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ABSTRACT

Isoprene (I1SO), the most abundant non-methane VOC, is the major contributor
to secondary organic aerosols (SOA) formation. The mechanisms involved in such
transformation, however, are not fully understood. Current mechanisms, which are
based on the oxidation of ISO in the gas-phase, underestimate SOA vyields. The
heightened awareness that ISO is only partially processed in the gas-phase has turned

attention to heterogeneous processes as alternative pathways toward SOA.

During my research project, | investigated the photochemical oxidation of
isoprene in bulk water. Below, | will report on the A > 305 nm photolysis of H,0, in
dilute 1SO solutions. This process yields C;9H15s0OH species as primary products, whose
formation both requires and is inhibited by O, Several isomers of CyoHisOH were
resolved by reverse-phase high-performance liquid chromatography and detected as
MH* (m/z = 153) and MH*-18 (m/z = 135) signals by electrospray ionization mass
spectrometry. This finding is consistent with the addition of -OH to ISO, followed by HO-
ISO- reactions with I1SO (in competition with O,) leading to second generation HO(ISO),-

radicals that terminate as C1oH150H via B-H abstraction by O,.

It is not generally realized that chemistry on the surface of water cannot be
deduced, extrapolated or translated to those in bulk gas and liquid phases. The water
density drops a thousand-fold within a few Angstroms through the gas-liquid interfacial

region and therefore hydrophobic VOCs such as ISO will likely remain in these relatively



Vi

‘dry’ interfacial water layers rather than proceed into bulk water. In previous
experiments from our laboratory, it was found that gas-phase olefins can be protonated
on the surface of pH < 4 water. This phenomenon increases the residence time of gases
at the interface, an event that makes them increasingly susceptible to interaction with

gaseous atmospheric oxidants such as ozone and hydroxyl radicals.

In order to test this hypothesis, | carried out experiments in which 1SO(g) collides
with the surface of aqueous microdroplets of various compositions. Herein | report that
ISO(g) is oxidized into soluble species via Fenton chemistry on the surface of aqueous
Fe(ll)Cl, solutions simultaneously exposed to H,0,(g). Monomer and oligomeric species
(1SO)..gH" were detected via online electrospray ionization mass spectrometry (ESI-MS)
on the surface of pH ~ 2 water, and were then oxidized into a suite of products whose
combined yields exceed ~ 5% of (1SO)1.gH". MS/MS analysis revealed that products
mainly consisted of alcohols, ketones, epoxides and acids. Our experiments
demonstrated that olefins in ambient air may be oxidized upon impact on the surface of

Fe-containing agueous acidic media, such as those of typical to tropospheric aerosols.

Related experiments involving the reaction of 1ISO(g) with -OH radicals from the
photolysis of dissolved H,0, were also carried out to test the surface oxidation of ISO(g)
by photolyzing H,0,(aqg) at 266 nm at various pH. The products were analyzed via online
electrospray ionization mass spectrometry. Similar to our Fenton experiments, we

detected (ISO),.7H" at pH < 4, and new m/z" = 271 and m/z" = 76 products at pH> 5.
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Chapter 1

Introduction and Summary

Aerosols affect the earth's climate by absorbing or reflecting the Sun's energy (direct
affect) and influencing cloud formation (indirect effect). They also degrade the local air
quality thereby leading to potential health effects especially lung diseases such as
asthma and cancer. Aerosols may be organic or inorganic, but most aerosol or much of
the mass is organic in nature, particularly the PM 2.5 fraction. The influence of organic
compounds on atmospheric aerosols is far less understood and largely uncertain,
predominantly in relation to that of the dominant inorganic aerosol components [1].
This is definitely caused by the large number (up to several hundred or a thousand) and
structural complexity of the organic species involved, which are difficult to identify
because of the difficulties associated with their collection, separation and the
availability of suitable analytical methods. Primary organic aerosols, or POA, are directly
emitted into the atmosphere through vehicle exhaust, cooking and biomass burning,
whereas Secondary Organic Aerosols, or SOA, are formed from gas-to-particle
conversion by oxidation of volatile organic compounds (VOC) present in the
atmosphere. Oxidation mainly takes place with OH radicals, ozone or NOyx. SOA
compounds are assumed to be largely water soluble or hydrophilic. Although the

composition of SOA is the result of complex interactions between trace organic gases



and aerosols, some basic scenarios have been outlined using model systems that await

validation.

Isoprene is the most abundant biogenic VOC. About ~ 600 Tg/C[2] are being
emitted into the atmosphere annually. ISO significantly affects the oxidative capacity of
the atmosphere. It has been generally assumed that condensed-phase reactions of
hydrophobic substances, i.e., those having small Henry’s law constants, would make a
negligible contribution to SOA formation. 1SO, which has a H constant = 0.036 M atm™
[3], was not considered to produce SOA and was not included in traditional models of
SOA formation. In the past, aqueous bulk phase reactions of polar organic compounds,
such as glyoxal,[4, 5], methyl glyoxal and pyruvic acid, were proposed as potential
sources of SOA. However, after the detection of tetrol species, the main tracer for SOA
from isoprene under low NOy regions in the Amazon forest ISO is being considered as a
significant contributor for SOA formation[6]. Since then, ISO has been investigated as a
major source of fog/haze and aerosol formation at the surface. During the daytime,
photo-oxidation of ISO takes place with OH radicals. The mechanisms of SOA formation
under high-NO, is well understood; however, the mechanism of formation under low-
NO, conditions still remain to be fully characterized. In the low-NOx regions such as
forests, where there is a considerable amount of biogenic VOC emissions, the main
mechanism for SOA formation would be the reaction between OH and ISO. In these
regions, ISO forms epoxy diols (IEPOX)[7, 8] in the gas phase, and alkene tetrols and

oligomers in the aqueous phase[8].



In the high-NO, regions, apart from the formation of methyl vinyl ketone (MVK),
methacrolein (MACR) and hydroxyacetone, ISO also leads to the regeneration of OH
radicals through the formation of hydroxyl peroxy radicals[9]. These species also can be
either primary or secondary in nature [10]. However, still the mechanism and the
product formations are still not fully understood, and there are large discrepancies
arising in modeled and measured ISO emission fluxes on the overlying boundary layer. In
addition, the revelation that the laboratory generated aerosol underpredicts the
oxygenated VOCs generated[11] and the masses of SOA[12, 13]. Field measurements
have also revealed that the -OH radical concentrations measured therein are much
higher than those evaluated from current chemical mechanisms[11]. In this thesis, |
argue that gas phase chemical reactions alone cannot fully account for all the SOA
formed in the atmosphere[14]. Aqueous phase, gas/solid, emerging new concepts in
the physical chemistry of interfaces,[15-18] and along with newly-found phenomena at
the air-water interface[19-30] demonstrate some of the missing processes that can be
used to fill in the mass balance gap. These deficiencies have led researchers to consider
the possibility, seemingly by elimination, that other unspecified processors might close
the gap[11]. In this thesis, | show that heterogeneous processers (HPs) may play an
important role; however, this phenomenon awaits a complementary characterization in

the field.



AQUEOUS PHASE REACTIONS

The photochemistry of organic species in the aqueous aerosol media is, in general,
quite different from in the gas-phase, or in less polar or hydrogen-donating solvents,
and also can be a potential contributor to SOA.

H,0,(g), having a Henry’s law constant H = 10° M atm™ [31], is extremely soluble in
water [32]. Its gas-phase mixing ratio, i.e., the abundance of one component of a
mixture relative to that of all the other components, may reach up to 1.5 ppbv (parts
per 10° by volume), or more [33]. It has been calculated that, typically, ~ 1 ppbv gas-
phase H,0, concentrations will lead to 0.1 mM H,0, in aqueous fog and aerosol droplets
[34]. Furthermore, dissolved H,0, can undergo solar photolysis generating OH radicals,
which can lead to the formation of oxygenated species in the bulk.

Other OH radical precursors in the aqueous phase include Fe(ll)/Fe(lll) iron (Fenton
reaction) species, and nitrate ions, which yield hydroxyl radical via photolysis [35, 36].
Isoprene in the aqueous bulk phase leads to the formation of polyols and other low-
vapor pressure compounds (glyoxal, pyruvic acid [PA]), and these low-vapor pressure
species under go further oxidation to form higher mass oligomers. PA acid and GLA,
which are highly water-soluble (H= 3 x 10°M/atm [37, 38] and H= 3.6 x 10° M/atm[39])
and under photo-oxidation, are capable of forming larger macromolecules that possess
properties of HULIS (Humic Like Substances), and up to 50% of the aerosol mass consists

of macromolecular organic substances [40].



Pyruvic acid is one of the most abundant of the a-dicarbonyls in the atmosphere
both in the gas and in the aqueous phase. The a-dicarbonyls arise as a result of
oxidation of isoprene (by the oxidation of VOC) and by the photochemical degradation
of the colored organic matter in rivers, lakes, and oceans. Their fate is, however,
uncertain. The ketonic functionality of the a-dicarbonyl moieties absorbs light above
A>300 nm. Photolysis alone does not lead to oligomers[41]; rather it often leads to
smaller species, but, at the same time, it is capable of producing colored species upon
photolysis and aging [42], leading to a large sum of poly-functional high molecular

weight oligomeric species [42-44] via slow dehydration of the alcohol functionalities.

HETEROGENEOUS REACTIONS AND MINERAL DUST AEROSOLS

Mineral dust aerosols, which can be another source of hydroxyl radical precurors,
constitute an important fraction of the tropospheric aerosol budget. They originate
from deserts by wind-blown erosion [45, 46], and fly ash emitted by power plants. Dust
events originate in very dry environments in the northern hemisphere, especially the
west coast of North Africa and extending through the Middle East into Central Asia,
specifically in arid areas such as Sahara and the Gobi deserts. These events are
responsible for both generation and deposition of the global airborne mineral dust[47].

