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ABSTRACT
An Investigation of Chemical Landscapes in
Aqueous Electrosprays by Tracking Oligomerization of Isoprene
Adair Gallo Junior
Electrospray ionization mass spectrometry (ESIMS) is widely used to characterize
neutral and ionic species in solvents. Typically, electrical, thermal, and pneumatic
potentials are applied to create electrosprays from which charged ionic species are ejected
for downstream analysis by mass spectrometry. Most recently, ESIMS has been exploited
to investigate ambient proton transfer reactions at air-water interfaces in real time. We
assessed the validity of these experiments via complementary laboratory experiments.
Specifically, we characterized the products of two reaction scenarios via ESIMS and
proton nuclear magnetic resonance (1H-NMR): (i) emulsions of pH-adjusted water and
isoprene (C5H8) that were mechanically agitated, and (ii) electrosprays of pH-adjusted
water that were collided with gas-phase isoprene. Our experiments unambiguously
demonstrate that, while isoprene does not oligomerize in emulsions, it does undergo
protonation and oligomerization in electrosprays, both with and without pH-adjusted
water, confirming that C-C bonds form along myriad high-energy pathways during
electrospray ionization. We also compared our experimental results with some quantum
mechanics simulations of isoprene molecules interacting with hydronium at different
hydration levels (gas versus liquid phase). In agreement with our experiments, the kinetic
barriers to protonation and oligomerization of isoprene were inaccessible under ambient
conditions. Rather, the gas-phase chemistries during electrospray ionization drove the
oligomerization of isoprene. Therefore, we consider that ESIMS could induce artifacts in
interfacial reactions. These findings warrant a reassessment of previous reports on
tracking chemistries under ambient conditions at liquid-vapor interfaces via ESIMS.
Further, we took some high-speed images of electrosprays where it was possible to
observe the main characteristics of the phenomena, i.e. Taylor cone, charge separation,
and Coulomb fission. Finally, we took the freedom to speculate on possible mechanisms
that take place during electrospray ionization that affected our system and possibly may
influence other common analytical techniques on ESIMS.
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Chapter 1: INTRODUCTION

Interfaces of liquids with solids or gases are two-dimensional regions of
molecular thickness(1). Remarkably, the variations in the relative densities across those
interfaces could be of the order of 1013/m, which render upon them unique constraints, for
instance, hydration of chemical species(2, 3). Further, the molecular environment at
interfaces is drastically different from the condensed phase, due to the discontinuity,
which renders interfacial molecules somewhat unstable due to lack of bonds(4). Thus,
interfaces of liquids could exhibit different physical and chemical properties than bulk
liquids.
Our natural world is replete with interfaces of liquids with gases and solids, for
instance clouds(5), oceans, soils, plants, and coatings. In fact, interactions between the
atmosphere, lithosphere, hydrosphere, and biosphere drive, precipitation, evaporation,
and condensation that control climates(6). In biology, interfaces play vital roles in
molecular recognition that gives life(7) its directionality, e.g. fusion of vesicles into lipid
bilayers(8), activities of membrane-bound enzymes(9), such as ATP-synthase(10). In
applied sciences, stable oil-water emulsions are routinely employed in pharmaceutical
drugs(11, 12), materials synthesis(13), cosmetics(14), food products(15), and
coatings(16, 17). However, despite their ubiquity in natural and industrial realms, a clear
understanding of interfacial phenomena at the molecular level is incomplete. For
example, the presence and relative abundance of hydronium versus hydroxyl ions, along
with other common ions, at the air-water interface have been intensely debated in the
chemical physics community(18-23). Similarly, mechanistic insights into the function of
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molecular machineries, such as ATP-synthase require a thorough understanding of
factors that give rise to proton-fronts at water-lipid interfaces(24). This is due to the fact
that direct experimental observations of structure and dynamics at interfaces are
excruciatingly difficult. Most recently, due to unprecedented advances in experimental
approaches and computational resources, interfacial science of liquids has emerged as the
most exciting scientific frontier with multidisciplinary participation.
In this thesis, we investigate chemical and physical properties of interfaces of
water under normal temperature and pressure (NTP - 298 K and 1 atm) conditions. More
specifically, we are interested in the interfaces of water with hydrophobes, id est,
materials that are unable to form hydrogen bonds with water. We differentiate gas-,
liquid-, and solid-phase hydrophobes as, (i) Gases: low solubility in water, characterized
by Henry’s constants, e.g. nitrogen gas(25); (ii) Liquids: immiscibility in water, e.g.
hexadecane(26); (iii) Solids: low adhesion at the solid-liquid interface and commonly
characterized by high contact angles at the solid-liquid-vapor interface(27), e.g.
hydrocarbons, and perfluorocarbons. It is important to realize that the concept of
hydrophobicity spans across different states of matter (solid, liquid, and gas) and length
scales (e.g. 10-9 – 103 m)(28). For instance, at the nanoscale, hydrophobic molecules
aggregate as clusters which self-assemble into lipid bilayers and vesicles at higher
concentration(8, 24). In contrast, at the macroscale, hydrophobic surfaces are
characterized by water-repellency that enables Namib beetles(29) and cactus pines(30) to
harvest atmospheric fog, water striders to effortlessly skate on water(31), and lotus leaves
to stay clean(32), among numerous other examples(33). Hence, a variety of techniques
are used to characterize hydrophobicity - for molecular solutes, gas or liquids, one could
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exploit an isothermal titration calorimeter(34), for extended solid surfaces force
spectroscopy(35) and contact angle goniometry(36) are used. Unfortunately, a multiscale
theory of hydrophobic interactions has remained elusive despite decades of experimental
and theoretical research(37).
The motivation behind this work was a series of reports on millions-fold
accelerations in rates of several chemical reactions at oil-water interfaces, including Diels
Alder cycloadditions, e.g. between quadricyclane and dimethyl azodicarboxylate or
cyclohexene and bis(trichloroethyl) azodicarboxylate, and Claisen rearrangements, e.g. of
naphthyl ether(38, 39). More recently, researchers employed electrospray ionization
(ESI) techniques (details in section 1.2) to study chemical reactions at the air-water
interface. Zare and co-workers developed microdroplet fusion mass spectrometry and
investigated the Pomeranz-Fritsch synthesis of isoquinoline in microdroplets, which
contained N-benzylidene-2,2-diethoxyethanamine precursor in water, generated by an
ESI process and found a one-million-fold increase in the rates of reactions(40, 41). Cooks
and co-workers investigated via mass spectrometry similar accelerations in the rates of a
variety of condensed-phase chemical reactions in confined volumes, such as in thin liquid
films and Leidenfrost drops(42, 43).
A variety of hypotheses have been presented to explain these accelerations in rate
of reactions at water-hydrophobe interfaces, but the underlying mechanisms are still not
entirely clear. For instance, Jung and Marcus predicted that the presence of dangling
hydrogen bonds at the oil-water interface(18) could stabilize transition states, leading to
dramatic rate accelerations(44, 45). Jorgensen and co-workers, on the other hand, refuted
that mechanism and postulated that gas-phase hydronium ions at aqueous interfaces
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might play a role(19). Beattie argued that the specific adsorption of OH- ions and faster
auto-dissociation of water at water-oil interfaces constituted the underlying
mechanism(20-23).

