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IZVLEČEK
Razumevanje nastajanja rjavega ogljika (BrC) je ključnega pomena za natančno oceno njegovega vpliva na
spremembe sevalnega ravnotežja. V doktorskem delu smo raziskali različne poti nastajanja in razgradnje
metil-nitrokateholov (MNC), ki predstavljajo pomemben delež BrC, pri pogojih značilnih za atmosfersko
vodno fazo.
Izpostavili smo izjemno vlogo dušikove (III) kisline (HONO) pri transformaciji kateholov v temi v
vodni fazi. Pokazali smo, da ima HONO pri nitraciji substituiranih aromatskih spojin dvojno vlogo; deluje kot
katalizator in oksidant. V glavnem reakcijskem mehanizmu je HONO neposredno vključena v nitracijo 3metilkatehola (3MC) preko zaporedne oksidacije in konjugirane adicije (neradikalska reakcijska pot), pri
čemer nastaneta dva izomerna produkta, kjer je 3-metil-5-nitrokatehol (3M5NC) glavni produkt, 3-metil-4nitrokatehol (3M4NC) pa predstavlja manjši delež. Glavni reakcijski mehanizem naj bi prevladoval pri pH
vrednostih značilnih za aerosolske delce (pH okrog pKa HONO). Pri zelo kislih pogojih pa pridobita na veljavi
dve drugi nitracijski poti in sicer oksidativna aromatska substitucija (elektrofilna) in radikalska rekombinacija.
Nadaljnja elektrokemijska tvorba 3-metil-o-kinona (3MoQ) na elektrodni površini in njegova reakcija z
NO2− v elektrokemijski celici nam je omogočila nedvoumno potrditev predlaganega glavnega reakcijskega
mehanizma. Poleg tega smo odkrili novo pot hidroksilacije nitrokateholov, ki poteče z oksidacijo, ki ji sledi
adicija vode. Novo nastali produkti (3M5NC-OH in produkti oksidativne cepitve 3M4NC), ki absorbirajo pri
daljših valovnih dolžinah v vidnem območju, lahko bistveno prispevajo k atmosferskemu BrC in s tem k
absorpciji svetlobe ter tako vplivajo na spremembe sevalnega ravnotežja na Zemlji.

V nadaljevanju smo preiskovali kemijske procese nastajanja komponent BrC iz 3MC v
prisotnosti HONO/NO2 v vodni fazi pri simuliranih pogojih sončne svetlobe. Razpad 3MC je pod
vplivom sončne svetlobe hitrejši kot v temi pri enakih pogojih. Po drugi strani pa je prispevek dveh glavnih
produktov temne reakcije (3M5NC in 3M4NC) nizek, kar kaže na drugačne poti razgradnje 3MC. Poleg
primarnih reakcijskih produktov z izrazito absorpcijo pri 350 nm, smo v reakcijski mešanici potrdili tudi
produkte druge generacije (3M5NC-OH in produkte oksidativne cepitve 3M4NC), ki so bili odgovorni za
absorpcijo nad 400 nm. Ugotovili smo, da vrednosti karakterističnega masnega absorpcijskega koeficienta
(MAC) naraščajo s povečanjem koncentracijskega razmerja NO2/3MC in se znižujejo z naraščajočo valovno
dolžino. Naše ugotovitve potrjujejo, da procesi 3MC v prisotnosti HNO2/NO2 v vodni fazi, tako v

pogojih teme kakor tudi sončne svetlobe, lahko bistveno prispevajo k absorpciji sekundarnih
organskih aerosolov (SOA).
Ključne besede: kromofori rjavega ogljika, izgorevanje biomase, fotooksidacija, nitracija, hidroksilacija,
nitrofenoli, metilnitrokateholi, masni absorpcijski koeficient.
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ABSTRACT
The understanding of atmospheric brown carbon (BrC) formation is of crucial importance for the accurate
assessment of its influence on the radiative forcing. In the present thesis, different formation and degradation
pathways of methyl-nitrocatechols (MNC), as important constituents of BrC, under atmospherically relevant
aqueous-phase conditions were investigated.
The intriguing role of nitrous acid (HONO) in the dark aqueous-phase transformation of catechols was
highlighted. HONO was found to have a dual role in the nitration of substituted aromatics; it acts as a catalyst
and as an oxidant. In the dominant pathway, HONO is directly involved in the nitration of 3-methylcatechol
(3MC) via consecutive oxidation and conjugated addition reactions (non-radical reaction pathway), forming
two isomeric products, i.e. 3-methyl-5-nitrocatechol (3M5NC) as the main product and 3-methyl-4nitrocatechol (3M4NC) as the minor one. The dominant pathway is expected to prevail at a pH typical for
atmospheric aerosol (pH around the pKa of HONO). Under very acidic conditions, two other nitration
pathways, oxidative aromatic substitution (electrophilic) and radical recombination,
gain in importance.
The subsequent electrochemical generation of 3-methil-o-quinone (3MoQ) at the electrode surface and
its reaction with NO2− in the electrochemical cell allowed us to confirm unambiguously the proposed
dominant reaction mechanism. In addition, a new pathway of nitrocatechol hydroxylation by oxidation and the
addition of water was discovered. Because of the prolonged light absorption far in the visible light range, the
new products (3M5NC-OH and ring cleavage products of 3M4NC) could significantly contribute to the
atmospheric light absorption by BrC influencing the radiative balance of the Earth.
Furthermore, the aqueous-phase formation of BrC from 3MC in the presence of HONO/NO2- under
simulated sunlight conditions was investigated. Under illumination, the degradation of 3MC is faster in
comparison to its degradation in the dark under the same solution conditions. On the other hand, the yield of
the main two products of the dark reaction (3M5NC and 3M4NC) is low, suggesting different degradation
pathways of 3MC. Besides the known primary reaction products with distinct absorption at 350 nm, secondgeneration products responsible for the absorption above 400 nm (e.g., 3M5NC-OH, and the oxidative
cleavage products of 3M4NC) were also confirmed in the reaction mixture. The characteristic mass absorption
coefficient (MAC) values were found to increase with the increase of NO2⁻/3MC concentration ratio and
decrease with the increasing wavelength. Our findings reveal that the aqueous-phase processing of 3MC in the
presence of HNO2/NO2, both under the sunlight and in the dark, may significantly contribute to secondary
organic aerosol (SOA) light absorption.
Keywords: brown carbon chromophores, biomass burning, photooxidation, nitration, hydroxylation,
nitrophenols, methylnitrocatechols, mass absorption coefficient.
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1. Introduction
The Earth’s atmosphere can be considered to be a massive chemical reactor. If it is divided by the
temperature profile, the region of declining temperature with increasing altitude near the Earth’s
surface is called the troposphere, which goes up to 15 km. The temperature within the troposphere
layer decreases from 290.15 K to 223.15 K. Above the troposphere is the stratosphere, where the
temperature rises to a maximum of about 273.15 K, which is reached at 50 km altitude. A falling
temperature accompanies further increases in the altitude through the mesosphere until a minimum
temperature is reached again at 85 km. A further increase in altitude leads to a rapid rise in
temperature through the region known as the thermosphere, which extends well beyond 150 km
(Figure 1).1

Figure 1. The division of the atmosphere into layers by temperature profile.2
For this thesis, the tropospheric layer is of interest, and all processes described through the thesis will
relate to it. One factor important in tropospheric chemistry is a relatively high concentration of water
vapor in comparison to other atmospheric layers. The major components of the troposphere are
nitrogen (N2, 78 %), oxygen (O2, 21 %), argon (Ar, 0.9 %), and trace constituents (0.1 %) The trace
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constituents include water (in the form of clouds, fogs, rain, dew, and wet aerosol particles) and the
trace gases, such as sulfur-, nitrogen-, carbon- and halogen-containing compounds, and ozone.3
1.1

Atmospheric Aerosol Particles

Additionally, the atmospheric trace constituents include particulate matter (PM or airborne
particles).4 Atmospheric aerosols are defined as relatively stable suspensions of solid or liquid
particles in a gas. Thus, aerosol differ from particles in that an aerosol includes both the particle and
gas, in which they are suspended.4, 5 Although the definition of an aerosol is rigorous, one should
note that the term is often used in the atmospheric chemistry literature to denote just the particles.
Hereafter only the rigorous definition will be used. Even if they are present in low concentrations,
their number and mass concentration, size distribution, physical properties, and chemical composition
are of immense importance. Of these, size is the most important; it is related not only to the source of
the particles, but also to their effects on human health, visibility, and climate. Depending on different
typological sites, urban or remote, the number concentration of atmospheric aerosols can reach values
of 106–107 cm-3 and 5–100 cm-3, respectively. The diameter of aerosol particles can span over four
orders of magnitude, from a few nanometers (nm) to hundreds of micrometers (μm). Depending on
the size, different particles are removed from the atmosphere by different mechanisms, have different
chemical compositions and optical properties, and differ significantly in their deposition pattern in
the respiratory tract.4 Different modes are often used to characterize the particle size distribution
(Figure 2)

Figure 2. Atmospheric aerosol particle size distribution.6
The nucleation mode involves particles with diameters up to 10 nm and Aitken mode particles in the
range from 10 nm to 100 nm in diameter. These two modes dominate in the number concentration
2

(Figure 3), but due to their small size, they rarely account for more than a few percentage points of
the total particle mass. Atmospheric particles with diameters from 0.1 to 2.5 μm fall into the
accumulation mode and account for most of the particle surface area and a substantial part of the
aerosol mass (Figure 3).3-5 In general, atmospheric particles, which have diameters of less than 2.5
μm, are known as fine particles, while those with diameters greater than 2.5 μm are referred to as the
coarse particles. It should be noted that atmospheric particles are non-spherical.7 However,
atmospheric particles are often assumed to be spherical for more straightforward description and use.
The diameter usually is defined as equivalent diameter (non-spherical particles are described as
spheres). Depending on the measurement principle, different particle diameters are defined, such as
Stokes diameter, optical diameter, and aerodynamic diameter. The most commonly used is the
aerodynamic diameter, which is defined as that of a sphere, whose density is 1 g cm -3, which settles
in still air at the same velocity as the particle in question.8

Figure 3. Average aerosol particle size distribution normalized by the number and mass
concentration.9
Without aerosols, there would be no clouds, no rain, and the climate would be completely different
than it is. Therefore, the fundamental knowledge of the physical and chemical properties of
atmospheric aerosols is essential for the understanding of their impact on global climate change and
on human health.
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Figure 4. Atmospheric aerosol particles fate in the atmosphere; from formation to deposition.10
The atmospheric particles can be emitted directly into the atmosphere (primary particles) or can be
formed by different chemical processes (secondary particles, see Figure 4).5 Primary particles can
arise from natural processes, such as different mechanical processes of dust formation, from sea
spray, the eruption of volcanoes, and biological processes; meteoritic debris can also be a source of
particles.11 The naturally emitted particles are usually larger than one micrometer (coarse particle).
Primary particles can also be emitted by anthropogenic processes, which include particle formation
by incomplete combustion of different fossil fuels. These particles are mainly composed of soot,
which includes carbon and polyacetylenic material, but also inorganic ash, complex tars, and resins.1
Biomass burning (BB) can be considered to be an anthropogenic and natural source of particles.12
BB or vegetation burning is the burning of living and dead vegetation and includes human-initiated
burning (anthropogenic source) and natural lightning-induced burning (natural source). The major
BB occurs in the tropics (almost 90 %), and it is believed to be human-initiated for land clearing and
land-use change.13 Natural BB, which is triggered by lightning, accounts only for approximately 10
%.14 Biomass burning accounts for a significant source of soot, organic carbon, and ozone
precursors.15 It is also shown that the particles emitted from BB significantly alter the radiation
balance and cloud properties over large regions.16 Particles that are produced in different combustion
processes can be small as few nanometers and as large as one micrometer.4
After primary particles are emitted into the atmosphere, they can undergo different transformation
processes forming secondary particles (Figure 4). Secondary particles of different sizes are formed
through different mechanisms by chemical reactions in the atmosphere. These reactions include
reactions of gases to form a low-vapor-pressure product, which is followed by nucleation to form
new particles or condensation on preexisting particles, along with some coagulation between particles
4

(Figure 2 and Figure 4). The oxidation of sulfur dioxide to sulfuric acid (H2SO4) can take place in the
gas phase (homogenous reaction), but to a greater extent in the aqueous phase in fog and clouds
(multiphase reactions).3, 11, 17, 18 The formed H2SO4 reacts with a weak base such as ammonia (NH3)
and produce new particles by nucleation.19 Secondary particles can also be formed via reactions of
gaseous pollutants on the surface of primary particles. For example, nitric acid can react with sea salt
particles to form sodium nitrate (heterogeneous reaction). Particles that are produced in the
atmosphere are usually smaller than a micrometer. The size of particles affects not only their lifetime
but also their chemical and physical properties.4

1.1.1

Composition of Atmospheric Aerosol Particles

The accurate determination of the chemical composition of atmospheric aerosol particles is a
challenging analytical task. Depending on their size and site typology (urban, rural, remote, marine),
atmospheric aerosol particles contain mainly sulfate, ammonium, nitrate, sodium, chloride, trace
metals, carbonaceous material, crustal elements and water (Figure 5). The carbonaceous fraction of
atmospheric aerosol particles is composed of elemental carbon (EC) and organic carbon (OC). The
mixture of EC and OC is frequently called “soot”. However, it is also found that soot contains a small
amount of other elements, such as oxygen, nitrogen, and hydrogen incorporated in its graphitic
structure.20 EC, also called black carbon (BC) (depending on the measuring technique) or graphite
carbon, is emitted directly into the atmosphere, predominantly from combustion processes. Such
emitted particles are in the range of 20 - 30 nm.4 The chemical composition of atmospheric particles
is not equally distributed among different sizes (Figure 5), depending on their source and site
typology (e.g. urban or remote).3
The ultrafine particles (nucleation and Aitken mode), which are produced with homogeneous
nucleation, contain secondary species, such as sulfate and likely organics (Figure 5). Accumulation
mode particles tend to contain elements such as carbon, trace metals, sulfates, nitrates, and polar
organics.21 Larger particles (coarse mode, larger than 2.5 μm) typically contain elements from soil
and sea salts.3 In contrast to inorganic compounds which are in principle well characterized, the OC
fraction is very poorly characterized thus only about 10 – 40 % of all OC in atmospheric aerosol
particles is characterized on the molecular level.22, 23 It is found that OC has strong effects on air
quality, atmospheric chemistry, and climate forcing. The composition of OC and its evolution during
various processes of atmospheric aging have been the subject of extensive research in recent
decades.24, 25 It has to be noted that OC can be hazardous to human health and climate even when
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present in low concentrations.26 Recently it has also been observed that the colored and refractive
OC, which is also known as brown carbon (BrC), can cause interference in the determination of EC
or BC.26

Figure 5. Typical Mass distribution and chemical composition of atmospheric particles in an urban
site (Los Angeles).27
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1.1.2

Primary Organic Aerosols (POA)

If OC is emitted directly in the shape of particles in the atmosphere, then these particles are primary
organic aerosol (POA) particles. Primary emitted particles evaporate as the dilution decreases the
partial pressure of vapors over them.28 Today, there is a growing understanding that the significant
organic particle emissions fall into this category: compounds explicitly in the semi-volatile organic
carbon (SVOC) and immediately-volatile organic carbon (ISVOC) volatility ranges.29,

30

For

example, emissions of particles with OC content more than 1 μg m-3 will be found, at least partially
in the gas phase under typical ambient conditions. These constitute 50–90 % of the POA emissions
that were traditionally considered to be nonvolatile.4 Such POA, which evaporate upon dilution are
then susceptible to oxidation in the gas phase, forming products with lower volatility that can
partition back into the particle phase.31, 32 Consequently, POA can be emitted in the condensed phase
(liquid or solid particles) or as semi-volatile vapors, which are condensable under atmospheric
conditions. The emissions of POA are natural and anthropogenic BB, fossil-fuel combustion, and
wind-driven or traffic-related re-suspensions of soil and road dust, biological materials, sea spray,
and spray from other surface waters with dissolved organic compounds.22

1.1.3

Secondary organic aerosol (SOA) formation

Almost all organic compounds in the atmosphere, whether on the particle surface, in gas or liquid
phase are susceptible to oxidation. The general mechanism of SOA formation is similar to the
mechanism of inorganic secondary particle formation, mentioned above. SOA can be formed22:
a) through new particle formation: formation of SVOC by gas-phase reaction and participation of the
SVOC in the nucleation and growth of new particles;
b) through gas-particle partitioning: formation of SVOC by gas-phase reactions and uptake
(adsorption or absorption) by preexisting particles;
c) through heterogeneous or multiphase reaction: formation of low-volatility or nonvolatile organic
compounds (LVOC, NVOC) by chemical reaction of volatile-organic-compunds (VOC) or SVOC at
the surface or in the bulk of different forms of atmospheric liquid water (cloud droplets, fog, and
aerosol, liquid water).
To better understand the motivation for the present doctoral thesis, it is crucial to make a clear
distinction between heterogeneous and multiphase reactions (Figure 6). Generally, the heterogeneous
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reaction refers to the reaction that takes place at different interfaces; the most commonly studied
heterogeneous reaction is the reaction of gas-phase compounds at the surface of the particles.33, 34 The
multiphase reaction is related to the reactions of two different phases, which happens in the bulk of
one phase. The most studied multiphase reaction in atmospheric chemistry is the reaction between
dissolved gas-phase and aqueous-phase compounds.22, 35, 36 At the beginning, it was thought that SOA
are formed by gas-phase photochemistry, which is followed by adsorption of SVOC into the
preexisting particles (a and b mechanisms described above). 37, 38

Figure 6. Distinction between heterogeneous and multiphase reactions.33

However, many studies have recently indicated that the multiphase reactions may also efficiently
contribute to the SOA formation.22, 39, 40 In particular, the processes in atmospheric aqueous-phase of
hygroscopic particles (wet aerosol particles) are recognized as an efficient source of SOA. Processes
that convert smaller water-soluble organic compounds in the atmospheric aqueous phase into larger
low-volatility products that remain in the condensed phase upon droplet evaporation are thus of
particular interest in SOA chemistry.25 In general, water-soluble gas or particle-phase organics which
are emitted into the atmosphere can be dissolved in cloud droplets and moist aerosol particles, where
they can undergo different reactions forming low-volatility products. After the water has evaporated,
these low volatile products can form new particles by nucleation or condensation on a preexisting
particle (Figure 7).
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Figure 7. Schematic representation of gas-SOA and aqueous-SOA formation.39

Such formed particles are denoted as aqSOA (showing the origin of the particles).39 Therefore, the
essential property of VOC that produces SOA by aqueous-phase chemistry is high water solubility.4
The second important factor is the rate at which the organics form stable low-volatility products. In
general, the partition of the organic molecules into the aqueous phase is measured by its effective
Henry’s law constant. According to Hoffmann et al.,41 organic compounds with a dimensionless
Henry’s law constant (Hcc) equal to or greater than 103 are essential for atmospheric multiphase
chemistry. Fundamentally, the mechanisms occurring in the aqueous-phase are not always the same
as in the gas-phase. Aqueous-phase reactions often involve ions and hydrated species that do not have
a counterpart in the gas-phase reactions.4 The aqSOA can be formed through two different regimes
that are distinguished by the amount of liquid water. The first is the cloud/fog droplets regime, in
which the solute concentrations are in the μM–mM range, and the second are the moist aerosol
particles, where the solute concentrations are in M range.4
One of the main reasons for considering SOA formation via atmospheric aqueous-phase chemistry is
to explain the discrepancy between the experimentally measured and modeled concentrations of
organic aerosol.42-44 Atmospheric models, which include the oxygen to carbon ratio (O/C),
underestimate the degree of oxygenation of SOA, which leads to the wrong product distribution
prediction and related SOA properties.45 In these models, aqSOA are not included even though water
is an abundant medium in the atmosphere (troposphere), and reactions occurring in the aqueousphase can produce compounds that do not have any gas-phase sources, but comprise a significant
fraction of the total SOA mass.39 At present, there is already much evidence, from field observations
and laboratory studies that SOA may also be formed through atmospheric aqueous-phase reactions.36,
9

46-49

The reactions and formed products in the aqueous phase not only affect the total SOA mass; they

can also influence the properties of atmospheric aerosol particles that translate into direct and indirect
effects in more ways than just increased aerosol mass burden.39 Therefore, in the frame of this thesis,
only the research on aqueous-phase organic reactions will be presented and discussed.

1.1.4

Importance of Atmospheric Aerosol

Atmospheric aerosol particles play a part in atmospheric pollution; they affect human health,
visibility, and climate. Therefore the most frequent reasons for atmospheric aerosol investigation are
its influence on human health, air quality, and climate. The significant influence of aerosol on climate
is also the motivation for this thesis. By absorbing and scattering solar and terrestrial radiation,
atmospheric aerosols influence the radiative balance of the Earth.50(Figure 8) Most of atmospheric
aerosol scatters the incoming radiation, and only a few types of atmospheric aerosol can absorb solar
radiation (BC, BrC, and mineral dust). Atmospheric aerosol particles that scatter solar radiation have
a cooling effect by increasing the total reflected light from the Earth. The light scattering from the
atmospheric aerosol particles changes the overall visibility in the lower troposphere. In the upper
atmosphere, the presence of scattering atmospheric aerosol particles can significantly decrease the
temperature, thus contributing to the overall greenhouse effect and global climate change.51 Contrary
to this, atmospheric aerosol particles that strongly absorb solar radiation have a warming effect.

Figure 8. Illustration of atmospheric aerosol particles direct and indirect effect on climate.52
Because in the atmosphere, there is always a mixture of scattering and absorbing aerosol particles,
their net effect on Earth’s energy budget is therefore dependent on surface and cloud characteristics.
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Figure 9. The direct influence of atmospheric aerosol on climate and the cloud albedo effect. a)
Direct effect of aerosol particles for low and high surface albedo and b) the cloud albedo effect.53
Scattering particles above the dark surface and the absorbing particles above the bright surface are
most efficient (Figure 9a). The dark surface (low albedo) will already absorb substantial incoming
radiation, and absorbing particles above such a surface will thus have a small effect. Contrary to this,
scattering particles will instead amplify the total reflectance of solar radiation, since the incoming
irradiation would otherwise be absorbed at the surface (Figure 9a). Scattering particles over a bright
surface (high albedo) have a reduced effect. However, above such a surface, absorbing particles may
substantially reduce the outgoing radiation and thus have a warming effect (Figure 9a). Absorbing
atmospheric aerosol particles are especially efficient in absorbing the solar radiation if they are
positioned above clouds, which are the main contributor to the total reflection of solar radiation back
to space (Figure 9b).53 Nevertheless, light-absorbing particles (LAP) remain a significant uncertainty
in the evaluation of the Earth’s radiative budget. Very well-known types of LAP include
carbonaceous particles, especially the BC. There is a growing understanding that BrC also contributes
to the LAP. BC absorbs radiation over a broad spectral range, from ultraviolet (UV) through visible
(VIS) up to infrared (IR) while BrC absorbs in the specific wavelength range, near UV and VIS. In
addition to carbonaceous particles, mineral dust is also known as LAP.
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1.2

Atmospheric Brown Carbon (BrC)

Overall, most OC compounds can be characterized as white because they efficiently scatter visible
radiation.25 However, some groups of OC compounds absorb radiation efficiently in the near UV
(300–400 nm) and VIS ranges. In atmospheric chemistry literature, the term Brown Carbon (BrC) is
often used to denote this type of OC, which is characterized by an absorption spectrum that smoothly
increases from the UV to VIS wavelengths.54-56 Even if BrC absorbs less than BC on a per mole
basis, it is more widespread in the atmosphere57 and it is probably of comparable importance with BC
in terms of visible light absorption in the atmosphere.56 The Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC), estimates that the direct radiative forcing (DRF)
by BC is + 0.6 W m-2 and that it is second to the carbon dioxide, suggesting that the control of BC
should be an effective climate mitigation strategy. 58 However, a recent study reports that the DRF of
BC from IPCC is overestimated due the overly high estimates of BC lifetime and incorrect attribution
of BrC absorption to BC.59 In the same study the corrected DRF of BC was reported to be + 0.21 W
m-2, with an additional + 0.11 W m-2 of warming from BrC. It must be pointed out that significant
uncertainties remain concerning the contribution of BrC to DRF.50 BrC is found in both, urban and
BB regions.59 In the literature, there are some reports that BrC contributes 20 − 50% to the total light
absorption in the atmosphere.60-62 Sources of BrC are not well characterized, but in general, it is
thought that BrC can be primarily emitted into the atmosphere by BB (anthropogenic and natural)55,
63, 64

, residential heating by wood and coal65, and biogenic release of fungi, plant debris, and humic

matter66. In atmospheric literature, such BrC is denoted as primary BrC25.
Every organic compound that is primarily emitted in the atmosphere is subjected to different
transformation processes. Nowadays more and more studies support the idea that high molecular
weight (HMW) light-absorbing organic compounds (oxygenated or nitrated organic compounds) are
formed in atmospheric multiphase reactions between the gas-phase, particulate, and cloud
microdroplet constituents.67-74 BrC formed in the atmosphere is categorized as secondary BrC.25 The
significant constituents of secondary BrC are multifunctional species, such as humic-like substances
(HULIS),75 organonitrates,76-78, and nitrogen, and sulfate-containing organic material.67,

79, 80

Atmospheric HULIS, as one of the major components of secondary BrC, is thought to be formed by
aqueous in-cloud processing and oligomerization of water-soluble organics.56, 81 Nevertheless, recent
studies on the chemical composition of HULIS reveal that it is composed of relatively small organic
molecules, such as nitrocatechols,49,

82

aromatic carboxylic acids,83 terpenoid acids, and nitrooxy

organosulfates.84, 85 It is also known that BrC components have characteristics of polar molecules and
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contain both water-soluble and insoluble components. It is important to note that the water-soluble
fraction of BrC represents around 70 % of total BrC, while nearly 90% of BrC can be extracted into
polar solvents.25
The major precursors for BrC formation in the atmosphere remain unknown, although several
reactions have been proposed based on laboratory studies.50 Several studies have indicated that SOA
formed from the oxidation of VOC emitted from biomass smoke might also be a source of BrC86. The
nuclear magnetic resonance (NMR) and gas chromatography-mass spectrometry (GC-MS) analysis
of aqueous extracts of BB particles revealed that the major components of these particles are aromatic
species carrying hydroxyl, carbonyl, and carboxylic functional groups87. Their source is most likely
the combustion of lignin, although the pyrolysis of polysaccharides can also produce functionalized
aromatic compounds.88 The degradation of lignin yields phenols, aldehydes, acids, ketones, or
alcohols, often retaining the original substitution on the aromatic ring89, 90. Such compounds are
promising candidates for BrC precursors. They can be hydroxylated91 or nitrated47, 48 within different
atmospheric processes forming products that have properties of BrC.
Thus far, a few reaction pathways have been proposed for BrC formation, such as the aqueous-phase
reactions of ammonia (NH3) or amino acids with SOA that contain carbonyl products.92 Dimerization
or oligomerization reactions of SOA constituents can also be an essential source of BrC compounds.
Acid-catalyzed aldol condensation of volatile aldehydes is the best-known oligomerization reaction
that can occur in atmospheric processes.72, 93 BrC can also be formed via the heterogeneous reaction
of gas-phase isoprene on acid aerosol particles94. Aqueous-phase photolysis of pyruvic acid in the
presence of conventional atmospheric electrolytes (SO42-, NH4+) can also lead to the formation of
BrC compounds95. The homogeneous gas-phase nitration of aromatic compounds with oxidants, such
as NO3∙, N2O5, or NO2∙, is also an essential pathway of light-absorbing species formation. The nitro
group (-NO2) attached to the aromatic ring enhances and shifts the absorption to longer wavelengths
(>350 nm). BB products can dissolve in different atmospheric liquid waters where they can undergo
different reactions. Aromatic hydroxyl acids, phenols, catechols, guaiacol, and syringols can undergo
photo-oxidation or photo-nitration in the atmospheric aqueous phase producing light-absorbing
products47, 48, 89-91, 96.
In the past decade, more attention has been given to the tropospheric aqueous-phase radical
processes. The importance of the ∙OH, NO3∙, and SO4⎼∙ radicals in the atmospheric aqueous-phase has
long been known97, 98. In general, three different mechanisms can occur, including radical species: a)
hydrogen atom abstraction from saturated compounds, b) electrophilic addition to carbon-carbon
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bonds present in unsaturated compounds and aromatic systems, and c) electron transfer mechanism.
Radicals in the atmospheric aqueous-phase can originate from the photolysis of H2O2, NO3⎼, or NO2⎼.
They can also form in a non-photolytic manner. For example, sulfur-oxy radicals such as SO4−∙ are
formed through the oxidation chain of S(IV) in the atmospheric aqueous-phase reactions99, 100. ∙OH,
radicals can also be formed in a non-photolytic way through the Fenton reaction 101, 102.
In addition to the radical reactions, non-radical mechanisms can also represent a potential pathway to
SOA and BrC formation. In recent years, little attention has been given to the non-radical
mechanisms, e.g., mainly to the oxidation reactions of organics with H2O2, ROOH, and O339, 103-107.
Another class of non-radical organic reactions are accretion ones, among which the best known are
the already mentioned aldol condensation 108-112 and esterification reactions.113, 114
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1.3

NOx Sources in the Atmosphere

In addition to the importance of OC to the contribution to BrC, nitrogen oxides (NOx) also play a
crucial role in its formation. NOx, as an essential species in the atmosphere, is mainly produced in
combustion processes, partly from nitrogen compounds in the fuel, but mostly by direct combination
of atmospheric oxygen and nitrogen in flames. The primary anthropogenic sources of NOx include
fossil fuel combustion and BB. Seventy percent (70%) of all NOx originate from fossil fuel (FF)
emission, of which the primary sources are road transport and power plants. Only 20% of the total
NOx emissions come from BB. NOx can also be produced by lightning and to a small extent, by
microbial processes in soils (10% of all NOx emission).115 In general, the NOx comprises NO∙ and
NO2∙. The importance of NO∙ comes in part from its control of the tropospheric O3 concentration: the
concentration of NO∙ is critical in determining whether the local atmosphere is either sink or source
of O3 4. NOx can also play an essential part in nitrous acid (HONO) production in the atmosphere.
Due to its contribution to the cycles of NOx and hydrogen oxides (HOx), HONO takes an essential
place as a trace gas in the atmosphere. 3 HONO can either be emitted directly into the atmosphere or
can be formed with reactions, including NOx. The chemistry of HONO can be divided into daytime
and nighttime; HONO is produced in the gas-phase during the night and is an essential source of
early morning ∙OH radicals. The direct emission of HONO is attributed to different combustion
processes, such as biomass burning, vehicle exhaust, domestic heating, and industrial burning. It is
shown that the direct emission of HONO ranges between 0.3 % and 1.7 % of the total NO x
emissions102,103. It is well accepted that during nighttime, the formation of HONO takes place via
heterogeneous conversion of NO2∙116, 117 on wet surfaces (R1)117:
∙
2𝑁𝑂2(𝑔)
+ 𝐻2 𝑂(𝑎𝑑𝑠) → 𝐻𝑂𝑁𝑂(𝑔) + 𝐻𝑁𝑂3(𝑎𝑑𝑠)

(R1)

NOx can also be oxidized in the atmospheric aqueous-phase (R2-R5)118:
𝐻2 𝑂

∙
∙
+ 𝑁𝑂2(𝑎𝑞)
𝑁𝑂2(𝑎𝑞)
→

𝐻2 𝑂

∙
∙
𝑁𝑂(𝑎𝑞)
+ 𝑁𝑂2(𝑎𝑞)
→

𝑁𝑂2− + 𝑁𝑂3− + 2𝐻 +

2𝑁𝑂2− + 2𝐻 +

(R2)
(R3)

∙
𝑁𝑂(𝑎𝑞)
+ ∙𝑂𝐻(𝑎𝑞) ⟶ 𝑁𝑂2− + 𝐻 +

(R4)

∙
𝑁𝑂2(𝑎𝑞)
+ ∙𝑂𝐻(𝑎𝑞) ⟶ 𝑁𝑂3− + 𝐻 +

(R5)
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Essential reactions of HONO in the aqueous phase also include the dissociation (R6) and dehydration
(R7):
−
+
𝐻𝑂𝑁𝑂(𝑎𝑞) + 𝐻2 𝑂 ⇆ 𝑁𝑂2(𝑎𝑞)
+ 𝐻3 𝑂(𝑎𝑞)

(R6)