Dust aerosols contain transition metal-based semiconductor particles such as Fe,0s3,
Zn0O and TiO,. Mineral aerosol sources of iron, i.e., soil particles suspended in the

atmosphere by strong winds, represent approximately 95% of the globally-averaged



atmospheric budget, with the remaining fraction attributed to industry, biofuels, and
biomass burning [48]. The largest natural source of iron has been identified as coming
from the North African deserts, and thus the largest deposition to the oceans occurs in
the North Atlantic and Mediterranean downwind of the North African coast [49].The
mass mixing ratio of TiO, is 0.1% to 10%, and varies depending on the location and
source.

A fraction of the inorganic aerosol consists of semiconducting metal oxides, which
can undergo long range transport and can be readily activated by UV-Vis solar radiation,
leading to a diverse set of chemical transformations [5]. For example, a-Fe,0s has a
band gap energy of 2.2 eV i.e., equivalent to a wavelength of 520 nm, while TiO, has a
corresponding band gap energy of 3.2 eV, which is equivalent to a wavelength of 385
nm. When a photon of energy equal to or exceeding the band gap is irradiated onto the
surface of a semi conductor, an electron from the valence band can be transferred to
the conduction band, leaving a hole (h*) behind. The ‘exciton pair h* and e’, are capable
of promoting a series of oxidation and reduction reactions on the surface of the
semiconductor, leading to the in situ production of OH radicals, HO, radicals and O,
[50].

Thus, heterogeneous semiconductor photocatalysis via surface-activated
photochemical processes in agueous media may be a potent source of high-redox

potential oxidants under dusty conditions.



INTERFACIAL CHEMISTRY

The troposphere contains airborne liquid water in the form of aerosol, clouds, fog
and haze. The large specific surface areas (S/V ~ 10 to 10° cm™) of such dispersions
suggest that gas-liquid heterogeneous processes could play a significant role in
atmospheric chemistry. Early recognition of this [51] and worldwide concern about
atmospheric aerosols[52-55], however, have not translated into the inclusion of
heterogeneous processes (HPs) as essential components of atmospheric chemistry until

recently, especially over remote (i.e., low NO,) forests[7].

Aerosol, in the form of water droplets, fog, cloud or haze particles, remains in the
troposphere for a considerable period, depending on its size. Typically, droplets of ~ 1
pm diameter will settle ~ 25 m per week under typical atmospheric conditions [56].It
also should be noted that the interfacial shells or the surfaces of these droplets, where
water density drops a thousand fold within ~ 1 nm, do not behave similar to bulk
water[15, 17]. These interfaces are assumed to be drier than the bulk of the aerosol,
and therefore, the properties are quite different from that of the bulk. Therefore, it is
assumed that hydrophobic gases colliding with these interfacial shells tend to stick to
the surface rather than proceed into bulk water[57]. All of these can increase the
resident time at the interface. Having such a long lifetime and interfacial attractions will
promote interfacial surface reactions, and the consequent modification of the aerosol’s

composition as a whole.



Sources of interfacial oxidants may include OH radicals from photolysis of H,0, and
OH from Fenton reactions. Generally, H,0, production is associated with reactions
occurring in the daytime, involving hydroxyl radical chemistry and species like HO,, NO,
and ozone[58], with an H,0, daytime production rate of 150 cm s[59]. However, a
few authors have suggested the possibility that hydrogen peroxide is also produced
during nighttime[59]; indeed, nitrate radicals, produced in the nighttime stratosphere
oxidation of NO, react with hydrogen sulfate ions and produce hydrogen sulfate radicals
(R1), whose fate is to dimerize to peroxydisulfuric acid (R2) and subsequently hydrate (R
3) to Caro’s acid (i.e., peroxymonosulfuric acid). Ultimately, the latter is in equilibrium

with sulfuric acid and hydrogen peroxide (R4)[59]:

NO; + HSO; <« NOs +HSO, (R1)
2 HSO, —» H,S,0s (R2)
H,S;08 + H,0 —»  H,S0s + H,S0, (R3)
H,SOs+ H,0 <« H3S04+ H,0, (R4)

Given that H,0; is very soluble in water (see above and [32]) and that, as we
previously demonstrated, the production of OH radicals, through gas-liquid interface

through Fenton reaction, potentially also occurs in the dark (i.e., with no incident



irradiation), isoprene oxidation in the nighttime can also be achieved also by means of

processes other than the reactions with NOs [60].
FENTONS’S REAXTION

Iron is one of the most abundant elements on the earth surface and is found in
cloud water and fog, as well as in mineral dust aerosols (sources include mineral dust
from arid regions, anthropogenic emissions and biomass burning). It is also an important
source of micronutrients to the ocean phytoplankton [61, 62]. As a redox—active metal,
iron may be present in the oxidation states of Fe(ll) and Fe(lll), and can cycle between
them through atmospheric processes, thus affecting the composition of the aerosol
[63].

The amount of iron, present as Fe’" in the atmosphere, varies between 0.4 ng/m3—
32820 ng/ms, and its speciation (oxidation state) is mainly influenced by photochemistry
and pH [64]. Several studies have shown that photo-reduction of Fe**in the presence of
organic compounds is an important source of Fe’" in cloud and fog water[63, 65], and
the concentration ratio of Fe’'/Fe*" depends on the redox potential and the oxidation
capacity (i.e. O,, O3, H,0, and peroxyacids) [36].

The Fenton reaction is capable of producing -OH radicals via one-electron transfer
(R5), and Fe'VO?** species via a two-electron oxidation via O-atom transfe, as in the

reaction R6 shown below [66]:
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Fe’* + H,0, — Fe*" + OH + -OH R5

Fe’* + H,0, — Fe''0* + H,0 R6

R5 can undergo further reaction to recycle Fe(ll) and to generate HOO radicals[67-69]
and O, as additional sources of oxidants.

Thus, when ISO molecules impinge on fog or haze aerosol containing Fe(ll), they
may react irreversibly with -OH-radicals generated in situ via gas-phase interface Fenton
reactions, either in the day- or nighttime (thus providing a possible contribution to the
underestimate isoprene nighttime oxidation), with the rate of product formation

depending on the efficiency of the OH radical generation within the aqueous aerosol.

The results presented in this thesis provide direct evidence, for the first time, that
VOCs can be oxidized day and night on acidic aerosol via interfacial Fenton chemistry.
This process represents an additional pathway for the conversion of organic gases into

secondary organic aerosol matter.

SUMMARY

The research reported in my thesis concentrates on SOA formation pathways that
are not included in traditional atmospheric chemistry models. This work reveals the
potential importance of multiphasic reactions in the formation of SOA. These pathways

may provide clues as to the unaccounted sources of SOA both in the daytime/nighttime.
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My thesis consists of 4 chapters. Chapter 1 provides a brief summary of
background and research on aqueous aerosols. Chapters 2 to 4 describe research

carried out in agueous medium both in the bulk and at the interfaces.

In Chapter 2, we investigate the relationship between optical properties and the
polarity of model organic aerosol using pyruvic acid as a surrogate to model organic
aerosols. Our findings suggest that the visible absorptivity of the aerosol may be due to
a small fraction of its chemical components, which are largely comprised of weakly polar
species having a significantly smaller O/C ratio than the average. The finding also
revealed that the average oxidation level of the aerosol may not be a good descriptor of
its ‘brownness’. This chapter was published in Chemical Physics letters in April 2014

[70].

In Chapter 3, we carry out an experimental study of the oxidation of aqueous I1SO
initiated by "OH radicals (from the photolysis of H,0;) in the presence and absence of
dissolved O, under various experimental conditions. Here, we show that OH-initiated
oxidation of I1SO leads to the formation of C,gH15s0H species as primary products, whose
formation both require and is inhibited by O,. A minimum of seven CygH;50H isomers
were resolved by reverse-phase high-performance liquid chromatography and detected
as MH" (m/z = 153). We also prove that the production of OH radicals in the aqueous
phase via the photolysis of H,0, is much faster than the gas phase production via

photolysis of Os;. Our calculations can further help to explain the enhanced SOA
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concentration/visibility reductions during foggy conditions at sunrise. This chapter was
published in the Journal of Physical Chemistry A in April 2013 [71].

In Chapter 4, we explore the possibility of ISO to undergo reactions on surfaces of
aqueous droplets containing Fe?*. We also find that gaseous isoprene 1SO(g) is oxidized
upon impacting the surface of aqueous FeCl, solutions simultaneously exposed to
H,0,(g) via Fenton reaction. We observed the formation of monomer and oligomer
species (1SO)1.sH" which are herein oxidized into myriad products whose combined
yields amount to a minimum of ~ 5% of (1SO)1.gH". MS/MS analysis reveals that
protonated species observed losses of H,0 and O neutrals, whereas the less abundant
negative ion products undergo CO, H,0 and CO, losses. Addition of tert-butanol (as -OH
scavenger) to FeCl, solutions significantly inhibited all of the oxidized species,
demonstrating that unsaturated volatile gas compounds indeed oxidized upon impact
on the surface of Fe-containing aqueous acidic media, such as those of typical
tropospheric aerosols. This chapter was published in The Journal of Physical Chemistry
CinlJuly 2014 [72].