However, the most recent report by Beattie and Bonn that

demonstrated that the surface tension of nascent drops of water decreases from ~90
mN/m to 72 mN/m within ~1 ms, independent of the pH or ionic strength, casts doubt on
the specific adsorption of ions as the sole explanation(46).
To investigate in situ interfacial reactions by mass spectrometry, Colussi and coworkers developed an innovative experimental approach developed based on colliding
streams of gases with nebulized sprays of aqueous electrolytes from electrically grounded
capillaries, followed by mass spectrometric detection(47-64). The mass spectrometric
sampling required application of ~3.5 kV (extractor) potential in the vicinity of the
sprays, as previously realized in the secondary electrospray ionization (SESI) mass
spectrometry(65-67). Following a related approach, Beauchamp and co-workers
investigated products from the ozonation of gas-phase oleic acid at the air-water interface
by bubble bursting ionization and interfacial sampling with a piezoelectric acoustic
transducer(68). Using this technique, Colussi and co-workers demonstrated that many
organic reactions could be performed on the surface of mildly acidic (pH ≤ 3.5) water,
which were thermodynamic inhibited in the condensed phase, including protonation of
organic acids, and protonation and oligomerization of isoprene, and other terpenes(5759). We note that in the condensed phase, those reactions would require superacidic
conditions (~50% H2SO4)(69). Colussi and co-workers claimed that protons at the airwater interface exhibited “superacidity” that led to dramatic accelerations. They proffered
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this mechanism as the basis of atmospheric night cycling of isoprene flux from the
biosphere.
In this report, we investigate the oligomerization of isoprene (details in a later
section) to elucidate whether the mechanisms for the observed dramatic accelerations in
the rates of chemical reactions at air-water and oil-water interfaces are caused by the
intrinsic properties of the interface(70), or are shaped by the experimental techniques,
such as electrospray ionization and mass spectrometric detection(71). We note that in the
case of electrosprays, numerous factors might influence the rates of chemical reactions,
including the geometry of the needle, electrical potential, and temperature of the ion
source; the separation between the ion sources and the glass capillary inlet; the flow rate
and temperature of the sheath gas; the declustering voltage; the evaporation of the
solvent; or the detector response(41, 72-75). In fact, it has been debated whether or not
ESIMS is capable of sampling species at liquid-vapor interfaces(76, 77), and whether it
would shift chemical equilibria(75, 78-80), hence, causing unexpected species to form
due to non-equilibrium conditions(40, 79, 81, 82). Therefore, to clarify whether
electrosprays are indeed representative of the air-water interface under ambient
conditions, we exploited proton nuclear magnetic resonance (1H-NMR) as a
complementary, non-invasive probe. For molecular-level insights into our experiments,
our collaborators(83) performed quantum mechanical calculations employing density
functional theory (M0-6 flavor), which we discuss here.
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1.1 Aqueous Interfaces

Water is a special molecule (84-87). The high electronegativity of oxygen atoms
in water molecule leads to a charge imbalance within the molecule, which renders a net
dipole moment (value 1.8546 D) to the molecule. The free energy associated with
hydrogen bonds in bulk water at NTP is ∆G = 21 kJ/mol. In fact, the high surface tension
of water, γLV = 72 mN/m at NTP is a consequence of the alignment of the water
molecules and their hydrogen bonding at the interface in order to reduce their total free
energy (Figure 1). The high dipole moment of water allows it to hydrate ions, via iondipole interactions (Figure 2). This ability renders water an excellent solvent for polar
molecules and salts and also accounts for the auto dissociation of water and stabilization
of hydroniums (H3O+) and hydroxyls (OH-) in bulk water at 10-7 M (6×1016 ions/L) at
NTP (Figure 1). Particular interest for the interfacial properties of water has risen in the
research community, mainly because of the crucial roles of such interfaces in intracellular
biology(84, 85).
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Figure 1. 2D schematics of hydrogen bond network for water, hydronium and hydroxyl;
Red/blue/yellow correspond to oxygen atoms; White correspond to hydrogen atoms;
Lines represent the hydrogen bonds; In blue we have the oxygen of a hydronium ion and
in yellow we have the oxygen of a hydroxyl. Notice that the white hydrogen atoms
centered with the red oxygen atoms correspond to another plane.
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Figure 2. 2D schematics of solvation shells around a positive (A) and a negative (B) ion
of different sizes; (C) Molecular dynamics of water solvating a sodium ion: note the
alignment of the oxygens towards the sodium; Red = oxygen; White = hydrogen; Purple
= sodium; Blue = cation; Green = anion; Lines represent the hydrogen bonds.

1.2 Electrospray Ionization (ESI)

Electrospray ionization mass spectrometry (ESIMS) is a recognized analytical
tool across many scientific and engineering disciplines(73-75, 88-90). Usually, the
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electrospray ionization (ESI) sources are comprised of a metallic capillary needle kept at
a direct current (DC) electrical potential from which solvents containing analytes are
passed at rates ~1-100 μL/min. Beyond a threshold voltage, forces driven by electrostatic
repulsion of ions overcome the viscous and capillary forces (surface tension) of the
liquid, creating Taylor cone jets that eventually break into droplets due to fluid
instabilities (Figure 3) (91, 92). These droplets contain excess charges and as the neutral
water molecules evaporate the Rayleigh limit is eventually reached, i.e. the repulsion of
the electrostatics will overpower the cohesion of the surface tension. The excess charge is
predicted to be 𝑄 = 𝑘𝜋 ! ε! 𝛾𝑅!

!/!

, where d is the diameter of the droplet at the time of

fission, 𝛾 is the surface tension of the liquid, ε! is the permittivity of a vacuum, and k is a
constant (73, 92-94). Eventually, ionic species might desorb from neutral solvent
molecules via the charge residue mechanism or the ion evaporation model to undergo
mass spectrometric detection(74, 75, 90, 95). Despite a significant body of work, some
ESI mechanisms are still poorly understood, e.g., electrohydrodynamics of nanojets and
tip streaming(91, 92, 96), the ejection of ions from ESI charged droplets(74, 75, 97), and
the effects of the electrochemical reactions during the ESIMS process(40, 79).
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Figure 3. Schematics of a electrospray process; The illustration depicts some possible
oxidation reactions at the needle capillary that generate excess positive charges (red) in
the solution, which are then repelled from the positive electrode towards the mass
spectrometer inlet; Soon after the Taylor cone breaks, the electrospray droplets start to
evaporate until they reach an instability limit (Rayleigh), when they start to undergo
Coulomb fission.
The generation of excess charges during the electrospray process occurs due to
oxidation reactions (when in positive ion mode) at the ESI capillary needle (Figure 3).
This is a continuous process and can be quantified by the measured current at the ESI-MS
equipment. These reactions can affect the properties of the electrosprayed solution. For
instance, in the case of water, an increase in the hydronium concentration can be
observed, thus, lowering the pH of the solution.

1.3 Isoprene

Isoprene (C5H8, 2-methyl-l,3-butadiene; molecular weight, MW = 68 amu; vapor
pressure, p = 61 kPa; boiling point, Tb = 307 K; and solubility in water, S = 0.7 g/L) is
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abundant in the atmosphere due to its emission from the biosphere, being one of the most
emitted hydrocarbons on the planet. As isoprene gets emitted from the plant leaf, it helps
in the thermal regulation of the plant, protecting it from heat. Furthermore, the isoprene
base structure can be found in terpenes and isoprenoids, which are important molecules
that play critical roles in nature, e.g., carotenes, vitamin A and E, limonene (lemon
smell), pinene, etc (Figure 4).

Isoprene (C5)

Limonene (C10)

Myrcene (C10)

Pinene (C10)

Squalene (C30)
Figure 4. Isoprene molecule (C5H8, 2-methyl-l,3-butadiene) and some examples of
isoprene oligomers, i.e. terpenes.