2𝐻𝑂𝑁𝑂(𝑎𝑞) ⇆ 𝑁2 𝑂3(𝑎𝑞) + 𝐻2 𝑂

(R7)

Because of the dissociation equilibrium pKa (HONO = 3.2)119 and modest water solubility (Henry’s
law constant Hcc(HONO) = 1.2 x 103 at 298 K)120, only trace concentrations of HONO have been
found in acidic droplets, normally in the range of 10-7 – 10-6 mol L-1.121, 122 Because the pH of
atmospheric waters ranges from 1.95 to 7.74 and considering that significant deviations from Henry’s
law have been observed123, total nitrite concentration up to 10-4 mol L-1 has been measured in fog
water samples.122 It is important to underline that nitrite (NO2−), which is a conjugated base of
HONO, plays an important role in atmospheric aqueous-phase reactions.48
Because HONO efficiently absorbs light in the near-UV spectral region (320 nm < λ < 400 nm) it has
been photolyzed to NO∙ and ∙OH radicals (R8)117:
(R8)

𝐻𝑂𝑁𝑂 + ℎ𝜈 → ∙𝑂𝐻 + 𝑁𝑂∙

The reaction (R8) provides a daytime source of ∙OH and NO∙ independently from O3 photolysis and
NO2∙ concentration. Because of the photolysis, HONO exhibits a diurnal variation with a minimum
during the day. The reaction (R9) is the most important homogenous reaction of HONO formation
during the day:
∙

𝑂𝐻(𝑔) + 𝑁𝑂 ∙(𝑔) → 𝐻𝑂𝑁𝑂(𝑔)

(R9)

Reaction (R9) gains at the importance only during daytime when the concentrations of ∙OH and NO∙
are high,124, but it competes with HONO photolysis (R8). NO2∙ can also be excited by adsorbing
radiation at λ > 420 nm, forming an electronically excited NO2* molecule (R10), which has a
fluorescence lifetime of 40-60 ms. Most of the excited molecules are quenched by collision with any
nonreactive molecules (XM), e.g., O2, N2 (R11), or water vapor (H2O). Because N2 and O2 are the
most abundant molecules, most NO2* is quenched by collision with these molecules. While water
vapor is relatively abundant in the troposphere, there is a certain probability that the exited molecules
will also be quenched in the collision with water vapor, which results in HONO formation (R12)125:
(R10)

∙
∗
𝑁𝑂2(𝑔)
+ ℎ𝜈 → 𝑁𝑂2(𝑔)
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∗
∙
𝑁𝑂2(𝑔)
+ 𝑋𝑀 → 𝑁𝑂2(𝑔)
+ 𝑋𝑀

(R11)

∗
+ 𝐻2 𝑂(𝑔) → ∙𝑂𝐻(𝑔) + 𝐻𝑂𝑁𝑂(𝑔)
𝑁𝑂2(𝑔)

(R12)

Another daytime source of HONO can be the biological activities in soil.126 The homogeneous gasphase reactions (R9) and (R12) and the biological activities may act as a daytime HONO source, but
they cannot explain the measured daytime concentration of HONO. Some authors proposed that
HONO can be formed during the day by photolysis of different nitrophenols. 127 The production of
HONO in this way is estimated to be 100 ppt h−1 for a typical urban site. This postulation is not
verified yet by field studies. There is also some evidence that the photon enhanced surface processes
can contribute to the daytime HONO concentration. Three different processes were considered: 1)
photolysis of adsorbed HNO3/NO3−, 2) photon-enhanced NO2∙ conversion into HONO on mineral
dust substrates, and 3) photo enhanced NO2∙ conversion into HONO on the organic and humic acid
surfaces128. However, particular uncertainties still exist; the mentioned additional sources might well
explain the ground-based observations. However, to fully characterize the sources of HONO, more
field measurements of HONO and NOx concentrations and flux in the lower troposphere are needed.
Except for the fact that HONO is an essential precursor of ∙OH radicals, it can also be involved in
other unexplained, but essential processes. HONO can participate in different reactions, including
organic reaction, which produces unknown products via unknown mechanisms. There is a lack of
information concerning HONO involvement in atmospheric organic processes. Only in a few studies,
HONO was considered to be a reactive agent in the nitration of aromatics; however, only the products
were mentioned with no explanation of their formation mechanisms.129,

130

Although the role of

HONO in condensed phase nitration has been known for a century,131, it is very seldom included in
atmospheric research. In general chemistry, fifty years ago, Bunton et al.,132 made massive progress
in understanding the role of HONO in the nitration of reactive aromatics (phenolic-like compounds)
in the condensed phase.
Considering that reactive aromatics, such as phenols, catechols, guaiacols, and syringols are present
in the BB smoke, they can be potential precursors for nitroaromatic compounds (NAC), which
represent a significant portion of BrC.49 Because their dimensionless Henry’s law constants are in the
range of 108, they can be found significantly in the atmospheric aqueous phase. Taking into account
that under certain conditions, HONO is also present in the atmospheric aqueous phase, the reactions
of HONO with reactive aromatics can be an essential pathway of BrC formation. Indeed, the
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assumptions that the reactive aromatic compounds may be nitrated in atmospheric waters containing
HONO can be found in the literature.129
In recent studies, it has been suggested that methyl-nitro-catechols (MNCs), which are the main
compounds of NACs, are the significant contributors to the atmospheric BrC.49, 84 It is also speculated
that MNCs are formed through the oxidation of biomass burning plums.84, 133 Very recently, field
measurements have revealed that MNCs are present in relatively high concentrations in the ambient
winter PM (e.g., the average total MNCs in urban background PM2.5 of ca. 43 ng m−3 and ca. 69 ng
m−3 in urban PM10)49, 82. Nonetheless, MNCs are considered to be the most abundant chromophoric,
water-soluble organic constituents of PM from BB.84 Therefore, understanding the formation
mechanisms of MNCs under environmentally relevant conditions is of utmost importance for the
atmospheric science community.
1.4

1.4.1
a)
∙

BrC Formation

BrC Formation from Nonaromatic Compounds
∙

OH, NO3∙ and SO4−∙ radical initiated formation of BrC

OH radicals: Because of their reactivity, hydroxyl radicals (∙OH) are of particular importance for

chemical reactions in the tropospheric multiphase systems. They are essential initiators for different
reactions, such as degradation and conversion reactions involving organic and inorganic species. One
of the essential precursors for BrC are the oxidation products of isoprene, which is the major
biogenic VOC with an annual flux similar to the magnitude to that of methane.134 It has been
suggested that gas-phase isoprene is oxidized by the ∙OH, forming water-soluble aldehydes,
glycolaldehyde, glyoxal, and methylglyoxal (Figure 10).135, 136 Such water-soluble compounds can
dissolve in cloud water, where they can react further with aqueous-phase ∙OH, forming less volatile
compounds, i.e., oxalic, glycolic, and glyoxylic acids via pyruvic and acetic acids. After the water is
evaporated, these compounds form SOA and BrC through different condensation reactions.
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Figure 10. Aqueous-phase isoprene chemistry; formation of glycolic, glyoxylic, pyruvic and oxalic
acid in atmospheric aqueous-phase.135
Altieri et al. .136 conducted a reaction of pyruvic acid with ∙OH radicals under atmospheric aqueousphase relevant conditions. The ion abundance (followed by ESI-MS) of pyruvic acid decreased,
while the ion abundance of oxalic and glyoxylic acid increased during the reaction. Glyoxylic acid
was suggested as an intermediate;135 its ion abundance increased in a specific time interval, after
which it steadily decreased. As expected from the model,135, the ion abundance of the oxalic acid
increased and became the dominant peak. In addition to the monomeric peaks, ions of higher
molecular weight (HMW) were also obtained at longer reaction times.135 As the reaction time
increased, the ESI-MS spectrum complexity increased; in addition to the dominant oxalic acid peak,
five peaks corresponding to the HMW species appeared. The most abundant peak after a particular
reaction time was probably an oligomer of pyruvic acid and acetic acid.
It is important to note that oligomers have lower vapor pressure and will remain to a much larger
extent in the particle phase after water evaporates than the monomer will. Another significant fact is
that oligomers derived from pyruvic acid can absorb solar radiation in specific wavelength range137,
and thus can be aligned in the group of BrC compounds.
The first generation product of aqueous-phase glyoxal oxidation with ∙OH was found to be glyoxylic
acid (Figure 10).138 After its decay, oxalic acid was formed as the main product. Following the
previous study, Tan et al. .138observed peaks corresponding to the ions of HMW products during the
reaction of glyoxal and ∙OH. Increasing the concentration of glyoxal and the reaction time, the ESIMS spectrum became more complex including HMW products. In addition, the obtained oligomers,
researchers also observed the presence of other carboxylic acids, such as succinic acid, malonic acid,
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malic acid, tartaric acid, and mesoxalic acid. It has been suggested that succinic acid is a crucial
intermediate in the aqueous-phase oligomerization reaction of ∙OH radicals and methylglyoxal or
glycolaldehyde.139, 140 Apart from the identified acids and oligomers, the MS/MS and FT-ICR-MS
measurements revealed the presence of different subunits, which were formed from different acids.
The subunit can be added to the identified acids by a radical-radical addition or by a non-radical
reaction (hemiacetal formation, aldol condensation, imine formation, anhydride formation, and
esterification). Although the absorption for these HMW compounds was not measured, it is known
that such oligomers can contribute to the budget of atmospheric BrC.
The same final products, as in the two previous studies, were also found in the reaction of
glycolaldehyde with ∙OH radicals139. Glycolaldehyde can be produced by ∙OH oxidation of gas-phase
isoprene (Figure 1) or by the ∙OH oxidation of ethane in urban areas.141 Glycolaldehyde is watersoluble, and concentrations of 1 – 5 μM were found in cloud water. After glycolaldehyde is dissolved
in the aqueous phase, it can be oxidized by ∙OH to glycolic acid and glyoxal; and both then further
oxidize to glyoxylic acid, which is additionally oxidized by ∙OH to oxalic acid. Apart from the
expected products, two prominent peaks in ESI-MS were observed, corresponding to malonic and
succinic acid. The presence of succinic acid indirectly implies that oligomer formation can occur.
The authors suggest that in this case, ∙OH reacts with succinic acid, forming different non-radical
units of hydracrylic or lactic acid (Figure 11A), which undergoes to esterification reaction with
parent organic acids forming oligomers (Figure 11B).139, 140
To summarize, in the reactions of ∙OH radicals with precursors, pyruvic acid, glyoxal or
glycolaldehyde, oxalic acid, and oligomers were identified as the final products, while succinic acid
was recognized as an intermediate in a complex oligomerization process. Such an approach by
obtaining the same intermediates and the same products by starting the reaction from different steps
is an absolute confirmation of the complex mechanism of oligomer formation from isoprene
oxidation products.
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Figure 11. A) Hydracrylic and malic acid formation form succinic acid and B) proposed non-radical
esterification that lead to oligomer products.140
Another vital reaction pathway of SOA and BrC formation in the natural acidic pH of the
atmospheric aqueous phase is the oligomerization/polymerization of levoglucosan, as one of the
most critical tracers for BB in the atmosphere. The oligomers derived from levoglucosan are also
known as essential constituents of atmospheric HULIS.142, 143 The oligomerization of levoglucosan
can be acid-catalyzed or initiated by ∙OH radicals143, 144 if the concentration of ∙OH is sufficiently
high.
NO3∙ radicals. Nitrate radicals (NO3∙) can also be found in the tropospheric aqueous-phase, and they
can contribute to the sink of organics. Although NO3∙ can be formed in situ in aqueous phase by an
electron-transfer reaction between nitrate anions (NO3-) and radicals, such as SOx−∙ or by the reaction
of NO2∙ and O3, they are considered to be secondary sources in comparison to the gas-phase uptake.
NO3∙ can react with organics via three different pathways. They can be added to the double-bound of
unsaturated compounds, or they can undergo the electron-transfer reaction with a charged organic
compound, or they abstract the hydrogen atom from organic compound. In a dilute aqueous solution,
the major pathway is the H-abstraction, while in more concentrated solutions, the electron-transfer
pathway can be substantial.98 Theoretically, NO3∙ could be added to the double bond of glyoxal or
other similar compounds forming organonitrates, and potentially contribute to the atmospheric BrC.
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However, there is no evidence on the formation of organonitrates between glyoxal and NO3∙ in the
aqueous phase.145 NO3∙ is only essential during the night, (it undergoes photolysis) when the ∙OH
concentrations are low. In neutral aqueous-phase conditions, in which the electron-transfer reaction
is dominant, NO3∙ can induce decarboxylation of carboxylic acids, which may lead to organic
compounds escaping from the aqueous-phase. In such cases, the aqueous-phase become a source of
VOC.146 Many studies report on the reactivity of NO3∙ toward different non-aromatic compounds,
such as different dicarboxylic acids,146, 147 alcohols148, and carbonyl compounds.149 In these studies,
only kinetic parameters were reported (without product analysis); it was concluded that ∙OH reacts
with dicarboxylic acids and carbonyl compounds for two-to-three orders of magnitude faster than
with NO3∙. Also, the activation energies for the oxidation of non-aromatics with OH are smaller than
for NO3∙.147 Currently, there is a lack of data for BrC formation via NO3∙ and non-aromatic
compounds in the atmospheric aqueous phase. Despite that, the gas-phase NO3∙ can react with
different VOC-producing organonitrates150 which are potential BrC constituents.
Sulfur-oxy radical anions (SOx−∙) are mainly formed via the oxidation chain of S(IV) in the
atmospheric aqueous-phase.36, 97, 98 Kinetic measurements of non-aromatic organic oxidation initiated
by SO4− are even scarcer than for NO3∙ oxidation. From the published rate constants it can be inferred
that SO4−∙ is more reactive towards organics than NO3∙, but less than ∙OH.148, 151 SO4−∙ can react with
different non-aromatics, such as isoprene, methyl-vinyl-ketone (MVK), methacrolein, α-pinene152, 153
and glycolaldehyde154 in the aqueous-phase via radical-radical reaction forming organosulfates,
which are essential constituents of SOA.155 In addition to the radical-radical reaction, organosulfate
can also be formed by acid-catalyzed alcohol esterification or by acid-catalyzed ring-opening of
epoxydiol. Organosulfates are essential contributors to atmospheric HULIS,156, 157 but no information
on their absorption in the specific range for BrC25, 158 can be found in the literature.
b)

Non-radical BrC formation

Non-aromatic oligomers, which contribute to atmospheric secondary BrC and SOA, can also be
formed via non-radical processes. In the aqueous-phase, glyoxal reacts with ammonium, amino
acids, or amine forming imines. Because the amine group is a nucleophile, it can easily react with the
carbonyl group of glyoxal, forming an imine after dehydration.159,

160

This means that imine

formation is likely to occur during cloud droplet evaporation and in wet, acidic aerosols. Shapiro et
al.161 revealed that the imines formed in the aqueous mixture of glyoxal and ammonium sulfate or
ammonium nitrates are responsible for the UV/VIS absorption in the range of 300 - 400 nm. The
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formation of C-N bonds is recognized as a key process that contributes to the formation of lightabsorbing products.159, 162, 163
Another important non-radical pathway is the aldol condensation reaction.

10,35,38,39

In the case of

glyoxal, aldol condensation involves the reaction of an enol tautomer of monohydrated glyoxal with
dehydrated glyoxal. The acid-catalyzed nucleophilic addition of enol to the carbonyl carbon of the
dehydrated glyoxal forms light-absorbing condensation products.
Esterification by the acid-catalyzed condensation reaction of carboxylic acids with an alcohol is also
an important pathway, which plays a part in BrC formation. It is known that such esters are πconjugated products,160 and they can absorb light in the visible range161, and as such, they are
characterized as BrC compounds. Anhydrides of carboxylic acids can be formed through a
condensation reaction in the atmospheric aqueous-phase.112 These anhydrides have also a πconjugated system placing them in a group of BrC compounds.
Oligomerization through the non-radical condensation reaction is reversible and happens only when
water evaporates, while the radical initiated oligomerization is an irreversible reaction. Other
condensation reactions, such as oligomerization via hemiacetal and organosulfate formation, can
contribute to SOA formation, but these products do not absorb light in the characteristic wavelength
range of BrC.
1.5

BrC Formation from Aromatic Compounds

Aromatic compounds are essential as reactive precursors for BrC formation, they contribute to
overall SOA mass, and therefore, they can affect the climate. In addition, most of the aromatic
compounds are toxic to all living organisms and have harmful effects on the environment. Aromatic
compounds differ significantly from aliphatic ones; they are far more reactive, and the mechanisms
of product formation are more complex than in the case of aliphatic compounds. In general, they can
be divided into two groups: a) the unsubstituted aromatics (e.g., benzene), aromatics with poor
donating group substitutions (e.g., different alkyl-substituted benzene) and aromatics with electronwithdrawing substitution (e.g., nitrobenzene); b) the highly substituted aromatics, mostly with stable
electron-donating functional groups (e.g., phenols, catechols and metoxyphenols). The differences
between the two groups resulted in their reactivity and water solubility. The research in this doctoral
thesis is focused on the more reactive, highly substituted aromatics.
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1.5.1

Gas-Phase BrC Formation from Aromatic Precursors

Toluene is the prevalent aromatic compound in the gas-phase, followed by benzene and other
alkylated benzenes.4 These aromatics are responsible for O3, SOA, and BrC production in the gasphase.

25, 36, 164

The reactivity of benzene and alkyl-substituted benzenes toward ∙OH radicals in the

gas-phase has been established.165 The ∙OH reaction with aromatics is the major sink of gas-phase
aromatics. Generally, two major pathways are accepted: ∙OH addition to the aromatic ring and
hydrogen abstraction; however, the OH addition is the more prevalent route and occur 90 % of the
time.166, 167 After OH∙ is added to the aromatic, an OH-aromatic adduct is formed, which can react
either with O2 or NO2∙, depending on the conditions. At a high NOx concentration, the NO2∙ pathway
becomes more competitive. Nevertheless, the O2 pathway is the dominant pathway (Figure 12). O2
abstract hydrogen from the OH-aromatic adduct leading to the phenol-like compound formation.
Alongside the phenolic compound formation, O2 can also be added to the OH-aromatic adduct,
which results in the formation of di-unsaturated carbonyls and organic nitrates or alkoxy radical
(depending on the conditions, Figure 12). The alkoxy radical in the presence of O2 produces different
α-dicarbonyls (glyoxal, methylglyoxal, and biacetyl).
In the hydrogen abstraction pathway, the initial step is the hydrogen abstraction of the methyl
substituent. If the NOx concentrations are sufficient, the main products resulting from this pathway
are aromatic aldehydes. In the absence of NOx, the products are aromatic hydroperoxides and
nitrates.4, 167
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Figure 12. Schematic representation of toluene/benzene reaction pathways in the presence of ∙OH
radicals in the gas-phase.167
The above-described mechanism of ∙OH reactivity is valid for unsubstituted aromatics and aromatics
with different alkyl substitutions in the gas-phase. In addition to forming SOA and BrC, this can also
be a source of important aqueous-phase organic precursors for aqSOA and aqBrC
It is known that SOA derived from the toluene and ∙OH/NOx reaction absorbs light in the absorption
range of BrC, in contrast to SOA formed by oxidation of limonene and α-pinene with ∙OH/NOx.168
The species that probably cause the absorption from the toluene-∙OH/NOx gas mixture are the
nitrocresols. In the first sequential reaction of toluene with ∙OH, cresol is formed via the mechanism
presented in Figure 12 (2). In the next step, cresol undergoes to nitration by NOx and other reactive
species, which arise from NOx/∙OH chemistry.25 In comparison to the aliphatic organonitrates with
negligible absorption in the BrC wavelength range,169 nitroaromatic compounds (NAC) absorb
radiation much more efficiently in this wavelength range.49, 82 Liu et al.170 showed that the SOA
generated from toluene and xylene absorbs radiation more efficiently than SOA derived from typical
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biogenic material (α-pinene, limonene). Furthermore, it has been shown that with higher NOx
concentrations, the light absorption of SOA from aromatics increases.

171, 172

It has also been

observed that at high NOx, the aromatic SOA has a more substantial nitrate to organic ratio, implying
that NAC (probably nitrocresols) is the leading cause of light absorption of SOA formed from
toluene. Fostner et al.173 identified different nitrophenols in SOA formed from toluene, xylene, and
trimethylbenzen (TMB) at high NOx conditions. It was found out that the BrC formation from
aromatics is sensitive to the substitution effect, which makes the understanding of BrC formation
from aromatics more complex.
Ageing of SOA formed from guaiacol (2-metoxyphenol) in the presence of ∙OH radicals can also
contribute to BrC.174 Even SOA formed from guaiacol, and ∙OH radicals absorbs light; their massspecific absorption coeficient (MAC) in wavelength range from 300 – 500 nm is by two to three
orders of magnitude lower than the MAC for SOA containing NAC.48 The density function theory
(DFT) calculation showed that catechol is preferably formed from the mixture of phenol and
∙

OH/NOx, while the formation of nitrophenol from such mixture is less probable. NO2∙ is added to

OH-phenol adduct, and after HONO is eliminated, the catechol is formed, while high barriers hinder
the nitrophenol formation. Nitrophenol can be formed by the addition of NO2∙ to the phenoxy
radical.175
Moreover, secondary BrC can be formed in the reaction of aromatics with ozone. 176 The ozonolysis
of aromatics, such as catechol or guaiacol, under different conditions, results in the formation of
highly oxidized molecules (HOM) containing only carbon, oxygen, and hydrogen. Among others,
mucconic acid is expected to be formed by ozonolysis of catechol.177, 178 Significant light absorption
is assigned to the carbonyl functional group (C=O) of esters, anhydrides, carboxylic acids, ketones,
and quinones, which absorb light less effectively than NAC does. The noteworthiness of NAC as
essential constituents of BrC in the gas and particulate phase of ambient samples is already
recognized76. In support of this, NAC, such as nitrobenzene, nitrophenol, nitrocatechol,
nitroguaiacol, and nitrosalicylic acid, have a broad absorption cross-section (> 10-17 cm2
molecule-1)179, which means that such compounds absorb light efficient even if present in low
concentration. The formation of these BrC compounds in the gas-phase from aromatic precursors
depends strongly on the NOx concentration; it is recognized that with increasing NOx concentration
the mass ratio of NAC increases, while the yield of ring-opening products decreases.25, 180
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1.5.2
a)

Aqueous-Phase BrC Formation from Aromatic Precursors
∙

OH, NO3∙ and SO4−∙ radical initiated BrC formation

Water is omnipresent in the troposphere, and atmospheric liquid water represents an essential
medium for aqueous-phase reaction pathways, which are unlikely to occur in the gas phase. Recent
studies have suggested that the chemistry of aromatics in atmospheric liquid waters contribute up to
10 % to SOA mass.41 About 54 % of nitrocatechols are oxidized in the aqueous-phase, while 37 % of
nitrocatechols are formed in atmospheric aqueous-phase under polluted tropospheric conditions (high
NOx conditions).41 As already mentioned, the major monocyclic aromatic compounds are toluene,
benzene, xylene, and different alkylbenzenes. Because of their very low Henry’s law constants, 181,
they are mainly present in the atmospheric gas-phase. However, after functionalization in the gasphase, the new products, such as phenolic-like compounds (e.g., phenol, cresols, catechols), show
much higher water solubility than the precursor compounds.181
Aqueous-phase reactions can significantly contribute to the production of functionalized aromatic
compounds with different toxicological and optical properties in comparison to their precursors.
Aqueous-phase chemistry also plays a vital role in the degradation of harmful aromatics produced in
the gas phase. The partitioning ratio of aromatic compounds between the gas and aqueous phase is
expressed as (P):
𝑐𝑎𝑞

𝑃=𝑐

𝑔𝑎𝑠

(1)

× 𝐿𝑊𝐶

where the ratio of aqueous-phase versus gas-phase concentration of a certain compound (caq/cgas)
represents a dimensionless Hcc, and the LWC is the liquid water content often expressed as a liquid
water mixing ratio wL, in volume water/volume air. Aromatic compounds are marked as important
for aqueous-phase reactions if their P exceeds the lower limit of 1 × 10-3.41 Taking into account that
LWC for clouds range from10-8 to 10-6 m3(water) m-3(air)4 the expression (1) reveals that only aromatic
compounds with Hcc greater or equal to 103 are important for aqueous-phase chemistry. To date there
are many kinetic studies of aromatic compounds in the aqueous phase, which consider only the
degradation kinetic, not taking into account the formation mechanisms of new compounds.98
∙

OH, radicals. After aromatic compounds dissolve in atmospheric water, they undergo the reactions

with ∙OH, NO3∙, and SO4-∙ radicals. Similar to aliphatic compounds, aromatics also react with the
radicals via three different mechanisms; i) addition on the aromatic ring, ii) abstraction of an H-atom
and iii) by electron transfer reaction.182 It is known that all highly substituted aromatics react with
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∙

OH radicals in the aqueous phase at almost the same rate as in the gas phase.41 More important are

the ∙OH radical reactions with dissociated aromatic acids, because their kinetic rate constants are
higher in comparison to those of the protonated acids.
Phenols, which are directly emitted or formed through the gas-phase ∙OH oxidation can react further
in the aqueous phase in the presence of ∙OH/NO2∙ forming different products which can be
characterized as BrC.183

Figure 13. Proposed mechanism for phenol oxidation and nitration.183
If both ∙OH and NO2∙ are present in the reaction solution two nitration mechanisms can occur: i) the
dominant addition-addition-elimination mechanism (Figure 13, R-6, R-8), and ii) the H-abstraction,
which contributes only 5% to the overall product formation.4 Dominant one i), the first step is the
addition of OH radical on the ortho or para position, which leads to the formation of
dihydroxycyclohexadienyl (DHCHD, R-6). In the second step, DHCHD is stabilized by the addition
of aqueous NO2, forming nitro products (2-nitrophenol (2NP) and 4-nitrophenol (4NP) as the
primary product) after water is eliminated. The H-abstraction mechanism ii) is followed by phenoxy
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radical formation, which reacts with NO2.184 ∙OH initiated nitration reactions are essential for
daytime atmospheric chemistry when ∙OH radicals are present.
Furthermore, these processes might be competitive with the gas-phase production of nitrophenolic
compounds.185 However, in the gas-phase the dominant product is 2NP, which confirms the
ascertainment that aqueous-phase reaction proceeds through different intermediates.186
Scheck and Frimmel187 showed that the aqueous reaction of phenol with ∙OH results in 1,2dihydroxybenzene (catechol) and 1.4-dihydroxybenzene (hydroquinone) formation. Because of the
high oxidation potential of ∙OH radicals (+ 2.80 V), the authors assumed that ∙OH radicals oxidize the
formed catechol and hydroquinone to the corresponding quinones, ortho- and para-benzoquinone.
Quinones are highly reactive, unstable and easily cleaved to aliphatic compounds, and so their
detection is not straightforward. They were not able to detect these species, but they detected
muconic acid, which is formed at the same time as catechol, suggesting that it is formed from the
catechol. To obtain a more in-depth insight into the mechanism, they conducted the aqueous reaction
of catechol with ∙OH radicals. The main observed product was Z,Z-muconic acid, which confirms the
assumption that muconic acid is formed by oxidative cleavage of catechol. Muconic acid is then
oxidized to maleic acid. It is also known that H2O2 can react with the double bond of muconic acidforming 2,3-dihydroxysuccinic acid.188 Maleic acid is further oxidized to oxalic acid and oxalic to
formic acid. It is vital to notice that ∙OH radicals alone in reactions with substituted aromatics do not
produce BrC directly. However, all formed acids in the chain of reactions are essential and contribute
to BrC formation, as it is described in section 1.3.1.
An essential route of BrC formation is the oligomerization/polymerization of phenolic compounds
initiated by ∙OH radicals.91 Gelencser et al.91 observed the color change of the solution mixture of
3,5-dihydroxybenzoic acid and ∙OH radicals, which were produced by the Fenton reaction and can be
representative of nighttime ∙OH radical activity. The evolution of absorbance at 400 nm was
attributed to the production of chromophoric, light-absorbing substances (Figure 5). Because the
lifetime of tropospheric clouds is in the same order of magnitude as the production of chromophoric
compounds from the experiment, such processes are likely to occur in tropical clouds. The authors
hypothesized that in an acidic solution (pH 4.5), phenol-like compounds are liable to generate the
phenoxy radical. In the absence of NO2∙, the phenoxy radical is stabilized by delocalization of
unpaired electron over the aromatic ring and its relevant substitution (Figure 15).
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Figure 14 Evolution of absorbance at a wavelength of 400 nm of the solution mixture containing 3,5dihydroxybenzoic acid and ∙OH radicals.91
The phenoxy radicals are highly colored and may remain in solution over periods of hours or days.
Nonetheless, it is also recognized that the short-lived coloring effect might also be attributed to the
transient adduct of the phenol-like substrates and the hydroxyl radical.189

Figure 15. Possible pathway of phenoxy radical formation and its stabilization.91
Phenoxy radicals may undergo radical polymerization via self-coupling to provide dimeric or
trimeric products, which are characterized as BrC compounds189 (Figure 16).

Figure 16. Possible pathways of phenoxyl radical dimerization.189
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Hoffer et al.190 characterized the products from the same mixture (3,5-dihydroxybenzene and ∙OH
radicals) using ESI-MS and found substances with molecular mass greater than 500 Da. They also
postulated that these compounds are a consequence of oligomerization rather than polymerization.
Similar behavior of the mixture of aromatics and ∙OH radicals was observed by Chang and
Thompson.89 They monitored the color development of the reaction mixture of different aromatics
(Figure 17), which can be found in the atmosphere, and ∙OH radicals. As a source of ∙OH radicals,
they used photolysis of H2O2.

Figure 17. Aromatic compounds tested in the study of Chang and Thomosn.89 I-Phnoel, II-phydroxybenzaldehyde, III-guaiacol, IV-vanilin, V-eugenol, VI-syringol, VII-4-methylsyringol, VIIsyringaldehyde,

IX-benzaldehyde,

X-resorcinol,

XI-catechol,

XII-phloroglucinol,

XIII-

veratraldehyde, XIV-pyrogalol, XV-2,4,6-trimethylphenol.
The color was more rapidly developed for the aromatics with hydroxyl or methoxy substitution in
ortho position to the phenolic OH. The same authors also showed that the para substitution generally
slowed down the formation of colored compounds compared to the unsubstituted form. Colored
products were the most rapidly formed form of pyrogallol, followed by syringol, resorcinol, and
guaiacol. Generally, the formation of the colored product increased with the degree of OH
substitution. An exception is the phloroglucinol (XII), which did not yield colored products at all.
After H-abstraction or ∙OH addition, pyrogallol forms more stable resonance structures, which allow
the formation of C-C dimeric compounds, while the phloroglucinol forms resonance structures in
which one of the OH group hinders the formation of C-C dimers. ESI-MS measurements revealed
that the colored products are compounds with the molecular mass of several hundred Da, confirming
the assumption of Gelenscer et al.91 that the mixture of aromatic compounds with ∙OH radicals
produce dimeric or oligomeric light-absorbing products.
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Sun et al.191 also observed the formation of C-C and C-O dimers and higher oligomers from guaiacol
and syringol in the presence of ∙OH radicals. They presumed that the dimers and oligomers are
formed via radical coupling of the formed phenoxy radicals. They also showed that dimers and
oligomers could be formed by direct photolysis of guaiacol and syringol, but they did not observe
dimers or oligomers from the reaction of phenol (I) with ∙OH radicals; they instead observed
hydroxylated products and oxidative cleavage products (aliphatic acids), similarly as Scheck and
Frimmel.187 Li et al.192 investigated the direct photolysis of vanillin and its photochemical oxidation
with ∙OH radicals. They observed the coloration of the reaction mixture and the formation of HMW
products only in the case of direct photolysis. In the reaction of ∙OH radicals with vanillin, they
observed ring-opening and highly oxygenated products with low molecular weights. However, using
higher concentrations of vanillin, they also observed the colorization of the reaction mixture.
Therefore, they concluded that a yellowish color might be dependent on the concentration ratio
between vanillin and ∙OH radicals. The results of Lu et al.193 suggest that oligomerization is an
important aqueous reaction pathway for phenolic-like compounds at the initial stage of photooxidation (with and without ∙OH). As the photo-oxidation proceeds, functionalization and
fragmentation become more critical processes, forming different functionalized aromatic and ringopening products. Moreover, it can be observed that ∙OH radicals are only initiators for BrC
formation; functionalized phenols with ∙OH (catechols, hydroquinones and galloles) do not pose
chromophores, which are characteristic for BrC.
NO3∙ radicals are especially crucial for nighttime chemistry. During daytime under the influence of
photons, NO3∙ photolyzed to NO∙ and O2.194 At room temperature, the kinetic rate constants for
reactions of aromatics with NO3∙ radicals range from 108 to 109 M-1 s-1, which is somewhat lower in
comparison to ∙OH radical reactions with aromatics (k > 109 M-1 s-1).41 However, the predicted
concentrations of ∙OH radicals (10-15 M)98 in cloud droplets are by two orders of magnitude lower in
comparison to the NO3∙ concentrations (10-13 M).98 On the basis of the calculated lifetimes,
Hoffmann et al.41 concluded that under urban environmental conditions NO3∙ radical is more critical
for oxidation of functionalized aromatic compounds than the OH radical. Moreover, it is also known
that phenol can react with NO3∙ to form NP in the gas-phase.195
In the aqueous-phase, NO3∙ reacts with functionalized aromatics via electron transfer (ET) and Habstraction pathway.196 The first step in the ET reaction is the charge-transfer complex (CTC)
formation.197 After NO2∙ addition and elimination of the HNO3 molecule, CTC is converted to
nitrophenols (NP). Via the H-abstraction reaction, the phenoxy radical is formed (Figure 13, R-4),
which (in the second step with NO2) produces NP (Figure 13, R-4a). This pathway can be significant
32

under certain conditions.198 Independently of the first step (abstraction or ET), at very acidic
conditions the only and critical intermediate is the phenoxy radical, which is nitrated by NO2∙,
forming a keto intermediate (Figure 18), which forms the NP after water elimination.