We also carried out the prospects of ISO (g) interaction with photolysed surfaces of
aqueous H,0, droplets under different pH conditions. ISO is oxidized with the OH
radicals generated by photolysis of H,0, at A = 266 nm. No new product formation was
observed at pH < 6; However, a few products were observed both in positive and

negative modes at pH > 6 particularly at m/z" =271 and m/z’= 76.
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Chapter 2

Polarity and Oxidation Level of Visible Absorbers in

Model Organic Aerosol

Sections reprinted with permission from F. Rifkha Kameel, S.H. Lee, M. R. Hoffmann,
and A. J. Colussi, Chemical Physics Letters April 2014
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ABSTRACT

How to parameterize the absorptivity of organic aerosols in atmospheric models
remains uncertain. Here, we report that the A = 400 nm absorbers in model aerosol
mixtures elute as weakly polar species in reversed-phase chromatography. Typical
among them, the m/z = 269 (C;;H130;, O/C = 0.58) isomers detected by mass
spectrometry possess C=0 groups linked by C=C bridges. More polar species, such as the
m/z = 289 (C11H1304, O/C = 0.82) polyacids, are instead colorless. On this basis, we argue
that visible absorptivity, which develops from extended conjugation among

chromophores, may not increase monotonically with oxidation level.
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INTRODUCTION

In addition to degrading air quality,1 aerosols affect the Earth’s radiation budget.z'3
They scatter incoming solar radiation, thereby having a cooling effect. Some,*”
however, also absorb radiation and may have a significant warming effect on mid-
troposphere.® Absorptivity is mainly due to their organic matter content. The main
absorber is primary Black Carbon (BC) emitted during the incomplete burning of
biomass materials. Aerosols, however, also contain Brown Carbon (BrC) matter’
generated in the atmospheric processing of the volatile organic compound (VOC)

emissions that dominate the tropospheric carbon budget.?

Much work has been dedicated to unravel the physical and chemical mechanisms by
which secondary organic aerosols (SOA) are produced from volatile organic compound
(VOC) emissions. The main goal was to account for the fraction of global VOC emissions
converted to SOA on the basis of the aerosol yields produced in laboratory
experiments.” The key assumptions were that (1) the photochemical processing of VOCs
in the gas-phase generates heavier species that may condense and become part of the
aerosol,® and (2) the molecular identification of the myriad condensable species
produced in such experiments should suffice to characterize SOA and their role in the

Earth’s system.g'10

Biogenic gases account for a larger fraction of VOCs emitted globally'! and organic

matter for most of the mass of atmospheric aerosols.’ It is known that the exhaustive
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chemical and biological degradation of natural organic substances in the environment
yields extremely complex materials that have been described as humic-like substances
(HULIS)." Notably, HULIS isolated from soils, surface waters or atmospheric aerosols
display similar properties to a certain extent despite their different origins and, hence,
the wide variations in their chemical frameworks and functionalities.* This observation
suggests that the full speciation of such materials (1) should be difficult (and perhaps
unfeasible) even by the most advanced analytical techniques,™ and (2) could be neither
sufficient nor necessary for assessing their role in the environment. The implication is
that HULIS properties may emerge from universal supramolecular interactions in

mixtures of polyfunctional molecules exceeding a modicum of chemical complexity.

The photochemical oxidation of VOC's should produce BrC aerosol particles whose
optical properties may not be generic, but could vary with their residence time and the
oxidative power of the local troposphere. Thus, there is a need for assessing how the
evolution of BrC absorptivity could be parametrized in current atmospheric radiative
transfer models. Extreme chemical complexity precludes a bottom up approach in which
absorptivity is evaluated from the contributions made by the myriad light absorbers.>*°
An alternative, more realistic approach is based on overall descriptors, such as overall
polarity or oxidation level. Here, we show that visible absorptivity may be associated

with the less polar fraction of BrC components rather than with specific compounds. We

also argue on chemical grounds that such fraction consists of highly unsaturated rather
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than highly oxidized species, and that the degree of unsaturation may be actually anti-

correlated with oxidation beyond a certain level.

How chromophores, which absorb in the visible (A > 400 nm), are produced in the

11-12
d.

photochemical oxidation of VOCs is not fully understoo It has been suggested that

absorbance could involve unspecified interactions in the aerosol phase among discrete,

low-molecular weight a-keto carboxylic acids,™

such as the widespread pyruvic and
mesoxalic acids byproducts of the oxidation of aromatics.® > These acids absorb (Amax
~ 320 nm) the solar radiation reaching the lower troposphere due to the fact that the
carbonyl chromophore is conjugated with the adjacent carboxyl C=0 group, and thereby
may undergo photochemistry.15 Aqueous solutions of such acids and their
photochemical transformations may in fact be considered model surrogates of typical
aerosol matter. The photolysis of pyruvic acid solutions is known to produce small

16-20

polyfunctional oligomers. Previously, we had shown that visible absorptions develop

during the thermal aging of such mixtures via the slow dehydration of alcohol

functionalities.®™’

We hypothesized that such red-shifted absorptions arose from the
conjugation of disjoint carbonyl chromophores via newly created m-orbital >C=C<

bridges in species, which, by being the products of dehydration, had lower O/C ratios

than their precursors.

Here, we confirm such hypothesis by means of separative analyses of aged model

aerosol mixtures via high-performance reversed-phase liquid chromatography with
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tandem UV-visible absorption-electrospray/chemical ionization mass spectrometric

detection, and also show that photolysis of pyruvic acid leads to HULIS substances.

EXPERIMENTAL DETAILS

Pyruvic acid (PA) solutions (0.1 M to 0.5 M, PA, 98% Sigma-Aldrich) were prepared in
deionized water adjusted to pH 1 using 70% HCIQ,, sparged with ultrapure air prior and
subsequently photolyzed with A > 305 nm light. Sample solutions (3.5 mL, magnetically
stirred in 4 mL silica UV cuvettes kept at 298 K in a Peltier sample holder) (hereafter
designated as PO) were irradiated for ~ 4 hours with light from a 1 kW high-pressure
Xe-Hg lamp source filtered through a water cell (to remove infrared radiation) and a
tandem A > 305 nm long band-pass interference filter. After irradiation, photolyzed
samples (P1) were aged in the dark at 60 °C for several hours (16 to 19 h). Some of these
thermally aged samples (hereafter P1-T1) were photolyzed for 1 h into P1-T1-P2
samples. Some P1-T1-P2 samples were thermally aged for several hours (P1-T1-P2-T2).
Some P1-T1 samples were diluted in 1:5, 1:25 and 1:100 with deionized water prior to

analysis.

Samples were analyzed by injecting 50ul into a HPLC/UV/ESI (Agilent 1100 series)
LC/MS system. Separation was performed using a ZORBAX Eclipse XDB-C18 RPLC
reversed-phase column (I=250 mm, ID= 3.00, dp =5 micron, flow rate=0.4 |/min, to= 2.5

min) under various solvent gradient protocols. The eluent consisted of mixtures of
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solution A (0.1% acetic acid/ Milli-Q water) plus MeOH (B) programmed as follows: 7.5%
B until 8 min, increasing to 90% at 45 min. ESI-MS detection of both positive and
negative singled-charged ions in the 100-800 Da range was performed at various
fragmentation voltages. We also ran extracted ion chromatograms (EIC) at several m/z
values. The structures of selected products were elucidated via MS/MS spectrometry
using an lon Trap detector (Agilent 6300 Series HPLC-MS"/Bruker lon Trap mass
spectrometer) in positive and negative ion modes in the 30 to 800 Da mas range at

fragmentation voltages of 1V and 3V.

RESULTS AND DISCUSSION

We verified that PA solutions before (PO) or after being photolyzed (P1) do not
absorb above A ~ 350 nm, in accord with previous experiments from our laboratory
performed under similar or identical conditions on PA samples as received from the

supplier or distilled at low pressure.15'16

The accelerated aging at 60 °C undergone by
P1-T1 samples is deemed to simulate the thermal processes occurring in actual aerosol
particles during their atmospheric lifetimes, which range from days to weeks depending

on particle size and meteorology.21

Previously, we had shown that the thermal
‘browning’ of such solution has an apparent activation energy E . ~ 55 kJ mol ™Y Thus,

aging at 60 °C for 16 hours is deemed equivalent to aging at 25 °C for ~ 5.6 days in the

atmosphere.
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In contrast with PO and P1 samples, P1-T1 samples absorb appreciably up to ~ 450
nm. Figure 1 displays a chromatogram of P1-T1 solutions as simultaneously reported by
absorbance at 400 nm (Fig. 2.1A) and 254 nm (Fig. 2.1B), and by the total negative ion
current (TIC) detected by tandem ESI mass spectrometry (Fig. 2.1C). It is apparent that
(with the exception of a small feature at 6 min) all of the species absorbing at 400 nm

2223 (2) are not well resolved

(1) elute after ~ 20 minutes; i.e., they are weakly polar,
under present conditions; i.e., they consist of a suite of molecular structures possessing
a quasi-continuum of affinities for the column, and (3) they are acidic, but since they are
weakly polar, the (carboxylic) acid groups appear to be attached to large, less polar
backbones. Since Azs4 nm/As00 nm ~ 10 for most chromophores (Fig. 2.2), we overlaid the
10 x chromatogram at 400 nm (Fig. 2.1A) in Fig. 2.1B. Comparing the red and blue traces
before 40 min in Fig. 1B, we infer that 400 nm absorbers represent a minor fraction of
the species present in this system (cf. the red and blue traces in Fig. 2.1B). By the same
token, we infer that nearly all species eluting after 40 min absorb at 400 nm. Fig. S2.1
shows the evolution of the 400 nm absorbers upon successive thermal aging and > 300
nm photolysis treatments. As a rule, thermal aging results in the deepening of color,

which is nearly bleached upon photolysis in accord with previous reports from our

laboratory."’