An interesting effect involving isoprene has puzzled scientists. During nighttime,
the concentrations of isoprene at the canopy of forests decrease rapidly to very low
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levels, and it increases again by the next morning when the sun starts to shine, peaking at
close to noontime (98-104). This observation is odd because the known mechanisms for
the decay of isoprene involve the degradation by short-life hydroxyl radicals, which are
naturally produced at the atmosphere by ultraviolet radiation, i.e. during daytime.
However, there is still doubt on isoprene’s fate at the canopy during nighttime. Some
researchers suggested that oligomerization of isoprene to heavier molecules is catalyzed
at the interface of dew droplets in the forest, and that it could be the cause for the rapid
decay of isoprene during the nighttime, when the lower temperatures facilitate the
formation of dew(69). This hypothesis is debunked in this report basically because of the
significant differences between droplets formed by condensation or electrosprays (see
later sections).
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Chapter 2: OBJECTIVES

Based on the points presented in Chapter 1 regarding the controversies about the
interfacial properties of water and mechanisms of accelerating chemical reactions on
electrosprays and confined volumes, we aimed to provide some experimental insights for
the discussion. We used the oligomerization of isoprene in order to understand what were
the influences of the main components of the system, i.e. water interfaces, pH/ionic
strength, and electrospray ionization source. In summary, we studied the mechanisms of
chemical reactions of gas-phase isoprene in electrosprays and compared them with
reactions in emulsions of isoprene with pH-adjusted water. Our goal was to answer the
following questions that were raised from the previous discussion in Chapter 1:
1. Does the hydrophobicity at the interfaces of water with isoprene provide similar
chemical landscape as in the electrosprays?
2. Could we explain the advent of protonation and oligomerization reactions in
electrosprays based on the effects of ionic strength and electrochemistries during
ESI?
3. Are the oligomerization reactions in electrosprays gas-phase reactions?
4. Finally, is ESIMS a suitable tool to emulate and investigate chemical reactions at
ambient air-water interfaces, such as in clouds?
We expect that our experiments and conclusions will shine a light into some
inaccurate conclusions previously reached by other researchers.

25

Chapter 3: EXPERIMENTAL SECTION

We investigated reactions of pH-adjusted water and gas- or liquid-phase isoprene
as representative of air-water (vapor-liquid) and oil-water (liquid-liquid) interfaces at
normal temperature and pressure (NTP), 293 K and 1 atm(105). We start with
electrosprays and then we go into the details of the oligomerization reactions.

3.1 Materials

In our experiments, we used isoprene (99% purity from Sigma-Aldrich), Mili-Q
deionized water (18 MΩ-m resistivity), D2O (99.9% purity from Sigma Aldrich), ethanol
(absolute from Merck Millipore), acetone (HPLC standard from VWR Chemicals), NaCl
(>99% purity from Sigma Aldrich), HCl (36.9% purity from Fisher Scientific), DCl (35%
concentration 99% deuterium purity from Sigma Aldrich), and NaOH (>97% purity from
Sigma Aldrich) to adjust the pH and ionic strengths.

3.2 High-speed imaging of electrosprays

We recorded videos of electrosprays using a high-speed camera (Phantom v1212).
The setup used to generate the electrosprays was a voltage source (Keithley 2290-10
10kV Power Supply) with the positive electrode connected to (i) a capillary glass needle
coated with gold, and (ii) a golden wire inside a capillary glass needle. We used a set of
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lenses in order to magnify the image to enable the visualization of a Coulomb fission
event.

3.3 Oligomerization of isoprene at gas-liquid and liquid-liquid interfaces

As delineated in Figure 5 and summarized in Table 1, we report on the following
three sets of ESIMS and 1H-NMR experiments: (A) Liquid-liquid collisions: we
combined liquid isoprene with either pH-adjusted water or D2O, 1 ≤ pH ≤ 13, in a
volumetric ratio 1:6, agitated the emulsions at 1200 rpm in a vortexer at NTP for 6, 60, or
360 minutes, and analyzed the organic phase after phase-separation; (A1) Condensed
vapors from electrosprays: vapors from the atmospheric chamber of the ESIMS
(described in experiments A) were condensed at 0 °C and analyzed by 1H-NMR; (B)
Pure components: we analyzed pure (as-purchased) isoprene, acetone, and ethanol; (C)
Gas-liquid collisions: we created electrosprays of aqueous solutions with varying ionic
strengths and pH, and intersected them with a stream of gas-phase isoprene (0.48 g/min
carried by N2 gas flowing at 600 mL/min, i.e. isoprene gas concentration was 800 mg/L).
Hereafter, throughout the paper, we will refer to our experiments on the liquid-liquid
collisions as (A), condensed vapors from electrosprays as (A1), pure isoprene as (B), and
gas-liquid collisions as (C).
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Figure 5. A summary of the experiments A, B, and C reported in this work along with
three possible mechanisms for the oligomerization of isoprene during gas-liquid
collisions. (A) Liquid-liquid collisions: a 1:6 (v/v) mixture of liquid isoprene and pHadjusted water was agitated at 1200 rpm (for 6, 60, 360 minutes) followed by ESIMS
analysis of the organic phase. (B) As-purchased liquid isoprene was injected directly in
the ESIMS. (C) Gas-liquid collisions: electrosprays of water (pH range 1-13) were
collided with a stream of air carrying isoprene gas, followed by mass spectrometric
detection (Experimental details in the Methods section). On the right hand side, we
present three possible mechanisms for chemical reactions during gas-liquid collisions
(Category ‘C’): Mechanism C1 – as the isoprene molecules adsorb onto the water drop,
they react with each other under the influence of high electric fields; Mechanism C2 - the
gas-phase isoprene adsorbs onto the electrically charged water droplets in the
electrosprays, which continuously evaporate to become increasingly acidic and catalyze
oligomerization; Mechanism C3 - small clusters of water with an excess proton are
ejected during the Coulomb explosions, which protonate isoprene molecules in the gas
phase and lead to oligomerization. (Image credits: Ivan Gromicho, KAUST illustrator)
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Table 1. Experimental summary.
(A) Liquid-liquid
collisions

1

H-NMR
pH
Shaking time
Aqueous
phase

(C) Gas-liquid
collisions

Organics injected
1-13
6, 60, 360 min.
6 kV

Isoprene(L),
Acetone(L),
Ethanol(L)
Components injected
6 kV

Water injected
1-13
1-7
6-8 kV

150 °C

30-330 °C

150 °C

Isoprene(L)

-

-

-

-

-

Water(L)-Isoprene(L)
ESIMS
pH
pNaCl
Shaking time
Voltage
Capillary
temperature

(B) Pure components

Organics from (A) and
condensed vapors (A1)
1.5
6, 60, 360 min.
D2O, H2O

Isoprene(G)Water(L)

3.4 Electrospray Ionization Mass Spectrometry - ESIMS

We performed our experiments in a commercial Thermo Scientific – LCQ Fleet
electrospray ionization mass spectrometer in the positive ion mode, where a DC potential
of 6-8 kV was applied to the needle, the tube lens voltage was 75 V, the sheath gas flow
rate was 10 arb, the pressure was 1.2 torr at the convection gauge and 8x10-6 torr at the
ion-gauge, the flow rates were controlled by a calibrated syringe pump and ranged
between 1-10 μL/min, the distance from the ion source and the inlet to the mass
spectrometer was ~2 cm, and the distance between the electrospray and the tube ejecting
isoprene was 1 cm.
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Isoprene gas

MS inlet

Figure 6. Photograph of the experimental setup of ESIMS.

3.5 Proton Nuclear Magnetic Resonance - 1H-NMR

All NMR spectra were acquired using a Bruker 700 AVANAC III spectrometer
equipped with a Bruker CP TCI multinuclear CryoProbe (BrukerBioSpin, Rheinstetten,
Germany); Bruker Topspin 2.1 software was used to collect and analyze the data. We
transferred 100 μL of the (A1) samples into 5 mm NMR tubes, followed by 600 μL of
deuterated chloroform (CDCl3).