Figure 18. Phenol oxidation and nitration under very acidic conditions.183
Barzaghi et al.183 did not observe any formation of nitro derivatives in the reaction of NO3∙ and
phenol in aqueous solution at low NO2∙ concentrations. Therefore, it can be concluded that the role of
NO3∙ is only oxidative, the same as the role of ∙OH radicals.
As described above, all three formed intermediates (Figure 13, 7-hydroxy cyclohexadeinyl (HCHD),
5-phenoxy radical, and 6-aromatic radical cation) are essential for NP formation. The nitration
reactions of substituted aromatics are multistep (oxidation and nitration). The nitro-derivative
formation proceeds only under certain conditions: i) if enough oxidant is available to form the
reactive intermediate, and ii) if enough NO2∙ is available to complete the reaction with the
intermediate. Equilibriums link all three intermediates formed by oxidation of substituted aromatics,
and only HCHD and phenoxy radicals can react further to form NP. The rate constant for the reaction
of HCHD and NO2199 is three orders of magnitude higher than for O2 with HCHD;200 but due to
higher O2 concentrations in the atmospheric aqueous-phase (5 orders of magnitude higher compared
to NO2), the HCHD preferentially reacts with O2. As a consequence, the equilibrium between the
phenoxy radical, aromatic radical cations and HCHD is moved towards the HCHD, and the potential
reaction with phenoxy radical in the atmospheric aqueous-phase becomes less important.41 In
comparison to the gas-phase, NO3∙ radicals react with aromatics in the aqueous-phase by a kinetic
rate constant, which is higher by two orders of magnitude.182
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SO4−∙ radicals are also essential oxidants for aromatic compounds in the tropospheric aqueous phase.
SO4−∙reacts with aromatics via the ET or H-abstraction mechanism.97 The kinetic rate constants for
SO4- with aromatics are of the same order as for NO3∙. The predicted SO4- concentrations in cloud
droplets are about 10-14 M.98 Hoffmann et al.41 compared the calculated lifetimes of SO4-∙, NO3∙, and
∙

OH radicals, and they concluded that the SO4- radical could be important for aromatic oxidation in

the atmospheric aqueous-phase in an urban environment. Neta et al.201 measured the rate constants
for different substituted aromatics and SO4-∙, and they quantified the substitution effect using
Hammett plot (k / M-1 s-1 vs. σ / substituent constant). They showed that the electron-withdrawing
substitution causes a decrease in the rate constant in comparison to the donating substitution. For
example, the anisol reacts almost at the diffusion-controlled rate, while the nitrobenzene reacts with a
rate constant of ≤ 106 M-1 s-1.
In contrast, the Hammett plot for SO4−∙ and different substituted aromatics give a straight line with a
slope value of ρ = -2.4, which is comparable with ρ value determined for the reaction of ∙OH radicals
and substituted aromatics. ∙OH radicals react with aromatics most probably with an additional
mechanism, with a rate constant > 109 M-1 s-1. The substituent effect, for ∙OH radicals and different
substituted aromatics, gives a value of ρ near -0.5. Comparing the rate constants and ρ values, it can
be seen that SO4−∙ radicals react fast with aromatics, almost at the same rate as ∙OH radicals, but the ρ
value is five-time grater for SO4−∙, which means that these radicals react with higher selectivity with
aromatic compounds.
These inferences indicated that perhaps the SO4− radical does not react by the addition to the
aromatics ring, but most likely by an ET mechanism producing the aryl cation radical, which reacts
with water to form the HCHD radical.202. In support of the ET mechanism, O’Neil et al.203 observed
an aryl cation radical with electron spin resonance (ESR) from the reaction of SO4-∙and aromatics.
Some carboxylated aromatic derivatives in the presence of SO4−∙ undergo decarboxylation, forming
phenyl radicals.204 Another attractive pathway of the formed aryl cation radical is its reaction with
water forming an ∙OH functionalized aromatic.205 In the case of phenol and SO4−∙, the formation of
benzoquinone, 3-phenoxyphenol and hydroquinone was observed.206 It was assumed that all three
products are formed via aryl cation and phenoxy radical intermediate, which are formed by the ET
mechanism with SO4−∙. It is important to note that the quinolinic compounds and aromatic dimers
absorb light in the specific wavelength range for BrC. It has been recently shown that the ET
mechanism of SO4−∙ and different substituted aromatics strongly depends on the substitution. For the
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electron-donating substitutions the ET mechanism is more favored, while for aromatics with
electron-withdrawing, the substitution of the ET mechanism is not spontaneous.207

1.5.3

Nitration of Aromatic Compounds as a Source of BrC

The nitration of aromatics is an essential pathway of BrC formation in the atmospheric aqueousphase. As previously explained, aromatics can be nitrated via radical mechanisms. However, the
reaction becomes more complicated by taking into account ions (NO2− or NO3−, which may also
play a potential role in nitration), pH of the solution, sunlight, or nighttime conditions.
a)

Nitrating agents produced from nitrate

One of the most important ions in the atmosphere is the nitrate ion (NO3−), and in atmospheric
particles, NO3− is mainly present as ammonium (NH4NO3) or sodium nitrate (NaNO3). NO3− can be
formed by homogenous gas-phase or multiphase reactions involving NOx and ∙OH (R5).

208

In the

aqueous phase, NO3− can be formed by NO2− oxidation with dissolved oxygen or O3. NO3− is present
in atmospheric waters at an average concentration higher as 10-4 M.209
A significant pathway of aromatic functionalization with –NO2 group in the aqueous phase is the
nitration via the photolysis of NO3−:
𝑁𝑂3− + ℎ𝜈 + 𝐻 + → 𝑁𝑂2∙ + ∙𝑂𝐻

(R13)

The photolysis products (R13) can participate in the ∙OH oxidation of the aromatic, followed by NO2∙
addition to the formed intermediate. This mechanism represents an analogy of the gas-phase
mechanisms. However, aqueous-phase reactions proceed through different intermediates. For
example, NO2∙ in the gas phase is almost unreactive towards aromatics, but in the aqueous phase, it
forms a dimer N2O4,210, which can react directly with aromatic to produce NAC.211 It is known that
NO3− photolysis in aqueous solution also yields NO2∙/N2O4, HONO and peroxynitrous acid
(HOONO).
𝑁𝑂3− + ℎ𝜈 + 𝐻 + → 𝐻𝑁𝑂2 + [𝑂]

(R14)

2𝑁𝑂2∙ ⇄ 𝑁2 𝑂4

(R15)

𝑁2 𝑂4 + 𝐻2 𝑂 → 𝐻 + + 𝑁𝑂3− + 𝐻𝑁𝑂2

R16)

In alkaline medium, N2O4 reacts with OH−: 212
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𝑁2 𝑂4 + 𝑂𝐻 − → +𝑁𝑂2− + 𝑁𝑂3− + 𝐻2 𝑂

(R17)

In addition to the NO2 dimer, the HONO reactivity and its ability as nitrating agent for aromatic
compounds are also known

97,98

and will be discussed later. HOONO is another important nitrating

agent, which can be formed by the photolysis of NO3−:
𝑁𝑂3− + ℎ𝜈 → 𝑂𝑁𝑂𝑂−

(R18)

𝑂𝑁𝑂𝑂− + 𝐻 + ⇄ 𝐻𝑂𝑂𝑁𝑂

(R19)

HOONO (an isomer of nitric acid) is a weak acid (pKa ≈ 7) and a powerful nitrating agent able to
nitrate phenol, benzene, and naphthalene.211 HOONO can also be formed by the reactions: 213, 214
𝐻2 𝑂2 + 𝐻𝑁𝑂2 → 𝐻𝑂𝑂𝑁𝑂 + 𝐻2 𝑂
𝑁𝑂∙ + 𝑂2−∙ (+𝐻 + ) → 𝐻𝑂𝑂𝑁𝑂

(R20)
(R21)

HOONO is unstable in aqueous solution and rapidly decomposes via different reactions to nitrate:214
𝐻𝑂𝑂𝑁𝑂 ⇄ [ ∙𝑂𝐻 + 𝑁𝑂2∙ ]𝑐𝑎𝑔𝑒

(R22)

[ ∙𝑂𝐻 + 𝑁𝑂2∙ ]𝑐𝑎𝑔𝑒 ⇄ ∙𝑂𝐻 + 𝑁𝑂2∙

(R23)

[ ∙𝑂𝐻 + 𝑁𝑂2∙ ]𝑐𝑎𝑔𝑒 → 𝑁𝑂3− + 𝐻 +

(R24)

Vione et al.,130 observed the formation of NP in the mixture of HONO, H2O2, and phenol. The initial
rate of NP formation increased with decreasing the pH of the solution, which was following the
electrophilic nitration mechanism (Figure 19).

Figure 19. Initial formation rate of 2NP and 4NP as a function of pH.130
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In the presence of HOONO, nitration can take place by the generation of NO2+ that might be formed
in acidic solution upon protonation of HOONO.215 The rate of NP formation in the mixture of
HONO and phenol alone was by order of magnitude lower in comparison to when H2O2 was
additionally present. The addition of 2-propanol strongly inhibited the NP formation. The
consumption of HOONO with 2-propanol would shift the equilibrium in reaction R23 towards the
products, suggesting that NO2 (or its dimer) is probably not responsible for phenol nitration.
Vione et al.211 showed that naphthalene (N) could not be nitrated in the presence of HONO alone.
Only after H2O2 is added to the mixture of HONO and N was the nitrated product observed. The
initial rate of 1-nitronaphthalene (1-NN) formation in the presence of HOONO showed the same pH
trend as in the case of phenol (a), which indicates an electrophilic nitration pathway. Such a
conclusion is supported by the fact that the electrophilic nitration of N produces mostly 1-NN. 2propanol inhibits the formation of 1-NN in the presence of HOONO, which is another similarity with
NP formation. In addition to 1-NN, also 2-nitronaphthalene (2-NN) is produced; the initial rate pH
dependence is more complicated than in the case of 1-NN (b), suggesting two mechanisms for 2-NN
formation (electrophilic at lower pH, and different mechanism at higher pH). A similar conclusion
can also be made from the experiment with 2-propanol. At lower pH, the 2-NN formation is only
partially inhibited, so the process is partially electrophilic (2-propanol reacts with NO2+, formed from
HOONO).

Figure 20. Initial formation rate as a function of pH and the influence of added 2-propanol on the
initial rate; a) for 1-NN and B) for 2-NN.211
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At higher pH, the inhibition of 2-NN formation is negligible, suggesting another nitration
mechanism. Among the proposed nitration agents (HOONO, ∙OH+NO2∙, and NO2∙/N2O4),211 the
nitration by direct attack of HOONO is the most likely one for 2-NN formation. In the case of N,
HOONO attack the position 1 (by the oxygen atom bonded to hydrogen), which is more electron-rich
and the preferential addition site for many other species.216 Such interaction of HOONO and N can
induce a hemolytic cleavage of HOONO similar as in reaction R22. OH remains at position 1, while
NO2 can be added to position 2, forming 1-hydroxy-2-nitro-1,2-dihydronaphthalene. After water is
eliminated from this intermediate, 2-NN can be formed. This pathway is also known for gas-phase
nitration.217, 218
HOONO can also be responsible for phenol, nitrobenzene (NB), and NP formation in the aqueous
phase of benzene.129 Benzene is first transformed to phenol and NB, as the central primary
intermediates. 2NP and 4NP are formed later, mainly by phenol nitration. The pH dependence of the
initial rate for NB formation is not in accordance with an electrophilic pathway (Figure 21). The
authors observed a minimal effect of 2-propanol on NB formation (Figure 21), while it inhibits
phenol formation.

Figure 21. pH dependence of the initial rate of phenol and Nnitrobenzene formation and the effect of
the addition of 2-propanol.129
Since 2-propanol is an ∙OH radical scavenger, its small inhibiting effect confirms that ∙OH does not
initiate the NB formation. Therefore, possible benzene nitration pathways are i) by ∙OH+NO2∙ and
NO2∙/N2O4 as two parallel processes. In the absence of 2-propanol, ∙OH+NO2∙ plays an important
role, while in its presence, NO2∙/N2O4 prevails, and ii) the NB formation can be initiated by HOONO,
the same as in the case of N.
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The critical role of HOONO/ONOO- as nitrating and hydroxylation agent has been recognized.215
Nobuaki et al.,215 studied the nitration of different p-substituted phenols in the presence of
HOONO/ONOO- in an aqueous solution at pH 7. They showed that the electron-donating
substitution increases the nitration rate, while it is retarded in the case of electron-withdrawing
substitutions (ρ = –1.3). Based on the Hammett plot for quantification of the substitution effect, in
the case of the σm Hammett coefficient, they observed very poor correlation with the relative rates,
but for σp+, the correlation with the relative rates was significant (Figure 22a and b).

Figure 22. Hammett's plot: a) relation between σm and a logarithmic relative rate at pH 7 and b)
relation between σp+ and a logarithmic relative rate at pH 7.215
The weak correlation between the logarithmic relative rates and σm suggests that the initial
electrophilic attachment of NO2+ ion to the meta position to the substitution X is disfavored (Figure
22a). Interestingly, they also observed an excellent correlation for the logarithmic relative rates
versus the reduction potential of p-substituted phenoxy radicals (Figure 23).
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Figure 23. Logarithmic relative rates versus the reduction potential of phenoxy radicals.215
These results indicate that the p-substituted phenols undergo electrophilic attack by a reactive species
in situ generated from peroxynitrous acid. The authors of this study215 suggested a possibility, in
which the N-O bond in HOONO is heterolytically cleaved to form NO+ and HOO-:
𝐻𝑂𝑂𝑁𝑂 ⇄ [𝑁𝑂+ + 𝐻𝑂𝑂− ]𝑐𝑎𝑔𝑒 → 𝑁𝑂+ + 𝐻𝑂𝑂−

(R25)

𝑂𝑁𝑂𝑂− + 𝑁𝑂 + → 2𝑁𝑂2

(R26)

The formed NO+ is capable of oxidizing phenolic compounds to the corresponding cation radical
(Figure 24).

Figure 24. p-substituted phenol nitration and oxidation.215
Furthermore, the formed NO+ can also react with the peroxynitrite (ONOO-) to form two molecules
of NO2 (R26). The cation radical is deprotonated, forming a phenoxy radical (Figure 24), which
either is combined with NO2 to give NP (2) or is oxidized to form substituted catechol (3).
Kroflič et al.

47

proposed a mechanism for nitroguiacol (NG) and dinitroguaicaol (DNG) formation

under different atmospheric conditions (Figure 25).
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Figure 25. Proposed reaction scheme of guaiacol transformations in acidic solution of sodium
nititte:1- GUA, 2-4NG, 3-6NG, 4-DNG.47
In the dark and in the presence of HONO alone, guaiacol (GUA) is very well nitrated producing 4nitroguaiacol (4NG) and 6-nitroguaiacol (6NG) (Figure 26). Kroflič et al47 excluded HONO as a
reactive nitrating agent.

Figure 26. Experimental data of guaiacol, 4-nitroguaiacol, and 6nitroguaiacol nitration in acid
solution (pH 4.5) in the dark upon the addition of 1 mM NaNO2 (symbols) and modeled curves
according to the proposed reaction scheme (solid lines): a-c)without H2O2 and d-f) in 1 mM H2O2.
Symbol used: guaiacol (blue), 4-nitroguaiacol (green), 6-nitroguaiacol (dark grey), dinitroguaiacol
(orange), NO2− (cyan).47
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If HONO is the nitrating agent, then the rate of 6NG nitration in Figure 26 a, d should be similar to
the rate of 6NG nitration in Figure 26 b, e, because of nearly the same conditions being applied
(initial concentration of 6NG and HONO). However, more likely, the nitrating agent is formed in situ
from HONO. Therefore, GUA and NG compete for the nitrating agent, and the formed nitrating
agent prefers to react with GUA, which is a reactive aromatic compound. Until GUA is present in the
reaction mixture, the nitrating agent will react only with GUA. However, after GUA is consumed,
then the nitrating agent can react with NG to form DNG. The authors proposed that HONO can be
oxidized in an acidic solution forming nitronium ion (NO2+):
𝐻𝑂𝑁𝑂 + 𝐻 + + [𝑂]𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 → 𝑁𝑂2+ + 𝐻2 𝑂

(R27)

NO2+ is well known as an effective nitrating agent, which reacts selectively with reactive aromatics.
It is also suggested that the dissolved oxygen can react with GUA or other impurities (i.e., catechol)
to produce hydroquinone and H2O2, which can yield NO2+ in the reaction with HONO (R20). These
conclusions were supported by the experiment without oxygen. After oxygen was expelled from the
reaction mixture, the nitration of GUA or NG did not occur.
With the addition of H2O2 to the mixture of HONO and GUA, the nitration of GUA, 4NG, and 6NG
was faster in comparison when only HONO was present in the mixture (compare Figure 26 a-c with
Figure 26 d-f). This can be explained by the significant formation of HOONO (R20), which is a
substantial source of NO2+. Figure 26d shows that after all GUA is consumed (ca 36 h), the DNG
formation starts. In the dark, the nitration of 6NG is more preferred than 4NG, without and with
H2O2 presence. Figure 26a, and d also shows a substantial lag-time for DNG formation. Therefore,
the formation of DNG was considered as a secondary process.
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Figure 27. Experimental data of guaiacol, 4-nitroguaiacol, and 6-nitroguaiacol nitration in acidic
solution (pH 4.5) under simulated sunlight conditions upon addition of 1 mM NaNO2 (symbols) and
modeled curves according to the proposed reaction scheme (solid lines): a-c) without H2O2 and d-f)
in 1 mM H2O2. Symbols used: guaiacol (blue), 4-nitroguaiacol (green), 6-nitroguaiacol (dark grey),
dinitroguaiacol (orange), NO2− (cyan)
Under the simulated sunlight conditions, the lifetime of GUA substantially decreases (Figure 27a, d),
while the reactivity of 6NG and 4NG is similar. The different reactivity of NG under sunlight
conditions and in the dark indicates that there are at least two nitrating agents with different
influences of illumination on their concentration profiles. In their experimental-modeling study,the
authors suggested that under sunlight conditions in addition to NO2+, NO2∙ also could play an
important part in the nitration. Furthermore, other radicals species were considered to contribute to
the nitration (∙OH, NO, and NO2−*). H2O2 had little influence on the reaction under sunlight
conditions. Another noticeable difference under sunlight conditions is the change in DNG formation
that perfectly matches with the total GUA conversion in the reaction mixture (Figure 27a, d). The
sigmoidal shape of the DNG concentration profile can be attributed to the different kinetic rate
constants of electrophilic nitration of GUA (≈105 M-1 s-1), 6NG (≈102 M-1 s-1), and 4NG (≈101 M-1 s1

). The NO2+ electrophile prefers more activated aromatics such as is GUA, and after all GUA is

consumed, NO2+ reacts with the NG.
Vione et al.219 proposed the nitration of phenol via NO2∙/N2O4, which is formed by the photolysis of
NO3− (R13 and R15). They considered three different possibilities for the nitration reaction
depending on the applied conditions (pH, oxygen present or not, scavenger present or not) (Figure
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28). The proposed pathway A starts with an addition of NO2 to the aromatic ring producing a
reactive intermediate (ortho- or para-hydroxynitrocyclohexadienyl). In the presence of oxygen, it
abstracts the hydrogen atom from the intermediate yielding NP. The hydrogen atom can also be
abstracted with another NO2 molecule leaving behind NP. Pathway B involves an electrophilic attack
of the N2O4.220 The pathway C is known for the gas phase and represents the ∙OH radical-mediated
nitration.

Figure 28.Proposed pathways of phenol nitration in the presence of products of NO3− photolysis
products.219
By adding 2-propanol to the reaction mixture, the authors observed an increase of NP production
(2NP and 4NP) in the pH range of 3 to 6. The 2-propanol most probably scavenges the ∙OH from the
reaction R13 and inhibits the recombination of ∙OH and NO2∙ to yield NO3− (R24).221 An increase in
NP production in the presence of 2-propanol rules out pathway C as the major one (when oxygen is
present). In addition to NP, the authors also observed the formation of catechols, hydroquinones, and
resorcinols. Via the pathway C intermediates, R1 and R2 react with the ∙OH radicals producing
hydroxylated products, which were not observed in the presence of 2-propanol. When oxygen is
present, the dominant mechanism for NP formation is pathway A. Without oxygen; pathway A is
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only slightly inhibited. Furthermore, at pH > 2, the net production of NP is increased due to the
contribution of pathway C, which is activated in the absence of oxygen.
Machado and Boule220 studied the transformation of phenol and catechol in the presence of NO3−
photolysis products (NO2∙ and N2O4). They determined that phenol is transformed to catechol, 2NP,
4NP, and 4-nitrosophenol (4NOP), while catechol to hydroxybenzoquinone and 4-nitrocatechol
(4NC). Catechol and hydroxybezoquinone are formed by the reaction of ∙OH radicals with the
aromatic substrates. Nitro and nitroso derivatives cannot be formed by the reaction of NO∙ and NO2∙
with phenoxy radicals, which results from the ∙OH oxidation of the substrate. Specifically, nitration
and nitrosation occur even in the presence of OH radical scavenger (format), which excludes the ∙OH
mediated nitration pathway as an important one.

Figure 29. Schematic of nitro and nitroso derivatives formation for the reaction of aromatics and
NO2∙.220
The authors suggested that nitration and nitrosation occur due to the presence of NO2∙ in the solution
and proposed NO2∙ and N2O4 as the main nitrating agents, which react with the substituted aromatics
directly to produce nitro and nitroso compounds (Figure 29).
Coombes and Diggle222 proposed the nitration of phenol with NO2∙/N2O4 through two stages, the first
is the hydrogen abstraction from the hydroxyl group by NO2∙, leaving behind HONO and the second
includes the reaction of the formed phenoxy radical with another NO2∙ molecule.
Another nitrating agent, N2O5, is formed mainly during the night in the gas phase, when NO3∙ can be
accumulated and reacts with NO2∙, forming N2O5.211 In the aqueous phase, N2O5 dissociates to NO2+
and NO3−. Heal et al. 223 performed an interesting experiment by purging the solution of phenol with
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gas flow containing N2O5. They observed the formation of 2NP, 4NP, and 4NOP. In the solution,
phenol and water compete for the nitrating agent NO2+, which is continuously generated by phase
transfer of N2O5 from the gas to liquid phase. Therefore, the overall NO2+ production in solution was
assigned to a constant flux. NO2+ reacts with water with the pseudo-first-order rate coefficient (kw),
while with phenol NO2+ with a bimolecular rate coefficient (k2). The calculated rate constant ratio,
k2/kw = 300 M-1 for pH 6, indicates that the substituted aromatics, such as phenol, are more effective
nucleophiles than water. This conclusion supports the assertion that NO2+ can be a crucial nitrating
agent in a dilute aqueous solution of substituted aromatic compounds.
b)

Nitrating agents produced from nitrite

Nitrite (NO2−) is another critical ion, which is present in the atmospheric waters and has an integral
part in NAC formation. NO2− can be formed in the atmosphere (Reactions R2, R3, R4, and R6) or
can be emitted directly from soils. The NO2− concentrations in atmospheric waters vary between 10−7
and 10−6 M, which is somewhat lower in comparison to NO3−. However, because of its reactivity,
NO2− is just as crucial as NO3− in atmospheric aqueous phase reactions.224 In neutral and alkaline
aqueous solutions, NO2− can induce phenol nitration.225 Patnaik and Khoury225 observed the NP
formation (2NP and 4NP) from the mixture of phenol and NO2−, where 2NP was the primary
observed product. Under such conditions (alkaline and neutral pH, in the dark), reactive species, such
as NO2∙, ∙OH, O2−, NO∙, and NO2+, can be excluded as potential nitrating agents. A kinetic study
showed that the reaction is first order in NO2− concentration; therefore, they suggested that NO2− is
the attacking species. The fractional-order of 0.4 concerning the phenol concentration refers to the
presence of an induction period, in which phenol probably is converted to phenoxide ion, which is
more susceptible to NO2− attack. Electron-donating group -O− from the phenoxide ion activates more
the –ortho position, which results in favorable attack of NO2− on the ortho position and 2NP
formation.
The photolysis of NO2− is also an essential source of reactive nitrating species. Excitation of NO2− in
the presence of phenolic compounds may induce oxidation, nitration, and nitrosation. NO2− absorbs
light in the UV range more efficiently that NO3− does, and the photodissociation of NO2− leads to the
formation of reactive species such as ∙OH, O2−, hydrated e−, NO2∙, and NO∙, which can promote the
transformation of substituted aromatics.224 NO2− absorbs light at a wavelength shorter than 400 nm,
and its photolysis produces NO2∙, NO∙, and ∙OH:
(R28)

𝑁𝑂2− + ℎ𝜈 → 𝑁𝑂∙ + 𝑂−∙
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𝑂−∙ + 𝐻2 𝑂 → ∙𝑂𝐻 + 𝑂𝐻 −

(R29)

𝑂𝐻 + 𝑁𝑂2− → 𝑂𝐻 − + 𝑁𝑂2∙

(R30)

∙

(R31)

−
𝑁𝑂2− + ℎ𝜈 → 𝑁𝑂2∙ + 𝑒𝑎𝑞

In the presence of oxygen, eaq− reacts with it to produce H2O2 and NO2∙:
−
𝑂2 + 𝑒𝑎𝑞
→ 𝑂2−∙

(R32)

𝑂2−∙ + 𝑁𝑂2− + 2𝐻 + → 𝐻2 𝑂2 + 𝑁𝑂2∙

(R33)

Machado and Boule220 noticed that NO2− excitation products in the presence of phenol produce
4NOP, hydroquinone, catechol, and benzoquinone in the buffered reaction solution (pH 7, to prevent
the dark reaction of HONO). In the deoxygenated solution, only 4NOP was formed, which could be
connected to the reaction with NO2. The other oxidation products, hydroquinone, catechol, and
benzoquinone, were most probably produced via oxidation initiated by OH. In the reaction of
resorcinol, they220 observed the formation of 4-nitrosoresorcinol (4NOR) and 2,4-dinitrosoresorcinol
(DNOR); DNOR was assumed to be a secondary product from NOR. From an earlier study, it is
known that NO2 (gas) can induce the formation of 4NOR and DNOR in the solution of resorcinol,
while in the presence of NO (gas), no nitroso products can be formed.226 The nitrosation does not
occur for catechol and hydroquinone; however, nitrocatechol (NC) and hydroxybenzoquinone are
formed. The OH scavenger completely inhibits the formation of hydroxybenzoquinone from
catechol, indicating that OH is involved in its formation. However, the formation of NC is only
slightly inhibited by OH scavenger. The presence of a NO2/N2O4 nitrating agent can explain the NC
formation. In the case of nitrosation, Machado and Boule220 suggested that the main nitrosation agent
is N2O3 :
(R34)

𝑁𝑂2∙ + 𝑁𝑂∙ → 𝑁2 𝑂3

Figure 30. Scheme of nitroso derivatives formation from the reaction of aromatics and NO2.220
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Even if in this study the UV/VIS absorption of the nitroso compounds was not measured, it is already
known that such compounds absorb light in the  range characteristic for BrC.
Vione et al.

224

studied NP formation from UV irradiated aqueous solution containing phenol and

NO2−. They proposed several pathways of NP and NOP formation (Figure 31). NO2∙/N2O4 can be
formed during the photolysis of NO2−, which is a potential nitrating agent. The mechanism via
NO2∙/N2O4

(Figure

31a)

may

proceed

through

two

radical

intermediates,

hydroxynitrocyclohexadienyl or phenoxy radical. In the first step, NO2∙ or N2O4 probably reacts with
phenol with hydrogen atom abstraction or with addition to the aromatic ring. The direct electron
transfer between phenol and NO2∙/N2O4 is also thermodynamically possible:
𝑃ℎ𝑒𝑛𝑜𝑙 + 𝑁𝑂2∙ → 𝑃ℎ𝑒𝑛𝑜𝑙 +∙ + 𝑁𝑂2−

(R35)

The aryl cation radical is an unstable, strong acid (pKa = −1.9), which rapidly dissociates to phenoxyl
radical in aqueous solution:
(R36)

𝑃ℎ𝑒𝑛𝑜𝑙 +∙ → 𝑃ℎ𝑒𝑛𝑜𝑙 ∙ + 𝐻 +

The formed radical intermediates react with another NO2∙ to produce NPs. Phenol can also be
nitrated with a molecular mechanism including an electrophilic attack of N2O4 (Figure 31b), which is
also described for the NO3− photolysis.220 The third pathway (Figure 31 c) is the formation of NOP,
which can be rapidly oxidized to the NP.

Figure 31. The proposed reaction mechanism for phenol nitration by nitrite photolysis.224
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In general, the dissolved oxygen favors the NP formation. One possible explanation is that in the
presence of oxygen, the NO2∙ concentration is higher due to the contributions of reactions R32 and
R33 to the overall NO2∙ concentration. In the absence of oxygen, the rate of NOP formation is higher
in comparison to the aerated solution. Nitrosation is proposed to occur via the electrophilic
substitution by N2O3, which is formed through the reaction R34. The N2O3 does not depend on the
oxygen concentration. The lower yield of NOP in the aerated solution is probably because of the
reaction of NO∙ or N2O3 with H2O2, which originated from reaction R32. As NP and NOP are
produced in a comparable amount, the NP production via NOP oxidation in the presence of oxygen
represents a relevant pathway of NP formation. However, the formation of NP in the absence of
oxygen suggests that the NOP oxidation is not the only path of NP formation. The addition of 2propanol only partially inhibits the NP formation, while the NOP formation is completely inhibited.
In the presence of 2-propanol, the formation of H2O2 is enhanced224, and the H2O2 oxidizes NO∙ or
N2O3, which leads to the depletion of the nitrosation agent, which consequently leads to the
inhibition of NP formation through mechanism c.
The NP formation from phenol upon NO2− irradiation was also observed to be pH dependent.227

Figure 32. Nitrophenol formation in dependence of pH. The initial concentration of phenol and
nitrite was 1.1 ⨉ 10.-3 M and 0.1 M. The pH was adjusted with the addition of HClO4. The
homogeneous mixture was irradiated at 360 nm; a) 2-nitrophenol and b) 4-nitrophenol.227
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Figure 32 shows that the NP formation increases as pH decreases; the reason can be in pH-dependent
NO2 production in reactions R28 and R29228. Nevertheless, the protonation of O−∙ (which is formed
in R29) in aqueous solution is very fast (pKa = 11.9), and therefore, it cannot explain the pH effect in
the range of 3 - 10.5. In contrast, the photolysis of HONO (protonated form of NO2−) is more
efficient than NO2− photolysis:228
𝐻𝑂𝑁𝑂 + ℎ𝜈 → 𝑁𝑂∙ + ∙𝑂𝐻

(R37)

𝑂𝐻 + 𝐻𝑂𝑁𝑂 → 𝑁𝑂2∙ + 𝐻2 𝑂

(R38)

∙

It is important to emphasize that the absorption coefficient for HONO at 360 nm is 1.7 times that of
NO2−. Because of the pKa of HONO (different values reported, from 2.9 to 3.5), more HONO will be
present at lower pH. If pKa of HONO is 2.9, then at pH 4.5, the ratio of [NO2−]/[HONO] will be ≈40.
As a result, the photolysis of HONO will increase the NO2∙ production by 55% at pH 4.5 in
comparison to pH 6.5.227 The pH dependence of the initial rate of NP and NOP formation (Figure 33)
shows a similar trend to an acid-base equilibrium curve for both nitration and nitrosation, with very
similar pH1/2 (where pH1/2 represent the inflection or equivalent point on the curves in Figure 33).
The similarity is somehow expected because 50 % of the NP is formed through NOP oxidation.224

Figure 33. pH dependence on the initial rate of NP and NOP formation upon NO2− irradiation.227
To evaluate the influence of HONO at acidic pH, Vione et al.