Figs. 2.3A-C show negative ion ESI mass spectra in the mass range m/z = 50 to 800
Da acquired between 8 and 10 minutes (yellow band in Fig. 1) in Fig. 2.3A, between 35

and 40 minutes (orange band in Fig. 1) Fig. 3B, and between 40 and 50 min (red band in
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Fig. 1) Fig. 2.3C. Note the differences between the scales of the Y-axis of Figs. 3A-C,
which give a measure of the relative abundances of the anions detected in each case. If
not the most intense, the most congested mass spectrum is that corresponding to those
species eluting between 35 and 40 minutes (Fig. 2.3B), which give rise to maximum
absorbance at 400 nm (Fig. 2.1A). EICs are particularly informative about isomerism and
polarity among the products (Figs. 2.4A and B). Among the more polar species (i.e.,
those eluting before ~ 20 min), we find the isomers of m/z = 289 (green trace) and m/z =
245 (blue trace) anions (Fig. 4A). Notably, m/z = 177 anions appear (mostly) at ~ 6 min,
and also at ~ 36 min. It is hardly conceivable that such m/z = 177 signals could
correspond to a very polar and a weakly polar isomer of the same molecular formula,

respectively (see below).

Fig. 2.5A and B show the EICs of the polar m/z = 289 and of the less polar m/z = 269
anions in P1 (after photolysis) versus P1-T1 (i.e., after thermal aging) samples,
respectively. Note that the m/z = 289 anions of Fig. 2.5A, which elute before 10 min, do
not absorb appreciably at 400 nm (cf. Fig 1A), whereas some the less polar m/z = 269
anions elute in the > 20 min range, which overlaps the region of significant 400 nm
absorbance (Fig. 2.1A). Also note that the intensities of m/z = 289 anions do not change
much upon aging, whereas those of the m/z = 269 anions markedly increase under the
same conditions. Thus, the formation of m/z = 269 anions, as a representative of the
species absorbing in the visible, is concomitant with color development during thermal

aging. Hence, the anions of mass 269 Da (C;,H130;,) must possess several isomers of
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similar polarities that absorb in the visible region (Scheme 2.1). As a rule, each additional
double bond in a conjugated m-electron system is known to shift the absorption
maximum about 30 nm towards longer wavelength.z“'25 It follows that conjugation
should be less extended in the species that give rise to the m/z = 289 anions (C;1H1309)
(Scheme 2.2). We have confirmed that m/z = 289 anions correspond to Ci; species
because they shift to m/z = 300.0916 (versus 289.0565, as detected via high-resolution
ESI mass spectrometry) in the photolysis of **CH;">C(0)**C(0O)OH. The MS/MS spectra of
representative m/z = 247 and 289 anions reveals systematic 44 (CO,) and 18 (H,0)
neutral losses, which are characteristic of hydroxyl-acids. Basic chemistry tells us that
the various geometric (E, Z) isomers of the 270 Da acids in Scheme 1 may have different
polarities?® and would absorb further into the visible than the 290 Da acids of Scheme
2.27728 The absorption spectrum of the octa-3,5-diene-2,7-dione motif of most of the

proposed structures for the 270 Da acids in fact has maxima at 280 and 350 nm; i.e., it

extends significantly into the > 400 nm region.29

It was found that the van Krevelen diagram of the H/C vs. O/C ratios of bulk organic
aerosols (OA) from a variety of locations and environments has a slope of Sy ~ -1.%
Since the replacement of a >CH; group with >C=0 and >C-OH functions leads to Syx = -2
and 0, respectively, a Syx ~ -1 slope is therefore consistent with the creation of both
>C=0 and >C-OH functionalities, i.e. with the formation of acids or hydroxy-ketones.
This has been shown to be true for a wide range of OA types, including

laboratory/ambient, biogenic/anthropogenic, urban/remote and freshly emitted/aged.
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Thus, OA has a characteristic bulk elemental composition with an average CH;.,Ox
empirical formula.’® In this context, the empirical formula of colorless C;;H1409 o
CH1,700> species shows that they are slightly more oxygenated than the expected
average: CHy,700.73, whereas the visible absorbers C1,H1407 (270 Da) oc CHy.170¢58 are
considerably less oxygenated than the average species having the same H/C = 1.17 ratio:
CH1.1700.83. In other words aerosol, ‘browness’ may not arise from its most oxidized

components.' 3

The basic requirement for bathochromic shifts is the extension of
conjugation among preexisting chromophores, in this case C=0 carbonyls. The required
unsaturations are likely to be created via dehydration of «c-hydroxy ketones, as we had
proposed before.’” However, they can be partially bleached by the reverse

photochemically induced rehydration,*®™*’

and would be destroyed by ozone and OH-
radical attack. Thus, ‘browness’ is not an intrinsic feature of BrC aerosol, but it is

expected to vary according to ambient relative humidity, i.e., water activity, and the

oxidative power of ambient air, i.e., of insolation.

Notably, m/z = 177 signals appear as prominent peaks both at short and long
retention times (cf. Figs. 2.3A and C). We had previously identified a Cg-dicarboxylic acid
(CeH100s, 2,3-dihydroxy-2,3-dimethylsuccinic acid, i.e., dimethyl-tartaric acid, DMT) as a
major product of PA photolysis (i.e., at the P1 stage) whose mono-anion gave rise to m/z
= 177 signals.” Since DMT does not absorb above ~ 250 nm," it is likely the species
eluting before 10 min. The possibility that the m/z = 177 signal appearing in Figs. 2.3B

and C arises from less polar isomers of DMT, such as 2,3,3-trihydroxy-2-methyl-4-
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oxopentanoic acid, is unlikely because such species can only be gem-diols that would
dehydrate into more stable carbonyls. The resulting di-ketones, however, would have
given rise to m/z = 159 signals, which are conspicuously absent from Figs. 3A-C. Thus,
we are led to consider that the m/z = 177 signal in Figure 3B could be in fact a fragment
of higher mass species. Note that the multiplicity of structures that would arise from
assembling a suite of smaller molecules could account, in part, both for the unresolved
features absorbing at 400 nm in Fig. 2.1A and the congested mass spectrum shown in
Fig. 3B. The dissimilar retention times of the m/z = 269 vs. m/z = 289 anions could be
accounted for by the fact that most conceivable structures of the m/z = 269 acids are
amphiphilic. Thus, their hydrophobic domains are expected to bind more strongly to the

hydrophobic C18-bonded-phase of the reversed-phase column.?®

Summing up, our findings suggest that (1) the visible absorptivity of the aerosol may
be due to a small fraction of its chemical components, which is largely comprised of
weakly polar species having a significantly smaller O/C ratio than the average, (2) the
average oxidation level of the aerosol may not be a good descriptor of its ‘brownness’.
These conclusions, which are based on basic chemical concepts, should be therefore

expected to hold both under laboratory and environmental conditions.
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FIGURE 2.1: A typical chromatogram of a P1-T1 solution with product detection via UV

absorption at 400 nm, 254 nm and total (negative) ion current (TIC) ESI mass

spectrometry. Colored bands denote retention time ranges.
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FIGURE 2.4A: Negative extracted ion chromatogram (EIC) of some of the most abundant

polar species in P1-T1 mixtures (aged at 60 °C for 16 h). The insert zooms in the 25-50

FIGURE 2.4B: Negative extracted ion chromatogram (EIC) of some of the most abundant

weakly polar species in P1-T1 mixtures (aged at 60 °C for 16 h). The insert zooms in the
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FIGURE S 2.1: UV absorption Chromatogram @ 400 nm of PA solution at different
conditions. Figure S3 represents the UV chromatogram @ 400nm for
P1(coloreless), P1-T1(yellow), P1-T1-P2 (1 of rephotolysis, pale yellow) and P1-T1-P2-
T2 (dark yellow) PA solutions. The yellow color of the thermally-treated solution

disappears upon photolysis and reappears upon thermal aging.
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Chapter 3

OH Radical-Initiated Chemistry of Isoprene in

Aqueous Media: Atmospheric Implications

Sections reprinted with permission from F. Rifkha Kameel, M. R. Hoffmann and A. J.
Colussi*. Journal of Physical Chemistry A 2013
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ABSTRACT

The fate of isoprene (2-methyl-1,3-butadiene, ISO) emissions into the atmosphere is not
fully understood. Increasing awareness that ISO is only partially processed in the gas-
phase has turned attention to its reactive uptake by fog, cloud and aerosol droplets. As
a hydrophobic gas, ISO would preferentially partition to the surface rather than the bulk
of aqueous media. Such media also contain dissolved O, and water-soluble unsaturated
organics, and support -OH generation rates (from the solar photolysis of H,0, dissolved
therein) that are several orders of magnitude faster than in the gas-phase. Hence, 1SO
should be converted to heavier products rather than into the C4-Cs volatile compounds
produced in the gas-phase. Here, we substantiate this scenario by reporting that the A >
305 nm photolysis of H,0, in aqueous dilute I1SO solutions yields CioH150H species as
primary products, whose formation both requires and is inhibited by O,. A minimum of
seven CyoHisOH isomers are resolved by reverse-phase high-performance liquid
chromatography and detected as MH" (m/z = 153) and MH*-18 (m/z = 135) signals by
electrospray ionization mass spectrometry. Our findings are consistent with the addition
of -OH to ISO, followed by HO-ISO- reactions with I1SO (in competition with O,) leading to
second generation HO(ISO),- radicals that terminate as C;oH150H via 3-H abstraction by
0,. We show that a significant fraction of gas-phase olefins should be converted into

less volatile species via this process on airborne wet particles.
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INTRDUCTION

The surface area of airborne liquid water in the troposphere is about two orders of
magnitude larger than that of the Earth’s oceans. This counterintuitive statement is in
fact a conservative estimate based on ground-based and satellite measurements of
cloud optical densities.™™ It should be realized that the interfacial shells or airborne
liguid water, where water density drops a thousandfold within ~ 1 nm, do not behave
as bulk water.>* Hydrophobic gases colliding with these relatively ‘dry’ shells therefore
accumulate therein rather than proceed into bulk water.’ This idea has been previously
floated in the literature.®®