The 1H-NMR spectra were recorded at 298 K by

collecting 32 scans with a recycle delay of 5 s, using a standard 1D 90o pulse sequence
and standard (zg) program from the Bruker pulse library. The chemical shifts were
adjusted using tetramethylsilane (TMS) as an internal chemical shift reference. The (A)
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samples and a sample of as-purchased isoprene (B) were prepared by transferring 100 μL
of each to 5 mm NMR tubes, and then adding 550 μL of deuterated water D2O to the
NMR tubes. The 1H-NMR spectra were recorded by collecting 512 scans with a recycle
delay time of 5 s, using an excitation sculpting pulse sequence (zgesgp) program from the
Bruker pulse library. The chemical shifts were adjusted using 3-Trimethylsilylpropane
sulfonic acid (DSS) as an internal chemical shift reference. The free induction decay
(FID) data were collected at a spectral width of 16 ppm into 64k data points. The FID
signals were amplified by an exponential line-broadening factor of 1 Hz before Fourier
transformation.

3.6 Surface tension

The surface tension of water in air was measured in a contact angle cell (Kruss –
DSA100E) using the pendant droplet method (calculated with software Kruss – Advance
1.5.1.0) at ambient temperature of 20 °C. This method is based on the deformation of a
pendant droplet from a needle, e.g., the higher the surface tension, the more spherical the
droplet will be, for a given volume (Figure 7A). We tested the adsorption (and possibly
the dissolution) of gaseous isoprene onto the water surface by introducing an opened
flask of liquid isoprene into the closed chamber of the angle cell (Figure 7B). Due to its
high volatility and low boiling point (34 °C), we expected that vapors of isoprene rapidly
reached the saturation levels in the chamber. We alternately saturated and exhausted the
chamber (removing all isoprene) in order to get the measurements.
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A

B

Sat

PIsoprene

γLV=69 mN/m

γLV=68.2 mN/m
Isoprene (liquid)

Figure 7. Schematic of surface tension measurement via pendant droplet method at NTP;
A: Air chamber without isoprene; B: Air chamber saturated with gaseous isoprene.
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Chapter 4: RESULTS

In this chapter, we first present our results of the imaging of electrosprays in order
to give the reader a better understanding on the ESI process itself, and then we go into the
details of chemistry of electrosprays and water droplets and the oligomerization of
isoprene.

4.1 High-speed imaging of electrosprays

In this section, we present photographs of electrosprays taken with a high-speed
camera. The typical electrospray configuration is presented in Figure 8, where we can
observe the Taylor cone formation, with an elongated liquid jet that extends until
breaking into electrosprayed droplets. It is possible to observe that once the jet breaks
into fine droplets, they flow in divergent trajectories due to the same charge electrostatic
repulsion. A similar spray is formed in our ESIMS setup, however, the as the diameter of
the needle is one order of magnitude smaller, the droplets formed are also smaller, which
affect the charging and the evaporation times of those droplets. For instance, it is
expected that due to the higher electric field at the smaller needle tip of the ESIMS setup,
the droplets depart with a much higher charge density, i.e. they are closer to the
instability region, and undergo Coulomb fission at shorter flight times, when compared to
the bigger droplets formed at the setup with the gold coated capillary needle.
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gold%coated*needle*

Taylor*cone*

electrospray*

Figure 8. Photographs of water electrosprayed at positive 6 kV (DC) from a glass needle
capillary coated with gold; Needle diameter ~150 μm; The blue arrow represents the flow
of positively charged water.

Next, in Figure 9 we can see several shots of water being electrosprayed in a
slightly different way. Since the electric field is external to the gold wire, the water jets
formed are not totally restricted by the needle diameter, thus, allowing for the formation
of Taylor cones and electrosprays from bigger liquid droplets. In some cases we can even
see multiple Taylor cones formed simultaneously from the same droplet.
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a"
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needle"
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mul5ple"
Taylor""
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Figure 9. Photographs of water electrosprayed at positive 7 kV (DC) applied at a gold
wire (diameter of ~100 μm) concentrically to a glass needle capillary coated with a
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superhydrophobic material (GlacoTM); Needle diameter ~150 μm; Arrow legend: glass
needle (blue), gold wire (red), observable electrospray zone (green), multiple Taylor
cones (orange); The labeling from a to p does not represent any specific time sequence.

In the next sequence of images (Figure 10), we have evidence of the ionic origin
of the charges in the electrosprays. We can see the formation of a Taylor cone that
separates into a jet (Figure 10b), and before this jet breaks into droplets (c) the negative
ions are attracted towards the part closer to the positive needle. The last droplet (green
arrow in d) presents a total negative charge, which changes its flight direction by the
attractive force towards the positive needle (d-g). Soon as this droplet touches the liquid
in contact with the positive needle (g), it releases its negative charges and acquires and
excess of positive charges. Promptly, it undergoes Coulomb fission (h), due to its small
size and high electrical loading (above the Rayleigh limit). And then the droplet is
repelled (i) without coalescing with the droplet attached to the needle.
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a

glass needle

+

f

b

g

c

h

d

i

e

j

water droplet

Figure 10. High-speed shots of water electrosprayed at positive 7 kV (DC) applied at a
gold wire (diameter of ~100 μm) concentrically to a glass needle capillary coated with a
hydrophobic material (GlacoTM); The pictures are sequenced into time intervals of around
60 μs, except the intervals from g-h and h-i which are around 10 μs each. The total time
interval from a to j is 450 μs. From a to c, we can see the formation of a Taylor cone
until it breaks into droplets. In d, we start to track (with green arrows) the last droplet
formed after the breaking of the Taylor cone; This droplet being of negative charge, is
attracted back to the positive electrode (d-g), until it touches (g) the liquid at the capillary
tip, then it rapidly gets positively charged, resulting in a Coulomb fission (h) and
subsequent repulsion form the positive electrode (i).
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4.2 Oligomerization of isoprene

In this section and the following ones, we present our results of the experiments
proposed in Figure 5 and Table 1. Here, the goal is to understand what are the
mechanisms that cause the oligomerization of isoprene at water interfaces, and how
different the electrosprayed droplets are from droplets in an emulsion.
The ESIMS spectra from all three sets of experiments (Figure 5) were nearly
identical after normalizing with the maximum intensity; see Figure 11A-C for isoprenewater emulsions with pH-adjusted water (A), pure isoprene (B), and gas-liquid collisions
between gas-phase isoprene and pH-adjusted water (C) (Figure 12), respectively. The
positions of the main peaks in the mass spectra fit the general formula, [(Isop)n.H]+,
which corresponded to covalently bonded oligomers of isoprene with an excess proton (in
Figure 14 we present evidence to prove that the peaks did not correspond to physisorbed
clusters). We also observed numerous secondary peaks between the primary [(Isop)n.H]+
peaks that corresponded to the fragmentation of the four carbon bonds in the isoprene
molecule (C5H8), which formed via myriad possible pathways. While we did not
characterize the nature of those species in detail, we speculate that they are composed of
isoprene fragments covalently bonded with the [(Isop)n.H]+ oligomers. In set of
experiments (A), we did not see any significant differences among the signal intensities
of the ESIMS spectra when the shaking durations were varied from 6 minutes to 60, or
even 360 minutes (Figure 13). In the (C) experiments, we noticed a peak at m/Z = 233,
whose characterization could not be determined (Figure 11C and Figure 12).
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Figure 11. ESIMS spectra for sets of experiments A, B, and C: The dominant peaks
correspond to protonated oligomers of isoprene, [(Isop)n.H]+, and the secondary peaks
correspond to fragments of the isoprene molecules attached to the primary peaks; (A)
ESIMS spectra of the organic phase from the emulsion of liquid isoprene in water at pH
= 1 (1:6 v/v) that was agitated at 1200 rpm for 360 minutes; (B) ESIMS spectra of aspurchased liquid isoprene; (C) ESIMS spectra of products of gas-liquid collisions
between water (pH = 1) and gas-phase isoprene (Experimental details in the Methods
section).
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Figure 12. ESIMS spectra for gas-liquid collisions, experiments (C). (C1) Water at
p[NaCl] = 5 and flow rate of 1 μL/min; (C2) Water at pH = 1 and flow rate of 1 μL/min;
(C3) Water at pH = 12.3 and flow rate of 1 μL/min; The main peaks correspond to the
oligomers of isoprene plus one proton [(Isop)n+H]+, and are separated by the mass of
isoprene (68 m/z); The four smaller peaks between the main ones correspond to the four
possible fragmentations of the carbon bonds within the isoprene molecule (C5H8); In all
three cases the stream flow of air (600 mL/min) and gaseous isoprene (which evaporated
from the air bubbler at ~0.48 g/min) was directed towards the electrosprayed water jet;
the temperature of the capillary in the ESIMS was 150 °C, the electrical potential applied
at the electrospray needle was 6 kV, the capillary inlet was grounded, and the separation
between the needle and the capillary inlet was ~1 cm.