227

performed the experiments in the

dark at pH 2 and compared them with the experiments under irradiation.
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Figure 34. Comparison of the NP and NOP formation under dark and irradiation conditions.227
It can be seen that the amount of NP and NOP produced, both in the dark and under illumination, are
of comparable amount (Figure 34). At acidic pH, concerning the initial rates, the dark process
prevails over the photolytic one. HONO is relatively unstable specie, and it rapidly thermally
decomposes to NO2 and NO:119
2𝐻𝑂𝑁𝑂 → 𝑁𝑂2 + 𝑁𝑂 + 𝐻2 𝑂

(R39)

The pH at the equivalent point (pH1/2, Figure 33) for NP and NOP matches well with the pKa of
HONO; thus, the acid/base equilibrium of HONO/NO2− can probably explain the effect of pH on
phenol nitration and nitrosation. Also, Vione et al.224 estimated that the thermal decomposition of
HONO contributes much more to the net NO2 concentration than the photolysis did.
Consequently, the pH dependence of nitration and nitrosation can be explained by the reaction R39,
which also leads to the enhanced formation of N2O3, which is probably the nitrosation agent.
Because of the pKa of HONO, at the neutral pH, the HONO concentration is not sufficient to make
the reaction R39 important. Therefore, at neutral pH and under irradiation, the NP and NOS
formation are due to the reactions; R28, R29, R30, and R31.
To get a more in-depth insight into the dark reaction of HONO with phenol, Vione et al.,129 carried
out a detailed kinetic study on the initial rate of NP and NOP formation at different pHs, total NO2−,
and phenol concentrations. Their study showed that HONO could transform phenol to 2NP, 4NP,
and NOP in the dark and under mild conditions. Based on the observed pH dependence, the NO+ as
reactive species were excluded. The NOP oxidation contributed only 20% to the NP formation. The
NO2/N2O4 and N2O3 were also excluded as nitrating and nitrosating agents. They pointed out that the
51

obtained results are in good agreement with the hypothesis that HONO itself is a reactive nitrating
and nitrosating agent. Although these studies are of great importance, they do not explain the
detailed mechanism of HONO initiated nitration. To completely understand the role of HONO in the
environment, it is of utmost importance to understand every step in the nitration mechanism. Very
recently, Kroflič et al.229 published an extensive study on the complex role of HONO in aromatic
nitration and demonstrated an essential role of phenoxy radical as intermediate in NAC formation.
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2. Aims of the Doctoral Thesis
Laboratory and modeling studies, as well as research on the theoretical chemistry of BrC, are
required to understand better and mitigate BrC effects on the climate and environment. For
parameterization of BrC for atmospheric and climate modeling, basic research on BrC chemistry,
such as the mechanistic studies of individual components of BrC, should be conducted. The
mechanistic study of BrC formation represents the motivation of the thesis; so, the main goal is to
contribute to the understanding of MNCs formation mechanisms, which are suggested as the major
contributors to atmospheric BrC. It is believed that 3-methylcatechol (3MC) could be the precursor
for MNC in the atmosphere49. There is also evidence, that catechols can be nitrated in aqueous
solution in the presence of HONO/NO2− mixture under mild conditions.230 Therefore, the research in
the Ph.D. thesis is divided into two main parts:
1. The crucial purpose of the first part is to elucidate the reaction mechanisms of dark 3MC nitration
in the presence of HONO/NO2− under atmospheric aqueous-phase relevant conditions.
2. The second part includes the daytime aqueous-phase chemistry of 3MC. Daytime aqueous-phase
chemistry implies the study of the reaction of 3MC and HONO/NO2− under simulated sunlight
conditions. Because the BrC formed during these reactions are organic chromophores, which are
more or less susceptible to degradation, their optical properties can be altered by aqueous-phase
photochemical processing. Consequently, the change of the solution absorptive properties resulting
from photochemical aging was also studied within the second part of the thesis.
Within the scope of the thesis, the identification of the main ring-retaining or ring-cleavage reaction
products, resulting from the daytime and nighttime atmospheric aqueous-phase reactions is important.
The identified unknown products in the reaction mixtures should be investigated also in ambient
aerosol particles.
The results of this study, kinetic and mechanistic parameters, can be used in atmospheric multiphase
models. It should be noted that the scientific understanding of SOA and BrC is becoming improved
by the combination of new SOA and BrC sources, and the aqueous-phase SOA and BrC formation
and aging. Although aqueous-phase SOA formation might not fully resolve the open questions of
missing SOA sources, it contributes an integral part to it and helps in closing the existing gap
between models and field observation. On the other hand, understanding the environmental effect of
BrC formation and aging mechanisms contributes to the understanding of BrC contributions to the
Earth’s radiative forcing.
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3. Experimental
This chapter comprises a description of all the chemicals and experimental methods used in the
thesis. Some of the chemicals are not commercially available; therefore, they were synthesized and
purified in house. Aqueous-phase reactivity of nitroaromatic compounds under different conditions
was examined by using a custom-built reactor, which is described in this section as well.
3.1

Chemicals

Acetonitrile (Sigma-Aldrich, gradient grade, for HPLC > 99.9%; Fluka, Chromosolv LC-MS grade,
≥ 99.9%), methanol (Sigma-Aldrich, gradient grade, for HPLC > 99.9 %; Fluka, Chromosolv LCMS grade, ≥ 99.9 %), formic acid (Kemika; Sigma-Aldrich LC-MS grade), dibutylammonium
acetate-DBAA (ion-pair reagent for LC-MS, Tokyo Chemical Industry, Japan, 0.5 mol L−1) and
high-purity water (18.2 MΩ cm) supplied by a Milli-Q water purification system were used for
mobile phase preparation for chromatographic separation of 3-methylcatechol (3MC), 3-methyl-5nitrocatechol (3M5NC), 3-methyl-4-nitrocatechol (3M4NC), hydroxylated 3-methyl-5-nitrocatechol
(3M5NC-OH), oxidative products of 3M4NC and nitrite (NO2−).
3MC standard compound (Sigma-Aldrich, 98%) was also used as a reactant. 3M5NC and 3M4NC
standards were prepared in the laboratory by the procedure adopted from Palumbo 231 and Kitanovski
et al.232, and they were also used as reactants. The 3M5NC-OH and the oxidative products of
3M4NC were also prepared in the laboratory by a new developed electrochemical method, which
will be described later. In the first part of the research, the total NO2− concentration was determined
spectrophotometrically by use of Griess reagent, while later on a novel reversed-phase HPLC method
was developed for NO2− detection. For this purpose the same chromatographic method as for 3MC,
3M5NC and 3M4NC was used. The UV/ VIS detectors wavelength for NO2− detection was adjusted
to 359 nm.
For aqueous-phase reactions, sulfuric acid 98% (H2SO4, Merck, EMSURE, p.a. grade) and sodium
nitrite (NaNO2, Sigma-Aldrich, ACS reagents, ≥ 97.0%) were used for reaction mixture preparation.
H2SO4 was used for adjusting the pH of the reaction mixture to lower values. 3-methyl-o-quinone
(3MoQ) standard was de novo synthesized, according to Albarran et al.,233 with the use of potassium
hexachloroiridate(IV) (K2IrCl6, abcr, 99.0%). For electrochemical experiments, a phosphate buffer
solution (NaH2PO4/Na2HPO4, Kemika, pH = 6.5) was used as a carrying electrolyte.

54

3.2

3.2.1

Instruments and Experimental Setups

HPLC UV/VIS Analysis

Two different HPLC-UV/VIS systems were used for the separation and quantification of the
reactants (3MC and NO2−) and reaction products (3M5NC and 3M4NC). The Agilent 1100 Series
HPLC system equipped with a UV/VIS diode-array detector (DAD) (Figure 35) was used for
quantification of the reaction products from the homogenous reaction of 3MC and HONO/NO2−. In
this case, the analytical Atlantis T3 column (3.0 mm x 150 mm, 3 μm particle size, Waters) with
isocratic elution by acetonitrile/0.1 % formic acid was used. The injection volume, flow rate, and
temperature were 10 μL, 0.6 mL min− 1, and 30 °C, respectively; detector wavelengths were: 275 nm
for 3MC and 345 nm for MNCs. The same system was also used for semi-preparative HPLC
purification of the in-house synthesized standards (3M5NC and 3M4NC). For this purpose, a semipreparative Atlantis Prep T3 column (10 x 250 mm, 5 μL particle size; Waters) with an Atlantis Prep
T3 guard column (10 x 10 mm, 5 μL particle size; Waters) was used. The chromatographic method
was different from the analytical method. The mobile phase was composed of methanol and Milli-Q
water (methanol / MQ (50/50, v/v)), the flow rate, injection volume, and temperature were 5.0 mL
min−1, 100 μL and 30 °C, respectively. The detector wavelength for MNCs was the same as for the
analytical method.

Figure 35. Agilent 1100 Series HPLC system equipped with a UV/VIS diode array detector and
analytical-scale fraction collector.
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The second HPLC system was an ultimate 3000 UHPLC (Thermo Scientific, U.S.A) equipped with a
UV/VIS diode-array detector (Figure 36); it was used to investigate the homogeneous part of the EC
mechanism (electron transfer-chemical reaction mechanism), the reaction between 3MoQ and NO2−,
and for the validation of the developed electroanalytical method (electrolysis experiment). Again the
Atlantis T3 column (3.0 x 150 mm, 3 μm particle size; Waters) was used for separation with isocratic
elution by acetonitrile /0.1 % formic acid (30/70, v/v) at the flow rate of 0.6 mL min−1. The injection
volume and the column temperature were 10 μL and 30 °C, respectively. The detection wavelengths
used were 275 nm for 3MC, 345 nm for MNCs, and 411 nm for 3MoQ.

Figure 36. Ultimate 3000 UHPLC from Thermo Scientific, U.S.A, equipped with a UV/vis diodearray detector.
3M5NC-OH and the oxidative cleavage products of 3M4NC were separated using different
chromatographic methods, as described above. For their separation, a Hypersil GOLD aQ column
(2.1 x 150 mm, 3 μm particle size; Thermo Scientific) with an isocratic elution by methanol/50 mM
ion-pair reagent (10/90, v/v). The flow rate, injection volume, detector wavelength, and column
temperature were 0.3 mL min−1, 10 μL, 388 nm, and 30° C, respectively.
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3.2.2

LC-MS/MS Analysis

For the LC-MS analysis, the ultimate 3000 UHPLC system was coupled with the triple quadrupolelinear ion trap mass spectrometer (4000 QTRAP LC-MS/MS System; Applied Biosystems/MDS
Sciex, Ontario, Canada) (Figure 37). The chromatographic separation was performed with the
methods described above. In the course of MS parameters optimization, a wide parameter space
including ion spray voltage (IS), declustering potential (DP), and entrance potential (EP), were
examined. Several collision energies (CE) were used in MS/MS experiments to confirm the identity
of 3MoQ, 3M5NC-OH, and the oxidative products of 3M4NC. Negative ionization was used in all
experiments. The optimal IS, and DP was − 4500 V and − 90 V, CE was 40 V.

Figure 37. Ultimate 3000 system UHPLC (Thermo Scientific) coupled with the triple quadrupolelinear ion trap mass spectrometer (4000 QTRAP LC-MA/MS System; Applied Biosystems/MDS
Sciex, Ontario, Canada).

3.2.3

Experimental Setup for Studying Aqueous-Phase Reactions

The experimental setup for studying the homogeneous nitration of 3MC in the presence of NaNO 2
under atmospheric aqueous-phase relevant conditions consisted of a custom-built reactor and a solar
simulator (Figure 38).234 The reactor is a modified rotary evaporator with a thermostatted bath (for
constant temperature) and a custom-build low-volume condenser. The purpose of the low-volume
condenser was to minimize the headspace volume above the reaction solution. The reaction solution
was mixed continuously by rotation of the reaction vessel at a speed of 50 rpm (revolutions per
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minute). After the reaction vessel (glass round-bottom flask) was installed on the evaporator, a
closed physical system was created to ensure that everything stayed in the solution.
For the experiments, which are relevant for daytime, a low-cost solar simulator (L.O.T.-Oriel GmbH
& Co. KG, Germany) equipped with a high-pressure xenon short-arc lamp (max. power: 300 W,
zone free) was used as a source of UV and VIS light. The lamp produces a uniform and collimated
output beam with a 40 mm diameter and emits continuous radiation in the spectral range: 250-2500
nm, and has a negligible output below 260 nm. Its irradiance represents ca. 1 sun at a working
distance of 180 mm. For the experiments, an output lamp power of 250 W was set on the solar
simulator’s consol. The reactions under nighttime conditions were carried out in the amber reaction
vessels (amber Duran; Schott AG), which have light transmission lower than 10 % in the region of
300-500 nm. For the reactions under daytime conditions, vessels made of transparent borosilicate
glass (Duran; Schott AG, Germany) with UV cut-off below 300 nm and negligible absorption in the
region, 310-2200 nm were used.

Figure 38. Experimental setup for studying the homogeneous bulk reaction of 3-methylcatechol
nitration

3.2.4

Electrochemical Experiments

Electrochemical experiments were performed by an Autolab model PGSTAT204 potentiostat (Figure
39). In all experiments, platinum (Pt) rod electrode was used as a counter electrode, and the potential
was measured with reference to the Ag/AgCl electrode. In the case of electrolysis experiments, the
glassy carbon (GC) rod electrode was used, while for electroanalytical purposes, a GC disk electrode
was used. All voltammograms were obtained by the GC disk electrode (A = 0.0314 cm2). Before
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every experiment, the GC disk electrode was polished by using alumina slurry (Buehler micro polish
II) of 0.05 μm particle size, and the electrochemical cell was purged with nitrogen (N2) (cathodic
experiments). Cyclic voltammetry (CV) and square wave voltammetry (SWV) were used as the main
electrochemical techniques. CV experiments were performed form 0.0 V in the cathodic or anodic
direction. Anodic SWV experiments were performed from 0.0 to 0.6 V with previous accumulation
with mixing. The optimized electroanalytical protocol requires 1 min accumulation at the potential of
0.34 V. Cathodic SWV experiments were performed form 0.0 to –0.7 V, without previous
accumulation. The scan rate was 120 mV s−1.

Figure 39. Potentiostat/Galvanostat from Autolab model PGSTAT204.
For the electrolysis experiments at a constant potential, a preparative GC rod electrode of a bigger
surface area was used (A = 3.8 cm2). The electrolysis in the case of electrochemically assisted
nitration was carried out at the constant potential of 0.55 V for 50 min, and every 10 min a sample
was taken and analyzed offline by HPLC-UV/VIS and by the developed electrochemical methods.
Where in the case of electrochemically assisted hydroxylation and oxidative cleavage, the
electrolysis was performed at a constant potential of 0. 65 V for 30 min, after which the electrolysis
products were analyzed by LC-MS/MS.

3.2.5

UV/VIS Spectrometry Analysis

UV/VIS spectrometer (Lambda 25 PerkinElmer, Figure 40) was used to follow the reactions
performed under simulated daytime conditions and to collect the UV/VIS spectra of the formed BrC
compounds.
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Figure 40. Lambda 25 PerkinElmer UV/VIS spectrometer.
3.3
a)

Experiments of aqueous-phase reactions
The homogeneous nitration of 3MC in acidic (pH 2 - pH 5) NaNO2 solution was investigated

under the conditions relevant for the atmospheric aqueous phase. Initial concentrations of the
reactants in the dark reaction mixture were 1 x 10-4 and 2 x 10-4 mol L−1 3MC, and 1 x 10-4, 2 x 10-4,
1 x 10-3, and 2 x 10-3 mol L-1 NaNO2. For more details on the experimental conditions applied, see
Table 1. Each hour of the aqueous reaction, 500 μL of the sample was taken from 100 mL of the
reaction solution and analyzed to determine 3MC and formed nitroaromatic products by HPLCUV/VIS, as explained above.
b)

For electrochemical experiments, an electrochemical cell of 10 mL was used. The initial

concentrations of 3MC were 1 x 10−5, 1 x 10−4, and 1 x 10−3 mol L−1, while the initial concentrations
of NaNO2 were 1 x 10−3, 1 x 10−2, and 1 x 10−4 mol L−1. The electrolysis of 3MC in the presence of
NO2− was performed for 50 min at a constant potential of 0.55V, and every 10 minutes, a sample of
500 μL was taken and analyzed by HPLC-UV/VIS and by the newly developed electrochemical
method. In the case of MNCs (3M5NC and 3M4NC), to produce the hydroxylated and ring-opening
products, electrolysis was performed at a constant potential of 0.65 V for 30 min after which a
sample was taken and analyzed by HPLC-UV/VIS and LC/MS.
c)

Photolysis of 3MC in mildly acidic aqueous solution of NaNO2/H2SO4 (pH 4-5) was

investigated at ambient temperature (25° C). The concentration of NaNO2 and H2SO4 were fixed at
0.1 and 0.05 mM, respectively, whereas the influence of NaNO2 concentration was investigated; 0.1,
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0.5, 1, 2, and 5 mM were used. For experiments under illumination, reaction time t = 0 is defined as
the time when the reaction solution of 3MC and NaNO2, as soon as it was prepared, was exposed to
previously warmed up solar simulator. Samples were taken from a reaction mixture according to the
predefined time protocol (usually each hour). The samples were analyzed with HPLC-UV/VIS for
kinetic analysis. UV/VIS absorbance of the reaction solution throughout the illumination
experiments was measured offline in a 1 cm quartz cuvette with UV/Vis spectrometer immediately
after sampling. The absorbance was measured in a wide spectral range from 200 to 700 nm.

Table 1. List of performed experiments under different conditions used; 3-methylcatechol (3MC),
sodium nitrite (NaNO2), pH was adjusted with H2SO4. A few experiments were performed under
nitrogen (N2) and oxygen atmosphere (O2). The product between the modeled k1 and initial HNO2
concentration yielding pseudo-first-order kinetic rate constant (k1’) valid at 25 °C is also listed.
Nitrated product yield is reported, calculated as the sum of concentrations of both nitrated products
divided by the concentration of reacted catechol after 6 h.
No.

Temp.

3MC (mmol

NaNO2 (mmol

pH

N2

O2

k1’ (h−1)

Product

(°C)

L−1)

L−1)

1

25

0.1

1.0

5.1

0.05

0.97

2

25

0.1

1.0

4.6

0.14

0.98

3

25

0.1

1.0

4.6

0.13

0.98

4

25

0.1

1.0

4.7

o

0.10

0.98

5

25

0.2

1.0

4.7

o

0.16

0.98

6

25

0.1

2.0

4.8

0.14

0.99

7

25

0.1

0.1

4.3

0.03

0.72

8

25

0.2

0.1

4.3

0.03

0.75

9

25

0.1

0.2

4.3

0.05

0.85

10

25

0.1

0.1

3.7

0.08

0.67

11

25

0.2

0.1

3.7

0.07

0.70

12

25

0.1

0.2

3.8

0.12

0.83

13

25

0.1

0.1

3.2

0.17

0.56

14

25

0.2

0.1

3.2

0.17

0.58

15

25

0.1

0.2

3.2

0.36

0.75

16

25

0.1

0.1

2.2

0.30

0.27

17

15

0.1

1.0

4.6

n.a.

1.01

18

5

0.1

1.0

4.6

n.a.

1.00

yield
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o

3.4

Software for data processing and visualization

MATLAB environment (MathWorks, Natick, MA) was used for numerical integration of the
ordinary differential equations (ODEs), which resulted from the mass balance of the proposed
reaction scheme for MNC formation. It was also used for the regression analysis for the
determination of the reactions rate constants.
Microsoft Office 2010 (Microsoft Corporation, Redmond, USA) and OriginPro 9.0, 2018 (OriginLab
Corporation, Northampton, USA) were used for statistical analysis of acquired instrumental data.
Differentiation of SW voltammograms was carried out with NOVA 2.1. (Methrom Autolab B.V).
OriginPro 9.0 was also used for the deconvolution of the differentiated signals in the electrochemical
experiments.
All chemical schemes and structures were drawn in ChemDraw 12.0 (PerkinElmer, USA).
3.5

Modeling

To explain the mechanism of MNC formation, a mathematical model was developed, which includes
three different pathways of product formation (Figure 41). In general, the model includes 11
chemical species in 11 reactions (Table 2). Because some of the reactions were reversible, 14
reaction constants described the experimental system. By writing down the mass balance of all
species, a system of 11 ordinary differential equations (ODEs) was obtained; however, some further
simplifications were made. Because of the fast dissociation of HONO/NO2−, it was assumed that
these species are always in equilibrium, and a pKa of 3.2 was used.235 The O2 concentration in
solution was assumed constant, because of the long reaction time-scales compared to the O2
dissolution rate. This assumption was verified by performing an experiment with constant flushing of
the reaction mixture with O2 (experiment 3 Table 1), and no substantial deviation of the model was
observed (Figure 43a). Finally, the system consisted of 8 ODEs describing 11 chemical reactions
altogether, excluding the HONO/NO2− equilibrium. The time-evolved concentrations of all species
were obtained and compared with the experimental data.
Because of the substantial differences in rate constants (over several orders of magnitude), the
system of ODEs was stiff. The “Ode15s” solver was utilized to solve it, which is a variable-order
backward-differentiation-formula-base solver that uses a quasi-constant step size allowing to solve
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stiff systems in a relatively short time frame. After solving the ODEs, a regression analysis was done
on all of the reaction constants, considering all of the experiments were performed at 25 °C
simultaneously, except for k10 and k11, which were taken from the literature and kept constant during
the regression analysis.236, 237 MATLAB’s optimization scheme “fminserach” utilizing the NelderMead simplex algorithm was used for this purpose. The sum of squares of the differences between
all experimental and model concentrations was the objective function, which was minimized. The
regression analysis was repeated several times with different initial values to reduce the error of the
solver getting stuck in local minima and to get the solution as close as possible to the global
minimum of the objective function. The results showed a satisfying agreement between the
experimental data and the model. To quantify the reliability of the calculated rate constants, a
confidence interval was calculated. The confidence interval was defined as a maximum allowed
relative change in the reaction constant that keeps the relative difference between model outputs with
the original and modified sets of constants within 1 %. The difference was defined as a sum of
relative differences in the concentrations of both nitroaromatic products in the model outputs, and the
average value of all of the experiments was taken.
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4. Results and Discussion
In the first part of the results, the intriguing roles of HONO/NO2− in the dark transformation of 3MC
under atmospherically relevant aqueous-phase conditions are presented. The pH-dependent kinetic
study, which was performed in an acidic solution of NaNO2, allowed us to deduce the reactivity of
3MC toward HONO/NO2− with a great deal of confidence. By the use of the experimental-modeling
approach, we identified three possible routes of MNCs formation under atmospheric nighttime
conditions, which are shown to depend markedly on reaction conditions, specifically on pH and
temperature. The calculated confidence interval for the rate constants enabled us to recognize the
dominant reaction pathway.
Furthermore, the dominant reaction pathway of 3MC nitration in dark conditions was studied in
more detail. For this purpose, a novel platform for mechanistic studies was developed. This platform
is based on electrochemistry which is capable of isolating a specific redox system from a complex
homogeneous mechanism. Such an isolated redox system is then further studied profoundly by stateof-the-art analytical techniques. It is also shown that the platform has great potential to be used for
analytical purposes.
The second part of the research includes the day time conditions of BrC formation and aging from
3MC and the mixture of HONO/NO2−. In this part, an absorption model was analytically derived to
quantitatively describe BrC formation and degradation at different reaction conditions. The model
takes into account the kinetic of 3MC degradation at specific reaction conditions, and the mass
absorption coefficient (MAC), which is a fitting parameter. The calculated MAC value can, therefore,
be used to estimate the amount of BrC formed from a particular precursor at different conditions.

4.1

Nighttime Aqueous-Phase Formation of Nitrocatechols in the Atmospheric Condensed
Phase48

As already noted in the introduction section, HONO can be an essential mediator in atmospheric
aqueous-phase formation of BrC under dark conditions.129 Martinsen131 first recognized the
importance of HONO in acidic aqueous solution of reactive aromatic compounds. His experiment
showed that the nitration of activated aromatics, such as phenol, was dependent on HONO; HNO 3
alone was not capable to nitrate phenol. He concluded that HONO has a robust catalytic character.
Later, Veibel238 postulated a reaction mechanism where nitrosated intermediates formed from phenol
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and HONO. Bunton132 further proposed the existence of two reaction mechanisms of aromatic
nitration in the HNO3 solution containing a trace of HONO. In the first mechanism, the nitronium ion
(NO2+), or its different carriers, such as H2NO3+ or N2O5, are the main nitrating agents, while HONO
acts as a retardant. In the second mechanism, they assumed that the nitrosonium ion (NO +), or its
different carriers, such as H2NO2+, N2O4 or HONO itself, cause a nitrosation of aromatic compounds.
Such formed nitrosated aromatic compounds can be oxidized, forming nitroaromatic compounds. In
the second case, HONO accelerated the nitration of the activated aromatics.
Recently, in our group it has been proposed that 2-metoxyphenol (guaiacol) in the presence of
HONO under mild atmospheric aqueous-phase conditions can be nitrated via NO2+ and NO2.47
However, most studies of atmospheric aqueous-phase nitration only refers to radical mechanisms,
ignoring possible non-radical reactions.36 Majority of the non-radical processes in the atmosphere are
concentrated on different condensation reaction (see Introduction) and high molecular weight
product formation. Usually, such studies report only the identities of the formed products, providing
very little mechanistic and kinetic information necessary for the implementation in multiphase
models.36 Therefore, the motivation in the frame of the thesis was to investigate the nitration reaction
of aromatics in atmospheric aqueous-phase relevant conditions in more detail. 3MC was chosen as a
case example, because the products of 3MC nitration are important constituents of atmospheric BrC,
as already mentioned in the Introduction.
Figure 41 shows the proposed reaction scheme that resulted from the extensive combined
experimental and modeling investigation of dark 3MC nitration in aqueous solution under acidic
conditions relevant for the atmospheric aqueous phase. In the presence of HONO/NO2−, the
dominant reaction mechanism of 3MC conversion to its nitro derivatives contains two consecutive
processes: oxidation and nitration by addition (pathway I). In the first step, HONO firstly oxidizes
3MC into the corresponding 3-methyl-o-quinone (4, 3MoQ) in two one-electron steps (k2 and k3).
The formed 3MoQ in the presence of NO2− undergoes to the conjugated addition reaction forming
two isomeric nitro products (k4 and k5). From the confidence interval (Table 2), it can be noticed that
the objective function is highly sensitive to change of the value of k1, k4, and k5, which supports the
assumption that the pathway I is the dominant one. At this point, it should also be clear that the
dominant pathway is strongly pH-dependent; as both HONO and NO2− are the reactive species,
nitration does not occur at pH far from pKa of HONO (i.e., 3.2).119 The conjugated addition reaction
is disfavored at very low pH, while, on the other hand, at relatively high pH, HONO is not present in
its molecular form necessary for the oxidation of 3MC.
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Figure 41. Proposed competitive reaction pathways of nighttime 3MC nitration in the HONO/NO2−
containing atmospheric aqueous phase. 1 3-methylcatechol (3MC), 2 charge-transfer complex
(CTC), 3 phenoxy radical (PhO∙), 4 3-methyl-o-quinone (3MoQ), 5 3-methyl-5-nitrocatechol
(3M5NC), and 6 3-methyl-4-nitrocatehcol (3M4NC). 5', 6' and 5", 6" are protonated forms of 3methyl-o-quinone and sigma-complexes (intermediated in pathway II) corresponding to 3-methyl-5nitrocatechol and 3-methyl-4-nitrocatechol, respectively. Pathway I summarize the dominant
reaction mechanism under the applied conditions.48
From Figure 42a, it can be seen that 3MC is very well nitrated into two isomeric nitro products,
3M5NC, which is the major one and 3M4NC, which is the minor product, even in the absence of any
additional oxidant (besides dissolved oxygen from the air).
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Table 2. Best-fit kinetic rate constants (ki) with confidence intervals as defined above, valid at 25°C48
Product

Const.

ri

ki

Conf. int.

Units

[+/- %]
2
3

•

•

k2[CTC] – k−2[PhO ][NO ]
•

•

9.18·10−1

0.84

L mol−1 s−1

k−1

2.7·101

14.91

s−1

k2

4.3·107

7.44

s−1

k−2

1.24·1010

7.29

L mol−1 s−1

k3

1.90·108

4.88

L mol−1 s−1

k−3

1.46·106

4.76

L mol−1 s−1

4

k3[PhO ][HNO2] – k−3[3MoQ][NO ]

5

k4[3MoQ][NO2−]

k4

1.25·100

1.23

L mol−1 s−1

6

k5[3MoQ][NO2−]

k5

1.25·10−1

1.33

L mol−1 s−1

5

k6[CTC][O2]

k6

1.0·106

10.32

L mol−1 s−1

6

k7[CTC][O2]

k7

2.1·105

7.17

L mol−1 s−1

5

k8[PhO•][NO2•]

k8

6.2·108

14.15

L mol−1 s−1

6

k9[PhO•][NO2•]

k9

1.2·108

9.24

L mol−1 s−1

k10[O2][NO•]2

k10

6.0·106

15.31

L2 mol−2 s−1

k11[NO2•][NO•]

k11

3.0·107

15.67

L mol−1 s−1

NO2•
NO2−

a

k1[3MC][HNO2] – k−1[CTC]

k1

a
a

k10 and k11 were taken from the literature and were kept constant during the regression analysis.