We have recently demonstrated experimentally that gases having proton affinities
larger than water itself are protonated upon colliding with the surface of pH < 4 water.”
19 These conditions are within the range of fog and aerosol water acidities, whose
surfaces therefore behave as superacidic toward incoming gases.g'14 In contrast to
hydrophobic gases, hydrogen peroxide (HP, H,0,) produced in the gas-phase (Henry’s
law constant Hyp ~ 10° M atm'l) is concentrated in airborne liquid water. As a result, -OH
radical production rates from H,0, dissolved therein are significantly larger than those
from the photolysis of O3 in the gas-phase (see below).” Not only is the chemical
composition of airborne aqueous phases is significantly different from the gas-phase,
due to selective partitioning of hydrophobic versus hydrophilic species, but the higher
mass density and specific interactions to drive chemical transformations along pathways

is different from those in the gas-phase. For example, the chemically activated (‘hot’)
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species generated in -OH and O; additions to alkenes™® are rapidly thermalized in
condensed phases.17 These basic considerations seem to have been overlooked in
atmospheric chemistry.4’ 18-19

The ~ 600 Tg yr'1 of isoprene, ISO, emitted by the biosphere represent the major
injection of non-methane volatile organic compounds (VOC) into the troposphere.zo'
21Since 1SO is barely soluble in bulk water (Hso ~ 102 M atm'l), it has been assumed that
its relatively fast reaction with gas-phase -OH radicals (13 ~ 2 h) is the main mechanism

22-26

of removal from the atmosphere. Such an assumption, which is incorporated into

atmospheric chemistry models, however, has failed to account for actual removal

2728 The rapid decay of ISO after sunset and the unexpectedly high levels of -OH

rates.
radicals detected over forest canopies have pointed to additional, heterogeneous sinks
that remain to be characterized.

Several studies have shown that ISO would also react at diffusionally-controlled
rates with photo-catalytically generated OH-radicals on mineral surfaces to produce
more complex polar compounds via both oxidation and polymerization processes. OH
radical, the cleaning reagent of the atmosphere, is generated on dust aerosol containing
semiconductor oxides. Semiconductor oxides, by absorbing supra band-gap photons,
generate oxidizing holes and reducing electrons on the surface of dust particles [20]. As

a result, interfacial H,0 is oxidized to OH radicals that may react with gases, impacting

dust particles.
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Herein, we report an experimental study of the oxidation of aqueous ISO initiated
by ‘OH radicals (from the photolysis of H,0,) in the presence and absence of dissolved

0O, under various experimental conditions.

EXPERIMENTAL DETAILS

Isoprene (Aldrich, 98.0%) was purified by fractional distillation, collecting the fraction
boiling between 35 and 40°C. A stock solution of deionized water (18 MQ cm) saturated
with liquid purified ISO was kept in the dark at 4° C ([ISO]sat = 10 mM at 4° C). Photolysis
samples, 5 mM in ISO, were prepared by diluting a known volume of stock solution with
air-saturated deionized water in 3.5 mL (1 cm optical path length) fused silica cuvettes.
Note that all photolysis experiments were performed at 10°C (see below). The effect of
ISO concentration was tested in samples prepared by injecting variable amounts of neat
ISO (1 to 10 pl) into deionized water. Samples were spiked with concentrated H,0,
(Sigma-Aldrich, 30% H,0, by weight in water, [H,0,] = 9.8 M) to 50 mM in H,0, and
sealed before irradiation. Blank photolysis experiments were performed on 5 mM ISO
samples in the absence of H,0,. The effect of the dissolved O, concentration was tested
on samples prepared by sparging 50 mM H,0, solutions (held in cuvettes capped with
silicone septa) with ultrapure Ar(g), zero air (20% O,) or neat O,(g) for 30 minutes,
followed by the injection of 10 plL liquid ISO prior to photolysis. Samples were
photolyzed (under continuous magnetic stirring) with light from a 1 kW high-pressure

Xe-Hg lamp source that has been filtered through a water cell (to remove unwanted
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infrared radiation), a tandem A > 305 nm long band-pass interference filter, and
attenuated as desired by neutral filters of known transmittance. We estimate (from
previous actinometric measurements on this setup)29 that ~ 1 x 10" photons cm? st
within A = 305 and 320 nm, i.e., in the range where H,0, absorbs significantly: () = 1.2
M?tem? (base e),30 hit the front window of the cuvette. Under present conditions, H,0,
is photolyzed at ~ 0.1 uM s rates.

Analyses of organic products were carried out in a LC/MS system (Hewlett-Packard
1100 series) provided with spectral UV-visible absorption and tandem electrospray
ionization mass spectrometric detection (HPLC/UV/ESI/MS). The (diode array) UV
detector was typically set to record UV chromatograms at A = 254 and 400 nm. The ESI
mass spectrometer could be operated in either total ion count (TIC) or extracted ion
count (EIC) modes and set to detect negative or positive ions from 50 Da to 500 Da. ESI
mass spectra were run at stepped fragmentation voltages (50 V up to 100 m/z, 80 V
from 100 to 400 m/z, and 100 V thereafter). Chromatograms involved injecting 25-50
uL of sample solutions into a ZORBAX SB-C18 reverse-phase liquid chromatography
(RPLC) column (L = 50 mm, ID= 2.1 mm, dpore = 5 um) eluted at 0.4 L/min. The mobile
phase consisted of (A) 0.1% acetic acid in deionized water plus (B) 100% MeOQOH solutions
programmed to ramp B from 7.5% at 2 min to 95% from 18 to 20 min, followed by a

3 minute post-run column equilibrium period. Statistical data analyses were carried out

using SigmaPlot 12 graphic software.
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RESULTS AND DISCUSSION

Figure 3.1 shows chromatograms of photolyzed ISO solutions obtained with negative
(red trace) and positive (blue trace) TIC detection. We found that positive ions, i.e.,
those resulting from the protonation of reaction products, were considerably more
abundant than negative ones (from the anions of carboxylic acid products) under most
conditions. Hereafter, the products giving rise to the positive ion signals eluting
between 10 and 12.5 minutes will be labeled as group A (as indicated in Fig. 3.1) and
those eluting between 12.5 and 18 min as group B.

Figures 3.2a and b show positive-ion ESI mass spectra of group A products eluting
between 10.70 and 10.84 min (a) and between 11.77 and 11.92 min, respectively. In
both cases, major peaks appear at m/z* = 153 (M) and 135 (M — H,0). The m/z" = 153
signal corresponds to the protonated form of neutral isomer products of molecular
mass 152 Da. Remarkably, such product(s) were absent from the mass spectra of group
B eluates. Figure 3.3 displays extraction ion chromatograms (EIC) at m/z* = 135 and 153.
It is apparent that such signals belong to a discrete set of structural isomers that elute
within a narrow interval. Seven isomers out of a possibly larger set were resolved under
present conditions isomers (labeled from 1 to 7, Figure 3.4). Strong evidence that the
m/z" = 135 signals correspond to daughter ions from the collisionally-induced loss of
neutral H,O from m/z = 153 parent products is provided by their anti-correlated

dependence on fragmentation voltage (Figs. S3.1 a, b).
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Isomers 1 to 7 are primary products, which undergo further reaction at longer
photolysis times. This is apparent from Figure 3.5, in which all isomers are produced
with non-zero initial rates and peak almost simultaneously at ~ 52 minutes. We infer
that the oxidation of ISO is initiated by an unselective intermediate, such as the -OH-
radical from the photolysis of H,0,, which adds to ISO and reaction products 1-7 at
similar rates. The relative yields of the different isomers reflect either statistical factors
and/or the selectivity of first generation 1SO-OH- intermediates for adding to 1SO.
Furthermore, since (1) -OH radicals are quite unselective, i.e., they will react at nearly
diffusionally controlled rates with ISO and all primary products, (2) species 1-7 are
generated without delay, i.e., during the initial period when their concentrations are
much smaller than ISO, we infer that the detected species 1-7 contain one O-atom per
molecule, i.e., that introduced by -OH in the initiation step I.

Figure 3.6, which displays experiments on Ar-purged versus air (20% O;)-sparged
samples, shows that O, is essential for the appearance of photolysis products. However,
figures S3.2 - S3.4, reveal that pure O, fully inhibits the formation of such products.
Similar observations have been reported in a recent study on the eOH-initiated
oligomerization of methyl vinyl ketone in aqueous solution.'® Experiments in which the
initial ISO concentration was varied between 3 and 30 mM (Figure 7) indicate that
product formation rates are roughly proportional to [ISO]. We verified the absence of
methyl vinyl ketone (MVK) and methacrolein (MACR) among the products of reaction

via GC/MS analysis of head-space gases. Our results, which clearly correspond to the
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initial phase of the OH-initiated oxidation of I1SO in aqueous solution, are at variance

with reports on the formation of organic acids, MVK and MACR in this system.24’ 3

Accordingly, we found no evidence for the formation of isoprene-derived polyols, which
25,32-34

must therefore be formed in later stages of the oxidation process.

The above results are consistent with the following reaction scheme:

0, *HO,
: P N
ISO + :OH —— (-ISOOH) ——» °(ISO), OH 1);

where X stands collectively for the suite of products of molecular mass 152 Da (see
below Schemes 1 and 2 for posible ¢ISOOH, ¢(ISO),0H and X structures).