The observed signal intensities were surprisingly the stronger in the case of the
gas-liquid collisions between Isop(g) and acidic water (pH = 1) (C), followed by pure
isoprene (B), and the organic phase from emulsions of liquid isoprene and acidic water
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(pH = 1) (A). We consider that during the vigorous shaking of the isoprene-water
emulsions, a fraction of the aqueous content was dissolved into the organic phase, i.e.
isoprene. Subsequently, as the organic phase was electrosprayed after the phase
separation, the aqueous components decreased the intensity of the isoprene oligomers due
to the competing effect of the ions being attracted into the mass spectrometer. Since our
ESIMS has a minimum detection limit of m/z = 50, we were unable to observe those
smaller ions. The higher signal intensities (maximum signal intensity 68,000 a.u.) of the
gas-liquid collision (C) could be attributed to the considerably higher flow rate of
isoprene, 0.48 g/min in 600 mL/min of air, into the atmospheric chamber of the ESIMS,
compared to 10 μL/min in experiments (A) and (B).
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Liquid Collision: Isoprene(L)-water(L). (Max. Sig. Int. 2,700 a.u.)
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Figure 13. Influence of shaking duration on the liquid-liquid collisions, experiments (A).
Comparison of ESIMS peaks from (Isop)2 (m/z 137 = 2.MWISOPRENE + MWH+) and (Isop)6
(m/z 409 = 6.MWISOPRENE + MWH+); ESIMS set to positive mode, 6 kV, 150 °C, 10
μL/min, pH of aqueous phase 1.52; The shaking time did not considerably influence the
signal intensity of the liquid-liquid collisions.
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The temperature of the glass capillary at the inlet of the mass spectrometer is an
important variable in ESIMS. It provides thermal energy to the incoming droplets,
facilitating the evaporation of the solvent or neutral molecules – at elevated temperatures,
the non-covalently bonded clusters become unstable and the molecules separate, whereas
covalently bonded oligomers survive. Thus, based on the changes in the mass spectral
intensities as a function of the glass capillary temperature, we could discern if the peaks
comprised of covalently bonded or non-covalently bonded species. For instance, while
injecting pure acetone, ethanol, and isoprene (Figure 14 – B1, B2, and B3, respectively),
we observed peaks in the spectra corresponding to (M)n (m/z = n.M + H+), i.e., (Ace)2,
(Et)2, (Et)3, and (Isop)2,3,4…(Figure 14 – top right corner insets). However, as we increased
the temperature of the glass capillary, we noticed that the intensities of the heavier peaks
of acetone and ethanol dramatically decreased with increasing temperatures (Figure 14 –
B1 and B2). In stark contrast, the mass spectral intensities for isoprene did not vary much
as the temperature increased (Figure 14 – B3). Thus, our simple experiment helped us
conclude that while acetone and ethanol form non-covalent clusters(106) with an excess
proton, isoprene forms covalently bonded oligomers. Our conclusion was further
corroborated by the clean spectra of acetone and ethanol, evidencing that negligible
fragmentation and reactions were present.
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Figure 14. Influence of capillary temperature on the detection of [(M)n+H]+ peaks at the
ESIMS. (B1) Comparison between signal intensities of peaks from (Ace)1 (m/z 59 =
MWACETONE + MWH+) and (Ace)2 (m/z 117 = 2.MWACETONE + MWH+). (B2) Comparison of
peaks from (Et)2 (m/z 93 = 2.MWETHANOL + MWH+) and (Et)2 (m/z 138 = 3.MWETHANOL +
MWH+). (B3) Comparison of peaks from (Isop)1 (m/z 69 = 1.MWISOPRENE + MWH+) and
(Isop)10 (m/z 681 = 10.MWISOPRENE + MWH+). ESIMS set to positive mode, 6 kV, 10
μL/min for acetone and ethanol, and 5 μL/min for isoprene. The insets in the right
corners are characteristic ESIMS spectra for each case.
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4.3 Influence of pH of water on the oligomerization of isoprene at ESI

We investigated the role of pH on the oligomerization of isoprene in our
experiments by using emulsions of liquid isoprene and pH-adjusted water in the (A)
experiments, and collisions between gas-phase isoprene and pH-adjusted water in the (C)
experiments (Table 1). When examining the products from ESIMS, we noticed that the
intensities of the oligomeric peaks [(Isop)n.H]+ were strongly dependent on the pH of the
aqueous phase (Figure 15). These observations have been reported previously and
ascribed to the superacidity of water at the air-water interface(57, 59). However, we
found that the ESIMS spectra from both experiments, (A) and (C), presented the same
peaks for the acidic, basic, and pH-neutral salty solutions (Figure 15; compare Figure 11
A and C with Figure 12 C1 to C3). Perhaps this is the most important part of this thesis,
as we corroborate previous experimental findings(59), but we give a new interpretation to
these observations based on different perspectives a new experimental data.
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A Liquid isoprene and liquid water. Max. Sig. Int. 2,700 a.u.
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Figure 15. Influence of the ionic strength and ESI voltage on the ESIMS spectra of
experimental sets (A) and (C). On the y-axis, we plot the average mass spectral intensity
of all the oligomeric peaks [(Isop)n.H]+, given by Σn In/n, normalized by the highest
datum in each plot. (A) Liquid-liquid collisions: the ESIMS spectra demonstrated
protonation and oligomerization of isoprene after emulsions of isoprene in water with pH
≤ 3.5 and pH > 12 in a 1:6 ratio (v/v) were agitated at 1200 rpm for 360 minutes. (C)
Gas-liquid collisions: the ESIMS spectra demonstrated protonation and oligomerization
of isoprene gas after collision with electrosprays of water with pH ≤ 3.5 and pH > 12, and
pH-neutral salty solutions. The sizes of the error bars were similar to or smaller than the
symbols used. Curves are added to the plots to aid visualization.