It is important to note that under mild conditions, in a slightly acidic aqueous solution of NaNO2 (pH
 4.5), more than 97 % 3MC is converted into the two identified products (see Table 1 in the
experimental section). Further, we recognized that the ratio between the two products depends on the
total concentration of HONO in the reaction mixture (in trace concentration or excess to 3MC). This
finding suggested that other competitive routes to the dominant one (pathway I) exist that prevail
under distinct reaction conditions, which are present in Figure 41 (pathway II and pathway III). NO+,
which results from the oxidation of the CTC complex, can take part in oxidative electrophilic
nitration (pathway II). Besides this, another competitive nitration mechanism is also possible and
involves the combination of phenoxy radical (PhO∙) with NO2 (pathway III) 47, 239, 240.
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Figure 42. Experimental data (symbols) and calculated concentration profiles according to the
proposed reaction scheme (solid lines) of dark 3MC nitration in slightly acidic NaNO2/H2SO4
solution at 25 °C: (a) in the presence of O2 (experiment 2), (b) in the absence of O2 (experiment 4),
and (c) at trace HONO concentration (experiment 7). The following reaction products were
identified: 3-methyl-5-nitrocatechol (5, 3M5NC) and 3-methyl-4-nitrocatechol (6, 3M4NC).48
Both competitive mechanisms are active only if the solution is aerated, and they do not proceed in
the absence of oxygen.
The role of dissolved oxygen in aromatic nitration is ambiguous; it can directly participate in the
aromatic nitration (pathway II), and it is also capable of oxidizing the released NO within a 3MC
oxidation by HONO241.
𝑘10

(R40)

2𝑁𝑂∙ + 𝑂2 → 2𝑁𝑂2∙
𝑘11

𝑁𝑂2∙ + 𝑁𝑂∙ + 𝐻2 𝑂 → 2𝐻𝑂𝑁𝑂
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¸

(R41)

As already noted in the Experimental section, the values for the rate constants k10 and k11 are taken
from the literature236, 237 that seemed to be the most relevant for the atmospheric aqueous phase. The
number of fitting parameters were minimized so that the constants taken from the literature were
treated as nonadjustable. It is important to note that even if the value of the constant k11 had been for
two orders of magnitude higher (the value also appears in the literature), it would not significantly
change the modeling results. The same conclusion for k11 can be drawn out from the calculated
confidence interval (see Table 2).
From the reactions, R40 and R41 can be seen that HONO is not only an oxidant, but it can also act as
a catalyst, which is additionally supported by the experiment in the absence of O2 (Figure 42b and
Figure 43b).132, 242-244

Figure 43. Experimental data of dark 3MC nitration in acidic H2SO4 solution at 25 °C upon addition
of 1 mM NaNO2 (symbols) and modeled curves according to the proposed reaction scheme under the
same conditions (solid lines): a) with O2 (exp. 3, 0.1 mM 3MC, the reaction solution was flushed
with O2) and b) without O2 (exp. 5, 0.2 mM 3MC, the reaction solution was flushed with N2).48
Form Figure 42b and Figure 43b, it can be noticed that even if O2 is completely removed from the
reaction mixture, the nitration of 3MC proceeds to a certain extent. Nitration of 3MC takes place
until the accumulated NO in the reaction mixture moves the equilibria in pathway I toward the
reactants at the expense of the PhO∙ and CTC. In the experiments without O2, before each
experiment, the solutions (NaNO2 and 3MC stock solution) were purged with N2, and the reaction
mixture was held under inert atmosphere during the experiment, to prevent the loss of NO.
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Figure 44. Calculated concentration profiles of inorganic and organic reactive species in the reaction
mixture at pH 4.7 and 25 °C initially containing 1 × 10–3 mol L–1 NaNO2 and 1 × 10–4 mol L–1 3MC:
(a, c) in the presence of O2 (experiment 2) and (b, d) in the absence of O2 (experiment 4).48
Figure 44 represents the time evolved calculated concentration profiles for NO, NO2, and HONO
(always in equilibrium with NO2−), which result from the proposed reaction scheme in the presence
and absence of O2. When O2 is present in the solution (Figure 43a), NO reacts with it to form NO2
(R40), resulting in the lower NO concentration in comparison to that of the non-aerated conditions.
NO2 concentration is always lower than the concentration of NO, indicating its slower formation and
more numerous consumption routes. The formed PhO∙ and NO compete for NO2 in the solution.
Because the concentration of PhO∙ is always several orders of magnitude lower (see Figure 44a, c),
the dominant sink of NO2 is the disproportionation reaction with NO to HONO (R41). The low PhO∙
concentration in comparison to NO concentration is a result of fast PhO∙ oxidation by HONO,
yielding 3MoQ, and NO (k3). Therefore, in the case where the concentration of HONO is not
sufficient to efficiently oxidize PhO∙ to 3MoQ, PhO∙ would become the dominant sink of NO2.
Comparable findings have been proposed for phenol. 215, 216, 222, 224, 245
4.2

Modeling Results

The experimental data are very well described by the model function, which is derived based on the
reaction scheme in Figure 41. Figure 42, 42, 44, 45, 46, 47 and 48 show the experimental data of
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dark 3MC nitration under different conditions. From figures, it can be noticed that the model
function describes the experimental data very fine in a wide range of different conditions.

Figure 45. Experimental data of dark 3MC nitration in acidic solution at 25 °C upon addition of
NaNO2 (symbols) and modeled curves according to the proposed reaction scheme (solid lines): a) pH
2.2, 0.1 mM 3MC and 0.1 mM NaNO2 (exp. 16) and b) pH 5.1, 0.1 mM 3MC and 1 mM NaNO2
(exp. 1).48

Figure 46. Experimental data of dark 3MC nitration in acidic solution (pH 4.8) at 25 °C (symbols)
and modeled curves according to the proposed reaction scheme (solid lines), upon addition of 2 mM
NaNO2 and 0.1 mM 3MC (exp. 6).48
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Figure 47. Experimental data of dark 3MC nitration in acidic solution (pH 4.3) at 25 °C (symbols)
and modeled curves according to the proposed reaction scheme (solid lines): upon addition of a) 0.1
mM NaNO2 and 0.1 mM 3MC (exp. 7), b) 0.2 mM NaNO2 and 0.1 mM 3MC (exp. 8) and c) 0.1 mM
NaNO2 and 0.2 mM 3MC (exp. 9).

Figure 48. Experimental data of dark 3MC nitration in acidic solution (pH 3.7) at 25 °C (symbols)
and modeled curves according to the proposed reaction scheme (solid lines):48 upon addition of a)
0.1 mM NaNO2 and 0.1 mM 3MC (exp. 10), b) 0.2 mM NaNO2 and 0.1 mM 3MC (exp. 11) and c)
0.1 mM NaNO2 and 0.2 mM 3MC (exp. 12).48
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Figure 49. Experimental data of dark 3MC nitration in acidic solution (pH 3.2) at 25 °C (symbols)
and modeled curves according to the proposed reaction scheme (solid lines): upon addition of a) 0.1
mM NaNO2 and 0.1 mM 3MC (exp. 13), b) 0.2 mM NaNO2 and 0.1 mM 3MC (exp. 14) and c) 0.1
mM NaNO2 and 0.2 mM 3MC (exp. 15).48
By comparing the experimental concentrations of 3MC, 3M5NC, and 3M4NC with the modeled
concentrations of the same compounds in a parity plot (Figure 50), a good correlation was obtained.
The kinetic parameters, which describe the proposed reaction pathway, are obtained by the global
regression analysis of all experimental data at 25 °C with a fair amount of confidence (see Table 2).
The calculated confidence interval shows that even a significant change in the particular reaction rate
constant has a negligible effect on product formation. As already noted, the least reliable constants
are those denoting the formation of the product by the electrophilic and radical reaction pathways,
which can be attributed to their minor roles in the overall transformation of 3MC. However, from
these considerations, it can be concluded that, in pathway II and III, the formation of 3M4NC is
favored in comparison to pathway I. The calculated confidence interval also shows that the most
reliable kinetic rate constant belongs to the reaction of 3MC oxidation followed by the addition of
NO2−, and therefore, this pathway is recognized as the most significant pathway. The other two
competitive pathways gain in importance with changing the reaction conditions, which will be
elaborated in the following paragraphs.
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Figure 50. Parity plots for 3-methylcatechol (3MC), 3-methyl-5-nitrocatechol (3M5NC) and 3methyl-4-nitrocatechol (3M4NC). Experiments at 25 °C are plotted.48
Additionally, the temperature-dependent behavior of the reaction system was also investigated. For
this purpose, additional experiments were performed at 15 and 5 °C (Table 1).
Even the collected experimental data at three different temperatures are not sufficient for exact
analysis of temperature dependence of the whole set of reaction rate constants, the temperature
dependence of an apparent first-order reaction rate in regards to 3MC (rapp = kapp[3MC]; kapp being
the apparent first-order rate constant) was studied by fitting the Arrhenius pre-exponential factor (A)
and activation energy (E); R and T are the gas constant and temperature, respectively (Eq. 2).
(2)

𝑘𝑎𝑝𝑝 = 𝐴𝑒 −𝐸𝑎/𝑅𝑇

Perfect matching with the experimental data was obtained with pseudo-first-order kinetics (Figure
51). The pseudo-first-order was chosen because it is in-line with the proposed reaction mechanism.
The best values for A and Ea obtained by non-linear regression analysis were 5.0 ⨉ 103 s-1 and 46.4
kJ mol−1, respectively. The observed global pseudo-first-order kapp from the temperature-dependent
experiment (kapp = 3.69 ⨉ 10−5 s−1 at 25 °C) is comparable to the reaction constant k1 multiplied with
the initial HONO concertation, yielding a pseudo-first-order kinetic rate constant valid at the given
conditions (k1'(experiment 2) = 3.83 ⨉ 10−5 s−1). This additionally marks the reaction step (k1) as
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important in controlling the overall reaction rate under applied experimental conditions. It should
also be noted that the confidence interval for this reaction in Table 2 is very narrow.

Figure 51. 3-methylcatechol (3MC) conversion vs time for different temperatures (exps.18, 17 and
2).48

4.2.1

Dominant Reaction Mechanism

a) Pathway I: Initial Oxidation Step
The results of the experimental-modeling study are similar as in the literature, which suggests that
the 3MC oxidation takes place through several reaction steps.242 When HONO and 3MC come
together, the HONO acts as an electron acceptor, while 3MC as an electron donor and together, they
form a charge-transfer complex (CTC), which is also known as the π-complex.244, 246-249 HONO can
quickly lose the OH group (which is readily solvated in water) after it withdraws electrons from the
aromatic system, whereby 3MC-NO+ complex remains (2) in the solution. In the formed CTC, 3MC
is probably subjected to a one-electron oxidation process. Aryl cation radical and NO result from the
electron transfer between 3MC and NO+, and after the loss of a proton from the phenolic group (the
cation radical is a powerful acid, pKa = -1.9)250, it rapidly tautomerizes to a more stable PhO∙ (3).243,
251-253

The formed PhO∙ is rapidly oxidized to the corresponding 3MoQ (4) through similar reaction

steps, as described above, leaving behind another NO molecule.251, 252 Such fast oxidation of PhO∙
happens only if HONO is present in excess.
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As already mentioned, there are few reports, which considered the formation of different quinone
forms in atmospheric chemistry. The identified quinones are considered as side products, and little or
no information is offered about the mechanism of their formation, particularly in respect to their
possible central role in the aqueous-phase nitration of aromatic pollutants. It is essential to underline
that HONO is not a strong oxidant; however, NO+ liberated from HONO during its interaction with
the reactive aromatics can act as an oxidant as well. The electron transfer goes from 3MC to the
HONO, which can also be noticed form the redox potential of these species. The redox potential of
NO+/NO (E° = 1.325 V vs. Ag/AgCl)254 is substantially higher than the reversible oxidation potential
of 3MC/3MoQ at pH 4.5 (Eox = 0.3 V vs. Ag/AgCl), which means that an exothermic electron
transfer between them can occur.
b) Pathway I: Nitration by Conjugated Addition Reaction
The nitrated products are formed from 3MoQ by a unique conjugated addition, also known as 1,4addition to diketone.255 The importance of oxidative addition in atmospheric processes has not been
discussed before, even though it was discovered two centuries ago.256 The reaction between NO2−
and 3MoQ is acid-catalyzed, which means that the 3MoQ must be first protonated to be active
towards the nucleophile. Depending on, which carbonyl oxygen is protonated first, different
resonance form can be formed, allowing the NO2− to be added on two different positions. If C1carbonyl oxygen is protonated (5' in Figure 41), 3M5NC forms upon the nucleophilic attack of NO2−.
The C1-carbonyl oxygen is much less sterically disturbed, and therefore more 3M5NC will be
formed in comparison to 3M4NC, which results from the protonation of C2-carbonyl oxygen (6' in
Figure 41). Such an assertion follows the experimental observation.
Khalafi and Rafiee230 investigated a similar system of 3MC nitration at 25 °C. They also recognized
that the nitration is composed of two consecutive reactions. To determine the second-order rate
constant of each reaction, they used a different modeling approach. For comparison, they determined
the rate constant of the consecutive oxidation and nitration to be, kox = 5.15 L mol−1 s−1 and, knitr =
8.29 L mol−1 s−1, respectively. In addition Nematollahi et al.257 investigated the electrochemically
assisted nitration of 3MC. They calculated the homogeneous second-order rate constant (knit = 7.3 L
mol−1 s−1) for the 1,4-addition reaction of electrochemically generated 3MoQ with NO2− in aqueous
phosphate buffer (pH 6.5, c = 0.15 mol L−1). From the above studies, it can be seen that the
calculated rate constants are of the same order of magnitude as the rate-limiting constants in the
pathway I determined in this thesis (k1 = 0.918 L mol−1 s−1 and k4 = 1.25 L mol−1 s−1).
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4.2.2

Pathway II: Oxidative Aromatic Nitration

The nitration of aromatic compounds can also be subjected to a two-electron process, i.e.,
electrophilic aromatic substitution.47, 258-261 Even if the literature suggests that in similar reaction
mixtures, nitrosation can occur, we did not find nitrosation products in our reaction mixture. This can
be attributed to low nitrosation rates resulting from the significant energy barriers for N-protonated
nitroso derivatives formation from CTC.247, 249 Still, as already mentioned, in the presence of O2, the
formed CTC can be oxidized, gaining nitrated products that are highly reminiscent of those form
electrophilic aromatic nitration.262 According to the literature, the oxidation of CTC proceeds
through several rearrangement steps261 (only in the presence of O2 or other oxidative species), each
of them being accompanied by a particular energy barrier.260 Consequently, such oxidative nitration
can only happen if the electron transfer in CTC is prohibited or highly reversible, as proposed in our
case. The model in our case does not take into account the individual rearrangement steps such as the
sigma complex formation (5" and 6" in Figure 41). Some evidence for the oxidative nitration
pathway was recently published47, but it has never been directly considered in atmospheric
processes.
If the aryl cation radical (or PhO∙) is not detectable during the reaction, and the electron transfer
inside the CTC is reversible, the nitration mechanism through consecutive one-electron (pathway I)
cannot be easily distinguished from the more conventional two-electron electrophilic nitration.263, 264
It is known that higher substituted aromatics (mainly substituted with the electron-donating groups)
exhibit higher degree of charge transfer, and the corresponding substituted CTC are more prone to
electron transfer resulting in the favorable nitration according to pathway I.263 The experimentalmodeling approach used in this thesis, showed that in the case of 3MC the thermal decomposition of
the formed CTC via the one-electron transfer giving the aryl cation radical and NO∙ competes with
the electrophilic two-electron process which is followed by the autoxidation of the formed CTC (2)
to the 3MC-NO2+ (5" and 6"). The results of the experimental-modeling approach also show that
once the CTC is formed (its formation is considered rate-limiting), it would instead undergo
thermolysis than oxidation with O2 (k2 >> k6, k7), which prop up the domination of the pathway I.
Since the CTC and the PhO∙ are (trans)formed reversibly, their favorable reaction path depends on
the applied reaction conditions. It is important to emphasize that if the back-electron transfer (k_2
[PhO∙][NO∙]) overcomes the oxidation of PhO (k3 [[PhO∙] [HONO]), i.e., at low HONO
concentrations (Figure 42c), the electrophilic substitution or oxidative aromatic nitration pathway
will be preferred. Therefore, the oxidative aromatic nitration pathway of 3MC will be disfavored at
77

high HONO concentration (Figure 42a) but prohibited in the absence of O2 (Figure 42b and Figure
43b).

4.2.3

Pathway III: Radical Termination Mechanism

Based on the literature review265-269, another possible pathway is included in the model. As it can be
seen in Figure 41, 3MC can be nitrated via PhO∙ combination with the formed NO2∙, which could
also result in the different ratio between MNCs isomers. For this pathway, it is important that O2 is
present in the solution to oxidize the released NO∙ to NO2∙ (R40) and to allow for this reaction
pathway.
The developed model shows (Figure 52) that the proposed competitive pathways II and III,
compared to the dominant oxidation-addition mechanism, contribute more to the nitration in the para
positon (i.e., 3M4NC), which allows to distinguish between the dominant pathway in the model.

Figure 52. Product distributions (3-methyl-5-nitrocatechol (5, 3M5NC) with pattern and 3-methyl-4nitrocatechol (6, 3M4NC) without pattern) by mechanism (colors) at different reaction conditions:
with O2 (experiment 2) and without O2 (experiment 4) both at 1 × 10−3mol L−1 HONO and with O2 at
1 × 10 −4 mol L−1 HNO2 (experiment 7, with O2).48
Because the reactive NO2+ is formed inside the CTC (NO2+ is a highly reactive and 1014 times more
reactive than NO+ in an electrophilic aromatic substitution reaction and reacts with all reactive
aromatics at the same rate)265,

270, 271

, it is encountered with 3MC without diffusion, and less

preference is observed as to the particular MNC isomer. A similar conclusion can also be made for
78

pathway III. In contrast to pathway II and III, the pathway I yields an order of magnitude more
3M5NC than 3M4NC (see Table 2; compare the ratio of k4/k5 with k6/k7 and k8/k9).
By taking into account the relevant atmospheric aqueous-phase concentrations of 3MC (taken as an
upper limit of less water-soluble aqueous-phase atmospheric methoxyphenols)272 and total
HONO/NO2− to be 10−5 and 10−4 mol L−1, respectively, the atmospheric lifetime of 3MC according to
the dominant mechanism is predicted to be 2.4 days in the dark (at pH 4.5 and 25 °C; compared with
about 8 days for the other two competitive pathways, i.e., II and II, see Table 3)
Table 3. Predicted atmospheric lifetimes (τ) of 3-methylcatechol (3MC) at 25 °C under defined
initial reactant concentrations at different pH. Lifetimes corresponding to distinct reaction pathways
were also considered separately (τI, τII, τIII). In brackets, the time needed for the 1/e of initial 3MC
to convert into the two nitrated products.48
pH

τ (h)

τI (h)

τII (h)

τIII (h)

10−4 M 3MC, 10−3 M total HNO2/NO2− (equivalent NaNO2)
2

0.37 (2.0)

0.37 (2.0)

0.37 (>200)

0.37 (>200)

3

0.58 (0.8)

0.58 (1.0)

0.58 (>200)

0.58 (>200)

3.5

0.99 (1.20)

0.99 (1.20)

1.2 (>200)

1.2 (>200)

4

2.2 (2.2)

2.2 (2.2)

4.0 (>200)

4.0 (>200)

4.5

5.8 (6.0)

6.1 (6.0)

19.0 (>200)

19.4 (>200)

17.8 (17.8)

94.0 (>200)

110.3 (>200)

5

17.6 (17.8)

10−5 M 3MC, 10−4 M total HNO2/NO2− (equivalent NaNO2)
2

3.2 (19.6)

3.2 (21.8)

3.2 (>200)

3.2 (>200)

3

4.8 (8.0)

4.8 (8.2)

5.4 (>200)

5.4 (>200)

3.5

8.6 (10.4)

8.6 (10.6)

11.6 (>200)

11.6 (>200)

4

20.4 (21.8)

20.6 (22.0)

39.8 (>200)

39.6 (>200)

4.5

57.9 (59.1)

58.3 (59.5)

188.4 (>200)

192.6 (>200)

5

176 (177)

177 (178)

>200 (>200)

>200 (>200)

As it is shown the pathway, I dominate at the pH around the pKa of HONO, which is also typical for
atmospheric aerosol. It is important to note that the shorter lifetime of 3MC at lower pH (Table 3)
does not result in faster production of MNC; instead, quinones and other intermediate products
accumulate in the solution under those reaction conditions. Under very acidic conditions, there
would be a lack of NO2−, which is necessary for the conjugated addition step, therefore the slower
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oxidative aromatic substitution and radical nitration pathway gain importance at a low pH. On the
other hand, because the fast mass transport of HONO to the gaseous phase, the concentration of
HONO in acidic aerosol water is often deficient, which would result in extremely long atmospheric
lifetimes of 3MC according to this transformation pathway; i.e., at pH 3.5 and 10 −6 mol L−1
HONO/NO2−, only about 10 % of 3MC would be consumed in 10 days.

Figure 53. Absorption spectra of 3MC, 3M5NC, 3M4NC, and the reaction mixture after 15 h
(experiment 2) measured at pH 4.6.48
To support the conclusion, that the 3MC is an essential precursor for BrC formation under
atmospherically relevant conditions, the absorption properties of the reaction mixture were also
investigated (Figure 53). The reaction products, 3M5NC and 3M4NC, as well as the reaction
mixture, all absorb in near-UV (300-400 nm) and VIS range (> 400 nm), and they are believed to
contribute significantly to BrC or absorptive properties of the atmospheric gas.
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4.3

Electrochemistry as a Tool for Studies of Complex Reaction Mechanisms: The Case of
the Atmospheric Aqueous-Phase Aging of Catechol 273

The central role of 3MoQ was not confirmed in any other way than by the modeling. However, in the
literature are some evidence for the existence of different quinone species in similar reaction
systems.129, 242, 251 But even if the existence of 3MoQ could be proven, this does not suffice for the
unambiguous confirmation of its direct involvement in the dominant reaction mechanism of 3MC
nitration. Quinone or quinone like species can be an intermediate for other functionalization
reactions, i.e., they can be an intermediate for phenol, catechol, or pyrogallol formation. To connect
the modeled 3MoQ with the dominant reaction mechanism and to show its central role, it was
necessary to do several actions. According to the model, appropriate conditions were chosen, where
the formation of 3MoQ should be higher in comparison to the products. In such conditions, 3MoQ
should be detectable with state-of-the-art analytical techniques (LC-MS). After 3MoQ was detected
in the reaction mixture of 3MC and HONO/NO2−, it was necessary to find a way, how to connect the
identified intermediate with the nitration products. For this purpose, a novel platform consisted of
two methodologies (preparative and analytical) based on electrochemistry was developed.
In general, the strategy to get a more in-depth insight into a complex reaction mechanism is to start
the reaction from the anticipated intermediate stage and to follow the formed reaction product(s). 274277

In this seans electrochemically assisted electron transfers can be coupled with irreversible

homogeneous chemical reactions, which is known as an electron transfer-chemical reaction
mechanism (EC mechanism)278. Electrochemistry provides a multi-purposes means to perform
research and has been entering numerous related disciplines.279-285 However, the employment of
electrochemistry in atmospheric chemistry is underutilized. In the following paragraphs, it will be
demonstrated how electrochemistry could be effectively used in atmospheric chemistry research.

4.3.1

Detection and Quantification of 3-Methyl-o-Quinone in the Reaction Mixture of
HONO/NO2− at pH 3.1

The reaction mixture of 0.1 mM 3MC and 0.2 mM NaNO2 at pH 3.1 was examined with HPLCUV/VIS (Figure 54a and b). These conditions were chosen according to the higher 3MoQ amounts
predicted by the model. After some time of the reaction, a new chromatographic peaks were
observed corresponding to the formed nitration products 3M5NC and 3M4NC (data not shown), and
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presumably to the corresponding 3MoQ. Correctly, the unknown chromatographic peak, which
appears at 3 min and with the maximum absorption at 411 nm, was attributed to 3MoQ.
Generally, the ortho quinones are highly unstable species, and it is complicated to isolate them in a
pure form; this is probably because of the adjacent carbonyl oxygens.286, 287 Because the 3MoQ is not
commercially available, it was synthesized in house laboratory following the procedure given by
Albarran et al.233 3MoQ was synthesized from 3MC using hexachloroiridate(IV) as a mild oxidant
(from here on referred to as syn-3MoQ). Chromatograms and UV/VIS spectrum of the observed
unknown peak from the reaction mixture at the given conditions were compared with the
chromatogram and UV/VIS spectrum of the syn-3MoQ (Figure 54). UV/VIS spectra of the peaks at
the same retention time (3 min) match very well. Furthermore, to unequivocally confirm the identity
of the underlying compound, these peaks were further analyzed by LC-MS/MS.
According to the literature, it is expected that catechols and the corresponding quinones species give
the same mass spectra. Catechol is oxidized to the corresponding quinone form in the electrospray
ionization source (ESI), hence its molecular structure cannot be elucidated from the mass spectra
alone.233 Both, 3MC (molecular mass 124) and syn-3MoQ (molecular mass 122) shows peaks at 122,
123 and 124 m/z (Figure 55a). All these peaks are related to the quinone form. The peaks at m/z 123
(Figure 55a) can be assigned to C7H6O2H−, produced by the addition of a hydride ion to 3MoQ in the
ion source. Peaks of 122 m/z are also observed, and their intensity is lower and varies with the
change of the declustering potential (DP) (i.e., the higher the DP, the higher intensity of the peak).
The peaks at 122 m/z are attributed to the 3-methyl-o-semiquinone radical anion (C7H6O2∙−), which
results from the collision-induced loss of H∙ from the hydride adduct. The peak at 124 m/z
corresponds to the 13C isotopic analogs of the peak at 123 m/z.
Although the m/z 123 anions could be explained as either quinone species after the addition of
hydride or catechol molecule after the loss of a proton. MS/MS experiments revealed (Figure 55b)
that these ions are of the same origin in both cases. Namely, in both chromatographic peaks, the
MS/MS spectra are identical, and according to the existing literature233, these are the quinone anions
with the hydride addition. This means that without very good chromatography, it is impossible to
distinguish between 3MC and 3MoQ and to detect 3MoQ at all in a multiplex reaction mixture.
Further the MS/MS fragmentation patterns of the syn-3MoQ with the MS/MS fragmentation pattern
of the unknown peak at 3 min from the reaction mixture were compared. Figure 56 shows the LCMS/MS analysis of the syn-3MoQ standard solution and the reaction mixture containing 3MC and
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HONO/NO2− at pH 3.1. The LC-MS/MS analysis goes in line with the HPLC-UV/VIS analysis and
additionally confirms the identity of 3MoQ in the reaction mixture.
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Figure 54. a) Chromatogram of the reaction mixture measured at 411 nm and b) UV/VIS spectrum of
the corresponding peak at 3 min, and c) chromatogram of the synthesized 3MoQ at 411 nm and d)
UV/VIS spectrum of the corresponding peak at 3 min.273
To summarize, the presence of 3MoQ in the reaction mixture is confirmed; by the matching
chromatographic behavior, spectroscopic characteristics, and fragmentation patterns of the unknown
component of the reaction mixture and de novo synthesized standard syn-3MoQ (Figure 54, Figure
55 and Figure 56).
Further, the syn-3MoQ was used to quantify the unstable intermediate in the homogeneous reaction
mixture of 3MC and HONO/NO2− at pH 3.1. It is known that when hexachloroiridate(IV) is added to
the 3MC solution in great excess, 3MC is completely oxidized to its quinone form very fast.273 It was
experimentally determined that 15-times higher concentration of hexachloroiridate(IV) was needed
to oxidize all 3MC to its corresponding o-quinone form completely. On this basis, the calibration
curve for 3MoQ was constructed without prior isolation of the standard compound (Figure 57). The
increasing concentration of 3MC was oxidized with an excess of hexachloroiridate(IV) and measured
immediately with HPLC-UV/VIS. The determined concentrations of 3MoQ in the homogeneous
reaction mixture are in good correlation (r = 0.87, p = 0.01) with the modeled concentrations of
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3MoQ (Figure 58). From Figure 58, it can be noticed that the modeled concentrations are slightly
overestimated; however the concentration range is the same.

Figure 55. a) Characteristic total ion chromatograms (TIC) of 3-methylcatechol (3MC) and 3methyl-o-quinone (syn-3MoQ) standards. b) m/z 123 extracted ion chromatogram (XIC) of the
iridate containing synthesis mixture of both compounds and the m/z 123 fragmentation patterns of
the chromatographic peaks at c) 3.1 min (syn-3MoQ) and d) 4.5 min (3MC).273
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times at the same reaction conditions (0.1 mM 3MC and 0.2 mM NaNO2 at pH 3.1).273

4.3.2

Electrochemical Platform Development

Even though the presence of 3MoQ in the homogeneous reaction mixture was confirmed, this was
not sufficient to connect the reactive 3MoQ with the nitrated products and to unequivocally confirm
the dominant reaction mechanism (Figure 41, the pathway I). To link the identified reactive
intermediate with the nitration products, an experimental platform was developed based on
electrochemistry. The basic idea was to skip the initial homogeneous oxidation step and
85

electrochemically generate 3MoQ in a heterogeneous reaction at the electrode surface, and to
determine whether 3MoQ reacts homogeneously (i.e., in the water bulk) with NO2− to the same
nitrated products as in the solely homogeneous aqueous-phase reaction in the presence of 3MC and
HONO/NO2−. For the detection of 3M5NC and 3M4NC, an electroanalytical method was developed
for the sensitive determination of positional isomers
a)

Electrochemical Behavior of the Two Analogues; 3M5NC and 3M4NC

Figure 59a presents the cyclic voltammograms of 3M5NC and 3M4NC standards, obtained at the GC
disk electrode in 0.1 M phosphate buffer at pH 6.5, and they are in good agreement with the existing
literature on substituted catecholic compounds.288-293 Figure 59b and 19c show the corresponding
SW voltammograms, which are in line with the cyclic voltammograms. The main difference between
the electrochemical behaviors of the two isomers is that the 3M5NC shows an alteration of the
number of peaks with the scan number in a specific potential window, while 3M4NC does not show
such behavior. Particularly, 3M5NC gives a new peak at the potential around 0.1 V in the
consecutive scans (peak 2 in Figure 59a and 19b), and the appearance of this peak is concomitant
with the decrease of peak 1. Based on the literature288-290, 292 and the logical deduction, each peak in
Figure 59 can be explained by a specific electrode reaction. All electrode reactions related to
particular peaks are summarized in Table 4.
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Figure 59. a) Cyclic voltammograms of both standard compounds (the 5 th voltammetric scans are
shown; scan range and scan rates were -0.7 to 0.6 V and 120 mV s−1), and the 1st and 5th scans of the
square wave voltammograms of b) 0.1 mM 3M5NC and c) 0.1 mM 3M4NC standard in 0.1 M
phosphate buffer (pH 6.5) scanned from -0.7 to 0.6 V.273 The voltammograms were obtained at a
glassy carbon disk electrode.
Table 4. The list of identified electrode reactions: 3-methylcatechol (3MC), 3-methylcatechol
(3MNC), 3-methyl-5-nitrocatechol (3M5NC), 3-methylaminocatechol (3MAC), the corresponding
oxidized o-quinone (oQ) analogs, and hydroxylated 3-methyl-5-nitrocatechol (3M5NC-OH).273
Peak No.