The initial radical adducts, HO-ISO- (several isomers possible, Scheme 1) add to a
second ISO (the propagation step P)* or, alternatively to other unsaturated compounds,

36'39, leading to a suite of

UNS, likely present in real tropospheric aqueous phases
(ISO),0H- isomers. The latter may undergo cyclization reactions (depending on their
structures)® prior to reacting with 0,*, and terminate as the X species detected in our
experiments. The propagation step clearly competes with inhibition by excess O,,
depending on the [ISO]/[0O;] ratio (or, more generally, the [UNS]/[O,] ratio) into
different intermediate products. Realistic concentrations of dissolved organics in fog
water are typically ~ 250 mg C/L*°, of which ~ 25% is in the form of water-soluble

unsaturated organic acids (such as maleic + fumaric)*™*, leading to [UNS] ~ 0.5 — 1 mM,

which is within range of the [ISO]s in our experiments. It is apparent that O, competitive
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abstracts P-hydrogens (to free radical centers) from (ISO),OH- species, thereby
eliminating HO,- in the process. Given their mechanism of formation, X species must be
unsaturated alkyl alcohols rather than vinylic alcohols (which should rapidly isomerize to
saturated aldehydes). These alcohol functionalities can be protonated into the detected
parent m/z" = 153 ions, which would readily split H,O neutrals (via collisionally induced
dissociation, Fig, S1) into the major m/z" = 135 ion fragments. Therefore, X species are
formally monoterpenoids, CioH15sOH, a class comprising hundreds of natural species

(Scheme 2), such as camphor.*®

ISO

ScHEME 3.1: The initiation step leads to several HO-ISO- isomers.
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2

OH
o] HO,
NS /
/
/ﬁdJ

camphor

-/

(E)-3,6-dimethylocta-1,5,7-trien-3-ol

B - abstraction

ScHEME 3.2: One of the many (propagation + termination) pathways leading to possible

products.

ATMOSPHERIC IMPLICATIONS

Secondary Organic Aerosol (SOA) is an important component of the troposphere. In
the past, aqueous phase reactions of polar organic compounds, such as glyoxal,‘”'48
methyl glyoxal and pyruvic acid, were proposed as potential sources of SOA. It has been
generally assumed that condensed-phase reactions of hydrophobic substances, i.e.,
those having small Henry’s law constants, would make a negligible contribution to SOA
formation. Here, we adopt a more general perspective and emphasize that (1) aerosol
phase reactions can occur both in the bulk liquid and at the air-liquid interface,’ (2) the
partitioning of gases to the interface versus to the bulk liquid are vastly different,

4-5, 49-50

particularly for hydrophobic gases , (3) hydrophobic gases are always physisorbed,

but some species, such as unsaturated and oxygenated species, can also be

10, 12

chemisorbed at the interface , (4) the rate of photochemical -OH-radical production

in agueous aerosols is orders of magnitude higher than in the gas-phase.
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Water droplets, fog, cloud or haze particles remain in the troposphere for
significant periods. As a reference, droplets of ~ 1 um diameter will settle ~ 25 m per
week under typical atmospheric conditions.” Notice that surface or energy
accommodation coefficients, i.e., the probabilities that colliding molecules are adsorbed
on the surface for finite times or, what is equivalent, the fraction of those impinging on
the surface that are inelastically (rather than specularly) reflected without entering the
bulk liquid, as, are larger than conventional mass accommodation coefficients, owm.>> The
latter describes the probability that the colliding species enters the bulk liquid prior to
desorbing. While at the surface, the accommodated species may react with other
species therein during residence times.” It has been realized that less polar, more
hydrophobic species such as VOCs will adsorb to the relatively drier interfaces in
amounts higher than predicted by their Henry’s law constants for partitioning into bulk
water’, whereas the opposite conclusion applies to more polar oxygenated species.’
Adsorption, however, is not the only outcome of gas-liquid collisions. Recently, we have
shown that unsaturated organics, such as ISO and biogenic terpenes in general, are
protonated and remain as such on aqueous surfaces of pH < 4, with uptake coefficients
Y~ 103-10%1% 12 The frequency of sticking collisions of ISO molecules (average speed
ciso™ 3 x 10* cm/s) with fog droplets, , is given by the kinetic theory of gases, equation
E(1)

® =% v Cso (S/V) E(1)
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For typical fogs, with specific surface areas: (S/V) ~5 x 10° cm™,** > y~5x 10%, o ~
1.9 x 10” 5!, which is commensurate with the reciprocal of the lifetime of 1SO toward
reaction with -OH radicals in the gas-phase: 1/ts0™ 2 h.2

Once ISO molecules stick to fog or aquated haze aerosol, they will react irreversible
with -OH-radicals generated in situ. A key feature of airborne water chemistry is that the
rate of -OH-radical generation from the solar photolysis of dissolved H,0, is about
several orders of magnitude faster than that ensuing the photolysis of Os(g) in the gas-
phase. H,0,(g) with a Henry’s law constant: H = 10° M atm™ ¥ is extremely soluble in
water.> Typical ~ 1 ppbv gas-phase H,0, concentrations will lead to 0.1 mM H,0, in
aqueous fog and aerosol droplets.23 By assuming that the frequency of H,0, solar
photolysis, J(OH), is about the same in gas and solution phase,SS a representative value
of J(OH) = 8 x10® s (on June 30, at 35 °N, noon, 0 elevation, surface albedo 0.3)"’leads
to: Rion(ag)~ 1 x10° M s, for the rate of -OH-radical production in the aqueous phase.

By comparison, in the gas-phase at 0.1 ppmv Os(g), J(0'D) = 4 x10” s* under the same

conditions,15R+01D ~1x108 cm® st or 1.6x102 M st At 298 K, 50% relative humidity,
the branching ratio of 0'D into OH-radicals is ~ 0.2,23Ieading to Rion(g) ™ 3x10 M s,
for the rate of -OH-radical production in the gas-phase, i.e., about 10° times smaller than
R+on(aq).

On the basis of the above results and considerations, hydrophobic VOCs are
expected to be oxidized faster under foggy than clear conditions. This expectation

seems to have been confirmed by a recent field study, which found enhanced and
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protracted SOA production during foggy versus non-foggy conditions.”® The
commonplace observation that early foggy conditions typically lead to optically thicker
and more persistent urban haze (and associated health effects) during the day,

remarkably, has so far lacked a plausible explanation.

CONCLUSION

The OH-initiated oxidation of ISO leads to the formation of CioH;50H species as
primary products, whose formation both requires and is inhibited by O,. A minimum of
seven CyoHisOH isomers were resolved by reverse-phase high-performance liquid
chromatography and detected as MH" (m/z = 153). We show that similar to isoprene,
the overall uptake of other gas-phase olefins are enhanced by several factors that
include: (1) the higher rates of photochemical -OH-radical production in aqueous media,
(2) the likelihood that aerosol phase reactions can occur both in the bulk liquid and at
the air-liquid interface due to high surface areas that are available for reactions, and (3)
the reaction products remain on aqueous acidic surfaces, where they are converted into
less volatile species. The production of OH radical in the aqueous phase via the
photolysis of H,0, is much faster than the gas phase production via photolysis of Os. Our
calculations can help to explain the enhanced SOA concentration/visibility reductions
during foggy conditions at sunrise.
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10.84 min, in the photolysis of (10 mM ISO in 50 mM H,0,) solutions under air for 1 hr.
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Chapter 4

Fenton Oxidation of Gas-Phase Isoprene on Aqueous

Surfaces

Sections reprinted with permission from F. Rifkha Kameel,F. Riboni, Shinichi Enami,

M. R. Hoffmann and A. J. Colussi‘* , Journal of Physical Chemistry C
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ABSTRACT

We report that gaseous isoprene ISO(g) is oxidized into soluble species on the surface of
aqueous acidic FeCl, solutions simultaneously exposed to H,0;(g). In our experiments,
ISO(g) and/or H,0,(g) streams intersect aqueous pH ~ 2 FeCl, microjets for ~ 10
microseconds. The products formed in these reactive encounters are identified in situ
via online electrospray ionization mass spectrometry. We found that the (ISO).H"
oligomers generated from ISO(g) on the surface of pH < 4 water are oxidized into myriad
products whose combined yields exceed 5% of (ISO),H" reactants. MS? analysis reveals
that the positive ions derived from the protonation of neutral products split H,O and O
neutrals, whereas the less abundant negative carboxylate ion products undergo CO, H,0
and CO, losses. Significantly, all products are fully quenched by the -OH scavenger tert-
butanol. These results are consistent with an oxidation process initiated by the addition
of -OH from (Fe’'[ag] + H,0,[g]) to (ISO),H*, followed by fast reactions involving
dissolved H,0,, HO,- and O, that lead to polyols, carbonyls and, to a lesser extent,
carboxylic acids. Our experiments demonstrate that gas-phase olefins can be oxidized
upon colliding on the surface of Fe-containing acidic aqueous media under typical

tropospheric conditions.
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INTRODUCTION

The troposphere contains vast amounts of airborne liquid water in the form of
aerosol, clouds, fog and haze. The large specific surface areas (S/V ~ 10 to 10> cm™) of
such dispersions suggest that gas-liquid heterogeneous processes could play a
significant role in atmospheric chemistry. Early recognition of this fact* and worldwide
concern about atmospheric aerosols,>® however, have not yet translated into the
inclusion of heterogeneous processes (HPs) as essential components of atmospheric
chemistry. Recently, interest in HPs in atmospheric chemistry has been revived by the
puzzling issues posed by the fate of biogenic volatile organic compounds (VOCs) over
remote (i.e., low NO,) forest canopies.6 Field measurements reveal that the -OH radical
concentrations measured therein are much higher than those evaluated from current
atmospheric chemistry mechanisms and estimated VOCs emission fluxes.”  This
notorious deficiency has led to consider the possibility, seemingly by elimination, that
unspecified HPs might help close the gap.” What the presumed HPs are, however, is not
clear. Emerging new concepts in the physical chemistry of interfaces,®*! and newly
found phenomena at the air-water interface’®?* hint that some or all of the missing
processes could not have been anticipated.