4.4 Proton Nuclear Magnetic Resonance - 1H-NMR

After the emulsions composed of liquid isoprene and water at pH = 1.5 in
experimental set (A) were vigorously mixed, we waited for phase separation. Then, we
compared the organic layers resulting from this phase separation by 1H-NMR as a
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function of the mixing time, and by replacing H2O with D2O. For completeness, we also
recorded the 1H-NMR spectra of pure, as-purchased isoprene (B). To our surprise, the 1HNMR spectra from all of the set (A) samples were identical to those of set (B), indicating
that effects from the duration of shaking (6-360 min), the pH (1-13), and the isotope (H2O
versus D2O) were all insignificant (Figure 16 A and B). To investigate further, we
condensed the vapors from the ESIMS exhaust (A1) after injecting the set (A) samples (1
≤ pH ≤ 13), and obtained their 1H-NMR spectra. All of the set (A1) samples showed
spectra similar to each other (Figure 16 A1). The presence of several new peaks indicated
that chemical reactions occurred during the ESIMS (79, 107), mostly leading to
fragments of isoprene and oligomers. This is fundamental evidence that the ESI system
cannot be assumed to represent a typical water surface, i.e. as found in natural
environments.
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Figure 16. (A) 1H-NMR spectra of the organic phase after shaking liquid isoprene with
pH 1.5 water in a volumetric ratio of 1:6 for 60 minutes. (B) 1H-NMR spectra of aspurchased isoprene. (A1) 1H-NMR spectra of the condensed exhaust from the
electrosprays of the organic phase after the liquid-liquid collision (A) experiments. The
nearly identical spectra for experimental sets (A) and (B) demonstrate that there was no
detectable (NMR resolution ~ 10 μM) oligomerization of isoprene during the vigorous
shaking of emulsions comprised of liquid isoprene with pH 1.5 water in a volumetric
ratio of 1:6.

4.5 Surface tension

We found that, at elevated concentrations, the isoprene molecules adsorbed (and
possibly dissolved) onto the water drops under ambient conditions. We demonstrated this
by exposing pendant water drops to gaseous isoprene, and measuring the decrease in the
surface tension (Figure 17). We expect this to be a similar phenomena, wherein
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hydrophobic particles adsorb at the air-water interface to form liquid marbles at a
macroscopic scale(108). This effect of isoprene attaching to the droplets could lead to
reactions as the conditions of the droplet change during water evaporation.

No Isoprene - Relative Surface Tension of Water (Max. 70.0 mN/m)
Gaseous Isoprene - Relative Surface Tension of Water (Max. 70.0 mN/m)
Relative Temperature of the Chamber (Max. 24.7 °C)

1.00

Relative Scale

0.99

0.98

0.97

0.96

0.95

0

200

400

600

Measurement Number

Figure 17. Influence of gaseous isoprene on the surface tension of a droplet of water. The
surface tension was measured by the pendant drop method in a chamber in the presence
of air (blue line) and gaseous isoprene in air (red line). The surface tension of the water
droplet changed considerably in the presence of gaseous isoprene, indicating adsorption
and possibly dissolution of the isoprene into the bulk water.
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Chapter 5: DISCUSSION
In this chapter, we will start with the analysis of the oligomerization of isoprene
under electrospray ionization, following by an in-depth study on the electrospray process
itself.

5.1 Oligomerization of isoprene under electrospray ionization

When analyzed via ESIMS, we observed (covalently-bonded) oligomers of
isoprene [(Isop)n.H]+ in all of our experimental sets, (A), (B), and (C) (Figure 11, Figure
12). In set (A) experiments, we did not see any significant differences among the signal
intensities of the ESIMS spectra when the shaking durations were varied from 6 minutes
to 60, or even 360 minutes (Figure 13). Our experiments, (A), (B), and (C), demonstrated
that C-C bonds were formed and broken during oligomerization and fragmentation in and
on the electrosprays of both acidic and basic water (Figure 15, red circles and black
squares, respectively), as well as the pH-neutral saline solutions (Figure 15, blue
triangles). The aqueous solutions of higher ionic strengths (acidic, basic, or salty)
facilitated fine electrospraying(93, 109). We also observed that, as the voltage used to
create the electrosprays was increased from 6 kV to 8 kV, the inflection points shown in
Figure 15C shifted such that ionic species were detected at lower ionic strengths.
What are the mechanisms underlying the protonation and oligomerization of
isoprene during gas-liquid collisions? As discussed previously, a variety of parameters
control the formation of electrosprays, which lead to the mass spectrometric detection of
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ions(40, 41, 72-75, 79, 81, 95, 110-113). For our gas-collision system, we consider that
the chemical activity, 𝑎! , of species i, (e.g. H3O+ or isoprene) at the air-water interface
depends on the species’ concentration, 𝐶! , the electrical potential, ∆𝑉, and the extent of
hydration, given by 𝑎! = 𝑒 !!!

!"

, where 𝜇! =

𝜇!!

!"#!

+ 𝜇!! = 𝑅𝑇× ln 𝐶!

!"#$

+

𝑞∆𝑉 . Thus, based on our experimental observations, we propose three key mechanisms
(Figure 5):
Mechanism C1 – the gas-phase isoprene molecules (partial pressure in our
chamber: 0.28 atm) adsorb and get concentrated onto the water droplets, proceeding with
oligomerization under the influence of high electric fields and higher concentrations of
isoprene (adsorbed), i.e. higher activities;
Mechanism C2 – similarly to the previous mechanism, the gas-phase isoprene
adsorbs onto the electrically charged water droplets (with excess protons)(114) in the
electrosprays, which continuously evaporate to become increasingly acidic and catalyze
oligomerization; or
Mechanism C3 – small clusters of water (at super acid conditions, i.e.
hydroniums), with an excess proton, are ejected during the Coulomb explosions, which
could protonate isoprene molecules in the gas phase and lead to oligomerization (Details
in a later section). Mechanism C3 is similar to that of proton transfer reaction mass
spectrometry (PTRMS), which has been exploited to detect trace gases in the
atmosphere(115).
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For all of the above-mentioned mechanisms, the initial pH or salt concentration of
water was crucial to the formation of a stable stream of charged water droplets(75, 93, 95,
109). In fact, due to the charge separation under the influence of high electric fields,
electrosprayed droplets carry a net charge (109, 110). Hence, it is expected that the
electrosprayed droplets are more acidic (or more positively charged with other cations)
than the bulk water in the syringe at the moment of water droplet-jet separation(109,
110). It is also possible that the characteristics of the counter-ions are also important for
the formation of stable electrosprays. Intriguingly, for pH-adjusted water, we detected
oligomers (Figure 15C) when pH ≤ 3.5 or pH > 12 (at 6 kV); whereas for the NaCl
solutions, we observed oligomers at concentrations as low as 10-9 M. Obviously, the more
acidic or basic the initial state of the droplets, the higher the extent of the charge
separation under electric fields and the faster they approach the Rayleigh limit on
evaporation, at which point the electrostatic self-energy ( 𝑘𝑄! 𝜀𝜀! 𝑅 ) exceeds the
interfacial energy (4𝜋𝑅! 𝛾!" ), where Q is the net charge on the drop, R is its radius, k is a
constant, ε is the relative dielectric constant for the medium in comparison to that of air,
and γLV is the surface tension of water (Figure 19, Figure 20)(94). Furthermore, the
higher intensities of the oligomers in water having a pH ≤ 3.5 in comparison to the salty
solutions indicate that mechanisms C2 and C3 are possibly dominant (Figure 15 C).
To further corroborate our experimental results, we recall the theoretical insights
into the protonation and oligomerization of isoprene on a molecular scale during the ESI
processes given by Mishra et al.(83), where they carried out quantum mechanics
calculations (density functional theory) on simple model systems of water molecule
clusters with an excess proton (Details in APPENDIX A - Figure A 1 to Figure A 5).
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While working with a cluster of 36 water molecules and an excess proton, (H2O)35⋅H3O+,
to represent the air-water interface, they found the kinetic barriers to protonation of
isoprene to be ∆G‡ = 25.5 kcal-mol-1, and the barrier to oligomerization, ∆G‡ = 40.2 kcalmol-1 (APPENDIX A – Figure A 1). These kinetic barriers could not be surmounted
within 1 ms under normal temperature and pressure conditions, as evidenced by our 1HNMR results (Figure 16 A and B). To simulate chemical reactions of isoprene in our
electrosprays along mechanism C3, we investigated the interactions of a smaller cluster,
(H2O)3.H+, with an isoprene molecule. We found that they readily formed an adduct with
the release of ∆H0 = - 14.2 kcal-mol-1 and ∆S0 = - 43.7 cal-K-1-mol-1 from the loss of the
translational and rotational degrees of freedom (APPENDIX A – Figure A 1). The
subsequent proton transfer was impeded by an easily surmountable barrier of ∆G‡ = 5.8
kcal-mol-1 barrier, consistent with our ESIMS experiments. Further oligomerization with
an additional isoprene molecule was impeded by a barrier of ∆G‡ = 2.1 kcal mol-1
(APPENDIX A – Figure A 2). Thus, these simple models provide qualitative insights
into the mechanisms of proton transfers during the ESIMS processes, which are
otherwise kinetically hindered on extended interfaces of mildly acidic water with
hydrophobes.