Peak Potential

Electrode reaction

Selectivity

[V]
0

0.24

3MC ⇌ 3M𝑜Q + 2H + + 2𝑒 −

1/1’

0.38

3MNC ⇌ 3MN𝑜Q + 2H + + 2𝑒 −

2/2’

0.08

3M5NC‑OH ⇌ 3M5N𝑜Q‑OH + 2H + + 2𝑒 −

3

−0.64

3MNC + 6H + + 6𝑒 − → 3MAC

4/4’

−0.09

3MAC ⇌ 3𝑀𝐴𝑜𝑄 + 2H + + 2𝑒 −

Scheme 1. The observed EC mechanisms for 3-methyl-5-nitrocatechol (3M5NC-red) and 3-methyl4-nitrocatechol (3M4NC-blue).273
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b)

Electrochemical behavior of 3M5NC

3M5NC is oxidized to the corresponding 3-methyl-5-nitro-ortho-quinone (3M5NoQ)288-290 at the
potential around 0.4 V in a two electron-transfer step (peak 1-green; Figure 59a). The reduction of
the formed 3M5NoQ (peak 1’ Figure 59a) shows only partial reversibility, which can be explained
by the high reactivity of the formed 3M5NoQ, which undergoes a follow-up reaction. Namely,
formed 3M5NoQ undergoes to the nucleophilic attack by different nucleophiles present in bulk.290
From the literature, catecholic derivatives and strong electron-withdrawing substituents, such as –
NO2, undergo significantly anodic hydroxylation within the time frame of electrochemical
experiments.288,

290

Water or hydroxyl ions (OH−) often reacted with (nitrated) quinones through

conjugated 1,4-addition reaction.288 Nevertheless, the 3M5NoQ forms two resonance forms,
depending on which carbonyl oxygen is first protonated (Scheme 1). If the C1 carbonyl oxygen is
protonated, the 3M5NoQ forms a more unstable resonance form, which in reaction with water
undergoes the oxidative cleavage reaction rather than functionalization (Scheme 1).
Contrary to this, if the C2 carbonyl oxygen is first protonated, the 3M5NoQ forms a more stable
resonance form, which in reaction with water forms the ring retaining 3-methyl-5-nitrobenzene1,2,4-triol (hydroxylated 3M5NC or 3M5NC-OH)288 (Scheme 1). According to this, the peak 1’ (in
Figure 59a, red) corresponds to the reversible reduction of the remaining 3M5NoQ that has not
reacted with water. Additional proof that 3M5NoQ chemically reacts further is given by a scan-rate
experiment (Figure 60). When a slow scan rate is applied, more 3M5NoQ was consumed in the
homogeneous reaction because its chemical conversion was fast. At a higher scan rate, however, the
formed 3M5NoQ has less time to react homogeneously, and therefore, more 3M5NoQ was reduced
back to 3M5NC.
The backward scan of the SW voltammogram in Figure 61a shows that 3M5NC oxidation is entirely
reversible. It means that if enough high scan rate is applied (higher than the rate of the chemical
reaction), the formed 3M5NoQ is completely reduced back to the 3M5NC, and no follow-up reaction
will occur. The high scan rate is possible to accomplish with the SW voltammetry because the
electrode reaction is driven in both anodic and cathodic direction over a concise period (1ms).294
The formed 3M5NoQ undergoes the follow-up reaction, with water forming 3M5NC-OH288, whose
redox feature is observed as peak 2/2’ in Figure 59a (red). At potential around 0.1 V, the 3M5NCOH is oxidized to the corresponding quinone form (from here on referred to as 3M5NoQ-OH), in a
two electron-transfer step. The added –OH group to the 3M5NC makes the 3M5NC-OH less
susceptible to another 1,4-addition reaction.288 Therefore, the reversibility of reduction peak 2’ is
88

conserved. To investigate the dependence of peak 2 on the chemical reaction with water, the
potential window was narrowed (Figure 62) so that 3M5NoQ formation was prevented.
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Figure 60. First-scan cyclic voltammograms of 3M5NC in 0.1 M phosphate buffer pH = 6.5 at
different scan rates from 120 to 1250 mV s−1. All scans started anodically from 0.0 V.273
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Figure 61. Square-wave voltammogram with forward and backward scan for a) 3methyl-5nitrocatechol and b) 3-methyl-4-nitrocatechol.
From Figure 62, it can be noticed, that if the 3M5NoQ is not formed, the peak 2 does not occur
regardless of the number of scans, only the oxidation of 3-methyl-5-aminocatechol (3M5AC, peak 4,
for more details see further discussion) can be seen. A direct proof, that peak 2/2’ is dependent on the
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reaction between 3M5NoQ and water can be obtained by running the electrochemical experiment in
a non-aqueous electrolyte.
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Figure 62. SW voltammograms of 3M5NC in 0.1 M phosphate buffer pH = 6.5 scanned from −0.8 to
0.2 V.273
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Figure 63. Cyclic voltammograms of 3M5NC in 0.1 M NH4(NO3) in methanol. All scans started
anodically from 0.0 V with the scan rate of 120 mV s−1 (offset by 2 μA is used for clarity).273
Figure 63 shows the cyclic voltammograms in non-aqueous electrolytes in 0.1 M ammonium nitrate
(NH4(NO3)) and methanol. It can be noticed that with the scans, no alteration of peaks number
occurs. This is an indication that no follow-up chemical reaction occurs in the investigated potential
window if the water is absent from the reaction medium. The ratio of peak 1 and peak 1’in Figure 63
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is ≈ 1 in all five cycles, which additionally confirms that the produced 3M5NoQ is not consumed in
a chemical reaction if the water is absent.
In general, it is known that the reduction of nitroaromatic compounds leads to the formation of
anilines.295 Peak 3 in Figure 59a, corresponds to the conversion of 3M5NC to the corresponding 3methyl-5-aminocatehol (3M5AC), where the nitro group (-NO2) is reduced to the amino (-NH2)
group. It is assumed that this reduction occurs via nitroso and hydroxylamine intermediates, where
two electrons are transferred in each of the consecutive reaction steps.295 Six electrons are transferred
altogether, and the reaction is irreversible. After the 3M5AC is formed at the potential around -0.7 V
(Figure 59a), it can be oxidized to the corresponding quinone at more positive potentials. Peak 4 in
Figure 59a represents the oxidation of 3M5AC to the 3-methyl-5-amino-ortho-quinone. Because the
–NH2 is a strong electron-donating group (stronger than –OH), the oxidation potential is shifted to
less positive potential in comparison to the 3M5NC and 3M5NC-OH. It can also be noticed that the
redox couple 4/4’ is completely reversible. This is because the –NH2 is a donating group and it does
not stabilize the formed quinone intermediate, and the follow-up chemical reaction with nucleophiles
cannot occur. Peak 4 appears only in the second cycle, after the –NO2 is reduced, which is a
consequence of an electrochemical EE mechanism (E-electron transfer, E-electron transfer
mechanism). To deeper investigate the EE mechanism, the potential window was again narrowed
(Figure 64). In the context of peak 4, EE mechanism means that peak 4 is a consequence of two
successive electrode reactions. Firstly, 3M5NC is converted to 3M5AC, then 3M5AC is converted to
3M5AoQ (each reaction takes place at the electrode surface). Figure 64 shows that if 3M5AC is not
formed previously, peak 4 will not appear regardless of the number of scans. In the second scan peak
2 appears because, in the first scan, the 3M5NC-OH is formed.

I/ mA

12

1. Scan
2. Scan

8

4

1
2

0
-0.2

0.0

0.2

0.4

0.6

E / V vs. Ag/AgCl

Figure 64. SW voltammograms of 3M4NC in 0.1 M phosphate buffer pH = 6.5 scanned from −0.2 to
0.6 V.273
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c)

Electrochemical behavior of 3M4NC

As it can be seen from Figure 59a, both analogs (3M5NC-red and 3M4NC-blue) have similar
electrochemical behavior. The main difference is in the redox couple 2/2’, which appears only in the
case of 3M5NC. In Figure 59a, 3M4NC is first oxidized to the corresponding 3-methyl-4-nitroortho-quinone (3M4NoQ, peak 1). It is known that catechols with electron-withdrawing group on the
reactive position C4 are more prone to oxidative cleavage than to ring retaining reactions 293, which
explains the absence of 2/2’ redox pair in the case of 3M4NC. The position of the withdrawing group
in the case of MNC is important; depending on the position, the oxidized form, methyl-nitro-orthoquinone (MNoQ), forms stable or less stable resonance forms. 3M4NoQ forms two resonance forms,
which are both unstable (more details will be given in further discussion, Scheme 1), and in the
reaction with water, they probably undergo the oxidative ring cleavage forming some acids.296, 297
That 3M4NoQ undergoes to the chemical follow-up reaction can be seen from the partial
reversibility in Figure 59a (peak 1’-blue); besides, the absence of the redox pair 2/2’ in the
investigated potential window shows that the follow-up reaction is not a (-OH) functionalization
reaction. The formed oxidative cleavage products undergo rather irreversible oxidation at more
positive potential (Figure 65). On the other hand, if the electrode reaction is fast enough the
oxidation of 3M4NC is completely reversible (Figure 61b). The backward scan of SW voltammetry
in Figure 61b shows that if the electrode reaction is faster than the follow-up reaction, 3M4NoQ will
rather undergo the reversible reduction than to the follow-up reaction.
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Figure 65. Cyclic voltammogram of 3M4NC in 0.1 M phosphate buffer pH = 6.5. The scan started
cathodically from 0.0 V with the scan rate of 120 mV s−1.273
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Additional proofs for the follow-up reaction can be obtained from the experiment in the water-free
medium.
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Figure 66. Cyclic voltammograms of 3M4NC in 0.1 M NH4(NO3) in methanol. All scans started
anodically from 0.0 V, with the scan rate of 120 mV s−1 (offset by 2 μA is used for clarity).273
An experiment in water-free electrolyte (0.1 M NH4(NO3) in methanol) was performed (as for
3M5NC). The cyclic voltammograms in Figure 66 additionally support the ascertainment that water
molecules and hydroxide ions play an important role in the oxidative cleavage of 3M4NC. In Figure
66, no alteration in numbers of peaks with the scan number was observed. The peak ratio of the
redox pair is again ≈1 and remained constant during the five scans. Such behavior indicates that no
oxidative cleavage reaction occurs if water is absent from the reaction mixture. It has been reported
before that the rate of oxidative conversion decreases with the content of organic solvent.292 Similar
to 3M5NC, peak 3 (blue) in Figure 59a, corresponds to the irreversible reduction of –NO2, by which
3-methyl-4-aminocatechol (3M4AC) is formed. The formed 3M4AC is further oxidized to the
corresponding 3-methyl-amino-ortho-quinone (3M4AoQ, peak 4). To confirm the mechanism, the
electrochemical tool with the narrow potential window was used again. From Figure 67, it can be
seen that if the 3M4AC is not formed peak 4 will not appear regardless of the number of scans.
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Figure 67. SW voltammograms of 3M4NC in 0.1 M phosphate buffer pH = 6.5 scanned from −0.2 to
0.6 V.273
Figure 59b, c, and Figure 62 represent the square wave voltammograms. Square wave (SW)
voltammetry is a readily employed technique for the investigation of reversible redox processes and
was mainly applied to increase signal sensitivity.278 All SW voltammograms are in line with the
cyclic voltammograms and with the proposed heterogeneous mechanisms. The main reason for the
implementation of SW voltammetry is its higher sensitivity, which can be very useful in
electroanalytical methodology development. From the electrochemical behavior of these two
analogs, several essential pieces of information can be drawn out. The difference in the
electrochemical behavior of 3M5NC and 3M4NC can be attributed to the altered position of the nitro
group and can be used for their distinction and detection. Based on this, a novel electroanalytical
method can be developed for selective detection of emerging atmospheric pollutions.
Moreover, the SW and cyclic voltammograms have demonstrated that different organic molecules
can be highly selectively oxidized/reduced at the electrode surface producing highly reactive species,
which can be intermediates for other reactions. In such a case, the electrode is acting only as a sink
and source of electrons, converting a neutral molecule to reactive intermediate. In other words,
applying a particular oxidation/reduction potential to a specific organic molecule means mimicking
different environmental oxidizing/reducing agents. Such an approach allows the separate
investigation of redox influences on distinct target species in a simplified reaction environment.
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d)

Electroanalytical Methodology development

The feature of 3M5NC, that reacts selectively with water, together with the highly sensitive SW
voltammetry can be used for analytical purposes to distinguish between such isomers highly
selectively. Therefore, two isomers can be selectively detected with the GC disk electrode if
appropriate electrochemical conditions are applied. To optimize the performance and sensitivity of
the method and to avoid double scanning, 3M5NC-OH was pre-generated at the GC disk electrode at
the constant potential, followed by an SW voltammetry. The optimal parameters were determined
experimentally. Different accumulation potentials and accumulation times were tested (Figure 68).
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Figure 68. Potentiostatic formation of 3M5NC-OH at different conditions followed by anodic SWV
scanned from 0 to 0.6 V, obtained at a glassy carbon disk electrode.273
The highest sensitivity for the redox peak 2/2’ was experimentally determined to be after 60 s
accumulation at 0.34 V. At the potentials equal or lower than 0.2 V and, all 3M5NC is in its original
form, and no 3M5NoQ is available for the chemical reaction with water to produce 3M5NC-OH
(Figure 62). However, at high potentials, irreversible oxidative cleavage occurs (products detected at
0.8 V, Figure 69), which negatively influences the measurements. As the accumulation at 0.34 V for
60 s gave the highest peak signal, these conditions were used for the accumulation prior to anodic
SW voltammetry.
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Figure 69. Cyclic voltammogram of 3M5NC in 0.1 M phosphate buffer at pH = 6.5, obtained at
glassy carbon disk electrode. The scan started cathodically from 0.0 V with the scan rate of 120 mV
s−1.273
Based on the redox peak 2/2’, it is possible to detect and to quantify (see further discussion) the
3M5NC, but not 3M4NC. Detection and quantification of 3M4NC using the electrochemistry
requires a different approach.
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Figure 70. SW voltammograms of 0.01 mM 3M5NC (black line), 0.01 mM 3M4NC (red line) and
their equimolar mixture (blue line) in 0.1 M phosphate buffer at pH = 6.5, obtained at glassy carbon
disk electode, scanned from 0 to 0.6 V.273
Figure 70 shows the SW voltammograms of 0.01 mM 3M5NC, 0.01 mM 3M4NC, and their
equimolar mixture in 0.1 M phosphate buffer at pH 6.5. It can be noticed that the overlapping of
peak 1 is very high, and this peak cannot be used for any treatment. In contrast to this, because of a
minimal overlapping of the voltammograms of 3M5NC and 3M4NC, cathodic peak 3 (black line in
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Figure 71a; corresponding to the reduction to amino analogs) was recognized to have the best
potential for the selective determination of 3M4NC and was further investigated.
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Figure 71. a) Individual SW voltammograms of 0.06 mM 3M5NC (green line), 0.06 mM 3M4NC
(blue line) and their equimolar mixture (black line) scanned from 0 to −1 V (peak 3), and b) the 2nd
derivative of the electrochemical signal together with the fitted Gaussian distributions corresponding
to the superpositioned analytes.273 All SW voltammograms are obtained at a glassy carbon disk
electrod.
To detect and quantify 3M4NC from a mixture of both analogs, numerical treatment has to be
applied to deconvolute the single redox peak 3 into two peaks (for each isomer)298-300. Differentiation
of the electrochemical signal followed by smoothing and deconvolution was necessary to separate
3M4NC from the mixture of both isomers. Differentiation of the analytical signal is already known
as a useful tool in conventional analytical chemistry.301-303 As the separation of the overlapping peaks
(in Figure 71a, black line) is sufficient (between 4σ and 2 σ; σ is the standard derivation unit), the 2nd
derivation of the analytical signal can aid in recognition of the composite peak. Whenever this
essential condition is met, the 2nd derivation results in three minima and two maxima (as in Figure
71b). The second minima are indicative of the cross point of the two overlapping peaks, and the
adjacent maxima denote the positions of their maxima.302,

304

The major drawback of using the

derivation is an increase in the noise level. Therefore, smoothing and deconvolution of these peaks
were still necessary. The smoothing was performed using the Savitzky and Golay algorithm, while
the peaks were deconvolved by Origin Pro 2018. All that significantly improves the accuracy,
97

precision, and detection limit of the method. The smoothed 2nd derivative of the SW voltammogram
from Figure 71a is shown in Figure 71b, together with two Gaussian functions that were successfully
fitted to the two maxima and allowed the quantification of both analytes based on their intensities.
For each developed electroanalytical method, a calibration curve was constructed. All three
electroanalytical methods for MNC determination were validated with a reference HPLC-UV/VIS
analysis.

Peak 2/2’: indirect quantification of 3M5NC on the basis of 3M5NC-OH formation
Based on the redox feature of peak 2/2’, 3M5NC can be indirectly (through 3M5NC-OH formation),
but selectively detected and quantified in the sample. The 3M5NC (precursor molecule) detection is
based on product molecule (3M5NC-OH) formation. Such a process in analytics makes the detection
highly selective because the product molecule is specific only for the 3M5NC. The response for the
increasing concentration of 3M5NC expressed as the intensity of peak 2, seemed to be linear (Figure
72a). However, the performed lack-of-fit test identified a significant discrepancy between the linear
function and the experimental data (Table 5).
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Figure 72. Calibration data for 3M5NC based on peak 2, fitted with A) a linear function and B) a
power function.273
The p-values obtained from the F0-values that are lower than or equal to the significance level of
0.05 indicate a significant discrepancy (with 95 % probability) between the calibration model and the
experimental data.
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Table 5. Lack-of-fit test for the calibration data for 3M5NC based on peak 2: the significance level is
0.05.273
Method

Calibration

Equation

F0-test

model
3M5NC-OH

value

Linear

3M5NC-OH

p-value

Lack of
fit

𝑦 = 3 ∙ 10−4 − 4 ∙ 10−7

44.74

2∙10−5

Yes

𝑙𝑜𝑔(𝑦) = 𝑙𝑜𝑔(1.643) – 2.135𝑙𝑜𝑔(𝑥)

2.81

0.108

No

Linear

𝑦 = 1.100𝑥 – 5.5 ∙ 10−4

0.18

0.834

No

Linear

𝑦 = 0.317𝑥 + 7.68 ∙ 10−5

1.57

0.255

No

Power
(Transformed)

3M5NC-2nd
derivation

3M4NC-2nd
derivation

Calibration data present in Figure 72a show a particular curvature, and it would be more convenient
to fit the calibration data with a non-linear function. Power function was chosen to fit the calibration
data, and as it can be seen from Figure 72b, the power function fits more appropriate to the
experimental data. The power function is intrinsically linear after the logarithmic transformation
(Figure 73b).305

a

0.001 mM
0.002 mM
0.004 mM
0.006 mM
0.008 mM

0.5

2.0

0.0

b

y_experiment
y_fitted

0.0

4.0

log [I]

I / mA

6.0

-0.5

-1.0

1

2
0.0

0.2

0.4

0.6

-1.5

E / V vs. Ag/AgCl

-3.0

-2.5

-2.0

log [Concentration]

Figure 73. 3M5NC calibration: A) experimental data and B) the calibration curve based on peak 2.273
The appropriateness of such calibration was finally confirmed by the lack-of-fit test (Table 5). It is
important to note that the power model gives measuring errors proportional to the response, rather
than being additive.
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The reason for obtained nonlinear behavior can be caused by adsorption on the electrode surface.
The adsorption isotherm predicts an S-shaped behavior at higher concentrations, which is following
our experimental data (Figure 74).306
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Figure 74. Calibration data in the higher concentration range from 0.001 mM to 0.02 mM.273
The dynamic linear range was determined to be up to the concentration of 0.008 mM, while above
this concentration, the passivation of the electrode by the adsorption of 3M5NC-OH occurs.
Peak 3: quantification of 3M5NC and 3M4NC based on numerically treated signal
As discussed above, peak 3 can be used for the quantification of 3M4NC along with 3M5NC in the
sample mixture.
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Figure 75. 3M4NC calibration: a) deconvoluted 2nd-derivative curves of the original SW
voltammograms and b) the corresponding calibration plot.273
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Figure 75 shows the differentiated and deconvoluted concentration-dependent SW voltammograms
of 3M4NC standard, and the corresponding calibration plot. The linear calibration model shows
significant fit to the calibration data (Table 5). The same was done for 3M5NC (Figure 76). Although
the linear range for the 2nd derivation method, in the case of 3M5NC, is more extensive than by the
method based on peak 2, still, the approach by peak 2 is much more selective than the 2nd derivation
method.
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Figure 76. 3M5NC calibration: a) deconvoluted 2nd-derivative curves of the original SW
voltammograms and b) the corresponding calibration plot.273
Validation of the developed electrochemical methodology
For the validation of the developed electroanalytical methods with the reference HPLC-UV/VIS a
linear model was used:307
(3)

𝐶𝐸𝐶 = 𝑎𝐶𝐻𝑃𝐿𝐶 + 𝑏

where CEC represents the concentration obtained by the developed electrochemical methods, CHPLC is
the concentration obtained by the reference HPLC-UV/VIS analysis, a and b are the constants of the
regression analysis (a represents the slope and b represents the intercept of the linear model).
Concentration obtained by the electrochemical methods is considered valid if the slope of the linear
model (a) equals one, and the intercept of the linear model (b) equals zero. Regression analysis is
performed to obtain the constants a and b, while a one-sample t-test (student test) was conducted to
asses if the obtained values significantly differ from one and zero, respectively. 308 The results of the
regression analysis and the t-test are shown in Table 6.
Table 6. Validation of the electrochemical method: a and b denote the slope and the intercept of the
linear model, respectively; p is the probability of observing the test statistic, t, under the null
hypothesis (a = 1, b = 0)); the significance level is 0.05.273
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Electroanalytical

ta-test

tb-test

value

value

−0.009

2.133

1.082

−0.005

1.638

−0.0009

a

b

1.390

methods
Hydroxylated
3M5NC method
3M5NC 2nd
derivation method
3N4NC 2nd
derivation method

pa-value

pb-value

2.078

0.100

0.947

0.160

0.001

0.880

0.999

1.203

0.0003

0.295

0.999

With 95 % confidence, it can be concluded that there is no significant discrepancy between the
concentrations obtained with the reference HPLC-UV/VIS method and the developed
electrochemical methods.
The concentration of MNC (3M5NC and 3M4NC) obtained by the newly developed electrochemical
method and HPLC-UV/VIS are gathered in Table 7. Formation of MNC were obtained during the
electrochemically assisted nitration and are only presented here for validation purposes; more detail
about the electrochemically assisted nitration will be provided in the further discussion.
Table 7. Results of MNC formation through electrochemical EC mechanism: comparison of
electrochemical measurements with the reference HPLC-UV/VIS method. HPLC-UV/VIS
concentrations are given with 1% precision. Electrochemical measurements are reported with a
precision of 5%. Deviation of electrochemical measurements from the HPLC-UV/VIS measurements
(in %) is given in parentheses.273
Time
[min]

3M5NC [mM]

3M4NC [mM]

Product ratio

Peak 2

Peak 3

HPLC

Peak 3

HPLC

EC

HPLC

10

0.0174 (−8.4)

0.0163 (−14.2)

0.0190

0.00140 (−23.5)

0.00183

12 ± 1

10.4 ± 0.2

20

0.026 (7.4)

0.023 (−5.0)

0.0242

0.0023 (11.1)

0.00207

11 ± 1

11.7 ± 0.2

30

0.026 (0.7)

0.024 (−7.0)

0.0258

0.0024 (5.7)

0.00227

11 ± 1

11.4 ± 0.2

40

0.025 (4.2)

0.0181 (−24.6)

0.0240

0.0026 (3.6)

0.00251

10 ± 1

9.6 ± 0.2

50

0.021 (−2.8)

0.0180 (−16.7)

0.0216

0.0024 (12.1)

0.00214

9±1

10.1 ± 0.2
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Figure 77 represents the correlation of the concentration obtained by electrochemical methods with
the concentration obtained by the use of the reference HPLC-UV/VIS method (concentrations shown

2.7x10-2

Electrochemical method concentration (mM)

Electrochemical method concentration (mM)

in Table 7).
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Figure 77. Correlation between the concentrations measured by electrochemistry and HPLCUV/VIS.273
The electrochemical 2nd derivation method (peak 3) is less precise, which can be ascribed to the
reduced sensitivity and increased noise level due to derivation.301
e) Methodology for Mechanistic Studies (Preparative Approach)
For the mechanistic study, the working electrode (in the electrochemical cell) is used as an electron
exchanger, producing at the electrode surface the desired reactive intermediates, which can react
further in bulk, if appropriate conditions are met (EC mechanism). In this way, any complex reaction
mechanism can be divided into simpler reaction sub-systems, which can then be studied
independently of the entire system in terms of kinetic and thermodynamic properties. This is
particularly very useful in the case of redox processes, which appear in the atmospheric waters. In
this case, the electrode can imitate different oxidants present in the atmospheric waters. In most
examples, the oxidants (H2O2, HONO, O3, and ROOH) oxidize the organic pollutants unselectively
and aggressively to intermediates, which react further by different mechanisms to form different or
same products. It is challenging to design a bulk reaction system and to follow, identify, and
distinguish between different mechanisms, which can appear in the system. However, with the use of
the proposed methodology, it is possible to isolate a specific redox system at the electrode surface
and to monitor only a specific homogeneous mechanism that appears at specific conditions.
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In the frame of this thesis, the methodology for mechanistic studies will be explained for two
examples (nitration and hydroxylation/oxidative cleavage reaction), while the method has the
potential for a much comprehensive application .
Mechanistic study of nitration
To investigate the nitration mechanism (pathway I, Figure 41) through the electrochemical EC
mechanism, some conditions must be satisfied. So, to avoid the unwanted homogeneous reactions,
NO2− must be in excess over HONO; the pH of the reaction must be at least two units above the pKa
of HONO (pKa = 3.3)235, to prevent the homogeneous oxidation with HONO; the two reactants (3MC
and NO2−) must be mixed at sufficiently low concentration that the kinetic of the unwanted
homogeneous reaction is slow enough not to influence the targeted EC mechanism. The effect of
solely homogeneous reaction was previously examined by monitoring the reaction between 3MC and
NO2− in 0.1 M phosphate buffer (pH 6.5) using HPLC-UV/VIS. Each hour a sample was taken from
the homogeneous/bulk reaction mixture kept in the dark and analyzed with the HPLC-UV/VIS. A
range of reactant concentrations was tested, and the optimal concentration was finally determined.
Chromatograms recorded at different reaction times (1 h and 7 h) and at two conditions: 0.1 mM
3MC/1mM NO2 and 1 mM 3MC/10 mM NO2− are shown in Figure 78. In the first case (Figure 78a
and b), only 5 % of the starting 3MC was consumed in 7 h, while for the higher concentration of the
reactants (Figure 78c and d), 25 % of the starting 3MC was consumed for 7 h. It can be noticed that
in the second case (1 mM 3MC/10 mM NO2−), the homogeneous background reaction can affect the
electrochemical EC mechanism, which leads to the conclusion that these conditions are inappropriate
for further investigation. The homogeneous reaction in the 0.01 mM 3MC/0.1 mM NO2− mixture
was also tested and could be considered insignificant.
Chromatograms and SW voltammogram recorded after 30 min of electrolysis at GC rod electrode at
0.55 V are shown in Figure 79. The purpose of this experiment is to show that even if the conditions
of an EC mechanism are applied, only the 3MC could be detected, which means that 3MC
concentrations are not high enough to produce sufficient 3MoQ at the electrode surface.
Alternatively, on the other hand, the NO2− concentration is not high enough to induce a
homogeneous reaction with 3MoQ. Therefore, 0.1 mM 3MC/1 mM NO2− in 0.1 M phosphate buffer
(pH 6.5) was chosen as the optimal conditions for the determination of the reaction products and
their ratio in the EC mechanism. To meet the sufficient rate of the chemical reaction between the
electrochemically generated 3MoQ and bulk NO2−, and to allow for the detection of the products, a
high concentration of 3MoQ was required. However, under the determined optimal condition, the
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GC disk electrode cannot produce enough 3MoQ to start the homogeneous chemical reaction with
NO2−.
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Figure 78. Chromatograms recorded at different reaction times (1 h and 7 h) for different reactant
concentrations: a, b) 0.1 mM 3MC/1 mM NO2− and c, d) 1 mM 3MC/10 mM NO2−.273
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Hence, the GC rod electrode was utilized. Because of the larger surface area, more 3MoQ is
produced at the electrode, which reacts with NO2− forming MNC and changes the bulk concentration
of 3MC substantially. SW voltammogram of 3MC at the GC rod electrode is shown in Figure 80.
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Figure 80. SW voltammogram of 0.1 mM 3MC measured with the glassy carbon rod electrode. The
scan started anodically from 0.0 V with the frequency of 25 Hz and the scan rate of 120 mV s−1.273
Because of the larger electrode surface, the oxidation potential is shifted towards more positive
potentials in comparison to the GC disc electrode (compare with Figure 81), and the current is higher
as well. To assure the largest ratio of the oxidized to reduced forms of 3MC in the vicinity of the
electrode (as predicted by Nernst equation), the electrolysis potential of 0.55 V was chosen. It is
important to note that in this case, the GC rod electrode was a preparative electrode (producing
3MoQ), and the GC disk electrode was analytical and it is used for the electroanalytical
quantification of formed MNC products. After the reaction conditions had been optimized, and the
quantification of both products, 3M5NC and 3M4NC, had been made enabled, the electrochemically
assisted nitration of 3MC (through the EC mechanism) was carried out. The electrolysis was
performed for 50 min, and every 10 min the concentrations of 3M5NC and 3M4NC in the
electrochemical cell were measured electrochemically; the sample was also taken for offline analysis
by HPLC-UV/VIS (see Table 7).
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Figure 81. a) SW voltammograms of 0.1 mM 3MC (black) and the reaction mixture of 0.1 mM 3MC
and 1 mM NO2− (initially) in 0.1 M phosphate buffer (pH 6.5) at different times of electrolysis; 0
min (yellow), 10 min (green), 20 min (cyan), 40 min (blue) and 50 min (purple). b) 2 nd derivation of
the corresponding reduction peaks.273 All SW voltammograms were obtained at a glassy carbon disk
electrode.
Cathodic and anodic SW voltammograms of 3MC (black line) and the reaction mixture containing
3MC, NO2−, and the formed products measured at different times of electrolysis (colored lines) are
shown in Figure 81. 3MC gives one anodic peak (0) at the potential around 0.2 V, which corresponds
to the formation of 3MoQ (see Table 4).309,
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New anodic peak (1) appears after 10 min of

electrolysis, which corresponds to the oxidation of MNC (Figure 59 and Table 4). Peak 0 is
decreasing as the time of electrolysis is increasing (because the 3MoQ formed at the electrode is
consumed in a chemical reaction with NO2−), while the other peaks should be simultaneously
increasing (MNCs formation). However, because the products are probably involved and consumed
in other EC mechanisms, the height of their signal results from the competition between their
formation and degradation pathways. 3M5NC was quantified based on the product molecule;
3M5NC-OH, peak 2 (Figure 72, Figure 73, and Figure 76), while for the quantification of 3M4NC a
mathematical treatment was applied as described before (Figure 75). The concentrations of products
obtained with the developed electroanalytical methodology are in good agreement with the values
measured by HPLC-UV/VIS (Figure 77). After that, the obtained mean product ratio of 11±1 (see
Table 8) agrees very well with the obtained product ratio of the experimental and modeling study
(3M5NC/3M4NC=10; see Table 2; k4/k5).48
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Table 8. MNC formation through electrochemical EC mechanism. Concentrations are reported with a
precision of 5 %.
Time [min]

3M5NC [mmol L−1]

3M4NC [mmol L−1]