It is not easily grasped or generally realized that chemistry on the surface of water
cannot be deduced, extrapolated from or assimilated to those in bulk gas or liquid
phases. The key distinctive feature is that water density drops a thousand-fold within a

few Angstroms through the gas-liquid interfacial region.* '© Thus, approaching
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hydrophobic VOCs will likely remain in these relatively ‘dry’ interfacial water layers
rather than proceed into bulk water.® As a rule, then, most organic gases should be
expected to be incorporated into condensed aqueous phases via adsorption on aqueous
interfaces to extents larger than those predicted from Henry’s law gas-to-bulk partition

8, 10, 24-25

constants. We have shown that gas-phase olefins are protonated on the surface

1820 Thys, unsaturated hydrocarbon gases, such as most biogenic VOCs,

of pH < 4 water.
have an additional strong chemical driving force for sticking to modestly acidic aqueous
aerosol surfaces. This phenomenon increases their residence time at the interface and,
hence, makes them amenable to reactive attack by gaseous atmospheric oxidants, such
as ozone and hydroxyl radicals. Furthermore, there is evidence that some reactions
become feasible at the gas-water interface for thermodynamic reasons related to
hydration, whereas others proceed at faster rates or, in the case of competitive
channels, with branching ratios different than those in bulk water,1® 15716 2223, 26
Although some of these game-changing ideas have been floated in the literature for
some time, they have been demonstrated experimentally only recently.27'28

Isoprene (ISO), the most abundant non-methane VOC, is one of the major

2933 The mechanisms

contributors to secondary organic aerosols (SOA) formation.
involved in such transformations, however, are not fully understood. Current gas-phase
atmospheric chemistry mechanisms systematically underestimate SOA formation.” ’

Because I1SO is barely soluble in bulk water (H;so = 102 M atm™)?, its lifetime in daytime

tropospheres (112 = 3 h) is deemed to be determined by its fast reaction with -OH(g).**
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338 The products of ISO oxidation in the gas-phase are mostly water-soluble, and

become incorporated into the aerosol phase where they continue to be processed.ag'40
-OH radicals, however, are also produced in the aerosol phase via the Fe(ll)-catalyzed
(Fenton) decomposition, and the solar (A < 350 nm) photolysis of dissolved H,0,."! Since
atmospheric H,0, is overwhelmingly enriched in water (Huyr = 10° M atm'l),34 the
preceding considerations suggest that ISO(g), by being trapped via protonated on mildly
acidic pH < 4 environmental waters, could be oxidized by -OH(aq) radicals from the
decomposition of H,0,(aq). Actually, the rate of -OH-radical generation from the solar
photolysis of H,0, dissolved in aqueous aerosols is several orders of magnitude faster
than that from the photolysis of O5(g) in the gas-phase.*! Herein we report the results of
experiments designed to explore such possibility. Our experiments are based on a novel
technique developed in our laboratory that allows for the in situ detection of interfacial

. . .. . 1
reactants and products via online electrospray ionization mass spectrometry.*®

EXPERMENTAL SECTION

Experiments were carried out by intersecting continuously flowing acidic 1 uM
FeCl,(aq) microjets with 1SO(g)/N2(g), H,0,(g)/N2(g) or 1SO(g)/H,0,(g)/N2(g) gas streams
in the spraying chamber of an electrospray (ES) ionization mass spectrometer (Agilent
1100 Series, LC/MSD high performance ion trap mass spectrometer) maintained at
ambient temperature and pressure. The structures of selected products were elucidated

via MS? spectrometry in positive and negative ion modes in the 50 to 600 Da mas range
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at fragmentation voltages of 1 V and 3V. The detected species are produced during
encounters of gaseous ISO and/or H,0, with the surface of the aqueous microjets as
they emerge from the nozzle, i.e., before they are broken up into submicrometer-sized

droplets by the nebulizer gas.‘u'43

These microdroplets carry excess charges of either
sign, which represent the information registered by the mass spectrometer. The
experimental design is shown in Scheme 4.1. Further details on the instrument, the
experiments and the evidence accumulated in our laboratory about the surface
specificity of our measurements have been provided in previous reports.*

Agueous FeCl, solutions, prepared by dissolving FeCl,-4H,0 (> 98 % Sigma-Aldrich) in
deionized water and acidified to pH ~2.0 with HCl(aqg), were continuously pumped at 25
uL/min into the spraying chamber through a grounded stainless steel needle injector.
Liquid ISO (Sigma-Aldrich, 98.0%, purified by fractional distillation collecting the fraction
boiling between 40 and 45 °C) was maintained at 273 K and sparged with 15 cm?®/min
N,(g) gas flow. Similarly, 50 wt. % H,0, (Sigma-Aldrich) kept at 303 K was sparged with
150 cm*/min N,(g). These flows could be conveyed independently, or merged (through
a T-connector) into the spraying chamber. These gas streams were directed via a Teflon
catheter positioned near and toward the liquid microjet. The actual concentrations at
the surface of the microjet: [ISO(g)] ~ 5 x 10" molecules cm; [H,0,(g)] ~ 4 x 10*
molecules cm™, were estimated from the vapor pressure of ISO(/) at 273 K, the reported

composition of the vapor in equilibrium with 50 wt.% H,0, solutions at 303 K, the

corresponding carrier and nebulizer gas flow rates (see Supporting Information). Other
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instrumental parameters were: drying gas flow rate: 8 L min’; drying gas temperature:
325 °C; nebulizer pressure: 3 bars; collector capillary voltage: + 2.5 kV; fragmentation
voltages: 20 V (for positive ions) and 40V (for negative ions) were chosen to optimize

mass signals with minimal fragmentation of molecular ions.

2
Fe®(aq)
|
Nebulizer gas
H202[3}+ ISO‘E} g NZ[E] microjet
——
o eee - Analyzer
R o ESl/lon
I e
‘e Trap

Isoprene

SCHEME 4.1

SCHEME 4.1 - Experimental setup

The progeny of oxidation products was established by successively sparging
deionized H,O instead of H,0O, solution, or deionized H,O instead of ISO while

maintaining the combined gas flow rate at 165 cm® min™. In some experiments, we
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added 100 uM tert-butanol (an efficient -OH scavenger: K.on+tsuoH = 5 X 108 Mt stin
bulk water)* to 1 UM FeCl, solutions to test the participation of -OH radicals in the

formation of the observed products.

RESULTS AND DISCUSSION:

We have recently shown that the Fe(ll)-catalyzed decomposition of H,0,(g) at the
air-water interface is about 10° times faster than its counterpart in bulk water.** The
Fenton reaction may produce -OH radicals via a one-electron transfer (the Haber-Weiss
mechanism), reaction R1, and Fe'YO%" species via a two-electron oxidation via O-atom
transfer (the Bray-Gorin mechanism), reaction R2.**

Fe* + H,0, — Fe** + OH + -OH R1
Fe’* + H,0;, — Fe''0* + H,0 R2

45-47
>47 and

R1 is followed by further reactions that recycle Fe(ll) and generate HOO- radicals
0O,(g) as additional reactants (Scheme 4.2). Experiments testing the effect of variable
0,(g) concentrations are underway. We have recently reported that R2 is the dominant
channel at the air-water interface that produces mono- and poly-iron species containing

the ferryl Fe'VO** moiety, which may disproportionate with Fe?* into Fe** or react with

suitable O-atom acceptors such as DMSO.**
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H +0, Fe2* H,0,

.OOH Fe3+ .OH + OH_

\ H,0, / Isoprene

oxidized organic species

SCHEME 4.2

Negative ion ES mass spectra are shown in Fig. 4.1. In accordance with our previous
report, we detect, in addition to the triplet at m/z" = 161, 163 and 165 (arising from
natural abundance *CI/>’Cl = 3 isotopes) that corresponds to the Fe'Cly reactant,
clusters at m/z = 196, 198, 200 and 202, which are readily assigned to the Fe"'Cly
product,” and m/z = 303, 305 and 307 from the mixed valence di-nuclear ferryl
0=Fe".Cl-Fe'"cl,.** We confirmed that these products disappear upon switching from
H,0,(g)/N>(g) to 1SO(g)/N,(g) mixtures, as expected. Significantly, however, exposure to
ISO(g)/H,0,(g)/N,(g) mixtures resulted in the appearance of a new sizable peak at m/z" =
265, which we tentatively assign to the anion of a carboxylic acid product, plus a
multitude of minor peaks.

The MS? of the m/z” = 265 anion is shown in Figure 4.2. The 44 and 28 neutral losses
are consistent with the presence of both carboxylate and carbonyl groups in its
structure.”® The detection of an intense m/z" = 267 peak (see below, Figure 3B), which is
the doubly protonated counterpart of m/z" = 265, implies the formation of a 266 Da

neutral acid produced from the oxidation of the most abundant (ISO);H" m/z" = 205
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oligomer at the air-water interface (see below). The algebra linking (1ISO); with the 266
Da product: (ISO); + 4 O — 2 H = 204 — 2 + 64 = 266, ascribes a C35H,,04 molecular
formula to the acid giving rise to the m/z" = 265 anion. Possible structures for the 204 Da
(ISO)3 sesquiterpenes and associated 266 Da CysH,,04 products are given in Scheme 3.
The remarkable finding that (1ISO)sH" would add 4 O-atoms and lose 2 H-atoms to
produce CysH,,04 species reveals that ~ 5 O-atoms per (ISO); are available at the air-
water interface within ~ 10 us contact times. This finding implies that H,0,(g) generates
oxidant species (-OH, HOO-, O, and Fe'YO*) in excess over (1SO),H" in the outermost
interfacial layers, where they are rapidly consumed before they can diffuse away into
deeper layers.