5.2 Chemical and physical processes in electrosprays

How do electrochemical reactions at the ESI needle affect the ion
concentration in the electrosprayed droplets? Oxidation reactions occur at the ESI
needle generating an excess of positive charges in solution (Figure 3). These excess
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charges (i.e. H+ for our system) will be repelled from the ESI needle, forming the
electrospray jet. The oxidation reactions can follow either reactions R1 or R2, depending
on the concentration of hydroxyl ions available in solution. For instance, at 8 kV and
flow rate of 5 μL/min, our ESIMS was giving an electric current (DC) of 4.5 μA. This
means that it was generating an excess of charges in solution at a rate of 4.5×10-6 C-s-1.
Thus, it adds and excess of 5.59×10-4 mol/L of H+, or removing the same amount of OH-,
or a combination of both processes (Figure 18). For this calculation we did not consider
other relevant sources of electrons, the most obvious one being the oxidation of ESI
needle itself (R3, and other similar reactions forming iron oxides or hydroxides) or
oxidation of other ions present for adjusting the pH (R4, for instance). At a constant
electric current of 4.5 μA, the needle would oxidize iron at a rate of 0.1 mg/day following
only R3. This oxidation is the most favorable, considering the oxidation potentials of the
reactions (R1, R2, R3 and R4).
2𝐻! 𝑂 → 𝑂! + 4𝐻! + 4  𝑒 !       |      𝐸! =    −1.23  𝑉                            (R1)
4𝑂𝐻! → 𝑂! +   2  𝐻! 𝑂 + 4  𝑒 !       |      𝐸! =    −0.40  𝑉                  (R2)
𝐹𝑒(𝑠) → 𝐹𝑒 !! + 2  𝑒 !       |      𝐸! =    +0.44  𝑉                                            (R3)
2𝐶𝑙 ! → 𝐶𝑙! + 2  𝑒 !       |      𝐸! =    −1.36  𝑉                                                        (R4)
However, the potential at the ESI needle is much higher, characterizing an
overpotential that could drive all the abovementioned reactions. Thus, we expect the
oxidation of the most abundant component in the system, i.e. water (Reaction R1). It is
important to clarify that even though our simulations are based on the experimental data,
we still lack some information in order to be certain about the dominant processes
involved. We will perform those experiments in the near future. We speculate that we can

53
use the electrical current data to estimate the oxidation rates at the needle tip. Thus, by
varying the solution composition, we will be able to estimate the how each component
facilitates the oxidation reactions and the creation of excess charges for the electrospray.
This discussion has the purpose of bringing to the attention of the reader the fact that
there is a production of excess charges at the ESI needle, and that sometimes the ions
generated can have an effect on the analyte and in the solution.
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Figure 18. Simulation of the change in pH during the electrospray process considering
only the oxidation reactions R1 and R2. This was based a calculation that considered an
electrospray of pH 7 water formed in our ESIMS at a flow rate of 5 μL/min, 8 kV and a
constant electric current (DC) of 4.5 μA.
What is the role of the net positive charge during droplet formation at the
electrospray? Let us consider that the charge separation (and oxidation reactions) at the
metallic needle ejecting an analyte under electric fields leads to a decrease in the pH of
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the just-formed droplets by at least 0.1 (or a 26% increase in the concentration of
protons)(109, 110). In other words, we are assuming that the oxidation reactions at the
capillary will generate an excess of protons proportionally to the proton concentration in
solution previously to the ESI. It is important to mention that for this scenario the electric
current would be proportional to the ionic strength. The initial droplet size will depend on
the electric potential, polarity, needle diameter, ionic strength, surface tension, and
viscosity (Figure 19 and Figure 20 contain a semi-quantitative representation of this
thought experiment). While evaporating, the charge density of the droplets increases and
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Figure 19. Semi-quantitative simulation of the influence of bulk pH and initial droplet
radius on the net/excess charge of electrosprayed droplets; For a given ESI setup, the
just-formed droplets will have different diameters depending on experimental conditions
such as the electric potential, polarity, needle diameter, ionic strength, and surface
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tension; Assuming a current proportional to the ionic strength of the solution previous to
the ESI; We expect that the sooner the droplets reach the Rayleigh limit, the faster they
will undergo Coulomb fissions and release highly reactive clusters containing excess
hydronium ions; Let us consider water with pH = 5 (pink line): a droplet of 1000 nm is
formed with an excess charge of ~26%, i.e. 10-16 C (Point P); Since this droplet is below
the Rayleigh limit, it will not undergo Coulomb fission immediately. However, this pH 5
droplet will evaporate (following the horizontal arrow) and then, after reaching the
Rayleigh limit, undergo Coulomb fission; Note that the down arrow representing fission
is exaggerated; it shows a ~10-fold decrease in the droplet charge during each fission,
while a lower discharge is expected in reality(109). Conversely, droplets with pH = 1
(black line) would immediately eject hydroniums to the gas phase under same setup
conditions. A parallel can be drawn between this process and the proposed Mechanism
C3. Alternatively, the dotted orange line simulates the condition where the current is not
proportional to the ionic strength of the solution, i.e. constant current; This was based in a
calculation that considered an electrospray of water at initial pH 7 formed in our ESIMS
at a flow rate of 5 μL/min, 8 kV and a constant electric current (DC) of 4.5 μA.
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Chapter 6: CONCLUSIONS

The value of ESIMS as a tool for quantifying species in solutions is
unquestionable due to its high sensitivity and unambiguous output. Similarly, its potential
applications in unraveling the physical and chemical phenomena at the air-water
interfaces could be highly beneficial, for example, in understanding the heterogeneous
chemistries in the atmosphere. However, these potential applications call for an in-depth
investigation to establish whether or not ESIMS alters the physical and chemical
processes at the air-water interface, especially when the reactant approaches from the
gas-phase. In this regard, our experimental and theoretical results demonstrate that
ESIMS can induce unexpected reactions. In the case of liquid-liquid collisions of
isoprene with mildly acidic water for up to 6 hours, we found no evidence of
oligomerization via