Product ratio

10

0.0174

0.00140

12 ± 1

20

0.026

0.0023

11 ± 1

30

0.026

0.0024

11 ± 1

40

0.025

0.0026

10 ± 1

50

0.021

0.0024

9±1

Identification of the same intermediate, the same product, and the same product ratio provides
convincing evidence for the involvement of a common reaction mechanism in the two experimental
setups (dark 3MC nitration under acidic conditions and EC mechanism at neutral pH, where 3MC
nitration in bulk is prevented).
The complete understanding of the two-step nitration mechanism (oxidation and nitration) implies
that the initial oxidation step to quinone can also be allowed by other naturally-present oxidative
species that react pH-independently (e.g., H2O2 or O3). Taking this into account, the relevant pH
range of this reaction pathway expands towards higher pH values and becomes relevant also to less
acidic in-cloud conditions with probably higher nitrite concentration.
Mechanistic study: Hydroxylation and oxidative cleavage
The electrochemical behavior of the two studied isomers suggests (Figure 59) that they can undergo
an unconventional, non-radical pathway of hydroxylation and oxidative cleavage (Scheme 1). It has
already been described that 3M5NC can be oxidized to the 3M5NoQ, which reacts further with water
to produce 3M5NC-OH (Scheme 1 - red). While in the case of 3M4NC, the formed 3M4NoQ forms
less stable resonance forms and undergoes the oxidative cleavage reaction rather than to
hydroxylation reaction (Scheme 1 - blue). To test the mechanistic assumption and to produce
(synthesize) the 3M5NC-OH, the electrochemical EC mechanism was again applied).
So, if 3M5NoQ is not formed (Figure 62), the peak 2 correspondings to the 3M5NC-OH will not
appear. This means that if enough 3M5NoQ is formed at the electrode surface, it will react with
water (water is omnipresent in phosphate buffer) to form 3M5NC-OH. To produce enough
3M5NoQ, an electrolysis experiment at a constant potential of 0.65 V at GC rod electrode in
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phosphate buffer at pH 6.5 was conducted. After 30 min of electrolysis, a sample was taken from the
electrochemical cell and analyzed with HPLC-UV/VIS and with LC-MS/MS. Because the 3M5NCOH is expected to be more polar, the chromatographic method was modified with the use of ionpairing reagent and different columns (for more details see experimental section). The HPLCUV/VIS data showed (Figure 82b) that after 30 min of electrolysis of 3M5NC in solely phosphate
buffer (pH 6.5), a new peak around 3 min appears with a different UV/VIS spectrum as 3M5NC.
Figure 83d shows the MS/MS spectrum of the 3M5NC electrolysis product (peak at 3 min, Figure
82b). The m/z 182 peak in Figure 83d represents probably the molecular ion [M-H]− of the
corresponding quinone form (M (3M5NoQ-OH) = 183 g mol−1) of the 3M5NC-OH. From the
electrochemical behavior shown in Figure 81a, it can be seen that 3M5NC-OH is even more prone to
oxidation than 3MC. Therefore, it is expected that the 3M5NC-OH is oxidized in the ESI source
analogously to 3MC forming the quinone (Figure 55). Notwithstanding, due to the electronwithdrawing nitro substituent, the formed quinone does not form an adduct with hydride in the
ionization process; it instead lose a proton and forms ion with m/z 182. The prominent neutral loss of
28 amu (m/z 154 in Figure 83d) corresponds to a CO loss from the aromatic ring, reducing a six Catoms ring to a five-membered ring, which confirms the ring-retaining oxidation product.49
The resulting neutral loss of 31 and 30 amu (m/z 123 and 124 in Figure 83D) corresponds to the
losses of HNO and NO, respectively, and fragment 46 additionally confirms the presence of the nitro
group. The MS/MS experiment of the electrolyzed 3M5NC confirms that 3M5NC is oxidized at the
electrode surface to the corresponding 3M5NoQ and that such formed quinone species reacts with
water in a 1,4 addition reaction (conjugated addition reaction) to form the 3M5NC-OH.
The same procedure was applied for the 3M4NC isomer. Because both analogs oxidize at the same
potential on the GC disk electrode (Figure 59), they also oxidize at the same potential on the GC rod
electrode (data not shown). Hence, electrolysis at a constant potential of 0.65 V was conducted. After
half an hour of electrolysis, a sample was taken and analyzed first with HPLC-UV/VIS (Figure 82b).
Also, in the case of oxidative cleavage reaction, it is expected that the products are more polar;
therefore, the ion-pairing reagent was again used in the mobile phase preparation. Figure 82d shows
that after half an hour of electrolysis, a new peak at around 5 min appears with a different UV/VIS
spectrum than 3M4NC (Figure 82f). To identify the unknown peak, again a MS/MS experiment was
conducted. From the fragments in Figure 83b, it can be deduced that the unknown compound
possesses a COOH group; cf. neutral loss of 44 (m/z 140).
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Figure 82. Chromatograms corresponding to the oxidation of nitrated analogs, a) 3M5NC and c)
3M4NC, in aqueous solution under mild oxidative conditions (HNO2/NO2−, pH = 4.5, dark) and to
the electrolysis of the same nitrated compounds, b) 3M5NC and d) 3M4NC, at the potential of 0.65
V at the GC rod electrode for 100 min. All chromatograms are recorded at 388 nm. UV-VIS spectra
of e) 3M5NC-OH (peak a) and f) ring-cleavage products of 3M4NC (peak b) with a pronounced
absorption in the visible range.273
Moreover, fragment m/z 46 again confirms that the compound still contains the nitro group. As the
molecular ion is too small to correspond to benzoic acid, a ring-cleavage product is anticipated. The
structure of this product is still unknown, and its identification is not in the frame of this thesis.
Moreover, the electrochemical behavior of the MNCs (Figure 81a) reveals additional information.
Figure 81a shows that MNC is oxidized at relatively low potential (≈0.4 V). For comparison, the
standard redox potential of HONO/NO, NO+/NO, H2O2/H2O, and O3/O2 + H2O are 0.98 V, 1.52 V,
1.77 V, and 2.07 V, respectively.
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Figure 83. MS/MS experiment of 3M4NC oxidation products A) in aqueous solution under mild
oxidative conditions (HNO2/NO2−, pH = 4.5, dark) and B) in the electrochemical cell; MS/MS
experiment of 3M5NC oxidation products C) in aqueous solution under mild oxidative conditions
(HNO2/NO2−, pH = 4.5, dark) and D) in the electrochemical cell.273
The redox potential of all these oxidants which occur in the atmospheric waters (H2O2, O3, and
HONO) shows that they are probably capable of oxidizing the MNC to the corresponding quinone
forms. This means that 3M5NC-OH and 3M4NC cleavage products can also be formed from
3M5NC and 3M4NC in a homogeneous (bulk aqueous-phase) reaction in the presence of these
oxidants. H2O2 and O3 are well-known non-radical oxidants, whereas the role of HONO in nonradical oxidation processes is less known. Therefore, the motivation was to detect the
electrochemically generated products, 3M5NC-OH, and the 3M4NC cleavage products, in the
reaction mixture under oxidative atmospheric conditions (aerated solution of HONO). The same
reaction system as for homogeneous nitration was used (see experimental part and section 4.1).
3M5NC and 3M4NC were mixed separately with HONO/NO2− at pH 4.5, and the reaction was
followed by HPLC-UV/VIS (Figure 82a and c) and LC-MS (Figure 83a and c). From Figure 82 and
Figure 83, it can be seen that the same products were detected in the homogeneous reaction mixture
as in the electrochemically assisted hydroxylation/oxidative cleavage reaction (EC mechanism).
3M4NC did not give the hydroxylated peak; instead, oxidative cleavage products were detected
(presumably carboxylic acid).
To the best of our knowledge, hydroxylation and oxidative cleavage by oxidation and the
nucleophilic addition of water neither has been included in global atmospheric models nor has been
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considered as possible to date. Additionally, the UV/VIS spectra of the 3M5NC-OH and the cleavage
products of 3M4NC were examined (Figure 82e and f). 3M5NC-OH and especially the ring-cleavage
products of 3M4NC exhibit the enhanced absorption in the visible range (up to 500 nm and above)
and could significantly contribute to the atmospheric light absorption by BrC influencing the
radiative balance of the Earth.
Summarizing the methodology for mechanistic studies, two different approaches are presented
through two examples, nitration and hydroxylation/oxidative cleavage. In the first case, the nitration
mechanism has already been proposed, and the reaction model calculated. Further, the reaction
intermediate was detected (3MoQ) by state-of-the-art analytical techniques (LC-MS). In this case,
the electrochemical EC mechanism was used to isolate the reactive intermediate 3MoQ at the
electrode surface and to divide the complex homogeneous reaction into more straightforward
reactions and to follow only one specific mechanism. The same intermediate, the same products, and
their ratio were found in the electrochemical EC mechanism and the homogeneous reaction in the
presence of HONO/NO2−. This provides convincing evidence for the involvement of a typical
reaction mechanism in the two experimental setups (dark 3MC nitration under acidic conditions, and
EC mechanism at neutral pH where 3MC nitration in bulk is prevented). Such an approach “from top
to bottom” can additionally validate the calculated reaction model. Contrary to this, in the case of
hydroxylation/oxidative cleavage, the reaction mechanism was unknown, only the reactants and
products were known. In this case, based on the electrochemical behavior of the reactants and
products and the basis of the existing EC mechanism, an assumption about the homogeneous
mechanism can be made. Moreover, based on this assumption, a homogeneous reaction system can
be designed; observing the same products in the two experimental setups (electrochemical EC
mechanism and the homogeneous bulk reaction) confirms the assumed homogenous mechanism. In
this case, the approach for mechanistic studies was from “bottom to the top,” and it can be beneficial
for discovering unknown mechanisms.

4.3.3

Possible Application of the Developed Electroanalytical Methodology – Measurement in
a Model Mixture Representing Real Sample

The developed platform implies that the ability of electrochemistry to distinguish between aromatic
isomers could be efficiently employed in the assessment of the burden of (nitro)aromatic pollutants
in the atmosphere. To demonstrate its possible application, the developed electroanalytical
methodology was explored for the possible distinction of different groups of nitrophenolic
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compounds in ambient samples. Thus, thirteen NAC (2-nitrophenol, 3-methyl-4-nitrophenol, 3methoxy-4-nitrophenol, 4-, 5- and 6-nitroguaiacol, 3- and 4-nitrocatechol, 3-methyl-4-, 3-methyl-5and 3-methyl-6-nitrocatechol, 4-methyl-5-nitrocatechol, 3-methoxy-5-nitrocatechol) known to be
present in ambient aerosol311-313, were selected and studied employing the developed
electroanalytical methodology. Solutions of every single standard (1 μmol L−1), as well as a mixture
of all of them (in equal volumes), were measured and evaluated.
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Figure 84. Deconvoluted voltammograms (peak 3) of a) a mixture of 13 standard compounds, 1
µmol L−1 each (2-nitrophenol, 3-methyl-4-nitrophenol, 3-methoxy-4-nitrophenol, 4-, 5- and 6nitroguaiacol, 3- and 4-nitrocatechol, 3-methyl-4-, 3-methyl-5- and 3-methyl-6 nitrocatechol, 4methyl-5-nitrocatechol, 3-methoxy-5-nitrocatechol), b) compounds which contribute to the 1st
deconvoluted peak, c) compounds which contribute to the 2nd deconvoluted peak and d) compounds
which contribute to the 3th deconvoluted peak.273
From the SW voltammograms (Figure 84 and Figure 85), which were systematically compared to the
voltammograms of the individual standards, six groups of the nitrated aromatic pollutants could be
determined in a real sample; cumulative nitrophenols (peak 3, not shown), nitrophenols substituted
with a weak electron-donor group adjacent to the nitro group (red signal in Figure 84a, b),
nitrophenols with a lone nitro group (blue signal in Figure 84a-c), o-nitrophenols (green signal in
Figure 84a-d), cumulative nitrocatechols (peak 1 in Figure 85a, b, and c ) and 5-nitrocatechols (peak
2 in Figure 85a and c).
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Figure 85. Voltammograms (peaks 1 and 2) of A) a mixture of 13 standard compounds and B, C)
contributing standard compounds, grouped to match their redox properties.273
Compared to the commonly used LC-MS method, which is known for its shortcomings in the
quantification of a group of compounds by use of surrogate standard, the electrochemical signal can
be reasonably well quantified by the standard addition method with the use of a single surrogate
molecule.49, 312, 314 It is hard to find one molecule which can represent a group of compounds in a
sense of fragmentation in LC-MS measurements. Contrary to this, in electrochemical measurement,
the detection of a particular compound is based on a specific electrode reaction, which is common to
a group of compounds ( i.e., the reduction of –NO2 to –NH2 as for the case of NAC)The developed
electroanalytical technique, therefore, represents a better quantitative method for the determination
of total nitroaromatics in real atmospheric samples (aerosol particles, fog, and cloud water, or
precipitation). It should be noted that the detection of NAC is based on specific ECE and EE
electrochemical mechanisms which increase the selectivity and eliminates the possible interferences.
Nitro catechols with the –NO2 on the five-position are detected on the basis of a chemical reaction,
which is specific only for this group of compounds ( see section 4.3.2). On the other hand, the
remaining NAC are detected on the basis of different reduction energy, which is only visible after a
specific signal treatment ( see section 4.3.2). The expected limit of detection, which is estimated on
the basis of the calibration curves (see section 4.3.2.), is in the nanomolar range, which is sufficient
and comparable to the LC-MS. It is important to note that until now, only estimates have been
provided in this regard.211, 314 In addition to that, the fingerprint of the obtained electrochemical
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signal needs to be further investigated for the possible chemical speciation of the underlying NAC.
However, this is out of the scope of the thesis and remains a challenge for the future.
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4.4

Aqueous-phase Brown Carbon Formation from Aromatic Precursors under Sunlight
Condition.315

Recent research demonstrates that the formation of NACs and their aging under sunlight conditions
are even more complicated than dark reaction.47, 229 It is also known that NPs are sensitive to direct
photolysis316, 317 and photo-oxidation. The result of such behavior is the change of light-absorbing
properties of NPs during aging. Hems and Abbat318 have recently investigated the mechanism of
color enhancement and the fate of NACs during photolysis. They have found that initial fast formed
NPs, which are functionalized with a new –OH group, cause an increase of absorption in the visible
range, while further reaction leads to smaller products, which do not absorb strongly in the visible
range.
The second part of the thesis includes the investigation of day time chemistry of 3MC in the presence
of HONO/NO2- in atmospheric aqueous-phase relevant condition. The goal of this investigation was
to find out how photochemical processing affects the kinetic of 3MC degradation at different
HONO/NO2- concentration, and how absorptive properties of the reaction mixture change during the
aging. Attention is given to the main dark BrC products, 3M5NC and 3M4NC, and to the possible
formation of absorbing second-generation products, such as 3M5NC-OH and the ring-opening
products, which possible formation is shown in section 4.3. Different reaction condition on BrC
formation/degradation was additionally quantified by a cumulative parameter, mass absorption
coefficient (MAC in m2g-1), which was used to describe the evolution of BrC during the solution
aging.

4.4.1

Kinetic analysis for description of absorption properties

Kinetic analysis of 3-methylcatechol decay
Before calculating the MAC, it is important to define the rate law of product formation at given
conditions for 3MC decay. The time-dependent concentration profiles of 3MC decay in the presence
of different HONO concentration and under sunlight were first treated by a pseudo-first-order
kinetic:
𝜕𝑐⁄ = −𝑘
app ∙ 𝑐
𝜕𝑡

(4)
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In equation 4, c represents the concentration of 3MC, t the reaction time, and kapp is the apparent
pseudo-first-order kinetic rate constant (in s-1) of 3MC decay. By integrating the differential equation
4, an integrated form of the equation was obtained:
(5)

𝑐 = 𝑐0 ∙ 𝑒 −𝑘app 𝑡

The integrated form of equation 4 was fitted to the experimental data points; c0 is the 3MC initial
concentration in the reaction mixture.
Because the direct photolysis of 3MC did not result in 3MC degradation and BrC formation (no
absorption at λ ≥ 300, see Figure 88a), we further assumed that the degradation of 3MC and BrC
formation is dependent on the concentration of NaNO2 only.
To more precisely approximate the degradation of 3MC and the formation of BrC at different NaNO2
concentration, the 2nd order kinetic rate constant (k2nd in L mol-1 s-1) were derived from kapp as:
(6)

𝑘app = 𝑘2nd ∙ 𝑐(NaNO2 )0

Where c(NaNO2)0 is the initial concentration of NaNO2 in the reaction mixture. Except for the
condition where the initial concentration of 3MC and NaNO2 were equal (i.e., 0.1 mmol L-1;
experiment 1), such determined rate constant k2nd is valid (Eq. 6). The problem in the case where the
concentrations of the reactants are equal is that one cannot assume a constant concentration of
NaNO2 during the reaction. For this specific case, a second-order kinetic treatment was applied,
taking into account the measured c(NaNO2)t during the reaction.
𝜕𝑐⁄ = −𝑘
2nd ∙ 𝑐(𝑁𝑎𝑁𝑂2 )𝑡 ∙ 𝑐𝑡
𝜕𝑡

(7)

Where the c(NaNO2)t and ct represents the concentration of NaNO2 and 3MC at every reaction time,
respectively.
Further, the experiments where the c(NaNO2) is constant during the reaction, were treated
simultaneously by the following function:
𝜕𝑐⁄ = −𝑘 (global) ∙ 𝑐(NaNO ) ∙ 𝑐
2nd
2 0
𝜕𝑡

(8)

which gave as a global second order kinetic rate constant, k2nd(global).
Such an obtained rate constant (Eq. 8) was further used to quantitatively describe the influence of
studied reaction conditions on BrC formation. However, in the case where c(NaNO2) is changeable
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during the reaction, kapp (equation 5) was used to quantitatively describe the influence of reaction
condition on BrC formation.
Methodology for absorption properties determination
According to Beer-Lambert Law, the measured absorbance of a sample, Atot, at a selected wavelength
is dependent on the mass absorption coefficient of contained species at this wavelength, MACi, and
their concentrations, ci, where l is the absorption path length corresponding to a used cuvette.
(9)

𝐴tot = ∑𝑖 MAC𝑖 ∙ 𝑐𝑖 ∙ 𝑙

Because the absorption defines BrC (near UV and visible range; λ ≥ 300 nm)25, Atot measured at 300
nm or above can be attributed to the BrC formation (in the specific case, it is essential to note that
3MC does not absorb in this range-see Figure 88a). Therefore Eq. 9 can be expressed as:
𝐴tot (> 300 nm) = MACBrC ∙ 𝛾BrC ∙ 𝑙

(10)

MACBrC is the mass absorption coefficient characteristic of the formed BrC and γBrC, is its mass
concentration in g m-3. Combining the Beer-Lambert Law expressed with MACBrC and γBrC (Eq. 10)
with the expression for pseudo-first-order product formation (Eq. 11) and taking into account the law
of conservation of mass (i.e., all consumed 3MC was converted to BrC; γprod and γ0 are the mass
concentration of a product and the initial 3MC concentration, respectively):
(11)

𝛾prod = 𝛾0 (1 − 𝑒 −𝑘app𝑡 )
one can obtain the evolution of Atot with time using Eq. 12:
𝐴tot = MACBrC ∙ 𝛾0 (1 − 𝑒 −𝑘2nd(global)∙𝑐(NaNO2 )0 ∙𝑡 ) ∙ 𝑙

(12)

The characteristic MACBrC for each experimental condition was derived by non-linear regression
analysis using Eq. 12.
4.4.2

Kinetic Analysis of 3MC Decay under Different Conditions and Determination of
Absorption Properties of Formed BrC

It is important to note that in the reaction of 3MC and NaNO2 in dark conditions, only two products
were recognized, 3M5NC and 3M4NC (see section 4.1), and they account for 70 − 100% of the
reacted 3MC at similar condition as used in this study48. In addition, for the case of the dark reaction,
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the ratio of 3M5NC and 3M4NC was constant during the reaction and dependent only on the
concentration of HONO (see section 4.1).
Table 9. Ratio and the yields of identified 3-methyl-5-nitrocatchol (3M5NC) and 3-methyl-4nitrocatechol (3M4NC) at different NaNO2 concentrations (different pH) under sunlight after 8 hours
of reaction.
Experiment

3MC [mM]

NaNO2
[mM]

3M5NC/3M4NC

pH

MNC product yield
after 8 h

1

0.1

0.1

5

3.9

0.17

2
3

0.1
0.1

0.5
1.0

6
96

4.5
4.6

0.45
0.40

4

0.1

2.0

98

4.9

0.36

5

0.1

5.0

63

5

0.27

Under sunlight conditions, we cannot exclude the dark mechanisms described in section 4.1.
Therefore, 3M5NC and 3M4NC were expected to be also formed under sunlight conditions. The
yield and the ratio of the identified 3M5NC and 3M4NC were strongly dependent on the initial
concentration of NaNO2 (Table 9). Table 9 shows that the yield of the MNCs under the sunlight
condition is approximately 45% (depending on the conditions). The product yield was calculated as
the sum of concentrations of targeted reaction products divided by the concentration of the reacted
3MC.
Σ[𝑀𝑁𝐶]8h

Product yield = [3𝑀𝐶]

0h −[3𝑀𝐶]8h

(13)

The low product yield of MNCs and the variable product ratio inspects the existence of more
different degradation pathways of MNCs or even more oxidation pathways of 3MC in comparison to
the reaction in the dark (Table 1). One of the possible pathways of MNCs degradation is the
hydroxylation, and oxidative cleavage by water addition, which leads to product formation with
enhanced absorption in the visible range (λ > 400 nm; section 4.2).273 But also other degradation
pathways of MNCs, initiated by radicals, leading to the formation of products without BrC
properties, cannot be excluded.318 Also, the degradation of 3MC in the presence of ∙OH radicals187
cannot be ruled out as a possible cause of the low product yield of MNCs. In comparison to the dark
conditions, HONO under the sunlight (hυ) conditions produce more different reactive species (R8,
R10, R28, R31, R37), which are possible sinks of 3MC. In general, ∙OH radicals produced during
HONO photolysis in the reaction mixture319 react with aromatics with a relatively high (near119

diffusion controlled) rate constant in order of 1010 L mol-1 s-1 at 298 K.320, 321 NO2 can also react with
aromatics with relatively high rate constant in order of 108 − 109 L mol-1 s-1, while the NO is to week
to react directly with aromatic compounds.229 Under the sunlight condition, the 3MC decay depends
markedly on the applied condition (Table 9). As the concentration of NaNO2 increases, the kapp
increases also. However, in the case where the pseudo-first-order approximation is valid, the k2nd
slightly decreases for the higher concentration of NaNO2. This can be attributed to the unaccounted
3MC degradation pathways, independent of (or indirectly dependent on) the NaNO2 concentration.
Kinetic analysis for the case of low NaNO2 concentration (NaNO2 is not in excess)
Table 10. Kinetic rate constants: kapp (apparent pseudo-first-order), k2nd (second-order), k2nd(global)
(global second-order) for 3-methylcatechol decay under different experimental conditions: under
simulated sunlight (
Exper.

a

1
2
3
4
5
6
7

) and in the dark (
NaNO2
[mM]
0.1
0.5
1
2
5
1
2

) at different initial concentrations of NaNO2.a
Simulated
sunlight

kapp
(s-1)
7.88 x 10-6
4.47 x 10-5
7.30 x 10-5
1.30 x 10-4
2.40 x 10-4
4.26 x 10-5
5.03 x 10-5

In all experiment the initial concentration of 3MC was 0.1 mM

k2nd
(M-1s-1)
0.168
0.089
0.073
0.065
0.048
0.043
0.025

k2nd(global)
(M-1s-1)
−
0.075

0.032

Figure 86 represents the time-dependent concentration profile of 0.1 mM 3MC degradation in the
presence of 0.1 mM NaNO2 under sunlight. The kapp (7.88 ⨉ 10-6 s-1) describes the experimental data
adequately in the investigated time range and is similar to the reaction in the dark (8.33 ⨉ 10-6 s-1).
But the MNCs yield under the sunlight is barely 17% after 8 h, meaning that different degradation
and formation pathways of 3MC and MNCs can occur.
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Figure 86. Experimental data (symbols) and calculated time-dependent concentration profiles for kapp
and k2n (lines) for 0.1 mM 3MC in the presence of 0.1 NaNO2 under sunlight conditions.315
Second-order kinetic was also applied to this set of experimental data, and the comparison of both
models (Eq. 4 and 7) is shown in Figure 86. And as the kapp describes the experimental data
reasonably well in the investigated time range, it is used in further calculation with a fair amount of
confidence. It is important to note that the kapp has a theoretical background, and the rate law for
product formation can be analytically derived while the calculated k2nd, in this case, is derived in a
more empirical way, and the rate law for second-order product formation can be only numerically
derived.
Kinetic analysis for high NaNO2 concentration (NaNO2 in excess)
The time-dependent concentration of 3MC in the presence of different initial concentrations of
NaNO2 is present in Figure 87 (i.e., from 0.5 to 5 mM). Figure 87 also shows the calculated
concentration profiles, which are calculated according to eq.4 and 7. The kapp describes the
experimental data well in all cases. Therefore the kapp was further used to derive the k2nd according to
Eq.6 for each experiment individually. A global fit was performed to get a more reliable secondorder rate constant (k2nd(global)) for 3MC decay (black line in Figure 87), which is further used to
quantify the influence of different conditions on BrC formation. The comparison of 3MC decay
under simulated sunlight conditions (k2nd(global) = 0.075 M-1 s-1) and in the dark (k2nd = 0.035 M-1 s-1)
at the same initial concentrations of the reactants showed that under the sunlight conditions, the rate
constants are twice as large as in the dark (Table 10). Under simulated sunlight conditions, several
different mechanisms that can initiate and thus accelerate 3MC degradation are possible. Under the
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sunlight conditions, k2nd for 3MC decay at the lowest NaNO2 concentration (0.1 mM) is almost twice
as that at higher NaNO2 concentrations (0.5 − 5 mM). This can be explained by the competition
between NO2− and 3MC for ∙OH and other reactive species at these experimental conditions. If
HONO/NO2− is in excess, ∙OH reacts preferentially with NO2−, where only a minor fraction reacts
with 3MC, resulting in its slower degradation.224, 321
a
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individual fit with kapp
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R2 = 0.99

0.03
0.00

b

Concentration of 3MC (mM)

0.09

experimental data
individual fit with kapp
global fitt with k2nd

0.06

R2 = 0.98

0.03

R2 = 0.99

0.00

experimental data
individual fit with kapp
global fit with k2nd

c

0.09
0.06

R2 = 0.97

0.03
R2 = 0.99

0.00
0.09

experimental data
individual fit with kapp
global fit with k2nd

d

R2 = 0.92

0.06
R2 = 0.99

0.03
0.00

0

2

4

6

8

10

Time (h)

Figure 87. Experimental data (symbols) and calculated time-dependent concentration profiles for the
kapp and the k2nd (global) (lines) for 0.1 mM 3MC reaction in the presence of a) 0.5 mM NaNO2 , b) 1
mM NaNO2, c) 2 mM NaNO2 and d) 5 mM NaNO2 (pH 4-5, T = 25 °C) under sunlight conditions.315
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BrC formation at low NaNO2 concentration
Table 11. Wavelength-dependent mass absorptions coefficients (MAC350, MAC400, and MAC410) for
BrC formation during the decay of 3-methylcatechol in aqueous NaNO2 solution (pH 4-5, T =25°) at
different conditions; under simulated sunlight (

) and in the dark (

) at different initial

concentration of NaNO2a
Exper.

a

1
2
3
4
5
6
7

NaNO2
[mM]
0.1
0.5
1
2
5
1
2

Simulated
sunlight

MACBrC(350nm)

MACBrC(400nm)

MACBrC(400nm)

(m2/g)
1.80
3.10
3.44
3.77
4.09
5.41
5.63

(m2/g)
0.87
1.26
1.34
1.54
1.74
1.73
1.90

(m2/g)
0.43
0.94
1.02
1.17
1.42
1.75
1.38

In all experiment the initial concentration of 3MC was 0.1 mM

As shown in section 4.2, the MNCs formed form the aqueous-phase in the dark, strongly absorbs in
the near UV and VIS range. Moreover, in the dark, the increased absorption in the VIS range of the
reaction mixture (Figure 52) can be attributed to MNCs degradation by hydroxylation and oxidative
cleavage in the reaction with water, as shown in section 4.3. Figure 88a-f represents the time
evolution of the absorption spectrum during the aging of 3MC in the presence of HONO/NO2− and
under sunlight. In comparison to the spectrum of 3MC photolysis only (Figure 88a) where no change
in the spectrum is observed, the spectrum increase notably even at low NaNO2 concentration (i.e.,
0.1 mM NaNO2 Figure 88b). The significant increase of absorption with time at 350 nm is attributed
to the formation of MNCs. However, such observation that at low NaNO2 concentration, the
absorption increase only slightly is in accordance with the assumption that at low NOx, BrC
formation by nitration is not favored.171, 192 The low product yield of MNCs at the lowest NaNO2
concentration (Table 9) supports such a conclusion.
Figure 89 shows the time evolution of absorbance for three different wavelengths (350, 400, and 410
nm) for the case where the reactants are present in equimolar concentrations. The symbols represent
the experimentally measured absorbance, while the lines represent the absorbance calculated by the
derived function (Eq. 12).
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Figure 88. Absorption spectra for the reaction mixture during the photolysis of 3MC in aqueous
NaNO2 solutions (pH = 4–5, T = 25 ºC) at different initial concentrations of NaNO2. The
concentration of 3MC was always 0.1 mM, while the concentration of NaNO2 were 0 (a), 0.1 (b), 0.5
(c), 1 (d), 2 (e) and 5 mM (f). The interruptions in the absorption spectra (d) and (f) is due to the
problem with the instrument and does not affect the results in any way.
The derived function describes the experimental data relatively well; the lower correlation can be
explained by extensive scattering of data due to unreliable measurements at low absorbance (below
0.2). In addition, the time evolution of absorbance above 400 nm can, among others, correspond to
hydroxylated and ring-opening product formation, which are formed from MNCs.
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Figure 89. BrC formation from 0.1 mM 3-methylcatechol and 0.1 mM NaNO2 under the sunlight
condition. Experimentally measured absorption (symbols) and the predicted absorption (solid lines)
at different wavelengths, which are representative for BrC.315
BrC formation at high NaNO2 concentration (NaNO2 in excess)
UV/VIS spectra of the reaction of 0.1 mM 3MC in the presence of different concentrations NaNO2
(0.5, 1, 2, and 5 mM) under the influence of simulated sunlight are shown in Figure 88c-f. As the
concentration of NaNO2 increases, the absorption at 350 nm increases substantially until a certain
reaction time in comparison to the experiment with equimolar amounts of both reactants. Also, the
absorption above 400 nm becomes more pronounced. It can be noticed that at the highest
concentration of NaNO2 (5 mM), the enhanced absorption at investigated wavelengths is highest. As
MNCs react further to form the 3M5NC-OH and the ring-opening products, they are probably
responsible for the enhanced absorption above 400 nm (Figure 81e-f). Analyzing the reaction
mixture with the previously developed chromatographic method (see section 4.3) and UV/VIS
detector, we obtain two new peaks, which are correlated with the 3M5NC-OH and ring-opening
products. The chromatogram representing the reaction mixture is shown in Figure 90, and MS
corresponding to the characteristic peaks was additionally analyzed by an LC-MS/MS experiment.
The peak at 2.5 min represents the m/z of 183, which corresponds to the 3M5NC-OH (Figure 82c-d),
while the peak at 4.5 min with m/z of 184 corresponds to the oxidative cleavage products of 3M4NC
(Figure 82a-b).
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Figure 90. Chromatogram recorded at 388 nm representing the reaction mixture of 0.1 3MC and 1
mM NaNO2 under sunlight conditions. The chromatogram was obtained using the method introduced
in section 4.2.315
The development of absorption at three different wavelengths (350, 400, and 410 nm) and four
different NaNO2 concentrations under sunlight is shown in Figure 91. The symbols represent the
experimentally measured absorption, while the solid lines represent the calculated absorption using
Eq. 12. At the initial concentration of 0.5 an 1 mM of NaNO2, the derived function describes the
experimental data very well. At a higher concentration of NaNO2 (2 and 5 mM), the exponential
shape of the absorbance is changed into the sigmoidal one, which is most noticeable at 5 mM NaNO2
(Figure 91c-d). Such behavior can be correlated with the 3M5NC-OH and ring-opening product
formation, which are particularly correspondent for the absorption above 400 nm. As the absorption
model takes into account only the one-step reaction of 3MC to BrC, it fails to reproduce such
complex behavior of the reaction system precisely. In the case of the highest concentration of
NaNO2, 3MC is completely consumed during the experiment; therefore, MNCs stopped forming
already before the end of the experiment. Also, the decay of absorbance is observed in the second
part of the experiment, and the predicting ability of the absorption model is weaker in this case
because it does not account for any of the explained phenomena. In contrast to the experiment under
the sunlight condition, the proposed absorption model describes the experimental data for the dark
reaction very well even at a higher concentration of NaNO2 (Figure 92). Such observation
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additionally supports the discussion that under the sunlight condition, the formed BrC undergoes to
the secondary reactions more substantially.
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Figure 91. BrC formation from: 0.1 mM 3-methylcatechol and a) 0.5 mM NaNO2 , b) 1 mM NaNO2,
c) 2 mM NaNO2 and d) 5 mM NaNO2 under sunlight conditions. Experimentally measured
absorption (symbols) and predicted absorption (solid lines) at different wavelengths, which are
representative for BrC.315
The calculated MAC values (Table 11) at different wavelengths (350, 400 and 410 nm) show that
with increasing the NaNO2 concentration the MAC values also increase, which corresponds to more
BrC formation at higher NaNO2 concentration. The highest MAC value was in the order of 4 m2 g-1
at initial concentration of 5 mM NaNO2 at 350 nm. It is important to emphasize that in the dark
(experiments 6 and 7), approximately 50 % more BrC is formed at the comparable reaction
conditions. This is in line with the finding that under the sunlight BrC degradation may occur.318
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Figure 92. BrC formation from 0.1 mM 3-methylcatechol and 2 mM NaNO2 in the dark.
Experimentally measured absorption (symbols) and the predicted absorption (solid lines) at different
wavelengths, which are representative for BrC. 315
The calculated MAC values (from ca. 0.4 m-2 g-1 at 410 nm for 0.1 mM NaNO2 to ca. 4 m-2 g-1 at 350
nm for 5 mM NaNO2, see Table 11) in the case of 3MC photolysis in the presence of HONO/NO2−
are comparable with those found in the literature.322 The MAC values of SOA, especial those
produced from the aromatic precursor, are much higher for the high-NOx condition than for low
NOx.323 Jiang et al.,324 has recently reported on MAC values of SOA from heterocyclic organic
compounds; for example, for pyrrole SOA from nighttime NO3 oxidation, the value of MAC290-700 nm
was 0.34± 0.07 m2 g-1.