Positive ion mass spectra are more complex. Figures 4.3 A and B show positive ion
ESI-MS of the surface of 1 uM FeCl, aqueous microjets while being exposed to ISO(g),
H,0,(g) or 1SO(g)/H,0,(g) mixtures. Confirming our previous results,*® 1SO(g) gives rise to
a series of protonated oligomer homologues (ISO)..gH*, m/z" = 137 (n = 2), 205 (n = 3),
273 (n =4), or (68 n + 1), via the cationic polymerization of ISO at the air-water interface
(Fig. 4.3A). Notably, we found that such species are conspicuously absent from the mass
spectra of ISO previously dissolved in pH ~ 2 water, a finding that proves the
protonation of 1SO, and hence the formation of the (1SO),H" oligomers, only takes place
at the air-water interface, where the acidity of interfacial H;O" is magnified due to

16, 18-20

limited hydration. The extent of oligomerization clearly increases at larger [ISO(g)]

because our previous experiments carried at lower [ISO(g)] led to the formation of
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(ISO)l_g,H‘Lspecies.19 Thus, the most abundant of such species under present conditions is
the m/z* = 205 (ISO);H" oligomer. The MS? fragmentation patterns of these oligomers
reveal 28 (CH,=CH,) and 42 (Me-CH=CH;) Da neutral losses (Figure 4.4), as expected
from polyolefins possessing both terminal —-CH=CH, and —C(Me)=CH, groups. Exposure
of FeCl, microjets to H,0,(g)/N,(g) did not lead to any detectable positive ion products,
as expected, whereas exposure to 1SO(g)/H,0,(g)/N,(g) streams gave rise to the
formation of myriad species (Figure 3B). We therefore associate such signals to products
of the fast oxidation of (ISO),H" initiated by "OH additions to double bonds, followed by
the combined action of 'OOH and O, species on the resulting free radicals (Scheme
4.2).% As mentioned above, these products are deemed the result of extremely fast
reactive events (within ~ 10 ps) involving multiple oxidation steps in interfacial layers
where the oxidants generated from H,0,(g) (see Scheme 4.2) reach high concentrations

therein.

OH
204 Da CgH 266 Da C5H,,0
157124 151224
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m/iz =239 O

m/z- =221

SCHEME 4.3

The multitude of relatively small signals is consistent with the multiple ways in
which these three oxidants can react with the myriad structural isomers of the (1SO);.gH"
oligomers. These signals correspond to bona fide products, as revealed by the evolution
of signal intensities at specific m/z" values as functions of gas composition (Figure 4.5).
Figure 4.6 shows the MS? fragmentation patterns of some of these oxidation products,
which display the 42 Da neutral losses typical of the molecular frameworks of parent
(1SO),H" species, in addition to 16 (0), 18 (H,0) and 28 (CO) Da losses characteristic of
the fragmentation of species containing epoxide, alcohol and carbonyl functionalities.*®
The identification of all products was deemed too onerous and beyond the scope of this

paper, because it is doubtful whether it would add additional insights to the observation
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that most of the species on which we performed MSZanaIysis displayed similar
fragmentation patterns.

The genealogy of the most conspicuous species can be easily traced from their
molecular formulas and typical fragmentations losses. Thus, from the addition of two
-OH radicals to (ISO),H" (CigH17", m/z" = 137) we get : CioH17" + 2 -OH — C1oH1605", m/z"
= 171 (Figures 5D and 6), and CyoH150," - H,0 — CyoH170%, m/z" = 153 (Figure 6).
Alternatively, CioH17" + -OH + -O0H — Cy9H1903", m/z" = 187, whose fragmentations lead
to: CyoH1903" - H,0 — CioH170,", m/z" = 169, and CyoH1903" - O; — CyoH190", m/z" = 155
(Figure 4.5B and 4.5A, respectively). (ISO)sH" (C1sH,s', m/z" = 205), the most abundant
oligomer, in similar fashion, gives rise to: CisHos™ + 2 -OH = Cy5H»,0,%, m/z" = 239,
CisHas™ + -OH + -O0H —> Cy5H,703", m/z = 255, Cy5H,703" - H,0 — CisHps0,", m/z" = 237.
Possible structures of some of these species are shown as Supporting Information. We
estimated a lower limit for the overall yield of oxidation products by summing the
intensities of all positive ion signals between 50 - 600 Da in the presence of 1SO(g)
before and after adding H,0,(g). Estimated yields ~ 5% are actually lower limits, because

+

oxidation can also change the positive charge of (ISO),H" reactants into neutral or
negatively charged products.

We have demonstrated that, in addition to -OH radicals, the interfacial Fenton
reaction produces Fe(IV)=0 ferryl species. We have also demonstrated, that poly-iron
Fe(IV)=0 species are able to transfer an O-atom to the S(IV) center of dimethyl

44, 49

sulfoxide. The possibility that poly-iron Fe(IV)=0 ferryls could add O-atoms to
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(1S0),H" double bonds was tested in experiments in which 100 uM t-BuOH, a standard
-OH radical scavenger, was dissolved in FeCl, solutions prior to injection. Figure 4.7
shows that t-BuOH completely inhibits the formation of carboxylates. Figure 4.8 further
reveals that t-BuOH has a similar effect on protonable products. On this basis, we infer
that the oxidation of 1SO(g) on the surface of water is largely driven by -OH radical
addition to the double bonds of interfacial (1SO),H" oligomers. Note that t-BuOH
behaves as a chemical scavenger in these experiments and, therefore, quenches I1SO
oxidation products by generating new products of its own (Figure 4.8). These findings
imply that observed products result from -OH-initiated chemistry, and are consistent
with the smaller yield of -OH radicals (from R1) versus Fe(IV)=0 ferryls (from R2) at the

air-water interface.** *°

ATMOSPHERIC IMLICATIONS
Recently, we have shown experimentally that unsaturated VOCs, such as I1SO(g) and
most biogenic terpenes, are protonated in inelastic collisions with the surface of pH < 4

18-20

water. Our results were consistent with uptake coefficients in the y ~ 10° -10™

range.lg'20 On this basis, we could estimate @, ~ 4 x 10° s* frequencies for sticking
collisions with acidic aerosol/cloud/fog droplets of typical (S/V) ~ 3 x 10 cm™ surface

.. 18-1 . . . .
densities.®** °° This o, value is commensurate with the first-order rate constant 0y ~

2.5 ht =1 x 10” s for the removal of 1SO(g) by diurnal -OH(g).”*®® Actual rates will
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clearly depend on atmospheric conditions, such as actinic irradiance, relative humidity
and Fe(ll) content of the aerosol phase.

By scavenging hydrogen peroxide, whose Henry’s law constant H = 10° M atm™
makes it extremely soluble in water, airborne dispersed water represents a significant

67-69

pool of oxidizing power in the troposphere.“' Typical ~ 1 ppbv H,0,(g)

concentrations are in equilibrium with 1 mM H,0,(aq), which can generate -OH(aq) via

54-55, 58, 63, 70-71
Because

Fenton chemistry44 or via photolysis under A < 350 nm sunlight.
air masses transported from polluted sources, such as megacities and industrial
conglomerates, contain significant H,O, concentrations at nighttime,63 interfacial Fenton
chemistry can drive oxidations in the aerosol phase throughout the day.”®

In this general context, our results provide direct evidence, for the first time, that
VOCs can be oxidized day and night on acidic aerosol via interfacial Fenton chemistry.
This process represents an additional, hitherto unknown mechanism for the conversion
of organic gases into secondary organic aerosol matter. Related experiments involving

the reaction of I1SO(g) with -OH radicals from the photolysis of dissolved H,0, will be

reported shortly.”
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FIGURE 4.1 - Negative ESI-MS of FeCl, microjets exposed to: N(g) (grey trace),

ISO(g)/N,(g)(blue trace), H,0,(g)/N2(g)(green trace), and ISO(g)/H,0,(g)/N,(g)(red trace)

streams. The inset zooms into the mass range where the m/z = 265 product appears.

Note that the intensity of the m/z

265 species significantly increases upon the
simultaneous presence of ISO(g) and H,0, (g).
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FIGURE 4.3 - Positive ESI-MS of 1 uM FeCl, at pH 2 (grey traces) exposed to 1SO(g)/N2(g)

(blue traces), H,0,(g)/N,(g) (green traces),ISO(g)/ H,0,(g)/N2(g) (red traces).
4.3A: spectra in the m/z = 50 — 600 Da range.
4.3B: spectra of the less abundant product species in the m/z = 150 — 350 Da range.

Note the 250:1 Y-axis scale expansion in 4.3B relative to 4.3A. The largest (ISO)..gH"

signals of A were subtracted from the blue and red trace spectra of 4.3B for clarity.
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FIGURE 4.5 - Zooming in on the evolution of specific mass spectral peaks as functions of
gas composition, and the presence of t-BuOH as -OH radical scavenger. 1SO(g): blue
trace. 1SO(g)/ H,0,(g)/Na(g): red trace. 1SO(g)/H,0,(g) in the presence of excess
dissolved t-BuOH (see text): light blue trace. A: m/z* = 155. B: m/z'=169. C: m/z'= 153.

D: m/z" = 171. [ISO(g)] ~ 5 x 10" molecules cm™; [H,0,(g)] ~ 4 x 10** molecules cm™.
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FIGURE 4.7 - Negative ES-MS of 1uM Fe®" at pH 2, exposed to 1SO(g)/ H,0(g)/N,(g) (red
line), 1SO(g)/ H,0,(g)/N2(g) in the presence of excess dissolved t-BuOH (~ 100 x [FeCl;])
(light blue line) in the m/z=100-350 Da range. [ISO(g)] ~ 5 x 10" molecules cm;

[H,0,(g)] ~ 4 x 10" molecules cm™.
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FIGURE 4.8 - Positive ES-MS of 1uM Fe?* at pH 2 in the presence of excess dissolved t-
BuOH (~ 100 x [FeCl;]) (grey trace), exposed to 1SO(g)/H,0,(g)/N,(g) (light blue line) in
the range of m/z = 151-173 Da range of the less abundant product species. The red
trace represents the 1SO(g)/H,0,(g)/N2(g) beams in the absence of t-BuOH. The large
(1SO)1.gH" large signals were subtracted from the light blue and red trace spectra for

clarity. [ISO(g)] ~ 5 x 10" molecules cm; [H,0,(g)] ~ 4 x 10" molecules cm™.
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