from the addition of •OH at C3 (adduct1) and C2 (adduct2) of (Z)-2-

hexen-1-ol. 

 

 

 

 

Figure A5. Other possible higher energy reaction complexes for a hydrogen-abstraction pathway 

of reaction between (Z)-2-hexen-1-ol and •OH radicals and their respective relative energy, ∆E 

shown in vacuum and aqueous phase. 
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c) (E)-2-hexen-1-al with •OH 

 

Figure A6. Potential energy scans (PES) for the dihedral angle between C1, 2, 3, 4 for the adduct 

1, and adduct 2 resulting from the addition of •OH at C3 (adduct1) and C2 (adduct2) of (E)-2-

hexen-1-al. 

 

Figure A7. Other possible higher energy reaction complexes for a hydrogen-abstraction pathway 

of reaction between (E)-2-hexen-1-al and •OH radicals and their respective relative energy, ∆E 

shown in vacuum and aqueous phase. 
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