1

H-NMR. However, when the organic phase (isoprene) was

investigated via ESIMS, we found signals of [(Isop)n.H]+, irrespective of it being shaken
with acidic, basic, or salty water. Thus, our results cast doubts on the capability of
ESIMS to report on interfacial chemistries at air-water interfaces in real time. Also, other
researchers have suggested that charge accumulation on micro- or nanoscale droplets
(diameter, 1 μm < 𝑑 < 15 μm) and extreme evaporation rates were crucial for observing
dramatic rate accelerations in microdroplets(40-42, 76, 77, 80, 81). Thus, recent ESIMS
reports on the superacidity of protons at extended air-water interfaces under ambient
conditions at pH ≤ 3.5 might warrant a reinterpretation. We also suggest that the scope of
the ‘on-water’ oligomerization of atmospheric isoprene on mildly acidic environmental
surfaces might be minimal. We end by noting that, if the chemical species are chosen
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such that they do not participate in the gas-phase or redox chemistries in electrosprays,
then it might be possible to investigate liquid-vapor interfaces via ESIMS. When
reactants are present in the liquid phase, thin films(116) and Leidenfrost drops(113)
might also present unbiased platforms to harness interfacial effects towards expediting
chemical reactions.
In-depth investigations, especially with complementary techniques and theoretical
predictions, are needed pinpoint factors underlying dramatic rate accelerations in those
systems. Our future work will be on gathering experimental data to better understand the
effects of the ionic strength of the solution before the formation of the electrospray. In
other words, we aim to understand which of the previous graphs (Figure 18, Figure 19
and Figure 20) better describes the ESI process. We expect to be able to correlate the
ionic strength and composition of the solution with the electric current generated and
with the oxidation reactions taking place at the ESI needle (anode in the positive mode
ESI). This will be of great relevance, because we will be able to correctly adjust the data
on Figure 19. Thus, it will be possible to predict the whether the electrosprayed droplets
will instantaneously undergo Coulomb fission processes or whether they will need to
release some of the neutral water molecules under evaporation until reaching the
instability region. Consequently, it may be possible to estimate the amount of hydronium
ions formed in the gas phase during the short time between the electrospray needle and
the MS inlet, region in which the gas collision happens, and possibly understand which of
the proposed mechanisms is responsible for the oligomerization reactions.
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APPENDICES

Appendix A. Computational Simulation of the System Isoprene(G)-hydronium(G/L)

Here are presented some quantum mechanics calculations performed by our
collaborators(71, 83) that corroborate our experiments results with theoretical
simulations. They carried out density functional theory (DFT) calculations at the M06
level to provide an accurate description of the ground-state thermochemistry and
thermochemical kinetics of the isoprene (Isop) and water clusters(117-120). The
calculated transition state structures and energies of a series of organic reactions with
M06 are in good agreement with the experimental data(119). Researchers have evaluated
the binding energies of water clusters, (H2O)n (range n = 2-8, 20), as well as the hydration
and neutralization energies of hydroxide and hydronium ions using DFT functionals
(M06, M06-2X, M06-L, B3LYP, X3LYP), and compared these energies against highlevel theory (CCSD(T)/aug-cc-p VDZ level)(117). They found the results from M06 to
be in excellent agreement with the high-level theory, both with and without the basis set
superposition error correction. Then they carried out single-point electronic energy, Eelec,
including the diffuse 6-311G**++ basis-set for all atoms(121). The Hessians at these
geometries were calculated to determine that the minima and transition states led to 0 and
1 imaginary frequency, respectively. The transition state structures were obtained by
following the steep ascent or descent along the vibration mode with one imaginary
frequency until the saddle point was reached. The vibrational frequencies from the
Hessians were also used to provide the zero-point energies and vibrational contributions
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to the enthalpies and entropies. The free energies of isoprene at 1 atm were calculated
using statistical mechanics for ideal gases. Under their experimental conditions (and ours
as well), the ions were separated by distances larger than the sizes of their clusters, so
they excluded counter-ions from the calculations.
Their initial predictions of the proton transfer thermodynamics between H3O+(g)
and Isop(g) were ∆G0 = -30.7 kcal mol-1, in accordance with the experimental gas-phase
basicities (GB) of H2O (GBH2O = -157.7 kcal mol-1) and Isop (GBISO = -190.6 kcal mol-1),
∆GB = -32.9 kcal mol-1(Figure A 3)(122). Furthermore, the trans- or cis-Isop(g)
spontaneously adds to (Isop.H+ + H2O), leading to cyclic (∆G0 = - 40 kcal mol-1) or
acyclic monoterpenes (∆G0 = - 9 kcal mol-1) (Figure A 4 and Figure A 5), as noted by
other researchers(69, 123). They simulated small clusters of water with an excess proton
produced during the ESIMS processes as (H2O)3.H+. Since the proton was insufficiently
hydrated in this cluster, it exhibited extreme acidity. The incipient isoprene molecule
(ISOP) fell into a shallow potential well forming an adduct (Figure A 2). The free energy
barrier for proton transfer from (H2O)3.H+ to ISOP(g) was ∆G‡ = 6.9 kcal mol-1; the
barrier to subsequent oligomerization with another free ISOP(g) was ∆G‡ = 2.1 kcal mol1

. As shown in Figure 5 of the manuscript, the kinetic barriers for protonation and

oligomerization of isoprene on a larger (H2O)35.H+ cluster were ∆G‡ = 25.5 kcal mol-1 and
∆G‡ = 40.2 kcal mol-1, respectively, which are insurmountable under ambient conditions
within a 1 ms time frame. Thus, their models are representative of the high-energy
ESIMS processes, which can generate hydronium ions, relatively free of water molecules,
and consequently, corroborate the hypothesis of gas-phase reactions (mechanism C3).
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Figure A 1. Free energy and enthalpy landscapes for protonation and oligomerization of
isoprene on a (H2O)36.H+ cluster representative of the mildly acidic surface of water.
Given the small size of the cluster, the counter-ion was ignored. The kinetic barriers
preventing proton transfer to isoprene and its subsequent oligomerization were ∆G‡ =
25.5 kcal mol-1 and ∆G‡ = 40.2 kcal mol-1, respectively, which were insurmountable
under ambient NTP conditions within a 1 ms timescale. (Image used with permission of
the author(83)).
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Isop(g)

+
+
W3H

Figure A 2. Simulation of hydronium (G) with a small clusters of water produced during
the ESIMS processes, (H2O)3.H+. Since the proton was insufficiently hydrated in this
cluster, it exhibited extreme acidity: the incipient isoprene molecule (Isop) fell into a
shallow potential well forming an adduct. The free energy barrier to proton transfer from
(H2O)3.H+ to Isop(g) was ∆G‡ = 6.9 kcal mol-1; the barrier to subsequent oligomerization
with another free Isop(g) was ∆G‡ = 2.1 kcal mol-1. Thus, it makes this a possible and
likely reaction. (Image used with permission of the author(83)).
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Isop(g)
+

Isop.H (g)

2

Figure A 3. Ab initio predictions of the proton transfer reaction between a gas-phase
hydronium ion, H3O+(g), and a gas-phase isoprene molecule, Isop(g). Theory predicted
the reaction to be spontaneous with a free energy change of ∆G0 = - 30 kcal mol-1, in
accordance with the experimental gas-phase basicities (GB) of H2O (GBH2O = 157.7 kcal
mol-1) and Isop (GBISO = 190.6 kcal mol-1); ∆GB = 32.9 kcal mol-1. (Image used with
permission of the author(83)).
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Figure A 4. Spontaneous gas-phase oligomerization of gas-phase cis-isoprene (Isop(g))
with a protonated trans-isoprene molecule, leading to a cyclic product. The units for G0
and H0 are kcal-mol-1. (Image used with permission of the author(83)).
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Figure A 5. Spontaneous gas-phase oligomerization of a trans-isoprene (Isop(g))
molecule with a protonated trans-isoprene, leading to a linear product. The units for G0
and H0 are kcal-mol-1. (Image used with permission of the author(83)).
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