322

Also, the measured MAC values for the water-soluble fraction of the

organic aerosol from different environment have been reported322; MAC of 0.3 m2 g-1 at 532 nm was
found for water-soluble HULIS fraction of BB aerosol in Amazon basin57 and 0.5 – 1.5 m2 g-1 at 404
nm for BB organic aerosol in Boulder, Colorado.64 Our results show that in the reaction of 3MC and
NaNO2, either under sunlight or in the dark, the significant amount of light-absorbing compounds is
formed, principally MNC, which efficiently absorb light in the wavelength range characteristic for
BrC. It is important to note, that in the aqueous-phase reaction of 3MC even at low NaNO2
concentration for a factor of 2 more BrC than in the reaction of toluene at high-NOx conditions at
moderate RH (MAC, 0.8 m2 g-1)325 can be produced.
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5. Conclusion
Even if they are present in a small amount in the troposphere (< 0.1 %), atmospheric aerosols have
an extreme impact on climate, air quality, and human health. Without atmospheric aerosol, the
climate would not be as we know it. Besides, they are involved in many substantial atmospheric
processes, such as cloud and rain formation; they are also responsible for the reduction of visibility.
In general, atmospheric aerosol is defined as solid or liquid particles that are dispersed in the air. The
diameters of such particles can span over a few nanometers to several micrometers. The size of such
dispersed particles does not only affect their lifetime but also defines the composition and their
chemical and physical properties. Atmospheric aerosol can enter the atmosphere through different
paths; they can be emitted directly into the atmosphere by natural or anthropogenic sources. Such
emitted particles, because of substantial dilution into the atmosphere, partition to the gas phase or the
aqueous phase were they further react with atmospheric gas-phase or aqueous-phase reactants in a
homogeneous, multiphase or heterogeneous reactions forming different compounds of lower
volatility. The low volatile compounds partition to the particle phase (condensation), or they form
new particles through nucleation. Particles formed in such a way are known as secondary
atmospheric aerosol.
The significant components of atmospheric aerosol particles are different inorganic species, which
are already well characterized. Other essential constituents of atmospheric particles are the carbon
species. Carbon is present either as elemental carbon (EC) or organic carbon (OC). Even if OC is
present in a relatively low amount in the overall mass of atmospheric aerosol particles, it is crucial
from several perspectives. Regardless of its strong effect on air quality, atmospheric chemistry,
climate forcing, and its hazardous effect on human health, OC in atmospheric aerosol particles is
poorly characterized on a molecular level (only 10 − 40 %). Another critical point is that specific
organic components of atmospheric aerosol particles may absorb light in the near UV and VIS
ranges. Such light-absorbing OC is defined as atmospheric brown carbon (BrC); it absorbs light and
directly influences the climate through heating the atmosphere. Particulate BrC, which acts as cloud
condensation nuclei, can absorb light and change the lifetime of clouds (BrC may help to evaporate
cloud droplets when heating the cloud level) and indirectly influences the climate. Furthermore, the
presence of BrC interferes with the BC measurement and so influences the correct predicting of the
Earth’s radiative forcing. Today, there is a growing understanding and more and more evidence that
the atmospheric BrC can also be formed in the atmospheric aqueous phase through different
mechanisms. Therefore, the understanding of BrC compounds formation is of crucial importance for
the accurate assessment of its influence on the radiative forcing. It is already known that nitro129

aromatic-compounds (NACs), especially methyl-nitrocatechols (MNCs), contribute the most to the
BrC. Consequently, a better understanding of MNCs' origin would significantly contribute to the
accurate assessment of BrC to the radiative forcing.
In the present doctoral thesis, different formation and degradation pathways of MNCs, which lead to
BrC formation under atmospheric aqueous-phase relevant conditions, are investigated and discussed.
In the first part, the intriguing role of HONO and its essential part in nitration and
hydroxylation/oxidative cleavage of aromatic compounds is presented. It is proposed that HONO is a
vital mediator in dark aqueous-phase transformation of particular substituted aromatic pollutants
under mild environmental conditions. It is shown that HONO has a dual role in the nitration of
substituted aromatics; it acts as a catalyst and as an oxidant. HONO is directly involved in the
nitration of 3MC with the non-radical reaction pathway consisting of consecutive oxidation and
conjugated addition reaction, which is, in fact, the dominant reaction pathway. In the proposed
reaction mechanism, HONO firstly abstracts the electrons from the 3MC, forming a CTC and leaving
behind the –OH group. Further, inside the CTC, 3MC is being oxidized, forming a PhO∙, and if
enough HONO is available, the formed PhO∙ radical is further oxidized to the 3MoQ. Afterward, the
formed 3MoQ in the presence of NO2− undergoes to the conjugated addition reaction forming two
isomeric products; 3M5NC and 3M4NC, where 3M5NC is the primary product and 3M4NC is the
minor one. Such a pathway and the formed MNCs are a significant source of BrC and SOA
compounds in the atmosphere. Taking into account the atmospheric relevant concentration of 3MC
and total HONO/NO2− concentration to be 0.01 mM and 0.1 mM, respectively, then the atmospheric
lifetime of 3MC according to this mechanism is 2.4 days in the dark. Depending on the concentration
of HONO, other mechanisms of 3MC nitration become more competitive to the dominant
mechanism. If not enough, HONO is available to participate in the consecutive oxidation of the
formed PhO∙ then the MNCs are formed through different paths. It is important to note that the
competitive route of MNC formation is only possible in the presence of oxygen. Therefore in the
presence of oxygen and at low HONO concentration, the back electron transfer, forming back the
CTC, is more favored as the oxidation of the PhO∙. The CTC in the presence of oxygen is oxidized to
the MNCs through the oxidative aromatic nitration pathway, which is highly reminiscence to the
electrophilic aromatic nitration. Another possible competitive pathway of MNCs formation, in the
presence of oxygen, is the termination of PhO∙ with NO2; this pathway is also activated by low
HONO concentration. The proposed model reveals that the competitive pathways (oxidative
aromatic nitration and radical termination), contribute more to the nitration on Para position.
Furthermore, the 3MC nitration in the dark was found to depend moderately on the temperature.
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For the dominant mechanism, it is expected to prevail at pH around the pKa of HONO, which is
typical for atmospheric aerosol. At very low pH, because of the lack of NO2− in the solution, the
competitive oxidative aromatic substitution and radical nitration pathways gain importance. On the
other hand, at very low pH, the HONO concentration in acidic aerosol waters is often deficient
because of the rapid mass transport to the gaseous phase, which results in extraordinarily long
atmospheric lifetimes of 3MC according to the competitive routes. At higher pH and diluted solution
(i.e., cloud water), longer atmospheric lifetimes of 3MC are also expected (for all three mechanisms),
as the initial oxidation step is prohibited at those conditions.
The measured absorption spectra of the nitration products, 3M5NC and 3M4NC, showed that these
products absorb in the near-UV (300-400 nm) and VIS range (> 400 nm), which places them in a
group of BrC compounds. MNCs have also been identified in the field samples, PM10 and PM2.5, and
it is well known that they are among the significant components of HULIS, the most widespread
chromophoric substance in the atmosphere.
The results of the first part of the thesis confirm the assumption that the aqueous-phase reaction of
3MC in the presence of HONO/NO2− can be a significant source of BrC even in the dark. With these
results the first part of the thesis goals are fulfilled. Namely, the first part of the aims incorporates the
kinetic and mechanistic studies of MNCs formation in atmospheric aqueous-phase relevant
conditions in the dark. It is confirmed that 3MC can be an essential precursor for MNCs' formation.
In the dark 70 – 100 % of the reacted 3MC is converted into the ring-retaining products (MNCs),
which contribute to the absorption in the specific wavelength range for BrC.
Because the two-step reaction mechanism (oxidation and nitration by addition) can be a valuable
source of atmospheric NACs, it was further investigated. For this purpose, a new experimental
platform built upon electrochemistry was introduced. Combining its duality in means of
electrosynthesis and electroanalysis, electrochemistry can be used in line with the complementary
state of the art analytical techniques, providing a robust platform with great potential for innovative
research in the field of atmospheric chemistry and broader. Further, it is shown how the advantage of
heterogeneous electrode reactions in the generation of reactive intermediate can be of great help in
the mechanistic study of complex reactions systems. By using the electrode as a source or sink of the
electrons, electrochemistry can be employed to mimic different environmental oxidizing/reducing
agents, which allow the separate investigation of their redox influences on distinct targeted species in
a simplified reaction environment. Concerning this, electrochemistry assures controlled highthroughput screening and helps identify potentially relevant atmospheric processes.
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The identification of the same intermediate, the same products, and the same ratio of the products,
provides an acceptable proof for the involvement of a mutual reaction mechanism in the two
experimental setups, such as dark 3MC nitration under acidic conditions and the EC mechanism at
neutral pH where 3MC nitration in bulk is prevented. Firstly, the intermediate 3MoQ was identified
in the reaction mixture at the specific conditions, which were determined by the model. The
identification of 3MoQ itself is not enough to confirm the dominant reaction mechanism. Therefore,
to connect the identified intermediate with the products and the dominant mechanism, the ability of
electrochemistry to generate intermediates at the electrode surface was used. The electrochemical
oxidation of catechol to quinone is a long-known process; the oxidation of 3MC at the electrode
surface leads to the formation of 3MoQ. So formed 3MoQ reacts with the NO2− present in the
electrochemical cell. The same products and the same ratio of the products were obtained, which
confirms the proposed dominant reaction mechanism. Such an approach (from top to bottom) can be
used in the case when the mechanism is theoretically described, and the intermediates are identified
in the reaction mixture, additionally confirming the proposed reaction mechanism. Additionally,
from the electrochemical behavior of 3MC, one can expect that the initial oxidation step to the
quinone intermediate can also be possible by other naturally occurring oxidative species that react
pH-independently (e.g., H2O2, and O3). Taking this into account, the relevant pH range of the twostep reaction mechanism (oxidation and nitration) expands toward higher pH values and becomes
relevant to less acidic in-cloud conditions with presumably higher NO2− concentration.
In addition, a novel pathway of NACs hydroxylation and oxidative cleavage was discovered. The
non-radical hydroxylation by the addition of water molecules as a nucleophile is somewhat
controversial. Usually, oxidants such as ∙OH/O2, NO3∙/O2, and O3 are considered as hydroxylation
agents of aromatic compounds.326 Hydroxylation by the initial attack of sulfur radicals, which is
followed by water addition, is also known from the literature.182 In contrast to this, a complete nonradical hydroxylation is proposed in the present doctoral thesis. MNCs are oxidized at the relatively
low potential at the electrode surface, to MNoQ from which in the presence of water the 3M5NC-OH
and the ring cleavage products are formed. For comparison, the standard redox potential of
HONO/NO∙ and NO+/NO∙ is 1.5 V and 0.9 V, respectively. And if HONO is capable to
homogeneously oxidized 3MC, it is also capable of oxidizing MNCs homogeneously. Therefore,
3M5NC and 3M4NC were mixed individually with a mixture of HONO/NO2−. For this purpose, the
same reaction system was used as in the first part (section 4.1), and the chromatographic method was
optimized (using an ion-pairing reagent), and the same product compounds were detected in the
homogeneous reaction mixture as in the electrochemically assisted nitration. The newly developed
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platform for mechanistic studies can also be used for unknown mechanisms. If only the reactants and
products are known, and no assumption about the homogenous mechanism exists, then based on the
electrochemical behavior of the reactants and products, and the existing EC mechanism, an
assumption on the homogeneous mechanism can be made. Hereafter, based on the assumption, a
homogeneous reaction system can be designed, and by observing the same products as in the EC
mechanism, the assumed homogeneous mechanism could be confirmed (approach from bottom to
top).
Generally, the hydroxylation by oxidation and the nucleophilic attack of water has neither been
included in global atmospheric models nor has been considered possible to date. The untargeted
hydroxylation and oxidative cleavage reaction can be of even greater importance for the atmospheric
chemistry community than the targeted nitration reaction, mainly because of the prolonged light
absorption of the products far in the visible light range. The hydroxylated and ring cleavage products
could significantly contribute to the atmospheric light absorption by BrC, influencing the radiative
balance of the Earth.
In further research of the doctoral thesis, an electroanalytical methodology, which is capable of
distinguishing between aromatic isomers, was also introduced. Such a methodology can be
efficiently employed in the assessment of the burden of nitro-aromatic pollutants in the atmosphere.
It was demonstrated that it is possible to determine a group of emerging nitroaromatic pollutants; the
method was applied for the identification of thirteen NACs known to be present in ambient aerosol
samples. From the obtained results, which were systematically compared with the individual
standards, six groups of nitrated aromatic pollutants can be determined in real samples: cumulative
nitrocatechols and 5-nitrocatechols (in the anodic direction), and cumulative nitrophenols and
different substituted nitrophenols (in the cathodic direction). With the new methodology, the
electrochemical signals can be reasonably well quantified by the standard addition method using a
single surrogate molecule. In contrast to this, the commonly used LC-MS is known to fail often in
the quantification of a group of compounds by the use of a surrogate standard. Therefore, the
described methodology promises a better quantitative method for the determination of total NACs in
real atmospheric samples. The expected limit of detection is in the nanomolar range, which is
comparable to the LC-MS. It is important to note that the presented electroanalytical methodology
provides only estimates, and further investigations are needed for possible chemical speciation of the
NACs in atmospheric samples.
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The developed electrochemical method (last section of the first part) shows that the aging of MNCs
in the dark results in the formation of new compounds (3M5NC-OH and the oxidative cleavage
products) which also have characteristics of BrC. This finding goes in line with the thesis hypothesis
that the aqueous-phase reactions in the atmosphere can significantly contribute to the BrC formation.
In the frame of the thesis goals it was also planned to identified the newly formed reaction products
in ambient PM. However, because the detection of such compounds in a complex mixture is not a
straightforward procedure, this is left opened for another research. Instead, a specific electrochemical
methodology was developed in purpose to detect and quantify the NACs known to be present in the
ambient PM. Even the methodology is only tested and optimized in a model mixture of 13 NACs
known to be present in the ambient PM, it showed a great potential to be used for the analysis of real
ambient PM samples. However, this is beyond the scope of the thesis, and it is also left open as a
topic for another research.
In the second part of the doctoral thesis, the influence of light on BrC formation from 3MC at
different conditions was investigated. The goal of research on BrC formation from 3MC at different
HONO concentrations under sunlight conditions was to find out how different conditions can
influence the formation and degradation of MNCs as an essential source of BrC. The intention was to
quantify the influence of different conditions on BrC formation through one parameter. Because BrC
is defined by the absorption at a specific wavelength, the absorption was used to quantify the BrC
formation under different conditions. Using the Beer-Lambert Law, the absorption can be expressed
as the product of mass-absorption-coefficient (MAC), the concentration, and the length of the
measuring cuvette, where the concentration of the products is given using the suitable rate law,
including all conditions of the precursor's decay. Using the rate law of 3MC decay instead of the BrC
product concentration, MAC value can be fitted at a specific wavelength, which can be considered as
a measure of BrC formation. It is important to emphasize that it was assumed that all consumed
precursor (3MC) is converted to BrC. MAC values for BrC formation from 3MC were calculated for
three different wavelengths (350, 400, and 410 nm) that are relevant for BrC. The calculated MAC
values showed that increasing the concentration of NaNO2, the MAC value also increases, which
corresponds to more BrC formation at higher NaNO2 concentration. It is also important to note that
in the dark conditions, approximately 50 % more BrC is formed in the comparable reaction
condition. Under the sunlight, ∙OH radicals are formed by photolysis of HONO, and 3MC and NO2−
are in competition for them. Depending on the NaNO2 concentration, either the nitration reaction can
be favored or the 3MC degradation by ∙OH radicals. When NaNO2 is in excess, ∙OH preferentially
reacts with NO2− , where only a minor fraction reacts with 3MC, which results in slower degradation
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of 3MC. Comparing the MAC values of the dark reaction of 3MC and NaNO2 (1.38 – 5.63 m2 g-1)
with the MAC values of the same reaction under simulated sunlight (0.43 – 4.09 m2 g-1), it can be
seen that under the simulated sunlight, BrC degradation may occur.
The calculated MAC values (for 350 nm; 1.8 − 5.63 m2 g-1, for 400 nm; 0.87 – 1.90 m2 g-1 and for
410 nm; 0.43 – 1.38 m2 g-1) confirmed that the aqueous-phase reaction of 3MC in the presence of
HONO/NO2−, either under the sunlight or in the dark, is an essential precursor for BrC. Under all
examined conditions, BrC produced from 3MC can reach much higher levels than, for example, BrC
from toluene.325 Besides, MAC values reported for the water-soluble HULIS fraction from BBOA
(biomass burning organic aerosol from Colorado) are in the range from 0.5 – 1.5 m2 g-1 at 404 nm.64
This additionally confirms that MNCs and the hydroxylated/ring cleavage products produced from
3MC are essential contributors to BrC. Such conclusions are also in agreement with the existing field
studies, where MNCs are found as significant contributors to atmospheric BrC.
The results of the second part of the research are in line with the hypothesis that under the sunlight,
the 3MC degradation is faster and that more different products are formed in comparison to the dark
reactions where only 3M5NC, and 3M4NC were recognized. The main aims of the research under
the sunlight are to understand the chemistry of BrC formation/degradation under such conditions,
comprehensively, and to recognize and identify possible new compounds that can contribute to the
atmospheric BrC. The chemistry of BrC formation/degradation is in the second part described using
one cumulative parameter (MAC) with which the BrC formation or degradation at different
conditions and from a specific precursor can be quantified. Besides the MNCs, which formation was
expected under the sunlight, also the 3M5NC-OH and the ring-opening products were identified in
the reaction mixture, with which the main aims of the thesis are fulfilled.
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6. RAZŠIRJEN POVZETEK
UVOD
Določene organske komponente atmosferskih aerosolskih delcev lahko absorbirajo svetlobo v bližnjem UV in
vidnem območju. Takšen organski ogljik (OC) opredeljujemo kot atmosferski rjavi ogljik (BrC); BrC
absorbira svetlobo in neposredno vpliva na podnebje s segrevanjem ozračja. Aerosolski delci BrC, ki delujejo
kot kondenzacijska jedra oblakov, lahko absorbirajo svetlobo in spremenijo življenjsko dobo oblakov (BrC
lahko s segrevanjem oblakov vpliva na izhlapevanje kapljic le-teh) in tako posredno vpliva na podnebje.
Danes je vedno več dokazov, da lahko atmosferski BrC nastane tudi v atmosferski vodni fazi preko različnih
mehanizmov. Zato je razumevanje nastanka BrC spojin ključnega pomena za natančno oceno njegovega
vpliva na spremembe sevalnega ravnotežja. Poznano je, da nitroaromatske spojine (NAC), zlasti metilnitrokateholi (MNC), prispevajo največ k BrC. Boljše razumevanje izvorov MNC bi zatorej bistveno
prispevalo k natančnejši oceni BrC vpliva na klimatske spremembe.
REZULTATI IN DISKUSIJA
V doktorski disertaciji smo raziskali in obravnavali različne poti nastajanja in razgradnje MNC pri pogojih
značilnih za atmosfersko vodno fazo, ki vodijo do nastanka BrC spojin. V prvem delu je predstavljena
zanimiva in bistvena vloga HONO pri nitraciji ter hidroksilaciji/oksidativni cepitvi aromatskih spojin.
Ugotovili smo, da je HONO ključni mediator v vodni fazi pri pretvorbah določenih substituiranih aromatskih
onesnaževalih v temi pri blagih okoljskih pogojih. Pokazali smo, da ima HONO pri nitraciji substituiranih
aromatskih spojin dvojno vlogo; deluje kot katalizator in oksidant. HONO je neposredno vključen v nitracijo
3-metilkatehola (3MC) z ne-radikalsko reakcijsko potjo, ki sestoji iz zaporedne oksidacije in konjugirane
adicije; to je dejansko prevladujoča reakcijska pot. V predlaganem mehanizmu HONO najprej odvzame
elektrone iz 3MC, pri čemer nastane CTC (kompleks za prenos naboja) in za seboj pusti –OH skupino.
Nadalje se znotraj CTC 3MC oksidira, nastane fenoksi radikal (PhO)∙, in če je dovolj HONO, se PhO∙ radikal
nadalje oksidira do 3MoQ (3-metil-o-kinon). Nastali 3MoQ je v prisotnosti NO2− podvržen konjugirani
adicijski reakciji, pri čemer nastaneta dva izomerna produkta; 3M5NC (3-metil-5-nitrokatehol) in 3M4NC (3metil-4-nitrokatehol), kjer je 3M5NC glavni in 3M4NC manjši produkt. Ta reakcijska pot in nastali produkti
so pomemben izvor BrC in SOA spojin v ozračju. Odvisno od koncentracije HONO, pa postanejo tudi drugi
mehanizmi nitracije 3MC bolj konkurenčni v primerjavi s prevladujočim mehanizmom. Če ni na razpolago
dovolj HONO za oksidacijo nastalega PhO∙, potem MNC nastanejo po drugačnih reakcijskih poteh.
Pomembno je izpostaviti, da je konkurenčna pot nastanka MNC mogoča samo v prisotnosti kisika. Zato je v
primeru prisotnosti kisika in nizkih koncentracij HONO, povratni prenos elektrona, ki ponovno tvori CTC,
bolj ugoden kot oksidacija PhO∙. CTC se v prisotnosti kisika oksidira do MNC preko oksidativne aromatske
nitracijske poti, nastali produkti so zelo podobni produktoma elektrofilne aromatske nitracije. Naslednja
možna pot nastanka MNC v prisotnosti kisika, je zaključna radikalska reakcija (terminacija) med PhO∙ in NO2;
ta reakcija je prav tako aktivirana z nizko koncentracijo HONO. Naš predlagani model razkriva, da
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konkurenčni poti (oksidativna aromatska oksidacija in radikalska terminacija) prispevata k nitraciji na para
položaj. Poleg tega smo ugotovili, da je 3MC nitracija v temi zmerno odvisna od temperature. Prevladujoči
(glavni) mehanizem naj bi prevladoval pri pH okrog pKa HONO, ki je značilen za atmosferske aerosole. Pri
zelo nizkih pH zaradi pomanjkanja NO2− v raztopini, pridobita na pomenu konkurenčni oksidativna aromatska
substitucija in radikalska nitracija. Po drugi strani je pri zelo nizkih pH HONO koncentracija v kislih
aerosolskih vodah pogosto nezadostna zaradi hitrega masnega prenosa v plinsko fazo, kar rezultira v izjemno
dolgih atmosferskih življenjskih dobah 3MC po omenjenih konkurenčnih reakcijskih poteh. Izmerjeni
absorpcijski spektri nitriranih produktov, 3M5NC in 3M4NC, potrjujejo, da ti produkti absorbirajo v bližnjem
UV (300-400 nm) in vidnem območju (> 400 nm), kar jih uvršča med skupino BrC spojin.
V nadaljevanju smo pokazali prednosti heterogenih elektrodnih reakcij pri tvorbi reaktivnih intermediatov, ki
so lahko v veliko pomoč pri mehanističnem študiju zapletenih reakcijskih sistemov. Z uporabo elektrode kot
izvora ali ponora elektronov, lahko elektrokemijo uporabimo za posnemanje različnih okoljskih
oksidantov/reducentov, kar omogoča ločeno preiskavo njihovih redoks vplivov na ločene izbrane zvrsti v
poenostavljenem reakcijskem okolju. Elektrokemija zagotavlja kontroliran visoko-zmogljiv pregled in
pomaga identificirati potencialno pomembne atmosferske procese. Identifikacija enakih intermediatov, enakih
produktov in enakih razmerij produktov zagotavlja sprejemljiv dokaz o vpletenosti skupnega reakcijskega
mehanizma v dveh različnih eksperimentalnih sistemih; kot sta napr. nitracija 3MC v temi v kislih pogojih in
EC mehanizem (electron-transfer kemijsko reakcijski mehanizem) pri nevtralnem pH, kjer je nitracija 3MC v
raztopini onemogočena. Najprej smo v reakcijski mešanici identificirali intermediat 3MoQ pri pogojih, ki smo
jih določili z modelom. Toda identifikacija 3MoQ še ni zadostovala, da bi potrdili glavni reakcijski
mehanizem. Da bi povezali identificiran intermediat s produkti in glavnim mehanizmom, smo uporabili
elektrokemijo, ki omogoča tvorbo intermediatov na elektrodni površini. Elektrokemijska oksidacija katehola v
kinon je poznan proces; oksidacija 3MC na elektrodni površini vodi do nastanka 3MoQ, ki reagira z NO2−
prisotnim v elektrokemijski celici. Dobili smo enake produkte in enako razmerje teh, kar je potrdilo
predlagani glavni reakcijski mehanizem. Tak pristop (od vrha navzdol) lahko uporabimo v primerih, ko je
mehanizem teoretično opisan in intermediati identificirani v reakcijski raztopini; tako dodatno potrdimo
predlagani mehanizem. Poleg tega lahko na osnovi elektrokemijskega obnašanja 3MC, pričakujemo, da je
začetna oksidacijska stopnja do kinona možna tudi z drugimi naravnimi oksidativnimi zvrstmi, ki reagirajo
neodvisno od pH (napr, H2O2, in O3). Ob upoštevanju tega dejstva, je primerno pH območje za dvo-stopenjski
reakcijski mehanizem (oksidacija in nitracija) razširjeno k višjim pH vrednostim in postane relevantno za
manj kisle pogoje v oblakih z bistveno višjimi NO2− koncentracijami.
Odkrili smo tudi novo pot hidroksilacije NAC in oksidativne cepitve aromatskega obroča. Ne-radikalska
hidroksilacija z dodajanjem molekule vode je nekoliko nenavadna. Običajno se oksidanti, kot napr. ∙OH/O2,
NO3∙/O2 in O3, smatrajo za hidroksilacijske reaktante za aromatske spojine. Poznana je tudi hidroksilacija z
začetnim napadom žveplovih radikalov, ki jim sledi dodajanje vode. V nasprotju s tem pa mi predlagamo
popolnoma ne-radikalsko hidroksilacijo. MNC se oksidirajo do MNoQ pri relativno nizkem potencialu na
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elektrodni površini; v prisotnosti vode nastane nato 3M5NC-OH in produkti cepitve aromatskega obroča. Za
primerjavo, standardni redoks potencial HONO/NO∙ je 1.5 V in za NO+/NO∙ 0.9 V. Če torej HONO lahko
homogeno oksidira 3MC, potem lahko oksidira tudi MNC. Zatorej smo želeli identificirati elektrokemijsko
proizveden 3M5NC-OH in produkte oksidativne cepitve v reakcijski mešanici pri oksidativnih atmosferskih
pogojih (raztopina HONO prepihana z zrakom). Za ta namen smo uporabili enak sistem kot v prvem delu
raziskav (poglavje 4.1), optimizirana pa je bila kromatografska metoda (uporaba reagenta za nevtralizacijo
ionov, “ion-pairing reagent”); v homogeni reakcijski mešanici smo določili enake produkte kot pri
elektrokemijski nitraciji. Novo razvita platforma za mehanistične študije je uporabna tudi za neznane
mehanizme. Če so poznani samo reaktanti in produkti in ni nobenih predpostavk o homogenem mehanizmu,
potem lahko na podlagi elektrokemijskega obnašanja reaktantov in produktov ter obstoječega EC mehanizma
predpostavimo o homogenem mehanizmu. Na osnovi predpostavke zatorej lahko načrtujemo homogeni
reakcijski sistem, ter z določitvijo enakih produktov kot pri EC mehanizmu, je mogoče potrditi domnevni
homogeni reakcijski mehanizem (pristop od spodaj navzgor).
Zaradi absorpcije novo nastalih produktov pri daljših valovnih dolžinah v vidnem območju ima lahko reakcija
hidroksilacije in oksidativne cepitve za kemijo ozračja še večji pomen kot reakcija nitracije, Hidroksilirani
produkti in produkti cepitve aromatskega obroča lahko bistveno prispevajo k atmosferskemu BrC in s tem k
absorpciji svetlobe in tako vplivajo na spremembe sevalnega ravnotežja na Zemlji.
V nadaljevanju doktorske disertacije smo vpeljali elektrokemijsko metodologijo, s katero lahko ločimo med
različnimi aromatskimi izomerami. Takšno metodologijo je možno učinkovito uporabiti pri oceni obremenitve
z nitroaromatskimi onesnaževali v ozračju. Pokazali smo, da lahko določimo skupino nastajajočih NAC;
metodo smo uporabili za identifikacijo trinajstih poznanih NAC, ki so prisotni v okoljskih aerosolskih delcih.
Na osnovi dobljenih rezultatov, ki smo jih sistematično primerjali s posameznimi standardi, smo lahko
določili šest skupin nitriranih aromatskih onesnaževal v realnih vzorcih: skupne nitrokatehole in 5nitrokatehole (v anodni smeri) ter skupne nitrofenole in različne substituirane nitrofenole (v katodni smeri).
V drugem delu doktorske disertacije smo preiskovali vpliv svetlobe na nastanek BrC iz 3MC pri različnih
pogojih (napr. različne koncentracije HONO). Cilj raziskav je bil ugotoviti, kako različni pogoji vplivajo na
nastanek in razpad MNC, ki so pomemben vir BrC. Ker je BrC definiran z absorpcijo pri točno določeni
valovni dolžini, smo absorpcijo uporabili za kvantifikacijo BrC nastalega pri različnih pogojih. Z uporabo
Beer-Lambert zakona lahko absorpcijo izrazimo kot zmnožek masnega absorpcijskega koeficienta (MAC),
koncentracije in dolžine merilne kivete; koncentracija produktov je podana z uporabo ustreznega zakona o
hitrosti, kjer so vključeni vsi pogoji razpada predhodne spojine, to je 3MC. Z uporabo hitrosti razpada 3MC,
lahko MAC vrednosti prilegamo k točno določeni valovni dolžini, kar lahko upoštevamo kot merilo za
nastanek BrC. Predpostavili smo, da se je ves porabljeni predhodnik (3MC) pretvoril v BrC. MAC vrednosti
za nastanek BrC iz 3MC smo izračunali za tri različne valovne dolžine (350, 400 in 410 nm), ki so pomembne
za BrC. Izračunane MAC vrednosti in kinetski podatki so pokazali, da se s koncentracijo NaNO2 tudi MAC
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povečuje, kar ustreza nastanku več BrC pri višjih NaNO2 koncentracijah. Pomembno je tudi izpostaviti, da v
temi nastane ca. 50 % več BrC kot v svetlobi pri primerljivih reakcijskih pogojih. V prisotnosti sončne
svetlobe nastajajo pri fotolizi HONO OH radikali, za katere se potegujeta 3MC in NO 2−. V odvisnosti od
koncentracije NaNO2 prevladuje bodisi reakcija nitracije ali pa razpad 3MC z ∙OH radikali. Ko je NaNO2 v
presežku, ∙OH prednostno reagira z NO2−, manjši delež pa z 3MC, kar rezultira v počasnejšem razpadu 3MC.
Če primerjamo MAC vrednosti temne reakcije med 3MC in NaNO2 (1.38 – 5.63 m2 g-1) z MAC vrednostmi
iste reakcije pri simulirani sončni svetlobi (0.43 – 4.09 m2 g-1), lahko ugotovimo, da v zadnjem primeru
prihaja že do razpada BrC.
ZAKLJUČKI
Raziskave v doktorski disertaciji so razdeljene v dva glavna dela. V obeh je osrednji del nastanek BrC iz
istega predhodnika (3MC) pri različnih reakcijskih pogojih, ki so pomembni za atmosfersko vodno fazo. V
prvem delu razkrivamo zanimivo in ključno vlogo HONO pri nitraciji 3MC v temi. Pokazali smo, da ima
HONO dvojno vlogo pri nitraciji 3MC; deluje kot oksidant in katalizator. Glavni produkti te reakcije (3M5NC
in 3M4NC) pomembno doprinesejo k BrC. Poleg glavnega reakcijskega mehanizma, ki sestoji iz dveh
zaporednih reakcij, oksidacije in nitracije, smo prepoznali tudi dve konkurenčni reakcijski poti, katerih pomen
je odvisen od koncentracije HONO. Oksidativna aromatska substitucija se zgodi le v prisotnosti kisika in ne
poteče pri visokih koncentracijah HONO. MNC lahko nastanejo tudi z radikalsko kombinacijo nastalega
fenoksi radikala in dušikovega dioksida. Ker dušikov dioksid ni prisoten v reakcijski mešanici, je tudi za
radikalsko pot potreben kisik.
Nadaljnji poskusi staranja MNC v temi, z uporabo razvite elektrokemijske metodologije, so razkrili, da nastale
spojine lahko v prisotnosti HONO/H2O še naprej reagirajo, pri čemer nastanejo nove spojine (3M5NC-OH in
produkti cepitve aromatskega obroča), katerih absorpcija je pomaknjena k daljšim valovnim dolžinam v
vidnem območju. Te ugotovitve so velikega pomena, saj so omenjene spojine še popolnoma neznane
atmosferski skupnosti.
Prav tako smo pokazali, da z novo razvito elektrokemijsko metodologijo lahko identificiramo 13 NAC v
modelni mešanici. Vendar pa je potrebno to metodologijo še nadalje raziskati, da bi bila resnično uporabna za
realne vzorce; to pa je bilo izven ciljev tega dela.
V drugem delu smo raziskali kemijo nastajanja/razpada BrC pri simuliranih pogojih sončne svetlobe.
Rezultati teh raziskav so v skladu s hipotezo, da je pri pogojih sončne svetlobe razpad 3MC v prisotnosti
HONO hitrejši; poleg tega pa nastane tudi več različnih produktov v primerjavi s temno reakcijo, kjer smo
določili le dva produkta, to je 3M5NC in 3M4NC. Kemija nastanka BrC oz njegov razpad je opisan z enim
sskupnim parametrom (MAC), s katerim lahko kvantificiramo BrC nastanek ali razpad pri različnih pogojih in
iz izbranega predhodnika. Poleg MNC, katerih nastanek je bil pričakovan tudi pri pogojih svetlobe, smo
identificirali še 3M5NC-OH in produkte cepitve aromatskega obroča.
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